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1. I, Robert Sinclair, Ph.D., submit the following declaration (the 

“Declaration”) in connection with the proceeding identified above.  

I. INTRODUCTION 

2. I have been retained by counsel for TDK Corporation (“TDK”) as a 

technical expert in connection with the proceeding identified above.  I submit this 

Declaration in support of Petitioner TDK’s Petition for Inter Partes Review 

(“Petition”) of United States Patent No. 7,128,988 (“the ’988 patent”) (Ex. 1001) 

against Patent Owner Lambeth Magnetic Structures, LLC (“Lambeth”).  All 

“Ex. 10__” cites herein are to the Exhibits to the Petition.  All “Ex. _” cites with 

letters A through I herein are to Exhibits to this Declaration. 

3. I understand that Lambeth has filed a patent infringement lawsuit in 

the U.S. District Court for the Western District of Pennsylvania alleging 

infringement by Toshiba Corporation, Toshiba America Information Systems, Inc., 

Toshiba America Electronic Components, Inc., and Toshiba Of Canada, Ltd. 

(collectively “Toshiba”) of claims 1, 3, 6, 8, 11, 12, 17, 19, 23, 27, 28, and 29 (the 

“asserted claims”) of the ’988 patent.  Lambeth Magnetic Structures, LLC v. 

Toshiba Corp., Civil Action No. 2:14-cv-01526-CB (W.D. Pa.). 

4. For the purposes of this Declaration, I will address the asserted claims 

of the ’988 patent and selected other claims of the ’988 patent.  I have omitted 
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from my analysis several claims that, in my view, cannot reasonably be asserted 

against Toshiba.  However, inclusion of a claim in my analysis is not an indication 

that I believe it could reasonably be asserted against Toshiba.  If, at any time in the 

future, additional claims are asserted by Lambeth against Toshiba, I reserve the 

right to amend or supplement this Declaration accordingly. 

II. BACKGROUND AND QUALIFICATIONS 

5. My curriculum vitae is attached (Ex. J).  I am a professor of Materials 

Science and Engineering at Stanford University.  At Stanford, I head a research 

group studying microelectronic and magnetic thin film microstructure.  We 

primarily use transmission electron microscopy (“TEM”) to image materials of 

interest at the atomic level.  Doing so provides microstructural information 

necessary for the understanding of structural, electrical, and magnetic properties of 

those materials.  We routinely examine materials of interest both to magnetic data 

storage and devices relating to that application. 

6. I joined the faculty of the Department of Materials Science and 

Engineering at Stanford in 1977.  I have been a professor there ever since.  I have 

also directed Stanford’s Nanocharacterization Lab from 2002-2013.  I became the 

Chair of the Department of Materials Science and Engineering in 2004 and served 

in that capacity until 2014.  During the time I have been at Stanford, my research 
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has touched on various aspects of magnetic materials, materials used in the context 

of data storage, and thin film deposition. 

7. Prior to being at Stanford, I held research positions at the University 

of Newcastle-upon-Tyne and the University of California, Berkeley.  Before that, I 

received my B.S. and Ph.D. degrees in Materials Science from Cambridge 

University (UK). 

8. I have authored around 250 refereed, scientific journal articles and 

over 200 conference proceedings in materials and physical science.  Of these, I 

would estimate that approximately 30 percent directly or indirectly concern 

magnetic materials and/or thin film applications of magnetic materials.  I have also 

authored six edited works and seven book chapters.  Several of these touched upon 

some aspect of magnetic materials and/or thin film deposition. 

9. For my research and work as an educator, I have received a number of 

awards.  These awards include the Robert Lansing Hardy Gold Medal of the 

Metallurgical Society of the American Institute of Mining, Metallurgical, and 

Petroleum Engineers (AIME), the Eli Franklin Burton Award of the Electron 

Microscopy Society of America, an Alfred P. Sloan Foundation Fellowship, and 

the Marcus E. Grossman Award of the American Society for Metals.  I have also 

received two awards for Excellence in Undergraduate Teaching at Stanford, and 

most recently the Distinguished Scientist Award (Physical Sciences) of the 
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Microscopy Society of America in 2009, and the David M. Turnbull Lectureship of 

the Materials Research Society in 2012. 

10. In addition, I am very active in several professional societies.  These 

societies include the Materials Research Society (MRS) and the Microscopy 

Society of America (MSA).  I am also active in the organization of symposia and 

workshops on electron microscopy.  Recent examples include the workshops on 

“Advanced and In Situ Microscopies of Functional Nanomaterials and Devices 

(IAMNano)” held in Krakow, Poland (2012), Rio de Janeiro, Brazil (2014), and 

Hamburg, Germany (2015) and the international conferences on “Remote Electron 

Microscopy and In Situ Studies,” held at Stanford University (2008), Gothenburg, 

Sweden (2010), Pittsburgh, Pennsylvania (2011), and Lisbon, Portugal (2013).  I 

have also organized numerous symposia at electron microscopy and materials 

research conferences and workshops.  I was also invited to serve as Chair of the 

U.S. National Research Council’s Committee on Smaller Facilities from 

2003-2006, which is a rare responsibility on behalf of the National Academy of 

Sciences (NAS).  This culminated in a 230 page report entitled “Midsize Facilities:  

Infrastructure for Materials Research” published by NAS in 2006. 

11. During my tenure at Stanford University, I have been actively 

involved in teaching and education, as well as scientific research, at both the 

undergraduate and graduate level.  For instance, I have taught a course on 
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“Introduction to Materials Science” to undergraduates since 1977, which includes 

the structure and magnetic properties of materials and has involved approximately 

3,000 students over the years.  Likewise I have taught graduate courses on “Atomic 

Arrangements in Solids,” “Nanocharacterization of Materials,” and “Transmission 

Electron Microscopy.” 

12. I am being paid at an hourly rate for my work on this matter.  I have 

no personal or financial stake or interest in the outcome of the present proceeding. 

III. MATERIALS CONSIDERED 

13. I have considered information from various sources in forming my 

opinions.  Besides drawing from almost three decades of research and development 

in the area of distributed computing systems, I also have reviewed the following 

documents:  (a) the ’988 patent (Ex. 1001); (b) the prosecution file history of the 

’988 patent (including Ex. 1002); (c) PCT Publication No. WO 03/021579, the 

publication of international application, PCT /US02/27327, to which the 

’988 patent claims priority (Ex. A); (d) J. Shen, M. Klaua, P. Ohresser, 

H. Jenniches, J. Barthel, Ch. V. Mohan, J. Kirschner, “Structural and magnetic 

phase transitions of Fe on stepped Cu (111),” Phys. Rev. B 56, 17, 134-143 (1997) 

(“Shen”) (Ex. 1011); (e) U.S. Patent No. 6,023,395 (“Dill”) (Ex. 1009); (f) U.S. 

Patent No. 5,998,048 (“Jin”) (Ex. B); (g) K. Kadau, R. Meyer, P. Entel, 
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“Molecular-Dynamics Study of Thin Iron Films on Copper,” Surface Review and 

Letters 6, 1, 35-43 (1999) (“Kadau I”) (Ex. C); (h) D.N. Lambeth, W. Yang, 

H. Gong, D.E. Laughlin, B. Lu, L.L. Lee, J. Zou, P.S. Harllee, “Magnetic Media 

Performance:  Control Methods for Crystalline Texture and Orientation,” Mat. Res. 

Soc. Symp. Proc. Vol. 517, 181 192 (1998) (“Lambeth I”) (Ex. 1013); (i) U.S. 

Patent No. 5,862,022 (“Noguchi”) (Ex. 1014); (j) U.S. Patent No. 6,295,187 

(“Pinarbashi”) (Ex. D); (k) U.S. Patent No. 5,465,185 (“Heim”) (Ex. 1012); 

(l) TDK’s Petition for Inter Partes Review of the ’988 patent (the “Petition”), to 

which this Declaration is being submitted as Exhibit No. 1006; and (m) the other 

documents and references as cited herein.  I reviewed the Petition in detail and 

agree with both its analysis and conclusions. 

IV. LEGAL STANDARDS 

14. I have relied on instructions from counsel as to the applicable legal 

standards to use in arriving at my opinions in this Declaration. 

15. I have been informed and understand that patent claims are construed 

from the perspective of one of ordinary skill in the art at the time the claimed 

invention was made and that, during this proceeding, claims are to be given their 

broadest reasonable construction consistent with the specification. 

TDK Corporation   Exhibit 1006    Page 11



Docket No.: 357040000034 
 

 7  
  

16. I have been informed and understand that a patent claim is invalid 

because of anticipation when every element of the claim is described in a single 

prior art reference, such that the elements are arranged as required by the claim.  I 

have been informed and understand that the description of a claim element in a 

prior art reference can be express or inherent.  For a prior art reference to describe 

a claim element inherently, the claim element must be necessarily present.  

Probabilities are not sufficient to establish inherency. 

17. I have also been informed and understand that the subject matter of a 

patent claim is obvious if the differences between the subject matter of the claim 

and the prior art are such that the subject matter as a whole would have been 

obvious at the time the invention was made to a person having ordinary skill in the 

art to which the subject matter pertains.  I have also been informed that the 

framework for determining obviousness involves considering the following 

factors:  (i) the scope and content of the prior art; (ii) the differences between the 

prior art and the claimed subject matter; (iii) the level of ordinary skill in the art; 

and (iv) any objective evidence of non-obviousness. 

18. I further understand that the claimed subject matter would have been 

obvious to one of ordinary skill in the art if, for example, it results from the 

combination of known elements according to known methods to yield predictable 

results, the simple substitution of one known element for another to obtain 
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predictable results, the use of a known technique to improve similar devices in the 

same way, or the application of a known technique to a known device ready for 

improvement to yield predictable results.  I have also been informed that the 

analysis of obviousness may include recourse to logic, judgment, and common 

sense available to the person of ordinary skill in the art that does not necessarily 

require explication in any reference.  I understand that so-called “secondary 

considerations of non-obviousness,” must be considered in an obviousness 

analysis.  I understand that an analysis including these secondary considerations 

helps to prevent the forbidden use of hindsight in determining whether a patent 

claim is obvious.  I understand that secondary considerations of non-obviousness 

include:  (a) a long-felt but unresolved need for the invention; (b) commercial 

success of the invention; (c) copying of the invention; (d) praise and recognition of 

the invention by others; (e) licensing of the rights to the invention; and 

(f) unexpected results.  In rendering my opinions, I followed these guidelines. 

19. In my opinion, a person of ordinary skill in the art pertaining to the 

’988 patent at the relevant date would have an undergraduate degree in materials 

science, physics, or chemistry, and two to four years of experience in the design of 

magnetic materials.  Relevant professional or practical experience or degrees in 

other subject areas where a person would gain experience with distributed 

computing systems may also suffice. 
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20. Based on my education and experience in the field of materials 

science set forth above, I believe I am qualified to provide opinions about how one 

of ordinary skill in the art at the relevant time would have interpreted and 

understood the ’988 patent and the prior art discussed herein. 

V. BRIEF OVERVIEW OF THE ’988 PATENT 

A. Summary of the ’988 Patent 

21. The ’988 patent (Ex. 1001), titled “Magnetic Material Structures, 

Devices and Methods,” issued from the national stage of International Patent 

Application No. PCT/US02/27327, which was filed on August 29, 2002.  The 

’988 patent entered the national stage in the United States under 35 U.S.C. 

§ 371 (c) on August 29, 2003.  The ’988 patent issued on October 31, 2006. 

22. The ’988 patent is directed to “a structure to achieve uniaxial 

magnetocrystalline orientation via the use of the (110) texture of body centered 

cubic (bcc) or body centered cubic derivative crystal thin film structures.”  
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(Ex. 1001, 12:58-13:2.)1  In particular, the ’988 patent describes “the invention” as 

“orientation control of bcc and bcc derivative materials.”  (Ex. 1001, 13:4-8.)  “The 

invention” is applied in various devices to cause “good orientation, high 

magnetization, high permeability and low losses.”  (Ex. 1001, 13:4-8.) 

23. The ’988 patent focuses on achieving “uniaxial [magnetic] 

anisotropy,” which the ’988 patent defines as the situation in which the “anisotropy 

energy density function only contains a single maximum and a single minimum” 

when the magnetization angle is rotated 180º.  (Ex. 1001, 1:56-60.)  The 

’988 patent explains that whether or not a thin magnetic film will exhibit uniaxial 

anisotropy is related to film structure, specifically to the presence and orientations 

of so-called crystallographic “variants.”  (Id., 14:34-55.)  Variants form as thin, 

crystal films grow epitaxially on a particular surface.  (Id.)  Different crystal 

variants tend to form during formation of the films in order to minimize the 

interfacial and surface energy of the newly forming film.  It is possible to influence 

                                                 
1  The ’988 patent uses the term “bcc-d” structure, which the ’988 patent 

defines as “either a bcc or a bcc derivative crystal structure.”  (Ex. 1001, 

14:66-67.)  One of ordinary skill in the art would have understood this phrase to 

denote an elemental crystal having a bcc structure or a crystalline compound 

having a structure that is based on the bcc structure. 
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or determine the number and type of variants by controlling various parameters 

during the film deposition process.  (Id., 14:48-65.) 

24. The inventor of the ’988 patent purports to have discovered an 

entirely new system or set of six variants in a particular film growth regime, 

specifically the growth of bcc-d structured films on a (111) plane surface.  (Id., 

14:49-53.)  There is one important and allegedly unique advantage of the system.  

This six-variant system allegedly allows achieving uniaxial anisotropy by breaking 

the symmetry of the crystallographic variants.  (Id., 14:49-55.)  The ’988 patent 

asserts that prior known crystallographic variants for this materials system would 

not yield uniaxial anisotropy even where symmetry is broken.   

B. ’988 Patent Prosecution History 

25. On August 29, 2003, Application No. 10/415,757 (the 

“’757 Application”) (Ex. 1002) entered the national stage in the U.S. Patent and 

Trademark Office (“USPTO”) under 35 U.S.C. § 371 (c).  The original application 

had 65 total claims, including 8 independent claims.  The Applicant canceled all 

claims and provided a new claim set via preliminary amendment on March 23, 

2004.  On September 8, 2005, the Examiner issued a restriction requirement with 

respect to those claims.  In response to that requirement, on September 19, 2005, 

the Applicant chose to prosecute the claim set directed to “magnetic material[s] 

structure and magnetic device.” 
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26. On December 19, 2005, the USPTO issued a Non-Final Rejection 

rejecting claims 118-30, 134-37, and 140-58 based on 35 U.S.C. § 102 as being 

anticipated by or, in the alternative, under 35 U.S.C. § 103, as being obvious in 

view of Lambeth, et al. (U.S. Patent No. 6,248,416) (“Lambeth ’416.”).  

(Ex. 1003.)  The Examiner also indicated that claims 131-33, 138, and 139 

contained allowable subject matter and further rejected claim 157 under 35 U.S.C. 

§ 112. 

27. On March 17, 2006, the Applicant responded to the Office Action.  

(Ex. 1004.)  In the response, the Applicant amended claim 157 to overcome the 

rejection under 35 U.S.C. § 112.  (Id., p. 12.)  The Applicant traversed the 

rejections under 35 U.S.C. § 102/103 by arguing that Lambeth ’416 did not 

disclose uniaxial symmetry broken structure because Lambeth ’416 relates to the 

growth of an (fcc) magnetic layer.  (Id., p. 14.)  The Applicant argued that (fcc) 

magnetic structures cannot achieve such symmetry.  (Id.)  The Applicant further 

argued that, though Lambeth ’416 “did disclose the use of a (111) template under a 

(110) bcc layer, . . . only 3 variants were found . . . [and such a] 3 variant system 

will not yield the desirable uniaxial symmetry broken magnetic properties of the 

present invention.”  (Id.)  Applicant further made the statement that the “claimed 

substrate . . . is not considered by the Applicant to be novel.”  (Id., p. 15.) 
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28. In response to Applicant’s arguments, the Examiner issued a notice of 

allowance on July 28, 2006, of all pending claims directed toward the elected 

species.  (Ex. 1005.)  The only reasons given for allowance were that 

“Lambeth ’416 fails to teach or suggest a uniaxial symmetry broken structure and a 

hexagonal (111) atomic template with a bcc-d magnetic layer (see Applicant’s 

arguments in the response filed 3/17/06).”  (Id., p. 3.)  The Applicant paid the issue 

fee on September 13, 2006, and the ’757 Application issued as U.S. Patent 

No. 7,128,988 on October 31, 2006.  The Applicant filed a Request for a 

Certificate of Correction on November 3, 2010, to add a priority claim to 

U.S. Provisional Application No. 60/315,920, filed on August 29, 2001.  The 

Certificate Issued on December 7, 2010. 

C. ’988 Patent Claims 

29. Lambeth has asserted independent claims 1 and 27 and dependent 

claims 3, 6, 8, 11, 12, 17, 19, 23, 28, and 29 of the ’988 patent against Toshiba.  I 

understand the Petition challenges the patentability of claims 1-3, 6-19, 21-31, 34, 

38, and 39.  I address these claims below.  Claim 1 is representative of the 

independent claims of the ’988 patent. 

1. [a] A magnetic material structure comprising: 

a substrate; 
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[b] at least one bcc-d layer which is magnetic, 

[c] forming a uniaxial 

[d] symmetry broken structure; and 

[e] at least one layer providing a (111) textured 

[f] hexagonal atomic template disposed between said substrate and 

said bcc-d layer. 

2.  The magnetic material structure recited in claim 1, wherein said 

substrate is single crystal. 

3.  The magnetic material structure recited in claim 1, wherein a 

surface of said substrate is amorphous or polycrystalline. 

6.  The magnetic material structure recited in claim 1, wherein the 

layer providing said hexagonal atomic template is formed from a fcc-d 

or hcp crystalline material. 

7.  The magnetic material structure recited in claim 1, wherein the 

layer providing said hexagonal atomic template is magnetic. 
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8.  The magnetic material structure recited in claim 1, 

wherein said bcc-d layer is epitaxially grown on said (111) 

textured hexagonal atomic template and has a (110) crystalline 

texture, and at least one crystalline grain of said (111) textured 

hexagonal atomic template has epitaxially grown thereon at 

least two and not more than four dominate (110) orientational 

variants. 

9.  The magnetic material structure according to claim 1, further 

comprising: 

a second layer providing a (111) textured hexagonal atomic 

template, wherein said second layer is magnetic. 

10.  The magnetic material structure according to claim 1, further 

comprising:  a second bcc-d layer which is non-magnetic. 

11.  The magnetic material structure according to claim 1, further 

comprising:  a second bcc-d layer which is magnetic. 
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12.  The magnetic material structure according to claim 1, further 

comprising: 

a second bcc-d layer 

wherein the crystalline orientation of the second bcc-d layer is 

epitaxially determined by said bcc-d layer. 

13.  The magnetic material structure according to claim 1, further 

comprising: 

a second bcc-d layer; and a second layer providing a (111) 

textured hexagonal atomic template wherein said second layer 

providing a (111) textured hexagonal atomic template is 

disposed between said bcc-d layers. 

14.  The magnetic material structure according to claim 1, further 

comprising: 

a second bcc-d layer, which is magnetic; and 

at least one oxide layer between said bcc-d layers. 
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15.  The magnetic material structure according to claim 1, further 

comprising: 

a second and a third bcc-d layers which are non-magnetic; 

a fourth bcc-d layer which is magnetic; 

and at least one oxide layer between said second bcc-d layer 

and said third bcc-d layer 

wherein said second and third bcc-d layers are disposed 

between said first and fourth bcc-d layers. 

16.  The magnetic material structure according to claim 1, further 

comprising: 

a second bcc-d layer which is magnetic; 

a second (111) textured hexagonal atomic template layer 

between said bcc-d layers; and 

at least one oxide layer between said bcc-d layers. 
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17.  The magnetic material structure recited in claim 1, wherein said 

bcc-d layer forming a uniaxial symmetry broken structure is 

composed of Fe or FeCo or an alloy of Fe or FeCo. 

18.  The magnetic material structure recited in claim 1, wherein said 

bcc-d layer forming a uniaxial symmetry broken structure is 

composed of an alloy of Fe or FeCo having one or more of the 

elements Al, B, Cr, C, Cu, Ni, N, Nb, Mo, V, Si, Ta, and Ti. 

19.  The magnetic material structure recited in claim 1, wherein the 

layer material forming said (111) textured hexagonal atomic template 

is composed of Ag, Al, Au, Cu, fcc-Co, fcc-CoCr, Ir, Ni, NiFe, Pt, Rh, 

Pd, hcp-Co, Gd, Re[,] Ru, Tb, Ti, or alloys of one of these materials 

combined with at least one element. 

21.  The magnetic material structure according to claim 1, further 

comprising: 

a coupling layer; and 

a second bcc-d layer which is magnetic 

TDK Corporation   Exhibit 1006    Page 23



Docket No.: 357040000034 
 

 19  
  

wherein the coupling layer material antiferromagnetically 

couples the bcc-d layers. 

22.  The magnetic material structure according to claim 1, further 

comprising: 

a second bcc-d layer which is magnetic; and 

a third bcc-d layer disposed between the bcc-d layers which are 

magnetic. 

23.  The magnetic material structure according to claim 1, further 

comprising: 

a second bcc-d layer which is magnetic; and 

a second (111) textured hexagonal atomic template layer 

wherein said second (111) textured hexagonal atomic template 

is disposed between said bcc-d layers. 

24.  The magnetic material structure according to claim 1, further 

comprising: 
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at least one magnetic hcp Co alloy layer. 

25.  The magnetic material structure according to claim 1, further 

comprising: 

at least one magnetic hcp Co alloy layer; 

wherein said hcp Co alloy has a (1011) crystalline texture. 

26.  The magnetic material structure according to claim 1, wherein: 

said substrate is a (111) crystalline textured single crystal; and 

a surface of said single crystal provides a layer providing the 

(111) textured hexagonal atomic template 

disposed between the bulk of said substrate and said at least one 

bcc-d layer. 

27.  A magnetic device having incorporated therein a magnetic 

material structure material comprising: 

a substrate; 
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at least one bcc-d layer which is magnetic, 

forming a uniaxial 

symmetry broken structure; and 

at least one layer providing a (111) textured 

hexagonal atomic template disposed between said substrate and 

said bcc-d layer. 

28.  The magnetic device recited in claim 27, wherein the device is a 

magnetic data storage system. 

wherein the device is a magnetic data storage system. 

29.  The magnetic device recited in claim 27, 

wherein the device is a data storage magnetic recording 

transducer. 

30.  The magnetic device recited in claim 27, wherein the device is at 

least one of: 
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an anisotropic magnetoresistive sensor; a spin valve 

magnetoresistive sensor; a magnetic tunnel junction 

magnetoresistive sensor and a data storage magnetic playback 

transducer. 

31.  The magnetic device recited in claim 27, wherein the device is at 

least one of: 

a data storage magnetic recording media; a data storage 

magnetic recording media incorporating an oriented soft 

magnetic layer; and a data storage magnetic recording media 

incorporating an oriented hard magnetic layer. 

34.  The magnetic device recited in claim 27, wherein the device is at 

least one of: 

an electronic circuit inductive component and an electronic 

circuit inductive transformer component. 

38.  The magnetic device according to claim 27, further comprising: 
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at least one hard magnetic layer; wherein said at least one bcc-d 

layer which is magnetic, forming a uniaxial symmetry broken 

structure, is disposed between said (111) textured hexagonal 

atomic template and said at least one hard magnetic layer. 

39.  The magnetic device according to claim 27, further comprising: 

at least one hard magnetic layer; wherein said at least one hard 

magnetic layer is disposed between said substrate and said at 

least one bcc-d layer. 

30. As discussed in ¶ 24, supra, and explored in more detail below, the 

independent claim 1 system can be schematically represented as follows: 

 
 
 

[1b] magnetic bcc-d layer:                                          (110)(bcc) 

[1e] (111) textured hexagonal template:           (111)(fcc) or (0002)(hcp)

 
 
 
(Schematic A:  Structure in claim 1 of the ’988 patent.) 

The ’988 patent provides (111) (fcc) or (0002) (hcp) as two examples of the 

claimed (111) textured hexagonal template.  (Ex. 1001, 14:55-57.)  Although the 

’988 patent does not explicitly label (111)(fcc) and (0002)(hcp) as surface 

. . . To other layers

To substrate [1a] and other layers

. . . 
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structures, one of ordinary skill in the art would have understood that to be the 

meaning. 

D. ’988 Patent Filing Date 

31. The ’988 patent is the national stage of International Patent 

Application No. PCT/US02/27327, which was filed on August 29, 2002, and 

properly designated in the United States for national stage entry.  Application 

No. PCT/US02/27327 entered national stage in the United States one year later, on 

August 29, 2003.  Therefore, I have been advised by counsel, under 35 U.S.C. 

§ 371 (c), the ’988 patent is entitled to the August 29, 2001 filing date of 

Provisional Application No. 60/315,920. 

VI. STATE OF THE ART 

32. Generally, and in the context of the ’988 patent (Ex. 1001), “magnetic 

materials” are those that retain their own magnetic fields.  The direction of the 

internal field is referred to as “magnetization” or “magnetization direction.”  The 

magnetic materials relevant to sensors, magnetic recording (e.g., read/write heads) 

and many other devices are generally in thin film form or stacks of thin films.  

They are typically grown onto a substrate by various vapor phase deposition 

techniques which include both physical vapor deposition (PVD) or chemical vapor 

deposition (CVD).  Controlling the deposition processing can allow control of the 
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structure and magnetic properties of the resulting films, so long as 

structure/property relationships in the films are well-understood.  Depending on the 

application, the thin film material can be employed while it remains on the 

substrate or can be removed from the substrate. 

33. Many magnetic devices employ the natural crystalline anisotropy 

associated with the crystal structure of the magnetic material.  “Magnetic 

anisotropy” is a material’s overall preference for a particular magnetization 

direction.  A more anisotropic material will often have a greater preference.  

“Uniaxial anisotropy” is a severe form of anisotropy represented by a preference 

for a single axis such as the “easy magnetization axis.”  One such property could 

be the “easy” magnetization axis in which the material is more easily magnetized 

by an applied magnetic field in one specific crystallographic direction.  When there 

is only one such axis, the “easy magnetization axis,” the material is said to have 

“uniaxial anisotropy.”  As has been known for at least fifty years, magnetic 

anisotropy, and uniaxial anisotropy in particular, is advantageous in magnetic 

recording.  Magnetic recording heads, for example, need to sustain magnetization 

in a particular direction, regardless of the influence of exterior magnetic fields.  A 

write head incorporating a material with uniaxial anisotropy will not easily change 

its magnetization direction under the influence of local fields.  (See, e.g., Ex. 1007, 

pp. 81-171.)  
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34. Because of their very nature, crystalline materials have various 

symmetries associated with their structure, in which the atomic arrangements in 

separate but well-defined crystallographic orientations are identical resulting in 

identical magnetic or other physical or chemical properties.  Materials with cubic 

symmetry such as (bcc), body-centered cubic structure, and (fcc), face-centered 

cubic structure, have the highest degree of symmetry of all known materials.  

There are exact interangular relationships between these “crystallographically 

equivalent” directions. 

35. The underlying substrate on which a thin film is grown, often referred 

to as a “template” or an “atomic template,” will often dictate the film’s structure 

and symmetry.  In the absence of a template’s “encouragement” to grow with a 

particular structure, a thin film will generally adopt the “natural” structure of the 

material the thin film comprises.  As discussed above, so-called “body centered 

cubic” (bcc) and “face centered cubic” (fcc) structures are common among 

magnetic materials.  It was well-known that when (bcc) structure phases grow in, 

or on, (fcc) structure phases that certain specific orientation relationships between 

the crystal structures are preferred.  When the atoms in the two crystal phases have 

similar diameter (such as in (fcc) and (bcc) iron, (fcc) Ni, (fcc) Cu, (fcc) and (hcp) 

Co, (bcc) Cr and others) the most common orientation relationship is that described 

by G. Kurdjumov and G. Sachs (Z. Phys., vol. 64, p. 325 (1930)).  In this case, the 
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closest packed planes and close packed directions are parallel.  In crystallographic 

nomenclature this can be written as (fcc) (111) is parallel to (bcc) (110) for the 

close packed planes, and (fcc) [110] is parallel to (bcc) [111] for the close packed 

directions.  As described in Shen, there are six possible (bcc) variants for each 

(fcc) close packed plane, “six kinds of atomic relationship between the bcc(110) 

and fcc(111) structure.”  (Ex. 1011, p. 137, ¶ 1; FIG. 4.)  Shen describes these six 

variants as “KS domains,” where “KS” stands for “Kurdjumov-Sachs.”  (Id.)  One 

of ordinary skill in the art would have understood that these six crystallographic 

variants (KS domains) discussed by Shen in the (111)(fcc)/(110)(bcc) system are 

the same set of six crystallographic variants identified by the ’988 patent.  

(Ex. 1001, 14:47-62.) 

36. So-called crystallographic “variants” form naturally in films deposited 

on surfaces.  The variants are crystals having the same structure, but different 

orientations relative to the atomic template on which the variants grow.  Below is a 

schematic illustration of two crystallographic variants (A and B) each grown on the 

same atomic template, but having different orientations. 
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(Variant Growth Schematic adapted from Ex. E, pp. 219-22.  ) 

37. The orientation of a crystallographic variant can dictate its preferred 

magnetization direction.  Moreover, variants forming on the same surface as part 

of a single film do not necessarily have the same preferred magnetization direction.  

When they do not, the presence of multiple, opposing variants may lessen or 

diminish the degree of magnetic anisotropy in the film.  For this reason, increasing 

the volume fraction of certain variants over others has been a known way to 

increase magnetic anisotropy for decades.  (See, e.g., Ex. 1008, p. 5777 (teaching 

enhancing anisotropy “by either nucleating favorable variants or increasing the 

volume fraction of the favorable variants.”).)  The ’988 patent describes a 

“symmetry broken” structure in terms of crystallographic variants.  (See, e.g., 

Ex. 1001, 23:37-41.)  More specifically, the ’988 patent describes a “symmetry 

broken” structure as one that does not include equal amounts of all variants in a 
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particular variant system, such as the six variant system found in (110)(bcc) films 

when grown on (111)(fcc) surfaces.  (Id.)  Therefore, one of ordinary skill in the 

art would have understood the meaning of ordinary meaning of a “symmetry 

broken” structure to be a structure with unequal volumes of crystallographic 

variants in either a three or six variant system. 

38. The highest degree of crystallographically preferred orientation is 

obtained when a single crystal thin film is grown epitaxially onto an underlying 

perfect single crystal substrate.  The directionally determined properties of the thin 

film material are then determined by the crystallographic orientation of the thin 

film, as imposed by growth on the underlying substrate, and the crystallographic 

symmetry associated with specific directions normal to and within the thin film 

material. 

39. In many practical magnetic thin film sensors and related devices, the 

substrate is generally not a single crystal.  It may be polycrystalline with random 

orientations, polycrystalline with preferred orientations, or even amorphous with 

no regular crystalline structure.  Likewise, in many practical magnetic thin film 

sensors and related devices, an underlayer crystalline material is often grown first 

on the substrate to impart crystallographic preferred orientation on the 

subsequently grown magnetic thin film.  It has been known for decades in 

materials science and physics that thin films can be grown under appropriate 

TDK Corporation   Exhibit 1006    Page 34



Docket No.: 357040000034 
 

 30  
  

conditions so that there is a preferred growth direction in the thin film (i.e., 

perpendicular to the thin film plane) with its associated crystallographic 

symmetries.  In the vast majority of cases, the thin films are polycrystalline with 

their crystal sizes determined by the growth conditions and with random 

orientations of the crystals “in plane.” 

40. It has also been known for decades that there are specific growth 

methods whereby the random crystallographic orientations of the polycrystalline 

thin film material can be reduced to achieve preferred growth orientations, with 

associated anisotropic preferred magnetic properties.  These include employing a 

stepped substrate or a substrate with polished grooves, depositing the thin film at 

an oblique angle to the substrate, depositing a magnetic thin film in an applied, 

defined magnetic field, etc.  The degree of preferred orientation is dependent on 

the exact conditions used involving multiple parameters such as deposition rate, 

substrate temperature, background vacuum conditions, surface cleanliness and so 

on.  A “preferred orientation” in plane is achieved under special combinations of 

circumstances and is very rarely, if ever, exactly perfect. 

41. Manipulation of structures of thin films used in magnetic device 

applications has been routine for decades.  (Ex. 1001, 1:1-12:56.)  In particular, it 

was well-understood in the art long before August 2001 that an “atomic template,” 

i.e., an underlying material surface as a structural scaffold, can be used to build, 
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grow, or deposit2 an overlying layer that follows the crystalline structure of the 

template.  (Id.)  Influencing film structure is important, technologically, for a 

number of reasons, not the least of which is to improve magnetic properties of the 

grown film(s).  (Id.; see also Ex. 1010, p. 9365.) 

42. One very common film growth substrate is a hexagonally close 

packed (hcp) surface.  “Close packed” means an arrangement of atoms in which 

the density is highest and the atoms are surrounded in the plane by the maximum 

number of neighbors (i.e., six each), as shown in Shen’s Fig. 4, reproduced in ¶ 49 

below.  Several kinds of hexagonally close-packed surface have been used for film 

growth, but one of the most common is (111)(fcc).  (See, e.g., Ex. 1010, p. 9375.)  

Using these surfaces as templates can be advantageous because their high atomic 

density, and other properties, facilitate known structural variations in thin films 

grown on their surfaces.  For the purposes of growing thin films, different 

hexagonally close-packed surfaces provide equivalent or nearly equivalent surface 

templates.  For example, film growth will likely not be very sensitive to differences 

between (111)(fcc) and (0002)(hcp) close packed surfaces, which both provide a 

(111) textured hexagonal close packed surface template. 

                                                 
2  Note that one of ordinary skill in the art would have used these terms 

somewhat interchangeably. 
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43. The basic film structure of a (bcc) magnetic film grown on a 

hexagonally close packed surface, such as (111)(fcc) or (0002)(hcp) is common for 

reasons mentioned above.  Moreover, some common ferromagnetic materials, such 

as Fe, have a natural (bcc) structure at room temperature.  (See, e.g., Ex. H, p. 251 

et seq.; see also Ex. G, p. 94 et seq.)  Other common magnetic materials, such as 

Ni, have a natural (fcc) structure.  When bcc materials form films on close-packed 

surfaces, they tend to form a (110) orientation of the bcc crystalline structure, i.e., 

the closest packed bcc (110) plane lies on and parallel to the close packed fcc (111) 

plane. 

44. Use of a hexagonal atomic template, such as (111)(fcc), for growing 

magnetic thin films was well known long before the August 29, 2001 effective 

filing date of the ’988 patent.  Moreover, as the ’988 patent shows at least in 

FIG. 3, crystallographic variants in this very system had been characterized before 

2001.  (Ex. 1001, 10:20-11:27; 11:33-12:54.)  Also, their relationship to properties 

such as magnetic anisotropy was understood before 2001. 

VII. ANALYSIS OF THE PRIOR ART 

45. There are a number of patents and publications that constitute prior art 

to the ’988 patent.  The primary prior art references used in the invalidity grounds, 
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together with their filing date, are set forth in the table below.  A description of 

these prior art references follows.  

Ground Reference(s) Basis Claims 

1 Shen and Dill 35 U.S.C. §103 1 and 27 

2 Dill and Shen 35 U.S.C. §103 1, 3, 6-11, 13-14, 17-19, 
22, 24, 27-30, 34, and 38 

3 Dill, Shen, and 
Heim 

35 U.S.C. §103 12, 15, 16, 21, and 23 

4 Dill, Shen, and 
Lambeth I 

35 U.S.C. §103 2, 25, 26, and 31 

5 Dill, Shen, and 
Noguchi 

35 U.S.C. §103 39 

 

46. As I discussed above, it is my understanding that, for the purposes of 

this proceeding, the earliest priority date that the ’988 patent can claim is 

August 29, 2001.  (See V(D) supra.)   

47. In the following sections, I provide a brief summary of each of the 

prior art references in my analysis.  Based on the filing dates and/or publication 

dates of the below-listed prior art, it is evident that each of them is prior art to the 

’988 patent. 

TDK Corporation   Exhibit 1006    Page 38



Docket No.: 357040000034 
 

 34  
  

A. J. Shen, M. Klaua, P. Ohresser, H. Jenniches, J. Barthel, 
Ch. V. Mohan, J. Kirschner, “Structural and magnetic 
phase transitions of Fe on stepped Cu (111),” Phys. Rev. B 
56, 17 (1997) (“Shen”) 

48. J. Shen et al. published a scientific paper in the journal Physical 

Review B titled “Structural and magnetic phase transitions of Fe on stepped Cu 

(111)” on November 1, 1997.  Shen discloses that the (111)(fcc)/(bcc) system has 

symmetry breaking (dominance of two KS variants over the other four) (Ex. 1011, 

p. 137, ¶ 1; FIG. 4) and substantially increasing magnetization of the overlying 

layer.  (Id., p. 134, ¶ 4 (5).)  In a (111)(fcc)/(bcc) material, there are six possible 

crystalline orientation variants.  The ’988 patent explains that “symmetry broken 

structure” means that the layer “do[es] not contain an equal amount of all six of the 

[possible] (110) textured bcc-d variants [i.e., “KS domains”].”  (Ex. 1001, 

23:38-41.)  This would also have been understood as the meaning by one of 

ordinary skill in the art.  Shen discloses that symmetry breaking increases the 

magnetic field required to saturate the layer and contributes to uniaxial anisotropy, 

improving the magnetic properties of the bcc layer.  (Id., p. 139, left column.)  

Later, the ’988 patent defines “the invention” as orientation control [i.e., symmetry 

breaking] of bcc and bcc derivative materials,” allowing “new devices to be 

constructed, which have… high magnetization….”  (Ex. 1001, 13:2-8.) 
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49. More specifically, Shen discloses the bi-layer materials system of 

(bcc) Fe grown on Cu(111), i.e., (111)(fcc)Cu /(bcc) Fe.  (See, e.g., Ex. 1011, 

FIG. 1.) 

 

 

 

 

 

 

 

 

 

 (Id., FIG. 1.) 

50. The Fe films were deposited in an MBE preparation chamber 

(Ex. 1011, p. 135, ¶ 1) on top of the surface of the substrate which was cut at a 

slight 1.2º miscut with respect to the (111) orientation (id., p. 134, ¶ 2; p. 135, ¶ 2) 

in order to form steps (id., FIG. 1).  The Fe films were grown epitaxially on the 

(111)(fcc) surface, which has a hexagonal structure.  Shen shows both epitaxial 

growth and the hexagonal structure in FIG. 4. 
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(Id., FIG. 4.) 

51. Therefore, Shen discloses the following structure: 

 

[1b] Fe layer grown on Cu(111):                             (110)(bcc) 

[1e] Cu(111) surface:                                               (111)(fcc)  
 
 
 
(Schematic B:  Structure in Shen.)  Shen discloses that both the structure and 

magnetic properties of the films depend on their thickness, which Shen reports in 

terms of “ML,” or monolayers of Fe.  (See, e.g., id., FIG. 2 and caption showing 

“morphological evolution” of the Fe overlayer “with increasing thickness.”)  Shen 

also discloses that the Fe films have a well-defined “easy magnetization axis.”  

(Id., pp. 138-39, ¶ 3.)  Shen further reports that changes in properties relate to a 

change in Fe film structure with thickness, specifically a transition from (fcc) to 

bcc structure with increasing film thickness.  (Id., FIG. 3; p. 136, ¶ 1.) 

To bulk Cu substrate [1a] 

. . . 
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52. Shen explains that the morphological evolution of the Fe films, along 

with the fact that they are grown on steps of Cu(111) with a particular orientation 

(i.e., along the <011> direction), results in breaking the symmetry of the Fe films.  

(Id., p. 137, ¶ 1, emphasis added; see also FIG. 4.)   More particularly, Shen 

discloses that the “two [Kurdjumov-Sachs, or ‘KS’] domain configurations [in the 

(bcc) ferromagnetic layer] which are parallel to the [Cu(111)] steps should be more 

favored as compared to the other four [KS] domains.”   (Id., p. 137, ¶ 1; FIG. 4.)  

Therefore, symmetry is broken because of a preference for two of the (bcc) 

ferromagnetic layer’s six possible variants (i.e., KS domains).  The structural 

transition includes symmetry breaking and causes “[t]he magnetization of the 

transformed bcc Fe films [to sharply increase by] about four to five times larger 

than the extrapolated value from the low thickness fcc Fe films.”  (Id., p. 134, ¶ 4 

(5).)   

B. U.S. Patent No. 6,023,395 to Dill et al. (“Dill”) 

53. Frederick Dill et al. filed a U.S. patent application titled “Magnetic 

Tunnel Junction Magnetoresistive Sensor With Instack Biasing” on May 29, 1998.  

This application issued as U.S. Patent No. 6,023,395 (“Dill”) on February 8, 2000. 

54. Dill discloses embedding a (111)(fcc)/(bcc) layer structure, with a 

uniaxial (bcc) layer, in a multi-layer device, such as a magnetic tunnel junction 

(MTJ).  (See ¶ 56, infra.)  Dill discloses that adding this structure to the MTJ and 
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other similar devices is directed toward solving “the problem[]” of “developing a 

structure that generates an output signal that is both stable and linear with the 

magnetic field strength” and that can “maintain [the MTJ] in a single magnetic 

domain state” to prevent the domain walls from shifting positions.  (Ex. 1009, 

2:41-51.) 

55. Dill discloses a particular magnetic tunnel junction (“MTJ”) 

magnetoresistive (“MR”) read head in the form of a layer stack in FIG. 4A.  (Id., 

5:26-28; FIG. 4A.):   

 

 

 

 

 

 

 

 

 

 

 

 

 

(Id., FIG. 4A.) 

 
56. Dill discloses two examples of an MR layer stack, schematically 

summarized in the following tables of layers: 
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Example 1 from (Ex. 1009, 9:47-53; 8:29-57.) 
…various other layers…

Interface layer of 
layer 118: 

Co(30)Fe(70) (bcc) “[first] bcc-d layer which is 
magnetic”

Bulk layer of 
layer 118: 

Ni(40)Fe(60)  (fcc) “[first] (111)…hexagonal 
atomic template” 

AF layer 116:  Mn(50)Fe(50) (fcc) (111)…hexagonal atomic 
template

Template layer 112:  Ni(81)Fe(19) (fcc) (111)…hexagonal atomic 
template

…various other layers…
Substrate G1:  Al2O3 

 

Certain aspects of the above structure can be represented by the following 

simplified Schematic C: 

 
 
 

Interface layer of layer 118:                              (bcc) 

Bulk layer of layer 118:                            (111)(fcc) 

 
 
 
(Schematic C:  Film structure for Dill, Example 1.)   

. . . To rest of layers in stack (FIG. 4A) 

To layers 116, 112, and substrate (G1)

. . . 
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(Ex. 1009, FIG. 4A, annotated.) 

Example 2 from (Ex. 1009, 9:65-10:3; 9:47-53; 8:29-57.) 
…various other layers…

Upper layer of 
layer 118: 

Co(30)Fe(70)   (bcc)

Thin metal layer of 
118: 

 

Lower layer of 
layer 118: 

Co(30)Fe(70)   (bcc) “[first] bcc-d layer which is 
magnetic”

AF layer 116:  Mn(50)Fe(50)  (fcc) “[first] (111)…hexagonal 
atomic template” 

Template layer 112:  Ni(81)Fe(19)    (fcc) (111)…hexagonal atomic 
template

…various other layers…
Substrate G1:  Al2O3 

 

In Example 1, Dill discloses a Ni81 Fe19 “template layer 112” that is “(111)…fcc” 

material, that directs the (111) (fcc) crystalline growth of an overlying Mn50 Fe50 
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AF layer 116.  (Id., 8:35-47; FIG. 4A supra.)  A “fixed layer” 118 near the middle 

of the layer stack, is grown onto AF layer 116.  (Id.)  In this example, layer 118 is 

divided into two layers, a lower “bulk” layer grown on (fcc) (111) layer 116 and an 

“interface” layer grown on the bulk layer.  (Id., 9:37-59.)  In one example, the bulk 

layer is Ni40Fe60, and the interface layer is Co30Fe70 or Co40Fe60 (id.), making the 

bulk layer naturally (fcc) material and the interface layer naturally (bcc) material.  

(See, e.g., Ex. F.)  Also, one of ordinary skill in the art would have understood that 

the bulk and interface layers are both magnetic.  Therefore, Dill discloses an 

(fcc)[bulk layer of layer 118]/(bcc)[interface layer of layer 118] structure 

embedded in a magnetic layer stack to form a magnetic device.  Dill also discloses 

that the (fcc) structure of layer 118 is influenced by the structure of underlying 

(fcc) AF layer 116, and that the (fcc) structure of layer 116 is determined by 

(fcc)(111) “seed layer” 112.  (Id., 8:37-41; FIG. 4A.)  Dill further discloses that 

uniaxial anisotropy is “induce[d]” in layer 118 by growing the layer under the 

influence of a magnetic field in the direction 119.  (Id., 10:47-52; FIG. 4A.)  Dill 

discloses a number of different layer stacks and devices employing the 

(111)(fcc)/(bcc) structure discussed above.  (See, e.g., id., FIGs. 4A, 4B, and 6; see 

also Example 2 summarized above; see also magnetic layer variations and 

substitutions discussed from 5:22-7:52.)  According to Dill, each of these 
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multilayer devices benefits from the ability of that structure to “provide[] a linear 

response to the magnetic fields from the recorded medium.”  (Id., 3:2-4.) 

C. U.S. Patent No. 5,465,185 (“Heim”) 

57. U.S. Patent No. 5,465,185 (“Heim”) (Ex. 1012) issued on 

November 7, 1995.  Heim discloses a magnetoresistive spin valve sensor with an 

improved pinned ferromagnetic layer and magnetic recording system using the 

sensor.  (Id., Title.)  The structure includes a multi-film laminated pinned 

ferromagnetic layer (id., Abstract) which “comprises a first Ni81Fe19 film 72 having 

a thickness of 30 Å formed directly on the copper spacer layer 65, a 5 Å ruthenium 

(Ru) film 73 deposited onto the first Ni-Fe film 72, and a second Ni81Fe19 film 74 

of 30 Å thickness formed on the Ru film 73.”  (Id., 5:19-23.)  Heim discloses that 

separating layer 73 in this configuration is an “AF [antiferromagnetically] coupling 

film” that antiferromagnetically couples films 72 and 74.  (Id., 6:13-17.)  Heim 

further discloses that the “AF coupling film” 73 can be comprised of a number of 

materials besides Ru, including Cr.  (Id., 7:3-10.) 

D. D.N. Lambeth, W. Yang, H. Gong, D.E. Laughlin, B. Lu, 
L.L. Lee, J. Zou, P.S. Harllee, “Magnetic Media 
Performance:  Control Methods for Crystalline Texture and 
Orientation,” Mat. Res. Soc. Symp. Proc. Vol. 517, 181-192 
(1998) (“Lambeth I”) 

58. David N. Lambeth et al. published a scientific paper in the Materials 

Research Society Proceedings titled “Magnetic Media Performance:  Control 
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Methods for Crystalline Texture and Orientation” on April 15, 1998 (“Lambeth I”).  

Lambeth I provides “an overview of the guiding media design philosophy and 

discuss[es] materials issues, multi-layered thin film material structures and 

processing techniques which are used to control the microstructure and magnetic 

properties of Co-alloy films.”  (Ex. 1013, Abstract.)   

59. More specifically, Lambeth I discloses particular methods for 

controlling microstructure of magnetic films and devices/structures made with such 

films.  The disclosed methods include manipulating the “underlayer” structure of 

deposited films in order to ensure a particular structure, phase composition, and 

orientation of the resulting film.  (Id., p. 185, ¶ 1.)  Lambeth I discloses that the 

“choice of the underlayer texture upon which to perform epitaxial growth is 

critical” in determining the orientation, crystalline quality, and grain size in 

resulting films.  (Id.)  Lambeth I provides an overview of several relationships 

between the structure of the underlayer and the structure and properties of the 

resulting overlayer.  (See, e.g., id., pp. 186-88.)  In particular, Lambeth I discloses 

that single crystalline underlayers, and/or underlayers with a particular 

crystallographic orientation such as (111), can result in superior quality overlayer 

films.  (Id., p. 188.) 
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E. U.S. Patent No. 5,862,022 to Noguchi et al. (“Noguchi”) 

60. Kiyoshi Noguchi et al. filed a U.S. patent application titled 

“Ferromagnetic Tunnel Junction, Magnetoresistive Element and Magnetic Head” 

on Sep. 19, 1997.  This application issued as U.S. Patent No. 5,862,022 

(“Noguchi”) on January 19, 1999. 

61. Noguchi discloses a “ferromagnetic tunnel junction” comprising 

multiple configurations of magnetic layers (Ex. 1014, 12:53-67; Abstract; see also, 

e.g., FIGs. 1, 6, 10, and 21.) 

 

 

(Id., FIG. 1.) 

62. Noguchi’s device shares similar goals and structure with the MTJ of 

Dill.  For example, Noguchi discloses, like Dill, that tunneling junctions and layer 

stacks can be used in conjunction with magnetoresistive read heads (MRs).  (Id., 
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1:13-22.)  Noguchi’s MR includes ferromagnetic films and magnetic domain 

control films.  (Id., 12:53-67; FIGs. 6-8.)  The magnetic domain control films 

“prevent a disturbing influence of an external magnetic field” (id., 15:52-57) in the 

ferromagnetic films.  Noguchi further discloses using the structure in a variety of 

other devices, including an “inductive magnetic conversion element.”  

(Id., 20:37-55.) 

VIII. SHEN, ALONE OR IN COMBINATION WITH DILL, 
RENDERS OBVIOUS CLAIMS 1 AND 27 OF THE 
’988 PATENT 

A. Claim Charts 

63. The Petition sets forth claim charts (Petition, Sections VI(A) and (B)) 

citing disclosures in Shen and Dill that demonstrate how these prior art references 

render obvious claims 1 and 27 of the ’988 patent.  I fully agree with the claim 

charts.  The following sections include additional analysis that demonstrates how 

Shen, alone or in combination with Dill, renders these claims obvious. 

B. Shen, Alone or in Combination With Dill, Renders Obvious 
Claim 1 

64. The preamble for claim 1 recites “[a] magnetic material.”  To the 

extent this preamble is a limitation, Shen discloses this limitation.  For example, 

Shen discloses an Fe film (“magnetic material”) deposited on a “copper 
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substrate.”3  (Ex. 1011, p. 135, ¶¶ 2-3.)  Shen discloses that the Fe film is a 

“magnetic” material.  (See, e.g., id., Title; Abstract.) 

65. Claim 1 recites that the magnetic material comprises “a substrate.”  

Shen discloses that an Fe film is deposited on a “copper substrate.”  (See, e.g., id., 

p. 135, ¶¶ 2-3.) 

66. Claim 1 recites “at least one bcc-d layer which is magnetic.”  Shen 

discloses this limitation. 

67. Shen discloses that the Fe film has a “bcc(110)” structure.  More 

specifically, as the film thickness increases above a “critical thickness,” the film 

material changes from (fcc) to bcc structure.  (Id., Abstract; pp. 137-38, ¶ 2; FIG. 4 

and caption; FIG. 5; p. 138, ¶¶ 1-3; p. 139, ¶ 2.)  Shen presents experimental 

results that confirm the bcc structure.  (See, e.g., id., FIG. 3 and caption.)  Shen 

acknowledges that the Fe films are “magnetic,” by discussing their “magnetic 

properties” (Id., p. 138, ¶ 3; p. 140, ¶ 3; p. 142, ¶ 3) and presenting experimental 

results demonstrating “[t]he magnetization of both the (fcc) Fe films and the bcc Fe 

films.” (Id., ¶ 1, FIG. 9 and caption.) 

                                                 
3  Shen uses the terms “copper substrate” and “Cu(111) substrate” 

interchangeably.  (See, e.g., Ex. 1011, caption of FIG. 4.)  Accordingly, I will do so 

here as well. 
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68. Claim 1 recites that the magnetic bcc-d layer “[forms] a uniaxial 

structure.”  The ’988 patent describes “‘uniaxial’ anisotropy to exist if the 

anisotropy energy density function only contains a single maximum and a single 

minimum as the magnetization angle, , is rotated by 180 degrees from a physical 

axis” (Ex. 1001, 1:56-60), which a person of ordinary skill in the art would have 

understood to be demonstrated if the material has one easy magnetization axis.  

Shen discloses this limitation. 

69. Shen consistently refers to the easy axis in the disclosed films as 

singular.  For example, Shen discloses that the (fcc) to (bcc) structural transition 

observed in the Fe films caused “the easy magnetization direction [to switch] from 

perpendicular to in plane.”  (Ex. 1011, p. 139; also, id., pp. 140-41, ¶ 3, “The film 

thus may have a[n] in-plane easy magnetization axis . . .”).  In other words, Shen 

discloses that in this example the Fe films, whether they have (fcc) or bcc 

structure, are uniaxial in that they have a single, easy magnetization direction.  

Shen confirms this by referring to “a” or “the” easy axis in both the (fcc) films and 

the (bcc) films.  (Ex. 1011, Abstract; p. 139, top of right column.) 

70. Shen explained that, though the bcc Fe layers have an easy 

magnetization axis and the easy axis is in the plane of the Fe layer, Shen’s 

available equipment was not able to measure the specific direction of the axis in 

the layer plane, other than to say that it is not in the direction of the substrate steps.  
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(Ex. 1011, p. 139, ¶ 1.)  Even if Shen was unable, for technical reasons, to establish 

the specific direction of the easy axis, one of ordinary skill in the art would still 

have understood from the disclosure above that Shen discloses that the Fe films 

have a preferred easy axis and, therefore, they have uniaxial anisotropy. 

71. Dill also discloses a magnetic device with a bcc magnetic layer that is 

uniaxial.  Dill further discloses that operation of the magnetic device can be 

improved by predetermining and “induc[ing]” that direction to cooperate with 

operation of the device.  Specifically, as discussed in ¶ 56 supra, Dill discloses a 

fixed layer 118 that is bcc and magnetic and also discloses inducing uniaxial 

anisotropy in the layer.  And Dill discloses a method for inducing this uniaxial 

anisotropy.  In fact, the very method Dill discloses is identified by the ’988 patent 

as a method “[to] achieve a single uniaxial anisotropy.”  (Ex. 1001, 4:60-65.)  

Moreover, one of ordinary skill in the art would have recognized this method as 

achieving uniaxial anisotropy. 

72. It would have been obvious to a person of ordinary skill in the art at 

the time of the effective filing date of the ’988 patent to modify Shen’s (bcc) Fe 

layer (Ex. 1001, FIG. 4) by using Dill’s method to form a predetermined uniaxial 

structure. 

73. Specifically, Shen discloses a magnetic film structure of 

Cu(111)/(bcc) Fe, where the (bcc) Fe layer is grown on Cu(111) and has an easy 
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magnetization axis.  (Ex. 1011, FIG. 4; pp. 140-41, ¶ 3.)  Dill discloses growing 

ferromagnetic layer 118 in the presence of a magnetic field to induce an easy 

magnetization axis aligned in the direction of an applied field.  

(Ex. 1009, 10:47-10:52.)  Dill further indicates that inducing uniaxial anisotropy 

this way may be “beneficial.”  (Id.)  Although Dill does not explicitly describe the 

benefit, one of ordinary skill in the art would have understood that the benefit is to 

create a more reliable magnetization along a particular direction that will be less 

easily changed under the influence of external magnetic fields. 

74. Applying a field to induce uniaxial anisotropy during the growth of 

Shen’s (bcc) Fe layer would be straight-forward and predictable.  Shen’s (bcc) Fe 

layer is uniaxial and grown on an (fcc) Cu(111) substrate (see, e.g., Ex. 1011, 

pp. 138-39, ¶ 3).  Similarly, Dill’s ferromagnetic layer 118 is grown on layer 116 

(Ex. 1009, 8:37-41), which is fcc(111). 

75. Therefore, a person of ordinary skill in the art would have been able to 

modify Shen’s (bcc) Fe layer (Shen, FIG. 4) by growing it in a magnetic field such 

that it has a uniaxial structure, as disclosed by Dill. 

76. Claim 1 recites that the bcc-d layer forms a “symmetry broken 

structure.”  Shen discloses this limitation. 

77. As discussed in ¶ 48, supra, the ’988 patent explains that “symmetry 

broken structure” means that the layer “do[es] not contain an equal amount of all 
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six of the possible (110) textured bcc-d variants [i.e., “KS domains”].”  (Ex. 1001, 

23:38-41)  This would also have been understood as the meaning by one of 

ordinary skill in the art.  Shen discloses that the Fe films have a symmetry broken 

structure (dominance of two crystalline variants) (Ex. 1011, p. 134, ¶ 4 (5)) and 

have improved magnetic properties (see ¶ 48, supra).  Further, Shen discloses a 

method of breaking the symmetry by enhancing certain variants and minimizing 

others in the (bcc) layer.  (See ¶¶ 51-52, supra.) 

78. Specifically, Shen discloses that when the (bcc) Fe layer is grown on 

the Cu(111) substrate, there are six crystallographic variants of the (bcc) Fe that 

might possibly grow.  These variants are referred to as “Kurdjumov-Sachs 

domains” or “KS domains.”  However, Shen discloses that two of the six variants 

were preferentially grown on the stepped (111) surface [i.e., symmetry was broken 

in the Fe layer].  (Ex. 1011, p. 137, right column; FIG. 4.) 

[T]he STM images have shown that there are more domains elongated 

along the step direction than the other two <011> directions. . . .  The 

two domain configurations which are parallel to the [substrate] steps 

should be more favored as compared to the other four domains.  
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(Id., p. 137; FIGs. 2(f)-(g) and 4.)4  Shen discloses that symmetry breaking 

increases the magnetic field required to saturate the layer and contributes to the 

uniaxial anisotropy, improving the magnetic properties of the bcc layer.  (Id., 

p. 139, left column.)  Shen also discloses that the structural transition from (fcc) to 

(bcc) in the Fe films results in a “four to five times” increase in magnetization of 

the Fe films.  (Ex. 1011, p. 134, ¶ 4 (5); see also pp. 140-41, ¶ 3; p. 137, ¶ 2.)   

79. Claim 1 recites “at least one layer providing a (111) textured 

hexagonal template.”  Shen discloses this limitation. 

80. For example, Shen discloses that the copper substrate, “Cu(111),” has 

a (111) texture.  Shen consistently and repeatedly refers to the (111) texture of the 

Cu(111) surface.  (See, e.g., Ex. 1011, p. 135, ¶¶ 2-3; Abstract; FIGs. 1, 2, and 3.)  

A topographic image of the “Cu(111)” surface shows that the surface provides a 

hexagonal template.  (Id., FIG. 1 and caption, reproduced above in ¶ 49.)  Shen 

shows the same surface schematically in a “real-space schematic view of the six 

KS domains on the Cu(111) substrate.”  (Id., FIG. 4, infra, and caption.) 

                                                 
4  Shen acknowledges that the dominance of the two particular KS domains 

should also, “in principle,” give different spot intensities in the measured LEED 

pattern, but the actual LEED data has insufficient resolution to show this 

definitively.  (Ex. 1011, p.137, right column; FIG. 4, upper left.) 
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81. I have annotated a part of that figure below in order to show the 

hexagonal pattern. 

 

 

 

 

(Ex. 1011, FIG. 4, annotated.) 

82. Moreover, one of ordinary skill in the art would have understood that 

(111) texture in (fcc) material would have a hexagonal structure.  (See, e.g., Ex. G, 

p. 94 et seq.)  In fact, the ’988 patent indicates that (111) (fcc) is one example of a 

“(111) textured hexagonal atomic template.”  (Ex. 1001, 14:55-58.) 

83. Shen discloses that the Cu(111) substrate is fcc.  For example, Shen 

explains that, when the Fe layer grown on Cu(111) is relatively thin, the films 

“adopt the fcc structure from the [Cu(111)] substrate.”  (Ex. 1011, Abstract, 

emphasis added.)  Shen also refers to the (fcc) structure of the Cu(111) substrate 

numerous times throughout the text.  (See, e.g., Ex. 1011, p. 136, ¶ 1; p. 137, 

¶¶ 1-2.) 

84. Claim 1 recites that the template is “disposed between said substrate 

and said bcc-d layer.”  Shen discloses this limitation.  The ’988 patent explains 
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that a “layer…disposed between said substrate and said bcc-d layer” could be the 

top surface of the substrate.  For example, dependent claim 26 recites “[the] 

surface of said single crystal provides a layer providing the (111) textured 

hexagonal atomic template disposed between the bulk of said substrate and said at 

least one bcc-d layer.” 

85. Shen discloses that the top surface of the Cu(111) substrate provides 

the (111) textured hexagonal atomic template.  (See ¶¶ 18-21, supra.) 

86. Finally, by disclosing that the layer stack is (fcc) Cu(111)/bcc Fe 

(110), Shen discloses that the surface of the Cu(111) substrate is disposed between 

the underlying body of the substrate and the overlying bcc-d Fe layer. 

C. Shen, Alone or in Combination With Dill, Renders Obvious 
Claim 27 

87. Claim 27 of the ’988 patent is identical to claim 1, apart from the 

additional limitation that the magnetic material structure must be incorporated into 

a “magnetic device.”  As discussed in VIII(B) supra, Shen, alone or in 

combination with Dill, discloses all the limitations of claim 1.  Shen also discloses 

the additional limitation of claim 27 that the magnetic structure can be 

incorporated into a “magnetic device.” 

88. The ’988 patent defines a “magnetic device” broadly in a way that one 

of ordinary skill in the art would have understood to encompass a layered structure 

of at least one magnetic material.  For example, the ’988 patent refers to “magnetic 
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media” as a “device,” even though the medium is nothing more than layers of 

magnetic material with a “preferred orientation ratio.”  (Ex. 1001, 32:32-47.)  

Therefore, because Shen discloses a magnetic material bi-layer with a preferred 

orientation (i.e., a net orientation preference in the direction of <110> steps of 

Cu(111)) (Ex. 1011, p. 137, ¶ 1; FIG. 4.), the Cu(111)/Fe(bcc) bi-layer of Shen is a 

“magnetic device.” 

IX. DILL, IN COMBINATION WITH SHEN ALONE OR IN 
FURTHER COMBINATION WITH HEIM, RENDERS 
OBVIOUS CLAIMS 1, 3, 6-19, 21-24, 27-30, 34 AND 38 OF THE 
’988 PATENT 

A. Claim Charts 

89. The Petition sets forth claim charts (Petition, Sections VI(B) and (C)) 

citing disclosures in Dill and Shen that demonstrate how the combination of Dill 

and Shen alone, or in further combination with Heim, renders obvious claims 1, 3, 

6-19, 21-24, 27-30, 34 and 38 of the ’988 patent.  I fully agree with the claim 

charts.  The following sections include additional analysis that demonstrates how 

the combination of Dill and Shen alone, or in further combination with Heim, 

renders these claims obvious. 

B. Dill in Combination With Shen Renders Obvious Claim 1 

90. For at least the following reasons, Dill in combination with Shen 

renders obvious claim 1 of the ’988 patent. 
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91. The preamble for claim 1 recites “[a] magnetic material.”  To the 

extent this preamble is a limitation, Dill discloses this limitation. 

92. For example, Dill discloses a magnetic tunnel junction (“MTJ”) 

magnetoresistive (“MR”) read head (“magnetic material”) that includes a magnetic 

layer stack on a substrate.  (Ex. 1009, 5:26-31; FIG. 4A.)  One of ordinary skill in 

the art would readily have understood that an MTJ read head includes “magnetic 

material.” 

93. As discussed in ¶ 56, supra, Dill discloses two examples of an MR 

layer stack, schematically summarized in the following tables of layers: 

 

Example 1 from (Ex. 1009, 9:47-53; 8:29-57.) 
…various other layers…

Interface layer of 
layer 118: 

Co(30)Fe(70) (bcc) “[first] bcc-d layer which is 
magnetic”

Bulk layer of 
layer 118: 

Ni(40)Fe(60)  (fcc) “[first] (111)…hexagonal 
atomic template” 

AF layer 116:  Mn(50)Fe(50) (fcc) (111)…hexagonal atomic 
template

Template layer 112:  Ni(81)Fe(19) (fcc) (111)…hexagonal atomic 
template

…various other layers…
Substrate G1:  Al2O3 
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94. Claim 1 recites that the magnetic material comprises “a substrate.”  

Dill discloses that the MTJ includes a “G1 alumina layer as the substrate.”  (See, 

e.g., id., 10:29-32; Example 1 or Example 2 above.) 

95. Claim 1 recites “at least one bcc-d layer which is magnetic.”  Dill 

discloses this limitation. 

96. In Example 1, as schematically represented above, layer 118 has two 

layers:  1) a lower, bulk layer (hereinafter, the “bulk layer of layer 118” or 

“bulk layer of 118”) and 2) an upper, interface layer (hereinafter, the “interface 

layer of layer 118” or “interface layer of 118”) grown thereon.  (Id., 9:47-59.)   The 

interface layer of 118 is Co30Fe70 or Co40Fe60.  (Id.)  One of ordinary skill in the art 

would have known that the natural crystal structure of the interface material is bcc 

Example 2 from (Ex. 1009, 9:65-10:3; 9:47-53; 8:29-57.) 

…various other layers…
Upper layer of 
layer 118: 

Co(30)Fe(70)   (bcc)

Thin metal layer 
of 118: 

 

Lower layer of 
layer 118: 

Co(30)Fe(70)   (bcc) “[first] bcc-d layer which is 
magnetic”

AF layer 116:  Mn(50)Fe(50)  (fcc) “[first] (111)…hexagonal 
atomic template” 

Template 
layer 112: 

Ni(81)Fe(19)    (fcc) (111)…hexagonal atomic 
template

…various other layers…
Substrate G1:  Al2O3 
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and magnetic.  (See, e.g., Ex. H, p. 251 et seq.; Ex. G, p. 94 et seq.; Ex. F.)  The 

bulk layer of layer 118 is Ni40 Fe60.  (Ex. 1009, 9:47-59.)  This material naturally 

has (fcc) structure and is magnetic. 

97. In Example 2, as schematically represented above, layer 118 is 

comprised of a thin metal layer separating two ferromagnetic layers, a lower layer 

of 118 and an upper layer of 118.  (Id., 9:65-10:4.)  Each ferromagnetic layer is 

comprised of “Ni, Co, Ni-Fe alloys, Co-Fe alloys, or Ni-Fe-Co ternary alloys” (id.) 

such as the Co30Fe70 or Co40Fe60 discussed above, which as discussed in ¶ 96 supra 

is (bcc) material. 

98. Claim 1 of the ’988 patent recites that the bcc-d layer “form[s] a 

uniaxial … structure.”  Dill discloses this limitation. 

99. Dill discloses that layer 118 is “grown in a [magnetic] field oriented 

along [a particular] direction 119 in FIG 4A,” “to induce in the fixed [layer] 118, 

sensing [layer] 132 and biasing [layer] 150 …appropriate magnetic anisotropies.”  

(Ex. 1009, 10:47-10:59.)  FIG 4A shows the field direction 119 used to induce 

uniaxial anisotropy in layer 118: 
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(Ex. 1009, FIG. 4A, annotated.) 

100. One of ordinary skill in the art would readily have understood that 

growing ferromagnetic layer 118 under the influence of such a field “to induce in 

the fixed [layer] 118 … [an] appropriate magnetic anisotrop[y]” creates a preferred 

uniaxial magnetic anisotropy in the interface layer of 118.  In fact, the ’988 patent 

recognizes “depos[iting a magnetic film] in the presence of an applied magnetic 

field” as one way of “achiev[ing] a single uniaxial anisotropy” in the film by 

ensuring that the film’s “resulting single magnetic easy axis is aligned along the 

applied magnetic field.”  (Ex. 1001, 4:60-65, “Background of the Invention” 

discussing the prior art.)  Similarly, U.S. Patent No. 5,998,048 to Jin (Ex. B) 

(“Jin”) discloses applying “magnetic fields during the deposition of the films 
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comprising Co-Fe-Cr-N to induce magnetic anisotropy” through “preferential 

ordering of atoms to form an easy direction of magnetization.”  (Ex. B, 5:48-65; 

11:1-9.) 

101. Dill discloses that, in Example 1, ferromagnetic layer 118 is also 

exchanged coupled, in the same direction as the easy axis (i.e., in the direction of 

applied field 119).  (Ex. 1009, 11:62-12:15.)  However, one of ordinary skill in the 

art would have known that exchange coupling and uniaxial anisotropy can coexist, 

and, in fact, complement one another, in the same layer.  In addition to Dill, 

another example of providing exchange coupling as a complement to uniaxial 

anisotropy to ensure magnetization along a particular direction is disclosed by 

U.S. Patent No. 6,295,187 to Pinarbashi (Ex. D).  More specifically, Pinarbashi 

provides a “highly stabilized pinned layer structure” by simultaneously exchange 

coupling and pinning with stress induced uniaxial anisotropy.  Pinarbashi discloses 

that, when temperature effects degrade the pinning strength, the stress induced 

uniaxial anisotropy “maintains the orientation of the magnetic moment of the AP 

pinned layer” in the desired direction.  (Ex. D, 1:3-30.) 

102. Claim 1 recites that the “bcc-d layer which is magnetic” forms a 

“symmetry broken structure.”  Dill in combination with Shen discloses this 

limitation. 
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103. As shown in Example 1 above, Dill discloses that the following layers 

are grown in sequence:  (111) (fcc) template layer 112, (111) (fcc) layer 116, (111) 

(fcc) bulk layer of 118, and (bcc) interface layer of 118.  (Id., 8:37-41; 9:37-59; 

FIG. 4A; see also ¶¶ 107-13, infra).  Particularly, the (bcc) interface layer of 118 is 

grown on a “bulk [Ni40Fe60] layer” that is (111) (fcc).  (Ex. 1009, 8:29-57; 

9:37-59). 

104. As discussed in ¶ 48, supra, Shen discloses a bcc layer (disposed onto 

a (111) (fcc) layer) that has broken symmetry.  Shen also discloses that the 

magnetic properties of the bcc layer are improved.  (See ¶ 48, supra.)  It would 

have been obvious to a person of ordinary skill in the art at the time of the effective 

filing date of the ’988 patent to use Dill’s (111)(fcc) bulk layer of layer 118 / (bcc) 

interface layer of layer 118 to form broken symmetry in the interface layer to 

improve the magnetic properties of the interface layer.  (See ¶¶ 48-52, supra.)  For 

example, one of ordinary skill in the art would have known Shen’s teaching that 

creating the disclosed symmetry broken layer would increase the magnetic field 

required to saturate the layer and would contribute to magnetic anisotropy.  (Id.)  

One of ordinary skill in the art would have also understood that the structural 

transition from (fcc) to (bcc) in the Fe films dramatically increases the 

magnetization of the layer.  (Id.) 
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105. Specifically, Shen discloses a magnetic material layered structure 

formed by growing a (bcc) magnetic layer on a stepped (111) (fcc) surface.  

(Ex. 1011, FIG. 4; FIG. 5; p. 138, ¶¶ 1-2; p. 139, ¶ 2.)  Shen discloses that the (bcc) 

films have broken symmetry because two of the six possible crystallographic 

variants are favored in the growth.  (Ex. 1011, p. 137, ¶ 1; FIG. 1.)  

106. Dill’s (bcc) interface layer of 118 was grown onto the (fcc) bulk layer 

of 118, to form the (111)(fcc)/(bcc) structure as disclosed by Shen.5  (Ex. 1009, 

FIG. 4A; Ex. 1011, FIGs. 2 and 4.)  Shen discloses that broken symmetry is 

formed in such a (111)(fcc)/(bcc) structure.  (Ex. 1011, p. 134, ¶ 4; p. 137, ¶ 1.)  

Also in Dill’s Example 2 (see ¶ 96, supra), the (bcc) lower ferromagnetic layer of 

118 was grown onto the (111)(fcc) AF layer 116,6 a (111)(fcc)/(bcc) structure.  It 

would have been obvious to use the teaching of Shen to form broken symmetry in 

the (bcc) layers of Dill’s examples in order to gain improvement in magnetic 

properties as discussed in ¶ 104, supra. 

                                                 
5  Note that here and in the Petition, the (111)(fcc)/(bcc) structure formed 

according to the teachings of Shen discussed supra is referred to as “Shen’s 

symmetry broken (111)(fcc)/(bcc) structure.” 

6  I say “lower ferromagnetic layer” here because it is the lower of the two 

ferromagnetic layers of 118, not because it is lower than AF layer 116. 
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107. Claim 1 recites “at least one layer providing a (111) textured 

hexagonal template.”  As discussed in ¶ 56, supra, Dill discloses that layers 112, 

116, and bulk layer of 118 are all (111) textured hexagonal templates. 

108. In Example 1, the “template layer 112” is “fcc (111) Ni81 Fe19.”  

(Ex. 1009, 8:37-41.)  Because layer 112 is (111) textured fcc, it has a hexagonal 

texture and is a “(111) textured hexagonal atomic template,” according to the 

definition provided by the ’988 patent.  (Ex. 1001, 14:55-58.)  Dill discloses that 

layer 116 is grown directly on layer 112, and layer 112 “encourages” the growth of 

AF layer 116 by providing the template for layer 116.  (Ex. 1009, 8:29-57.)  Dill 

further discloses that the antiferromagnetic (“AF”) layer 116 is Mn50Fe50.  (Id.)  

One of ordinary skill in the art would have understood that Mn50Fe50 is naturally 

(fcc).  Because (fcc) layer 116 is grown directly on layer 112, one of ordinary skill 

in the art would have understood that the (fcc) (111) hexagonal texture of template 

layer 112 is imparted to layer 116.  Moreover, because the bulk layer of layer 118 

is Ni40Fe60 and grown on (fcc) layer 116, one of ordinary skill would have 

understood that the bulk layer of layer 118 also has a (111) (fcc) textured 

hexagonal atomic template.  (¶ 56 supra; Ex. 1009, 8:29-57; 9:37-59.) 

109. In Example 1, layers 112 and 116 and the bulk layer of 118 each 

provide a (111) textured hexagonal atomic template. 
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110. This is because, as shown above, each of the layers has an (111)(fcc) 

structure as a result of being grown in seed layer 112 which Dill explicitly 

discloses as having such a structure.  (See Ex. 1009, 8:37-41.) 

111. In Example 2 discussed in ¶¶ 108-09, AF layer 116 provides an fcc 

(111) hexagonal atomic template to the (bcc) lower layer of 118.  (Id.) 

Example 2 from (Ex. 1009, 9:65-10:3; 9:47-53; 8:29-57.) 
…various other layers…

Upper layer of 
layer 118: 

Co(30)Fe(70)   (bcc)

Thin metal layer of 
118: 

 

Lower layer of 
layer 118: 

Co(30)Fe(70)   (bcc) “[first] bcc-d layer which is 
magnetic”

AF layer 116:  Mn(50)Fe(50)  (fcc) “[first] (111)…hexagonal 
atomic template” 

Template layer 112:  Ni(81)Fe(19)    (fcc) (111)…hexagonal atomic 
template

…various other layers…
Substrate G1:  Al2O3 

Example 1 from (Ex. 1009, 9:47-53; 8:29-57.) 
…various other layers…

Interface layer of 
layer 118: 

Co(30)Fe(70) (bcc) “[first] bcc-d layer which is 
magnetic”

Bulk layer of 
layer 118: 

Ni(40)Fe(60)  (fcc) “[first] (111)…hexagonal 
atomic template” 

AF layer 116:  Mn(50)Fe(50) (fcc) (111)…hexagonal atomic 
template

Template layer 112:  Ni(81)Fe(19) (fcc) (111)…hexagonal atomic 
template

…various other layers…
Substrate G1:  Al2O3 
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112. Claim 1 recites that the template is “disposed between said substrate 

and said bcc-d layer.”  Dill’s Example 1 shows this limitation, with the bulk layer 

of 118 disposed between the interface layer of 118 and the substrate, and 

Example 2 shows this limitation with AF layer 116 disposed between the lower 

layer of 118 and the substrate.  (See Ex. 1009, FIG. 4A.) 

C. Dill in Combination With Shen Renders Obvious Claim 3 

113. Claim 3 of the ’988 patent recites:  “The magnetic material structure 

recited in claim 1, wherein a surface of said substrate is amorphous or 

polycrystalline.”  The combination of Dill and Shen renders obvious this 

limitation. 

114. Dill discloses depositing the MTJ MR layers on a layer of Au metal 

that is deposited on the surface of an “alumina substrate” (Ex. 1009, 8:43-48).  

Although Dill does not explicitly disclose that the Al2O3 layer is polycrystalline, 

one of ordinary skill in the art would have understood the Al2O3 substrate is 

polycrystalline because Dill’s reference to the Al2O3 substrate as an “alumina” 

substrate would have been understood as polycrystalline.  Moreover, one of 

ordinary skill in the art would have understood that the Au metal is deposited onto 

the polycrystalline Al2O3 layer and that this would naturally create a 

polycrystalline Au surface. 
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D. Dill in Combination With Shen Renders Obvious Claim 6 

115. Claim 6 of the ’988 patent recites:  “The magnetic material structure 

recited in claim 1, wherein the layer providing said hexagonal atomic template is 

formed from a fcc-d or hcp crystalline material.”  Dill discloses this limitation. 

116. As discussed above and shown in Example 1, Dill’s layers 112 and 

116 each has (fcc) structure and provides a (111) textured hexagonal atomic 

template.  Specifically, Dill discloses that “template layer 112” is “(111)… (fcc) 

Ni81 Fe19,” and because AF layer 116 is Mn50Fe50 grown on layer 112, the 

crystalline structure of AF layer 116 is “encourage[d]” by underlying layer 112.  

Because layer 116 is grown on (111)(fcc) layer 112, one of ordinary skill in the art 

would have known that layer 116’s structure is also (111)(fcc).  (Ex. 1009, 

8:29-57; see also, e.g., Ex. H, p. 251 et seq.; Ex. I, pp. 288-312; Ex. G, p. 94 et 

seq.) 

E. Dill in Combination With Shen Renders Obvious Claim 7 

117. Claim 7 of the ’988 patent recites:  “The magnetic material structure 

recited in claim 1, wherein the layer providing said hexagonal atomic template is 

magnetic.”  Dill discloses this limitation. 

118. As discussed in IX(B) and IX(D) supra and shown in Example 1, the 

bulk layer of layer 118 is Ni40Fe60, grown onto (111)(fcc) AF layer 116 and 
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“provid[es] said hexagonal atomic template.”  (Ex. 1009, 9:47-53; 8:29-57.)  

Ni40Fe60 is magnetic material.  Therefore the bulk layer of 118 is “magnetic.” (See, 

e.g., Ex. 1009, 7:65; 9:65-67; 8:29-57; 9:37-10:4.) 

F. Dill in Combination With Shen Renders Obvious Claim 8 

119. Claim 8 of the ’988 patent recites “wherein said bcc-d layer [of 

claim 1] is epitaxially grown on said (111) textured hexagonal atomic template.”  

The combination of Dill and Shen discloses this limitation. 

120. As discussed in IX(B) supra, Dill discloses that the bulk layer of 118 

provides a (111) textured hexagonal atomic template to the (bcc) interface layer of 

118, which is grown thereon.  (Ex. 1009, 8:29-57; 9:37-57.)  One of ordinary skill 

in the art would have known that in this context, the term “grown on” (id., 8:46) 

means epitaxially grown on, with layers 112 and 116, the bulk layer of 118, and 

the interface layer of 118 epitaxially grown on their respective underlayers.  For 

the same reason, one of ordinary skill in the art would also have understood that 

the lower ferromagnetic layer of layer 118 is epitaxially grown on layer 116. 

121. Even if Dill does not explicitly disclose that the (bcc) interface layer 

of 118 was epitaxially grown on the (111) (fcc) bulk layer of 118 or that the (bcc) 

lower ferromagnetic layer of layer 118 was epitaxially grown on layer 116, Shen 

discloses that such epitaxial growth is part of forming Shen’s symmetry broken 

(111)(fcc)/(bcc) structure discussed in IX(B) supra.  Specifically, Shen discloses 
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growing the bcc Fe(110) layer on the Cu(111) substrate and shows that this is 

epitaxial growth in FIG. 4.  (Ex. 1011, pp. 136-37; FIG. 4.) 

122. Claim 8 also recites that “the bcc-d layer…has a (110) crystalline 

texture.”  Dill does not explicitly disclose the crystalline texture of the interface 

layer of 118.  However, as discussed in ¶¶ 102-06, supra, it would have been 

obvious to a person of ordinary skill in the art at the time of the effective filing date 

of the ’988 patent to combine the teachings of Shen and Dill to improve the 

magnetic properties of Dill’s (bcc) interface layer of 118 (see also ¶¶ 48-52, 

supra).  Shen discloses that Shen’s symmetry broken (111)(fcc)/(bcc) structure 

formed a (110) structure in the (bcc) layer.  (See, e.g., Ex. 1011, FIG. 4.) 

123. More specifically, Shen discloses that when the bcc layer is more than 

2 or 3 ML (atomic monolayers) thick, the bcc layer in the (111) (fcc)/(bcc) 

structure forms a (110) crystalline texture.  (Id., pp. 140-41, ¶ 3.)  Likewise, Dill 

discloses an example in which the interface layer of layer 118 is 2 nm thick.  

(Ex. 1009, 9:53-54.)  An atomic monolayer is on order of 0.2 nm thick.  Therefore, 

the exemplary interface layer portion of layer 118 is approximately 10 ML thick. 

124. Therefore, one of ordinary skill in the art would have understood from 

Dill that the interface layer of layer 118 forms a (110) crystalline texture. 

125. Claim 8 also recites “at least one crystalline grain of said (111) 

textured hexagonal atomic template has epitaxially grown thereon at least two 
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and not more than four dominate (110) orientational variants.”  Dill does not 

explicitly disclose the number of orientational variants in the interface layer of 118 

after it is grown on the bulk layer of 118. 

126. However, as discussed in IX(B) supra, Dill discloses the following 

(111)(fcc)/(bcc) structure:  (fcc) (111) bulk layer of 118/(bcc) interface layer of 

118.  As discussed in VIII(B) supra, Shen grows a (bcc) ferromagnetic layer onto a 

stepped (111)(fcc) layer to form a (110) crystalline texture in the top bcc layer with 

two dominant growth orientational variants.  (Ex. 1011, pp. 136-37; FIG. 4.)  

Therefore, the combination of Dill and Shen discussed in IX(B) supra discloses an 

interface layer of 118 grown on the bulk layer of 118, to cause broken symmetry 

(see X(B) supra), to form a (bcc) film with two dominant (110) orientational 

variants.  To the extent that growing the layers of Dill according to the disclosure 

in Shen does not provide such variants, it would have been obvious to grow the 

interface layer of layer 118 to provide the variants as disclosed in Shen to improve 

magnetic properties in the interface layer of layer 118.  (See X(B) supra.) 

G. Dill in Combination With Shen Renders Obvious Claim 9 

127. Claim 9 of the ’988 patent recites:  “The magnetic material structure 

according to claim 1, further comprising:  a second layer providing a (111) 

textured hexagonal atomic template, wherein said second layer is magnetic.”  Dill 

discloses this limitation, as summarized in Example 1 (below) 
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Example 1 from (Ex. 1009, 9:47-53; 8:29-57.) 
…various other layers…

Interface layer of 
layer 118: 

Co(30)Fe(70) (bcc) “[first] bcc-d layer which is 
magnetic”

Bulk layer of 
layer 118: 

Ni(40)Fe(60)  (fcc) “[first] (111)…hexagonal 
atomic template” 

AF layer 116:  Mn(50)Fe(50) (fcc) (111)…hexagonal atomic 
template

Template layer 112:  Ni(81)Fe(19) (fcc) (111)…hexagonal atomic 
template

…various other layers…
Substrate G1:  Al2O3 

 

128. Template layer 112 is “a second layer providing a (111) textured 

hexagonal atomic template” that is magnetic.  This is because layer 112 is (fcc) 

Ni81Fe19 and has a (111) structure (Ex. 1009, 8:29-57), which the ’988 patent 

defines as a (111) textured hexagonal template (Ex. 1001, 14:55-58.)  Moreover, 

one of ordinary skill in the art would have known layer 112 to be a hexagonal, 

magnetic template, at least because of layer 112’s (111)(fcc) structure and because 

both Ni and Fe, and their alloys, are magnetic.  Alternatively, Dill discloses a 

“sensing ferromagnetic layer 132” that is Ni81Fe19, which provides a (111) textured 

hexagonal atomic template to (bcc) Cr spacer layer 152.  (See, e.g., Ex. 1009, 

8:50-53; FIG. 4A.)  One of ordinary skill in the art would have known that Ni81Fe19 

has an (fcc) structure and is magnetic.   
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H. Dill in Combination With Shen Renders Obvious Claim 10 

129. Claim 10 of the ’988 patent recites:  “The magnetic material structure 

according to claim 1, further comprising:  a second bcc-d layer which is 

non-magnetic.”  Dill discloses this limitation, as summarized in Example 1.  

Example 1 from (Ex. 1009, 9:47-53; 8:29-57.) 
…various other layers…

Interface layer of 
layer 118: 

Co(30)Fe(70) (bcc) “[first] bcc-d layer which is 
magnetic”

Bulk layer of 
layer 118: 

Ni(40)Fe(60)  (fcc) “[first] (111)…hexagonal 
atomic template” 

AF layer 116:  Mn(50)Fe(50) (fcc) (111)…hexagonal atomic 
template

Template layer 112:  Ni(81)Fe(19) (fcc) second (111)…hexagonal 
atomic template 

…various other layers…
Substrate G1:  Al2O3 

 

130. For example, Dill discloses a spacer layer 152 that is made of 

chromium (Cr) metal.  (Ex. 1009, 8:50-57.)  The ’988 patent indicates that Cr is a 

“non-magnetic bcc [material].”  (Ex. 1001, 10:57-60.) 

I. Dill in Combination With Shen Renders Obvious Claim 11 

131. Claim 11 of the ’988 patent recites:  “The magnetic material structure 

according to claim 1, further comprising:  a second bcc-d layer which is 

magnetic.”  Dill discloses this limitation in an alternate of Example 1. 
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Example 1 from (Ex. 1009, 9:37-53; 8:29-57.) 
…various other layers…

Bulk layer of sensing 
layer 132: 

 

Interface layer of 132: Co(40)Fe(60) (bcc) “second bcc-d layer which is 
magnetic”

Tunnel barrier 120: Al2O3 
Interface layer of 
layer 118: 

Co(30)Fe(70) (bcc) “[first] bcc-d layer which is 
magnetic”

Bulk layer of 
layer 118: 

Ni(40)Fe(60)  (fcc) “[first] (111)…hexagonal 
atomic template” 

AF layer 116:  Mn(50)Fe(50) (fcc) (111)…hexagonal atomic 
template

Template layer 112:  Ni(81)Fe(19) (fcc) (111)…hexagonal atomic 
template

…various other layers…
Substrate G1:  Al2O3 

 

132. Dill discloses an exemplary “alternative sensing ferromagnetic 

layer 132” “comprised of a thin Co or Co(100-x)Fe(x) or Ni(100-x)Fex (x is 

approximately 60) layer at the interface between the sensing ferromagnetic 

layer 132 and the tunnel barrier layer 120.”  (Ex. 1009, 9:37-41; FIG.4A.)  Because 

“x is approximately 60,” the composition of this interface layer is approximately 

Co40Fe60, an Fe-rich alloy of FeCo.  One of ordinary skill in the art would have 

understood that the layer has the (bcc) structure.  (See, e.g., Ex. F.)  And with both 

Co and Fe being magnetic, one of ordinary skill in the art would have understood 

that their alloys are also magnetic. 
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J. Dill in Combination With Shen and Heim Renders Obvious 
Claim 12 

133. Claim 12 of the ’988 patent recites:  “The magnetic material structure 

according to claim 1, further comprising:  a second bcc-d layer . . . .”  Dill 

discloses this limitation as summarized in Example 2. 

Example 2 from (Ex. 1009, 8:14-22; 10:57-60; 9:65-10:3; 9:47-53; 
8:29-57.) 

…various other layers…
Upper layer of 
layer 118: 

Co(30)Fe(70)   (bcc)

Thin metal layer of 
118: 

Cr                (bcc) “second bcc-d layer” 

Lower layer of 
layer 118: 

Co(30)Fe(70)   (bcc) “[first] bcc-d layer which is 
magnetic”

AF layer 116:  Mn(50)Fe(50)  (fcc) “[first] (111)…hexagonal 
atomic template” 

Template layer 112:  Ni(81)Fe(19)    (fcc) (111)…hexagonal atomic 
template

…various other layers…
Substrate G1:  Al2O3 

 

134. As discussed in ¶ 97 supra and shown in Example 2, Dill discloses an 

alternative example of layer 118 that includes two ferromagnetic layers of (bcc) 

Co30Fe70 “separated by a thin metallic layer, which results in antiferromagnetic 

coupling of the two ferromagnetic layers.”  (Ex. 1009, 9:65-10:4.)  One of ordinary 

skill in the art would have known that, in this example, the spacer layer must be 

non-magnetic in order to allow AF coupling of the ferromagnetic layers. 
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135. Dill does not explicitly specify the spacer layer in this example of 

layer 118, but Dill discloses that the thin metal layer is non-magnetic metal that 

separates and couples two ferromagnetic layers.  Dill cites Heim as providing 

further information about the “type of laminated fixed layer” of layer 118, 

including the above-mentioned thin metal layer.  (Ex. 1009, 9:60-10:4.)  Because 

Dill cites Heim for the laminate structure and because Heim discloses the same 

ferromagnetic structure as disclosed in Dill, it would have been obvious for a 

person of ordinary skill to use this information from Heim, including that the thin 

layer can be Cr.  (Ex. 1012, 7:3-10.)    Similarly, Dill discloses another 

non-magnetic metal spacer layer 152 that separates and couples the ferromagnetic 

sensing layer 132 and its ferromagnetic bias layer 150.  (Ex. 1009, 8:14-22.)  The 

non-magnetic spacer layer between layers 132 and 150 is chromium.  Dill discloses 

that Cr layer 152 couples layers 150 and 132 to “maintain a generally single 

domain state” in film 132.  (Ex. 1009, 8:14-22.)  Also, the ’988 patent explains that 

Cr is an example of what is claimed as a “non-magnetic bcc [material].”  

(Ex. 1001, 10:57-60.) 

136. In this example, the first ferromagnetic film of layer 118 is the 

claimed first “bcc-d layer,” and the Cr spacer of layer 118 is the claimed “second 

bcc-d layer.”  Alternatively, the “second bcc-d layer” is the second ferromagnetic 

film of layer 118, grown onto the Cr spacer of layer 118. 
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137. Claim 12 of the ’988 patent further recites “wherein the crystalline 

orientation of the second bcc-d layer is epitaxially determined by said [first] 

bcc-d layer.”  Dill discloses this limitation. 

138. As discussed in ¶¶ 135-36, supra, the chromium spacer and both 

ferromagnetic films of layer 118 have a (bcc) structure, and one of ordinary skill in 

the art would have known that the Cr spacer layer would grow epitaxially on and 

have its crystalline orientation epitaxially determined by the lower ferromagnetic 

film.  Because the upper ferromagnetic film is grown on the Cr thin metal layer, 

one of ordinary skill in the art would have known that its structure would be 

determined by the thin metal layer and, therefore, also epitaxially determined by 

the lower ferromagnetic film (first bcc-d layer).  Therefore, it would have been 

obvious to one of ordinary skill in the art to have a second bcc-d layer (the Cr 

spacer layer of layer 118 or the upper ferromagnetic film of 118) whose bcc-d 

crystalline orientation is epitaxially determined by the first bcc-d layer (lower 

ferromagnetic film). 

K. Dill in Combination With Shen Renders Obvious Claim 13 

139. Claim 13 of the ’988 patent recites:  “The magnetic material structure 

according to claim 1, further comprising:  a second bcc-d layer.”  Dill discloses 

this limitation as summarized in Example 1. 
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Example 1 from (Ex. 1009, 8:51-52; 9:41-42; 9:47-53; 8:29-57.) 
…various other layers…

Spacer layer 152: Cr              (bcc) “second bcc-d layer” 
Bulk layer of sensing 
layer 132: 

Ni81Fe19     (fcc) second “(111)…hexagonal 
atomic template” 

Interface layer of 132: Co(40)Fe(60) (bcc)  
Tunnel barrier 120: Al2O3  
Interface layer of 
layer 118: 

Co(30)Fe(70) (bcc) “[first] bcc-d layer which is 
magnetic” 

Bulk layer of 
layer 118: 

Ni(40)Fe(60)   (fcc) “[first] (111)…hexagonal 
atomic template” 

AF layer 116: Mn(50)Fe(50) (fcc) (111)…hexagonal atomic 
template 

Template layer 112: Ni(81)Fe(19)   (fcc) (111)…hexagonal atomic 
template 

…various other layers…
Substrate G1:  Al2O3 

 

140. For example, Dill discloses a layer 152 that is made of chromium (Cr) 

metal.  (Ex. 1009, 8:50-57.)  The ’988 patent indicates that Cr is an example of 

what is claimed as a “non-magnetic bcc [material].”  (Ex. 1001, 10:57-60.)  

Therefore, layer 152 is the claimed “second bcc-d layer.” 

141. Claim 13 of the ’988 patent further recites “a second layer providing 

a (111) textured hexagonal atomic template.”  Dill discloses this limitation. 

142. For example, Dill discloses that sensing layer 132 is Ni81Fe19.  

(Ex. 1009, 8:51-52; 9:41-42.)  One of ordinary skill in the art would have known 

that Ni81Fe19 naturally has an (fcc) structure and is magnetic.  (See, e.g., Ex. H, 

p. 251 et seq.; Ex. I, pp. 288-312; Ex. G, p. 94 et seq.)  In addition, one of ordinary 

skill in the art would also have known that this particular composition, Ni81Fe19, 
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would naturally form a (111)(fcc) structure.  (Id.)  Therefore, alternative sensing 

layer 132 would be the claimed “second layer providing a (111) textured 

hexagonal template.” 

143. Claim 13 of the ’988 patent further recites “wherein said second layer 

providing a (111) textured hexagonal atomic template is disposed between said 

bcc-d layers.”  Dill discloses this limitation. 

144. Example 1 summarized above shows that layer 132 (the “second layer 

providing a (111) textured hexagonal atomic template”) is located between 

layer 152 (the “second bcc-d layer”) and layer 118 (the first “bcc-d layer”). 

145. Moreover, FIG. 4A shows that layer 132 is disposed between 

layers 118 and 152. 

L. Dill in Combination With Shen Renders Obvious Claim 14 

146. Claim 14 of the ’988 patent recites:  “The magnetic material structure 

according to claim 1, further comprising:  a second bcc-d layer, which is 

magnetic.”  Dill discloses this limitation as summarized in Example 1. 
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Example 1 from (Ex. 1009, 8:51-52; 9:41-42; 9:47-53; 8:29-57.) 
…various other layers…

Spacer layer 152: Cr              (bcc)  
Bulk layer of sensing 
layer 132: 

Ni(81)Fe(19)  (fcc)  

Interface layer of 132: Co(40)Fe(60) (bcc) “second bcc-d layer, which is 
magnetic” 

Tunnel barrier 120: Al2O3 “oxide layer between” 
Interface layer of 
layer 118: 

Co(30)Fe(70) (bcc) “[first] bcc-d layer which is 
magnetic” 

Bulk layer of 
layer 118: 

Ni(40)Fe(60)  (fcc) “[first] (111)…hexagonal 
atomic template” 

AF layer 116: Mn(50)Fe(50) (fcc) (111)…hexagonal atomic 
template 

Template layer 112: Ni(81)Fe(19)   (fcc) (111)…hexagonal atomic 
template 

…various other layers…
Substrate G1:  Al2O3 

 

147. For example, Dill discloses an alternative sensing layer 132 that 

includes an interface layer of 132 that is Co(40)Fe(60).  (Ex. 1009, 9:37 41.)  One of 

ordinary skill in the art would have known that both Co and Fe are magnetic, as are 

their alloys.  Therefore, one of ordinary skill in the art would have known this layer 

to be magnetic.  As shown in the phase diagram for this material, one of ordinary 

skill in the art would have understood that the natural state of Co(40)Fe(60) is bcc.  

(See, e.g., Ex. H, p. 251 et seq.; Ex. I, pp. 288-312; Ex. G, p. 94 et seq.)   

148. Claim 14 further recites “at least one oxide layer between said bcc-d 

layers.”  Dill discloses this limitation. 
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149. For example, Dill discloses a “tunnel barrier layer 120” (“at least one 

oxide layer between said bcc-d layers”) that is comprised of the oxide Al2O3.  

(Ex. 1009, 8:49-51.)  As shown at least in Example 1 above, tunnel barrier 120 is 

disposed between ferromagnetic fixed layer 118 (which includes the first bcc-d 

layer) and layer 132 (which includes the second bcc-d layer).  This is also shown in 

FIG. 4A of Dill.  (Ex. 1009, FIG. 4A.) 

M. Dill in Combination With Shen and Heim Renders Obvious 
Claim 15 

150. Claim 15 of the ’988 patent recites:  “The magnetic material structure 

according to claim 1, further comprising:  a second and a third bcc-d layers which 

are non-magnetic.”  Dill discloses this limitation as summarized in Example 2. 
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Example 2 from (Ex. 1009, 13:35-38; 9:65-10:3; 9:47-53; 8:29-57.) 
Cap layer 134: Cr               (bcc)  
Top layer of 150:   Co(30)Fe(70)  (bcc)  
Thin metal layer of 
150: 

  

Bottom layer of 
150:   

Co(30)Fe(70)  (bcc) “fourth bcc-d layer which is 
magnetic” 

Spacer layer 152: Cr (bcc) “third bcc-d layer” which is 
non-magnetic 

Sensing layer 132: Co(40)Fe(60)   (bcc)  
Tunnel barrier 120: Al2O3     “oxide layer between” 
Upper layer of 
layer 118: 

Co(30)Fe(70)   (bcc)  

Thin metal layer of 
118: 

Cr                (bcc) second bcc-d layer which is 
non-magnetic 

Lower layer of 
layer 118: 

Co(30)Fe(70)   (bcc) “[first] bcc-d layer which is 
magnetic” 

AF layer 116: Mn(50)Fe(50)  (fcc) “[first] (111)…hexagonal 
atomic template” 

Template layer 112: Ni(81)Fe(19)    (fcc) (111)…hexagonal atomic 
template 

…various other layers… 
Substrate G1: Al2O3   

 

151. As discussed in ¶¶ 96-97, 134-35 and shown in Example 2 above, Dill 

discloses that an alternative example of layer 118 includes two ferromagnetic 

layers of (bcc) Co30Fe70 “separated by a thin metallic [spacer] layer” (Ex. 1009, 

9:65-10:4), where it would have been obvious for the spacer layer to be Cr (id.; see 

also Ex. 1012, 7:3-10), which is non-magnetic and (bcc) (Ex. 1001, 10:57-60).  

(See ¶¶ 134-35, supra.)  Because the film is “thin” and has a natural (bcc) 

structure, one of ordinary skill would have understood that it would conform to the 
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(bcc) crystalline structure of the underlying Co30Fe70 layer.  In this example, the 

lower ferromagnetic film of layer 118 is the claimed first “bcc-d layer” and the Cr 

spacer of layer 118 is the claimed “second bcc-d layer…which [is] non-magnetic.” 

152. Similarly, Dill also discloses a layer 152 that is made of chromium 

(Cr) metal.  (Ex. 1009, 8:50-57.)  As discussed above, one of ordinary skill in the 

art would have known that Cr is a (bcc) material that is non-magnetic, and the 

’988 patent indicates as much.  Therefore, layer 152 is the claimed “third bcc-d 

layer…which [is] non-magnetic.” 

153. Claim 15 further recites “a fourth bcc-d layer which is magnetic.”  

Dill discloses this limitation. 

154. For example, Dill first discloses a “biasing ferromagnetic layer 150” 

that is a single ferromagnetic layer located over the sensing layer 132.  (Ex. 1009, 

8:51-54.)  Dill then discloses an improved layer 150 that “secures the magnetic 

moment” of layer 150 (Ex. 1009, 13:8-11) by forming layer 150 from “a bilayer of 

a ferromagnetic layer of permalloy covered with an antiferromagnetic layer of 

FeMn.”  (Ex. 1009, 13:35-38.)  Dill also discloses a tri-layer laminate structure (for 

layer 118) that will “increase[] further” the stability of one of the ferromagnetic 

layers.  (Ex. 1009, 9:65-10:4, emphasis added.)  As discussed in ¶ 134 supra, in 

this example the laminate structure includes two (bcc) ferromagnetic layers 

separated by a thin metal layer.  It would have been obvious to one of ordinary 
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skill in the art to apply the “further” increased stability of the layer laminate 

structure (for layer 118) to the merely increased stability of layer 150 to form a 

tri-layer laminate layer 150, like the tri-layer laminate layer 118.  In this case, as 

shown in Example 2 above, layer 150 would be a laminate of a Co(30)Fe(70) layer / a 

thin metal layer / a Co(30)Fe(70) layer. 

155. The lower ferromagnetic layer of layer 150 is Co(30)Fe(70) which is 

naturally (bcc) and magnetic.  The layer is grown directly on the Cr spacer 

layer 152, which is also naturally (bcc).  Therefore, one of ordinary skill in the art 

would have known that it is natural that the lower ferromagnetic layer of layer 150 

is (bcc) and that Dill discloses the “fourth bcc-d layer which is magnetic” 

limitation. 

156. Claim 15 further recites “at least one oxide layer between said second 

bcc-d layer and said third bcc-d layer.”  Dill discloses this limitation. 

157. Dill discloses a “tunnel barrier layer 120” that is comprises of the 

oxide Al2O3.  (Ex. 1009, 8:49-51.)  As summarized in Example 2 above, tunnel 

barrier 120 is disposed between layer 118 (that includes the second “bcc-d [layer] 

which [is] non-magnetic”) and layer 152 (the third “bcc-d [layer] which [is] 

non-magnetic”). 

TDK Corporation   Exhibit 1006    Page 86



Docket No.: 357040000034 
 

 82  
  

158. Claim 15 further recites “wherein said second and third bcc-d layers 

are disposed between said first and fourth bcc-d layers.”  Dill discloses this 

limitation. 

159. As summarized in Example 2 above, the Cr thin metal layer of 

layer 118 (“second…bcc-d layer”) and Cr layer 152 (“third bcc-d layer”) are 

located between the lower ferromagnetic layer of layer 118 (“first…bcc-d layer”) 

and the lower ferromagnetic layer of layer 150 (“fourth bcc-d layer”).  This is also 

shown explicitly in FIG. 4A of Dill.  (Ex. 1009, FIG. 4A.)   

N. Dill in Combination With Shen and Heim Renders Obvious 
Claim 16 

160. Claim 16 of the ’988 patent recites:  “The magnetic material structure 

according to claim 1, further comprising:  a second bcc-d layer which is 

magnetic.”  Dill discloses this limitation as summarized in Example 2. 
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Example 2 from (Ex. 1009, 9:37-41; 9:65-10:3; 9:47-53; 8:29-57.) 
…various other layers… 

Sensing layer 132:   
Interface layer of 
132 

Co(40)Fe(60)   (bcc) “second bcc-d layer which is 
magnetic” 

Tunnel barrier 120: Al2O3     “oxide layer between” 
Upper layer of 
layer 118: 

Co(30)Fe(70)   (bcc)  

Thin metal layer of 
118: 

Ru               (hcp) second (111)…hexagonal 
atomic template 

Lower layer of 
layer 118: 

Co(30)Fe(70)   (bcc) “[first] bcc-d layer which is 
magnetic” 

AF layer 116: Mn(50)Fe(50)  (fcc) “[first] (111)…hexagonal 
atomic template” 

Template layer 112: Ni(81)Fe(19)    (fcc) (111)…hexagonal atomic 
template 

…various other layers… 
Substrate G1: Al2O3   

 

161. For example, Dill discloses an alternative sensing layer that includes 

an interface layer of layer 132 that is bcc and magnetic.  (Ex. 1009, 9:37-41.)  With 

“x [being] approximately 60,” the interface layer of layer 132 is Co(40)Fe(60) (id.), 

because both Co and Fe are magnetic, as are their alloys, one of ordinary skill in 

the art would have known this layer to be magnetic.  One of ordinary skill in the art 

would have understood that the natural state of Co(40) Fe(60) is bcc.  (See, e.g., 

Ex. F.)   

162. Claim 16 further recites “a second (111) textured hexagonal atomic 

template layer between said bcc-d layers.”  Dill discloses this feature. 
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163. In the example discussed in ¶ 97, supra, layer 118 comprises a thin 

metal layer separating two (bcc) layers of Co30Fe70.  (Ex. 1009, 9:47-53; 

9:65-10:4.)  Dill cites Heim as providing further information about the “type of 

laminated fixed layer” of layer 118, including the above-mentioned thin metal 

layer.  (Ex. 1009, 9:60-10:4.)   Because Dill cites Heim for the laminate structure 

and because Heim discloses the same ferromagnetic structure as disclosed in Dill, 

it would have been obvious for a person of ordinary skill to use this information 

from Heim, including that the thin layer can be Ru.  (Ex. 1012, 5:16-27; see also 

¶ 135, supra.)   One of ordinary skill in the art would have known from the 

relevant phase diagram that the natural structure of Ru grown on a (bcc) surface is 

(hcp) that provides a (111) hexagonal atomic template.  (See, e.g., Ex. G, p. 94 et 

seq.)  Therefore, in this example the metal layer of 118 is “a second (111) textured 

hexagonal atomic template layer.” 

164. Because the Ru thin metal layer of layer 118 separates the two 

ferromagnetic layers of layer 118, it is disposed above the lower ferromagnetic 

layer of layer 118 (the first “bcc-d layer”).  As summarized for Example 2 above, 

the Ru thin metal layer of layer 118 (“second layer providing a (111) textured 

hexagonal atomic template”) is disposed below the Co(40)Fe(60) interface layer of 

layer 132 (the “second bcc-d layer”).  The metal layer of 118 is located between 
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the lower ferromagnetic layer of layer 118 (the first “bcc-d layer”) and the 

interface layer of layer 132 (the “second bcc-d layer”). 

165. Claim 16 further recites “at least one oxide layer between said bcc-d 

layers.”  Dill discloses this limitation. 

166. Dill discloses an Al2O3 “tunnel barrier layer 120.”  (Ex. 1009, 

8:49-51.)  As summarized for Example 2 above, tunnel barrier 120 is disposed 

between biasing layer 150 (with the “second bcc-d layer which is magnetic”) and 

fixed layer 118 (with the first “bcc-d layer which is magnetic”). 

167. FIG. 4A further shows that layer 120 is disposed between layers 150 

and 118. 

O. Dill in Combination With Shen Renders Obvious Claim 17 

168. Claim 17 of the ’988 patent recites:  “The magnetic material structure 

recited in claim 1, wherein said bcc-d layer forming a uniaxial symmetry broken 

structure is composed of Fe or FeCo or an alloy of Fe or FeCo.”  Dill in 

combination with Shen discloses this limitation. 

169. For example, as discussed in IX(B) supra, Dill in combination with 

Shen discloses in Example 1 that the interface layer of layer 118 is (bcc) and 

provides a uniaxial symmetry broken structure (first “bcc-d layer”).  Also, the 
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interface layer is Co(100-x)Fe(x) (x is approximately 60).  (Ex. 1009, 9:47-59.)  

Therefore, the interface layer is “an alloy of Fe or FeCo” as claimed. 

P. Dill in Combination With Shen Renders Obvious Claim 18 

170. Claim 18 of the ’988 patent recites:  “The magnetic material structure 

recited in claim 1, wherein said bcc-d layer forming a uniaxial symmetry broken 

structure is composed of an alloy of Fe or FeCo having one or more of the 

elements Al, B, Cr, C, Cu, Ni, N, Nb, Mo, V, Si, Ta, and Ti.”  Dill discloses this 

limitation. 

171. For example, as discussed in IX(B) supra, Dill discloses in Example 2 

that the layer 118 “can be ... form[ed] from a lamination of two ferromagnetic 

layers, such as Ni, Co, Ni-Fe alloys, Co-Fe alloys, or Ni-Fe-Co ternary alloys, 

separated by a thin metallic layer ....”  (See ¶¶ 56, 93, 108-09, 111, supra; see also 

Ex. 1009, 9:65-10:3; 9:47-53; 8:29-57.)  As discussed above, the lower 

ferromagnetic layer provides a uniaxial symmetry broken structure (first “bcc-d 

layer”).  (Id.)  The same layer can contain Ni and, therefore, is “an alloy of Fe … 

having … Ni” as claimed.  (Id.) 

Q. Dill in Combination With Shen Renders Obvious Claim 19 

172. Claim 19 of the ’988 patent recites:  “The magnetic material structure 

recited in claim 1, wherein the layer material forming said (111) textured 
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hexagonal atomic template is composed of Ag, Al, Au, Cu, fcc-Co, fcc-CoCr, Ir, 

Ni, NiFe, Pt, Rh, Pd, hcp-Co, Gd, Re, Ru, Tb, Ti, or alloys of one of these 

materials combined with at least one element.”  Dill discloses this limitation. 

173. For example, as discussed in IX(B) supra, Dill discloses in Example 1 

that the bulk layer of layer 118 “form[s] said (111) textured hexagonal atomic 

template” and is composed of Ni(100-x)Fe(x) (x is approximately 60), which is an 

alloy of Fe and Ni as claimed. 

R. Dill in Combination With Shen and Heim Renders Obvious 
Claim 21 

174. Claim 21 of the ’988 patent recites:  “The magnetic material structure 

according to claim 1, further comprising:  a coupling layer.”  Dill discloses this 

limitation, as summarized for Example 2 below. 

Example 2 from (Ex. 1009, 9:37-41; 9:65-10:3; 9:47-53; 8:29-57.) 
…various other layers… 

Upper layer of 
layer 118: 

Co(30)Fe(70)   (bcc) “second bcc-d layer which is 
magnetic” 

Thin metal layer of 
118: 

Ru               (hcp) “coupling layer” and AF 
coupling 

Lower layer of 
layer 118: 

Co(30)Fe(70)   (bcc) “[first] bcc-d layer which is 
magnetic” 

AF layer 116: Mn(50)Fe(50)  (fcc) “[first] (111)…hexagonal 
atomic template” 

Template layer 112: Ni(81)Fe(19)    (fcc) (111)…hexagonal atomic 
template 

…various other layers… 
Substrate G1: Al2O3  
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175. Dill discloses that fixed layer 118 (“bcc-d layer which is magnetic”) 

can be formed “from a lamination of two ferromagnetic layers [i.e., a first and a 

second bcc-d layer]” that are separated by a “thin metallic layer” (“coupling layer”) 

“which results in antiferromagnetic coupling of the two ferromagnetic layers.” 

(Ex. 1009, 9:60-10:3.) 

176. Claim 21 further recites “a second bcc-d layer which is magnetic.”  

Dill discloses this limitation. 

177. For example, Dill discloses that fixed layer 118 (“bcc-d layer which is 

magnetic”) can be formed “from a lamination of two ferromagnetic layers [i.e., a 

first and a second bcc-d layer], such as Ni, Co, Ni-Fe alloys, Co-Fe alloys, or 

Ni-Fe-Co ternary alloys.”  (Ex. 1009, 9:60-10:3.)  One of ordinary skill in the art 

would have known that at least Fe and some of its alloys are (bcc) and magnetic.  

(See, e.g., Ex. H, p. 251 et seq.; Ex. G, p. 94 et seq.)   

178. Claim 21 further recites “wherein the coupling layer material 

antiferromagnetically couples the bcc-d layers.”  Dill discloses this limitation. 

179. For example, Dill discloses that the “thin metallic layer” (“coupling 

layer”) “results in antiferromagnetic coupling of the two ferromagnetic layers 

[i.e., a first and a second bcc-d layer].” (Ex. 1009, 9:60-10:3.) 
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S. Dill in Combination With Shen Renders Obvious Claim 22 

180. Claim 22 of the ’988 patent recites:  “The magnetic material structure 

according to claim 1, further comprising:  a second bcc-d layer which is 

magnetic.”  Dill discloses this limitation as shown in the summary of Example 2 

below. 

Example 2 from (Ex. 1009, 9:37-41; 9:65-10:3; 9:47-53; 8:29-57.) 
…various other layers… 

Sensing layer 132:   
Interface layer of 
132 

Co(40)Fe(60)   (bcc) “second bcc-d layer which is 
magnetic” 

Tunnel barrier 120: Al2O3      
Upper layer of 
layer 118: 

Co(30)Fe(70)   (bcc) “third bcc-d layer…between” 

Thin metal layer of 
118: 

                    (hcp)  

Lower layer of 
layer 118: 

Co(30)Fe(70)   (bcc) “[first] bcc-d layer which is 
magnetic” 

AF layer 116: Mn(50)Fe(50)  (fcc) “[first] (111)…hexagonal 
atomic template” 

Template layer 112: Ni(81)Fe(19)    (fcc) (111)…hexagonal atomic 
template 

…various other layers… 
Substrate G1: Al2O3   

 

181. For example, Dill discloses an alternative ferromagnetic sensing layer 

that includes an interface layer of layer 132 that is bcc and magnetic.  (Ex. 1009, 

9:37-41.)  With “x [being] approximately 60,” the interface layer of layer 132 is 

Co(40)Fe(60), which one of ordinary skill in the art would have understood to be bcc 

(id.) and magnetic (“second bcc-d layer which is magnetic”) in its normal state. 
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182. Claim 22 further recites “a third bcc-d layer disposed between the 

bcc-d layers which are magnetic.”  Dill discloses this feature. 

183. Dill discloses an example of layer 118 has a lower ferromagnetic layer 

of 118 (“[first] bcc-d layer”) and an upper ferromagnetic layer of 118 (“third bcc-d 

layer”), separated by a metallic layer.  (Ex. 1009, 9:65-10:4.) 

184. As summarized for Example 2 above, the upper ferromagnetic layer 

of 118 (“third bcc-d layer”) is disposed between the lower ferromagnetic layer of 

118 (“[first] bcc-d layer which is magnetic”) and the layer added to layer 132 

(“second bcc-d layer which is magnetic”). 

T. Dill in Combination With Shen and Heim Renders Obvious 
Claim 23 

185. Claim 23 of the ’988 patent recites: “The magnetic material structure 

according to claim 1, further comprising:  a second bcc-d layer which is magnetic; 

and a second (111) textured hexagonal atomic template layer.”  Dill discloses this 

limitation as summarized for Example 2 below: 
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Example 2 from (Ex. 1009, 9:37-41; 9:65-10:3; 9:47-53; 8:29-57.) 
…various other layers… 

Upper layer of 
layer 118: 

Co(30)Fe(70)   (bcc) “second bcc-d layer” 

Thin metal layer of 
118: 

Ru               (hcp) second (111)…hexagonal 
atomic template 

Lower layer of 
layer 118: 

Co(30)Fe(70)   (bcc) “[first] bcc-d layer which is 
magnetic” 

AF layer 116: Mn(50)Fe(50)  (fcc) “[first] (111)…hexagonal 
atomic template” 

Template layer 112: Ni(81)Fe(19)    (fcc) (111)…hexagonal atomic 
template 

…various other layers… 
Substrate G1: Al2O3   

 

186. See, in particular, the “upper layer of layer 118” and the “thin metal 

layer of 118” supra. 

187. More specifically, as discussed in IX(B) supra, Dill discloses the 

example of lower ferromagnetic layer of 118 and the upper ferromagnetic layer of 

118 that are Co30Fe70 and are naturally bcc materials and magnetic (the “[first] 

bcc-d layer which is magnetic” and the “second bcc-d layer which is magnetic,” 

respectively), and intervening metal layer of 118 is Ru and in this example 

naturally provides a “second (111) textured hexagonal atomic template.” 

188. Claim 23 further recites “wherein said second (111) textured 

hexagonal atomic template is disposed between said bcc-d layers.”  Dill discloses 

this limitation. 
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189. As shown in the summary for Example 2 above, the Ru metal layer of 

layer 118 (“second (111) textured hexagonal atomic template layer”) is disposed 

below the Co(30)Fe(70) upper layer of layer 118(the “second bcc-d layer”). 

190. Because the Ru thin metal layer of layer 118 separates the two 

ferromagnetic layers of layer 118, it is disposed above the interface layer of layer 

118  (the first “bcc-d layer”). 

191. This is further shown in the summary for Example 2 above. 

U. Dill in Combination With Shen Renders Obvious Claim 24 

192. Claim 24 of the ’988 patent recites:  “The magnetic material structure 

according to claim 1, further comprising:  at least one magnetic hcp Co alloy 

layer.”  Dill discloses this limitation.  For example, Dill discloses an example in 

which layer 150 is Co75Pt13Cr12, which one of ordinary skill in the art would have 

understood has an hcp crystalline structure and is magnetic.  (Ex. 1009, 8:52-53; 

see, e.g., Ex. G, p. 94 et seq.) 

V. Dill in Combination With Shen Renders Obvious Claim 27 

193. Claim 27 of the ’988 patent is identical to claim 1, apart from the 

additional limitation that the magnetic material structure must be incorporated into 

a “magnetic device.”  As discussed in IX(B) supra, the combination of Dill and 

Shen discloses all the limitations of claim 1.  Dill also discloses the additional 
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limitation of claim 27 that the magnetic structure must be incorporated into a 

“magnetic device.” 

194. For example, Dill discloses a magnetic tunnel junction (“MTJ”) 

magnetoresistive (“MR”) read head (i.e., a “magnetic device”) in the form of a 

layer stack that includes a “gap layer G1 substrate” (“substrate”).  (Ex. 1009, 

5:26-31; FIG. 4A.)  One of ordinary skill in the art would readily have understood 

that an MTJ and an MR read head are devices that both incorporate or include at 

least one “magnetic material.” 

W. Dill in Combination With Shen Renders Obvious Claim 28 

195. Claim 28 recites:  “The magnetic device recited in claim 27, wherein 

the device is a magnetic data storage system.”  Dill discloses this limitation. 

196. For example, Dill discloses that the MTJ of the invention could be 

used in “heads for  magnetic recording systems.”  (Ex. 1009, 1:41-43.) 

X. Dill in Combination With Shen Renders Obvious Claim 29 

197. Claim 29 of the ’988 patent recites:  “The magnetic device recited in 

claim 27, wherein the device is a data storage magnetic recording transducer.”  

Dill discloses this limitation. 

198. For example, Dill discloses that the magnetic film structure is used in 

“heads for magnetic recording systems” (Ex. 1009, 1:41-43) and, more 
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specifically, in an “MR read head” of a “read/write . . . transducer” that also 

includes an “inductive write head.”  (See, e.g., Ex. 1009, 4:22-25; 5:23-25.) 

Y. Dill in Combination With Shen Renders Obvious Claim 30 

199. Claim 30 of the ’988 patent recites:  “The magnetic device recited in 

claim 27, wherein the device is at least one of:  an anisotropic magnetoresistive 

sensor; a spin valve magnetoresistive sensor; a magnetic tunnel junction 

magnetoresistive sensor and a data storage magnetic playback transducer.”  Dill 

discloses this limitation. 

200. For example, Dill is entitled “Magnetic Tunnel Junction 

Magnetoresistive Sensor . . . “ and discloses that the device in FIG. 4A is a 

magnetic tunnel junction (“MTJ”) for a magnetic read head (i.e., a magnetic data 

storage system).  (Ex. 1009, Title; 3:57-59; 3:7-41; Abstract; see also 7:53-56.) 

Z. Dill in Combination With Shen Renders Obvious Claim 34 

201. Claim 34 of the ’988 patent recites:  “The magnetic device recited in 

claim 27, wherein the device is at least one of:  an electronic circuit inductive 

component and an electronic circuit inductive transformer component.”  The 

combination of Dill with Shen discloses this limitation.  Dill discloses that the 

magnetic film structure is used in “heads for magnetic recording systems” 

(Ex. 1009, 1:41-43.) and, more specifically, in an “MR read head” of a “read/write 
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. . . transducer” that also includes an “inductive write head.” (See, e.g., Ex. 1009, 

4:22-25; 5:23-25.) 

AA. Dill in Combination With Shen Renders Obvious Claim 38 

202. Claim 38 of the ’988 patent recites:  “The magnetic device according 

to claim 27, further comprising:  at least one hard magnetic layer.”  The 

combination of Dill with Shen discloses this limitation. 

203. For example, Dill discloses an example in which bias layer 150 is 

Co75Pt13Cr12.  (Ex. 1009, 8:52-53.)  One of ordinary skill in the art would have 

understood that this material is magnetically hard.   

204. Claim 38 further recites “wherein said at least one bcc-d layer which 

is magnetic, forming a uniaxial symmetry broken structure, is disposed between 

said (111) textured hexagonal atomic template and said at least one hard 

magnetic layer.”  Dill discloses this limitation. 

205. As discussed in ¶¶ 95-105 supra, Dill discloses that the interface layer 

of layer 118 is a bcc-d layer which is magnetic, forming a uniaxial symmetry 

broken structure.  As discussed in IX(B) supra, Dill discloses that the interface 

layer of 118 in Example 1 is grown onto the bulk layer of 118, which provides a 

(111) textured hexagonal atomic template to the interface layer of 118.  As shown 

in FIG. 4A, Dill discloses that the interface layer of 118 is disposed beneath bias 

layer 150.  Therefore, the interface layer of 118 (“bcc-d layer which is 
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magnetic…broken symmetry structure”) is disposed between the bulk layer of 119 

(the “(111) textured hexagonal atomic template”) and bias layer 150 (the “hard 

magnetic layer”). 

X. DILL IN COMBINATION WITH SHEN AND LAMBETH I 
RENDERS OBVIOUS CLAIMS 2, 25, 26, AND 31 OF THE 
’988 PATENT 

A. Claim Chart 

206. The Petition sets forth a claim chart (Petition, Section VI(D)) citing 

disclosures in Dill, Shen, and Lambeth I that demonstrate how this combination of 

prior art references renders obvious the above-referenced claims.  I fully agree with 

the claim chart.  The following sections include additional analysis that 

demonstrates how the combination renders obvious each of these claims. 

B. Dill in Combination With Shen and Lambeth I Renders 
Obvious Claim 2 

207. Claim 2 of the ’988 patent recites:  “The magnetic material structure 

recited in claim 1, wherein said substrate is single crystal.”  The combination of 

Dill and Shen with Lambeth I renders obvious this limitation. 

208. Dill discloses depositing the MTJ MR layers on the surface of an 

“alumina…substrate.”  (Ex. 1009, 10:19-34.)  Even if Dill does not teach or 

suggest that the substrate is single crystal, Lambeth I does. 
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209. Lambeth I discloses the advantages of using a single crystal substrate 

to control crystalline texture and orientation when growing magnetic thin films.  

(Ex. 1013, Title; Abstract.)  Specifically, Lambeth I discloses that “utilizing single 

crystal Si as a substrate” to grow magnetic films on top of “fcc metals,” including 

those of Au metal as used by Dill, “with a very high degree of epitaxy.”  (Id., 

p. 189.)  Lambeth I discloses that this “maximize[s] the coercivity” and 

“minimize[s] the media noise . . . [and helps] to control the easy axes orientations.”  

(Id.)  Lambeth I further discloses that the “fcc” metal films can “easily be used to 

epitaxially grow other quasi-single crystal films of similar or differing crystalline 

structure,” and gives the example of magnetic films of Co metal.  (Id., pp. 189-90.) 

210. It would have been obvious to a person of ordinary skill in the art at 

the time of the effective filing date of the ’988 patent to grow Dill’s magnetic 

structure on a single crystalline material, according to Lambeth I. 

211. Dill discloses growing a magnetic layer stack on a substrate.  

(Ex. 1009, 5:26-28.)  Similarly, Lambeth I discloses forming magnetic structures, 

including multilayer structures, on a substrate.  (Ex. 1013, p. 190, ¶ 1; FIG. 5.) 

212. Growing Dill’s multilayer structures on a single crystal substrate 

would be straightforward and predictable.  One of ordinary still in the art would 

have known that layer stacks can be grown on single crystal surfaces. 
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213. Therefore, it would have been obvious to a person of ordinary skill in 

the art to try growing Dill’s layered structure on a single crystal surface, as 

disclosed by Lambeth I to “maximize the coercivity and . . .  minimize the media 

noise . . . [and help] to control the easy axes orientations.” (Ex. 1013, p. 189.) 

C. Dill in Combination With Shen and Lambeth I Renders 
Obvious Claim 25 

214. Claim 25 of the ’988 patent recites:  “The magnetic material structure 

according to claim 1, further comprising:  at least one magnetic hcp Co alloy 

layer.”  Dill discloses this limitation. 

215. As discussed in IX(U) supra, Dill discloses an example in which 

layer 150 is Co75Pt13Cr12, which one of ordinary skill in the art would have 

understood has an hcp crystalline structure and is magnetic.  (Ex. 1009, 8:52-53.)   

216. Claim 25 also recites “wherein said hcp Co alloy has a (1011) 

crystalline texture.” 

217. Lambeth I discloses that the anisotropy of Co magnetic layers can be 

improved by growing selected crystalline textures, such as the (1011) texture.  

(Ex. 1013, p. 189, ¶ 1; p. 190.)  Therefore, Lambeth I discloses a “magnetic hcp Co 

alloy layer” with “a (1011) crystalline texture.” 

218. It would have been obvious to a person of ordinary skill in the art at 

the time of the effective filing date of the ’988 patent to grow Dill’s Co-alloy of 
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layer 150, a “magnetic hcp Co alloy layer,” to have “a (1011) crystalline texture,” 

according to Lambeth I. 

219. Dill discloses growing a magnetic layer stack on a substrate.  

(Ex. 1009, 5:26-28.)  Similarly, Lambeth I discloses forming magnetic structures, 

including multilayer structures, on a substrate.  (Ex. 1013, p. 190, ¶ 1; FIG. 5.)  

Because of the similarity in structures, growing Dill’s Co-containing interface 

layer to achieve the (1011) texture according to Lambeth I would be 

straightforward and predictable. 

220. Therefore, a person of ordinary skill would grow Dill’s Co-containing 

interface layer of layer 118, a “magnetic hcp Co alloy layer” to have “a (1011) 

crystalline texture,” according to Lambeth I.  Doing so would “grow Co-alloy and 

underlayer crystalline grains of considerable perfection and appropriate texture to 

avoid compromising the crystalline [magnetic] anisotropy.”  (Ex. 1013, p. 189.) 

D. Dill in Combination With Shen and Lambeth I Renders 
Obvious Claim 26 

221. Claim 26 of the ’988 patent recites:  “The magnetic material structure 

according to claim 1, wherein:  said substrate is a (111) crystalline textured single 

crystal; and a surface of said single crystal provides a layer providing the (111) 

textured hexagonal atomic template.”  Dill in combination with Shen and 

Lambeth I discloses this limitation. 
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222. Dill discloses depositing the MTJ MR layers on the surface of an 

“alumina…substrate” (Ex. 1009, 10:19-34), which is not a single crystal, that has 

been coated with Au metal (id., 8:43-48).  However, it would have been obvious in 

view of Lambeth I to grow Dill’s multilayer structures on a single crystal.  

(See X(B) supra.) 

223. Lambeth I discloses that the substrate can be a single crystal with a 

(111) surface.  (Ex. 1013, p. 190, ¶ 1; FIG. 5 and caption.)  Lambeth I further 

discloses that the single crystal Si structure provides a system “to control the easy 

axes orientations” to maximize the coercivity and minimize the noise in the film.  

(Id., p. 189, ¶ 1.)  One of ordinary skill in the art would have known that a Si (111) 

surface provides a (111) textured hexagonal atomic template.  For these reasons, it 

would have been obvious to a person of ordinary skill in the art at the time of the 

effective filing date of the ’988 patent to try growing Dill’s layer stack on 

Lambeth I’s single crystal Si(111). 

224. Dill discloses growing a magnetic layer stack on a substrate.  

(Ex. 1009, 5:26-28.)  Similarly, Lambeth I discloses forming magnetic structures, 

including multilayer structures, on a substrate.  (Ex. 1013, p. 190, ¶ 1; FIG. 5.)  

Because of the similarity in structures, growing Dill’s layer stack on a single 

crystal (111) surfaced substrate would be straightforward and predictable. 
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225. The next limitation of claim 26 is that the template is “disposed 

between the bulk of said substrate and said at least one bcc-d layer.”  Dill 

discloses this feature. 

226. Dill discloses that the surface of the substrate G1 on which 

antiferromagnetic layer 116 (“layer providing the (111) texture”) is provided is 

disposed between the bulk of the substrate (G1) and the ferromagnetic layer 118 

(“bcc-d layer which is magnetic”).  (See, e.g., Ex. 1009, FIG. 4A.) 

 

(Ex. 1009, FIG. 4A, annotated.) 
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E. Dill in Combination With Shen and Lambeth I Renders 
Obvious Claim 31 

227. Claim 31 recites:  “The magnetic device recited in claim 27, wherein 

the device is at least one of a data storage magnetic recording media; a data 

storage magnetic recording media incorporating an oriented soft magnetic layer; 

and a data storage magnetic recording media incorporating an oriented hard 

magnetic layer.”  The combination of Dill and Lambeth I discloses this limitation. 

228. As discussed above in Sections VIII(B) and (C), Shen in combination 

with Dill discloses a multi-layer device with broken symmetry and improved 

magnetic properties.  However, neither Shen nor Dill explicitly discloses that the 

layered device can be used as data storage media. 

229. Lambeth I discloses controlling growth and texture in magnetic film 

structures (Ex. 1013, Title; Abstract) for use in “Magnetic Media” (id.).  Lambeth I 

discloses the relationship between “media thin film microstructure” and 

“microstructural properties” in media performance.  (Id., p. 182.) 

230. Therefore, Lambeth I discloses “recording magnetic media” for which 

the “media thin film microstructure” can improve the “achievable areal recording 

density” and “media signal to noise ratio.”  (Id.) 

231. It would have been obvious to a person of ordinary skill in the art at 

the time of the effective filing date of the ’988 patent to apply Shen’s 
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(111)(fcc)/(bcc) structure and broken symmetry (Ex. 1011, FIG. 4) to improve 

magnetic properties in the “recording magnetic media” disclosed by Lambeth I. 

232. Shen discloses breaking symmetry in multi-layered, magnetic 

structures deposited on a substrate.  (Ex. 1011, FIG. 4.)  Lambeth I discloses 

forming magnetic structures, including multilayer structures, on a substrate.  

(Ex. 1013, p. 190, ¶ 1; FIG. 5.)  Because of the similarity in structures, applying 

Shen’s teachings to Lambeth I’s magnetic media would be obvious, 

straightforward and predictable. 

XI. DILL IN COMBINATION WITH SHEN AND NOGUCHI 
RENDERS OBVIOUS CLAIM 39 OF THE ’988 PATENT 

A. Claim Chart 

233. The Petition sets forth a claim chart (Petition, Section VI(E)) citing 

disclosures in Dill, Shen, and Noguchi that demonstrate how this combination of 

prior art references renders obvious claim 39.  I fully agree with the claim chart.  

The following sections include additional analysis that demonstrates how the 

combination renders obvious that claim. 

B. Dill in Combination With Shen and Noguchi Renders 
Obvious Claim 39 

234. Claim 39 of the ’988 patent recites:  “The magnetic device according 

to claim 27, further comprising:  at least one hard magnetic layer…disposed 
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between said substrate and said…bcc-d layer.”  The combination of Dill with 

Shen and Noguchi discloses this limitation. 

235. Even if Dill does not disclose the claimed hard magnetic layer, it 

would be obvious to add the hard magnetic layer of Noguchi to Dill.  Like Dill, 

Noguchi discloses forming an “MR element” (“magnetic material”), including 

“ferromagnetic tunnel junction 21” and a substrate 4 (“substrate”).  (Ex. 1014, 

14:55-15:10; FIGs. 6-8.)  The MR includes first ferromagnetic film 211 and 

magnetic domain control films 214 and 215 (“hard magnetic layer”).  (Id., 

12:53-67; FIGs. 6-8.)  Noguchi discloses that using such hard magnetic films 

“prevent[s] a disturbing influence of an external magnetic field” (id., 15:52-57) and 

that they may be provided to “ferromagnetic film 211.”  (Id., 15:46-48.)  

Therefore, it would have been obvious to a person of ordinary skill in the art at the 

time of the effective filing date of the ’988 patent to use the “hard magnetic layer” 

(214 and 215), as taught by Noguchi, in Dill’s magnetic layered structure 

(FIG. 4A).  Because of the similarity in structure and function, applying Noguchi’s 

“hard magnetic layer” (214 and 215) to Dill’s magnetic layered structure (FIG. 4A) 

would be straightforward and predictable. 

236. In FIG. 12, Noguchi shows magnetic domain control films 214 and 

215 disposed between the substrate 4 and ferromagnetic layer 211: 
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(Ex. 1014, FIG. 12.) 

237. Because Noguchi discloses disposing magnetic domain control films 

214 and 215 (“hard magnetic layer”) between (bcc) first ferromagnetic film 211 

and substrate 4, it would have been obvious to place the magnetic domain control 

films 214 and 215 (“hard magnetic layer”) between Dill’s (bcc) bulk layer of 118 

(“bcc d layer which is magnetic, forming a uniaxial symmetry broken structure”) 

and the substrate G1.  Doing so would have “prevent[ed] a disturbing influence of 

an external magnetic field.” (Ex. 1014, 15:52-57.) 

XII. CONCLUSION 

238. For at least the preceding reasons, I believe that each of claims 1-3, 

6-19, 21-31, 34, 38, and 39 of the ’988 patent is invalid pursuant to 35 U.S.C. 

§§ 102 and/or 103. 

239. I may testify about any of the preceding topics at a deposition or 

hearing. 
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240. I reserve the right to respond to any declarations that are submitted by

Lambeth’s expert witnesses or to any testimony by Lambeth’s fact or expert

witnesses, whether at deposition or at trial.

/or-/5’
Robert Sinclair, Ph.D.
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Magnetic Material Structures, Devices And Methods

BACKGROUND OF THE INVENTION

Field of the Invention A

This invention is directed to magnetic material

structures, methods for making magnetic material structures

and devices made from magnetic material structures.

2. Description of the Prior Art

As the home, office, transportation system, business

place and factory become more automated and electronically

connected, and as electronic devices and appliances such as

computers, communication devices, wireless communication

devices, electronic games, entertainment systems, personal

data assistants, transportation vehicles, manufacturing

tools, shop tools, and home appliances become- more

sophisticated‘ there is, and will be, an ever-increasing

demand for higher performance and low cost electronic

circuits, sensors, transducers, data storage systems and

other magnetic devices which employ magnetic thin film

materials. In order for these devices to remain

competitive in the market place each product generation

must be higher performing, unobtrusive and, usually, less

expensive than the previous. Hence there are ever

increasing demands for technical improvements in the

materials and structure of these devices.

For all of these applications the magnetic material

has an improved performance if the magnetic properties can

be better controlled during the construction. Two familiar

properties, which are sometimes considered to be intrinsic

magnetic properties, are the saturation magnetization, Ms,

and the magnetocrystalline anisotropy energy density

constants (usually denoted by a subscripted K symbol). The

meaning of magnetic anisotropy energy is that the

magnetization would. have a preferred direction, or

directions, of orientation. That is, the energy of the

system is minimal when. the magnetization vector points

along certain directions. These directions are referred to

as the magnetic easy axes while the magnetic hard. axes
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coincide with. magnetic orientations where the energy is

maximized. However, it should be noted that the magnetic

anisotropy is not actually an intrinsic property in the

sense that the materials are commonly not made perfectly.

Nevertheless, good. performance in device applications is

almost always dependent upon there being a single preferred

magnetic orientation or anisotropy direction and so in the

manufacturing process one strives to achieve a desired

uniaxial anisotropy. An objective of the present invention

is to provide new mechanisms for controlling the

magnetocrystalline anisotropy of thin. magnetic films. By

doing so the performance of almost all magnetic devices are

envisioned to be improved.

In general the anisotropy energy is a function of the

orientation of the magnetization vector with respect to a

given physical axis. Here, we define a “uniaxial"

anisotropy to exist ‘if the anisotropy energy density

function only contains a single maximum and a single,

minimum as the magnetization angle, 9, is rotated by 180

degrees from a physical axis. Likewise we define an “ideal

uniaxial" anisotropy energy to exist if the energy equation

has only a sin2(e) or cos2(9)dependence. Materials and

device processing to achieve a desired orientation or

anisotropy is commonly difficult and sometimes impossible,

perhaps because heretofore the mechanism for achieving

anisotropic orientation has not been well understood.

Furthermore, uniform control of the orientation of the

magnetic anisotropy is often difficult to achieve and

maintain in a nanufacturing process where many different

desired material properties ‘must be obtained
simultaneously.

\

Background for Oriented Soft Magnetic Films

' In. magnetic devices, for example, such as sensors,

transducers, transformers, inductors, signal mixers, flux

concentrators, recording media keepers, data recording and

playback transducers it is common that the magnetic
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response to a driving field possess high sensitivity and at

the same time, low coercivity (Hc). Or stated simply, the

material possesses essentially non-hysteretic behavior.

For this type of behavior the device is constructed so that

the applied field is directed along the hard magnetic axis

of a uniaxial magnetic material. This results in the

minimization of coercivity and hysteric effects, which are

many times associated with magnetic domain wall motion of

materialsthat are multi—axial. For example, a material,

which has bi—axial anisotropy, will have two easy and two

hard magnetic axes and will exhibit hystersis and losses.

In. many of these applications a linear, or near linear

response is also advantageous, while in other applications,

such as signal mixers, a controlled non—linear response is

desire. To obtain. a linear‘ magnetic response, requires

both applying a field along the magnetic hard axis and that

the anisotropy energy density function not only be

uniaxial, but that it also have simple sin2(9) or negative

cos2(9) dependence, where, 9, is the angle measured between

the magnetization vector direction and the physically

determined magnetic easy axis. Since there is the

mathematical identity, sin2(e)= 1- cos2(e), and. since the

origin in the energy function is arbitrarily defined the

use of sin2(9) or —cos2(9) yield equivalent physical

behavior. Item NJ of Figure 1 illustrates the squared

sinusoidal anisotropy energy density curve shape versus the
angle of the magnetization vector with respect to the easy

axis located at zero degrees. Figure 2 illustrates the

response of the components of the magnetization, Mx and My,

as a function of applied field, Hx = Ha, along the hard

magnetic axis direction, x. The linear curve kinks only at

the point [2] where the magnetization becomes saturated, or

fully aligned with the applied field. For this special

uniaxial anisotropy this occurs at the applied field value

of Hk along the x direction, which is known as the

anisotropy field. These response curves are sometimes

referred to as hysteresis loops even though they exhibit no
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hystersis. It is the shape of the sin?(9) energy function

that causes the response, Mx, along the hard axis to be

linear and to be fully reversible. My is the response in

the y direction to an applied field in the x direction.

The curve shape shown is quadratic for applied field

magnitudes less than Hk, where My is zero for larger

magnitude fields. The quadratic behavior is necessary for

linear M“ since M52 = Mx%¢g?, where M5 is the total,

constant, saturation. magnetization "vector magnitude. If

the anisotropy energy is uniaxial, but is not governed by

the, ideal, sin2(9) functional form then the magnetic

response is not linear. However, heretofore, the applicant

knows of no real material examples exhibiting both a

uniaxial energy curve and a non-linear M“ versus Hx

behavior.

Materials exhibiting the sin2(e) energy density

functional fornl are often referred to as having Stoner—

Wohlfarth behavior after the famous ideal uniaxial single

domain magnetization theory. However, thin films are

commonly multi—domain even though they might exhibit the

sin2(e) functional energy form on a localized basis.

Unless the hard axis direction is the same at all points in

a sample and the applied driving field is exactly parallel

to the hard axis then domain wall motion can commonly be

observed. This motion results in coercivity mechanisms and

hysteretic energy losses. The lossless behavior of samples

represented by Figure 2 is due to the magnetization

rotating in response to the applied field rather than a

response via domain wall motion. Multi—axis anisotropy

materials always switch via wall motion and so suffer

losses.

It is also well known that, for soft uniaxial thin

films, by first applying a field along the easy axis, and

then by keeping a constant bias field in this direction, to

eliminate 180 degree domain walls, one can force all of the

material to appear to be single domain as the hard axis is

then driven. Hence, because of this bias field, H; = Hy, in
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the easy axis direction the application of any finite Hg

field along the hard axis can never quite drive the

magnetization vector completely to the energy maximum [3]

and the response will always be reversible and so lossless.

This is not the case for materials with multiple anisotropy

axes. For uniaxial materials the rotational response is key

to many sensor devices and it is common in various forms of

magnetoresistive sensors to provide a bias field along the

easy axis.by either applying a small field or by exchange

coupling the magnetic sensor material to a hard magnetic

material that has been so oriented to provide an effective

bias field.

For some sensor applications, such as anti—theft

devices, and special electronic mixing circuit devices,

soft, low loss, magnetic properties are desired

simultaneously with a specific non—linear response. In

these applications, the driving field has historically, and

most commonly, been directed along an easy axis or in the

direction of the lowest magnetic anisotropy energy. In

this direction magnetic domain wall motion is usually

significant. This domain wall motion commonly results in a

highly non—linear response or even in strong hysteretic

behavior.

Certain anti-theft, article surveillance, article

identification or inventory control devices rely upon

detecting harmonic signals, which are generated by this

non—linear behavior or upon materials being driven in to

saturation. One of many examples, of this type of

surveillance system and tag is described in U.S. Patent No.

3,747,086. This type of tag response has also been

disclosed as enabling multiple bits of information to

identify objects in U. S. Patent No. 5,538,803 Other

article tag_ devices are based upon the magnetoelastic

effect and mechanical resonance, where coupling exist

between the magnetization and the mechanical strain in the

material. An example, of this type of tag is disclosed in

U.S. Patent No. 4,510,489. In these later devices it is

desirable to drive the magnetization towards a hard axis so
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that rotation of the magnetization dominates and magnetic

hysteretic losses are minimized. By using this mode, and

by using the field to drive the device at its mechanical

resonance frequency significant amounts of energy can be

stored in the device. Hence, even after the drive field

has been removed the mechanical vibration continues, the

magnetoelastic properties are then used to invert the

process to transmit a magnetic field as the mechanical

stress causes the magnetization vector direction to

rotationally oscillate synchronously with the mechanical

vibration. This time dependent magnetic dipole radiates a

magnetic field at the distinct resonance frequency, which

can be detected to verify the tag's existence. Uniaxial

anisotropy is needed in such a device to achieve .low

losses. Due to the magnetoelastic coupling between the

mechanical strain and the magnetic moment orientation the

fundamental of the mechanical resonance frequency is

emitted as an oscillating magnetic dipole field. However,

if the uniaxial anisotropy is non~ideal and results in a

non-linear response then the harmonics would also be

available for detection in the presence of a drive signal.

This is advantageous, but there have never been available

materials from which to form such a device before.

Likewise, in analog mixer circuit devices a non-linear

response is desired. When two separate sinusoidal signals

are simultaneously imposed on a nonlinear circuit device

component a multiplication process results in a beating of

the two signals. This results in additional harmonics at

the sum and difference frequencies of the initial signals.

Hence, the information contained in a modulated carrier

frequency signal can be shifted to a beat frequency.

Typically this is done to shift the information carrying

bandwidth to a higher carrier frequency bandwidth

(modulation) or bring the information carrying bandwidth

signal back down to a bandwidth located near, or nearer to,

zero frequency for demodulation. These techniques of

frequency shifting are common to telecommunication and

signal processing and in many other signal processing
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applications. The non—linear circuit response, circuit

components, and circuit implementation used to perform

these signal mixing processes are described in many

electrical engineering circuit textbooks. Two example texts”

are “Electronic Communications-Techniques" by P. H. Young

and “Physics of Semiconductor Devices” by S. M. Sze.

Ideally the non—linear device used to mix the signals is

efficient, low loss, and low noise. Usually non—linear

Silicon active devices are used for this. In the past when

magnetic devices were used for this application domain wall

motion caused both losses to the signal and induced noise.

A magnetic material with non—linear response that operates

by low loss magnetization rotation rather than by domain

wall motion is very desirable.

For most all transducer and sensor applications, which

require low anisotropy values in order to provide large

sensitivity, the use ‘of cubic crystalline materials are

common. However, due to the three fold crystalline

symmetry of cubic materials, achieving a single axis of

anisotropy energy density, which is almost always essential

to obtaining the desired low loss,'low noise, magnetic

properties, is difficult. Thin, or thick, film materials

are commonly employed. For example many devices, such as

data storage playback transducers or field transducers,

commonly utilize face centered cubic, fcc, thin film

crystalline materials. Should these materials be prepared

with a (001) crystalline texture the anisotropy energy, as

a function of angle in the film plane is bi-axial, has

multiple easy and hard axes in the film plane yielding a

non—linear and hysteretic magnetic response resulting in

noisy signals. Hence, a (111) crystalline texture is

desired, where it can be mathematically shown for the case

of the magnetization being confined to the (111) texture

plane, that due to the crystalline three fold symmetry of

the projection of the {111} crystalline directions into the

film plane, the cubic material will possess no net first

order anisotropy energy density. Even for only moderate

saturation magnetization thin films, the magnetization is
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essentially confined to the film plane by the

demagnetization forces associated with the planar film

shape.

To achieve a single uniaxial anisotropy in a cubic

material with (111) texture the material is usually

subjected to a thermal treatment, or is deposited directly,

in the presence of an applied magnetic field. The

resulting single magnetic easy axis is aligned along the

applied magnetic field, while the hard axis is

perpendicular to this applied field. Furthermore the MK

versus Hx response function is a linear response. While

the mechanism for the cause of this induced magnetic

anisotropy is not well understood it is often argued that

an atomic pair ordering mechanism occurs to break the

symmetry of the directions in the (111) plane for each

grain of the material. That is, on a local scale inside

each grain, pairs of atoms align along the applied field

during the deposition, or the annealing process, to reduce

the magnetic field energy. Interestingly, annealing in a

field of different orientation can often alter this induced

anisotropy direction demonstrating that the orientation

inducing mechanism is reversible. It is believed that this

localized ordering allows fcc materials such as the NiFe

alloys, permalloy, to have a small induced uniaxial

anisotropy. Magnetic thin film body centered cubic, bcc,

or bcc derivative materials, such as Fe, FeCo, FeAl, and

similar compositions, are seldom used in such applications

because the required (111) crystalline texture never

develops during deposition of the bcc symmetric crystals.

It is well understood that during the growth of thin

metal films certain texture orientations tend to appear.

These are driven by the minimization of surface energy and

surface bonding considerations and are modified by surface

mobility issues, which can be somewhat controlled by

substrate and. processing conditions. One simple rule of

thumb is that the film surface energy is minimized when the

atomic surface configuration is the most closely packed.

For a fcc crystal the atoms in the surface are-most closely
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packed in the (111) plane and so this texture is the most

likely. The (001) texture is less energetically likely,

but is possible where as the high surface energy (110)

texture never seems to occur. On the other hand, for a bcc

crystal the atomic surface most closely packed is the (110)

texture and this commonly appears, the (001) texture is the

next lowest energy and is sometimes induced, but the high

surface energy (111) texture never seems to occur. Hence,

for fcc crystals we refer to the (111) texture as being

natural where as for the bcc crystal we refer to the (110)

texture as being naturally occurring. If a low surface

energy substrate is chosen, such. as an amorphous metal,

which 'tends to wet to the depositing material, the fcc

(111) texture and the bcc (110) texture naturally occur. On

the other hand, if the substrate is non—wetting, such as an

oxidized surface where the depositing material tends to

bond to the oxygen atoms to limit the atomic surface

mobility, then it is common to see limited orientation in

the deposited films or at best a set of mixed textures.

The fcc crystal tends to form only weak (111) and

(OO1)textures while the bcc crystal tends to form only weak

(110) and (001) textures. For magnetic cubic crystalline

thin filfll grains with (110) or (001) texture there are

multiple easy or hard axes in the film plane of the grain.

In addition, because each grain has a- random in-plane

orientation relative to other grains, these polycrystalline

magnetic materials result in an ensemble of grains with

multiple, random, anisotropy axes. These materials yield

both a non—linear response, as well as, high coercivity

associated. with losses and noise. Hence, bcc or bcc

derivative materials, which almost always grow with (110)

or (001) texture, are seldom used for devices. For this

reason the high saturation magnetization value of bcc

materials have largely been unavailable to the device

designer who wishes to avoid domain wall motion.

One need. only consult the very authoritative text,

“Physics of Ferromagnetism, 2nd Edition" by Soshin

Chikazumi, pages 299-309, on thermally induced anisotropy
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of permalloy to see that the degree of understanding of the

cause of uniaxial anisotropy in cubic materials is poor.

Professor Chikazumi details the literature on the subject

and notes that one theory attempts to explain this

“phenomena in terms of “directional order,” or an

anisotropic distribution of different atomic pairs such as

Ni—Ni, Fe—Fe, or‘ Ni~Fe." The logic is that the atomic

spacing between the Ni-Fe pair is smaller than the other

possible pairs and so a lattice distortion results from the

atomic pairing. A magneto—crystalline uniaxial anisotropy

is then proposed to result from the magneto-elastic energy

associated with the resulting lattice distortion.

Professor Chiakazumi also outlines a second theory in which

it is “assumed that ordering occurred. by the growth. of

distinct volumes of the ordered phase, and explains the

induced anisotropy as the result of shape anisotropy of the

second phase." Geometrical grain shapes, other than

spherical, could generate considerable shape anisotropy

energy. It should be pointed out however, that no physical

evidence supporting either of these theories has been

provided.

Shape anisotropy is an intellectually comforting

explanation, as this phenomenon is quite observable in

elongated magnetic particles such as used in magnetic

particulate data storage tapes and. bar shaped. permanent

magnets. In these, the magnetic easy axis is aligned with

the longer dimension. However, while Professor Chiakazumi

illustrates that a rather complex pair ordering model with

dipole—dipole interactions proposed by Neel can be used to

qualitatively explain field induced anisotropy, there is no

quantitative agreement and. he comments “The reasons why

quantitative agreement is not obtained may lie in the

approximate estimates of various quantities and in failure

to attain complete thermal equilibrium.” Nevertheless, he

comments regarding the texture of the materials that

“magnetic annealing is most effective for, <111> annealing,

less effective for <llO>, and least effective for <100>.”

In this statement he is referring to the parallel
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orientation of the applied field and the crystalline

directions during the annealing process.

Very recently a publication; "Soft High Saturation

Magnetization (Fe¢7Co¢3)L«Nx Thin Films For Inductive Write

Heads," IEEE Transactions On Magnetics, Vol. 36, No. 5,

September 2000, by N. X. Sun and S. X. Wang, claimed to

achieve orientation of the bcc like material during

deposition in an applied magnetic field. The publication

appears to indicate that the Nitrogen content was

necessary, induced strain into the films, and. created a

small grain structure as it shifted the angle of, and

broadened, the (110) x—ray diffraction peak. They also

indicated that a “significant amount" of a second

crystalline magnetic phase, Fe4N, appeared in the films. As

Chikazumi suggests perhaps this anisotropy behavior is due

to the strain or shape or pair ordering associated with the

second phase. It is interesting to note that they obtained
this orientation on an oxidized Si (100) textured substrate

and by the applicant's standards the FeCoN (110) texture is

weak. They went on to indicate that by sandwiching the

FeCoN film between two permalloy films the hard axis

coercivity could be decreased, but they did not indicate or

offer any evidence that the orientation of the FeCoN film

was improved by depositing upon the permalloy. In fact,'a

comparison of hard axis hystersis loops for films prepared

with and without the permalloy films indicate similar

anisotropy fields necessary to saturate the magnetization.

This would indicate that the permalloy layer did not

improve the orientation in their structure.

Background For Orientation with Hard Magnetic Films

It should be noted that unlike field sensing and

energy transforming devices that usually require soft

magnetic materials, devices such as magnetic recording

media and permanent magnets demand higher uniaxial

‘anisotropy energy in order to achieve high coercivity Hc,

and a preferred. orientation in order to achieve a high
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remnance value. For motors or actuators this directly

affects the amount of .work that a device can deliver while

for recording media it directly affects the output signal

level and signal pulse width, or flux transition width,

and, hence, the recording density. Even in some of these

hard magnet applications it is desirable to incorporate

soft magnetic materials to enhance overall performance.

For example, perpendicular thin film recording media has

long been discussed as a future replacement for

longitudinal thin film media. However, in order for a

recording system to function properly it is desirable that

a soft‘ magnetic keeper layer, or underlayer, be placed on

the opposite side of the perpendicular hard magnetic

recording layer from the recording head. This soft layer

then provides a flux return path, or flux concentrator, for

the recording head fields, as well as, a flux closure path

for stabilizing the recorded bits against demagnetization

energies after the head is removed. The former enables

recording heads to function with higher coercivity media

and with better resolution, while the later provides

improved stability to the recorded patterns by eliminating

a portion of the self—demagnetization energy associated

with perpendicular recording. In longitudinal recording

media a soft magnetic layer would also improve the

stability of the recorded patterns by reducing the self-

demagnetization energy . of the hard . recording layer.

However, heretofore, no soft magnetic underlayer has been

found to be a satisfactory keeper layer for either

perpendicular or longitudinal media as no good method of

controlled the anisotropy orientation has been available.

Soft magnetic underlayers, without a uniform and controlled

anisotropy direction, results in domain wall induced media

noise via domain wall motion Barkhausen phenomena. As the

magnetic head passes over the media data it effectively

shorts out the stray media bit fringe fields causing the

magnetic patterns in the soft magnetic underlayers to relax

to new positions. If there are significatn domain‘ walls

involved in this process they commonly break loose from
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localized pinning defects causing sudden changes in their

magnetic configuration. This Barkhausen phenomena causes

noise signals to appear in the data playback head. For

either perpendicular or longitudinal hard disk recording,

where the recorded bit or flux patterns have been wider

across the recorded track than the bit length, the desired

anisotropy configuration for the soft layer is for the hard
magnetic axis to be along the recorded track so that the

easy axis lies across the track direction. Hence, for a

traditional hard disk systenn this implies that the easy

‘axis of the soft film should be directed radially, while

the hard. axis is directed circumferentially. Since the

easy axis of the soft magnetic layer of this configuration

is at 90 degrees to the fields produced by the flux

transitions of the hard recording layer, the magnetization

vector of the soft magnetic layer rotates by spin rotation

and. the noise generating domain wall motion is avoided.

Having a uniaxial soft magnetic underlayer with radial

orientation will solve a long—standing technical problem.

As data storage areal densities are pushed forward,

magnetic grain sizes have been reduced to the extent that

the magnetic recorded state is near the thermal stability

limit. Hence, even longitudinal recording stability and

the transition length also benefit from the use of a soft

magnetic underlayer to reduce the bit transition

demagnetizing effects. Again, because of domain wall

motion generates noise the ideal orientation of the soft

underlayer easy axis should be radial to minimize the

potential for domain wall noise. Similarly, anisotropy

orientation control can benefit magnetic tape and x-y

addressable data storage systems by providing a keeper

layer wherein the magnetization vector is rotated by spin

rotation and domain wall motion is minimized. This

invention, of oriented soft magnetic materials, represents

a significantly improving future magnetic media.

Background For Hard Magnetic Film Orientation
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Modern hard disk longitudinal media_ consists of a

polycrystalline thin film composed essentially of uniaxial

grains randomly oriented in the substrate plane. Playback

by averaging the signals from the randomly oriented grains

results in an isotropic response around the disk radius.

This orientation randomness has been necessary to avoid the

twice around modulation during disk rotation of a non-

isotropic media. By mechanically grooving the disk surface

prior to deposition of the thin film layers some small

amount of orientation along the circumferential direction

is sometimes observed. However, the orientation ratio, OR,

of the hard magnetic remanence along the track to the
radial remanence is seldom more than 1.2 and more often

typically less than 1.1 and has been decreasing as

substrates have been made smoother and media films made

thinner to enable higher areal recording densities.

Likewise, the ratio ‘of the coercivities in the two
directions is also sometimes referred to as the orientation

ratio, OR, and its maximum value is also typically similar

to that of the magnetic remanence ratios. The origin of

this hard magnetic material orientation has been in dispute

for several years. While it has been argued by some that

it originates from a slight preference of the c—axis of the

hexagonal close packed, hcp, cobalt alloy to lie along the

grooved direction, it has also been shown to diminish or

vanish if the disk is thermally cycled before media

deposition, but after the mechanical grooving. This latter

phenomenon has resulted in some arguing that the

orientational origin is due to a thermal stress development

between the substrate and the film layers as the substrate

stress associated with the grooves relaxes from the heat

used, or generated, during the deposition. In US Patent

5,989,674, Marinero et al. outlines several patents and

publications claiming to reveal the cause of media

orientation and then invokes stress, shape and even

crystalline orientation to claim a cause for orientation

during the deposition of an hcp cobalt alloy on a

mechanically grooved substrate. Others had claimed to
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achieve small orientation ratios by deposition of the media

materials at an oblique angle to the disk surface. See for

example, U.S. Patent No. 4,776,938. While this approach has

shown some effect it has not resulted in a significantly

improved OR over grooved substrates and the deposition

methods described are significantly inefficient in the

deposition of material. Hurthermore, the crystallographic
origin of this orientation effect has also never been

clearly stated or proven and it is possible that it is due

to particle shape effects. In spite of it's the patent

description a number of years ago the method is not a

technology that is currently used in production.

Nevertheless, from wherever the orientation

originates, it has been proven to be beneficial to magnetic

recording for achieving higher resolution and shorter

magnetic flux transition lengths and better thermal

stability. There is little doubt that a greater degree of

this orientation is of benefit to future hard disk data

storage systems. Likewise, in particulate tape the

individual’ acicular magnetic particles are commonly

oriented physically during the wet coating process to have

their long axis, and hence their easy magnetic axes, to lie

along the track direction. This results in a higher signal

level, shorter transition length, and higher recording

-densities. It is an interesting observation, that for best

performance, the easy axis orientation of the hard magnetic

media layer, whether longitudinal or perpendicular media,

should be along the applied head field direction, while the

easy axis orientation of an associated soft keeper layer

should be across the recording track, perpendicular to the

applied. head field direction for longitudinal media; in

order to enjoy the benefits of magnetic moment rotation

instead of domain wall motion to avoid the Barkhausen noise

phenomena of the soft keeper layer.

Background for epitaxial thin film growth
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One of the most often sited concepts is that thin

films prefer to grow with the atoms arranged on the thin

film surface to minimize the atomic bonding energy. This

implies that the most stable atomic crystalline surface

grows when the surface atoms form the densest arrangement

consistent with the crystalline structure. This means that

for the fcc lattice, and fcc derivatives, the (111) texture

develops in a thin. film because the atoms are the most

closely packed on this crystalline plane. The next most

commonly occurring texture would. be the (001) while the

(110) texture would be seen only rarely. On the other hand

for the bcc, and bcc derivatives, the (110) texture

preferentially develops, as it is the most closely packed

crystalline plane. The next most commonly occurring

texture is the (001), while the (111) texture is never

observed. In rare instances, such as described in U.S.

Patent No. 5,693,426 it was found that for some materials

the B2, bcc derivative, crystalline structure may form a

(112) texture if deposited under the correct conditions.

However, even the B2 crystal will easily form the (110)

texture on non—oxidized surfaces, where the initially

deposited atoms have high surface mobility during the film

growth. Likewise, for hexagonal close packed (hcp)

crystals the (0002) texture is the most closely packed and

most commonly develops.

Likewise, there are several publications describing

the epitaxial relationships, which prevail when a second

crystalline material is deposited directly upon an

underlayer. U.S. Patent No. 6,248,416 discusses a number of

these. Assuming that the atomic lattice spacing of the

first material and the second material sufficiently match a

number of second layer texture following relationships to

the first layer texture have been found. However, if the

atomic lattice matching is not sufficient then epitaxial

growth does not occur. For example, U.S. Patent No.

6,248,416, which is incorporated herein by reference,

Lambeth et al. have discussed, non—ferromagnetic, Cr
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textures grown as quasi—epitaxial single crystal thin films

on clean, non—oxidized, single crystal Si substrates.

The textures developed on these substrates are

extremely strong indicating a high degree of order and

single orientation. In this patent, and in other

publications, it has been shown that two different fcc

materials can epitaxially grow upon each other with the

same texture. Likewise, two different bcc materials can

epitaxially grow upon each other with the same texture.

Likewise, two different hcp materials can epitaxially grow

upon each other with the same texture. More interesting,

however, is the case when one crystalline material class is

deposited upon a different crystalline material class. Not

only is crystalline texture induced into the second layer

by the epitaxial growth on the first layer, the texture,

and the in—plane orientation of the second layer is

determined by the first layer texture and orientation. For

example, U. S. Patent_6,248,416 shows that a clean Si (001)

single crystal can induce fcc Ag (001) texture and if bcc

Cr is grown on this then (001) texture results. The

authors then showed that hcp Co (llgo) texture grows on the

Cr (001) texture and that the possible c—axes orientations

is predetermined, to be only two possible directions, by

the crystalline directions of the single crystal Si wafer.

Likewise, they showed that if a Si (110) textured single

crystal is used as the substrate then the highly unusual

fcc Ag (110) texture develops and on this, the unusual bcc

Cr (112) texture, develops. Co (1010) texture is induced by

this Cr surface and the in—plane single Co c-axis lies

parallel to the Cr <110> direction. Another epitaxial

texture relationship described in U. S. Patent 6,248,416 is

noted. If the initial single crystal Si substrate is (111)
the epitaxial fcc Ag will be (111) textured and oriented in

the plane in the same directions as the Si crystal. If

another fcc, such as Cu or Ni, is deposited upon this then

it too will be epitaxial and so carry the (111) texture and

orientation. Each of these textures is strongly oriented

because the layer below it is strongly oriented and one can

17
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continue the epitaxial growth. of one layer on the_ next.

They also described how this structure, with the use of a

Ti layer can be used to grow hard magnetic perpendicular Co

(0002) texture films. They did not describe how Cr would

grow on these (111) texture fcc layers or the Co (0002)

textured layer. Nevertheless in separate publications H.

Gong et al, (H. Gong, W. Yang, M. Rao, D.E. Laughlin and

D.N. Lambeth, “Epitaxial growth. of quad-crystal Co—alloy

magnetic recording media,” IEEE Transactions on Magnetics,

35(5), 1999, pp.2676-2663), as well as, G. Zangari et al (

G. Zangari, B. Lu, D. E. Laughlin and D. N. Lambeth,

“Structure and Magnetic Properties of Sm—Co Thin Films on

Cr/Ag/Si Templates,” Journal of Applied Physics, Vol. 85

(8), April 15, 1999, pp. 5759-5761 ), noted that upon the

(111) single crystal Si substrate and subsequent epitaxial

(111) textured fcc layers when a bcc Cr was deposited a

strong Cr (110) texture resulted. However, the atomic

arrangement of the_ (110) bcc crystalline plane is

rectangular while the fcc atomic arrangement of the (111)

crystalline plane has hexagonal symmetry. Gong et al

notes, as does Zangari et al, that there are three possible

ways (variants) for the bcc Cr (110) plane to orient on

this atomic hexagonally arrange surface. These crystalline

planes and crystalline directions are illustrated in Figure

3. These three orientations correspond to when the <OO1>

directions of the (110) textured Cr lie exactly parallel to

the <110>, or perpendicular to the <112>, directions of the

hexagonal atomic lattice plane of the (111) textured fcc.

They summarized these three Cr (110) orientational variant

relationships with the fcc underlayer via the following

notation:

si(111)[1o;],
si(111)[o1;].

Cr(110)[001]
Cr(ll0)[O01]

Ag(l11)[lO;]
Ag(lll)[Oll]Cr(1l0)[0Ol] I Ag(111)[1;o] l si(111)[1;o],

Their publications, as well as U. 5. Patent 6,248,416, were

focused upon hard hcp and soft fcc magnetic structures that

could be grown and they show no evidence of working with

18
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anything but non—magnetic bcc materials such as Cr. Upon

each of these three Cr variants four possible hcp Co (1011)

quad—crystal variants were obtained. This Co layer then

contains grains with four possible easy axes directions

when grown on each Cr variant. As a result, the Co quad-

crystal structure consists of grains, each with one of

twelve possible easy axis directions. There are four Co

orientational possibilities for each of the three possible
Cr variants.

Figure 3 illustrates the positions of the three bcc Cr

(110) orientational variants [4] relative to the fcc (111)

epitaxial template [5]. Example <O01> bcc directions and

an example <112> fcc direction are shown along with other

relevant 'crystallographic directions. Hence, the public

literature, states that there are three possible Cr

variants that can grow on the (111) fcc textured substrate.

The same result would apply to any size single crystal

provided it is (111) textured fcc and the lattice constants

are sufficiently matched to induce the epitaxial growth.

Hence, since polycrystalline fcc films, grown on. a non-

single crystal substrate, with ‘strong (111) texture,

contain a large number of single crystal grains, one could

obtain the same result for each individual grain. However,

if the grain were small enough, it is possible that only

one or two of the three possible bcc (110) textured

orientational variants might grow on a given grain, but it

is also possible, depending upon the deposition processing

conditions, that all three variants could coexist on a

single fcc (111) textured grain. Furthermore, since the

probability of growth for each ‘variant is equal then a

sufficiently large sample will contain an equal volume of

each variant and a magnetic material will appear to have

symmetrical orientational magnetic properties. This would

be true if the epitaxial growth occurred on a single

crystal substrate or if the final film were polycrystalline

and had been grown on a non—single crystal substrate.

These effect will now be explained in terms of the

anisotropy energy density.
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Magnetic Anisotropy Energy of (110) Textured Thin

Films

To understand the magnetic properties of (110)

textured magnetic bcc materials grown on a (111) texture

fcc substate we consider the expression for the cubic

magnetocrystalline anisotropy energy when the magnetization

is confined to the thin film plane of a single crystal of

cubic material. Consider the in—plane unit cell atomic

surface [6] of a single’ variant of the (110) textured film

grown in Figure 3. Figure 4 shows the magnetocrysalline

energy plotted, where the magnetization is confined to the

(110) crystalline plane, as a function of angle for this

single variant for K;>0 and K¢=O. The magnetocrystalline

energy density is given by Enp(6) (See “Physics of

Ferromagnetism, Zmi Edition" by Soshin Chikazumi, pages

249-256), where:

Eno(e) = K1{(1/4)sin“(e) + sin2(e)cos2(e)} +

K2{ (1/4) sin4(e)cos2(e)} + higher K terms.

Or when expanded into the harmonics of 9,

E11o(6) = (l/32)K1{7— 4cos(2e) —3cos(4e)} +

(1/l28)K2{2-cos(2e)-2cos(4e)-cos(69)},

where 9 is the magnetization vector direction measured

' from the <l00> bcc direction in the film plane, and K1 and

K2 are the first and second order magnetocrystalline

anisotropy energy density constants, respectively. The

higher order energy terms are usually much smaller and are

neglected here.

For pure Fe, K1 is often quoted to be about +4.7 x 105

erg/cc, but can be tailored by chemical additions. On the

other hand the disordered bcc form of Co5oFe5o is believed

to be about -1.5 x 105 erg/cc while the ordered bcc

20
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derivative , B2 , form of Co5oFe5o is about zero .

Interestingly, the K1 value for both the ordered and

disordered alloys are about the same when the Co atomic

percent is 35% or less. K1 ~ +1 x 105 erg/cc for CofiFefi

and approaches the Fe value for Co content of less than

25%. This alloy is of particular interest due to its very

high Ms value and interesting anisotropy properties as a

function of composition. See “Modern Magnetic Materials

Principles and Applications” by R. C. O’Handley, pages 190,

192 for anisotropy constants and page 145 for saturation

magnetization values. The higher order anisotropy

constants, such as K2, are less well known, but are usually

smaller in magnitude and are weighted less heavily in the

energy expression. Only in cases where the role of K1

tends to vanish do the K2 terms seem to play a significant

role in these calculations. In the description of variant.

sets which will follow below, it is important to note the

29 harmonics will play a dominate role while the 49

harmonic tends to cancel out. Furthermore, the 69 harmonic

of the second order anisotropy energy term is weighted

significantly less than the 29 or 49 harmonic. Hence, in

most cases the effect of this 69 harmonic can be neglected.

While one skill in the field of magnetism will understand

that the higher order anisotropy energy densities may play

a small role in this invention, for simplicity of

explanation they will be neglected in the following

derivations.

While the smallest energy minimum for the function

(K1>0) is at the in-plane <lOO> direction. there are two

equal maximums along the in-plane <111> directions [7].

Hence, there is a localized minimum [8] located between the

two <11l> directions and directed along the <110>

direction. Hence, this texture ‘does not yield. uniaxial

behavior and is subject to domain wall motion resulting in

highly non-linear switching for all directions of applied

field when the sample is driven near to saturation. There

is a reasonably a large region of monotonic behavior on
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this energy curve where the response conceivably could be

reversible and low loss if the magnetic configuration was

single domain orientation. Conceptually if the

magnetization is initially all pointed along the <001>

direction and then is rotated toward one of the in—plane

<1l1> hard axes by an applied field the process could be

reversible, .hence lossless, until the magnetization

approached the hard axis. However, as the magnetization

crossed the in—plane <111> direction it would then abruptly

jump towards the localized energy minimum at the in—plane

<1l0> direction. This jump is not reversible and so

represents a lossy process. Since a 90—degree domain almost

always wall exists, or forms, between the magnetization

pointing along the in-plane <O01> and <110> directions then

wall motion dominates any‘ possible rotational mechanism.

Grain boundaries or defects in the film structure would

cause localized wall motion jumps, again resulting in loss
mechanisms.

In the 0 to 180 degree region. of the energy" plot,

Figure 4, we see, for the case of K1>0, the one minimum

[9], two maximums[7], and a localized minimum [8]

corresponding to ‘the single <100>, two <11l> and single

<1l0> directions, respectively, of variant [6] of Figure 3.

These extremes would invert if the IQ<0. Clearly, this

curve does. not satisfy our definition for a uniaxial

magnetic material.

SUMMARY OF THE INVENTION

The present invention is directed generally to

oriented thin film magnetic materials and devices including

magnetic sensors, transducers, electronic circuit

components, recording heads, recording media, and data

storage systems, incorporating the said, thin film oriented

magnetic materials, and, more particularly,

crystallographically oriented thin film materials and

oriented magnetic layer structures utilizing materials such

as iron, nickel, and cobalt, and alloys of the same. In
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‘particular, this invention deals with a structure to

achieve uniaxial magnetocrystalline orientation via the use

of the (110) texture of body centered cubic (bcc) or body

centered cubic derivative crystal thin film structures. In

general, the bcc or bcc derivative materials have higher.

saturation magnetizations than face centered cubic and the

invention of orientation control of bcc and bcc derivative

materials allows new devices to be constructed, which have

good orientation, high magnetization, high permeability and

low losses. These devices are used to detect or determine

magnetic fields, store and retrieve data, and to transform

energy or perform electronic signal processing. Improved

magnetic properties or orientation of the magnetic

properties of the materials when used in such devices

result in better technical performance or allows for the

construction of smaller, faster or less expensive systems.

In most existing magnetic devices, with designs utilizing

traditional magnetic materials structures, the performance

is significantly improved by simply replacing the

traditional magnetic material structure with the new

structure described herein.

BRIEF DESCRIPTION OF THE DRAWINGS

The advantages of the present invention can be better

understood by reference to the drawings in which:

Figure 1 shows a plot of the magnetic anisotropy

energy density for the uniaxial Stoner-Wohlfarth model.

Figure 2 shows the magnetic hard axis response

function, Mx, to an applied field along the hard axis, Hm

for the uniaxial Stoner-Wohlfarth model; and the magnetic

easy axis response function, My, to an applied field along

the hard axis, Hx, for the uniaxial Stoner-Wohlfarth model.

Figure 3 shows an illustration of the historical three

orientational variant arrangement of the (110) crystal
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plane of a bcc crystal in comparison to the atomic

arrangement of the (111) crystal plane of an fcc crystal.

Figure 4 shows a plot of the magnetic anisotropy

energy density versus magnetization direction in the plane

for the (110) texture plane of a cubic crystal, where the

first order anisotropy energy density constant, KM is

positive.

Figure 5 shows an illustration of two of the six

possible orientational variants of the (110) crystal plane

of a bcc—d crystal in comparison to the atomic arrangement

of the (111) crystal plane of a hexagonal lattice template

crystal.

Figure 6 shows a plot of the magnetic- anisotropy

energy density versus the in-plane magnetization direction

for the specific case of three (bl, b2, and cl) coupled

(110) variants, of the six bcc-d (110) textured variants

when K1 > 0 and 5 5 7.5 degrees. Only one energy minimum

and one energy maximum per 180 rotation occurs.

Figure 7 shows a plot of the magnetic anisotropy

energy density versus the in-plane magnetization direction

for the specific case of two (al and c2) coupled (110)

variants, of the six possible bcc—d (110) textured variants

when K1 > 0 and 5 = 5.26 degrees. Only one energy minimum

and one energy maximum per 180 rotation occurs.

Figure 8 shows a plot of the magnetic anisotropy

energy density versus the in-plane magnetization direction

for the specific case of four (a2, bl, b2 and cl) coupled

(110) variants, of the six possible bcc—d (110) textured

variants when Kl > O and d = 5.26 degrees. Only one energy

minimum and one energy maximum per 180 rotation occurs.

Figure 9 shows the magnetic hard axis response

function, Mx, and the magnetic easy axis response function,

24

TDK Corporation Exhibit1006/A Page 25



TDK Corporation     Exhibit 1006/A     Page 26

wo 03/021579 PCT/US02/27327

My, for an applied field along the hard axis, Eh, for the

coupled variant pair (a1 and c2) when K1 >0 and 5 = 5.264

' degrees.

Figure 10 shows a plot of the magnetic anisotropy

energy density versus the in—plane magnetization direction

for the specific case of three (bl, b2, and c1) coupled

(110) variants, of the possible six bcc-d (110) textured

variants when K1 > O and 5 = 5.264 degrees. Only one

energy minimum and one energy maximum per 180 rotation
OCCUJSS .

Figure 11 shows a plot of the magnetic anisotropy

energy density versus the in-plane magnetization direction

for the specific case of two (a1 and. b2) coupled (110)

variants, of the six possible bcc-d (110) textured variants

when K1 > O and 5 = 5.264 degrees. Two energy minimums and

two energy maximums per 180 rotation occurs.

Figure 12 shows a sketch of the coordinate system for

defining the angle of atomic motion during angle of

incidence deposition. The substrate plane is x—y and the

depositing materials arrive along r. The angle of

deposition, Q, is defined as the angle between the z—axis

and r vector.

Figure 13 is a schematic illustration of a new

sputtering cathode geometry relative to a disk surface for

angle of incidence deposition.

Figure 14 is X—ray pole figure data demonstrating the

existence of six bcc-d (110) textured variants with 5 =

5.264 where variant a1 and c2 dominate the other four

variants to produce a symmetry broken structure. Also

shown are the three Ag (220) peaks. The sample was

produced using angle of incidence deposition.
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Figure 15 shows the uniaxial magnetic hard axis

response, Mx, function, and easy axis response function,

My, data to an applied field along the hard axis, Hx, for

an Fe (K1>O) sample prepared with the easy axis along the

hexagonal template <112> direction. The symmetry breaking

mechanism was an applied. magnetic field along the <112>

direction.

Detailed Description Of The Preferred Embodiments

The material structures of the invention can be

embodied in both magnetically hard and soft magnetic

devices including magnetic field sensors, transducers,

electronic circuit components, magnetic solid state memory,

antitheft devices, recording heads, recording tnedia, and

data storage systems, incorporating the said, .thin film

oriented magnetic materials and, more particularly,

crystallographically oriented thin film materials and

oriented magnetic layer structures utilizing materials such

as iron, nickel, and cobalt, and alloys of the same. These

structures are especially useful where the embodiment of

the device requires special magnetic orientation, specific

linear or non—linear response, or a low loss response.

By carefully controlling the epitaxial growth

conditions of (110) crystalline textured bcc or bcc

derivative thin filfil materials on highly oriented (111)

hexagonal atomic templates the applicant has invented a new

set of six crystalline variants with special orientational

relationships. By the selection and the growth of a very

special exchange coupled subset of these six orientational

variants a symmetry broken uniaxial magnetic thin film is

obtained. The (111) textured fcc, (111) textured fcc

derivative, or an (0002) textured hcp crystals are examples

of the (111) textured hexagonal atomic template. In each

of these cases the atoms of the template are close packed.

When a highly oriented (111) hexagonal template is

available a highly oriented. bcc or‘ bcc derivative (110)

texture structure can be epitaxially grown. With the

combination of being highly oriented and the use of special

26
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processing techniques the six new variants can be

constructed. Since under many circumstances the bcc and

the bcc derivative materials form a single class of

behavior, we shall consider the notation “bcc-d" to

represent either a bcc or a .bcc derivative crystal

structure. Likewise, the notation “fcc—d” shall be used to

represent either an fcc or fcc derivative crystal

structure. For example, here materials with the NaCl

prototype structure are considered to be a fcc derivative

as there is a close packed hexagonal pattern of atoms in

the (111) plane. The (111) plane of atoms of these fcc—d

and (0002) plane of hcp crystals are always close packed

and so are different from the (111) atomic crystal planes

of.many fcc Bravais lattices, which are not close packed.

For example, the Si, diamond structure, substrate is a

member of the fcc Bravais lattice F3dm space group.

Likewise, the C15 (Strukturbericht designation) is a member

of the F3dm group, which does not have a close packed (111)

plane. From Figure 3 one can see that there are three

hexagonal template <110> directions similar to [10]. It

was found that, by carefully controlling the epitaxial film

growth conditions, a strongly (110) textured bcc—d crystal

could be made to grow with one of its <11l> directions

parallel to the hexagonal template <110> directions. This

orientation is different than was obtained by the

processing of Gong and Zangari. In our processing the bcc—d

<110> directions are no longer parallel to the hexagonal

template <112> directions.
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Before discussing the new 6 crystalline (110) textured

bcc—d variant system it is worthwhile to further analyze

the 3 crystalline (110) textured variant system. The

energy expression for the single variant, E1m(e) was given

earlier and discussed in the context of Figure 4. It is

important to point out that if there were two dominate

variants of this (110) textured bcc on the same (111)

textured fcc crystal surface and if they were magnetically

coupled by being in contact or via another magnetic

material being in contact with each of them then the

magnetization vector of each of the variants would tend to

move or rotate together. Likewise, if there were all three

variants, as illustrated by [4] in Figure 3 and espoused

for Cr, in both the Gong and Zangari literature, and the

three variants were magnetically coupled the magnetization

of each would tend to‘move with the others. Of course Cr

has no magnetic moment and so neither ‘Gong nor Zangari

discussed this. The anisotropy energy density equation for

equal amounts of each of these three crystalline variants,

with the magnetization rotating together would be written
as the sum of each of the variants:

E3’ (6) = {E110 (6) +E'11o (6 -— 6O)+E11o(6—12O) }/3 -

Here 9 is the angle of the magnetization vector with

respect to the <100> direction of the original single

variant [6]. Because the underlayer in-plane fcc <112>

directions are at 60 degree intervals, the two other bcc

(110) texture variant easy axes are located at 60 degree

intervals with respect to the first. By simple

trigonometry it can be shown that the sum of the energy of

these three variants is a constant of (7/32)K1 and has no 9

dependence. Hence, there are no net anisotropy directions.

However, in actual materials, since domain walls can form,

the localized anisotropy of each variant, in combination
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with material defects, results in a significant coercivity

and lossy behavior.

Because the reference point in any energy calculation

is arbitrarily chosen one can always add a constant to the

energy function without changing the predicted physical

behavior. Also, since the combined energy i'n the three

variant case just discussed is a constant, it is obvious

that if there were only two coupled variants the energy

function would be simply proportional to the negative of

the single variant case . Writing this statement

mathematically:

{EJ.J.o(9 )+EJ.J.o(9—-6O)+EJ.J.o(6-120) }/3 ? 7/32-

Hence, for a material with only two variants

E2’(6) = {E:.1o(9—60)+ EJ.1o(e—12O)}/2 = 21/54 ' E11o(9)/2-

Therefore, after normalizing the energy density by the

appropriate unit volume of material, the energy curve of

the two, coupled variants is simply 1/2 the inverted energy

curve of the single variant of the same total unit volume

of material. The curve shape and energy minimums and

maximums interchange position and so the hard axes and easy

axes directions would interchange. Any localized easy axis

or energy minimum, such as [8], would become a localized

hard axis or energy maximum. Recall that the constant in

the energy expressions is arbitrary and has no effect on

the physical response so it can be considered to be equal

to zero in any analysis. Hence, the response of a

magnetically coupled pair of these variants appears as a

single variant material with a change in sign of the K1

value and a decrease in the amplitude of the differences in

the energy extremes by a factor of 1/2. Hence, whether the

material of a (110) textured cubic magnetic material is

composed of a single variant, two coupled variants or three

coupled variants the magnetocrystalline anisotropy energy

density function does not yield uniaxial behavior, but a

29
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form of bi—axial behavior. Therefore, when there are three

possible variants of bcc magnetic material located at 60

degree intervals, as advocated for the non—magnetic bcc Cr

by Gong et al and Zangari et al, and whether a (110)

textured cubic magnetic film is polycrystalline or is

epitaxially grown on a single crystal, it cannot possess

uniaxial behavior. Hence, the M versus H response function

will, have coercivity and lossy behavior. ' Furthermore,

uniaxial behavior cannot be obtained even if the volumes of

each of the three variants are arbitrarily selected. When

the volumes of the three variants are not equal we herein

refer to the sample as being “symmetry broken.”

It is also clear that should all three variants be

present, but that either one or more than one be of more

volume than the others then the energy properties of the

larger volume variants will be dominate; To clarify this,

simply consider the case of Figure 3 where 6 has a volume

fraction of 1/2 while the other two equal volume variants

have a volume fraction of 1/4 each. Then 1/2 of the volume

of 6 is equal to the volume of each of the other two. so

the energy terms from these three quarters of the total

volume would be equally portioned and sum to a constant.

This then would leave the remaining 1/2 of variant 6 to

provide an energy curve of the shape of Figure 4. Hence,

we herein referred to the larger volume variants as being
“dominate.”

It is important to note that nowhere in U. S. Patent

6,248,416 or in Gong et al or Zangari et al, was the use of

any nagnetic bcc or bcc derivative thin film discussed.

Nor were magnetic bcc or bcc derivative materials

investigate or advocated as the magnetic layer. If they

had. been investigated, and found. to have the same three

variant crystalline orientational relationships that were

found for bcc (110) Cr when placed on a (111) fcc layer,

the magnetic properties would have had to have been lossy

and to have significant coercivity. Furthermore, they

never suggested that they obtained a sample situation where

the volumes of each of the variants were not equal. Hence,
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at no time did they discuss a symmetry broken variant

system nor a dominate variant system.

Likewise it is important to note that in their

discussion of FeCoN thin films Sun and Wang provided no

evidence regarding any (110) textured variants.

Furthermore, they offered no explanation for the anisotropy

the observed and because their anisotropy fields appeared

to be the same whether or not permalloy was placed under

their CoFeN film their results were not dependent upon on

any ordered variant structure. Furthermore, their results

showed a strained lattice and a significant Fe4N second

phase indicating a possible anisotropy mechanism associated

with strain or shape effects as discussed by Chikazumi.

It is well known that crystallographic twinning can

form at the (112) planes of the bcc—d. These (112) planes

contain both a <1lO> and a <111> direction. Hence a pair

of bcc—d twins can form with an interface along the plane

containing the thin film surface normal and containing one

of the hexagonal template <110> directions. In this

arrangement the hexagonal template <1lO> directions

coincides with one of the bcc—d <111> directions. Hence,

for bcc—d (110) texture films that have grown with a <111>

direction parallel to a hexagonal template <ll0> direction,

there are two possible variants. Since there are three

possible hexagonal template <1lO> directions, then there

three possible sets of twins. Hence, we are lead to the

concept that there are 6 possible bcc—d variants that could

be grown. However these variants do not have to be in a

twinned configuration to exist. For clarity, only two of

these six possible variants are shown in Figure 5. The

other four variants can be constructed by rotating the

positions of these two by 60 and 120 degrees. This sketch

is meant to be illustrative in showing the orientation of

the variants and it is to be understood that a single

variant would extend over a considerable some of atomic

distances.

The angle formed between the bcc—d <111> direction and

the bcc—d <lOO> direction is given by arctan(J2) = 54.736
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degrees. Likewise, the angle between the <l11> direction

and the <l10> direction is arctan (1/V2) = 35.264 degrees.

The sum of these two angles is of course 90 degrees and

forms the angle between the <lO0> and <ll0> directions.

The importance of this 54.736 degree angle value is that it

differs from the 60 degree interval of the <110> directions

of the hexagonal template by 5.264 degrees. In contrast to

the three variants observed by Gong and Zangari, the <l0O>

directions of the proposed six bcc—d variants do not lie

parallel to any of the hexagonal template <110> directions.

Furthermore, where as for the Gong and Zangari symmetrical

arrangement where none of the <l11> bcc directions lie

parallel to the hexagonal template <1l0> directions, for

our new variants one of the bcc—d <1l1> directions lies

parallel to one of the hexagonal template <llO> directions

and the bcc-d <l0O> direction does not lie parallel to the

<1lO> hexagonal template. Hence, ‘for a. coordinate system

where 9 0 at the hexagonal template direction [110], the

bcc—d variant crystal <lOO> directions and easy magnetic

axis (K1 > 0) lie at angles of B1 = 0 i 5,a)i 5 and 120: 5

degrees where 5 = 60—arctan(V2)= 5.264 degrees. In Figure

5, it is also important to note the orientation of the two

<1l1> directions of each of the two the bcc—d variants.

They match the 66 and 120 degree hexagonal template <110>

directions, but near the 0 degree axis they differ from the

<l10> axis by + and, — 25. When exchange coupled this

variant pair will be represented by an energy function E;

am2(e) in the discussion below.

For a (110) textured bcc—d crystalline structure

containing six equally occurring magnetically coupled

variant volumes the anisotropy energy density function is

written as:

Ewe‘) = {E11o(9i5)+ Em<e»%o:a) +E11o(9—12Oi"5)}/6,

where the + and — signs are to represent two functions

for each angle in this expression. As before, it can be
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mathematically shown that the total anisotropy energy of

this symmetrically balanced arrangement of six variants,

six E110 energy terms, has no angular dependence and so the

anisotropy energy density function is a constant, K1(7/32) .

However, of particular interest here are the cases when

only an odd or even numbers of particular variants are

coupled. It is important to consider that any one or more

of the six variants could possibly grow on a hexagonal

template and it is not a requirement that they appear in

twin pairs or of a balanced, equal amounts of material.

However, for clarity, during the discussion of the next few

paragraphs we will consider the amounts of material in each

variant of a coupled group of variants to be balanced to be

equal. That is to say, for example, if there are only

three variants coupled together we shall assume that the

volume of each of the three is equal.

If there is only one of the six variant- then the

energy density function simply reduces to that of

E11o(e)shifted by the particular variant offset angle

[31 Likewise, if there are five of the six Variants then,

similarly to the earlier logic and ignoring the unimportant

energy constant offset or origin, the resulting normalized

energy density function is negative 1/5th ‘ the» energy

function peak to peak value of the missing variant. As

shown in Figure 4,‘ since the E11o(e) function has two

maximums, one minimum and a localized minimum (for K1>O, or

two minimums,‘ one maximum and' a localized maximum for

K1<O), these two possible sets of coupled variants yield

energy functions that do not represent uniaxial magnetic

material behavior. There are three other possible sets of

numbers of coupled variants; two, three, and four variants

per combination. However, there is more than one way to

form each of these, as there are six variants to choose

from. Here, we continue to consider each of the variants

in a set to be balanced or of equal volume of material.

As stated before there are six possible bcc-d variants

each with a single crystalline <:LOO> direction in the plane

(and easy magnetic axis when K1 > O) lying at one of the
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six angles [31 +0 i 5,460: 5 and +120¢ 5 degrees. We shall

denote these six possible variants by the names: a1(60+&,

a2(60—5y bl(O+5y b2(O-5y cl(120+5), and. c2(l20—5% where

the angle in the corresponding parenthesis represents the

angular location of the bcc—d <100> direction for the given

variant relative to the <110> direction [10] of the

hexagonal template. We see that, for example, the al and

a2 variants are located at, or deviate by, +5 and —

fidegrees, respectively, from the 60 degree position of the

<110> direction of the hexagonal template.

Special Case: 6 = 7.5 Degrees

Before discussing the energy density curves for the

various other combinations of variants it is informative to

consider three particular sets of two couple variants of

the possible fifteen cases of pairs. However, we now

consider the special case when the deviation angle of the

variant, 5, is not equal to 60-arctan(xj2)= 5.264 degrees,

but is exactly equal to 7.5 degrees. The three particular

sets of energy density functions of interest are written
as:

E2_b1a2“(G) = {E11o(G-0-7.5)+ E11o(G‘50+7-5)}/2,

E2_a1c2“(9) = {E11o(9‘50"7-5)+ E110“) ‘1.20+7-5)}/2: and

E2_c1b2“(9) = {E11o(9‘120‘7-5)+ E11o(9‘0+7.5)}/2-

The subscripted energy function notation, for example,

E2-b1a2“(e) represents the two variants b1 and a2 coupled as

a pair. The quotation mark, “, is used to— denote this

special 5 = 7.5 degree case. We see that in each of these

three cases the coupled variants are phase shifted by

exactly 45 degrees from each other. It can easy be shown,

by trigonometry for this particular 5=7.5 degree angle,

that for each of these pairs, which are separated by 45
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degrees phase angle, the only dependence on 9 is of the

form of cos2(e). In particular, it can be shown that:

E2_b1a2“(e)=(K1/64){l4—8cos(45)+16cos(45)cos2(9+60) },

E2_a1c2“ (9) = (K1/64) {14—8cos (45) +16cos (45) cos2 (9) }, and

E2_c1,,2“ (9) = (K1/64) {14-Bcos (45) +l6cos (45) cos2 (9 -50) }.

E2_a1c2“(e), for example, represents acoupled pair of

variants that has a Stoner-Wohlfarth hard axis at zero

degrees and easy axis at 90 degrees,‘while the individual

variants have their easy axes (<100> directions for K1>O)

angled at +67.5 and 112.5 degrees. In other words, each of

these paired variants result in an energy function that is

of the same functional form as the uniaxial Stoner—

Wohlfarth model with an easy axis (K1>0) angle located half

between the easy axis directions of the two individual

variant easy axis . locations. This Stoner-Wohlfarth

behavior only occurs because of the coupling of the two

variants and their specific 60 — 25 = 45 degree orientation

with respect to each other. It is also clear that if the

anisotropy energy density constant K1 <0 the direction of

the resulting easy and hard axes of the coupled pair of

variants invert.

Each of these paired variants not only results in a

uniaxial energy function, but, as discussed earlier for

figure 2, in a zero loss hard axis driven Mx versus Hx

response function and a non—linear, quadratic My vers Hx

response function. (To a reasonable approximation this

will turn out to also be the case for 5 = 60—arctan(«]2)=

5.264 degrees.) Each of these three coupled pairs (5:

7.5) represents an ideal way to construct an ideal uniaxial

response from a (110) textured bcc—d magnetic material. As

before, because the sum of the energy functions of all six

possible variants is equal to a constant, K1(7/32), then in

each of these three paired variant cases the sum of the

remaining four variant energy functions is equal to -1/4 of
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the sum of the paired variants. Hence, there are three

particular sets of four coupled variants that sum to yield

a Stoner-Wohlfarth type energy function, however because of

the negative sign, its hard and easy axes are rotated by 90

degrees relative to the corresponding coupled pair and the

peak to peak energy amplitude swing is 1/2 that of the

coupled pair case. Hence, these three sets of four coupled

variants result in, a Stoner—Wohlfarth, linear and lossless

M versus H response functions when driven along the net

hard axis. From a notation standpoint we should state that

the coupled variants represented by the energy function E2-

b1a2“(e) and corresponding E4-a1b2¢1c2“(9) are complements.

After all, similarly to before

E6“ (9) ={2E2_a1c2“ (6)

4E4_b1a2b1c2“ (9) }/6=K1(7/32) =constant.

It should also be noted that there are twelve other

possible combinations of pairs of coupled variants and that

none of them yield a uniaxial energy function. Some are

worst than others in terms of the depth of the localized

energy minimum. Likewise, the corresponding twelve other

possible complementary foursomes of coupled variants cannot

yield uniaxial behavior, because they can be written in

terms of the non—uniaxial coupled pairs of crystallographic

variants. This analysis now only leaves the twenty

possibilities for sets of three coupled variants to be

considered. By similar logic as used before, ten of them

are complements (negatives) of the other ten. Fourteen of

them have either double minimums or maximums and localized

extremes. The other six satisfy the definition of uniaxial

anisotropy energy functions, but each does contain a wavy

portion[11] of the energy curve located about midway

between, and only on one side of, the single minimum and

the single maximum. .A response curve when driven at an

angle between this wavy portion and the hard axis would be

nearly lossless, but non—linear over large portions of the

response curve. If driven along an angle constrained to the
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smooth part of the curve near the hard axis [12] the

response would be lossless and more linear over just this

portion of the drive. A representative plot of one of

these six energy curves, E2_a1b2“(e) , is shown in Figure 6.

In summary, not including the previously discussed six

singular variants and the null case of all six, there are

fifty six possible combinations of equally weighted

variants. Hence, when the variant phase angle is set to

7.5 degrees, there are six possible balanced variant

combinations that will yield exact Stoner—Wohlfarth like

energy curves and corresonding M versus H response

functions, plus there are six possible balanced variant

combinations that will yield uniaxial, but wavy energy

densitylfunctions. All others yield non—uniaxial behavior.

For completeness, we briefly consider the effect of

higher order anisotropy energy terms. An energy expression

example, for the uniaxial case of a coupled pair of

variants, when the second order anisotropy energy density

constant, K2, is non—zero, is given by:

E2_a1c2“(9)=(1<1/54) {14—8cos (45)+16cos(45) cos2(9) }+

(K2/64) {1—cos (45) /2+cos (45) cos2 (9) +cos (45) cos (69) /2.

We investigated this function and found that the

effect of the 69 harmonic is of most significance to the

uniaxial behavior when the magnitude of K2 is comparable to

or larger than the magnitude of K1. However, for many

materials this is not the case and in most cases K2 is so

insignificant that it is unknown. For example, for iron,

it is sometimes reported that IK1/K2|>5, but in some

publications it is unmeasurable. Nevertheless, if needed,

a similar analysis could be conducted including K2.

Special Case: 5 = 5.264 Degrees

We now return to the case where the variant phase

angle 5, is given by 60-arctan(\/2)= 5.264 degrees. The

37
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5.264 degree phase angle is_not largely different from the

7.5 degree value and the resulting energy curves for the

same combinations of variants, but using 5.264 degree phase

shifts, are similar to the special 7.5 degree cases just

discussed. Uniaxial energy density curves are obtained for

the same three sets of pairs of variants as observed

before, but using the smaller svalue:

E2_b1a2(G) = {E11o(9'0"5-254)“? E11o(6 '50+5-254)}/2:

E2_a1c2(e) = {E11o(e—6O-5.264)+ E11o(e-12O+5.264)}/2,and

E2_c1b2(e) = {E11o(e—12O-5.264)+ E11o(e—O+5.264)}/2.

We also note that each of these energy functions, or

variant pairs, is the same if simply phase shifted by 60

degrees on the hexagonal atomic template,

E2_b1a2 (G) = E2__a1c2_(é+6O) = E2_c1b2 (9+120) -

Likewise there are three sets of corresponding;

complementary variant foursomes that yield similar, but

inverted and reduced amplitude differences, energy curves.

Furthermore, each of these energy functions, or variant

foursomes, is the same if simply phase shifted by 60

degrees on the hexagonal atomic template.

As an example of the functional shape we use K1=1,

K2=O and plot in Figure 7 the anisotropy energy density
function for:

E2_a1c2(e) = {E11o(e"60'5.264)+ E11o(e

And, in Figure 8 is plotted the anisotropy energy

density function for the complement coupled variant set,

corresponding to the foursome variant combination:

E4-b1a2c1b2(6)= {E51o(6‘0'5-254)+ E11o(G'50+5-254)+

E11o(e-,12o—5.264)+ E11o(e-O+5.264)}/4.
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As discussed earlier, ignoring the additive constant,

the anisotropy energy density function of Figure 8 has a

peak to peak difference of is just -1/2 the amplitude

difference of the energy density function represented in

Figure 7. While these functions are very similar to the

sin2(e) or the cos2(e) dependence of the Stoner—Wohlfarth

model the curvature around the maximum and the minimum can

be seen to differ. They are uniaxial in behavior, but the

hard axis magnetic response function is somewhat non-

linear, but free of lossy processes. The curve shape at the

extremes invert, and so the easy and hard axes deviations,

from the Stoner—Wohlfarth model, interchange, when K1<O.

The Mx [13] versus Hx and the My ‘[14] versus Hx

response curves corresponding to E2-a1c2(e) are plotted in

Figure 9. The Mx versus Hx curve (solid) shows the non-

linearity resulting from 5 not exactly equaling 7.5

degrees. However it represents a lossless response. The

My response curve ‘shows similarity to the quadratic

behavior of the Stoner—Wohlfarth response . For

completeness, Figure 10 is provided to show the E2-b1b2(e)

coupled variant energy curve for 5=5.264 degrees, which is

analogous to that of Figure 6 where 5 =7.5 degrees. The

curve is almost flat on the right side of the maximum.

However, it still represents a uniaxial material. From

«these comparisons we can see that for 5 =5.264 degrees

there are also 12 possible uniaxial coupled variant sets.

If portions of a film are constructed from a coupled

variant pair, for example E2_a1c2(e), and other portions of

the film are constructed from a coupled variant foursome,

for example E4_b1a2c1b2(e+90), rotated 90 degrees then they

both have a common easy and hard axis. The two film

portions must not be strongly coupled so that the two

separate coupled variant sets function independently. Then

the two non—linear response functions can average to yield

a net response function that is nearly linear. However we

have found that the response of physical samples may
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contain some waviness. It is important to realize that to

achieve the rotation of the foursome the templates for the

two portions of the material need to be rotated relative to

each other by 90 degrees so that the hard axes of the two

material portions coincide. Of course because the

hexagonal template repeats very 60 degrees of rotational it

implies that the template actually only needs to be rotated

30 degrees to be equivalent to a 90 degree shift. This is

because the symmetry breaking mechanism is common for both

variant sets. Of course it is obvious that other variant

sets, perhaps not balanced, can occur for template

orientations between the O and 30 degree directions and may

yield. near linear‘ behavior. This concept, of utilizing

more than one group of different sets of coupled variants

in a single sample, is very powerful as it enables the

development of nearly linear‘ magnetic response functions

even for polycrystalline (110) textured. bcc—d films

epitaxially grown on. polycrystalline, randomly oriented,

(111) hexagonal atomic templates. This means that even

though a single crystal substrate will yield the best and

most easily understood performance, having a single crystal

is not a requirement to achieve the near linear and low

loss magnetic response function. The requirement is only

that each group of coupled variants be selected and placed

upon an appropriately rotated polycrystalline grain

template so as to produce a nearly common hard magnetic

axis for the entire sample. When a non-single crystalline

substrate is used for the deposition of a highly (111)

textured polycrystalline hexagonal atomic template the

films will consist of individual grains with randon1 in-

plane orientation. The technique to obtaining the same

easy and hard magnetic axis behavior across an entire

polycrystalline sample is to induce the appropriate (110)

textured bcc-b coupled uniaxial variant set for each of the

randomly oriented hexagonal templates. The method of

achieving this is to provide an energetically driven growth

process that preferentially selects the appropriate coupled

variant set for each hexagonal template orientation being
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use. In the experimental results that are to follow we

have used both a magnetic field applied along the desired

easy axis direction during magnetic variant film deposition

or angular vacuum vapor deposition of the bcc—d material to

select a direction for the crystallographic orientation

growth. Deposition in an applied field was found to yield

superior uniaxial behavior. However, unique subsets of the

many variant sets were obtained. in both cases. , These

methods result in a controlled uniaxial behavior for the

magnetic film. Other methods of supplying an energetically

favored crystallographic growth direction may include

chemical plating in an applied magnetic field, chemical

plating from a bath solution which flows along the

substrate in a particular direction, deposition on a miss

cut single crystal substrate, and deposition upon a

strained, or distorted hexagonal template.

We believe that just as there is a preference for the

formation of lowest _energy atomic arrangements that can

cause preferred crystalline textures, there is a similar

mechanism in the symmetry breaking mechanisms to cause

orientation in of the crystalline directions in the film

plane. In particular, on a surface the resulting texture

is usually the most close packed atomic arrangement.

Hence, for angle depositions of bcc—d materials one would

expect the <l11> directions to tend to align with the

direction of the depositing material. Furthermore, it has

been found that since there are two <111> directions in the

bcc—d (110) texture plane and multiple , <l10> hexagonal

template directions there is some latitude as to whether

one of the <l11> directions align exactly with the <110>

template direction parallel to the deposition direction or

that it align with one of the <1lO> directions at + or — 60

degrees. The later is usually the case for unaxial

materials. Also, the energies of filnl formation must be

just balanced against the surface bonding energies

otherwise this symmetry breaking will not occur. Likewise,

we have found that unless the processing conditions are

just right not only will the variants not be symmetry
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broken, but the variant set will be the three variants

discussed by Gong and Zangari rather than the six new ones.

By adjusting these competing energies the desired film

structure can be obtained. Adjustment parameters include

deposition rate, substrate temperature, vacuum quality

against film oxidation, and hexagonal template atomic

spacing and material composition. We have found that it is

not necessary to achieve magnetic coupling between variants

to achieve a symmetry broken structure. However, in order

to achieve a uniaxial magnetic behavior the appropriate set

of variants must be exchange coupled. The exchange

coupling may be directly between the individual touching

variants when their size and spacing is such that the

exchange length is comparable or not to small compared to

variant grain size. However, more preferred is to place a

magnetic hexagonal template material directly~ in contact

with the magnetic bcc-d film to assist the exchange

coupling via the hexagonal shaped layer. Furthermore,

while it has been observed that the hexagonal magnetic

exchange coupling layer may be place either under or on top

of the magnetic bcc—d layer it is most preferred to place

it under the films and so also use it as the as ‘the

hexagonal atomic template. It is also viable to build

multple alternating layers of hexagonal templates and bcc—d

magnetic layers.

To illustrate that not all variant sets yield a

uniaxial energy function a three variant set, Eybmzu,

example is plotted in Figure 11. Clearly this is not

uniaxial, but bi~axial behavior.

Clearly there are a large number of possible ways of

coupling sets of variants to achieve a lossless

magnetization response function. For epitaxial growth on

single crystal substrates the resulting hard and easy axes

are correlated to the substrate directions. However, for

polycrystalline substrates the epitaxially grown films

contain multiple variant sets corresponding to the

crystalline orientations of the individual hexagonal

template grains. The appropriate set of couple variants
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are selected for the particular orientated polycrystalline

hexagonal template via processing conditions and symmetry

breaking mechanism. These coupled variant sets do not have

to be equally weighted in volume in the sample. Also key,

for used of both random in—plane oriented polycrystalline

hexagonal template films, and for single crystalline

substrates is the concept that the variants of the selected

coupled set be sufficiently strongly magnetically coupled

so that the magnetization vector of each of the variants of

the set rotates together. The coupling is most likely via

magnetic exchange coupling. Hence, we adopt the phrase

“uniaxial symmetry broken” to denote the crystallographic

characteristics of these uniaxial and nearly uniaxial, bcc—

d materials, which have low coercivity and, so, low loss

magnetic properties. A crystallographically “symmetry

broken” material is defined to exit when individual,

variant sets do not contain an equal amount of all six of

the (110) textured _bcc—d variants. We use the phrase

“symmetry breaking mechanism" to describe the energic

process by which a “symmetry broken” crystalline structure

is obtained. Because of the conceptual complexity" and

multiplicity of these systems, we have only discussed at

lenght the cases where the variants of a coupled set of

variants are equally weighted (balanced) in volume of

material. This does not have to be the situation and other

interesting energy functions and response curves can be

obtained for these cases. One trivial, but important case

can be envisioned by considering a film composed of the six

coupled variants. If the volume of each variant is equal

then, as noted before, the energy density function is a

constant and has no 9 dependence. However, if two of the

six variants are of different volume than the other four

then. uniaxial behavior can result. Consider the simple

case when the two variants with different volumes of

material are selected as one of the three Stoner-Wohlfarth

variant pairs (E2“(e) or E2(e)). If the quantity of

material for this pair is slightly greater than the other

four variants then this would break the symmetry and

43
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uniaxial behavior would result. However, the energy

density difference between the minimum and the maximum

would be decreased by the relative difference in volume of

materials. For example, of the six couple variants suppose

that each of variants of the Stoner—Wohlfarth like coupled

pair occupied 30% of the total volume and each of the other

four variants occupied 10% of the total volume. Then this

would result in a minimum to maximum energy difference

equal to 40% of what‘ would be obtained when all the

material. was in just the Stoner—Wohlfarth like pair.

Hence, the magnetic response function would be more

sensitive to the applied field as the minimwn to maximum

energy difference would be smaller for the total magnetic

volume. This represents a method of adjusting the slope,

also called ‘the magnetic relative permeability, of the

magnetic response function.

In many magnetic devices it is advantageous to have

multiple thin film .layers. Many times they need to

magnetically or electronically interact and so there needs

to be specifically anisotropy orientational relationships

between them. For example, to minimize noise signal it is

extremely useful to apply a controlling force along the

easy axis of a magnetoresistive sensor in order to

stabilize the device‘ against ‘the formation or‘ motion. of

magnetic domain walls in the sensor material. This is

sometimes accomplished by placing a hard magnetic material

at the ends of a rectangular shaped device to provide a

small magnetostatic field or to exchange couple to the soft

film. Likewise, in these devices there.is a need to bias

' the nagnetization into a partially‘ rotated state. This

allows the magnetization to swing both positive and

negative toward the hard axis and tends to avoid signal

clipping or extreme non-linearities. In this anisotropic

magneto resistance device the signal resistance varies with

the orientation angle of the magnetization relative to the

current flow direction. Hence, a second layer ‘of

controlled hardness or anisotropy, when placed in Contact

or proximity of the first layer, can provide these
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stabilizing or orienting effects. Likewise, in a spin

valve or magnetic tunnel junction type magnetoresistive

sensor the electron spin transport across an interface

between the two stacked magnetic layers is effected via the

relative orientation of the two magnetic layers. R. C.

O’Handley’s text, “Modern Magnetic Materials and Principles

and Applications” discusses the structures and mechanisms

of these magnetoresistive effects as well as other magnetic

applications. This technology is now well developed for

field sensors, magnetic data storage playback heads and is

rapidly being developed for Magnetic Random Access Memory

(MRAM). When the magnetization of the two magnetic layers

is aligned the electrical resistance is minimized as spin

transport across the interface is enabled or enhanced. For

example, sensing an external field is accomplished by

pinning one layer against rotation while leaving the other

free to rotate or designing a structure where the two films

are antiparallel and both of them are allowed to rotate

toward a common direction as the applied field is

increased. When the two layers are not aligned the

available conduction spin states are not common and the

conductivity is minimized. In these types of devices a

variety of orientation geometries have been discuss in the

literature, but for all of these the signal always depends

upon the field induced magnetization orientation changes

between the stacked magnetic layers. In some device

geometries there are multiple magnetic layers, more than

two, and the magnetoresistance effect is determined via the

conduction between the multiple film interfaces. Hence the

signal determining applied field or magnetic state is

determined by the field induced angle difference between

the pairs oflayers. Clearly, the incorporation of layers in

which the anisotropy can be better controlled is essential

to improving these types of devices. The uniaxial symmetry

broken magnetic layer technology invented, and discussed

here, is of considerable value for each of these devices.

A third, hard magnetic layer structure, antiferromagnetic,

or synthetic antiferromagnetic layer constructed from hard
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magnetic layers can be used to pin or exchange couple to

one or more of the sensor magnetic layers. Control of the

anisotropy of this layer is likewise of value in the device

designs. By choosing the composition of two layers to have

differing anisotropy constants one layer essentially

appears hard to rotate while the layer with the lower

anisotropy constant can appear to be magnetically softer

and freer to rotate. Later in this application, we will

discuss another method of using the uniaxial symmetry

broken technology to orient hard disk magnetic media. This

same approach can also be used to create or orient these

hard or antiferromagnetic layer structures.

A new integrated circuit technology is emerging based

upon the spin transport process and upon the orientation of

magnetic layers similar to those just discuss. This

technology is sometimes referred to as spintronics. The

most simple of these concepts is a magnetic spin transistor

whose conduction is a function of magnetic spins injected

into a current controlling junction region. The current

controlling concept is analogous to the carrier control or

field control produced in a bipolar or field effect’

transistor. However, for spintronics, the orientation of a

magnetic moment in the junction region of the device

determines the spin dependent injection of the electronic

carriers. Hence, control of the orientation and the

magnetic state of these layers is essential. It is

envisioned that transistors can be constructed as well as

electronic logic and state devices. Furthermore, because

- with proper design magnetic states can remain after

electrical power is removed, it is envisioned that these

devices can possess memory functionality. These future

electronic devices may come in unforeseen designs and

functionallity, but one aspect is assured. Control of the

anisotropy energy density and anisotropy orientation will

be critical. The uniaxial symmetry broken mechanism can

provide a methodology for controlling these angles and

magnetic states.

TDK Corporation Exhibit1006/A Page 47



TDK Corporation     Exhibit 1006/A     Page 48

W0 03/021579 PCT/US02/27327

Other magnetic circuit components, which can benefit

from improved anisotropy control, include inductive

properties. These are envisioned to include small

traditional inductor geometries of magnetic materials in

proximity of current carrying conductors. The permeability

of the magnetic materials enable the additional storage of

energy and so can be used to manipulate signal waveforms as

in filters or to transfer or convert power to alternative

voltage or current levels. Thin film structures would be

especially useful at the microcircuit scale where high

frequencies would normally eliminated the use of bulk

magnetic materials. Both inductors and transformers are

envisioned where serpentine pathways of layers of

conductors and magnetic materials would be used to form the

magnetic devices. The design needs to incorporate a

considerable degree of magnetic flux path closure in order

to achieve a reasonably high extrinsic permeability and,

hence, efficiency. For linear signal transfer a near linear

magnetic response is desirable, whereas for power transfer

this is not as critical an issue. On the other hand, an
analog signal mixer, as is commonly employed in radio

communication, requires a non—linear response, which can be

obtained from a uniaxial material via the easy axis

response to a hard axis drive field in the presence of a

bias field along the easy axis. However, important to each

of these devices is that the magnetic losses be minimal.

Otherwise the devices inject noise into the signal, tend to

over heat as energy is dissipated in each cycle, and

possess a limited frequency response. Clearly the uniaxial

symmetry broken. mechanisnt can. provide a methodology for

controlling the magnetic anisotropy and orientation and so

enable these desirable device attributes.

Another magnetic field sensor, which utilizes the non-

linear response function and benefits tremendously from a

lossless process and high frequency operation, is known as

the ifluxgate. Fluxgates are commonly ‘used to sense the

earth's field and'are extensively used in the well drilling

process to monitor direction of the drilling process. This
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is especially important for deep well drilling such as in

the oil industry where the cost of pulling the drill is

quit significant. Having a robust field sensor to provide

information for avoiding hitting certain materials is quite

valuable. There are a number of physical designs for these

devices. However, they all work on the simple concept of

driving one magnetic axis and inductively measuring the

time rate of change of the magnetization induced by the

external magnetic field along an orthogonal axis. A non-

linear response yields a signal, which is proportional to

both the external field and drive frequency; and, is a

second harmonic to the drive field frequency. Since the

response is proportional to the drive frequency, the signal

amplitude, for a small applied field, can be increase

considerably via the use of a high frequency drive.

However, if the material has losses the drive frequency is

limited and if the losses are due to the Barkhausen

phenomena associated, with domain wall motion then the

measurement sensitivity is also noise limited. If the

magnetic material has a lossless uniaxial response, as

obtained by a uniaxial symmetry broken structure, then

device can be operated to higher frequencies and with

better sensitivity to external fields.

Another family of magnetic devices can. be used. for

article surveillance and article identification. and are

commonly referred to as tags. Some of these devices

operate on the principle of non—linear response and others

operate on the principles of linear response employing

energy storage for later radiation. The control of the

anisotropy energy density and direction. is essential in

each. The non—linear response devices typically allow the

switching of the magnetic state abruptly via wall motion,

which generated large amounts of harmonics of the driving

field, which are then detected via picked up via

electromagnetic sensing antennas. In the simplest

manifestation the non-liear response tag is simply a strip

of very soft magnetic material with a uniaxial anisotropy
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direction. This is easily produced utilizing our uniaxial

symmetry broken material structures.

The linear tags work on the principle of coupling the

magnetization orientation to the mechanical resonance of

acoustic vibrations in the tag. This is done via the

magnetoelastic properties, which is a complement property

to magnetostriction, of the materials. For these materials

a large magnetostriction coefficient is desired. When the

magnetization is rotated away from the easy axis by a drive

field along the hard axis the material either elongates or

contracts depending upon the coefficient sign. This shape

change is equivalent to an acoustic wave traveling along

the tag. When the acoustic wave reaches the end of the

material it tends to reflect backwards. Hence, if the tag

is driven with magnetic field that oscillates with a period

corresponding to the acoustic transit time between the ends

of the tag, resonance is obtained. Likewise, if the drive

field is fixed the length of the tag can be adjusted to

match. For bulk material devices, where there is no

substrate, the acoustic properties are determined by the

acoustic properties of the magnetic material. However, if

the magnetic material is laminated with another material or

deposited upon a substrate then the acoustic propagation

properties are determined by the combined properties of the

magnetic material and the laminate or substrate. However,

the acoustic resonance condition, of the combined set of

materials, must still be matched to the magnetic field

driving frequency. Tag detection occurs after the magnetic

drive field is discontinued. Due to the acoustic resonance

the tag continues to elongate and contract at the

mechanical resonance frequency. Via magnetostrictive

coupling to the acoustic vibrations the magnetization

vector oscillates at the mechanical frequency, generating a

magnetic field at the very specific mechanical resonance

frequency, which can be detected by the detection antennas.

As with the magnetoresistive field sensors the

magnetoelastic tag device works best if a DC bias field is

employed to tilt the magnetization from the easy axis. In
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this manner the magnetization vector oscillates about the

bias point, which avoid frequency doubling and improves

efficiency and sensitivity. For thin films, deposited on

thin Si substrates, or very then substrates etched from Si

structures, the high mechanical Q of the Si further

improves the mechanical resonance process. A multitude of

resonance frequencies can be utilized if substrates of

different lengths are employed. The Micro—Electro—

Mechanical structure, MEMS technology, is ideally suited to

be incorporated in such a device when a multitude of unique

tags are desired. Resonance beams of various lengths can

be micro—machined on to a single substrate for a single

device. The magnetoelastic material deposited on to all of

the beams. Just as with electronic circuit technology many

of these devices can be processed on a Si wafer in

parallel. When this device is driven by an oscillating

magnetic field only those beams with the length

corresponding to the driving field frequency vibrate and

store energy. By sweeping the drive frequency and then

electronically listening via an antenna for the radiated

magnetic field response each of the beams sequentially, or

by applying an impulse field and then observing the various

response frequencies, a very unique signal signature can be

obtained. Various acoustical MEMS structures can‘ be

designed to allow a generic MEMS structure, which can be

programmed after the devices are constructed. For example,

via mechanical dampening of predetermined beams of specific

lengths of a given device, a unique signal signature can be

obtained. Hence, from a single MEMS processed Si substrate

thousands of unique tag devices can be constructed. Hence,

it is conceivable to label each product with unique tag

device, each with a unique signal signature. Critical to

any of these devices for operation is the control and

orientation of the uniaxial magnetic anisotropy energy.

The unaxial symmetry broken magnetic material structure is

ideal for this application.

Also, as discussed earlier, in hard disk media it is

potentially valuable to have a soft keeper layer in close
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proximity to the hard media layer. By using a uniaxial

material and controlling the orientation of this layer

relative to the recording track, and to the preferred

direction of the hard memory layer, can yield improved

areal densities via improved media noise, SNR, PWSO,

thermal stability, and overwrite properties. We have also

“found that the use of the orientation determining bcc—d

variants as an underlayer can result in some control of the

orientation of the hard magnetic layer.

By investigating the epitaxial growth of various film

stacks on single crystal substrates we have found that

there are some unique epitaxial relationships that have

heretofore not been invented or utilized, as well as, some

which enable unique characteristics when combined with the

newly invented coupled variant structures.

We investigated three Si crystal substrate texture

orientations, (100), (110), and (111) by first depositing

epitaxial Ag on to these cleaned surfaces. Some epitaxial

relationships are‘ already known from U. S. Patent

6,248,416, Heng, Zangari, and similar publications where,

for example, the growth ‘of Cu(fcc) on Ag(fcc);

permalloy(fcc) on Ag(fcc) or Cu(fcc); Co(fcc) on Cu(fcc) or

permalloy(fcc); Cr(bcc) on Ag(fcc); Ti(hcp) on Ag(fcc); or

Co(hcp) on Cr(bcc) or Ti(hcp) were studied extensively.

However, nowhere in these works was any evidence presented

of depositing bcc-b magnetic materials nor of the

observation of any symmetry broken structures disclosed.

We have observed symmetry broken structures by applying

symmetry breaking’ methods and controlling the deposition

process conditions. For example, we have used both

deposition in an applied field and deposition at an angle

on highly" oriented. hexagonal templates to obtain highly

textured symmetry broken iron, iron compounds and iron

alloys.

Also, we have found, as has been disclosed in the

literature, that we can epitaxially grow one bcc—d on

another and again on another while maintain the strong

texture and orientational relationships between each of the

TDK Corporation Exhibit1006/A Page 52



TDK Corporation     Exhibit 1006/A     Page 53

W0 03/021579 PCT/US02/27327

bcc-d on each of the three Si crystalline textures, <100>,

<111>, and <110>. There are also other relationships.

Epitaxial fcc Ag, Au or Al always forms the same texture as

the Si substrate surface. On this fcc-d substrate, a

number of epitaxial relationships can be obtained for the

following layers. Upon these layers yet other epitaxial

relationships are formed. When a bcc—d is grown on another

bcc—d the same texture results. When fcc-d is grown on fcc-

d the same texture results. However, when bcc-d materials

are epitaxially grown upon, denoted by “/", fcc-d materials

of a give texture the following texture relationships
result:

bcc—d texture/fcc-d texture

(100)/(100)

(110)/(111)

(112)/(110).

When fcc-d materials are epitaxially grown on bcc—d the

following texture relationships result:

fcc-d texture/bcc—d texture

(100)/(100)

(111)/(110)

(110)/(112).

When hcp materials, such as Co alloys, are epitaxially

grown on bcc—d the following relationships result:

hcp texture/bcc—d texture

(iigo)/(100)

(1o;1)/(110)

(lO;0)/(112).

When Ti is epitaxially grown on fcc the resulting Ti is hcp

and the following texture relationship can resulted:

hcp Ti texture/fcc texture

(0002) /(111) .

However, the bulk phase diagrams of Co alloys show both an

hcp phase at low temperatures and an fcc phase at somewhat

higher, but not extreme, temperatures and so it is possible
to grow either hcp or fcc Co. When grown on an fcc

underlayer we found the epitaxial Co to most commonly form

the fcc phase and texture of the underlayer. Hence, it
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behaved just as other fcc~d materials deposited upon fcc—d

templates. However, when formed on bcc—d it formed the hcp

phase and the texture relationships noted above resulted.

When Co is epitaxially grown on another hcp it is hcp and

has the same texture and orientation as the underlayer hcp.

In each of these cases, except for the case of the six

bcc—d variant structures under discussion, the in—plane

orientational relationships were as denoted in U. S. Patent

6,248,416, and publications by Heng and by Zangari.

However, we have invented some new relationships involving

oxides, which enable the construction of new devices. For

the three fcc metals, Cr, Fe, and Al; and for selected

alloys of these, we have found that the surface of the

metals can be formed as oxides and then when the same metal

is then deposited upon this surface oxide the second metal

layer sometimes epitaxially grows and assumes the texture

and in—plane orientation nearly as though the first metal

layer had not been oxidized. This statement was found to be

true for all three of the Si substrate textures

investigate. However, the Si(lll) is the most stable agains

oxidation followed by Si(l00) followed by the least stable

S(l10). And so when growing epitaxial films, by our current

techniques, usually the films that develop on Si(lll) are

of the highest quality and their resulting textures of the

following layers are also of higher quality. Hence, they

are also the easiest to analyize. Because of the high

degree of texture and lack of large angle grain boundaries,

when these metals are exposed to oxygen they appear to

passivate uniformly with a thin oxide layer and then cease

to be consumed into oxides. It is estimated that even for

a reasonable exposure to atmospheric conditions the oxides

can be as thin as 1 to 3 nanometers, but could also be

grown thicker by direct epitaxial oxide deposition or with

the addition of heat or moisture during a post deposition

exposure to oxygen. While extremely thin and difficult to

measure each of these oxides may form the rhombohedral

corundum crystalline phase commonly designate as prototype

a—Al2O3. Interestingly enough a'Cr2O3 and a—Fe2O3 form a
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continuous solid solution. It was found that when the first

metal was a Cr alloy, then oxidized, and the second metal

was Fe, that the second metal formed, to a limited degree, ‘
the same texture and orientation as the first. The same

was true when the Fe was the first metal and the Cr was the

second. However, when the Fe was oxidized on its surface

many of its magnetic properties were degraded. In addition,

there are many additional elements that can be added to Cr,

Fe, or Al and then be oxidized into the same crystal

structure. For example, both og—V-203 and 0;-Ti2O3 phases

exist. The og—V2O3 forms a solid solution with og—Fe2O3.

Also limited amounts of Al can be added to Fe and the 0;-

Al2O3 crystalline structure still results when oxidize.

Likewise, it is known that FeTiO3, MnTiO3, CoTiO3, NiTiO3

can be added to 0g—Fe2O3. There are a large number of other

metals that in small quantities can be added to the Cr, Fe,

or Al and when oxidized still result in the U,-A1203

structure. However, it should be recalled that in our

samples the oxide is very thin and it was difficult to

determine the exact crystal structure. It is possible that

more than one oxide structure can pass the texture and

orientation of the first metal layer to the second. Fe and

Cr both also form the cubic spinel structure, A1BgO4, and

there are many transition metals, and combinations of

metals, that can be added to these to still form the

spinel. There is also the possibility that the oxides

formed are more than one crystal structure. Crog is a

tantalizing possibility as its nearly half filled

conduction band is essentially half filed with a single

magnetic spin orientation and so holds tremendous potentialI

in a spin valve or tunneling structure. The corundum,

however, is an excellent candidate for the oxide due to its

stability and is commonly known to form on Fe, Cr and Al

metal surfaces. While amorphous oxides also form, it is

hard to believe that the strong texture could be passed

from one metal to the other via an amorphous oxide.
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Furthermore, for the <110> bcc—d texture, we have
found that the texture of the six variants discussed

propagates the variant crystalline orientations if one bcc-

d is place directly on another metallic bcc—d or if it was

placed upon the oxidized surface as just discussed. Hence,

it is possible to develop a first symmetry broken uniaxial

bcc—d layer, epitaxially grow a second symmetry broken bcc-

d layer, oxidize it, and then grow yet another bcc—d layer

on the oxide with the same texture as the first bcc—d.

Some interesting magnetic arrangements can be constructed

from these layer—to—layer texture relationships. If the

two variant sets that have been epitaxially grown on top of

one another, and have anisotropy energy constants of the

same sign, then the easy axes are aligned. However, an

interesting case arises if one layer has a positive and the

other a negative anisotropy energy density constant. This

results in the two layers having easy axes at 90 degrees to

one another. This .means that one orientation can be

induced by the symmetry breaking Hechanism and then by

using a bcc—d with the opposite anisotropy constant sign

the easy axes of the second layer is rotated 90 degrees

with respect to the first bcc—d layer even without the use

of a process that would normally be required to break the

symmetry of the second bcc-d film. Furthermore, the

thickness of a non—magnetic bcc—d layer, which can be

placed between these two magnetic layers, can be used to

adjust the magnetic exchange coupling between the layers.

This can be adjusted from being strong to weak as this

non—magnetic layer is made thicker. . Adjusting this non-

magnetic layer fthickness and the thickness—saturation

magnetization product of each of the two magnetic layers

adjusts both the angle between the magnetization vectors

and the in-plane orientation of the two magnetic layers.

Hence, because exchange coupling strength between the two

magnetic bcc—d layers a can be controlled by selecting the

coupling material or by controlling the coupling layer

thickness the net magnetic easy axis orientation. of the

coupled film structure can be selected. These features are
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useful in a variety of magnetic device designs as they

allow the angle between the two magnetic layers, as well as

the stiffness to changes in the angle, to be varied

without the use of an additional hard or anti—ferromagnetic

layer. This type of behavior is of use in device

construction such as spin valves or spend dependent

tunneling devices.

We also found that a strong (111) fcc—d texture

develops when grown on the six variants of the bcc-d.

Furthermore, the in—plane orientation assumes the same

direction as the underlying hexagonal (hex) template.

Hence, a layer structure such as

bcc—d(110)/fcc-d(111)/bcc—d(110)/hex(111)/Ag(11l)/Si(111)

is viable, where either, or both, of the bcc—d layers are

symmetry broken ‘by the use of the symmetry breaking
mechanism. (Here we use the notation that the film on the

left of the “/” is deposited after the film on the right of

the “/”. From the tilt angle of the “/” it is easy to

recall which layer is on top.) Of course this approach also

applies when the substrate is polycrystalline via the grain

orientation averaging process. Furthermore, when both

layers are made uniaxial, the easy axes of the two magnetic

bcc—d layers can be adjusted relative to each other‘ by

using the symmetry breaking mechanism at different angles

for each layer. In another, example, a multiple layer

epitaxial uniaxial layer structure can be formed as

bcc—d/Cr/O/Cr/bcc—d/hex(111)/substrate.

Again, here, the “/” symbol denotes a layer change, while

the “O” layer represents the exposure of the prior film

surface to oxygen or air. The bcc—d layers are magnetic,

(110) textured, and symmetry broken. This Chromium example

represents a non-magnetic bcc—d material that is

epitaxially grown on the magnetic bcc-d layer and allows an

oxide layer that does not contact the magnetic layer. Thisi
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structure allows the two magnetic layers to be electrically

insulated from each other via the oxide layer and yet

uniaxial behavior is obtained. by ‘utilizing the symmetry

broken structure. Implied in this structure, but not

shown, are the variant exchange coupling materials or

layers. For example a magnetic hex (111) layer. In fact,

it is not uncommon that the hex (111) layer structure is

composed of more that one layer. Likewise, an fcc—d

magnetic variant coupling layer, such as NiFe, can be

placed on top of the final bcc—d layer.

For very thin oxide layers spin dependent electrical

tunnel conduction devices have been constructed as a large

effect magnetic field sensor. These devices, just as with

the spin valve device, rely upon the electronic transport

being sensitive to the relative orientation of two magnetic

layers. However, in tunneling devices the current is

directed perpendicular to the film plane and tunneling must

occur through the oxide. Traditionally, these are usually

constructed from fcc Co or permalloy magnetic layers with

an Al oxide insulator layer. The use of an Al oxide as the

insulator is widely published upon. However, deposition of

the oxide has been. hard to control and oxidation. of a

deposited, very thin polycrystalline Al oxide layer usually

results in conduction pin holes. Sometimes the Al has been

deposited as a metal and then post oxidized, but because of

the limited quality of the underlying metal texture

uniformity of the polycrystalline oxide is still a problem.

The oxide layer thickness should only be about 1 to 2

nanometers in order for the tunneling energy barrier to be

a reasonable value. Clearly the highly oriented films used

to make the oxide structure listed above, where the Al is

used. to replace, or in. addition. to, the first Cr layer

would benefit the spin dependent tunneling device. This is

especially true when constructed upon the single crystal Si

substrate. The uniaxial properties of the symmetry broken

structure enable a considerably simpler device or

construction process to be developed.
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Yet another, example, of a multiple epitaxial set of

layers allows both an oxide insulator, O to separate a

conductor, such. as fcc Ag or Cu, fron1 the two magnetic

layers

bcc—d/Cr/O/Cr/Ag/Cr/O/Cr/bcc—d/hex(111)/substrate.

For brevity, the texture and orientation relationships are

not shown, but are understood to exist as discussed above.

When the Ag conductor carries a current, the two magnetic

bcc-d layers guide the magnetic flux generated in a close

path around the conductor (e.g. Ag). In this configuration

each or both magnetic layers may be uniaxial with

anisotropy directions equal or different. Providing the

relative magnetic permeability is greater than one and that

lithographically defined current paths have been

constructed this represents a compact electronic thin film

inductor; and with the use of additional conductors and

magnetic layers multiple turn electronic transformers can

be constructed. Inductance is proportional to the magnetic

relative permeability. We have found that relative

permeabilities exceeding 10 are quite viable and in some

structures exceeded several hundred in our uniaxial,

symmetry broken bcc-d film structures. Furthermore, for

thin metallic magnetic films the maximum operational

frequency is either determined by the ferromagnetic

resonance frequency or by eddy currents, if the structures

are made thick. Our modeling indicates the it is quite

reasonable to expect operational frequencies of a few

Gigahertz using Fe or Fe alloys. For uniaxial materials

the resonance frequency is proportional to the root of the

cross product of the saturation magnetization, Ms, and the

anisotropy field, HK. For linear uniaxial materials HK =

2K5/M5. Hence, the ferromagnetic resonance frequency is

proportional to the anisotropy energy density, while the

permeability is related to the inverse of this. For

thicker films where the operational frequency might be

limited by eddy currents, making chemical additions of only
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a few percent of secondary materials, such as Si, N, C, or

Al to Fe or Feco can increase the resistivity

substantially. For example 3% Si by weight in Fe results

in a 5 fold decrease in conductivity. The penetration

depth, or skin depth, of eddy currents is inversely

proportional to the square root of the inverse

permeability-conductivity-frequency product; Our estimates

indicate that for the proposed geometry that the thickness

of the magnetic layer will have to approach one or microns

before the eddy currents limit the operational frequency.

Hence, inductors, transformers, and sensors made utilizing

these symmetry broken material structures should function

in the Giga Hertz range.

It should be stated again that due to the variety of

symmetry broken coupled. variant sets and the fact that

epitaxial growth should. be viewed. as happening on each

individual grain of‘ a polycrystalline material these‘

texture relationships and the device concepts apply to both

polycrystalline film structures and single crystal

structures prepared on single crystal substrates such as

Si. Likewise, other single crystal substrates can be used

to produce the uniaxial symmetry broken thin film

structures with exceptionally strong texture orientation,

such as the commonly available Ge anb GaAs, can be used

provided that the texture is chosen to present the hex

(111) template and that epitaxial thin film grown is

obtained.

Yet another example of a device that can benefit from

the symmetry broken structure is the growth of magnetic

recording media. Here the hard magnetic layer is usually

composed of hcp Co alloys such as CoCrTa, CoCrPt, CoCrPtTa,

CoCrPtB, CoCrPtCuB and the like. ‘ In each of these the

desired crystal structure is hcp to enable a high

anisotropy energy density constant. Traditionally, hcp Co

is grown on Cr or‘ Cr alloy underlayers to control the

crystalline texture and disk substrate is mechanically

textured (scratched) along the recording direction to

achieve a preferred orientation ratio to be greater than
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one, when compared to that perpendicular to the recording

direction. Having a hard disk recording media oriented

preferential along the recording direction results in a

higher coercivity and better thermal stability. It is well

documented that upon a Cr (110) textured underlayer hcp Co

alloys develop (1011) crystalline texture. The texture is

referred to as the Co alloy quad—crystal because there are

four possible c-axis orientations on a single crystal Cr

grain with (110) texture. This is not the ideal hcp

texture because the hcp c axis, which is the magnetic easy

axis, is tilted in or out of the film plane by about 28

degrees. Nevertheless, this texture has been used

extensively for media and if it were oriented along the

recording field direction it would be of considerable

benefit. Because of the demagnetization. field of thin

films the magnetization vector lies in the projection of

the c-axis into the plane of the film. This then reduces

the possible number« of in~plane projections of c-axis

orientations on a single Cr (110) textured crystallite to

two. They are at angles of + and - the arctan(1/V2) =

35.26 degrees with respect to the bcc—d <100> directions.

If one considers the bcc-d coupled variant pairs as

template underlayers for epitaxial Co alloy growth then the

symmetry broken. filnm provide a template with preferred

direction for the Co alloy to grow upon. This technique of

selecting a textured. and oriented. underlayer provides a

pathway to achieve hard disk oriented media. Consider, the

coupled variant pair, E}am2(e). This symmetry broken

coupled variant pair has the its <111> crystal lattice

.directions, that are parallel to the (111) hexagonal

template <110> directions, along the 9 = 60 and 120

directions. Front Figure 5 it is easy to see the <100>

directions of the two bcc—d cells. When a C0 alloy quad-

crystal is grown, the projection of the c-axis is

approximately at +40.3 or -40.3 degrees with respect to the

bcc—d <100> direction.

Table 1 lists all of the possible quadcrystal

structure Co alloy in-plane easy axes directions when grown
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on all of the six possible bcc—d variants discussed. An

ideal, hcp c/a = 2V(2/3)= 1.63, crystalline unit cell was

assumed for these angle calculations. As an example to

understanding the calculations in Table 1 consider the

first variant, al. The <lOO> direction is listed as 65.26

degrees in Figure 5. Hence, the two in—plane Co c—axis

projections would be at approximately 105.6 and 25.0

corresponding to the + and — entries in the first row of

Table 1. Considering only the two variants of the symmetry

broken Eafimz coupled variant of Figure 5 one can predict

the Co alloy magnetocrystalline anisotropy directions which

will be selected from those of Table 1.. These two bcc-d

variants, whether coupled or not, would induce the eight

possible Co alloy variants associated with obtaining two

quadcrystals. There would be four for each of the two al

and c2 bcc—d variants. However, because the out of plane

demagnetization forces would drive the magnetization vector

into the thin film plane, the four c—axes projections in

the film plane would be 105.6 and 25 degrees for al and 155

and 74.4 degrees for c2. Since the later two are closer to

the 90 degree direction than the first two are to the 0

degree direction the net coercivity along the 90 degree

direction is higher than that along the 0 degree position.

Clearly, the recording tract should be oriented along the

90 degree direction to obtain an magnetic orientation ratio

greater than one. Unlike the soft magnetic films it is

desireable, for good SNR, that the four possible hcp cobalt

orientations be individual grains, which are decoupled.

For this reason it is best if a non~magnetic symmetry

broken bcc—d provide the template for the Co alloy to grow.

However, a magnetic bcc—d symmetry broken template can

first be grown and then the non—magnetic variant template

can be epitaxially grown on this. As discussed earlier,

while not necessary in all media structures it may also be

desirable to have a soft magnetic keeper layer below the

oriented hard magnetic layer. The ideal easy axis direction

for the keeper would be perpendicular to the recording

track so that the stray fields from the recorded bits drive
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the keeper layer magnetization along its hard axis.

However, the easy axis for the E2_a1c2 example is also at the

90 degree position. As discussed earlier however; it is

easily reoriented to the 0 degree position by choosing a

material with a K1 < 0. Due to the manufacturing constrains

of a circular disk, the preferred symmetry breaking method

is to deposit the bcc-d material radially on the round disk

surface and at an angle relative to the substrate normal.

Our findings are that a symmetry broken structure can be

obtained even for polycrystalline films provided the (111)

hexagonal template is highly textured and the deposition

angle with respect to the substrate normal is constrained

to be within 15 3 g} g 75 degrees from the normal. The

.incident angle is shown in Figure 12, where the arriving

bcc—d material travels along -r, which is at an angle Q

with respect to a normal (z) to the substrate plane (x—y) .

When the deposition material arrives at grazing angle, 75

degrees, the efficiency of deposit decrease, but the

symmetry breaking method is very effective. When the

deposition angle is near the normal, 15 degrees, the

deposition efficiency is superior but the symmetry breaking

tends to diminish. The application of a magnetic field is

also very effective symmetry breaking method, but a bcc—d

layer with K1 :- 0 and a field directed along the track

direction to achieve the E2_a1c2 are.required. Due to the

standard manufacturing process of simultaneous deposition

of materials on both sides of the disk a radially directed

or circumferentially directed field is not very conducive

to incorporation in to modern hard disk media manufacturing

process.

Table 1

:-
--

TDK Corporation Exhibit1006/A Page 63



TDK Corporation     Exhibit 1006/A     Page 64

W0 03/021579 PCT/US02/27327

Also, we found that by first depositing a metal

wetting layer on a typical hard disk substrate surface that

strong (111) texture could be obtain. The increased atomic

surface mobility provided by the wetting layer allows the

‘close packed texture to form from a hexagonal template

material such as fcc Ag, Cu, Ni, NiFe or even a hop Co

alloy. A non—magnetic Co alloy of Co1_xCr,¢, where

2531-_:1;>X>5Oat% is preferred if exchange coupling of the bcc—d

is not desired. It was found that a deposited amorphous

metallic layer provided an excellent wetting layer.

In particular, in any application where a wet layer

was desired, a amorphous compositions of NiP or materials

that under bulk material equilibrium conditions would form

C15 or C14. crystal structures seem to form excelled

amorphous wetting layers when vacuum deposited. Examples

of the C15 and C14 structures are Cr14Tax and CrL«Nbx, or

Fe1-,¢Ta,¢ and Fe’1-,cNb,¢ where 55<x<75 atomic percent. It is

noteworthy that in the Cr—Ta alloys the equilibrium phase

diagram shows a high temperature to low temperature phase

,transition from a crystal structure of C14 to C15. It is

believed by the author that the pairing of these complex

equilibrium crystal structure enhance the propensity for an

amorphous film to form in the non—equilibrium thin film

deposition process. In each hexagonal atomic template

_material case, fcc-d or hcp, the use of these amorphousv

layers resulted in strong, (111) or (0002), texture

respectively. In the case of these two C15 materials it

was found that they could be exposed to oxygen and a

reasonably strong texture still developed. Hence, the

grain sizes of the hexagonal template layer and following

layers could be made smaller in a process controlled
manner .
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While a cylindrical geometry is not needed for

magnetic media that is not to be used in a disk format, it

is needed for modern hard disk media. In order to achieve

uniform and symmetric deposition, with preferred magnetic

orientation around a disk substrate structure, a new vacuum

sputtering cathode was devised.‘ Figure 13 illustrates a

cross—sectional view of a rod shaped sputtering target [15]

composed. of bcc—d. material for deposition on to a~ disk

substrate. A shield [16] and magnets [17] to facilitate a

sputtering plasma at low Ar gas pressures surround. the

target. A disk substrate [18] is held on axis with the

sputtering target, but at a distance to cause the sputtered

material [27] to arrive at the disk surface along a radial

‘direction and at an angle of incidence. Ar gas is

introduced into the vacuum chamber via a pathway [26]

between the target and a water cooled shield. This

concentrates the sputtering gas [25] in the vicinity of the

sputtering target and minimizes it in the vicinity of the

disk substrate. The sputtering gas also provides a cooling

mechanism to transfer heat from the target to the water

cooled shield. A low gas pressure is desired to enable a

scattering mean free path of the sputtered material to be

comparable to, or longer than, the distance from the target

to the disk substrate. This prevents the randomization of

the direction of the sputtered material by avoiding gaseous

collisions. Sputtering wears the target in a predefined

and somewhat conical shape causing a deposition path from

the target to the disk at the desired range of incident

angles between. 15 and 75 degrees. However, it Ihas been

found that a more narrow angle distribution centered about

45 degrees is preferred. The target rod diameter is small

compared to the desired inside disk recording diameter and

so the material leaving the target essentially follows a

radial path toward the disk at all locations on the disk

surface. In combination with the target surface profile

shape, the disk to target distance is adjusted to set the

deposition angle. To avoid non—uniformity produced by the

magnetic fields of the sputtering cathode magnets the
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magnet structure may be rotated around the target rod

during the deposition process. While not needed for this

current work it is envisioned. that the target wears

smoothly to a somewhat conical point allowing the target to

be advanced, relative to the magnets, toward the disk

center along a normal path from the disk surface and center

during the deposition .of any one disk. This allows for

adjustment of the deposition angle and deposition rate at

various positions along the radius of the disk. Likewise,

the advancement of the overall position of the target

relative to the magnets allows for continuous replacement

of the worn target. This allows deposition on to many

disks before the vacuum must be opened to replace the

consumed targets. An interesting benefit arises from

spinning the sputtering magnets around the target. The

magnetic fields from the magnets‘ can be so arranged to

provide a small, but non—negligible, magnetic field at the
disk surface directed. around the circumference of the disk.

This directionally provides, a second symmetry breaking

mechanism, in addition to the deposition at an angle, an

energy mechanism of deposition in a magnetic field to help

promote bcc—d orientation of the magnetic material. For

magnetic bcc—d material with K1>O the promoted easy axis

from both symmetry breaking mechanism coincides.

Methods and structures to obtain an oriented hard Co

alloy using the symmetry broken structures have been

invented. It is also clear that these can be used to pin,

via exchange coupling, the soft magnetic layers in many of

the magnetic devices utilizing a soft magnetic layer.

To further confirm the information already described

in this invention description a selected set of physically

constructed materials and the analysis of these materials

will be described in more detail.

A large number of thin film sample structures were

fabricated and analyzed. Four types of substrates were

initially utilized: Si(l1l), Si(ll0), Si(lO0) and glass.

The substrates were carefully cleaned via intensive washing

with solvents such as acetone, toluene, and isopropyl
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alcohol and then washed withydletergent and hot water. They
were then rinsed extensively with distilled. water,

isopropyl alcohol, distilled water and were blown dry.

This removed all organic residues, water and most

extraneous metals from the substrates. The Si substrates

were then etched for approximately 30 seconds in 49%

Hydrofluoric acid and blown dry. The substrates were

attached to a carrier and were quickly introduced into the

vacuum system via a load lock system. The HF etch of the

Si is well known to leave a residual hydrogen bonding on

the Si surface and temporarily prevent oxidation. The

vacuum deposition system was both cryogenically and turbo-

molecularly pumped. A vacuum base pressure of 1x10” Torr

or better was commonly obtained. Via a vacuum manipulator,

the substrate carrier was attached to one of three heated

carrier positions to await thin film deposition.

The substrate carrier mount facilitated approximately

a 7-inch radius planetary motion in a vertical plane.

There were three possible positions for the substrate

carriers to be mounted; two on the planetary circle and one

in the center on the planetary axis. Four magnetron

sputtering target positions allowed up to four different

materials to be deposited at various angles of deposition,

each multiple times if needed, during one deposition

sequence. Three targets were arranged along the edge of an

approximately 7-inch radius circle, which was aligned with

the planetary positions of the substrate carrier positions.

In this manner the three targets and the two concentric

substrate holders could be brought into alignment to face

each other for normal angle deposition or the substrates

could be rotated into any arbitrary position on the

planetary circle for angular deposition. For example, one

target could be located at the equivalent position of three

AM on the face of an imaginary clock and the substrate

carrier, which was spaced an adjustable distance along the

normal to the planetary" plane, could. be rotated to any

position on the opposing imaginary clock face. The

substrate carrier could be move away or toward the targets
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over approximately a 7-inch swing, with a minimum spacing

of less than 2 inches. The fourth target was located at the

center of the planetary motion axis and in a plane with the

other targets. Likewise, the third substrate carrier

position was located at the planetary center in the

substrate carrier plane. The carriers could be moved from

a planetary position to the center and back via the

mechanical manipulator in a time frame of less than one

minute allowing layer to layer epitaxial growth.

The one and two inch diameter targets were usually

small compared to the distance between the targets and the

substrates. In a similar manner to that discussed for

Figure 13, the Argon gas was introduced at the target

surface allow a plasma while increasing the mean free path

length in the rest of the chamber, and so to limit

scattering, of the depositing material. A secondary gas

flow such as N or H could also be introduced via the same

path. or another to’ allow interaction. with the deposited

layers. Each substrate carrier position was independently

heated and monitored and the temperature could be varied

from room temperature to about 350 degrees C. Except when

experiments were performed on nmltiple substrate textures

simultaneously, the temperature was selected to optimize

the process for the particular single crystal substrate

texture chosen. The substrates were heated prior to and

during the deposition and to a limited degree‘ the

temperature could be changed as each layer was deposited.

The sputtering cathodes were DC powered. with up to 500

watts available. The physical dimensions when a bcc—d was

deposited from the center cathode to a substrate that was

on the planetary circle allowed angles of deposition

ranging from 75 to 33 degrees measured from the substrate

normal. For smaller angles the substrate was mounted at 45

degrees to the substrate carrier and then the target to

carrier angle was adjusted. Also, under some circumstances

deposition at smaller angles could be accomplished by using

a target and substrate position both on the planetary

circle, but with the substrate rotated relative to the
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target. Of course the distance between the target and the

substrate could also be adjusted, but this did create a

potential difference in deposition rate.

While a large number of deposition conditions were

investigated. it was soon found ‘that working with layers

that were 20 to 100 nm thick facilitated easier optical,

magnetic and microstructure analysis. Hence, most of the

bcc—d films were prepared. at 20 nm to 200nm thickness.

Most of the Ag layers on Si substrates were 40 nm thick and

sometimes a second Ag or Cr layer or both was deposited as

a final capping layer to prevent corrosion of the magnetic

layers. Hexagonal template thickness varied and could be

as thin as 1 nm and were made as thick as 40 nm. Typically

a magnetic exchange coupling hexagonal template was kept

minimally thick, 1 to 5 nm so that the bulk magnetic

properties were not significant compared to the bcc-d

magnetic properties, This facilitated easier

interpretation of the magnetic data.

Commonly investigated materials.included: Ag, Cu, Ni,

NiFe, A1, C0 and CoCrTa, which are fcc; Cr, Fe, Nb, NiAl,

FeCo, which are all bcc—d, and Ti and CoCrTa, which are

hcp.

Other bcc—d materials, which may be used to alloy with

Fe or FeCo include W, Mo, V, Cr, Ti, Ta, Si, Al, N, Cu and

B. Other fcc—d materials, which may be used include CoCr,

Au, Pt, Rh, Pd, and Ir, while other hcp materials, which

may be used includes Re, Ru, Gd, Ti and Tb . The materials

of choice are chosen for there chemical, magnetic, or

lattice matching properties. Considerable flexibility in

atomic lattice constant is sometimes desirable to achiever

epitaxial growth.

The following example notation will be used to

designate the sequence of film layers that were prepare:

bcc/hcp/bcc-d/bcc—d<55,<xyz>/hex/fcc/Sub(tex).

Again, the notation is that the film on the left of the “/”

is deposited after the film on the right of the “/”. From
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the tilt angle of the “/" it is easy to recall which layer

is on top. The “tex” symbol represents the single crystal

substrate texture used. The <55 represents the angle that

the bcc—d is deposited and the number specifies the angle

from the film normal. In general when used, the < symbol

represents that a symmetry breaking mechanism is being

employed. Likewise, if a magnetic field, Ha, is used to

break the symmetry then the field is applied. along the

hexagonal crystal direction <xyz>. Likewise, when an angle

of deposition is used to break the symmetry the in—plane

direction of deposition material is also denoted to follow

the <xyz> crystal direction.

Hence, as written in the example expression

immediately above, fcc would‘ be first deposited. on the

substrate at a normal angle, then the hexagonal template

would be deposited at a normal angle, then at an angle to

the plane normal of 55 degrees and. parallel to the hex

template <xyz> direction the bcc—d would be deposited.

Then a second bcc—d would be deposited, then an hcp would

be deposited and finally a bcc would be deposited last. If

a surface was oxidized by exposure or an oxide was

deposited then we would write that layer as a “O”.

U. S. Patent 6,248,416 and the Gong and Zangari

publications demonstrated that the textures and epitaxial

relationships mentioned earlier could be grown on Si. This

invention relates to the growth of six bcc—d variants

rather than three, as was found by U. S. Patent 6,248,416

and Gong and Zangari, the exchange coupling of“ the

variants, and in the symmetry breaking of the coupled

variant sets so that they do not have equal variant volume

weighting. That is, to obtain symmetry breaking, the three

variants, in the Gong and Zangari publications, or the six

variants, as describe here, are not balanced.

We first investigate the epitaxial growth of the bcc—d

textures even though the surface of the first metal, when

exposed to air, has formed an oxide. The key for this

aspect of this invention to be assured is that the

underlying crystallinity of the film exhibits extremely
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uniform oriented texture and, while we do not address it

here with physical evidence, we believe this leads to the

underlying film being very dense. When a film has

extremely high texture, then for some textures the grain

boundaries are of low angle or there is little space

between. the grains. This assures that the filul surface

tends to passivate rather than oxidize down the grain

boundaries to force the film from the substrate via

expansion. This is extremely important for polycrystalline

materials like Fe, which tend to oxidize badly.

First we provide a perspective for the degree of

texture obtained by observing a 9-29 x-ray diffraction scan

of a conventional polycrystalline film structure:

Hcp—CoCruTa2/Cr/glass

This is a classic, but simple structure sometimes

sputtered for hard disk media. Upon examination of the X-

ray scan we found that two peaks exist. Cr(110) had a peak

height of about 150 counts and the resulting Co—alloy quad-

crystal (loll) peak height of 25 counts and a uni—crystal

(10;0) peak height of 40 counts resulted. The base line

was rather noisy and there were no other discernable peaks.

We use the same scan time and X-ray anode current and

voltage for all of the 9.29 X-ray diffraction scan examples

to be discussed.

Four samples were made simultaneously each with a

different substrate: glass, Si(100), Si(110), Si(1l1) where

the Si was cleaned and HF treated as mentioned. before.

They were introduced into the vacuum system and quickly

heated to approximately 165 degrees C before the first Ag

deposition was made. The layer composition was:

Hcp-CoCrnTa2(58nm)/Fe(37nm)<45/O/Fe(37nm)<45/Ag(4Onm)/sub

Where the value given in the parenthesis is the

nominal film thickness in nanometers. There was an

oxidation exposure step in the process. This required that

70
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after the first two film depositions the sample be briefly

removed from. the vacuum system. In the following table the

entries are listed as (X1ray counts)/(X—ray texture)

99c15—19-2:

CoCrnTa2(58nm)/Fe(37nm)<45/O/Fe(37nm)<45/Ag(40nm)/sub

1450/(llg0) 3500/(100) l.6xlO4/(100)
1600/(lO_I_l._O) l400/(112)
soo/(1o;1) l.4xl04/(110)

Other than from the single crystal substrate or second

order diffraction. peaks there were no other diffraction

peaks observed indicating the strong singular texture

orientation of each layer. The textures behaved just as

predicted and discussed earlier. These results confirm

that bcc—d Fe grows with the same textures as Cr when

deposited on a hexagonal template or each of the other

single crystal textures. Since the second layer Fe would

have had the same peaks as the first, the absence of any

additional peaks, along with the strength of the peaks, is

a good indicator that the texture, even when the second

layer of Fe is grown on the oxidized surface is identical

to the that of the first layer. However, since the peaks‘

would collinear with the first film peaks there remains the

question whether as to whether or not there are any second

layer peaks at all. The hcp—Co alloy peaks and their

strength compared to those on glass tell us that epitaxial

growth of the second layer of Fe on the Fe-O was very good

and provided an excellent template for the Co alloy film

growth. This to confirms the texture of the second Fe

layer is identical to that of the first layer of the Fe.

The epitaxial growth over the oxide is confirmed for all of

these textures, including the use of glass as a substrate.
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This later case is largely due to the excellent texture of

the Ag(ll1) on the glass. In separated experiments the

strength of the Ag(1ll) texture has been seen to improve

several fold over the value of that directly on glass when

a wetting layer of amorphous CrgTa was deposited upon the

glass prior to the Ag. It also should be stated that the

lattice match between Cr or Fe, which has virtually the

same atomic lattice spaceing, and Ag is not particularly

good. Since another hexagonal template material (fcc—d or

hcp) could epitaxially grown on Ag better than the bcc—d we

investigate this. Hexagonal templates of Cu, Ni, NiFe, and

a combination layer fcc—Co on top of Cu, when place upon

the Ag templates were all found to produce a stronger Fe or

Cr texture.

To further investigate the oxide located between two

different materials the following film structures were

constructed:
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99Cl5-19-3:

CoCruTa2(58nm)/Cr(4Onm)/O/Fe(37)<45/Ag(4Onm)/sub

CoCr12'I‘a2 ( 5 811

)/ Cr(40nm)/ Fe(37nm)/ Ag(40nm) substrateW1 .

50/(lolo) so/(100) 250/(110) 600/(lll) 1
25/(11_2_o) > t g ass

30/(11go)

From this table we can see that for Si(100) epitaxy

over the oxide was excellent, however there does not appear

to be much, if any, epitaxy via the oxide when Si(11l) is

used. It appears the the Cr epitaxy on the Fe—O was quite

good for the Si(110) however the Co texture was not

particularly impressive. To within experimental error the

time and temperatures used to prepare this sample were the

same as were used on the Fe—O-Fe samples (99Cl5~l9-2)

discussed just before this one.

The roles of Cr and Fe were interchange and the

experiment repeated .

99Cl5-19-4:

CoCrnTa2(58nm)/Fe(37nm)/O/Cr(40)<45/Ag(4Onm)/sub

so/(ioio) .

2o/(ugo)

3.1x1O4‘/(110) 3.5x1o“/(111) Si(11l)
15
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Here we see that the Cr grew highly textured on the Ag

and the Fe(100) grew well on the Cr—O. However it is not

clear if much of the Fe (112) grew as the peak was broad

and the Cr and Fe peaks lie extremely close together and

would be difficult to observe. It appears that there was

some enhanced epitaxial growth of the Fe(110), but it was

difficult to discern. as the Cr(110) was over whelming.

Nevertheless the Co (1011) peak was the only one present.

In the Si(110) case the fact that any Co (1010) texture

appeared is strong evidence that some of the Fe was (112)
texture.

Overall we see that for the particular deposition

temperature, deposition. rate, and ' in .general these

particular processing conditions it was found that Fe/O/Fe

epitaxially' grew for all three of the Si textures. We

found similar results for Cr/O/Cr. For the Cr/O/Fe/Ag/Si

it appears that Cr(1OQ) texture grew well and the Cr(112)

texture grew somewhat. The Cr(110) texture did not grow

well. Hence, it appears the bcc—d epitaxially grows well

on the oxide of itself. Also the bcc—d (100) texture

appears to grow well even on other members. The (110) and

the (111) textures grow, but not as enthusiastically. We

varied the processing temperature for the deposition of Ag

on Si and found that the ideal temperature varied

considerably with the Si orientation. The processing

latitude was even more dramatic. Si(111) substrates could

be processed at higher temperatures before it oxidized and

this improved some of the later depositions. The Si(100)

textured substrate had the next broadest process

temperature range and the Si(110) substrate had the

narrowest and least tolerable process temperature range.

This is logical as this surface is the most unstable for an

fcc Bravais lattice or for an fcc—d lattice. Each

substrate texture had its own optimum temperature and

temperature range and the particular temperature was

dependent upon the deposition rate and humidity during the

time interval just prior to placing the substrate in the

vacuum system. We found the HF etched Si surface quality

TDK Corporation Exhibit1006/A Page 75



TDK Corporation     Exhibit 1006/A     Page 76

W0 03/021579 PCT/US02/27327

to be very dependent upon the environment prior to the Si

reaching the vacuum system. Hence, optimizing all of the

conditions simultaneously were difficult, but when it was

done the results showed that epitaxial growth through the

oxide on the other Si textures is significantly improved.

Fortunately the (111) surface is the most stable for the

hexagonal template materials and this allowed for larger

latitude of temperature and deposition rate. This allows

the optimization of the temperature for the oxide to be

grown for each material combination.

Evidence of the six variant structures is demonstrated

next. In fact, the Eaqld variant set is shown. The

following film structure was made by angle of incident

deposition. Two samples were prepared simultaneously, but

with slightly different angles of deposition, different

thicknesses, but most importantly at different angles

relative to the template lattice plane direction. This was
accomplished by mounting two substrates on the same

carrier, but at different hex template angles. The

deposition direction was along the <110> for sample 0909-6

and along the <112; template direction for sample 0909-5.
The structure is defined here:

Sample name: 0909-6

Ag(200nm)/Cr(40nm)/Fe(37nm)<45<110>/Cu(10nm)/Ag(40nm)/Si(11

Sample name: 0909-5

Ag(200nm) /Cr(40nm) /Fe(60nm)<55<112>/Cu(10nm) /Ag(40nm) /si(11

It should be pointed out that the Cu hexagonal

template is non-magnetic and so does not provide the

exchange coupling needed to cause uniaxial M~H curves.

Nevertheless, it is shown below that the needed variant

pair was obtained. If the Cu were replaced with fcc~Co, Ni

or NiFe, or if the Ni or NiFe were deposited on top of the

Fe then the coupled pair would be exchange coupled. In

this example, the final thick Ag and Cr layers were applied

to avoid the possibility of corrosion of the Fe after the

75
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sample was made. It was found that these layers,

especially the Cr was very effective at preventing

corrosion. The sample was stored for one year without

obvious corrosion of the Fe. We conclude this based upon

the fact that while Fe magnetic properties are very

sensitive to oxidation they did not change. The protective

Ag layer did discolor some.

A X-ray pole figure analysis was performed. This test

allows one to rotate the sample while setting the x—ray

diffraction angle to a specific reflection plane. The Fe

is (110) textured so the (100) planes are tilted at 45

degrees to the surface of the film. The sample was tilted

to 45 degrees and then 9.29 was set to reflect from the

(100) crystal planes. The sample was then rotated through

360 degrees and the signal was monitored; According to

Figure 3, as espoused by Gong and Zangari, if there are

only three possible variants then there should. be three

peaks observed for each 180 degrees of rotation and they

would. be equally spaced at 60 degree intervals. These

would repeat during the second 180 of rotation. However,

if there are six variants as advocated in this invention

then Figure 5 is of relevance and six peaks would be seen

per 180 degrees of rotation; and 12 would be seen during

the full 360 degree rotation. If the variants are equally

weighted by volume of material and the substrate were

perfectly cut then all the variants of the set would be

seen. We have observed both types of sets. Hence, not all

samples have ‘the potential of being represented by the

energy equations associated with the six variant set. The

Gong and Zangari three variant set is the most commonly

observed as the energy mechanism for rotating the crystal

planes and then splitting the diffraction. peaks is non-

trivial to accomplish. Figure 14 shows the pole figure

analysis for sample 0909-6. Careful analysis of the data

shows the peak height of the al and the c2 variants are

more than a factor of two higher than any of the other

variant diffraction peaks. However, the relevant quantity

of measure is the area under the peak curve and this is a
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very time consuming and difficult measurement, but shows a

considerable larger fraction of material being in these two

variants. In theory the scan should only show the Fe(100)

Vdiffraction peaks as the 9-29 angle was set specifically

for this crystal plane. However there is a Ag (220)

diffraction line near by and because the peak is so very

strong the tails of these six peaks also show. Likewise,

there is slight evidence of the very strong Si(400) peak.

The angle between pairs of the six bcc-d variants was

experimentally determined to be 25 = 2(5.26) degrees, as

discussed at length earlier. However the angle between the

peaks in the pole Figure 14 is smaller because of the

coordinate frame rotations required to go from the (110)

and (100) planes. In the figure the spread between any

pair of peaks should be ~2(3.74)= 7.5 degrees. This is

exactly what is observed. This data is strong evidence of

both the six variant concepts and of the symmetry breaking

mechanism. For sample 0909-5 where the deposition

direction projection was the <112> direction along the

hexagonal template the results were not as clearly defined.

It appeared that there were again two dominant variants of

the six. However they were represented by Eaaflz. For

reference, the pole figure peaks for these variants, a1 and

b2, along with the other four, are also noted on Figure 14

while the corresponding bi—crystal energy curve for Eyamg

was illustrated in Figure 11. Clearly, even if magnetically

coupled, this variant pair does not yield uniaxial behavior

at all. Hence, angle of incident deposition along the

<112> template direction yields and entirely different

result. In summary, when deposited onto a (111) textured

single crystal substrate and using angle of deposition

along the directions just described as a symmetry breaking

mechanism, then one set of variants yields uniaxial

behavior and the other set does not. To achieve uniaxial

behavior via the symmetry breaking method requires proper

orientation of the template and deposition direction.

However, in both orientation cases the variant symmetry was

‘broken.
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It was found that even when a hexagonal template of

non—magnetic material was employed it was possible to have

exchange coupled variants and to obtain the uniaxial

symmetry broken behavior. Samples of structure just as

described when processed at different deposition rates and
temperatures yielded different grain sizes and magnetic

exchange between them was possible. It was also found that

deposition at an angle could result in grain morphologies,

which. possessed particle shape anisotropy. However, by

studying the films deposited along both the <l12> and <l10>

hexagonal template directions it was found that the

symmetry breaking process and uniaxial behavior caused by

the crystalline orientation still existed along with the

anisotropy associated with grain shape effects. Using the

proper, strongly textured and matched atomic lattice

spacing, hexagonal template to induce good epitaxial growth

significantly helped to minimize particle shape effects.
A similar set of experiments was conducted. with a

magnetic hexagonal template and an applied field. That is,

rather than using the angle of incident deposition as the

symmetry breaking mechanism, a magnetic field was used. Ni

was used at the hexagonal template and placing permanent

magnets on the substrate carrier in the vicinity of the

substrates generated an applied field in the 100 Oe range.

The sample structure was:

Ag(200nm)/Cr(40nm)/Fe(50nm)<45/Ni(Snm)/Ag(40nm)/Si(1ll)

The resulting variant set for the case when the field

was applied generally along the hexagonal template <112>

direction was Ezfimz, whereas, if the field were applied

generally along the <11l> direction then one of the

complement four—element variant sets with uniaxial behavior

was selected. However, it was difficult to observe by x-

ray pole figure measurement techniques, exactly which set

of four variants dominated. Nevertheless, from the

magnetic response it was determined to be one of the

symmetry broken uniaxial sets. Hence, unlike the angle of
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incident deposition technique, when the symmetry is broken

using a‘ magnetic field mechanism, uniaxial behavior is
obtain when the field is directed along either of the

hexagonal template crystal directions; <llO> or <ll2>.

While the hard axis permeability, when the symmetry

breaking field was along the <1lO> direction, which caused

the four variant set to appear, should have been higher

than for the two variant set it was difficult to say this

was the case. The coercivity was higher and the uniaxial

magnetic response function was not as ideal. These

magnetic effects indicate the greater difficulty in

preparing the four variant set where the processing

latitude is more sever. The magnitude of the applied field

varied over some of the samples prepared and very small, ~

1.5 to 2 mm, size segments of the samples were studied for

their individual magnetic properties. Hence, these

segments represent individual samples prepared with various

applied magnetic field magnitude and direction. From these

measurements it was estimated that the magnetic field

symmetry breaking mechanism was causing an observable

degree of symmetry breaking for fields as small as 10 Oe.

It should be mentioned that the applicant became concerned

that the earth's magnetic field or some other stray

magnetic field might be influencing the findings. The stray

fields were measured in "the vicinity of the substrate

‘carrier and found to be less than or approximately one Oe,

[which was comparable to the measured earth's magnetic field

intensity. Nevertheless, experiments were conducted where

the sample substrate was mounted to a sample carrier

containing the applied field magnets. Then during the

deposition process the substrate carrier and, hence, the

applied field. magnets and sample were rotated together.

This provided a constant applied field while the rotation

provided an averaging mechanism for any stray applied

fields. Likewise, a similar experiment was carried out with

out any applied field, but employing the angle of incidence

symmetry breaking technique. For both symmetry breaking

techniques the magnetic results were found to be unchanged
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from samples prepared without the rotation process. Hence,

applicant was convinced that stray fields were not playing

any significant role in the experimental results.

H We anticipate that achieving the four variant uniaxial
results would be much easier to obtain if we had a better

vacuum system and did not have to passivate the Si via H

bonding from the HF—etching technique. It is well known

that the silicon oxide sublimes from Si at about 850

degrees C leaving behind a clean Si surface. If the process

were preformed in an ultra high vacuum system a cleaner

substrate would be available for the initial Ag deposition.

We anticipate this would result in higher quality films and

film structures and better control of the overall process.

Magnetic response curve measurements were made for

these samples. Because the magnetic field from the

permanent magnets was not perfectly uniform over the sample

the symmetry breaking mechanism was not perfectly aligned
with the hexagonal template <112> direction. Nevertheless,

it was estimated that the field direction did not vary by

more than 10 degrees over the measured sample and it was in

much better alignment over the majority of the sample. This

was sufficiently aligned to demonstrate the symmetry

breaking mechanisms via the magnetic response curves.

Figure 15 shows the Mx and My versus Hx response of one of

the two variant exchange coupled, uniaxial symmetry broken

samples using the structure:

Sample name: LS1425_2cx

Ag(200nm)/Cr(40nm)/Fe(50nm)<H<1l2>/Ni(Snm)/Ag(40nm)/Si(11

1)

The coercivity of the Ni alone was measured and found

to be comparable to the 10 Oe observed for the hard axis

loop of this sample. Hence, it is observed that exchange

coupling the film variants is not sufficient to achieve a

low coercivity. The exchange coupling layer must also be

magnetically soft. Permalloy, a well known soft NiFe alloy

was substituted for the Ni and the coercivity was found to
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drop to less than 1.0 Oe. However, interestingly, even

using the. Ni template the sample exhibited lossless

behavior if high drive fields were not used to drive the

sample all the way to saturation. In a separate measurement

from Figure 15, the sample was first driven along the easy

axis to remove most of the domain walls and then driven

along the hard axis, but only to approximately 80% of the

field needed to saturate the sample. This minor loop

response showed coercivities of less than one Oe, which was

approximately the resolution limit of the measurement

instrument. Figure 15 clearly shows a non-linear uniaxial

type of response function when the sample was driven into

saturation and uniaxial result similar to the ideal of

Figure 2. This statement applies both to the narrow hard

axis loop, Mx vs. Hx [19] and the somewhat quadratic My easy

axis [20] response. The hard axis loop, MK, illustrates

the potential near linear behavior, while the My response

illustrates the non-linear response.

Other, similar composition and layer structured,

samples made by angle of incident deposition showed no

measurable coercivity or losses for the minor hard axis

loop. In these cases permeabilities ranging from 80 to over

1000 were observed.

Hard disk media samples were prepared using a

production hard disk media vacuum system, but by a similar,

but less ideal than previously described, angle of

incidence deposition technique. The source bcc-d material

was delivered in a radial pattern over the entire disk at

angles varying over the surface of the disk. This was

accomplished by depositing from a standard sputtering

target but by masking a large portion of the disk with a

circular mask with a hole in the center. Hence, the

sputtered material exited the hole at an incident angle and

essentially radially. Several samples were prepared with

layer constructions made as follows:

LSSDK-0505-1

Cr (40nm) /Fe (40nm) <-45/Cu(20nm) /Cr35Ta (20nm) /glass—ceramic
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and

LSSDK—0505-2

CoCrPt (20nm) /Cr (40nm) <-45/Cu (20nm) /Cr35Ta (20nm) /glass—ceramic ‘

The magnetic properties of the first sample (Fe)

exhibit anisotropic behavior with an OR of greater than one

and provided confidence to proceed with sample 0505-2. The

Fe was changed to Cr so as to not obscure the magnetic

results of the harder CoCrPt alloy with the properties soft

Fe. Of the samples prepared OR ranging from 1.05 to 1.15

were obtained when dividing the circumferential coercivity

by the radial. This is as desired, and the over all

coercivity was in the range of 2500 Oe. Because of the

polycrystalline hexagonal template layer and the mixed

amorphous and ceramic substrate has a very large

interfering set of diffraction peaks no X—ray data was

taken.

_Those of ordinary skill in the art will appreciate

that a number of modifications and variations can be made

to specific aspects of the material structures, devices,

method and apparatus of the present invention without‘

departing from the scope of the present invention. Such

modifications and variations are intended to be covered by

the foregoing specification and the following claims.
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A~magnetic material structure comprising:

a substrate;

at least one bcc—d magnetic layer forming a symmetry

broken structure; and

at least one layer providing a (111) textured

hexagonal atomic template disposed between said substrate

and said symmetry broken bcc—d material structure.

A magnetic material structure comprising:

a substrate;

at least one bcc—d magnetic layer forming a uniaxial

symmetry broken structure; and

at least one layer providing a (111) textured

hexagonal atomic template disposed between said substrate

and said symmetry broken bcc—d material structure.

3. The magnetic material structure recited ‘in claim 2

wherein said substrate is single crystal.

4. The magnetic material structure recited in claim 2

wherein said substrate surface is amorphous or

polycrystalline.

5. The magnetic material structure recited. in claim 4

wherein said amorphous surface is formed from an alloy of

NiP, CrxTaLx, CrxNbL¢, FexTaLx, or FeAflh,xand 55<x<75.

6. The magnetic material structure recited in claim 4

wherein said amorphous surface is oxidized and is formed

from CrxTaLx, CrxNbLx, Fe£TaLq, or FexNbLq and 55<x<75.

7. The magnetic material structure recited in claim 2

wherein the layer forming said hexagonal atomic template is

formed from a fcc—d or hcp crystalline material.

8. The magnetic material structure recited in claim 2

wherein the layer forming said hexagonal atomic template is

magnetic.
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9. The magnetic material structure according to claim 2

further comprising

at least one second magnetic layer wherein the second

layer forms a hexagonal atomic surface.

10. The magnetic material structure according to

further comprising

at least one second bcc—d layer.

11. The magnetic material structure according to claim 2

further comprising

at least one second magnetic bcc—d layer.

12. The magnetic material structure according to claim 2

further comprising

at least one ‘second bcc—d layer wherein the

crystalline orientation of the second layer is epitaxially

determined by the first bcc—d layer.

13. The magnetic material structure according to claim 2

further comprising

at least one second bcc—d layer; and

at least one second hexagonal (111) template wherein

said hexagonal template is disposed between the first bcc—d

layer and the second bcc—d layer.

14. The magnetic material structure according to claim 2

further comprising

at least one second magnetic bcc—d layer; and

at least one oxide layer between said first bcc-d

layer and said second bcc—d layer.

15. The magnetic material structure according to claim 2

further comprising

at least one second and third non—magnetic bcc—d

layers;

at least one fourth magnetic bcc—d layer; and
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at least one oxide layer between said second non-

magnetic bcc-d layer and said third non-magnetic bcc—d

layer wherein second and third non-magnetic layers are

disposed between said first and fourth magnetic bcc-d

layers.

16. The magnetic material structure according to claim 2

further comprising

at least one second and third non-magnetic hexagonal

template layers;

at least one fourth magnetic bcc—d layer; and

at least one oxide layer between said second non-

magnetic layer and said third non~magnetic layer wherein

second and third non-magnetic layers are disposed between

said first and fourth magnetic bcc—d layers.

M17. The magnetic material structure recited in claim 2

wherein said symmetry broken bcc—d is composed of Fe or

FeCo or an alloy of Fe or FeCo.

18. The magnetic material structure recited in claim 2

wherein said symmetry broken bcc—d is composed of an alloy

of Fe or FeCo and one or more of the elements Cr, Si, N, C,

Cu, Nb, and Al.

19. The magnetic material structure recited in claim 2

wherein said symmetry broken bcc—d is composed of an alloy

of Fe or 1-'-'eCo and one or more of the elements Al, B, Cr, C,

Cu, Ni, N, Nb, Mo, V, Si, Ta, Ti and Nb.

20. The magnetic material structure recited in claim 2

wherein the layer material forming said hexagonal atomic

template is composed of Ag, Cu, Ni, fcc—Co, NiFe, Al, hcp—

Co, or Ti, or their alloys.
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21. The magnetic material structure recited in claim 1

wherein the layer material forming said hexagonal atomic

template is composed of Ag, Al, Au, Cu, fcc-Co, fcc-Cocr,

Ir, Ni, NiFe, Pt, Rh, Pd, hcp-Co, Gd, Re Ru, Tb, or Ti, or

their alloys

22. The magnetic material structure according to claim 2,

further comprising

at least one second bcc—d layer; wherein first and

second. bcc—d layers are magnetic with anisotropy energy

density constants of opposite sign.

23. The magnetic material structure according to claim 2,

further comprising

at least one second bcc-d layer;

at least one third bcc-d layer;

wherein first and third bcc—d layers are magnetic and

second bcc—d layer material is antiferromagnetic.

24. The magnetic material structure according to claim 2

further comprising

at least one second magnetic symmetry‘ broken bcc—d

layer; and

at least one second hexagonal (111) template wherein

said second hexagonal template is disposed between the

first bcc—d layer and the second bcc-d layer.

25. The magnetic material structure according to claim 2

further compri s ing

at least one Co alloy magnetic hcp layer; wherein Co

alloy has a (1011) crystalline texture.

26. A magnetic material structure comprising:

a (111) textured single crystal substrate; and

at least one bcc—d magnetic layer forming a uniaxial

symmetry broken structure; wherein the bcc—d magnetic layer

is disposed upon the (111) textured substrate.
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27. A magnetic material structure comprising:

at least one (111) textured hexagonal atomic template;

and _

at least one (110) textured bcc—d magnetic layer

forming a symmetry broken structure disposed upon said

(111) textured hexagonal atomic template.

28. A magnetic device incorporating therein the magnetic

material structure of claims 1, 2, 26 or 27.

29. The magnetic device recited in claim 24 wherein the

device is a magnetic data storage system.

30. The magnetic device recited in claim 24 wherein the

device is a data storage magnetic recording transducer.

31. The magnetic device recited in claim 24 wherein

device is a data storage magnetic playback transducer.

32. The magnetic device recited in claim 24 wherein

device is a data storage magnetic recording media.

33. The magnetic device recited in claim 24 wherein the

device is a data storage magnetic recording media

incorporating an oriented soft magnetic layer.

34. The magnetic device recited in claim 24 wherein the

device is data storage magnetic recording media

incorporating an oriented hard magnetic layer.

35. The magnetic device recited in claim 24 wherein the

device is a data storage magnetic random access memory.

36. The magnetic device recited in claim 24 wherein the

device is an article surveillance tag.

37. The magnetic device recited in claim 24 wherein the

device is a magnetoelastic article surveillance tag.
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38. The magnetic device recited in claim 24 wherein the

device is a magnetoelastic multiple harmonic generating

article surveillance tag .

39. The magnetic device recited in claim 24 wherein the

device is a non—linear response multiple harmonic

generating article surveillance tag.

40. The magnetic device recited in claim 24 wherein

device is an electronic circuit inductive component.

41. The magnetic device_recited in claim 24 wherein

device is a signal mixing electronic circuit component.

42. The magnetic device recited in claim 24 wherein

device is a magnetic fluxgate sensor.

43. The magnetic device recited jJ1 clainl 24 wherein

device is a anisotropic magnetoresistive sensor.

44. The magnetic device recited in claim 24 wherein

device is a spin valve magnetoresistive sensor.

45. The magnetic device recited in claim 24 wherein the

device is a magnetic tunnel junction magnetoresistive
sensor.

46. The magnetic device recited in claim 24 wherein the

device is an electronic circuit. inductive transformer

component .

47. The magnetic device recited jJ1 clain1 24 wherein the

device is an electronic spin tunneling digital logicx

circuit component.
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48. An magnetic recording media device comprising;

substrate; V

at least one hard magnetic recording layer;

at least one (111) textured hexagonal atomic template;

and V

a soft magnetic keeper layer composed of at least one

bcc—d magnetic layer forming a uniaxial symmetry broken

structure disposed between said hexagonal atomic template

and said hard magnetic recording layer.

49. An magnetic recording media device comprising;

substrate;

at least one (111) textured hexagonal atomic template;

at least one symmetry broken (110) textured bcc—d

layer; and

at least one oriented hard magnetic recording layer;

where in said bcc—d layer is disposed between said hard

magnetic layer and said hexagonal atomic template and said

hexagonal atomic template is disposed between said bcc-d

layer and said substrate.

50. An apparatus for depositing a disk media layer

structure comprising;

a rod shaped sputtering target of diameter smaller

than the inside disk recording diameter;

a shield and permanent magnet structure surrounding

said sputtering target;

a gas pathway between said sputtering target and said

shield; and

a gas exit near one end of the sputtering target;

wherein the apparatus deliyers vacuum disposed

material symmetrically fronx near an end surface of said

target rod in a generally radial direction to the hard disk

media substrate at an angle of incidence angle of between

15 and 75 degrees. '

51. An apparatus recited in claim 50
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wherein said disk media layer structure is an oriented

soft magnetic keeper layer.

52. An apparatus recited in claim 50

wherein said disk media layer structure is an oriented

media underlayer.

53. A method of producing a symmetry broken bcc-d

structure comprising:

providing a (111) textured hexagonal atomic template;

providing at least one bcc-d layer;

depositing a bcc-d crystalline material on said (111)

textured hexagonal atomic template while employing at least

one symmetry breaking mechanism;

forming a bcc-d (110) crystalline textured film; and

forming a symmetry broken crystalline- structure

containing at least ‘one dominate (110) orientational

variant and not more than five dominate variants.

54. A method of producing a symmetry broken bcc-d structure

recited in claim 53, wherein

at least one said dominate (110) orientational variant

has a <111> crystalline direction in the plane of the said

texture at approximately +5.26 or -5.26 degrees relative a

<1lO> direction of the said (111) textured hexagonal atomic

template in the plane of the template.

55. A method of producing a ‘symmetry broken bcc-d

structure recited in claim 53, wherein

said symmetry breaking mechanism is deposition of said

bcc-d material upon said (111) textured hexagonal atomic

template at an angle of incidence angle between 15 and 75

degrees.

56. A method of producing a symmetry broken bcc-d

structure recited in claim 55, wherein

said angle of incidence is directed generally along

the (111) textured template <1l0> direction.
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57. A method of producing a symmetry broken bcc-d

structure recited in claim 53, wherein

said symmetry breaking mechanism is deposition of said

bcc-d material upon said (111) textured hexagonal atomic

template in an applied magnetic field.

58. A method of producing a symmetry broken bcc—d

structure recited in claim 57, wherein

said applied magnetic field is directed generally

along the (111) textured template <112> direction.

59. A method of producing a symmetry broken bcc—d

structure recited in claim 57, wherein

said applied magnetic field is directed generally

along the (111) textured template <111> direction.

60. A method of producing a symmetry broken bcc—d

structure recited in claim 57, wherein

said applied magnetic field is of magnitude 10 Oe or

greater.

61. A method of producing a symmetry broken bcc—d

structure recited in claim 53, further comprising:

providing at least one second thin film bcc-d

material; and

forming at least one second symmetry broken bcc—d

crystalline structure containing at least one dominate

(110) orientational variant and not more than five dominate
variants.

62. A method of producing a symmetry broken bcc—d

structure recited in claim 61, wherein

said first and said second bcc—d materials have

anisotropy energy density constants of opposite sign.
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63. A method of producing a symmetry broken bcc—d
structure recited in claim 61, wherein

said first and said second bcc—d materials have

anisotropy energy density constants of the same sign.

64. A method of producing a symmetry broken bcc-d

structure recited in claim 61, further comprising:

forming at least one oxide layer between said first

bcc-d layer and said second bcc—d layer, to form an

electrical insulation barrier.

65. A method of producing a symmetry broken bcc—d

structure recited in claim 61, further comprising:

forming at least one second (111) textured hexagonal

atomic template between said first bcc—d layer and said

second bcc—d layer.
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Figure 2
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Figure 3
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Disk Substrate

Figure 13
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tively high anisotropy ?eld (Hk), e.g., greater than approxi 
mately 20 Oe, in an as-deposited condition or, alternatively, 
With a relatively loW temperature treatment, e.g., beloW 
approximately 300° Celsius. The inventive ?lms are suitable 
for use in electromagnetic devices, e.g., in microtransformer 
cores, inductor cores and in magnetic read-Write heads. 
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ARTICLE COMPRISING ANISOTROPIC 
CO-FE-CR-N SOFT MAGNETIC THIN 

FILMS 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The invention relates to thin ?lms of magnetically soft 
alloys. More particularly, the invention relates to articles 
comprising these alloys and methods for making such 
articles. 

2. Description of the Related Art 
Thin ?lm soft magnetic materials are useful in modern, 

high-frequency, electromagnetic devices, e.g., as a ?eld 
amplifying component in the read-Write head of magnetic 
disk memories in computers or as a core in microtransform 
ers and inductors. Among the desired properties of these 
?lms are relatively high saturation magnetiZation (4J'EMS), 
loW coercivity (HC), high permeability, high electrical resis 
tivity and high corrosion resistance. Various applications of 
soft magnetic thin ?lms are described, e.g., in books Mag 
netic Thin Films by R. F. Soohoo, Harper and RoW, 1965; 
Thin Ferromagnetic Films by M. Prutton, ButterWorth, 
1964; and in articles such as C. R. Sullivan and S. R. 
Sanders, IEEE Trans. on PoWer Electronics, Proc. 24th 
Annual PoWer Electronics Specialists Conf., p. 33—40, June 
1993; and T. Yachi et al., IEEE Trans. Magn. 28, 1969—1973 
(1992). 
Among conventional soft magnetic thin ?lms, nickel-iron 

(Ni—Fe) based ?lms such as 80% Ni-20% Fe (permalloy) 
are useful because of their favorable magnetic properties and 
Zero magnetostriction characteristics. Iron-based ?lms such 
as iron-tantalum (Fe—Ta), iron-Zirconium (Fe—Zr) and 
iron-hafnium (Fe—Hf) alloys generally exhibit saturation 
magnetiZations (4J'EMS) of approximately 15—20 kilogauss 
(kG) as compared to approximately 10 kG for the 80% Ni 
permalloy ?lms (see, e.g., N. Kataoka et al., Japanese J. 
Appl. Phys. 28, L462—L464, 1989, Trans. Jap. Inst. Metals 
31, 429, 1990). HoWever, iron-based ?lms exhibit poorer 
soft magnetic properties and require post-deposition heat 
treatment. 

To obtain improved soft magnetic properties, nitrogen 
containing ?lms of these iron-based alloys such as iron 
tantalum-nitrogen (Fe—Ta—N) have been prepared. See, 
e.g., E. Haftek et al., IEEE Trans. Magn. 30, 3915—3917 
(1994); N. IshiWata et al., J. Appl. Phys. 69, 5616 (1991); J. 
Lin et al., IEEE Trans. Magn. 30, 3912—3914(1994); and G. 
Qiu et al., J. Appl. Phys. 73, 6573 (1993). HoWever, 
although desirable magnetic softness, e.g., a coercivity (HC) 
of less than approximately 2 oersteds (Oe) (for microtrans 
former applications), is obtainable in these nitrogen 
containing ?lms, it is apparent from the aforementioned 
articles that such desirable soft magnetic properties are 
dif?cult to obtain in an as-deposited form, but are possible 
after post-deposition heat treatment at high temperatures. 

HoWever, such heat treatment of deposited ?lms is an 
additional processing step that needs to be avoided if 
possible, not only from a manufacturing cost point of vieW 
but also because of the complications of having to expose 
various other components and materials in the devices to 
high temperatures. Therefore, it is desirable for the required 
soft magnetic properties in the ?lms to be obtained in the 
as-deposited condition, or at Worst, With a very loW tem 
perature heat treatment beloW approximately 150° Celsius. 

Desirable high-frequency properties for soft magnetic 
?lms include relatively high permeability and loW poWer 
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2 
loss. There are several sources of loss in ferromagnetic 
materials, including hysteresis loss, eddy current loss and 
ferromagnetic resonance (FMR) loss. 

Hysteresis loss is reduced or minimiZed, e. g., by avoiding 
magnetic domain Wall displacement, such as by performing 
alternating current (AC) operation of the magnetic ?lms in 
the magnetically hard-axis so that magnetiZation only by 
spin rotation is used. Such mode of operation is accom 
plished most conveniently by providing a strong anisotropy 
(Hk) and a square magnetic hysteresis (M-H) loop. For 
example, see co-pending application Ser. No. 08/595,543, 
?led Feb. 2, 1996 now US. Pat. No. 5,780,175 and assigned 
to the assignee of the present invention. 
Eddy current loss increases in proportion to the square of 

the operating frequency, and thus plays an important role in 
the high-frequency applications. Eddy current loss is 
reduced, e.g., by increasing the ?eld penetration depth (skin 
depth) With relatively high electrical resistance in the mag 
netic material, either by using a thin ?lm con?guration or by 
selecting relatively high resistivity materials. 
The occurrence of ferromagnetic resonance (FMR) in 

high-frequency ranges such as approximately 10 megahertZ 
(MHZ) or greater in most of the soft magnetic materials 
generally causes the magnetic permeability to drop off and 
the magnetic loss to increase by orders of magnitude, often 
spanning a frequency range from approximately 1—2 orders 
of magnitude. Such behavior is conventional for Ni—Zn 
ferrites. For example, see generally R. S. Tebble and D. J. 
Craik, Magnetic Materials (Wiley, NeW York, 1969), p. 598. 

Ferromagnetic resonance (FMR) occurs When the fre 
quency of the applied AC ?eld matches the characteristic 
precession frequency of spins in the magnetic material. This 
precession frequency, fr, is determined by the total anisot 
ropy ?eld (Hk) experienced by the spins. For a thin ?lm, for 
Which the demagnetiZing ?eld (Hd) along the Z direction is 
approximately equal to the saturation magnetiZation (4J'EMS), 
the FMR frequency is expressed as 

Where y is the gyromagnetic constant (2J'cy=2.8 MHZ/Oe), 
and Hk is the in-plane anisotropy ?eld. This relation applies 
for the case When the AC ?eld is applied in the plane of the 
?lm perpendicular to the easy-axis. In order to raise the 
FMR frequency so that ferromagnetic resonance does not 
interfere With the high-frequency operation of the magnetic 
materials, a higher anisotropy ?eld (Hk) and higher satura 
tion magnetiZation (4J'EMS) are needed. Typically, values of 
the anisotropy ?eld (Hk) up to approximately 10—15 oersteds 
(Oe) are obtainable, but anisotropy ?elds (Hk) higher than 15 
Oe in soft magnetic ?lms generally are dif?cult to obtain. 
HoWever, in high-frequency applications such as in Wireless 
cellular communications, magnetic ?lms With FMR frequen 
cies of at least approximately 1 gigahertZ (GHZ) are desired. 

Therefore, it is desirable to have soft magnetic thin ?lms 
With greater saturation magnetiZation (4J'EMS) and greater 
anisotropy ?elds (Hk) than conventional soft magnetic thin 
?lms. 

SUMMARY OF THE INVENTION 

The invention is embodied in anisotropic, soft magnetic 
thin ?lms comprising a cobalt-iron-chromium-nitrogen 
(Co—Fe—Cr—N) alloy and methods for making them. The 
thin ?lms are formed such that the alloy has a relatively high 
saturation magnetiZation (4J'EMS), e.g., greater than approxi 
mately 8 kilogauss (kG), a relatively loW coercivity (HC), 
e.g., less than approximately 2.0 oersteds (Oe), a relatively 
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high squareness ratio (M,/MS), e.g., greater than approxi 
mately 0.90, and a relatively high anisotropy ?eld (Hk), e.g., 
greater than approximately 20 Oe. The soft magnetic prop 
erties are obtained in an as-deposited condition or, 
alternatively, With a relatively loW temperature treatment, 
e.g., beloW approximately 300° Celsius. Thin ?lms accord 
ing to embodiments of the invention are suitable for use, 
e.g., in electromagnetic devices such as in microtransformer 
cores, inductor cores and in magnetic read-Write heads. 

BRIEF DESCRIPTION OF THE DRAWING 

FIG. 1 is a simpli?ed block diagram of a method for 
making soft magnetic thin ?lms comprising Co—Fe— 
Cr—N according to embodiments of the invention; 

FIGS. 2a—b are diagrams shoWing various con?gurations 
of depositing thin ?lms in the presence of an applied 
magnetic ?eld according to embodiments of the invention; 

FIGS. 3a—c are diagrams shoWing various con?gurations 
of oblique angle thin ?lm deposition in the absence of an 
applied magnetic ?eld according to embodiments of the 
invention; 

FIG. 4 is a graphical diagram of the magnetic hysteresis 
(M-H) loops along the easy and hard-axis direction of 
magnetiZation of as-deposited Co—Fe—Cr—N alloy ?lms 
according to embodiments of the invention; 

FIG. 5 is a graphical diagram illustrating magnetic 
coercivity, HC, as a function of ?lm deposition angle for 
Co—Fe—Cr—N ?lms according to an embodiments of the 

invention; 
FIG. 6 is a graphical diagram of magnetic coercivity, HC, 

as a function of nitrogen ?oW rate in an argon carrier 
gas during a reactive sputtering process for Co—Fe—Cr—N 
alloy ?lms according to embodiments of the invention; 

FIGS. 7a—b are perspective and top vieWs, respectively, of 
a pot-core type microtransformer comprising Co—Fe— 
Cr—N ?lms according to embodiments of the invention; 

FIGS. 8a—b are perspective and top vieWs, respectively, of 
a toroid type microtransformer comprising Co—Fe—Cr—N 
?lms according to embodiments of the invention; and 

FIGS. 9a—b are side, cross-sectional vieWs of a magnetic 
recording head comprising Co—Fe—Cr—N ?lms accord 
ing to embodiments of the invention. 

It is to be understood that the draWings are to illustrate the 
concepts of the invention and are not to scale. 

DETAILED DESCRIPTION 

FIG. 1 is a simpli?ed block diagram of a method for 
making soft magnetic thin ?lms comprising cobalt-iron 
chromium-nitrogen (Co—Fe—Cr—N) in accordance With 
embodiments of the invention. A ?rst step 110 is to provide 
an alloy target or targets from Which the inventive magnetic 
thin ?lms are to be deposited, e.g., by chemical or physical 
deposition such as by sputtering, evaporation, molecular 
beam epitaxial groWth, ion beam deposition and laser abla 
tion. 

For example, deposition by sputtering is amenable to 
large-scale industrial manufacturing. The sputtering target 
(shoWn as 210 in FIG. 2a), Which typically is in the form of 
a round plate, in one embodiment, has an alloy composition 
similar to the desired ?lm composition and, in another 
embodiment, has composite sections of different metals or 
alloys on the target surface to be sputtered aWay. 
Alternatively, the ?lm deposition is accomplished by using 
multiple targets, e.g., by co-sputtering from tWo or more 
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4 
targets With different compositions chosen so that the ?nal 
composition of the deposited ?lm on the substrate corre 
sponds to the desired composition. For example, as Will be 
discussed in greater detail hereinbeloW, in data shoWn in 
FIG. 6, co-sputtering With tWo targets Was used, e.g., a 
Co-9.6%Fe-4.4%Cr (in Weight %) target on one side and a 
Fe-4.5%Cr target on the other side separated by approxi 
mately 6 inches. 

According to one embodiment of the invention, diode 
sputtering or triode sputtering is used for deposition of the 
inventive ?lms. Triode sputtering often is used instead of 
diode sputtering because triode sputtering uses loWer bias 
voltage and loWer argon pressure, thus alloWing easier 
control of the sputter deposition and the formation of desired 
nanocrystalline microstructure in the inventive soft mag 
netic ?lms comprising Co—Fe—Cr—N. 

According to another embodiment of the invention, nitro 
gen (N) is incorporated into the alloy ?lm by reactive 
deposition, i.e., by continuously supplying a speci?c partial 
pressure of nitrogen gas in the background Ar gas carrier 
during the sputtering process. The nitrogen atoms are 
believed to go into the thin ?lm structure both by reaction 
With one or more of the metallic elements in the form of a 

nitride, such as Cr-nitride or Fe-nitride, and/or by dissolu 
tion in the form of interstitial solute atoms in the alloy 
crystal lattice. 

According to another embodiment of the invention, nitro 
gen is supplied by alloying it directly into the sputtering 
targets or by adding it to the ?lms after deposition, e.g., by 
ion implantation. Accordingly, thin ?lms of inventive alloys, 
prepared by any suitable technique, are subjected to nitrogen 
implantation With appropriate doses and processing tem 
peratures. 

In the case of using a single alloy target for sputtering, the 
composition of the target according to embodiments of the 
invention is, e.g., cobalt (Co) Within the range from approxi 
mately 10—90 Weight %, typically Within the range from 
approximately 20—80 Weight %, more typically Within the 
range from approximately 30—60 Weight %, iron (Fe) Within 
the range from approximately 10—90 Weight %, typically 
Within the range from approximately 20—80 Weight %, more 
typically Within the range from approximately 30—60 Weight 
%, chromium (Cr) in the range from approximately 0—15 
Weight %, typically Within the range from approximately 
1.0—12.0 Weight % and more typically Within the range from 
approximately 1.5—8.0 Weight %. If nitrogen (N) is to be 
added to the sputtering target, the alloy target includes 
nitrogen Within the range from approximately 0—10 Weight 
%, depending on the concentration of the nitrogen gas used 
during the sputtering. 
The next step 120 is to provide a substrate onto Which one 

or more soft magnetic ?lms according to embodiments of 
the invention are to be deposited. A clean and smooth 
non-magnetic substrate surface is desired, e.g., for 
microtransformer-type applications. Substrate materials 
include, e.g., semiconductors such as silicon (Si) and 
gallium-arsenide (Ga—As), and other materials such as 
glass, quartZ, ceramic, polymer and polyimide. A silicon 
substrate is convenient if other semiconductor electronic 
integrated circuit (IC) circuitry and interconnection features 
are to be integrated on portions of the same substrate. The IC 
circuits are fabricated, e.g., either before or after the depo 
sition of the soft magnetic ?lms. 

For use in microtransformer or inductor applications, 
especially for high-frequency devices (e.g., f=1—1000 mega 
hertZ or greater), Co—Fe—Cr—N thin ?lms according to 
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embodiments of the invention are formed, e.g., into a 
multilayer, patterned Con?guration With dielectric spacer 
layers, such as spin-coated or spray-coated and optionally 
photolithographically patterned polyimide ?lms, interleaved 
therebetWeen. Alternatively, the thin ?lms are formed by 
vacuum or CVD deposition of dielectric ?lms such as 
aluminum oxide (A1203), aluminum nitride (AlN), silicon 
dioxide (SiO2) and yttrium oxide (Y2O3). The multilayer 
con?guration of magnetic thin ?lms according to embodi 
ments of the invention provides high electrical resistance for 
the ?lm layers so as to reduce eddy current loss, e.g., during 
high-frequency operation. 

In such multilayer arrangement, typically more than one 
substrate material is involved. For example, after depositing 
the ?rst magnetic layer comprising Co—Fe—Cr—N on, 
e.g., a silicon (Si) substrate, a polyimide insulation layer is 
deposited on the ?rst magnetic layer and thus becomes the 
next substrate for the remaining magnetic layers. Also, 
because the magnetic properties of alloys and compounds 
often are in?uenced by crystallographic texture and lattice 
parameters, it is possible to choose the substrate material to 
provide epitaxial groWth With accompanying lattice param 
eter modi?cations, to induce groWth texture (such as a 
columnar structure) or to induce desired degrees of crystal 
liZation. 

The next step 130 is to deposit thin ?lms comprising 
Co—Fe—Cr—N, e.g., by reactive sputtering in a nitrogen 
containing atmosphere. According to embodiments of the 
invention, the amount of nitrogen used is Within the range 
from approximately 0.2—30.0% in volume in argon (Ar), and 
often Within the range from approximately 0.5—10.0% in 
volume With a total (Ar+N2) gas pressure of approximately 
10'2 to 10'4 Torr. The sputtering target(s) are subjected to a 
bias voltage in the range from approximately 20—500 volts, 
typically Within the range from approximately 50—200 volts. 

For microtransformer or inductor applications involving 
multilayer deposition and temperature-sensitive dielectric 
spacer layers such as polyimide, the substrate temperature 
typically is kept at or near ambient temperature. 
Alternatively, the substrate temperature is kept beloW 
approximately 150° Celsius (a temperature above Which 
many polymers or polyimides begin to suffer damage With 
undesirable chemical or structural changes). For other 
device applications in Which temperature-degradable mate 
rials are not involved, higher substrate temperatures gener 
ally are used. 

Other embodiments of the present invention use one or 
more magnetic ?elds during the deposition of the ?lms 
comprising Co—Fe—Cr—N to induce magnetic anisotropy 
in the desired direction. Since the inventive ?lms have soft 
magnetic properties, a relatively loW ?eld is applied to 
introduce preferential ordering of atoms to form an easy 
direction of magnetiZation for higher permeability, loWer 
coercivity (HC), and a more square magnetic hysteresis 
(M-H) loop shape. The magnitude of the applied ?eld is 
Within the range from approximately 2—5000 oersteds (Oe), 
typically Within the range from approximately 10—500 Oe. 
Since the deposition temperature for the inventive ?lms 
often is near ambient temperature, the magnetic ?elds are 
applied conveniently, e.g., by placing one or more electro 
magnets or permanent magnets near the substrate. Such is 
done Without fear of solenoid Wire insulation damage or loss 
of magnetism in permanent magnets upon heating toWard or 
above the Curie temperature. 

In the case of magnetron sputtering, the stray magnet ?eld 
itself in the deposition system is used conveniently to induce 
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anisotropy. As shoWn in FIGS. 2a—b, if an additional ?eld is 
to be applied, one or more permanent magnets is used 
because of the relative simplicity of placing magnets either 
on the sides of or beneath substrate 220 during the deposi 
tion. Various permanent magnets 240 are acceptable, includ 
ing those made of relatively high coercivity materials 
samarium-cobalt (Sm—Co), neodymium—iron— boron 
(Nd—Fe—B), barium-ferrite and iron-chromium-cobalt 
(Fe—Cr—Co), all of Which reduce self-demagnetization in 
small or short magnet con?gurations. Multiple magnet 
arrays, such as shoWn in FIG. 2b, generally provide a 
stronger ?eld to the substrate regions betWeen the magnets 
than, e.g., the magnet arrangement shoWn in FIG. 2a. If a 
relatively uniform in-plane ?eld is desirable over the sub 
strate area, it is possible to replace the small magnets shoWn 
in FIG. 2a With a single magnet having a siZe comparable to 
that of the substrate. 

In the case of multilayer deposition, the thickness of the 
layers comprising Co—Fe—Cr—N are Within the range, 
e.g., from approximately 0.001—10.0 microns, typically 
Within the range from approximately 0.01—2.0 microns. 
Higher frequency operations generally require thinner mag 
netic ?lms to reduce eddy current loss. The insulating 
(dielectric) spacers, such as nitride or oxide ceramic ?lms or 
plastic or polyimide ?lms formed betWeen the magnetic 
layers, typically are Within the range from approximately 
0.001—1.0 microns. The number of magnetic layers in use 
depends on the total amount of magnetic ?ux required and 
the thickness of each layer, but typically is betWeen approxi 
mately 1—1000 layers. 
The composition of the inventive ?lms include, e.g., 

cobalt (Co) Within the range from approximately 10—90 
Weight %, typically Within the range from approximately 
20—80 Weight %, more typically Within the range from 
approximately 30—60 Weight %; iron (Fe) Within the range 
from approximately 10—90 Weight %, typically Within the 
range from approximately 20—80 Weight %, more typically 
Within the range from approximately 30—60 Weight % bal 
ance; chromium (Cr) Within the range from approximately 
0—15.0 Weight %, typically Within the range from approxi 
mately 1.0—12.0 Weight %, and more typically Within the 
range from approximately 1.5—8.0 Weight %; and nitrogen 
(N) in the range from approximately 0.1—10 Weight %, 
typically Within the range from approximately 0.2—8 Weight 
%, more typically in the range from approximately 0.3—5 .0 
Weight %. Also, the inventive ?lms may contain one or more 
impurity elements such as copper (Cu), nickel (Ni), tantalum 
(Ta), titanium (Ti), Zirconium (Zr), hafnium (Hf), vanadium 
(V), molybdenum (Mo), niobium and tungsten (W), 
cerium (Ce), yttrium (Y), lanthanum (La), carbon (C), 
aluminum and silicon (Si), With individual element 
amounts of less than approximately 1 Weight % and typi 
cally less than approximately 0.5 Weight %, and With total 
element amounts less than approximately 3 Weight % and 
typically less than approximately 0.5 Weight %. 

Structurally, the inventive ?lm includes a nanocrystalline 
or near-amorphous structure With an average crystallite siZe 
(grain-size), e. g., of less than approximately 1090 angstroms 
(A), typically less than approximately 500 A, and more 
typically less than approximately 200 A. Also, the inventive 
?lm exhibits suitable soft magnetic properties in the 
as-deposited condition Without having to undergo post 
deposition heat treatment. For example, the coercivity (HC) 
of the inventive ?lms often is less than approximately 5 
oersteds (Oe), and typically less than approximately 2 Oe. 
Also, the saturation (4J'EMS) often is greater than approxi 
mately 12 kilogauss (kG), typically greater than approxi 
mately 15 kG, and more typically greater than approxi 
mately 18 kG. 
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The inventive ?lms also exhibit squareness ratios (M,/ 
MS), e.g., of at least approximately 0.90 and typically greater 
than approximately 0.95. Also, the anisotropy ?eld (Hk) 
often is at least approximately 15 Oe, typically greater than 
approximately 30 Oe, and more typically greater than 
approximately 50 Oe. 
Some of the processing and properties of the inventive 

?lms are described in the examples given beloW. 

EXAMPLE 1 

Thin ?lms comprising the inventive Co—Fe—Cr—N 
alloy Were deposited on 4 inch diameter (100) Si Wafer 
substrates by triode DC magnetron sputtering, using the 
co-sputtering process illustrated generally in FIG. 3c, With 
tWo 2.25 inch diameter targets having approximate compo 
sitions of 86%Co-9.5%Fe-4.5%Cr (in Weight %) and 
95 .5%Fe-4.5%Cr, respectively, and using a reactive process 
in a nitrogen-containing atmosphere. The sputtering cham 
ber ?rst Was pumped doWn to approximately 2><10_7 Torr, 
and then the reactive sputtering Was performed under a gas 
atmosphere With an initial pressure (Ar+N2) of approxi 
mately 5><10_3 Torr and a gas ?oW rate of approximately 50 
cubic centimeters per minute. The amount of nitrogen in the 
argon gas Was approximately 2.5% in volume, Which 
resulted in a nitrogen content in the deposited ?lm of 
approximately 0.6 Weight %. A bias voltage of approxi 
mately 140 volts Was applied to both targets. The Si sub 
strate Was kept at ambient temperature during sputtering. 
The rate of sputter deposition Was approximately 100 A per 
minute. The ?lms Were approximately 1000 A thick. 

The magnetic hysteresis (M-H) loops Were measured 
using a Vibrating Sample Magnetomer (VSM). The M-H 
loops Were measured as a function of the in-plane orienta 
tion to determine the direction of easy and hard magnetiZa 
tion. Because the co-sputtering process targets are placed 
approximately 6 inches apart, the deposited Co—Fe— 
Cr—N ?lms have a concentration gradient from one end to 
the other (e.g., from the Co-rich end to the Fe-rich end). 
Small samples, each approximately 0.125 inch square, Were 
cut from various locations of the substrate to represent a 
spectrum of the gradient composition. Table 1 shoWs the 
easy-axis magnetic properties of some selected samples cut 
from the Si Wafer. The approximate compositions also are 
given in the table. 

TABLE 1 

Magnetic Properties of Co-Sputtered 
Co—Fe—Cr—N Films in the As-Deposited Condition 

Composition Wt % 47IMS Squareness HC Hk 

Co Fe Cr N (kilogauss) (MI/MS) (Oe) (Oe) 

83.6 10.6 4.5 1.3 14.8 0.98 6.6 32 
54.0 40.2 4.5 1.3 16.2 0.98 2.9 80 
42.7 51.5 4.5 1.3 19.3 0.99 1.9 73 
36.5 57.7 4.5 1.3 18.6 0.97 3.1 68 
14.9 79.3 4.5 1.3 17.2 0.95 3.2 72 
2.7 91.5 4.5 1.3 16.2 0.97 2.7 57 

As is evident from Table 1, thin ?lms according to 
embodiments of the invention exhibit, in the as-deposited 
condition, advantageous soft magnetic properties With rela 
tively square M-H loops, high saturation magnetiZation 

(4J'EMS), loW coercivity (HC) and high anisotropy ?elds Of particular interest is the thin ?lm With an estimated 

composition of approximately 42.7%Co-51.5%Fe-4.5%Cr 
1.3%N in Weight %. 
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EXAMPLE 2 

A thin ?lm comprising the inventive Co—Fe—Cr—N 
alloy, e.g., With a composition of 49.7%Co-44.5%Fe-4.5Cr 
1.3%N (in Weight %) Was deposited on a silicon (Si) 
substrate from a single alloy target by triode magnetron 
sputtering. The nitrogen content in the argon gas Was 
approximately 2.5% in volume. The mixed gas Was bloWn 
directly onto the substrate at a distance of approximately 1 
inch. Abias voltage of approximately 140 volts Was applied 
to the single alloy target. The substrate Was kept at ambient 
temperature. The rate of deposition Was approximately 100 
Aper minute. The ?lm thickness Was approximately 1000 

Referring noW to FIG. 4, magnetic hysteresis (M-H) loops 
along the in-plane easy-axis and the hard-axis of the thin 
?lm are shoWn. The easy-axis M-H loop exhibits advanta 
geous soft magnetic properties of the ?lm in the as-deposited 
condition. For example, such advantageous properties 
include a relatively high saturation magnetiZation (4J'EMS) of 
approximately 19 kG, a relatively loW coercivity (HG) of 
approximately 0.87 Oe, and a relatively high squareness 
ratio (M,/MS) of approximately 0.98. The hard-axis loop, 
obtained in a 90° rotated direction, exhibits an advanta 
geously closed loop and an anisotropy ?eld (Hk) of approxi 
mately 35 Oe. The ferromagnetic resonance (FMR) fre 
quency is estimated to be approximately 2.2 gigahertZ 
(GHZ). 

It should be noted that the alloy ?lms according to 
embodiments of the invention have relatively Well-de?ned 
easy-axis and hard-axis orientations, typically both in-plane 
and approximately 90 degrees apart. For minimal poWer loss 
in high-frequency applications, it is advantageous to have 
the hard-axis loop as closed as possible and With a coercivity 
(HG) along the hard-axis of less than approximately 5 Oe, 
typically less than approximately 2 Oe, and more typically 
less than approximately 1 Oe, and With the remanent induc 
tion as close to Zero as possible, With a squareness ratio 
(M,/MS), typically less than approximately 0.1 and typically 
less than 0.02. 

EXAMPLE 3 

A ?lm comprising the inventive Co—Fe—Cr—N alloy 
and having a thickness of approximately 1000 A Was 
deposited on a silicon (Si) substrate using a diode sputtering 
system. The target-to-substrate incident angle Was tilted to 
be approximately 45 degrees. The nitrogen gas content in 
argon Was at approximately 17 volume %. The mixed gas 
Was fed into the deposition chamber With a distance to the 
substrate of approximately 6 inches. The resultant ?lm in the 
as-deposited condition yielded advantageously highly 
anisotropic, magnetic properties, e.g., an anisotropy ?eld 
(Hk) of approximately 230 Oe, a saturation magnetiZation 
(4J'EMS) of approximately 10 kG, a squareness ratio (Mr/MS) 
of approximately 0.97, and a coercivity (HG) of approxi 
mately 18 Oe. The ferromagnetic resonance frequency of 
this ?lm is estimated to be approximately 4.2 GHZ. 

It is evident from the Examples 1—3 described above that 
advantageously highly anisotropic, soft magnetic properties 
are obtainable in the as-deposited condition for ?lms accord 
ing to embodiments of the invention prepared by either 
co-sputtering or single alloy sputtering. Such combinations 
of relatively high saturation magnetiZation (4J'EMS), loW 
coercivity (HG), high squareness ratios (Mr/MS) and high 
anisotropy ?elds (Hk) are advantageous for use in many 
electromagnetic devices, such as in microtransformers, 
recording heads and high-frequency telecommunication 
devices. 
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The advantageous squareness ratio of the loop, the strong 
anisotropy and the unusually high anisotropy ?eld values in 
?lms according to embodiments of the invention are 
believed to be the result of the inventive alloys and the 
unique processing procedures employed. The addition of 
chromium (Cr), especially in combination With oblique 
incident ?lm deposition, appears to be advantageous in 
enhancing the magnetic anisotropy and electrical resistivity. 
Also, the presence of Cr is believed to help the formation of 
desirable nanocrystalline structure and microstructural tex 
ture for strong in-plane anisotropy ?elds. Such presence also 
is believed to improve soft magnetic properties, e.g., a loWer 
coercivity (HG), by reducing magnetocrystalline anisotropy 
or magnetostriction. 

Furthermore, according to embodiments of the invention, 
increasing the angle of sputter deposition during the forma 
tion of the invention alloys advantageously improves their 
magnetic properties. For purposes of discussion herein, the 
terms “angle of sputter deposition” or “sputter deposition 
angle” or “deposition angle” are intended to include the 
angle at Which the sputtered atoms arrive at and impinge on 
the substrate. 

For example, FIG. 3 illustrates various deposition angle 
con?gurations according to embodiments of the invention. 
In FIG. 3a, a target 210 is centered above a substrate 220. In 
this con?guration, the portion of a ?lm 250 near the periph 
ery of the substrate is deposited With a greater inclined angle 
than the portion of ?lm 250 deposited near the center of the 
substrate. The angular difference affects the magnetic prop 
erties of the ?lm, e.g., as shoWn in FIG. 5. The plot in FIG. 
5 Was derived from a ?lm having a thickness of approxi 
mately 1000 A, With a composition of Co-45%Fe-4.5%Cr 
0.6%N (Weight percent). For an angular difference of 
approximately 45 degrees, an advantageously loW coercivity 
value (HG) of approximately 2 Oe or less is achieved, While 
for an angular difference of approximately 0 degrees, a 
disadvantageously high coercivity value (HG) of approxi 
mately 18 Oe occurs. 

To keep a suf?ciently high deposition angle, the target and 
the substrate should be laterally displaced, e.g., as shoWn in 
FIG. 3b. In the case of co-sputtering, tWo or more targets 
may be placed laterally aWay from the substrate position, 
e.g., as shoWn in FIG. 3c. According to embodiments of the 
invention, sputter deposition angles of at least approxi 
mately 10 degrees should be maintained. Alternatively, 
maintaining sputter deposition angles of at least approxi 
mately 20 degrees or even at least approximately 40 degrees 
are advantageous. 

Referring noW to FIG. 6, the magnetic coercivity, HC, of 
the inventive ?lms comprising Co—Fe—Cr—N as a func 
tion of nitrogen content (in volume %) in the Ar gas 
sputtering atmosphere is shoWn. The coercivity value, HC, of 
the ?lms depends on the nitrogen content, With the loWest 
coercivity often being obtained by sputtering at a nitrogen 
gas content of approximately 2.5 volume %, Which corre 
sponds to approximately 0.6 Weight % nitrogen atoms in the 
?lm. An insufficient nitrogen content is ineffective for pre 
venting grain groWth of the alloy matrix and results in an 
increased coercivity value. HoWever, a nitrogen content too 
great (e.g., more than approximately 5 Weight %) reduces 
the saturation magnetiZation (4J'EMS) and also increases the 
coercivity. Thus, there appears to be a moderate, optimal 
range of nitrogen content for a given alloy composition. 

The addition of Cr to a Co—Fe—N alloy ?lm improves 
the soft magnetic properties of the ?lm. Such improvements 
include, e.g., a loWer coercivity (HG), a more square mag 
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10 
netic hysteresis (M-H) loop, and a higher anisotropy ?eld 
(Hk) in the as-deposited condition. Also, such additions 
reduce or eliminate the need for post-deposition heat 
treatment. 

According to an alternative embodiment of the invention, 
the inventive ?lms are given a loW-temperature heat treat 
ment to further improve the soft magnetic properties. To 
reduce the damage to insulating layers such as polyimide, 
heat treatment temperatures beloW approximately 300° Cel 
sius and typically beloW approximately 150° Celsius are 
used. Also, to reduce surface oxidation during the heat 
treatment, a vacuum atmosphere of greater than approxi 
mately 10'4 Torr is used. HoWever, a vacuum atmosphere 
less than approximately 10-4 Torr is used, e.g., if the top 
surface of the ?lm is protected by oxidation-resistant coat 
ings such as Cr, Al, oxide, or nitride ?lms. 

According to another embodiment of the invention, the 
inventive ?lms are formed as a composite structure With a 
different type of magnetic layer. For example, the composite 
structure has one or more exchange bias ?lms made of, e.g., 
one or more antiferromagnetic, ferromagnetic or ferrimag 
netic materials, that are added directly on the surface of the 
soft magnetic ?lm. For example, a thin ?lm of Fe-50% 
manganese antiferromagnetic alloy is added onto some or all 
of the soft magnetic layers comprising Co—Fe—Cr—N to 
shift the magnetic hysteresis (M-H) loop by more than the 
coercivity of the soft magnetic ?lm (i.e., by at least approxi 
mately 2 Oe). Also, the thin ?lm of Fe-50% manganese 
antiferromagnetic alloy is added to alloW for high-frequency 
operation (e.g., approximately 0.1—10 GHZ) of the soft 
magnetic ?lms in the internal bias-?eld mode With minimal 
magnetic domain Wall motion. 
Some of the inventive Co—Fe—Cr—N ?lms exhibit 

highly square, easy-axis loop characteristics in combination 
With closed, hard-axis loop shapes and relatively high, 
easy-axis coercivity, e.g., greater than approximately 10—30 
Oe. Such high coercivity is desirable in operations that are 
free of domain-Wall motion because the high coercivity 
provides the stability of easy-axis saturation against stray 
?elds and thus makes it unnecessary to add anitiferromag 
netic bias ?lms. 
The last step 140 in FIG. 1 is to assemble the magnetic 

thin ?lm Within electromagnetic devices such as 
microtransformers, saturable transformers, inductors and 
recording heads. Step 140 comprises appropriately siZing 
the substrate (Which contains a deposited and optionally 
patterned single layer, multilayer or composite-structured 
magnetic ?lm), adding appropriate interconnection and con 
ductor circuitry if needed, and assembling the ?lm Within the 
electromagnetic devices. 

Referring noW to FIGS. 7a—b, various vieWs of a pot-core 
type microtransformer comprising the inventive ?lms com 
prising Co—Fe—Cr—N are shoWn. To form such 
transformer, a multiplicity of soft magnetic ?lm layers 610 
(laminations With polyimide or other insulating layers there 
betWeen) ?rst is deposited, then a patterned conductor layer 
620 (e.g., containing Cu lines) is added above magnetic ?lm 
layers 610, and then more magnetic ?lm laminations 630 are 
deposited, as shoWn. 

FIGS. 8a—b shoW various vieWs of a toroidal microtrans 
former according to an embodiment of the invention. Here, 
a conductor layer 710 in the form of parallel segments ?rst 
is prepared, then a magnetic ?lm lamination 720 comprising 
Co—Fe—Cr—N is deposited thereon, and then a top con 
ductor layer 730 in the form of parallel segments is added for 
connection With segments of conductor layer 710 to form the 
toroidal Winding con?guration as shoWn. 
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For certain applications, ?lms comprising Co—Fe— 
Cr—N are deposited in such a Way that the easy-axis of 
magnetization coincides With the direction of the applied 
?eld from the Windings. For very high-frequency applica 
tions (e.g., frequencies of approximately 10 MHZ or 
greater), magnetiZation sWitching by domain Wall motion 
typically is not desired and hence the magnetically hard 
direction is used so that coherent spin rotation mode is 
operational. 

For this reason, in-plane uniaxial magnetic anisotropy and 
the accompanying square magnetic hysteresis (M-H) loop 
shape typically is used. The uniaxial anisotropy, Which is 
induced, e.g., by thin ?lm deposition in the presence of 
magnetic ?elds, is de?ned, e.g., in terms of the anisotropy 
?eld (Hk), Which is represented by the ?eld in Which the 
hard-axis magnetiZation loop reaches saturation. See, for 
example, FIG. 4, Which is discussed hereinabove. 

According to embodiments of the invention, anisotropy 
?elds (Hk) in the inventive ?lms are advantageously high, 
e.g., in the range from approximately 15—200 Oe and 
typically in the range from approximately 30—100 Oe. 
HoWever, too high of an anisotropy ?eld, e.g., greater than 
approximately 500 Oe, reduces the high-frequency 
permeability, Which is proportional to the saturation mag 
netiZation divided by the anisotropy ?eld value (4J'IZMS/Hk) in 
the hard-axis operation. Also, too loW of an anisotropy ?eld, 
e.g., less than approximately 10 Oe, causes the ferromag 
netic resonance frequency to be reduced and to interfere 
With operating frequency ranges. Therefore, too much mag 
netic softness (i.e., a very loW anisotropy value) typically is 
disadvantageous for high-frequency operation of devices 
comprising the inventive ?lms. 

A relatively high “squareness” of the magnetic hysteresis 
(M-H) loop in the easy-axis direction is advantageous for 
high-frequency applications (e.g., greater than 0.5 GHZ), as 
devices comprising the inventive ?lms advantageously are 
saturated essentially into a single domain state along the 
easy-axis, and then are operated in a high-frequency alter 
nating current (AC) mode in the hard-axis direction to 
reduce or minimiZe the domain Wall motion. In this manner, 
devices With the inventive ?lms comprising Co—Fe— 
Cr—N have a “squareness” (as de?ned by the ratio of the 
remanent magnetiZation, Mr, to the saturation 
magnetiZation, MS) of at least 0.90 and typically at least 
0.95. 

FIGS. 9a—b shoW cross-sectional vieWs of electromag 
netic devices having embodiments of the invention incor 
porated therein. A cross-sectional vieW of a recording read 
Write head comprising an embodiment of the inventive ?lm 
is illustrated in FIG. 9a. The soft magnetic ?lm 810 serves 
to amplify the magnetic signal from the recorded magnetic 
memory bit information in the magnetic disk or tape 820 
such that the inductive sense coil or magnetoresistive sensor 
830 generates a higher output signal. ShoWn also is the 
substrate 840 upon Which soft magnetic ?lm 810 is formed. 

Alternatively, as shoWn in FIG. 9b, the inventive ?lm is 
used as the high-magnetiZation material in the metal-in-gap 
(MIG) type head con?guration. In this embodiment, the 
head 850 is made of, e.g., ferrite. 

It Will be apparent to those skilled in the art that many 
changes and substitutions can be made to the thin ?lms and 
their incorporation into the electromagnetic devices herein 
described Without departing from the spirit and scope of the 
invention as de?ned by the appended claims. 
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What is claimed is: 
1. An article, comprising: 
a non-magnetic substrate; and 
an anisotropic, magnetically soft ?lm supported by said 

substrate, said ?lm including an alloy of cobalt-iron 
chromium-nitrogen (Co—Fe—Cr—N) and having a 
saturation magnetiZation (4J'EMS) of at least approxi 
mately 8 kilogauss (kG), an anisotropy ?eld (Hk) Within 
the range from approximately 15 to 300 oersteds (Oe) 
and a magnetic hysteresis (M-H) loop squareness ratio 
(remanent magnetiZation, Mr, to saturation 
magnetiZation, MS) of at least approximately 0.90, 
Wherein said alloy contains, by atomic percentage, at 
least approximately 15% cobalt (Co), and Wherein said 
article has been heat treated at a temperature of no more 
than approximately 150° Celsius. 

2. The article as recited in claim 1, Wherein said ?lm has 
an anisotropy ?eld (Hk) greater than approximately 50 Oe, 
and has a ferromagnetic resonance (FMR) frequency greater 
than approximately 1 gigahertZ (GHZ). 

3. The article as recited in claim 1, Wherein said 
Co—Fe—Cr—N alloy includes chromium (Cr) Within the 
range from approximately 0 to 15 Weight %. 

4. The article as recited in claim 1, Wherein said 
Co—Fe—Cr—N alloy contains cobalt (Co) Within the range 
from approximately 20 to 80 Weight %, iron (Fe) Within the 
range from approximately 20 to 80 Weight %, chromium 
(Cr) Within the range from approximately 1 to 12 Weight %, 
and nitrogen (N) Within the range from approximately 0.2 to 
8.0 Weight %. 

5. The article as recited in claim 1, Wherein said ?lm 
further comprises a plurality of thin ?lm layers and Wherein 
said article further comprises a corresponding plurality of 
dielectric spacer layers formed betWeen said thin ?lm layers 
in such a Way that a multilayer structure is formed. 

6. The article as recited in claim 5, Wherein said plurality 
of dielectric spacer layers further comprises polyimide or 
ceramic insulators. 

7. The article as recited in claim 1, Wherein said ?lm is 
formed on said substrate in such a Way that the average grain 
structure siZe of said ?lm is less than approximately 500 
angstroms 

8. The article as recited in claim 1, further comprising one 
or more exchange bias ?lms formed on said ?lm, said 
exchange bias ?lms selected from a group consisting of 
antiferromagnetic, ferromagnetic and ferrimagnetic mate 
rial. 

9. The article as recited in claim 1, Wherein said article is 
part of an electromagnetic device selected from a group 
consisting of a microtransformer, an inductor and a magnetic 
read-Write head. 

10. The article as recited in claim 1, Wherein said article 
is for use at an operating frequency of at least approximately 
10 megahertZ (MHZ), and Wherein said ?lm is saturated 
along an easy-axis of magnetiZation into a single domain 
state and then operated in an alternating current (AC) ?eld 
along a hard-axis of magnetiZation. 

11. The article as recited in claim 1, Wherein said ?lm has 
an easy-axis coercive force of at least approximately 30 
oersteds (Oe). 

12. A method for making a magnetically soft thin ?lm 
article, said method comprising the steps of: 

providing a non-magnetic substrate; and 
depositing at least one anisotropic, magnetically soft thin 
?lm in such a Way that said non-magnetic substrate 
supports said ?lm, said ?lm including an alloy of 
cobalt-iron-chromium-nitrogen (Co—Fe—Cr—N) and 
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having a saturation magnetization (4J'EMS) of at least 
approximately 8 kilogauss (kG), an anisotropy ?eld 
(Hk) Within the range from approximately 15 to 300 
oersteds (Oe) and a magnetic hysteresis (M-H) loop 
squareness ratio (remanent magnetization, M,, to satu 
ration magnetiZation, MS) of at least approximately 
0.90, Wherein said alloy contains, by atomic 
percentage, at least approximately 15% cobalt (Co), 
and Wherein said article has been heat treated at a 
temperature of no more than approximately 150° Cel 
s1us. 

13. The method as recited in claim 12, Wherein said 
Co—Fe—Cr—N alloy includes chromium (Cr) Within the 
range from approximately 0 to 15 Weight %. 

14. The method as recited in claim 12, Wherein the 
Co—Fe—Cr—N alloy contains cobalt (Co) Within the range 
from approximately 30 to 60 Weight %, iron (Fe) Within the 
range from approximately 30 to 60 Weight %, chromium 
(Cr) Within the range from approximately 1 to 12 Weight %, 
and nitrogen (N) Within the range from approximately 0.7 to 
5.0 Weight %. 

15. The method as recited in claim 12, Wherein said 
depositing step is selected from the group consisting of 
sputtering, evaporation, molecular beam epitaxial groWth, 
ion beam deposition and laser ablation. 

16. The method as recited in claim 12, Wherein said 
forming step further comprises depositing the elements of 
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said alloy Without nitrogen on said substrate, and then 
adding nitrogen to said alloy by ion implantation. 

17. The method as recited in claim 12, Wherein said 
forming step further comprises sputter-depositing said mag 
netically soft thin ?lm on said substrate With a deposition 
angle of at least approximately 10 degrees. 

18. The method as recited in claim 12, Wherein said 
forming step further comprises sputter-depositing said mag 
netically soft thin ?lm on said substrate at ambient tempera 
ture and in the presence of an applied magnetic ?eld having 
a strength greater than approximately 2.0 oersteds (Oe). 

19. The method as recited in claim 12, further comprising, 
after said depositing step, the step of heat treating said 
magnetically soft thin ?lm beloW a temperature of approxi 
mately 150° Celsius. 

20. The method as recited in claim 12, Wherein said 
depositing step further comprises depositing a plurality of 
magnetically soft thin ?lm layers interleaved With corre 
sponding plurality of dielectric spacer layers. 

21. The method as recited in claim 12, further comprising 
the step of incorporating said magnetically soft thin ?lm into 
an electromagnetic device selected from the group consist 
ing of a microtransformer core, an inductor core, and a 
magnetic read-Write head. 

* * * * * 
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We have studied the structural stability of thin ·,-iron fihns on Cu(OOl) and Cu(111) substrates us
ing molecular-dynamics simulations in combination with a semiempirical model. Experimentally, the 
stability of such fihns has turned out to depend on (growth) temperature and fihn thickness. On in
creasing the thickness or decreasing the temperature the films undergo a structural change to the bee 
structure, which is well reproduced by our simulations. An analysis of the local atomic environment 
of the films after the structural transformation shows that, especially on Cu(OOl), only parts of the 
film accomplish the tr~formation into the bee structure. Considerations of the atomic displacements 
during the transformation allow us to give an explanation of the different stability of the films on 
Cu(OOl) and Cu(111) as well as the observed orientational relationships. 

1. Introduction 

The structural and magnetic properties of thin films 
usually differ from those of the corresponding bulk 
materials. This allows the study of systems under 
conditions which cannot be realized by bulk systems. 
A well-known example of this is the stabilization of 
fcc ('Y-Jiron on a copper substrate. 

Bulk ,-Fe is only stable between 1184 and 
1666 K, while at lower temperatures the stable phase 
is bcc (a-)iron.' Despite this, numerous experimental 
investigations have shown that it is possible to grow 
thin ,-Fe films epitaxially on Cu(OOl) or Cu(l11) 
surfaces at room temperature.2- 11 The structural 
and magnetic properties of such films are still under 
discussion, due to the complex magnetic behavior of 
,-Fe. Nevertheless, there is much experimental ev
idence that in the case of Fe on Cu( 001) three dif
ferent growth regimes have to be distingu:ished.4,8 

Films with a thickness of less than approximately 
five monolayers (ML) grown near or below room 

*E-mail: kai@thp.Uni-Duisburg.DE 
tE-mail: ralf@thp.Uni-Duisburg.DE 
+E-mail: entel@thp.Uni-Duisburg.DE 
PACS, 68.55.-., 68.35.Rh, 61.43Bn 
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temperature show an fct-like structure with complex 
superstructures and a high-moment ferromagnetic 
state.",12 In the region of"" 5-10 ML a layer-by-layer 
growth of nearly isotropic fcc-Fe films is observed for 
growth at room temperature. In this regime the films 
show an antiferromagnetic layer-coupling in the in
terior of the films'3 and a ferromagnetic coupling of 
the surface iayers.4,8,'2 Above a thickness of about 
10 ML the fcc structure transforms into a twinned 
bcc structure.7 Many different values 'for the maxi
mum thickness of stable ,-Fe fiIrns on Cu(OOl) have 
been reported. The reason for these discrepancies is 
that the onset of the structural transformation de
pends on several parameters. It has been shown 
that lower growth temperatures lead to a lower criti
cal thickness of the films, while a higher background 
pressure (for example by CO molecules) stabilizes 
the fcc structure. Moreover, subsequent cooling of 
,-Fe films grown at room temperature might lead to 
the formation of the bcc structure as well as mild 
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sputtering does.7 The maximum thickness of iso
tropic -y-Fe fihns on CU(I11) surfaces is significantly 
lower than on Cu(OOI). Values between 2.3 and 6 ML 
have been observed.3,1O,1l Fihns thicker than these 
values undergo a structural transformation to the bcc 
structure similar to the case of Fe/Cu(OOI). 

In this paper we focus on the stability of -y-Fe 
films on Cu(OOI) and CU(IlI) surfaces. We have not 
looked at the differences between the first two growth 
regimes of Fe/Cu(OOl). These differences are cer
tainly connected with changes in the magnetic struc
ture of the films, which are beyond the scope of the 
model used in our computations. The rest of this 
paper is organized as follows. In the next section we 
give a short description of the model and the com
putational methods used in our calculations. The re
sults obtained from computer simulations of Fe fihns 
on Cu(OOI) and Cu(lll) are presented in Sec. 3. Fi
nally, a short summary of the results is given in Sec 4. 

2. Computational Methods 

In this study we used the method of molecular
dynamics (MD) simulations to investigate the struc
tural stability of thin iron films on copper substrates. 
MD simulations have turned out to be a useful tool 
in the study of equilibrium and nonequilibrium phe
nomena of solids, like thermal properties, crack prop
agation, the contact mechanism, structural transfor
mations, surface phonons, and many others. 

Any kind of atomistic computer simulation re
quires a reliable model for the description of the in
teractions between the atoms. In our simulations we 
have made use of a model based on the embedded
atom method (EAM) of Daw and Baskes,'4,15 since 
this method is able to give a better description of 
the elastic properties of metals than ordinary pair 
potentials do. Within our simulations the energy of 

Pi = I>~~ (nj) , (2) 
i#-i 

which is superposition of the contributions p~~ of 
all atoms j except i. The second term of Eq. (1) 
is a screened Coulomb potential with the effective 
charges Zo,," 

The functions Fa; and Za; are cubic spline func
tions which have been fitted empirically to the prop
erties of pure iron and copper. In the case of iron we 
fitted these functions using the experimental data 
of the lattice constant, cohesive energy, vacancy for
mation energy, elastic constants and some phonon 
frequencies of a-Fe. Details of these calculations 
and the parameters of the resulting functions can 
be found in Ref. 16. It has to be noted that this 
EAM potential is based on the data of ferromagnetic 
a-Fe only. As a consequence, this potential is best 
suited for a description of the high-moment ferro
magnetic state of -y-FeP Nevertheless, this model 
has successfully been applied in simulations of the 
bcc-to-fcc transformation in iron-nickel alloys and 
should therefore also be suitable within the context 
of this work. For copper we used the functions of 
Gui et al.,'S which were obtained by a fit to the ex
perimental data of the lattice constant, cohesive en
ergy, vacancy formation energy and elastic constants 
of copper. In both cases the atomic contributions 
to the background charge density' P:;~ are calculated 
with the help of the wave functions of the valence 
electrons in free atoms tabulated by Clementi and 
Roetti. '9 

In an atomistic MD simulation of a solid, the 
classical equations of motions of the atoms' are 
numerically integrated and thermodynamical aver-
ages are calculated from the resulting trajectories?O 
For the integration of the equations of motions we 
adopted the velocity Verlet algorithm (see, for ex
ample, Ref. 20) with a time increment of 1.5 fs and 

the system is written as the Nose-Hoover thermostat method, which leads to 
--------=a=c-=a~nonical distribution of the atomic -configura-- - -

E = LFa; (Pi) + LL Za;(rij)~a; (rij), (1) tions.21 Artificial surface effects have been minimized 
i i #i r'J through the use of periodic boundary conditions in 

where the indices i and j denote individual atoms; 
ai, aj = Fe, Cu refer to the species of the corre
sponding atoms, and rij is the separation of atoms 
i and j. The function Fa;. represents the embed
ding energy of atom i depending on the background 
charge density 

the directions perpendicular to the film normal, while 
changes in the size and shape of the simulation cell 
were allowed using the scheme of Parrinello and 
Rahman.22 

The initial configurations of our simulations 
consisted of regular arrangements of atoms on a 
perfect fcc lattice with randomly chosen velocities 
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according to the Maxwell-Boltzmann distribution. 
The following geometries have been used: 7 ML Fe on 
Cu(OOl), 15 ML Fe on Cu(OOl), 6 ML Fe on CU(l11) 
and 14 ML Fe on Cu(l11). Since every real film in
evitably contains a number of defects, we introduced 
about 2 % of vacancies into the systems. This high 
concentration was chosen in order to guarantee a sig
nificant number of vacancies in the simulation box 
and to emulate the effect of other defects like dislo
cations and grain boundaries. The influence of these 
defects has been studied by additional simulations 
of defect-free films in the case of Fe/Cu(OOl). The 
total size of the configurations was about 213 lattice 
constants, containing approximately 37000 atoms. 
The surface normal was oriented along the z-axis 
of the simulation cell. Actually, our systems con
tained two free surfaces: one iron surface at the top 
of the system and one copper surface at the bottom. 
However, we have studied only the iron surface ex
cept for the relaxation of the interlayer spacing, 
which we have analyzed at both surfaces as well 
as in the vicinity of the Fe/Cu interface. In order 
to check for finite-size effects, additional simulations 
have been carried out using configurations with a 
lateral size of 10, 15, 30 and 40 lattice constants. 

At the beginning of the simulation runs the initial 
configurations had to be equilibrated at the desired 
temperature. In order to do this, we simulated the 
systems over a period of 500 simulation steps and 
rescaled the instantaneous temperature of the sys
tems at every 50th step. Afterwards the normal parts 
of the simulation runs began, which consisted of a se
quence of successive short simulations with a length 
of 300 time steps. From the mean positions of the 
atoms during these runs we calculated the percentage 
of iron atoms with a local bcc environment. The sim
ulation runs ended when no significant change of this 
value was observed for a longer period. The structure 
of the local environment of an atom was determined 
by the following procedure. An atom was assumed 
to have a bcc environment if the standard deviation 
of the distance of its ten nearest neighbors was larger 
than 0.02 aBo Here we make use of the fact that the 
first nearest-neighbor shell.of the bcc lattice contains 
only eight atoms while the fcc lattice has a coordina
tion number of 12. Therefore, the 12 nearest neigh
bors of an atom in an fcc environment all belong to 
the same neighbor shell, whereas in a bcc environ
ment two different neighbor shells are involved. Two 

points have to be noted. First, our method for the 
determination of the local environment of an atom 
fails in the case of a surface atom due to the differ
ent coordination of these atoms. Therefore, we have 
discarded the surface atoms in the calculation of the 
percentage of bcc iron. Second, it is rather important 
that we have used mean atomic positions averaged 
over 300 simulation steps. If one uses the actual po
sitions of the atoms at one time, thermal fluctuations 
lead to a much broader distribution of the neighbor 
separations, making it impossible to distingnish be
tween local crystal structures. Problems arise from 
the diffusion of atoms in the case of the presence 
of vacancies. If an atom moves into the position of 
a neighboring vacancy, the mean position of this 
atom calculated during the hopping process is almost 
meaningless. This might lead to a slight overestima
tion of the fraction of atoms with a bcc environment. 
However, since such processes are rather rare, the 
resulting error is small and should not influence 
the observed general tendencies. 

3. Results 

3.1. Fe on Cu(OOl) 

The interatomic potentials we used in our simula
tions have only been constructed on the basis of 
bulk properties of iron and copper. Therefore, it 
seemed appropriate to check the reliability of the 
EAM model in the context of surface phenomena. 
In order to do this, we compared the interlayer dis
tances near the surface predicted by the model with 
experimental results. As will be discussed below, 
simulations of the configurations with 7 and 15 ML 
Fe/Cu(OOl) without vacancies showed no structural 
change at 300 K. From these simulations we de
rived an inward relaxation of the first copper layer 
by 3%. This is somewhat larger than the experi
mental values, which are in the range of 1-2%, but 
compares well with the results of other interatomic 
potentials (see Ref. 23 and references therein). At 
the iron surface we found an inward relaxation of 
the outermost layer by nearly 7%. In this case the 
experimentally observed value depends on the mag
netic structure of the film. Wuttig et al. report an 
inward relaxation of 2% for a 5 ML film, whereas 
they found a considerable outward relaxation in films 
with 6-11 ML FejCu(001).7 This difference is caused 
by the antiferromagnetic coupling in the interior of 
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Fig. 1. Resulting configuration of 15 ML Fe/Cu(OOI) 
with 2% vacancies after a simulation time of 13.5 ps. 
The blue atom indicates a local bee environment, while 
atoms with an fcc environment are drawn in orange. 

Fig. 2. Iron film from Fig. 1 drawn slicewise. 

the thicker films, which reduces the layer separation 
of the deeper layers. Again, it turns out that the 
EAM model is best suited for a description of fer
romagnetic i-Fe. The large value of the relaxation 
we find is a consequence of the fact that the EAM 
model predicts rather low. elastic constants for i-Fe 
at low temperatures.i7 In addition to the relaxation 
of the surface layers, we also studied the interlayer 
distances near the iron-copper interface in our sys
tems. Here we find a pronounced increase of the 
separation of the first two iron layers by 6%. Al
though this effect might be an artifact of the short 
interaction range of the repulsive pair potentials in 
the EAM model, it would be interesting to check this 
result experimentally. 

The main subject of this work is the investiga
tion of the structural stability of iron films on cop
per substrates. Figure 1 shows the resulting (stable) 
configuration of the system with 15 ML FejCu(OOl) 
and 2% vacancies after simulation over a period of 
13.5 ps. The blue color indicates atoms with a local 
bee environment, while atoms with an fcc environ
ment are drawn in orange. From this figure it is 
clearly visible that not all of the iron atoms trans
formed into the bcc structure and that the amount 
of bcc iron decreases in the interior of the film. The 
resulting complicated domain structure consisting of 
channels of a-Fe going down from the surface can 
be seen in detail in Fig. 2, where the iron film is 
shown slicewise. The fact that only a part of the film 
transformed into the bcc structure has also been ob
served in experiments.24 However, to the best of our 
knowledge no experiments have so far revealed' the. 
topology of the resulting domain structure. 

In Figs. 3 and 4 the surface structures of the 
initial configuration and the transformed film are 
compared. While in Fig. 3 the regular square 
structure of the fcc unit cells can be seen, the 
stretched hexagons drawn in Fig. 4 are character
istic of (llOhcc planes. The occurrence of two dif
ferent orientations of the hexagons is a consequence 
of the fact that the transformed film possesses a 
twin structure with (112) twinning planes and [1111 
shear directions. This twin system is rather typ
ical of the bcc structure?5 The formation of twin 
variants reduces the atomic movement necessary for 
accomplishing the structural transformation. With
out the twinning plane the transformation of fcc into 
bcc would require a macroscopic deformation of the 

I 
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Fig. 3. Surface of the initial configuration of the system 
in Fig. 1. The dark arrow indicates the [OlOlfcc direction, 
the light arrow [110],,,. 

Fig. 4. Surface of the system in Fig. L The distorted 
hexagons are typical of (llO)bcc. The dark arrow indi
cates the [OO1]b" direction, the light arrow [l11]b". 

iron film, which is rather unfavorable since the cop
per substrate retains its fcc structure. We gener
ally find from our simulations a separation of 5-10 
(112)bee planes between the twinning planes. The 
same width has been found in simulations of sys
tems with lateral sizes of 10, 15, 30 and 40 lattice 
constants. This shows that the width of the stripes is 
not influenced by finite-size effects, but is determined 
by the transformation process and elastic energies. 
If one compares Figs. 3 and 4, one can see that the 

o o o o o 
o 0 

o 

o o o o 
o 0 

o o o o 
Fig. 5. Formation of (110)b" hexagons (full circles) in 
Pitsch orientation from a (OOl)'ee plane (open circles). 

close-packed [llOhee direction is transformed into the 
[1l1]bee direction without any rotation. This orien
tational relationship combined with the plane condi
tion (OOl)fee II (llO)bee, given by the fihn geometry, is 
called the Pitsch orientation?6 It has experimentally 
been observed by Wuttig et al.7 in their scanning
tunneling-microscopy investigations of Fe/Cu(OOI). 
These authors also report the formation of twin vari
ants similar to those we find in our simulations. The 
orientational relationships are further illustrated by 
Fig. 5, which schematically shows two variants of the 
distorted hexagons of the (001 )bee planes in compari
son to the (OOl)fee planes. The lattice constants have 
been chosen in such a manner that the atomic vol
umes of the two structures are equal, which nearly 
meets the situation of bcc iron and fcc copper. From 
Fig. 5 it can be seen that two other crystallograph
ically equivalent variants of the bcc structure could 
be formed. However, due to the finite size of the sys
tems, only two variants occurred simultaneously in 
the simulations. 

The amount of iron atoms transformed from fcc 
into bcc, which we found in our simuiations, depends 
both on temperature and on the thickness of the film. 
In Table 1 we present the results which we obtained 
from simulations of Fe films on Cu(OOI) with 2% va
cancies at 50 and 300 K. The fcc structure remained 
more or less stable in both fihns at the higher tem
perature (the small fractions of a-Fe we observed are 
probably artefacts of diffusion processes), whereas 
at 50 K both filrns partially transformed into the 
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Table 1. Percentage of iron 
transformed from fcc into bee 
in a FejCu(OOl) film with 2% 
vacancies after a simulation 
time of 9 ps. 

MLFe 

7 
15 

50 K 

13.68% 
43.28% 

300 K 

0.49% 
0.03% 

bee structure, with the thicker fihn showing a signifi
cantly higher amount of a-Fe. This behavior reflects 
the experhnental observation that the fcc structure 
of Fe/Cu(OOl) gets more and more unstable with 
increasing film thickness and/or decreasing tempera
ture. However, some differences between our simula
tions and experimental results have to be noted. In 
contra.st to our simulations, most experimental in
vestigations did not show a stable fcc structure in 
films with a thickness of 15 ML Fe/Cu(OOl) at room 
temperature. Different results are probably related 
to higher background pressures. This discrepancy is 
probably caused by the permanent perturbation of 
the surface and the unavoidable presence of surface 
steps under experimental conditions. The neglect of 
these effects might artificially stabilize the fcc struc
ture in the simulation. So far the small fraction of 
a-Fe we found in the thin film at 50 K has also not 
been observed in experiments. The corresponding 
bcc regions appear directly at the surface of the film. 
It is, therefore, likely that they are connected with 
the wrong interlayer relaxation at the surface and 
are caused by the insufficient treatment of magnetic 
effects by our model. 

So far we have presented only results obtained 
from configurations containing 2 % vacancies. Simu
lations using configurations without defects yielded 
somewhat different results. In Table 2 the amount 
of transformed iron atoms in these films is reported. 
From this table it can be seen that the amount 
of transformed iron atoms in these perfect films is 
strongly reduced with respect to Table 1. More seri
ous than this difference in the amount of transformed 
iron, however, is the fact that the orientational rela
tionship, which we observed in the films with defects, 
does not hold for the perfect fihns. While still the 
(OOl),cc planes are transformed into (IlO)bcc planes, 
i.e. (OOl)fcc II (IlOhcc, the relationship [100hcc II 

Table 2. Percentage of iron 
transformed from fcc into bee 
in a FejCu(OOl) film without 
vacancies after a simulation 
time of 9 ps. 

MLFe 

7 
15 

50 K 

1.32% 
17.93% 

300 K 

0.00% 
0.00% 

[110]bcc holds instead of [IlOhcc II [111]bcc. These 
orientational relationships correspond exactly to the 
well known purely distortive Bain transformation. A 
schematic view of both possible variants is given in 
Fig. 6. However, we did not observe the formation of 
a twinned structure, but instead growth of symmet
rically arranged isolated islands of a-Fe within the 
matrix of 1'-Fe. 

An explanation of the different transformation 
behavior of films with and without defects might be 
given by the total displacement of the atoms dur
ing the transformation. The energy of the interface 
between a region of a-Fe and the copper substrates 
or the surrounding 1'-Fe matrix should be approx
imately proportional to the square of the displace
ment (misfit) of the atoms. The sum of the squared 
displacements of the atoms of one hexagon in Fig. 5 
is 0.24 in terms of the fcc lattice constant, while in 
Fig. 6 it is only 0.14 (the sum of the absolute val
ues of the displacements are 1.02 and 0.89 fcc lattice 
constants, respectively). Therefore, it is clear that 

o o o o 
o 0 

o 000 

o 
o 0 

o o o o o 
Fig. 6. Formation of (1l0h,c hexagons (full circles) in 
Bain orientation from a (OOl)ecc plane (open circles). 
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the system without vacancies prefers the transforma
tion according to Fig. 6. However, what is then the 
reason for the different behavior of FejCu(OOl) with 
defects? The vacancies give the system much more 
freedom to shield the elastic stress originating from 
the interface. Thus, the influence of other factors 
on the transformation path might grow due to the 
presence of defects. An important difference between 
the Pitsch orientation and the Bain orientation is the 
fact that the Pitsch orientation is a shearlike trans
formation while the Bain transformation is purely 
distortive. Hence the Pitsch orientation might be 
realized in systems with defects due to a lower acti
vation energy along the transformations path. An
other advantage of the Pitsch orientation is that it 
leads to the formation of long homogeneous stripes. 
The resulting twin structure requires much less in
terface energy between the different variants of a-Fe 
than the spotlike islands formed in the case of the 
Bain transformation. 

Our explanation of the transformation behav
ior given· above is supported by simulations of Fe/ 
Ni(OOI),27 similar to the simulations presented in 
this work. In these simulations the Bain orientation 
occurs only as an intermediate phenomenon during 
the precipitation of the transformation. With an 
increasing amount of a-Fe, more and more regions 
of the system switch to the Pitsch orientation. After 
the transformation is completed, only this orienta
tion is present, regardless of the presence of vacan
cies. On the Ni substrate the sum of the squared 
displacements of the atoms at the interface gives 
values of 0.21 and 0.12 for the Pitsch and the Bain 
orientation, respectively (the same units as before). 
Thus, according to our arguments, the realization 
of the Pitsch orientation on the nickel substrate 
requires less energy than on the copper substrate 
and can even be realized without the help of the 
vacancies. 

3.2. Fe on Cu(lll) 

From simulations of Fe/Cu(lll) films containing 2% 
vacancies we found that ,),-Fe is generally less stable 
on this surface than on Cu( 001). The amount of iron 
transformed into the bee structure in these films is 
presented in Table 3. The presence of smaIl amounts 
of a-Fe at 300 K and in the thin film at 50 K should 
have the same reasons as in the case of Fe/Cu(OOI), 

Table 3. Percentage of iron 
transformed from fcc into bee 
in a Fe/Cu(lll) film with 2% 
vacancies after a simulation 
time of 9 ps. 

MLFe 

6 
14 

50 K 

8.43% 
91.673% 

300 K 

1.10% 
1.46% 

which have already been discussed. The orienta
tional relationships we observed in these simulations 
are (lll)fcc II (llOhcc and [110lrcc II [1l1]bcc, which 
is the Kurdjumov-Sachs orientation. This is in 
accordance with experimental observations.3 ,lo.!! 

As in the case of Fe/Cu(OOl) (with defects), the 
structural transformation in the simulations of Fe/ 
Cu(lll) led to the formation of two variants of the 
bee structure forming a twin system. Here, too, the 
finite size of the system prohibited the formation of 
all crystalIographicalIy equivalent variants. In Fig. 7 
we show the formation of the distorted hexagon of 
the (llO)bcc planes in comparison to a (111)fcc plane. 
As before, the lattice constants have been chosen in 
order to get the same atomic volume in the two struc
tures. The sum of the squared displacements of the 
atoms of one hexagon in Fig. 7 is 0.06 in terms of 

o o o 
o o o 

o 
o o o 

o 
o o 

o 
o o o 

o 
o o o 

o o o 
Fig. 7. Formation of (llO)b" hexagons (full circles) in 
Kurdjumov-Sachs orientation from a (111)rcc plane (open 
circles). 

TDK Corporation     Exhibit 1006/C     Page 7



42 K. Kadau, R. Meyer & P. Entel 

the fcc lattice constant (the sum of the absolute 
displacements is 0.52 fcc lattice constants). These 
values are significantly lower than in the case of 
Fe/Cu(OOl). Therefore, according to the arguments 
given above, the stronger tendencies of Fe/Cu(lll) 
to accomplish the structural transformation can be 
explained by a lower interface energy. 

4. Summary and Conclusions 

We have done MD simulations of thin films of iron on 
Cu(OOl) and CU(lll) substrates using a semiempiri
cal EAM model. In these simulations we were able to 
reproduce the basic properties of the experimentally 
observed structural transformation from /,-Fe into a
Fe in such films. In particular, we found a growing 
tendency of the films to undergo the transformation 
with increasing film thickness and decreasing tem
perature. Minor differences between experimental 
results and our simulations can be explained by the 
neglect of the growth process during the simnlations 
and the insufficient treatment of magnetism by the 
EAM model in our calculations. 

We have analyzed the local atomic environ
ment of configurations resulting from simulations of 
Fe/Cu(OOl). This analysis revealed that actually 
only a part of the iron atoms transformed into the 
bcc structure. A visualization of the atomic config
uration showed that the amount of a-iron is high
est near the surface of the film and decreases in 
its interior. In these simulations the experimen
tally observed Pitsch orientation was reallzed as long 
as defects (vacancies) were present in the system. 
During the transformation, stripes of two crystal
lographically equivalent variants of the bcc struc
ture were formed, which are separated by twinning 
boundaries. Experimentally, a similar structure has 
been found in STM investigations.7 In contrast to 
this, simulations of perfect films without vacancies 
led to different results. In this case the structural 
transformation was accomplished by a purely dis
tortive Bain transformation and no twin system was 
formed. This emphasizes the influence of defects on 
the properties of structural transformations. 

Simulations of Fe/Cu(lll) showed a significantly 
reduced stability of the fcc structure in comparison 
to the simulations of Fe/Cu(OOl). In these films 
the bcc structure grew in the Kurdjumov-Sachs ori
entation and again the formation of a twin sys~ 

tern was observed. It is rather remarkable that 
the simulations of thin films on both substrates 
revealed the experimentally observed orientational 
relationships. 

The different transformation paths realized in our 
simulations can be explained in a hand-waving man
ner by considerations of the total displacement of 
the atoms during the transformation. From this we 
conclude that especially the energy required by the 
formation of an interface between a-iron and the sub
strate is rather crucial for the structural stability of 
the films. The films remain stable until this inter
face energy is balanced by the structural energy dif
ference between a- and ')'-Fe growing with increasing 
film thickness and decreasing temperature. 
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SPIN VALVE SENSOR WITH STABLE 
ANTIPARALLEL PINNED LAYER 

STRUCTURE EXCHANGE COUPLED TO A 
NICKEL OXIDE PINNING LAYER 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to a spin valve sensor With 
a stable antiparallel pinned layer structure exchange coupled 
to a nickel oxide pinning layer and, more particularly, to an 
antiparallel pinned layer structure Which has at least ?rst and 
second antiparallel pinned layers Wherein at least one of the 
antiparallel pinned layers includes a thin ?lm that has 
positive magnetostriction. 

2. Description of the Related Art 
A high performance read head employs a spin valve 

sensor for sensing magnetic ?elds on a moving magnetic 
medium, such as a rotating magnetic disk or a linearly 
moving magnetic tape. The sensor includes a nonmagnetic 
electrically conductive ?rst spacer layer sandWiched 
betWeen a ferromagnetic pinned layer and a ferromagnetic 
free layer. An antiferromagnetic pinning layer interfaces the 
pinned layer for pinning the magnetic moment of the pinned 
layer 90° to an air bearing surface (ABS) Which is an 
exposed surface of the sensor that faces the magnetic 
medium. First and second leads are connected to the spin 
valve sensor for conducting a sense current therethrough. 
The magnetic moment of the free layer is free to rotate in 
positive and negative directions from a quiescent or bias 
point position in response to positive and negative magnetic 
?elds from a moving magnetic medium. The quiescent 
position is the position of the magnetic moment of the free 
layer When the sense current is conducted through the sensor 
Without magnetic ?eld signals from a rotating magnetic disk. 
The quiescent position of the magnetic moment of the free 
layer is preferably parallel to the ABS. If the quiescent 
position of the magnetic moment is not parallel to the ABS 
the positive and negative responses of the free layer Will not 
be equal Which results in read signal asymmetry Which is 
discussed in more detail hereinbeloW. 

The thickness of the spacer layer is chosen so that 
shunting of the sense current through the sensor and a 
magnetic coupling betWeen the free and pinned layers are 
minimiZed. This thickness is less than the mean free path of 
electrons conducted through the sensor. With this 
arrangement, a portion of the conduction electrons are 
scattered by the interfaces of the spacer layer With the pinned 
and free layers. When the magnetic moments of the pinned 
and free layers are parallel With respect to one another 
scattering is minimal and When their magnetic moments are 
antiparallel scattering is maximiZed. An increase in scatter 
ing of conduction electrons increases the resistance of the 
spin valve sensor and a decrease in scattering of the con 
duction electrons decreases the resistance of the spin valve 
sensor. Changes in resistance of the spin valve sensor is a 
function of cos 6, Where 6 is the angle betWeen the magnetic 
moments of the pinned and free layers. This resistance, 
Which changes due to changes in scattering of conduction 
electrons, is referred to in the art as magnetoresistance 
(MR). A spin valve sensor has a signi?cantly higher mag 
netoresistive (MR) coef?cient than an anisotropic magne 
toresistive (AMR) sensor. For this reason it is sometimes 
referred to as a giant magnetoresistivc (GMR) sensor. Mag 
netoresistive coefficient is dr/R Where dr is the difference in 
resistance betWeen minimum resistance, Where the magnetic 
moments of the free and pinned layers are parallel, and 
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maximum resistance, Where the magnetic moments of the 
free and pinned layers are antiparallel, and R is the minimum 
resistance, Where the magnetic moments of the free and 
pinned layers are parallel. 
When a spin valve sensor employs a single pinned layer 

it is referred to as a simple spin valve. Another type of spin 
valve sensor is an antiparallel pinned spin valve sensor. 
The AP pinned spin valve sensor differs from the simple spin 
valve sensor in that an AP pinned structure has multiple thin 
?lm layers instead of a single pinned layer. The AP pinned 
structure has an AP coupling layer sandWiched betWeen ?rst 
and second ferromagnetic pinned layers. The ?rst pinned 
layer has its magnetic moment oriented in a ?rst direction by 
exchange coupling to the antiferromagnetic pinning layer. 
The second pinned layer is immediately adjacent to the 
spacer layer and is antiparallel coupled to the ?rst pinned 

layer because of the minimal thickness (in the order of 8 of the AP coupling ?lm. Accordingly, the magnetic moment 

of the second pinned layer is oriented in a second direction 
that is antiparallel to the direction of the magnetic moment 
of the ?rst pinned layer. 
The AP pinned structure is preferred over the single 

pinned layer because the magnetic moments of the ?rst and 
second pinned layers of the AP pinned structure subtrac 
tively combine to provide a net magnetic moment that is less 
than the magnetic moment of the single pinned layer. The 
direction of the net moment is determined by the thicker of 
the ?rst and second pinned layers. A reduced net magnetic 
moment equates to a reduced demagnetiZation (demag) ?eld 
from the AP pinned structure. Since the antiferromagnetic 
exchange coupling is inversely proportional to the net pin 
ning moment, this increases exchange coupling betWeen the 
?rst pinned layer and the pinning layer. The AP pinned spin 
valve sensor is described in commonly assigned US. Pat. 
No. 5,465,185 to Heim and Parkin Which is incorporated by 
reference herein. 
The ?rst and second pinned layers of the AP pinned 

structure are typically made of cobalt (Co). Unfortunately, 
cobalt has high coercivity, high magnetostriction and loW 
resistance. When the ?rst and second pinned layers of the AP 
pinned structure are formed they are sputter deposited in the 
presence of a magnetic ?eld that is oriented perpendicular to 
the ABS. This sets the easy axis (e.a.) of the pinned layers 
perpendicular to the ABS. During a subsequent making of 
the magnetic head, the AP pinned structure is subjected to 
magnetic ?elds that are directed parallel to the ABS. These 
?elds can cause the magnetic moment of the ?rst pinned 
layer to sWitch from a desirable ?rst direction perpendicular 
to the ABS to an undesirable second direction Which is not 
perpendicular to the ABS. The same occurs to the second 
pinned layer of the AP pinned structure. If the coercivity of 
the ?rst pinned layer of the AP pinned structure is higher 
than the exchange coupling betWeen the ?rst pinned layer 
and the pinning layer the exchange coupling Will not return 
the magnetic moment of the ?rst pinned layer to its original 
direction. This ruins the read head. This problem can occur 
during operation of the magnetic head in a disk drive When 
a magnetic ?eld stronger than the exchange ?eld of the ?rst 
pinned layer of the AP pinned structure is exerted on the read 
head. 

Efforts continue to increase the MR coef?cient (dr/R) of 
GMR heads. An increase in the MR coef?cient equates to 
higher bit density (bits/square inch of the rotating magnetic 
disk) read by the read head. When these efforts are under 
taken it is important that the coercivity (HC) of the pinned 
layer next to the pinning layer not exceed the exchange 
coupling ?eld therebetWeen. 
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SUMMARY OF THE INVENTION 

The present invention provides a highly stabilized anti 
parallel pinned layer structure Which is exchange 
coupled to a nickel oxide (NiO) pinning layer. At least one 
of the AP pinned layers includes a thin ?lm composed of a 
material that has a positive magnetostriction. In an embodi 
ment of the invention, Where only one of the AP pinned 
layers has a thin ?lm composed of a material having positive 
magnetostriction, the AP pinned layer structure is exchange 
coupled to the nickel oxide (NiO) pinning layer. With this 
arrangement the AP pinned layer that is exchange coupled to 
the nickel oxide (NiO) pinning layer has a stress induced 
uniaxial anisotropy Which is oriented perpendicular to the 
surface planes of the layers of the spin valve sensor. This 
uniaxial anisotropy promotes a pinning of the magnetic 
moment of the AP pinned layer perpendicular to the planes 
of the layers caused by the exchange coupling of the AP 
pinned layer to the nickel oxide (NiO) pinning layer. The 
stress induced uniaxial anisotropy of the AP pinned layer is 
in the same direction as the orientation of the magnetic 
moment of the AP pinned layer due to the exchange coupling 
With the nickel oxide pinning layer. Accordingly, When the 
pinning strengths of the nickel oxide (NiO) pinning layer is 
degraded in a magnetic disk drive With operating tempera 
tures as high as 150° C. the stress induced anisotropy, due to 
the positive magnetostriction of the ?lm in the AP pinned 
layer exchange coupled to the nickel oxide (NiO) pinning 
layer, maintains the orientation of the magnetic moment of 
the AP pinned layer perpendicular to the planes of the layers 
of the spin valve sensor. 

In my investigation I found that When the positive mag 
netostriction ?lm of the AP pinned layer interfaces the AP 
coupling layer, Which is typically ruthenium (Ru), the per 
formance of the spin valve sensor is degraded. This has been 
overcome by providing the AP pinned layer With a thin ?lm 
of cobalt (Co) or cobalt iron (CoFe) betWeen the positive 
magnetostriction thin ?lm and the ruthenium (Ru) AP cou 
pling layer. I further found that When the positive magne 
tostriction thin ?lm is a material other than nickel iron 
(NiFe) the performance of the spin valve sensor is degraded 
When the positive magnetostriction thin ?lm interfaces the 
nickel oxide (NiO) pinning layer. This problem has been 
overcome by providing the AP pinned layer With a nickel 
iron (NiFe) thin ?lm betWeen the positive magnetostriction 
thin ?lm and the nickel oxide (NiO) pinning layer. 

In a preferred embodiment the second AP pinned layer, 
Which interfaces the spacer layer, also includes a thin ?lm 
layer that has positive magnetostriction. This further sup 
ports pinning of the ?rst AP pinned layer by antiparallel 
exchange coupling betWeen the ?rst and second AP pinned 
layers. In the same manner as the ?rst AP pinned layer the 
second AP pinned layer may include a thin ?lm of cobalt 
(Co) or cobalt iron (CoFe) betWeen the positive magneto 
striction thin ?lm and the AP coupling layer of ruthenium 
(Ru). I have further enhanced the performance of the spin 
valve sensor by providing the second AP pinned layer With 
a third thin ?lm Which distinguishes it from the ?rst AP 
pinned layer. The second AP pinned layer may be provided 
With a thin ?lm of cobalt (Co) or cobalt iron (CoFe) betWeen 
the positive magnetostriction thin ?lm and the copper (Cu) 
spacer layer. The preferred AP pinned layer structure 
includes all of the thin ?lms, as described hereinabove, 
exchange coupled to a nickel oxide (NiO) pinning layer. 
HoWever, in a broad aspect of the invention only one of the 
AP pinned layers has a positive magnetostriction thin ?lm, 
With or Without the other thin ?lms, exchange coupled to 
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pinning layers Which may be composed of antiferromagnetic 
materials other than nickel oxide (NiO). The above arrange 
ment may be applied to either a top or a bottom spin valve 
sensor Wherein the pinning layer is at the bottom or at the top 
respectivity of the spin valve sensor. Further, the present 
invention applies to a single pinned layer structure Which 
includes a positive magnetostriction thin ?lm and a thin ?lm 
of cobalt (Co) or cobalt iron (CoFe) located betWeen the 
positive magnetostriction thin ?lm and the copper (Cu) 
spacer layer. This single pinned layer structure may further 
include a thin ?lm of nickel iron (NiFe) betWeen the positive 
magnetostriction thin ?lm and the nickel oxide (NiO) pin 
ning layer When the positive magnetostriction thin ?lm is 
composed of a material other than nickel iron (NiFe). 
An object of the present invention is to provide an 

antiparallel pinned layer structure Which has a net 
positive stress induced uniaxial anisotropy that supplements 
a pinning ?eld betWeen the pinned layer structure and a 
pinning layer. 

Another object is to provide a highly stable antiparallel 
pinned layer structure that is exchange coupled to a nickel 
oxide (NiO) pinning layer during operating temperatures of 
the AP pinned layer structure in a magnetic disk drive. 
A further object is to provide one or both of the AP pinned 

layers of an AP pinned layer structure With a thin ?lm 
composed of a positive magnetostriction material. 

Other objects and attendant advantages of the invention 
Will be appreciated upon reading the folloWing description 
taken together With the accompanying draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a plan vieW of an exemplary magnetic disk drive; 
FIG. 2 is an end vieW of a slider With a magnetic head of 

the disk drive as seen in plane 2—2; 

FIG. 3 is an elevation vieW of the magnetic disk drive 
Wherein multiple disks and magnetic heads are employed; 

FIG. 4 is an isometric illustration of an exemplary sus 
pension system for supporting the slider and magnetic head; 

FIG. 5 is an ABS vieW of the magnetic head taken along 
plane 5—5 of FIG. 2; 

FIG. 6 is a partial vieW of the slider and a piggyback 
magnetic head as seen in plane 6—6 of FIG. 2; 

FIG. 7 is a partial vieW of the slider and a merged 
magnetic head as seen in plane 7—7 of FIG. 2; 

FIG. 8 is a partial ABS vieW of the slider taken along 
plane 8—8 of FIG. 6 to shoW the read and Write elements of 
the piggyback magnetic head; 

FIG. 9 is a partial ABS vieW of the slider taken along 
plane 9—9 of FIG. 7 to shoW the read and Write elements of 
the merged magnetic head; 

FIG. 10 is a vieW taken along plane 10—10 of FIGS. 6 or 
7 With all material above the coil layer and leads removed; 

FIG. 11 is an isometric ABS illustration of a read head 
Which employs an AP pinned spin valve (SV) sensor; 

FIG. 12 is an ABS illustration of the present AP pinned 
structure in a bottom spin valve sensor; 

FIG. 13 is an ABS illustration of the present AP pinned 
layer structure in a top spin valve sensor; 

FIG. 14 is an ABS illustration of the ?rst AP pinned layer 
With a positive magnetostriction thin ?lm of Ni45Fe55; 

FIG. 15 is an ABS illustration of the ?rst AP pinned layer 
With a positive magnctostriction thin ?lm composed of 
nickel iron niobium (NiFeNb); 
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FIG. 16 is an ABS illustration of a ?rst AP pinned layer 
With a positive magnetostriction thin ?lm composed of 
nickel cobalt (Ni50Co5O); and 

FIG. 17 is an ABS illustration of a single pinned layer 
structure having a positive magnetostriction thin ?lm in a 
spin valve sensor. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

MAGNETIC DISK DRIVE 

Referring noW to the draWings Wherein like reference 
numerals designate like or similar parts throughout the 
several vieWs, FIGS. 1—3 illustrate a magnetic disk drive 30. 
The drive 30 includes a spindle motor 32 that supports and 
rotates a magnetic disk 34. The spindle 32 is rotated by a 
motor 36 that is controlled by a motor controller 38. A slider 
42 With a combined read and Write magnetic head 40 is 
supported by a suspension 44 and actuator arm 46 Which is 
selectively rotatably positioned by an actuator 47. A plural 
ity of disks, sliders and suspensions may be employed in a 
large capacity direct access storage device (DASD) as 
shoWn in FIG. 3. The suspension 44 and actuator arm 46 
position the slider 42 so that the magnetic head 40 is in a 
transducing relationship With a surface of the magnetic disk 
34. When the disk 34 is rotated by the motor 36 the slider is 
supported on a thin (typically, 0.05 pm) cushion of air (air 
bearing) betWeen the surface of the disk 34 and the air 
bearing surface (ABS) 48. The magnetic head 40 may then 
be employed for Writing information to multiple circular 
tracks on the surface of the disk 34, as Well as for reading 
information therefrom. Processing circuitry 50 eXchanges 
signals, representing such information, With the head 40, 
provides motor drive signals for rotating the magnetic disk 
34, and provides control signals to the actuator 47 for 
moving the slider to various tracks. In FIG. 4 the slider 42 
is shoWn mounted to a suspension 44. The components 
described hereinabove may be mounted on a frame 54 of a 
housing, as shoWn in FIG. 3. 

FIG. 5 is an ABS vieW of the slider 42 and the magnetic 
head 40. The slider has a center rail 56 that supports the 
magnetic head 40, and side rails 58 and 60. The rails 56, 58 
and 60 eXtend from a cross rail 62. With respect to rotation 
of the magnetic disk 34, the cross rail 62 is at a leading edge 
64 of the slider and the magnetic head 40 is at a trailing edge 
66 of the slider. 

FIG. 6 is a side cross-sectional elevation vieW of a 
piggyback magnetic head 40, Which includes a Write head 
portion 70 and a read head portion 72, the read head portion 
employing a spin valve sensor 74 of the present invention. 
FIG. 8 is an ABS vieW of FIG. 6. The spin valve sensor 74 
is sandWiched betWeen nonmagnetic electrically insulative 
?rst and second read gap layers 76 and 78, and the read gap 
layers are sandWiched betWeen ferromagnetic ?rst and sec 
ond shield layers 80 and 82. In response to external magnetic 
?elds, the resistance of the spin valve sensor 74 changes. A 
sense current IS conducted through the sensor causes these 
resistance changes to be manifested as potential changes. 
These potential changes are then processed as readback 
signals by the processing circuitry 50 shoWn in FIG. 3. 

The Write head portion 70 of the magnetic head 40 
includes a coil layer 84 sandWiched betWeen ?rst and second 
insulation layers 86 and 88. A third insulation layer 90 may 
be employed for planariZing the head to eliminate ripples in 
the second insulation layer caused by the coil layer 84. The 
?rst, second and third insulation layers are referred to in the 
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art as an “insulation stac ”. The coil layer 84 and the ?rst, 
second and third insulation layers 86, 88 and 90 are sand 
Wiched betWeen ?rst and second pole piece layers 92 and 94. 
The ?rst and second pole piece layers 92 and 94 are 
magnetically coupled at a back gap 96 and have ?rst and 
second pole tips 98 and 100 Which are separated by a Write 
gap layer 102 at the ABS. An insulation layer 103 is located 
betWeen the second shield layer 82 and the ?rst pole piece 
layer 92. Since the second shield layer 82 and the ?rst pole 
piece layer 92 are separate layers this head is knoWn as a 
piggyback head. As shoWn in FIGS. 2 and 4, ?rst and second 
solder connections 104 and 106 connect leads from the spin 
valve sensor 74 to leads 112 and 114 on the suspension 44, 
and third and fourth solder connections 116 and 118 connect 
leads 120 and 122 from the coil 84 (see FIG. 8) to leads 124 
and 126 on the suspension. 

FIGS. 7 and 9 are the same as FIGS. 6 and 8 eXcept the 
second shield layer 82 and the ?rst pole piece layer 92 are 
a common layer. This type of head is knoWn as a merged 
magnetic head. The insulation layer 103 of the piggyback 
head in FIGS. 6 and 8 is omitted. 

FIG. 11 is an isometric ABS illustration of the read head 
72 shoWn in FIGS. 6 or 8. The read head 72 includes the 
present spin valve sensor 130 Which is located on an 
antiferromagnetic (AFM) pinning layer 132. A ferromag 
netic pinned layer in the spin valve sensor 130, Which is to 
be described hereinafter, has a magnetic moment that is 
pinned by the magnetic spins of the pinning layer 132. The 
AFM pinning layer may be 425 A of nickel oXide (NiO). 
First and second hard bias and lead layers 134 and 136 are 
connected to ?rst and second side edges 138 and 140 of the 
spin valve sensor. This connection is knoWn in the art as a 
contiguous junction and is fully described in commonly 
assigned US. Pat. No. 5,018,037 Which is incorporated by 
reference herein. The ?rst hard bias and lead layers 134 
include a ?rst hard bias layer 140 and a ?rst lead layer 142 
and the second hard bias and lead layers 136 include a 
second hard bias layer 144 and a second lead layer 146. The 
hard bias layers 140 and 144 cause magnetic ?elds to eXtend 
longitudinally through the spin valve sensor 130 for stabi 
liZing the magnetic domains therein. The AF M pinning layer 
132, the spin valve sensor 130 and the ?rst and second hard 
bias and lead layers 134 and 136 are located betWeen 
nonmagnetic electrically insulative ?rst and second read gap 
layers 148 and 150. The ?rst and second read gap layers 148 
and 150 are, in turn, located betWeen ferromagnetic ?rst and 
second shield layers 152 and 154. 

THE PRESENT INVENTION 

FIG. 12 shoWs an ABS illustration of a preferred embodi 
ment 200 of the present spin valve sensor. The spin valve 
sensor 200 includes a spacer layer (S) 202 Which is located 
betWeen an antiparallel pinned layer structure 204 and 
a free layer structure Which may include ?lms 206 and 
207. On top of the free layer 206 is a cap layer 208 for 
protecting the free layer from subsequent formations of 
layers of the read head. The free layer structure 206 and 207 
has a magnetic moment 210 Which is directed parallel to the 
ABS in a quiescent state (no signal ?eld), either from right 
to left or from left to right, as shoWn in FIG. 12. The AP 
pinned layer structure 204 has a magnetic moment 212 
Which is pinned perpendicular to the ABS, either aWay from 
the ABS or toWard the ABS, as shoWn in FIG. 12. When a 
signal ?eld from a track of a rotating magnetic disk rotates 
the magnetic moment 210 upWardly the magnetic moments 
210 and 212 become more antiparallel, Which increases the 
resistance of the spin valve sensor and When the signal ?eld 
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from the track of a rotating magnetic disk rotates the 
magnetic moment 210 downwardly the magnetic moments 
210 and 212 become more parallel, Which decreases the 
resistance of the spin valve sensor. In a sense current IS 
circuit these resistance changes are manifested as potential 
changes Which are processed as playback signals by the 
processing circuitry shoWn in FIG. 3. 

The AP pinned layer structure 204 may include ?rst and 
second AP pinned layers (AP1) and (AP2) 214 and 218. The 
?rst AP pinned layer 214 includes a ?rst thin ?lm 220 Which 
is composed of a material that has a positive magnetostric 
tion (+MS). The ?rst AP pinned layer 214 is exchange 
coupled to an antiferromagnetic pinning layer 222, Which is 
composed of nickel oxide, Which pins a magnetic moment 
224 of the positive magnetostriction ?rst thin ?lm 220 
perpendicular to and aWay from the ABS, as shoWn in FIG. 
12. 

In prior art AP pinned layers, Which do not employ a 
positive magnctostriction thin ?lm 220, the pinning of the 
magnetic moment 224 is not stable When the read sensor 
reaches operating temperatures as high as 150° C. in a 
magnetic disk drive. While a blocking temperature of the 
nickel oxide (NiO) pinning layer 222 is 215°—225° C., there 
is a blocking temperature distribution Where magnetic spins 
of the pinning layer are free to rotate beloW the blocking 
temperature. Blocking temperature is the temperature at 
Which all of the magnetic spins of the pinned layer are no 
longer pinned by the pinning layer. Unfortunately, there is a 
percentage of the blocking temperature distribution that is at 
and beloW 150° C. Which means that a percentage of the 
magnetic spins of the pinning layer are free to rotate at these 
temperatures. This causes the pinning strengths betWeen the 
pinning layer 222 and the ?rst AP pinned layer 214 to be 
degraded alloWing extraneous ?elds to relocate the magnetic 
moment 224 in an orientation that is not perpendicular to the 
ABS. If the coercivity (HC) of the ?rst AP pinned layer 214 
is greater than the pinning strength, the pinning layer 222 
Will not have suf?cient pinning strength to bring the mag 
netic moment 224 back to its perpendicular orientation, as 
shoWn in FIG. 12. 
By providing the ?rst AP pinned layer 214 With the 

positive magnetostriction thin ?lm 220 the ?rst AP pinned 
layer 214 has a stress induced uniaxial anisotropy Which 
supports the pinning of the magnetic moment 224 in its 
orientation shoWn in FIG. 12. This is made possible due to 
the fact that after lapping the magnetic head structure the 
layers of the spin valve sensor 200 are in compression 
parallel to the ABS. This is exempli?ed at 226 for the top cap 
layer 226 and is the same for the layers therebeloW, includ 
ing the AP pinned layer structure 204. Because of the 
compression, the positive magnetostriction of the thin ?lm 
220 causes the easy axis 228 of the positive magnetostriction 
thin ?lm 220 to be perpendicular to the ABS. Accordingly, 
When the pinning layer 222 pins the magnetic moment 224 
perpendicular to and aWay from the ABS there is a stress 
induced uniaxial anisotropy Which is oriented in the same 
direction. If the pinning layer 222 pins the thin ?lm layer 220 
perpendicular to and toWard the ABS the stress induced 
anisotropy Would be in the same direction, namely perpen 
dicular to and toWard the ABS. The stress induced uniaxial 
anisotropy ?nds its orientation When the magnetic spins of 
the pinning layer 222 are reset by applying a magnetic ?eld 
to the ?rst AP pinned layer Which orients the magnetic 
moment of the thin ?lm 220 perpendicular to and aWay from 
the ABS, as shoWn in FIG. 12. 

The AP pinned layer structure 214, 224 includes an 
antiparallel coupling layer 230 Which is located 
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betWeen the ?rst and second AP pinned layers 214 and 218. 
I found that When the positive magnetostriction thin ?lm 220 
interfaces the AP coupling layer 230, Which is typically 
composed of ruthenium (Ru), that the performance of the 
spin valve sensor is degraded. I have overcome this problem 
by providing a thin ?lm of cobalt (Co) or cobalt iron (CoFe) 
betWeen the positive magnetostriction thin ?lm 220 and the 
AP coupling layer 230. Further, I found that When the 
positive magnetostriction layer 220 interfaces the nickel 
oxide (NiO) pinning layer 222 that the performance of the 
spin valve sensor is degraded. I have overcome this problem 
by providing the ?rst AP pinned layer 214 With a nickel iron 
(NiFe) thin ?lm 234 Which is located betWeen the positive 
magnetostriction thin ?lm 220 and the pinning layer 222. 

In a preferred embodiment the second AP pinned layer 
218 also includes a positive magnetostriction thin ?lm 236. 
Because of the positive magnetostriction of the thin ?lm 236 
this thin ?lm also has an easy axis 238 Which is oriented 
perpendicular to the ABS. By antiparallel coupling betWeen 
the ?rst and second AP pinned layers 214 and 218 the 
magnetic moment 212 of the positive magnetostriction thin 
?lm 236 is oriented perpendicular to toWard the ABS, as 
shoWn in FIG. 12. This causes a stress induced uniaxial 
anisotropy Which is oriented in the same direction for 
supporting the orientation of the magnetic moment 212 
perpendicular to and toWard the ABS. It should be noted that 
because of antiparallel coupling betWeen the ?rst and second 
AP pinned layers 214 and 218 the stress induced uniaxial 
anisotropy of the second AP pinned layer 218 Will addition 
ally support the orientation of the magnetic moment 224 of 
the positive magnetostriction ?lm 220 perpendicular to and 
aWay from the ABS. This is particularly important When the 
spin valve sensor reaches operating temperatures of the disk 
drive Which reduces the pinning strength betWeen the nickel 
oxide (NiO) pinning layer 222 and the positive magneto 
striction thin ?lm 220. Accordingly, the present AP pinned 
layer structure 224 is highly stabiliZed by employing a 
positive magnetostriction thin ?lm in each of the ?rst and 
second AP pinned layers 214 and 218. 

For the same reason as explained for the ?rst AP pinned 
layer 214 a thin ?lm of cobalt (Co) or cobalt iron (CoFe) 240 
is provided betWeen the positive magnetostriction thin ?lm 
236 and the AP coupling layer 230 for improving the 
performance of the spin valve sensor. In a preferred embodi 
ment the second AP pinned layer 218 includes a third thin 
?lm Which differs from the thin ?lm 234 employed in the 
?rstAP pinned layer 214. The thin ?lm 242 in the second AP 
pinned layer is located betWeen the positive magnetostric 
tion thin ?lm 236 and the copper (Cu) spacer layer 202. I 
found that the thin ?lm 242 further increases the perfor 
mance of the spin valve sensor. In a preferred embodiment 
the AP pinned layer 204 includes all of the thin ?lms as 
described hereinabove. 

Preferred thicknesses and materials for the layers and thin 
?lms are 425 A of nickel oxide (NiO) for the pinning layer 
222, 5 A of nickel iron (NiFe) for the thin ?lm 234, 15 A to 
20 A of a positive magnetostriction material for the thin ?lm 
220, 5 A of cobalt (Co) or cobalt iron (CoFe) for the thin ?lm 
232, 8 A of ruthenium (Ru) for the AP coupling layer 230, 
5 A of cobalt (Co) or cobalt iron (CoFe), for the thin ?lm 240 
10—20 A of a positive magnetostriction material for the thin 
?lm 236, 10—20 A of cobalt (Co) or cobalt iron (CoFe) for 
the thin ?lm 242, 24 A of copper (Cu) for the spacer layer 
202, 60 A of nickel iron (NiFe) for the free layer ?lm 206 
and 15 A of cobalt iron (CoFe) for the free layer ?lm 207 and 
30 A of tantalum (Ta) for the cap 208. It should be 
understood that the magnetic moments of the thin ?lms 234 
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and 232 Will be oriented in the same direction as the 
magnetic moment 224, and that the magnetic moments of 
the thin ?lms 240 and 242 Will be oriented in the same 
direction as the magnetic moment 212. The thickness of the 
?rst AP pinned layer 214 may be greater or less than the 
thickness of the second AP pinned layer 218. It should be 
noted that the pinning layer 222 is beloW the other layers of 
the spin valve sensor. This means that the layers of the spin 
valve sensor are formed on top of and after the formation of 
the pinning layer 222. This type of spin valve sensor is 
knoWn in the art as a bottom spin valve sensor since the 
pinning layer is located at the bottom of the sensor. 

FIG. 13 shoWs an ABS illustration of another preferred 
embodiment 300 of the present invention Which is the same 
as the embodiment 200 shoWn in FIG. 12, eXcept the AP 
pinned layer structure 204 is turned upside doWn, the spacer 
layer 202 and the free layer structure 206 and 207 are located 
beloW the AP pinned layer structure 204, a seed layer, such 
as a tantalum (Ta) layer 302 10 A—30 A thick, is provided 
betWeen the free layer 206 and 207 and a ?rst gap layer (G1) 
304 and an antiferromagnetic (AFM) pinning layer 222, 
Which may be nickel oXide (NiO), is located above the AP 
pinned layer structure 204. A further difference is that the 
magnetic moment 306 of the ?rst AP pinned layer is 
perpendicular to and toWard the ABS and the magnetic 
moment 308 of the second AP pinned layer is perpendicular 
and aWay from the ABS, as shoWn in FIG. 13. Because of 
the compression 226 the easy aXis 228 and 238 of the 
positive magnetostriction thin ?lms Will be oriented perpen 
dicular to the ABS so that When the magnetic spins of the 
pinning layer 222 are oriented perpendicular to and toWard 
the ABS the positive magnetostriction thin ?lms 220 Will be 
a stress induced uniaXial anisotropy supporting the magnetic 
moment 306 in a direction perpendicular to and toWard the 
ABS and the positive magnetostriction thin ?lm 236 Will 
have a stress induced uniaXial anisotropy that supports the 
orientation of the magnetic moment 308 in a direction 
perpendicular to and aWay from the ABS. The pinning layer 
222 may be composed of an antiferromagnetic material 
other than nickel oXide (NiO), such as alpha iron oXide 
(otFe2O3), nickel manganese (NiMn), iron manganese 
(FeMn), platinum manganese (PtMn) or iridium manganese 
(IrMn). In a preferred embodiment, hoWever, the pinning 
layer 222 is nickel oXide (NiO). Since the pinning layer 222 
is located at the top of the spin valve sensor in FIG. 13, this 
type of spin valve sensor is knoWn in the art as a top spin 
valve sensor. 

Various thin ?lm layers for the ?rst AP pinned layer 214 
in either of the spin valves 200 or 300 in FIGS. 12 and 13 
are shoWn in FIGS. 14, 15 and 16. In each of the embodi 
ments shoWn in FIGS. 14, 15 and 16 a thin ?lm layer of 
nickel iron (Ni8OFe2O) 234 5 A thick is employed betWeen 
the positive magnetostriction thin ?lm 220 and the nickel 
oXide (NiO) pinning layer 222. Further, in each of the 
embodiments shoWn in FIGS. 14, 15 and 16 a thin ?lm of 
cobalt (Co) or cobalt iron (CoFe) is employed betWeen the 
positive magnetostriction thin ?lm 220 and the AP coupling 
layer 230 of ruthenium (Ru). The difference betWeen the 
embodiments in FIGS. 14, 15 and 16 is the material used for 
the positive magnetostriction thin ?lm 220. In the embodi 
ment shoWn in FIG. 14 the positive magnetostriction thin 
?lm 220 is 15 A to 20 A of nickel iron (Ni45Fe55), the 
positive magnetostriction 220 in the embodiment in FIG. 15 
is 15 A to 20 A of nickel iron niobium (NiFeNb) and the 
positive magnetostriction thin ?lm 220 in FIG. 16 is 15 A to 
20 A of nickel cobalt (Nisocoso). Each of these materials for 
the thin ?lm 220 has a positive magnetostriction. The nickel 
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10 
iron (Ni45Fe 5) has a magnetostriction of +5><10_5, the nickel 
iron niobium (NiFeNb) has a magnetostriction of +4><10_5 
and the nickel cobalt (Nisocoso) has a magnetostriction 
of+1—10><10_5. As a comparison, nickel iron (Ni8OFe2O) has 
substantially Zero magnetostriction. In regard to the second 
AP pinned layer 218 in either of the embodiments 200 or 300 
in FIGS. 12 and 13, the materials of the thin ?lms may be 
identical as that shoWn for the ?rst AP pinned layer 214 in 
FIGS. 14, 15 and 16, eXcept the thin ?lm of cobalt (Co) or 
cobalt iron (CoFe) 242 shoWn in FIGS. 12 and 13 is 
substituted for the nickel iron (Ni8OFe2O) thin ?lm 234 in 
FIGS. 14, 15 and 16. 

It has been found that When the positive magnetostriction 
layer 220 interfaces the ruthenium (Ru) AP coupling layer 
230 the strength of the antiparallel coupling betWeen the ?rst 
and second AP pinned layers 214 and 218 is degraded. I 
found that When the positive magnetostriction thin ?lm 220 
is cobalt iron (CoFe) it has a high coercivity (HC) When it 
interfaces the nickel oXide (NiO) pinning layer 222. This 
coercivity (HC) can easily eXceed the pinning strength of the 
pinning layer 222 so that during operating temperatures the 
magnetic moment 224 of the thin ?lm 220 can be sWitched 
from its orientation shoWn in FIGS. 12 and 13 and remain 
at the sWitched position even after termination of the oper 
ating temperature because the coercivity (HC) of the thin 
?lm 220 eXceeds the pinning strength of the pinning layer 
222. HoWever, if the material of the thin ?lm 220 is nickel 
iron (Ni45Fe55) it can interface the nickel oXide (NiO) 
pinning layer 222 Which obviates the need for the nickel iron 
(NiFe) thin ?lm 234. 

FIG. 17 is an ABS illustration of another embodiment 400 
of the spin valve sensor. This spin valve sensor differs from 
the embodiments 200 and 300 in that the pinned layer 
structure 402 is a single pinned layer structure instead of an 
AP pinned layer structure. A spacer layer 404 is located 
betWeen the pinned layer structure 402 and the free layer 
406. A cap layer 408 is located on the free layer 406 for its 
protection from subsequent processing steps. The AP pinned 
layer 402 has a magnetic moment 410 Which is pinned 
perpendicular to and toWard the ABS or aWay from the ABS, 
as shoWn in FIG. 17. The sense current I S is directed from 
left to right so as to support the pinning of the magnetic 
moment 410 in the direction shoWn. 
The pinned layer structure 402 includes a positive mag 

netostriction (+MS) thin ?lm 412 Which has an easy aXis 414 
oriented perpendicular to the ABS because of the compres 
sion 416 Which is manifested in the pinned layer structure 
402. The pinned layer structure 402 includes a thin ?lm 416 
of nickel iron (NiFe) betWeen the positive magnetostriction 
thin ?lm 412 and a nickel oXide (NiO) pinning layer 418. I 
found this thin ?lm 416 to be necessary When the positive 
magnetostriction thin ?lm 412 is cobalt iron (CoFe) so as to 
reduce its coercivity (HC) beloW the pinning strength of the 
pinning layer 418, as discussed hereinabove. Further, I have 
provided a thin ?lm 420 of cobalt (Co) or cobalt iron (CoFe) 
betWeen the positive magnetostriction thin ?lm 412 and the 
copper (Cu) spacer layer 404 for enhancing the performance 
of the spin valve sensor. The thicknesses of the layers and 
thin ?lms of the embodiment 400 are the same as the 
equivalent layers in the embodiments 200 and 300. 

Clearly, other embodiments and modi?cations of this 
invention Will occur readily to those of ordinary skill in the 
art in vieW of these teachings. Therefore, this invention is to 
be limited only by folloWing claims, Which include all such 
embodiments and modi?cations When vieWed in conjunc 
tion With the above speci?cation and accompanying draW 
mgs. 
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I claim: 
1. A magnetic read head having an air bearing surface 

(ABS) comprising: 
a spin valve sensor that includes: 

a ferromagnetic free layer structure having a magnetic 
moment that is free to rotate from a ?rst direction in 
response to signal ?elds from a moving magnetic 
medium; 

a ferromagnetic antiparallel pinned layer struc 
ture; 

an antiferromagnetic (AFM) pinning layer eXchange 
coupled to the AP pinned layer structure for pinning 
a magnetic moment of the AP pinned layer structure 
in a second direction; 

a nonmagnetic conductive spacer layer located betWeen 
the free layer structure and the AP pinned layer 
structure; 

the pinned layer structure including: 
?rst and second antiparallel pinned layers; 
an antiparallel coupling layer betWeen the ?rst 

and second AP pinned layers; 
the ?rst AP pinned layers including a ?rst pinned ?lm 

that has a positive magnetostriction and a second 
pinned ?lm that is composed of cobalt (Co) or cobalt 
iron (CoFe); and 

the second pinned ?lm being located betWeen and 
interfacing each of the ?rst pinned ?lm and the AP 
coupling layer. 

2. A magnetic read head as claimed in claim 1 including: 
nonmagnetic conductive ?rst and second lead layers elec 

trically connected to the spin valve sensor; 
nonmagnetic nonconductive ?rst and second read gap 

layers; 
the spin valve sensor and the ?rst and second lead layers 

being located betWeen the ?rst and second read gap 
layers; and 

ferromagnetic ?rst and second shield layers; and 
the ?rst and second read gap layers being located betWeen 

the ?rst and second shield layers. 
3. Amagnetic read head as claimed in claim 2 Wherein the 

pinning layer is nickel oXide (NiO); the ?rst pinned ?lm is 
Ni45Fe55 and the ?rst pinned ?lm is interfaces the pinning 
layer. 

4. A magnetic read as claimed in claim 2 including: 
the pinning layer being nickel oXide (NiO); and 
the ?rst AP pinned layer including a third ?lm of nickel 

iron Which is located betWeen and interfaces each of the 
pinning layer and the ?rst pinned ?lm. 

5. Amagnetic read head as claimed in claim 4 Wherein the 
?rst pinned ?lm is nickel iron niobium (NiFeNb). 

6. Amagnetic read head as claimed in claim 4 Wherein the 
?rst pinned ?lm is nickel cobalt (Nisocoso). 

7. Amagnetic read head as claimed in claim 4 Wherein the 
second AP pinned layer has a ?rst pinned ?lm With a positive 
magnetostriction and a second pinned ?lm of cobalt (Co) or 
cobalt iron (CoFe) Which is located betWeen and interfaces 
the ?rst pinned ?lm and the spacer layer. 

8. Amagnetic read head as claimed in claim 7 Wherein the 
?rst pinned ?lm of the second AP pinned layer is nickel iron 
(Ni4sFess) 

9. Amagnetic read head as claimed in claim 7 Wherein the 
?rst pinned ?lm of the second AP pinned layer is nickel iron 
niobium (NiFeNb). 

10. A magnetic read head as claimed in claim 7 Wherein 
the ?rst pinned ?lm of the second AP pinned layer is nickel 
cobalt Ni5OCo50). 
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11. Amagnetic read head as claimed in claim 7 including: 
the second AP pinned layer including a third pinned ?lm 

composed of cobalt (Co) or cobalt iron (CoFe); and 
the third ?lm of being located betWeen and interfacing 

each of the AP coupling layer and the ?rst pinned ?lm 
of the second AP pinned layer. 

12. A magnetic head assembly having a read head and a 
Write head and an air bearing surface (ABS) comprising: 

the Write head including: 
?rst and second pole piece layers; 
each of the ?rst and second pole piece layers having a 

yoke portion located betWeen a pole tip portion and 
a back gap portion; 

a nonmagnetic Write gap layer located betWeen the pole 
tip portions of the ?rst and second pole piece layers; 

an insulation stack With at least one coil layer embed 
ded therein located betWeen the yoke portions of the 
?rst and second pole piece layers; and 

the ?rst and second pole piece layers being connected 
at their back gaps portions; and 

the read head including: 
a spin valve sensor; 
?rst and second lead layers electrically connected to the 

spin valve sensor; 
nonmagnetic nonconductive ?rst and second read gap 

layers; 
the spin valve sensor and the ?rst and second lead 

layers being located betWeen the ?rst and second 
read gap layers; 

the spin valve sensor including: 
a ferromagnetic free layer structure having a magnetic 
moment that is free to rotate from a ?rst direction in 
response to signal ?elds from a moving magnetic 
medium; 

a ferromagnetic antiparallel pinned layer struc 
ture; 

an antiferromagnetic (AFM) pinning layer exchange 
coupled to the AP pinned layer structure for pinning 
a magnetic moment of the AP pinned layer structure 
in a second direction; 

a nonmagnetic conductive spacer layer located betWeen 
the free layer structure and the AP pinned layer 
structure; 

the pinned layer structure including: 
?rst and second antiparallel pinned layers; 
an antiparallel coupling layer betWeen the ?rst 

and second AP pinned layers; and 
the ?rst AP pinned layers including a ?rst pinned ?lm 

that has a positive magnetostriction and a second 
pinned ?lm that is composed of cobalt (Co) or cobalt 
iron (CoFe); and 

the second pinned ?lm being located betWeen and 
interfacing each of the ?rst pinned ?lm and the AP 
coupling layer. 

13. A magnetic head assembly as claimed in claim 12 
including: 

the read head further including: 
a ferromagnetic second shield layer; 
a nonmagnetic electrically insulative separation layer; 

and 
the separation layer being located betWeen the second 

shield layer and the ?rst pole piece layer. 
14. A magnetic head assembly as claimed in claim 12 

including: 
the pinning layer being nickel oXide (NiO); and 
the ?rst AP pinned layer including a third ?lm of nickel 

iron Which is located betWeen and interfaces each of the 
pinning layer and the ?rst pinned ?lm. 
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15. A magnetic head assembly as claimed in claim 12 
wherein the second AP pinned layer has a ?rst pinned ?lm 
With a positive magnetostriction and a second pinned ?lm of 
cobalt (Co) or cobalt iron (CoFe) Which is located betWeen 
and interfaces the ?rst pinned ?lm and the spacer layer. 

16. A magnetic head assembly as claimed in claim 15 
including: 

the second AP pinned layer including a third pinned ?lm 
composed of cobalt (Co) or cobalt iron (CoFe); and 

the third ?lm of the second AP pinned layer being located 
betWeen and interfacing each of the AP coupling layer 
and the ?rst pinned ?lm of the second AP pinned layer. 

17. A magnetic head assembly as claimed in claim 16 
including: 

the pinning, layer being nickel oXide (NiO); and 
the ?rst AP pinned layer including a third ?lm of nickel 

iron Which is located betWeen and interfaces each of the 
pinning layer and the ?rst pinned ?lm. 

18. A magnetic head assembly as claimed in claim 17 
Wherein the ?rst pinned ?lm of each of the ?rst and second 
AP pinned layers is nickel iron niobium (NiFeNb). 

19. A magnetic head assembly as claimed in claim 17 
Wherein the ?rst pinned ?lm of each of the ?rst and second 
AP pinned layers is nickel cobalt (NiCo). 

20. A magnetic disk drive having at least one slider that 
has an air bearing surface (ABS), the slider supporting at 
least one magnetic head assembly that includes a read head 
and a Write head, the disk drive comprising: 

the Write head including: 
?rst and second pole piece layers; 
each of the ?rst and second pole piece layers having a 

yoke portion located betWeen a pole tip portion and 
a back gap portion; 

a nonmagnetic Write gap layer located betWeen the pole 
tip portions of the ?rst and second pole piece layers; 

an insulation stack With at least one coil layer embed 
ded therein located betWeen the yoke portions of the 
?rst and second pole piece layers; and 

the ?rst and second pole piece layers being connected 
at their back gaps portions; and 

the read head having a spin valve sensor that includes: 
a ferromagnetic free layer structure having a magnetic 
moment that is free to rotate from a ?rst direction in 
response to signal ?elds from a moving magnetic 
medium; 

a ferromagnetic antiparallel pinned layer struc 
ture; 

an antiferromagnetic (AFM) pinning layer eXchange 
coupled to the AP pinned layer structure for pinning 
a magnetic moment of the AP pinned layer structure 
in a second direction; 

a nonmagnetic conductive spacer layer located betWeen 
the free layer structure and the AP pinned layer 
structure; 

the pinned layer structure including: 
?rst and second antiparallel pinned layers; 
an antiparallel coupling layer betWeen the ?rst 

and second AP pinned layers; 
the ?rst AP pinned layers including a ?rst pinned ?lm 

that has a positive magnetostriction and a second 
pinned ?lm that is composed of cobalt (Co) or cobalt 
iron (CoFe); and 

the second pinned ?lm being located betWeen and 
interfacing each of the ?rst pinned ?lm and the AP 
coupling layer; 

the read head further including: 
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14 
nonmagnetic conductive ?rst and second lead layers 

electrically connected to the spin valve sensor; 
nonmagnetic nonconductive ?rst and second read gap 

layers; 
the spin valve sensor and the ?rst and second lead 

layers being located betWeen the ?rst and second 
read gap layers; 

a ferromagnetic ?rst shield layer; and 
the ?rst and second read gap layers being located 

betWeen the ?rst shield layer and the ?rst pole piece 
layer; and 

a housing; 

a magnetic disk rotatably supported in the housing; 
a support mounted in the housing for supporting the 

magnetic head assembly With its ABS facing the mag 
netic disk so that the magnetic head assembly is in a 
transducing relationship With the magnetic disk; 

a spindle motor for rotating the magnetic disk; 
an actuator connected to the support for moving the 

magnetic head assembly to multiple positions With 
respect to said magnetic disk; and 

a processor connected to the magnetic head assembly to 
the means for rotating the magnetic disk and to the 
positioning means for exchanging signals With the 
magnetic head assembly, for controlling movement of 
the magnetic disk and for controlling the position of the 
magnetic head assembly. 

21. A magnetic disk drive as claimed in claim 20 includ 
ing: 

the read head further including: 
a ferromagnetic second shield layer; 
a nonmagnetic electrically insulative separation layer; 

and 
the separation layer being located betWeen the second 

shield layer the ?rst pole piece layer. 
22. Amagnetic disk drive as claimed in claim 20 Wherein 

the pinning layer is nickel oXide (NiO); the ?rst ?lm is nickel 
iron (Ni45Fe55) and the ?rst pinned ?lm interfaces the 
pinning layer. 

23. A magnetic disk drive as claimed in claim 20 includ 
ing: 

the pinning layer being nickel oXide (NiO); and 
the ?rst AP pinned layer including a third ?lm of nickel 

iron Which is located betWeen and interfaces each of the 
pinning, layer and the ?rst pinned ?lm. 

24. Amagnetic disk drive as claimed in claim 23 Wherein 
the second AP pinned layer has a ?rst pinned ?lm With a 
positive magnetostriction and a second pinned ?lm of cobalt 
(Co) or cobalt iron (CoFe) Which is located betWeen and 
interfaces the ?rst pinned ?lm and the spacer layer. 

25. A magnetic disk drive as claimed in claim 4 including: 

the second AP pinned layers including a third pinned ?lm 
composed of cobalt (Co) or cobalt iron (CoFe); and 

the third ?lm of the secondAP pinned layer being located 
betWeen and interfacing each of the AP coupling layer 
and the ?rst pinned ?lm of the second AP pinned layer. 

26. Amagnetic disk drive as claimed in claim 25 Wherein 
the ?rst pinned ?lm of each of the ?rst and secondAP pinned 
layers is nickel iron niobium (NiFeNb). 

27. Amagnetic disk drive as claimed in claim 26 Wherein 
the ?rst pinned ?lm of each of the ?rst and secondAP pinned 
layers is nickel cobalt (NiCo). 
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28. A magnetic read head having an air bearing surface 
(ABS) comprising: 

a spin valve sensor that includes: 

a ferromagnetic free layer structure having a magnetic 
moment that is free to rotate from a ?rst direction in 

response to signal ?elds from a moving magnetic 
medium; 

a ferromagnetic pinned layer structure; 
an antiferromagnetic (AFM) pinning layer exchange 

coupled to the pinned layer structure for pinning a 
magnetic moment of the pinned layer structure in a 
second direction; 

a nonmagnetic conductive spacer layer located betWeen 
the free layer structure and the pinned layer struc 
ture; and 

the ?rst pinned ?lm having a positive magnetostriction 
and the second pinned ?lm being cobalt (Co) or 
cobalt iron (CoFe) and being located betWeen the 
?rst pinned ?lm and spacer layer. 
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29. A magnetic read head as claimed in claim 28 includ 

ing: 
nonmagnetic conductive ?rst and second lead layers elec 

trically connected to the spin valve sensor; 
nonmagnetic nonconductive ?rst and second read gap 

layers; 
the spin valve sensor and the ?rst and second lead layers 

being located betWeen the ?rst and second read gap 
layers; and 

ferromagnetic ?rst and second shield layers; and 
the ?rst and second read gap layers being located betWeen 

the ?rst and second shield layers. 
30. A magnetic read head as claimed in claim 29 Wherein 

the ?rst pinned ?lm is substantially nickel iron (Ni45Fe55). 
31. A magnetic read head as claimed in claim 29 Wherein 

the ?rst pinned ?lm is nickel iron niobium (NiFeNb). 
32. A magnetic read head as claimed in claim 29 Wherein 

the ?rst pinned ?lm is substantially nickel cobalt (Nisocoso). 

* * * * * 
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Abstract. We report two possible routes of fabrication of large surfaces of ferromagnetic shape 

memory antidots with tunable pore size and center-to-center distances. By using the drop coating 

method, we have prepared a large area of 2D arrays (typically 1cm
2
) of polystyrene spheres (PS) 

(1.4±0.1µm diameter) on a Si substrate. We have used reactive ion etching with a gas mixture of O2 

(12sccm) and Ar (5sccm) to reduce the diameter of the PS spheres whereby controlling the size of 

pores. The film deposition was performed on a substrate heated at 500ºC (route 1) and at room 

temperature with subsequent annealing in a furnace at 500ºC for 4 hours (route 2). Route 1 proved 

to be promising but more work is needed to optimize it. The antidots of Ni-Mn-Ga obtained along 

route 2 are ferromagnetic with a Curie temperature ~100ºC, and a spread martensitic transformation 

(between -100ºC and -30ºC).  

Introduction 

Ferromagnetic shape memory alloy (FSMA) thin films have been the subject of intense research 

because of the interesting underlying physics and high potential for applications [1]. FSMAs exhibit 

a magnetic-field-activated giant recoverable strain of about 10% together with pronounced 

mechanical/electrical/magnetic/caloric properties, making them very suitable for the use in 

sensing/actuating devices [2-4]. When in thin film form, these properties can be affected by several 

parameters, including the composition, internal stress, thermal treatment, morphology and thickness 

of the thin films [5,6].  

It is also well known that a material will exhibit a different behaviour when reduced to the 

nanoscale, a fact that has opened new opportunities in the field of sensors and actuators. For 

example, free-standing nanofabricated thin films of Ni-Mn-Ga FSMAs have attracted great interest 

due to their actuation capabilities related to the thermoelastic and magnetomechanical coupling 

effects [7–9]. In this sense, the abilities of micro- and nano-fabrication of FSMAs and downscaling 

of their functional properties are crucial for implementation in devices like microelectromechanical 

systems (MEMS). In general, two different approaches have been developed to fabricate 

micro/nanostructured materials: "top-down" [e.g., reactive ion etching (RIE)] and "bottom-up" (e.g., 

film sputter deposition). A particularly interesting technique to fabricate these materials is the 

Sphere Lithography, which combines characteristics of both approaches to improve the quality of 

the patterned structures. This technique is based on a two-step process [10]: a) the fabrication of a 

periodic array of the self-assembled polystyrene (PS) spheres on the substrate, which acts as a mask 

for b) the deposition of the material of interest. 

In this work, we present two procedures based on the sphere lithography to fabricate antidot-

patterned thin films of Ni-Mn-Ga.  
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Experimental Procedure 

Previous studies have shown that the deposition temperature is a determining factor to achieve 

the appropriate structural and magnetic order of Ni-Mn-Ga films [4]. Due to the degradation of the 

spheres above 70ºC, we propose two routes to fabricate Ni-Mn-Ga patterned films that overcome 

the temperature limitation. A sketch of both procedures is shown in Fig.1(a). The routes start with 

two common steps: (a) the formation of a template by depositing a single layer of PS spheres 

(1.3±0.1µm diameter, see inset in Fig.1(b), obtained by dispersion polymerization [11]), on the 

surface of a Si wafer using the drop-coating method [12]; and (b) reduction of the PS spheres [0.9 

±0.1µm diameter, see inset in Fig.1(c)] by a RIE process, working under the conditions presented in 

Table 1.  

 

Figure1. a) Scheme of the two routes used to fabricate Ni-Mn-Ga antidots. Red arrows denote 

the RIE treatment, Ni-Mn-Ga film is sketched by black color. SEM micrograph of the PS spheres 

(b), PS spheres after RIE (c), Si pillars covered by Ni-Mn-Ga (d), collapse of the pillars after KOH 

etch (e), and antidot-patterned Ni-Mn-Ga film obtained by route 2 (f). Insets: histograms for the 

diameters of the PS spheres before and after RIE, and of the Ni-Mn-Ga antidots. 

 

Table 1. Conditions for the reactive ion etching of the different layers. 

 
Gas flow 

(sccm) 

ICP/RF power 

(W) 

Pressure 

(Torr) 

Temperature 

(ºC) 

Time 

(min) 

PS spheres O2:12/Ar:5 0/100 0.1 20 3 

SiO2 SF6:30 150/150 0.1 10 0.3 

Si CHF3:10 0/50 0.02 10 15 

 

To avoid a heat-induced degradation of PS, route 1 uses the Si wafer as a sacrificial layer. Thus, 

the following steps are taken: (1c) without removing the spheres, we fabricate Si dots by a selective 

etching of the wafer by RIE (see conditions in Table 1); (1d) then the PS spheres are removed; and 

(1e) Ni-Mn-Ga is deposited at 500ºC by DC magnetron sputtering (Pfeiffer vacuum classic 500 

station), using the parameters shown in Table 2. Finally, to remove the Si dots, the samples were 

(1f) subjected to a wet etching with a solution of 20% KOH at different temperatures, between 60 

and 100ºC, during 1 to 10min.  
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On the other hand, route 2 comprises: (2c) a deposition of Ni-Mn-Ga alloy at room temperature 

under the conditions summarized in Table 2; and (2d) a removal of the PS spheres with 

Tetrahydrofuran. Due to the low crystallinity of the as-deposited samples, they show neither a 

martensitic transformation nor a ferro-to-paramagnetic transition, and hence, the samples must be 

annealed at 500ºC during 4h under vacuum (10
-5

Torr) after deposition. In addition to the patterned 

samples, continuous 500nm thick Ni-Mn-Ga films have been deposited onto non-patterned 

substrates using the deposition conditions and heat treatments of route 2 to contrast their properties 

with the patterned analogs. 

 

Table 2. Parameters of the sputter deposition of Ni-Mn-Ga thin films in both procedures. 

Route 

Distance 

Target-Substrate 

 (cm) 

RF power 

(W) 

Pressure 

(Torr) 

Temperature 

 (ºC) 

Time 

(min) 

1 9 150 2.0·10
-2 

500 5 

2 9 150 2.0·10
-2 

20 10 

 

The structural and compositional characterization of the samples was carried out by a scanning 

electron microscopy (SEM) (Hitachi TM 3000) and energy dispersive X-ray spectroscopy. An 

atomic force microscope (Nanotec DSP Classic) was used to determine the films surface profile. 

The temperature dependences of the magnetization M(T) and resistivity were measured by a 

vibrating sample magnetometer and four-probe method, respectively. 

Results  

The deposition of a 250nm-thick Ni-Mn-Ga film by route 1 led to an additional sidewall 

deposition alongside the Si dots [see Fig.1(d)], hindering their elimination by wet etching –only a 

few percent of the Si pillars were eliminated, provoking the collapse of the Ni-Mn-Ga layer, as 

shown in Fig. 1(e). This issue was attributed to an excessive Ni-Mn-Ga/Si dot thickness ratio and 

could be further overcome by the optimization of the film thickness. An antidot-patterned 

Ni50Mn27Ga23 (at.%) thin film was successfully obtained through route 2, as demonstrated by SEM 

in Fig.1(f). The antidots present a narrow diameter distribution with a mean value of around 

1.1±0.1µm [see inset in Fig.1(f)] and they are arranged in hexagonal-type close packing forming 

coherent domains of about 15µm of length. The dots have a height of about 500nm and diameter of 

around 1µm.  

The results of the magnetic and electric measurements are shown in Fig. 2 for the previously 

cited patterned film and two continuous films deposited on unpatterned substrates at 500ºC 

(Ni48Mn32Ga20) and at 20ºC with subsequent post-annealing (Ni50Mn27Ga23). The continuous film 

deposited at high temperature displays a Curie temperature [defined as the inflexion point of the 

M(T) curve] at ~100ºC with a sharp magnetization drop, evidencing a high atomic ordering. It also 

exhibits the martensitic transformation in a broad interval between -50ºC and 50ºC, which could be 

a result of a wide stress distribution in the film. The continuous film deposited at room temperature 

and annealed at 500ºC presents a Curie temperature of about 50ºC, far below the expected from its 

composition (~100ºC), while the martensitic transformation does not appear in the studied 

temperature interval. The reason of those features could be the partial crystal lattice disorder that 

remains from the room temperature deposition, even after heat treatment [4]. In the patterned film, 

the Curie temperature appears at about 100ºC, although a coexistence of the ordered and less-

ordered phases could be inferred from the multiple magnetization drops from 25ºC to 100ºC. A hint 

of the martensitic transformation is manifested below -30ºC. The value of the Curie temperature and 

the occurrence of the martensitic transformation indicate that, in this case, the L21 atomic ordering 

degree is much higher than in the continuous film. The diffusion assisted higher atomic ordering 

during annealing in this case could be promoted by the enhanced amount and mobility of crystal 

defects due to the antidot boundaries. 
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Figure 2. a) Normalized magnetization at H=100Oe and b) normalized electrical resistance as a 

function of temperature, evidencing the Curie and martensitic transformation temperatures. 

Summary 

Two ways for Ni-Mn-Ga thin film micropatterning have been developed by using self-assembled 

polystyrene spheres and reactive ion etching. The process allows tailoring the dimensions of the 

pattern, giving rise to different properties of the FSMA film. The patterned films have shown 

functional features like ferromagnetism and martensitic transformation, making them interesting for 

microdevices. The lattice ordering is incomplete in thin films deposited at room temperature with 

subsequent annealing. Further efforts will be focused on the elaboration of a route in which high-

temperature deposition would be employed using the sacrificial layer method. 
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3.] THE SPACE LATTICE AND UNIT CELLS

The physical structure oi solid materials of engineering importance depends

Inainljr on the arrangements of the atoms. ions. or molecules. which make up

the solid and the bonding forces between them. lithe atoms or ions of a solid

are arranged in a pattern that repeats itself in three dimensions. they fonn a

solid which Is said to liaw er rrjwral structure and is referred to as a crysruHr'ne

solid or m-'sroh'r'ne rnurerr'ul' Examples of cr_vsta|tine materials are metals. al-

loys. and some ceramic materials.

Atomic arraiigeineiits in r.‘r_\,'sta||ine solids can be described by referring

the atoms to the points of intersection of a network of lines in three dimensions.

Such a network is called .1 space lcrmce (Fig. 3.lu) and can he descrilred as

an infirlite three-tlimensional array of points. Each point in the space lattice

has identical surroundings. in an ideal crystal the grouping oi lattice points

about any given point are identical with the grouping about any other lattice

point in the crystal lattice. Eacli space lattice can thus be described by spec-

ifying the atom positions in a repeating urn"! cert‘. such as the one heavily
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HOIRI 3.1 [0] Space
lattice of ideal crystalline
solid. [bl Unit cell

showing lattice constants.

outlined in Fig. 3.10. The size and shape of the unit cell can be described l.i_y
three lattice vectors a, b. and c, nriginatin_i; lrimt nne corner of the unit cell

(Fig. Itlbt. The axial lengths a. b, and c and the interaxial angles -‘J. ,8. and 1;
are the trrttice constants of the unit cell.

3.2 CRYSTAL svsrws AND BlQAVAlS mrnces

By assigning specific values tur axial lengths and interaxial angles. unit cells
nf different types can be cniislructed. Cryslallugrapliers have shown that only
seven different types of unit cells are necessarv to create all pnint lattices
'l'hr.-se crystal systems are listed in Talile 3.l

Many of the seven crystal systems have variations of the basic unit cell.

A. J. Bravais‘ showed that I4 stanrlard unit cells mulcl describe all possible
lattice networks. These Bravais lattices are illustrated In Fig. 3.2. There are four

basic types of unit Cells: ll) simple, (2) l)nd_v-ceiitercd, I3] face-centered. and
(4) ha.se-miilered.

In the cul'Jic system there are three tvpes of unit cells: simple Cubic. body-
Centered Cubic. and lace-centered |..‘ltl}ll.' In the tttlllttt‘lltt|I'tltlL' systeiri all four

types are represented. tn the tetragunal system there are only two: simple and

body-centered. The face-centered ti:-tragoiial unit cell appears tr: ltt‘ niissiiig
but can be cc;-n.<.:tructeil fruni tour lttt(l_\r’-l’t'lIlt‘fl-'tl tetragniial unit cells. The

 

Atigtltst Bt';u.'ai*'- ll-‘ill l?_i6.i| l"tI:I'.nLlt it\-t.i||--i.gr.:plirr \u'\lltI Ilt'|.'l\'l'll llar El t}lJ‘\.‘5ll_IlP
dIl'«.Il1gl_'li!.t_'lI[\ ul points It] span-
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CHAPTEI 3 CRYSTAL STRUCTURE AND CIYSTAI. GIOMETRY

Glnndlledlonollpuooluflloubycrntdsyuom
 

crystd
Iyflorn

Cubic

Axiullonglhocnd
Inrloraxlulcriglu

Threeequdczxesotrightongles
ct b=C.a=.8=v=9U‘

Threeaxesotright angles. two
BCIUGI
o- biC.n=fl~‘v--90“

Three unequal axes ot nght angles
O=b='C'.a‘—‘.H=1r—9U'

TT1reeec:.rolcnes.eciuoIIyincIined
a b=C.a=1i=)'*9U"

Twoequc:|cn:eso1120“_ third (IXIS

atriawtcrugies
a=b¢c.a=;5=90'
)-'120“

Three uneouolcrxesoriepcrrnot
CllFigl‘ilCl‘IQlE‘S

0a'D1'C".u"_r'90"'1’.H

Three unequal axes. unequoilv

Space taflloo

Simple cubic
Body-centered cubic
Face-centered cubic

Simple tetrcgonal
Body-centered tatrcigonol

Simple orthorhombic
Body-centered ortriorhorntaic
Bose-centered orthorhombic
Focecantered orthorhombic

Sir-nple momboheoral

Simple hexagorrol

Simple monoclinic
Bose-centered monocliruc:

Simple lTlClll"NC
inclined Cncl none 01 nghtangles

G£ba'C,rr*fi='y#=9U”I

monoclinic s_vstein has .-simple and ba.-re-(‘entered llI‘t|l cells. and the mom-

bohedral, hexdgorial, and trircliriic systeriis have only one .‘sllll[.)lt‘ type of unit
Cell.

3.3 PRINCIPAL METALLIC CRYSTAL STRUCTURES

In this chapter the principal crystal .-itnictures of elemerllal metals will be

discussed in "detail. In Chap. ID the principal l(Jl1lL' and mvalr-tit ('r),’!-iliil struc-
tures which occur in ceramic materials will be treated.

Most elerneritdl riuttal.-i lirlmul Ell} pE'!t'(‘t‘l‘l|l crystallizté upon so|idifir‘.ati(in

into three denselv packed crystal structures: br.rc.l_v-r'errr’erPrf r'ubr'r {ECU {Fig

3 Ila). frJr‘e-rvrtrerr-'rl r'ubr'r (F(_‘(.'r ( l-'i_r_.J,. .'i_Ilb) and he.rrJg0rrul close pcrdred f'HCF',l

(Fig. 3.3c_l The HCP sitrurstiire in ii (lt‘|l.'i-t'T Ill(.lt.llllL‘E1llUlI of the .~sir11plr- lieiragorial

Crystal structure shown in Fig. 55.2. MUST metals crystallure Ili llll-P!-it‘ dei use-packed

.-itrurturr-s l‘H.t(‘dllS£' em.-rgy is ft‘ll‘d.‘it"tLl as the atom‘; mine clrmrr together and

lrorid riiun: tightly with eacli other. Titus, the deri.se|_v [}E1l'kt'll .*ill'lH‘lllIt'.H are in

lower and more stable erierqv €ll'l'('1l"l_Q$_‘nl€’l'llS.



TDK Corporation     Exhibit 1006/G     Page 7

J 3 PIIINCIFAI. METALLIC cinrsnii sieuctunis 73

FIGURE 3.! Principal metal crystal structure unit cells. [ct] body centered cubic. {bl tcice-centered cubic.
[C] hexagonal close-packed

Body-contend

cubic (IOOJ crystal
‘ Structure

The extremely small size ml the unit cells of crystalline metals which
are shown in Fig. 3.3 should be emphasized. The cube side of the unit cell

of lmtly-i'eiitered (‘Libic iron. for exatiiple. at room teniperature is equal to'4

ll 28? K I0 m. or 0.287 nanometer tnml.‘ Therefore. if unit cells ol pure
iron are lined up side by side. in I mm there will be

I unit Cell
—-j—+——.j='.48 .lU*‘ ‘..l0.28? nm X It) " tnm.'nm 3 x mm mm

lmm><

Let us now examine in detail the arrangement of the atoms in the three

principal crystal structure unit cells. Although an approximation. we shall

miisider atoms in these crystal Slt'1t(‘['llTt'..‘S to be hard spheres. The distatice

between the atoms (interatomic distatttfel in crystal structures can be deter-

mined experimentally by x-ray diffraction analysis.-’ For example. the intera-

lumii: distance between two aliiniinuni illttI‘l'l.‘i in a piece of pure aluniitium at
2t}“C is 0.2862 nm. The radius of the aluminum atom in the aluminum metal

is assumed to be half the interatnmir distance, or 0.143 rim. The atomic radii

ul selei.-teil metals are listed in Taliles 3.2 to 3.4.

First, miisidet the atutnit‘-site unit tell for the BCC crystal stmtrture shown in

Fig. 1t.4a. In this unit cell the solid spheres represent the centers where atoms

are lttt‘Etl£"tl and Clearly indicate their relative positions It we represent the

'l n.iiI:imi-It-I = It) meter

‘Emilie til the ptiiiciples ul x m) dllltdtfllnll .iiia|\_r'~i~ will be studied Ill Set‘ It I l
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FIOIRE 3.4 BCC unit

cells: [CI']' atomic-ails unit
cell, [b] hard-sphere unit

cell. and [c] isolated
Unit cell

HOUR! 3.5 BCC unit Cell

showing relationship
between the lO'lT|C6
constant or and the

O‘lI'J'I“ulC rodius I?

atoms in this cell as hard spheres. then the unit cell appears as shown in Fig.

3.40. In this unit cell we see that the central atom is surrounded by eight nearest
neighbors and is said to have a coordination number of 8.

If we isolate a single hard-sphere unit cell. we obtain the model shown

in Fig. 3.4:‘. Each of these cells has the equivalent of two atoms per unit cell.

One complete atom is located at the center of the unit Cell. and an eighth of

a sphere is located at each corner of the cell, making the equivalent of another
atom. Thus there is a total of I (at the ('t‘tl|t'.t'l + H x A (at the corners} - 2
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atoms per unit cell. The :'iI(}t'lt.‘i in the BCC unit cell Contact each other across

the cube diagonal. as iiidieated in Fig. 3.5. so that the relationship between
the length of the ciihe side 0 and the atomic radius R is

-- 4}?
N30 t 4H or 0 = : (3.1)

V3

Example Pfoblilh 3.1

Iron at 20°C is B(.‘t.' with atoms nt atorriir radius 0. I 24 nm Calculate the lattice constant

or for the cube i-dize of the nun unit cell.

SOIIIOH:

From Fig. 3.5 it is seen that the atoms in the BCC unit cell touch across the cube

diagonals. 'I‘hu-3. it (I is the length of the (‘lll)f' edge. then

xii: = -1}? t3.ii

where R is the militias oi llle iron atom. Therefore

«1R 4t!) 1224 nmlu=—=

xi \ 3
= 0.2864 nm 4

Chromium
Iron 0 23? U 124

Molybdenum 0 31 5 0.136
Potassium 0.533 O 231
Sodium 0.429 0 136
Tcritolum 0 330 0 143

Tungsten 0316 013?
Vclnocttum 0.304 0132

‘ Calculated from Iqfllce constants by us-
ing Eq. {3t]. 1? —- \ 30-4
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If the atoms in the BCC unit cell are considered to be spherical. an atomic

packing factor ("AM") can be calculated by using the equation

. I . f . ' ‘ ll

Atomic packing factor (APFJ = (3.2)

Using this equation. the APF for the BCC unit cell (Fig. 3.30} is calculated to

be 63 percent (see Example Problem 3.2). That is. 68 percent of the volume

of the BCC unit Cell is occupied by atoms and the remaining 32 percent is

empty space. The B(‘.C crystal structure is not a closevpacked structure since

the atoms could be packed closer together. Many metals such as iron. chro-

mium. tungsten. molybdenum. and vanadium have the BCC crystal structure

at room temperature. Table 3.2 lists the lattice constants and atomic radii of
selected BCC metals.

Example Problem 3.2

Calculate the atomic packing factor IAPFJ for the lt(‘t" unit cell. assuming the atoms

to be hard spheres.

Solution:

AW = volume of atoms Bt‘t‘ unit cell (32)volume 0! lit ( unit cell

Since llrt-re are two aturrrs per BCC unit cell. the voltrme ut atoms in the unit cell oi
radius R is

'/........t = {2ll§m‘?"’_l = 8.373R‘

The volume of tht‘ l’s('t' unit cell is

._... '— a‘

where a is the l'dlltt'(r' vntrstalit. The reldtiuriship llt'lWl.‘HI rr and R Is obtained from Fig.
3.5, which shows that the atorris in the BCC unit cell touch each other across the L"tIlJl.I.'

diagonal. Thus

\ = -11!’ (if
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Faco-Garland

cubic (FOO) Gryual
Structure

HOIJRI 1.6 FCC unit

cells. (0) atomic-site unit
cell. (ta) hard-sphere unit
cell. and [c] isolated
unit cell

3.3 PRINCWAL METAIMC CI!YStAl SIRUCTURES

The rI|IIlIItt' par kins; [actor for the Bt'L‘ unit ct-Ii i_~,‘ ttiere1'ore_

1-’ unit cell 8 .'t?(%R"1 [J ‘ ___ __"__-_ __ _;
A P " t2_.i2R‘kl-I-)1 « p-it

. trees 4

(‘onsider next the F('(_" latticevpoint unit cell of Fig. 3.60 In this unit cell there
is one lattice point at each corner of the L"llI‘it-: and one at the center of each
cube face. The hard sphere model of Fig. 3.6b indicates that the atoms in the:

FCC crystal structure are packed as close together as possible. The APP for
this close-packer! structure is 0.74 as compared to 0.68 for the BCC‘ structure
which is tlut close-tracked.

The FCC‘ unit cell as shown in Fig. .'i.ti( has the e.qi.iivalenl of tour atoms
per unit cell. The eight corner octants account for one atom [8 X t = I), and

the six half-atotns on the cube faces contribute another three atoms, making
a total of four atoms per unit cell. The atoms in the FCC‘ unit cell Contact each

other across the cubic face diagonal, as indicated in Fig. 3.7. so that the
retatioristiip between the length of the cube side rt and the atomic radius R is

\« Err 4!? or or = (3.3)

The API’ for the F(.‘(.‘ crystal structure is 0.74. which is greater than the
(1.68 lactor tor the l-it"(_‘ structure. The APF of 0.?4 is for the closest packing
no.-tsihte of "spherical atoms." Many metals such as atuminuin. copper. lead.
nickel. and iron at elevated temperatures (912 to t394"(‘.) crystallize with the
F(‘.(‘. cr_vsta| structiire. Tattle 3.3 lists the lattice constants and atomic radii for
some selected t-'L'(' metals.
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HOUR! 3.1 FCC unit cetl

showing relationship
between the lattice
oonstcrtt a mo atomic
radius I? Since the atoms

touch cx:ross_1he tooe
dtogonats V20 - 4!?

ulocindflotuluflliohflovo

thoiccorvflclflludlurout
IoomTomporulun(20°cJ¢nd
1'hOI'l.cIl1‘|cOGorn|u'IhclId
Atornlclludll

Lumen Atomic
constant radius

Metal 9. nm I,‘ run

Aluminum 0.405 0 143

Copper 0 .3615 0 1 28
Gotd 0.408 0 144
LB-Cid 0.495 0' 1 75
Ntcket 0.352 0 125
Ptotlnurn 0.393 0. 1 39
Silver (1409 0.1 M

' Calculated from Iatttga Comtcrtts by
using Eq. [3.3], J? = \-"2-amt

The third mnunun |l1t'l£l||t(‘ rrystal structure IS the l|t'_'I‘ structure .~:tuaw1ti1tFig.

3.8. Metal.» do not t'r_v~ala|lizt- intn the simple ttr-xa_r;urm| t'r_\-'.\'.t;t| structure shown

in Fig. 21.2 h(Z’('c'1ll‘-if.‘ the APF is tort law. Th? dtt|H'I.'\ can attain a tower energy

and a tnuw :»'tal:Ic- mmtitiun by forming the HE!’ structure of Fig. 118 The APF

of the |l(.‘P a;r_v-slal 5Irut.'tun= I5 0 T4. the s¢tt1w.':stt'mt hat the Fl '1' crystal structure

since in both filtlt(‘Iltt(‘h' the atnrns are packed as tigtrtly as [J{I_‘\.‘hI|l|t'. In both
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FIQIII 1| HCP unit

cells [CI] Gformc-site um!
cell, {0} hotdvsphere unit
cell. and [c] isotated unn

cell [(B3) and [C] After
F M M.-‘tier. “Chemrsrrv
Structure and Dynarrws "
MCGraw-Hm’. F9841.

D 2901

IT 
3 3 mncmu METALLIC cmrsut srnucmars 79

A

k.

tl1vHt"P at1dF(.'(‘(‘ry.~sta1|slrllrturvs t_'£I<_'lI'cIlU£I1iS surrounded by I2 other atoms.
and thus both structures haw a mnrtiination numhe-r uf I2. Tlw riiffc-ren<;r:5

in thr> atomic pnrkilrg in F(‘(‘ aml H(‘P rr_\_s'tal slrurturt-5 will he discussed in
Sew 3.3.

The isolated }|L'P unit t't"|| is fihl}\r'\-'l'l in Fig. 3.8L" and has the equivalent nf
.~.i.~.' dltll11."~ per unit (‘UH Th|"t't' alums turn: a triangle In the 1nid(ilt- laver. as

im1:<'atec.t t_)_\-' the dtUl‘I1It_‘ sites In I-lg .'§.Bu. '|'horc‘ art’ 51:; ;\.uIurn .s:-L-Iinns on

hnth the top and bottom I.1_wr_a. Inaknng an eqtm-'a|m1t uf two more alums
II} x ti '='' 3: = 2]. Finu||_\'. then’ Is one-half an atom in the t‘('T1[E‘f of both tho

Iohctodflotahwmchflcvoimflcficryuatflruciurcalloom
‘romparaturo [arc] and TIIOII Loflloo constants, Momlo ladll. and cm
lailoa

 

Lattice

consianh. nrn

‘ Atomic

Metal a c radius R. rum

% duvlclflon

era raflo lrom idodlty

Cadmium
Z N"-C
Ideol HCP

Mcgreslum
Cobotr
Zrrcoruurn

U5-013
£3494?

01412
O 1.3.3

‘| 3943 + 157
‘| 556 - 1.3::
1 033 0
1023 06:5
1023 000
1593 24.5

Tutonrum 04683 O 14? 1 587 2 81
Beryllaum O 3584 0113 1 5&8 398
 

05209
04009
O51d8

U100
U125
U100
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H000! 8.9 Diagrams tor
colculcbng the volume or
on HCP unit cell to] HCP
unit cell [bl Base of HCP
unit cell. {cl Irlcngle ABC
removed from base of
unit cell

top and bottom layers. making the equivalent of one more atom. The total

number of atoms in the HCP crystal structure unit cell is thus 3 + 2 + I -= ti.

The ratio of the height C of the hexagonal prism of the HCP crystal structure

to its basal side a is called the era ratio (Fig. 3.80). The cfa ratio for an ideal

HCP Crystal structure consisting of uniform spheres packed as tightly together

as possible is L633. Table 3.4 on page ?9 lists some important HCP metals

and their do ratios. Of the metals listed. cadmium and zinc have ctr: ratios

higher than ideality. which indicates that the atoms in these structures are

slightly elongated along the c axis of the HCP unit cell. The metals magnesium,

cobalt. zirconium, titanium, and beryllium have do ratios less than the ideal

ratio. Therefore. in these metals the atoms are slightly compressed in the

direction along the c axis. Thus, for the HCP metals listed in Table 3 4 there

is a certain amount of deviation from the ideal hard-sphere model.

Eldlllpll Problem 3.3

Calculate the volume ol the zinc crystal structure unit cell by using the following (tater.

pure zinc has the H('P crystal structure with lattice constants r: = 0 2665 nm and c
0.494? urn.

Solution:

The volume of the zinc HCP unit Cell can be obtained by detennrning the arm of the

base of the unit cell and then multiplymg this by its liergtit {Fig. 3.9).

The area oi the hase of the unit cell is area ABDEFG of Fig. 3.90 and b Tl'tls total

area r-ortsists of the areas of six equilateral lIl£tlt_£{l(‘S of area ABC of Fig. 3.9!). From Fig.
3.96.
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Area uf triangle ABC‘ = HIJH1-il':‘l(ht'l_Ql‘IH

= ituitrr .-'»i1ifi0°] = in‘ Hill 61)"

Fruni Fig. 3.9!).

Total area of HCP base = ltiitla‘ sin till“!

= 30* sin 60”

From Fig. 3.90.

volume «it ?.ltt(‘ HCP unit cell (30-' sin fiU°lIc}

i.'iIt'Il.2tih'5 nm)-"-(U.itt3tiI)l(U.-194? nm)

0.0913 nm‘ 4

3.4 ATOM POSTHONS IN CUBIC UNIT CELLS

FIGURE 1.10 to]
Rectcrigulcr x. y. cnd z
axes tor ioccrfing crtom
positions in cubic unit

oeiis. [D] Atom positions
in ct BCC unit call.

To locate alum pusitirins in cubic unit cells. we use rectangular x. _v. and z

axes. in crystallography the positive 1: axis is usually the direction coming out
of the paper. the positive _'tr axis is the direction to the right of the paper. and
the positive : axis is the direction to the top (Fig. 3.10). Negative directions
are opposite to those just described.

_J.

/

/Di—I.0,l'I!
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Atom positions in unit cells are located by using unit distances along the

.r. y. and z axes. as indicated in Fig. 3.100. For example. the position coordinates

for the atoms in the BCC unit cell are shown in Fig. 3.lUb. The atom positions

for the eight corner atoms of the BCC unit cell are

(U. 0. 0} ll. 0, 0) it), I. U} {I}, 0. I)

tl.l.|J t|.l,tL' (L0. 1) l0,l,l)

The Center atom in the BCC unit cell has the position Coordinates (L l, 1). For

simplicity sometimes only two atom positions in the BCC unit cell are specified

which are (0. 0. Di and it, t. 1]. The remaining atom positions of the BCC unit

cell are assumed to be understood. In the same way the atom positions in the
FCC unit Cell can be located.

3.5 DIRECTIONS IN Cusic uiurr csus

Frequently it is necessary to refer to specific directions in crystal lattices. This

is especially important for metals and alloys that have properties which vary

with crystallographic orientation. For cubic crystals the crystattogrtiphir direr

(ion iritfices are the vector components of the direction resofued along euro‘:

oi‘ the Coordinate axes and reduced‘ to the sniollest integers.

To diagranimaticallv indicate a direction in a cubic unit cell. we draw a

direction vector lroni an origin which is usually a corner of the cubic cell until

it emerges from the cube surface (Fig. 3.11"). The position coordinates of the

unit cell where the direction vector emerges from the cube surface after being

convened to integers are the direction indices. The direction indices are en-

ciosed by square brackets with no separating commas.

Haul! 3.11 some For example. the position coordinates of the direction vector OR in Fig.
directions in cubic unit
cells
I‘
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3,110 where it emerges from the cube surface are t’ I. 0. 0}. and so the direction

indices for the direction vector OR are [I00]. The position coordinates of the
direction vector 05 (Fig. 3.! to] are [1, l. 0). and so the direction indices for

OS are It ltll. The position coordinates for the direction vector OT (Fig. 3,] lb)
are (I. I. 1}. and so the direction indices of OT are lllll.

The position coordinates of the direction vector OM t'l"ig. 3.llcl are
t_l. 4. 0]. and since the direction vectors must be integers. these position
coordinates must be multiplied by 2 to obtain integers. Thus, the direction
indices of OM become 2(I. L U) = I210}. The position coordinates of the
vector ON (Fig. 1i.I Id} are t—- 1, — I. 0). A negative direction index is written
with a bar over the index. Thus. the direction indices for the vector ON are

ITTDI. Note that to draw the direction ON inside the cube the origin of the
direction vector had to he moved to the front lower-right corner of the unit
cube (Fig. 3.IIrfi. Further examples of cubic direction vectors are given in
Example Problem 3.4.

The letters u. r.-. u: are used in a general sense for the direction indices in

the Jr‘. _i-'. and 2 directions, respectively. and are written as luvw]. It is also
important to note that hit porrittet direction vectors have the more direction
indices.

Directions are said to becrys!oi'i'ogrophi'coi'ly equivalent if the atom spacing
along each direction is the same. For example. the following cubic edge di-
rections are crystallographic equivalent directions:

Iltltll. mini, [om]. [UTU]. Inuit, {Tout (Inn)

' Equivalent directions are called i:fl£!il('€’5 of a fomily or form. The notation (100)
is used to indicate cubic edge directions collectively. Other directions of a
forth are the cubic bodv diagonals (1 1 1) and the Cubic lace diagonals (H0).

Draw the foliomiig dirertioii vi-i'Iors in cubic unit cells. _
to} limit and |IlIJ| lb! ||t2| t_('l that {in I321:

Sollfllon:

[ill The position tooriliimtes lor the lltitil direction are (I. 0. 0| t'Fi_i.t. 3 l2ol The

positiori eoordimtes tor the H10] direction are (1. 1, [ll (Fig. 3 l'.?rrl

lb) The piisilinii morrlriiates for the lll2l direction are irblillttt‘!tl by diviiliitg the
direction indiccs by ‘.3 so that tliey will lie within the unit cube. Thtis they are
H. i. I) (Fig It l2b)

(cl The position t't}(II{llltiIIt'H for the IllU] direction are t l. I. lit ll’-‘iii. .'i.l2r'l Note
that the origin for the din;-ctioii vector must be moved to the lovvcr left front coriicr
of the cubi-
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FIGUI! 3.12 Direction
vectors in cubic unit cells

um: um]

Nola new origin

=/f"§“1

‘K Nut» new m-iiun

(til The po.-iitiutl tcuurdiiiates for the I32“ direction are nbtained by first dividing all
the indices by3. the largest index, This gives — I. i. - Hit! the pti5ill()l1L'()()l'dlnd1eS

of the exit pumt of the direction i§2TI which are slmwn in Fig. 3.l2d'.

Exempt: Problem 3.5

Determitie the direction Ittdices oi the cubic direction shiiwn Ill Fig F.P3.5r1.

Solution:

Parallel drrerrrnns riave the snrrie rrrrerrmri lft(l'J'('P\‘. emit an we tnrwv the direustiun veclur

in a parallel ll'I£tl|ltt't until its tail reaches the llt.‘-i1l't'.*-I ruriio.-r ul the cube. still keeping

the vector within the cube. Thus. in this case. the upper It-tt lrntit (‘miter tiecmties thr-

new origin for the dirertton vector (Fig. El’2t.Sbi We rem nuw cl:-Ii.-rnmie the pusiliun
mordineites where the ihrertmn vector leaves the unit vube 'l'he.~se are I =: ~ I. _v
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+ I, and Z = -L The position Cooniinales of the tiirt.‘t'ittJl1. where it leaves the unit

cube are thus I’ ~ I. + I. - D. The direction indices for lhis direction are. after clearing
the fraction 61. {— l. + I, — 5), or [SET].

Example Problem 3.6

Determine the direction indices of the cubic: direction i)t"iWl:'9lI the position coordinates
ti. 0. i) and (i. i. i).

solution:

Fit‘!-ii we locate the origin and termination points 0! the (iiff'('II(J1't vector in a unit cube.

as shown in Fig. EP3.6. The fraction vector components for this direction are

Onglrt for position
coordinate:
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Thus. the \.'t.'cltJt direction: has fractional vector components or - l. -1. l The direction

mdices will be in the same ratio as their tractronal t‘Utl'tptJtlt'ItlS. Hy niu|tip|\'in_t.I, the

fraction vector cotttponeltts try «I. tare obtain l§2I] for the direction indices of this vector
(‘llr('(‘llt)ll.

3.6 MILLER INDICES FOR‘ CRYSTALLOGRAPHC PLANES IN CUBIC UNFT CELLS

Sometimes it is necessary to refer to specific lattice planes of atoms within a

crystal structure. or It may be of interest to know the crystallographic orientation

ul a plane or group of planes in a crystal lattice. To Identify crystal planes in

cubic crystal structures. the .-’l4r‘Her' notatrorr system is used. The Miller r'ridr'ces

of 0 crystai piane are defined as the reciprvcais of the fructionat rritercepts

furith frucriorrs cleared) which the plane makes with the crvstatfrigrophic it’. y.

and z axes of the three nonparuttef edges of the more uni‘: reti. The cube edges

of the unit cell represent unit lengths, and the intercepts of the lattice planes

are measured in terms of these unit lengths.

The procedure for determining the Miller indices for a ('lll}l(' ttrystal plane
is as follows:

. Choose a plane that does not pass through the origin at (0. U. 0}.

. Determine the intercepts of the plane in terms ot the crystallographic X. y.

and z axes tor a unit cube These intercepts may he fractions.

.' . Form the reciprocals ot these intercepts.
Clear fractions and (leterrnine the srnrrflest set of whole numbers which are

in the same ratio as the intercepts. These whole nnmhers are the Miller

indices of the crystallographic plane and are enclosed in parentheses with-
out the use of comlnas. The notation the!) is used to indicate Miller indices

in a general sense. where h. 32. and I are the Miller ilidtces of a cubic cr_vsta|

plane for the .1". y. and .: axes. respectively.

Figure 3.l3 shows three ol the most important crystatlograpliic planes of

cubic Crystal structures. Let us tirst consider the .~.l1adt-it i"r_vstal plane in Fig.

3.|3a, which has the intercepts l. 7-. I for the A. _v. and z axes, respectively.

‘William Hallowt-s Hillel I It'll‘! |'t.‘tlt' Elrtglhll l.!'\-fil.'.llil*1?l..i|.|lII.'l' 5-ulm |ILiL1ll'HlII.'tl .1 "Trt?.:tIfit" I>II
I.‘rvstallngraDh\"' In li'l.'tEt_ mine, : r*.'s.t.i|louraph1c reIeret1cr- rl..\l"-r who it were parallel to the
rnstal erlges and usmt: N't'Ip|'m'.|| |ft(1|t‘t'«
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FIOQIII 3.13 Miller
indtces of some

Important cubic crvstol

clones to] U00}. lb)
[1t0].cnct[c] [H1]

HOUR! 1.14 Cubic

crystal plane [6321 which
has fractional intercepts
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We take the reciprocals of these iriterrsepls to obtain the Miller indices, which
are therefore I. 0. 0. Since these numbers do not involve fractions. the Miller

indices for this plane are H00), which is read as the one-zero-zero plane. Next

let us Consider the second plane shown in Fig. 3.13:‘). The intercepts of this

plane are l, l. I. Since the reciprocals of these numbers are l. l. 0. which do

not involve fractions. the Miller indices of this plane are [I 10}. Finally. the third

plane (Fig. 3.13:‘) has the intercepts l. l, I, which give the Miller indiees (ill)

for this plane.

Consider now the cubic crystal plane shown in Fig. CH4 which has the

intercepts 9;. l. The rer:iprocals‘nf these intercepts are 3. 3. 1. Sin-‘Se fractional
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intercepts are not allowed. these fractional intercepts must be multiplied b_v .’
to clear the 3 fraction. Thus. the reciprocal Intercepts become ti, 3. 2 and the

Miller indices are 1632}. Further examples of cubic crystal planes are shown
in Example Problem 3.7. .

if the crystal plane being considered passes through the origin so that one
or more intercepts are zero. the plane must be moved to an equivalent position
in the same unit cell and the plane must remain parallel to the original plane.
This is possible because all equispaced parallel planes are indicated by the
same Miller indices.

It sets of equivalent lattice planes are related by the syrnrnetrv of the crystal
system. they are called planes ofa family or form. and the Indices of one plane
ofthe family are enclosed in braces as {hell to represent the indices ofa farn1'l_\-
of symmetrical planes. For example. the Miller indices of the cubic surface

planes (I00), tflltll. and (001) are designated collectively as a family or form
by the notation {IUU}.

Draw the toltms-mg crystallographic planes In cubic unit cells:
(at (ton lb} um) fr) 1221:

Id] Draw a I I lUl plane in a BCC atulnic—5ile unit cell. and list the position coordinates
of the aznrns wlmse centers are intersected by this plaiu-.

sdlufloiu:
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FIOUIE 3.15 Top view of
ctbtc unit cell showing
The distance between

[1101 crvstol planes. drin-
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to} First determine the reciprocals of the Miller indices ol the {I01} plane. These are

l, I. I The (I01) plane must pass through a unit cube at intercepts X = l and

2 = l and be parallel to the y axis

(bl First determine the reciprocals rat the Miller Indices of the l_lT0,l plane. These are
I. — l. I. The tllttl plane must pass through a unit cube at intercepts x = l and

_v = I and he paraltel to the z axis. Note that the origin of axes must be moved

to the lower right back side ol the cube.

tr‘: First determine the ft-‘(‘|[}l'ttt.’¢'tl.‘i of the Miller indices of the t_22ll plane. These are

L I. l. The t22ll plant: must pass through a unit Cuba at intercepts x = L y = 1.
and .3 = 1.

to‘) Atom positions whose centers are irtlersected by the l_llO) plane are

(I. U. 0). (0, I. 0}. 11,0‘ 1]. (D. l. I}. and (it. %. it. These positions are indicated

by the solid ctrcles.

An important relationship for the cubic system. and only the cubic system.

is that the direction indices of a direction perpendrcutar to a crystal plane are

the same as the Miller indices of that plane. For example. the I100] direction

is perpendicular to the (I00) crystal plane.

In cubic Crystal structures the rlrtterptanar spacing between two closest

parallel planes with the same Miller indices is designated d,,,,., where h, k, and

{are the Miller indices 0! the planes. This spacing represents the distance from

a selected origin containing one plane and another parallel plane with the

t l 10) plane 1

[I10] plane 2

mm planel}
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same indices which is closest to it. For example. the distance between (I10)
planes 1 and 2. dun. in Fig. 3.|5 on page 89 is AB Also. the distance between

t I I0) planes 2 and 3 is 0'. ti) and is length BC in Fig. 3.15. From simple geometry,
it can be shown that for cubic crystal structures

[f,,*_; = 
Vii” 4: 12*’ + P

where dmzr * interplanar spacing between parallel closest planes with Miller
indices h. k. and I

a = lattice constant {edge of unit cube]

h. 22. I = Miller indices of cubic planes being considered

Determine the Miller indices U! the cubic cry stallngraphic plane shown in Fig. l-JP3.8-a

SOIIJHOII:

First. transpose the plane parallel to the z axis 1 unit to the right along the y axis as
shown in Fig. EP3.8b so that the plane intersects the .r axis at a unit distance from the

new origin located at the lower rtght_ back curner uf the cube. The new intercepts ol
the transposed plane with the coordinate axes are rum 1 i l. - fig. 1}. Next. we take
the reciprocals of these iriterrepts In give (I. - *2.‘ . 0] Finally, we clear the 5' traction
to nbtain (SWO! for the Miller iritlices uf this plane
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Example Probtom 3.9

Determine the Miller indices of the cubic crystal plane which intersect.-: the position

Coordinates H. I. U), H. I. it. ti. 1. it, and all coordinate axes.

Solution:

Final. we locate the three position coordinates as indicated In Fig. EI’3.9 at A. B, and

C. Next, we join A and B and extend A3 to D and then iuin A and C. Fuially. we ioin A

In C to cumplete plane ACD. The origin for this plane in the cube. can be chosen at E.
which gives axial intercepts for ptane.4CDat .1: = - Ly =- - ‘Land: i. The reciprocals

of these axial intercepts are — 2, — 3, and 2. Multiplying these intercepts by 3 clears

the fraction. giving Miller indices for the plane of (316)

Origin for puslllun
coordinates

5! Origin fat
plane I

t"nppcI has an FCC crystal structure and a unit cell with {In lattice constant of 0.36] nm.
What is its inlerplanar spacing 0';-_»..?

H361 mu
= U12!-turn‘\-':2l- + 121- + int-
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3.? Cl?YSTALLOGRAPHlC PLANES AND DIRECTIONS IN HEXAGONAL UNFF CEU.S

indices for Crystal Crystal planes in HCP unit cells are commonly identified by using four indices
“G5” *0 ‘*9’ instead of three. The HCP crystal plane indices. called Mr‘lter—Brouar's r‘ndr'ces.IJHH CON!

HOUIE 1.10 The lot:

csctrciiinote axes (0.. O;-.
a,. and c] of the HCP
crystal structure unit cell

are denoted by the letters h. k. r, and I and are enclosed in parentheses as
(hell). These tour-digit hexagonal indices are based on a coordinate system
with four axes. as shown in Fig. 3.l6 in an HCP unit cell. There are three basal

axes, a., U3. and 0,, which make I20” with each other. The fourth axis or c

axis is the vertical axis located at the center of the unit cell. The ct unit of

measurement along the 0.. as and a-, axes is the distance between the atoms

along these axes and is indicated in Fig. 3.16. The unit ol measurement along
the c axis is the height of the unit cell. The reciprocals of the intercepts that
a crystal plane makes with the a.. a-_., and an, axes give the h. k. and t" indices.
while the reciprocal of the intercept with the c‘ axis gives the I index.

Basal planes The basal planes of the HCP unit cell are very important planes
for this unit cell and are indicated in Fig. 3.17:1. Since the basal plane on the
top of the HCP unit cell in Fig. 3.170 is parallel to the a.. U3. and a3 axes. the
intercepts of this plane with these axes will all be infinite. Thus, a. = ac.
[I3 = 3:. and at = I. The E‘ axis, however. is unity since the top basal plane
intersects the c axis at unit distance. Taking the reciprocals of these intercepts
gives the Miller-Bravais indices for the HCP basal plane. Thus it = (J. k = D.
t" = 0. and I = l. The HCP basal plane is. therefore. a zero-zero-zcrorone or
(0001) plane.
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HOUR! 3.17 Miller-
Brovois indices of

hexagonal crystal planes;

{at basal plcr-es. and {b}
prism planes

HODII 3.1! Some

urnporlcmt directions in
HCP mu! cells.

3.7 CIYSTALLOGRAPHIC PLANES AND DIRECTIONS IN HEXAGONAL UNIT CELLS

Prism planes Using the same method. the intercepts of the front prism plane

{/IBCD) of Fig. 3.l7b are a. = +1.03 = I». a; = — I, and c = :6. Taking the

reciprocals of these ilrtercepts gives h = I. k = 0. r" = — l. and I = 0. or the
{I010} plane. Similarly. the ABEF prism plane of Fig. 3.l?b has the indices

tlltltl) and the D(.‘(:‘H plane the Indices (OITU). All HCP prism planes can be
identified collectively as the llfllltl family of planes.

Sometimes HCP planes are identified only by three indices thk!) since
h + k = —r'. However. the thief!) indices are used more commonly because

they reveal the hexagonal symmetry of the HCP unit cell.
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Dlrocfl-on lndlcu In DireL.'tlm1s an HH’ uml l.'l.’H.'-i are also us-;ua!l\'Hldtmlt-(.1 Lav four indtfes u. U. r’.
HG’ 0"‘ c.“ a1Itlu'vnt'|n_~amI tn. ~+qu;m- brackets as Eut'nr']. The H. .". mad I l[1(1t(‘f‘h aw |dIli('t'

\.-'et‘lt_1r5iII lhc:c.r1. u_.. .'1nc.1u,dirmtti:'Ji1s, rl'h[It't'ti\'l']).' l_FI_1§. ."}.!t1}. andt|1I;'u'I[1de.\'
is a lattice \'t’t‘ltJl' in tin‘: tiirectiull. Tn Illdlllldlll tII1iftJrI11il_\' for both HCP illdims
fur planvs and :Irrm'li:.m.~s. it has been qszreecl that u + L‘ = — I for dirt-cliuns

afar». |t’él(IllI_i.1I-Hii rL1mhursurnL'- rnothmln{c1:-sigmliug(lire-:'1iu11:; wlwse method
of deterlninntiun ix tw_mnr.i Ihe smpe of this. hunk Sunw of the irn['mrt.'mI
tiire-rtinuzs-. in HF!’ um! ct‘-FJ5 gm" int1it';m':| in F-"LL: it 1H.

3.3 COMPARISON OF FCC. HCP, AND BCC CPYSTAL STRUCTURES

Face-contend As pr:'~\'1nmi\' pnmlml nut. Imth the H(_'}’ and l"('(‘ ('r_vst;1| .~;tr11t‘turt*:; arr vlu.~it=-
Hi“b“'-"""d [')El(‘kt‘(I sIrm'tun-s. That if». their atoms winith .m- c-r-maich-red approximate

“'9°"d "spheres" are par;kt_-d tu_q('th<‘r as clusvly as [Jt).Ei.H'”J|t' so that an atornir packingclan-Packed _ . _ , _ _
cwfifl sham,” tactnr of U :4 1.x .:tt.unm|.' The {III} pI'c1I1(‘5-;nfIh(‘ I-{{ ('r_\'sIai SIr1I(‘lllft' slmwn
 

'-\.» [-nlrllrd nut in .‘$I'<' % 5 1!:-: utunm 1:: the Hi'I' .-.1rmt11rr- :1:-u.|r¢= 1.n.mII1_q d\'L_£l'I.‘t"- frr-m
::1nIi1I\ II: mrur Ht E’ I1u-1.aJ~t!In= c:l:m1.- are r-|unc.'1'.u-:1 .:ium.1 lI:I'r .m»_.1nd Ill-..‘UI1_‘! {ti.\l"sTht'\
uh‘ L".Jl'l1|-ltw-.\t'II .:1:={'.s.‘ fhv : .1\'|-. =<:"+* T-rllll’ ’i -1!

HOIRI 1.19 Componson cut me u‘; F-.".L”. crystal srmcture she-wmg the close p<JCke'.-GU11} prunes and [0] the
HCF’ crvsfol structure Shtswng the <?!0se—r)-ocked [(1101 _I r."-ucnres [After W G Mu.-‘far? .3 W Pearson and J M.-xrr
The 5.*ruCJ‘ure='ona Prooerfies or Mc:ra.m1-rs me x '3rr'ucPurv3 ‘L-W»_=w' .100-<1 .0 5!]

.UtI1|I1pl.-lnr
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3.8 COMPARISON OF FCC. HCF. AND ICC CDYSIAL SIEUCTURES

tht

'3nrl plane H 111 stulsked
an [up ufrl plane In
(I voids

.-'l. }Ilruu- ____ _

It plane — —._.

A plane —

H" 'u'l b wild in vnirl

iirtl plrinu A in :\IlII."l'£[‘d nn top of 2nd .'tr1‘J plane t" its stacked on top nf‘2nd R plane in
plane H In r’: L'uu.l.~. tu rnalw ll('I‘ ri mid.-5 tr: rrrrlke F('(' tT_\_u":*L}|] structure stackillg;
r-rgi.--atnl str1r('tIrr:- .-:tm‘krrip,: Le . .-IRAS. .. Le. ABC‘,-1BC‘....

FIGURE 3.2!) F:>r"*(J‘-ton or HCF‘ cnc: FCC crysto structures by changing the stoctur-g of c‘-0&0 Docked DUIGS 0*

Ufgrng id; .1. pkjne contnrrxng 3 33¢. gs-l",r_De vOl(3$ betweer the atoms {b} 8 plane is stacker: on top of A plane in
a to Thrd ,')lO|"i(-It Amtner A more Is stacked on top at the :3 voice or B DIOWB *0 "Woke HCP cwstd STIUCTUB
stuckang to ARAB tut lhvo pl-me r_orterr*-ci=.e_'r 0 C‘ plor-e rs stacked on the 0 vcnds or B done .90 Write an FCC
st()(_1“-ted Cr./Stat struetture ABCABC

in Fug. 3.190 have the identical packing a_rrangeinent as the (0001) planes of
the H(.'P crystal structure shown in Fig. 3.193). However. the three-dimensional

FCC anrl HCP crystal structures are not identical because there is a difference

in the stacking al'l'aIlgt‘IIlt‘l‘Il of their atomic planes. which can best be described

ht.‘ mnsidering the stacking uf hard spheres representing atoms. As a useful
analogy. one can imagine the stacking of planes of equal-sized marbles on top

rat each other. rninirnizing the space between the marbles.

(‘nrrsirter first a plane of cluse~pat'kecl atoms designated the A plane. as

shuwn in Fig. 3.2110. Note that there are two different types of empty spaces
or voids between the aturtis. The vnids pointing to the top of the page are

Llesigrraterl ri voids and those pointing tn the lmtlrinr (it the page. b voids. A

second plane of aturns can be placed over the n or b vuirls and the same three-
rlimensional structure will be prnclrreed. Let its place plane 8 over the a voids,
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as shown in Fig. .'t.2lth. Now if a lhird plane of atorns is pla(.‘t:‘d over plane .8
to form a closest-paelcerl structure. it is possible to form two different close-

paeked structures. One possihilitv is to plaee the atonis of the third plane in
the b voids of the 8 plane. Then Ilie atoms of this third plane will lie directly
over those of the .4 plane and thus can be designeiteil anotlier A plane (Fig.
3.20:“). If subsequent planes of atoms are placed in this same alternating
stacking arrangement. then the stacking sequence of the three-dimensional

structure produced can be denoted by . Sueli .i staekiiig sequerice
leads to the ll(.‘P crystal structure (Fig. 3.1945]

The second possibility for forming a simple close packed structure is to
place the third plane in the a voids of plane B (Fig. 3.2UdJ. This third plane is
designated the C plane since its atoms lie neither directly above those of the
.8 plane nor ofthert plane. The staekiiig sequence in this (‘lose-packed structure
is thus designated ABt'.'ABCABC . . and leads to the FLY‘ structure shown in
Fig. 3.I9a.

The BCC structure is not a Close-packed striieture and hence does not have

close-packed planes like the {l I I} planes in the FCC structure and the {Until}
planes in the HCP structure. The most densely.‘ pact-ted planes ill the BCC
structure are the {I I0} faniily of planes of which the H10] plane is shown in
Fig. 3.21:‘). The atoms. however. in the BCC structure do have (‘|t'J$t‘-pr‘J{.‘kE'd
directions along the cube dia_t.1ona|s. which are the (I I It direetiuiis

HOUR! 3.21 BCC crystal structure showing [or] the [100] plane and lb] ci section of the i110] prone Note that
this ls not ci'cIose-packed structure but that ctiogoncls ore ctose packed directions. [[0] After w G Morrott,
G. W Pecrsott. and J Wutff. ‘The Structure and Properties of Materials." vol I. "Struc!ure."Wt1sir. 1904. p. 5!]
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3.9 VOLUME, PLANAR. AND UNEAR DENSHY UNFT-CELL CALCULATIONS

volumo Donsfly Using the hard-sphere atomic model for the crystal structure unit cell of a metal
and a value for the atomic radius of the metal obtained from x-ray diffraction

analysis. a value for the volume density of a metal can be obtained by using

the equation

massfunit cell

Volume density of meta! = p. =‘ (3.5)

In Flxaniple Problem 3.11 a value of 8.98 lvlgtm“ (8.98 g/cm“) is obtained for

the density of copper. The handbook experimental value for the density of

copper is 8.96 Mgfm“ (8.96 gfcm-"}. The slightly lower density of the experi-
mental value could be attributed to the absence of atoms at some atomic sites

(vacancies), line defects. and mismatch where grains meet (grain boundaries).

These crystalline defects are discussed in Chap. 4. Another cause of the dis-

crepancy could also be due to the atoms not being perfect spheres.

Example Problem 3.11

Copper has an FCC crystal structure and an atomic radius oi 0.1273 nm. Assuming the

atoms to be hard spheres which touch each other along the face diagonals of the FCC

unit celi as shown in Fig. 3.7, calculate a theoretical value for the density of copper in

megagrams per cubic meter. The atomic niass of copper‘ is 63.54 gflnol.

Solution:

For the FCC unit cell. Via = QR. where (1 is the lattice constant of the unit cell and

R is the atomic radius of the copper atom. Thus

a=ii= :u.3sintn
\-'2 vi

massmriit cell

Volume density of copper = pi = l3.5}

in the FCC unit cell there are [our atornsi-‘unit cell. Each copper atom has a mass of

(63.54 _q,'molJ«'tb' H2 an it)“ atom.-ti-nio|'l. Thus the mass m of Cu atoms in the FCC unit
Cell is

m .. (tn = 432 x 13 -’~ Mg_ 6.02 X I03‘ atontstmul
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'|GflGl A'0fl'||C

Density

FIOIRI 3.21 {Ct} A BCC
Cl10t"l'tlC-Slle unit cell

showing 0 shaded [110]
plcne [bl Areas of atoms
in BCC unit can out by
the [110] plane.

The volume lr’ of the Cu unit cell is

IU ' m

not

5

) = 471) .- 10 -''‘m‘L" = a‘ = (nfitil nm '-A

Thus the density of copper is

m 4.22 X It} "‘ Mgpi = —v :-
v ' 470 X 10 ="m' : 8'93 M-mt (8.98 g:'cnI"} 4

Sometimes it is important to determine the atomic densities on various crystal
planes. To do this a quantity called the planar atomic derrsfly is calculated by
using the relationship

Planar atomic density = ,9,

equiv. no. of atoms whose centers are intersected by selected area _;%

selected area

(3.61

For convenience the area of a plane which intersects a unit cell is usually used
in these calculations, as shown. for example. in Fig. 3.22 tor the (H0) plane
in a BCC unit cell. in order for an atom area to be counted in this calculation.
the plane of interest must intersect the center of an atom. in Example Problem
3.12 the [I I0) plane intersects the centers of live atoms, but the equivalent of
only two atoms is counted since only one-quarter of each of the four corner
atoms is included in the area inside the unit cell. Figure 3.22:1 shows area occu-
pied by atoms on a planar section ol an (III) plane in the FCC lattice.
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FIGURE 3.22A (c.')An
FCC otorwcstte unit cel

mowhg O shaded (Ill)
ptcne Eb) Areosot atoms
in FCC mtt cat! cut by
the (II!) plane

3.»: VOUJME. Puumr. mo LINEAR DENSITY UNIPCELL caicuumous 99

Calculate the planar atomic density p,. on the I I I0) plane of the cr iron BCC lattice lt't

atoms per square mtlltmeler. The lattice (‘onstanl ot a iron is 0.287 nm.

Solution:

equiv. no. of atoms whose centers are intersected by selected area
selected area [amP.» =

"Hie equivalent number of atoms intersected by the {lit}! plane in terms of the suriace
area inside the BCC unit cell is shown in Fig. 3.22 and is

1 atom at CE'l‘llt;'f + 4 x I atoms at four Corners of plane = 2 atoms

The area intersected by the [H01 plane Inside the tmit cell {selected area] is

(visual -- we-‘

Thus the planar atumit' density is

2 atoms

x-‘Ewes? nmi"

it)" run’

mm"

17.2 atoms

nrn-'

lT.2 atoms

nnil
K

l.?2 x‘ I0" atomswnrn-' 4
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Uncut Atomic Sometimes it is Important to doterniine the atomic densities In various direc-

DOMHY tions in crystal structures. To do this a quantity called the linear ororrrr':' :!eri.s'r'i'_v

FIGURE 3.1! Diagram
for calculating the
atomic linear density In

the [Hot CIlf9ClIOi"\ in on
FCC unit Cell

is calculated by using the relationship

Linear atomic density = p,

no. oi atomic diam. intersected by selected

length of line in direction of interest
. "l

selected length of line (3 7

Example Problem 3. I3 shows how the linear atomic density can be calculated
in the [H0] direction in a pure copper crystal lattice.

Calculate the linear utoiiiic tlt>nsit§.' p, til the I] I0] direction In the copper crystal lattice
in atoms per millirneter (‘rapper is FCC and has a lattice constant of [|.36| nm

Solution:

The atoms whose ceiitens the Hill] direction intersects are shown in l-‘mg 3.'.!3. We shall
select the It-_ngth of the line to he the length of the face diagonal of the FC(' unit cell.
which 15 \. "lid. The nurntaer of atomic diameters intersected by this length of line are
l + I + Q = 3 atoms 'l’hu.~.‘. using Eq. (3.71, the linear atomic density‘ is

3 atoms 2 atoms 3.92 atonispr : : _
\- Eu \'§lll Itfil nml I1“!

3 Eli! .itum.~. ll)‘ nm_ ____ _ ,_
BIT] mm

-- 392 n It?" atnrns»'mm 4
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3.10 POLYMORPHISM Of? ALLOTROPY

HOUR! 3.24 Alloiroprc
crystalline lorrns or IfO|"'|

over Iernperoture ranges
01 oimosphenc pressure.

Many t‘ll'l1I(’{!I.'§ and compounds exist in more lhan one crystalline form under

different (1 mtiilions of lvrrrpr-ralrrrv and prvssrlrc. This phenomenon is termed

prJr'mrrarphr'.'-mi. or aflorropy Many indusirially-' imponanl Irwtals such as iron.

Iitarnum. and mhali undre-rgo allotropic transformations at elevated tempera-

tures at a[mUS[Jf‘:t‘l'i(‘ prt-.~'..~‘.nrr-.= Table 3.5 lists some selmcied metals which Show

allolmpir lranslormations and lhe structure changes which occur.

Iron exists in hot]: B(‘(' and FCC crysial structures over the temperature

range from room temperature Io ils rnelung point al l539°('.. as shown in Fig.

3.2-1 Alplm {tr} iron exists from — 2?3 to 912°C and has the BCCL'r_vstals1ruclure-.

Alotuuplocnuidiul-omuotlomolddn

cryfld urucluto M oflnr
Hotel at room Iornpcrufwo IOI'I'I90l’dlI.Il'Ii

FCC
HCP
HCP
BCC

acc [2-zi47°C]
FCC [-427 =c)
acc [ -17-*.12"C]
rcc [012 . 1 394-‘C}
acc r-..139a=<:)

ecc HCP g«.- . 193"C]
acc HCP {. -- 233'-C]
HCP acc t.--23¢-<2]
HCP acc [2-»aa3“c1
HCP acc { -1d81"C]

acc [.--5720

l.I.qI1I1| mm

6 I doltal IIIIIIIIKT1

}u{au1nI.lllrur1lF‘('l'|

T1-mpvralurv—-—-—u-
1: lrilpfun Irnn t HII'(‘|
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Gamma Iv) imn ext.-st.~s from 912 in 1351-4"? and has the FCC crystal structure.
Delta (6') Iron exists from I394 to l539"C. which t5 the melting point of ll'(Ilt"|.
The crystal 5ilrllt.‘lltt'f‘ nl :3 imn is also B('(‘ hut with a larger lattice constaiit
than (I iron.

Calculate the tlteuretiral vulmne change acmmpan}‘ing .3 pt_Il\lttLIrpI'|t(.‘ trattsfomiatiutt
in a pure metal tmn: the I-'t‘t‘ tn BU" t-r_\'st.i| .~itrut'turv Asmtitiie the liarr1..<'.phr~_-re atomic
model and that there Ls no a'h.'it'1gv in atnntic mlurne lreliirv and after the traiisln Irlttalltttt.

Solution:

In the FCC crystat structure unit cell. the atoms me Ill ('mIlat'| along the face diagonal
of the unit cell, as shown in Fig. 3.7. Hence

4:?

\-‘Err 4R or a —— $3.3)

_ In the B(‘t‘ rrystat structure unit cell. the atoms are Ill miitaet along the body
diagonal of the unit tell an shuwn in Fig. 3.5 Hence

iiVllxr 4;‘? ur a -- _..
Vii

l3.ll

The volume pH’ atnm tor the FCC crystal lattice. since it has four atoms per unit
cell. is

V... = = = snare‘\3 rt.

The \-‘nlurmr per atom for the BCC Crystal lattice. since it has two atoms per unit
cell. is

, -‘ '=tR ‘ I . . I
t,,.-._- = % = : h.|hR

The ch-'1n_ite in vulutnv E-l.'ih't)('lalEd with the trattsfurtnatioii truth the FCC to BCC

crystal stru('tun:, asauiiiiiig nu rhange in atnrim.‘ radius. is
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X-lay Sources

HOUR! 3.15 Schernahc

diagram of the cross
section of a sealed oft

filcment :i~rcrv tube [After
8. .0 Comp. "Elements or

X-Ray Drrrrachon. " 2d
ed. Adcrisoo Wesley. W75

to 23-]

{'oo|i.n1.{\\a1t'r
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CRYSTAL STRUCTURE ANALYSIS

Uur present knowledge of crystal structures has been obtained mainly by x-

ray diffraction techniques which utilize it-rays about the same wavelength as

the distance between crystal lattice planes. However. before discussing the

manner in which x-rays are diffracted in crystals. let us consider how x-rays

are pr(}{lt|L'l:'(l for experimental purposes.

X-rays used for diffraction are electromagnetic waves with wavelengths in the

range 0.05 to 0.25 nm (0.5 to 2.5 A)‘ By comparison the wavelength of visible
light is of the order of 600 nm (5000 A). In order to produce x-rays for diffraction

purposes, a voltage of about 35 id! is necessary and is applied between a

cathode and an anode target metal, both of which are contained in a vacuum.

as shown in Fig. 3.25. When the tungsten filament of the cathode is heated.

electrons are released by thermionic emission and accelerated through the

vacuurn hy the large voltage difference between the cathode and anode, thereby

gaining kinetic energy. When the electrons strike the target metal (e.g.. mo-

lyhdenum}. it-rays are given off. However. most of the kinetic energ (about

98 percent) is convened into heat. so the target metal must be cooled externally.

The x-ray spectrum emitted at 35 kl.’ using a molybdenum target is shown

in Fig. 3.26. The spectrum shows continuous may radiation in the wavelength

range from about 0.2 to l.-i A (0.112 to {H4 inn} and two spikes of characteristic

radiation which are designated the K“ and KB lines. The wavelengths of the K...

and K‘; lines are cliaracteristic for an element. For molybdenum. the K, line

occurs at a wavelength of about 0.? A tt).D?i1rri).'Ihe origin of the characteristic

Vacuum
I-rays Tungsten filament
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HOUR! 1.16 X-ray
emission spectnm
produced when
rnolybdenurn metal is

used as the lager metal
in an xvrcry tub-e

operating at 35 W

HOUR! 1.2? Energy
levels ot electrons in

molybdenum showing
the origin of K,, ond K,.
radiation.

CHAPTER 3 CRYSFAI. STIUCIURES AND CRYSIAL GEOMETIIY

Characteristic
radiationRelativetnu-aslty
(‘otrttntirius
radiation

U6 ll)

'1-|'aw|eng1l1 A. A

radiation is explained as follows. First. K electrons (electrons in the it =

shell) are knocked out of the atom by highly energetic electrons bombarding
the target. leaving excited atoms. Next. some electrons in higher shells {that
is, rt = 2 or 3} drop down to lower energy levels to replace the lost K electrons.

emitting energy of a cltaracterlslic wavelength. The transition of electrons from

lrtnmatuin
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the L to = 2) shell to the K in = I) shell creates energy of the wavelength of
the l(., line, as indicated in Fig. .'i.2?.

Since the wavelengths of some x-rays are about equal to the distance between

planes of atoms in crystalline solids. reinforced diffraction peaks of radiation

of varying intensities can be produced when a beam of x-rays strikes a crys-
talline solid. However, before considering the application of x-ray diffraction

techniques to crystal structure analysis, let us examine the geometric conditions

necessary to produce diffracted or reinforced beams of reflected it-rays.

Consider a monochromatic (single-wavelength] beam of X-rays to be in

cicient on a crystal. as shown in Fig. 3.28. For simplification let us allow the

crystal planes of atomic scattering centers to be replaced by crystal planes

which act as mirrors in reflecting the incident may beam. in Fig. 3.28 the
horizontal lines represent a set of parallel crystal planes with Miller indices

lhkfl. When an incident beam of monochromatic x-rays of wavelength It strikes

this set of planes at an angle such that the wave patterns of the beam leaving

the various planes are not in phase. no reinforced beam wit’! be produced (Fig.

3.28a). Thus destructive interference occurs. if the reflected wave patterns of

the beam leaving the various planes are in phase, then reinforcement of the

beam or constructive interference occurs (Fig. 3.28:5).

Let us now consider incident x-rays l and 2 as indicated in Fig. 3.28c.

For these rays to be in phase. the extra distance of travel of ray 2 is equal

to MP + PN_ which must be an integral number of wavelengths A. Thus

rm = MP + PN (3.8)

where n = l. 2. 3. . . . and is called the order of the diffraction. Since both

MP and PN equal d,,,, sin 9, where d,,., is the interplanar spacing of the crystal

planes of indices (hid), the condition for constructive interference (i.e.. the

production of a diffraction peak of intense radiation) must be

H): = 2dm:rSii't. 8 [3.9}

This equation. known as 8ra_gg's iota,‘ gives the relationship among the angular

positions of the reinforced diffracted beams in terms of the wavelength A of

the incoming x-ray radiation and of the interplanar spacings d,-,,., of the crystal

planes. In most cases. the first order of diffraction where n = l is used. and

so for this case Bragg's law takes the form

A = Zdhg; Sin 6

‘William Henry Bragg tl8ti'.’.- I942] Ertglislt physicist who worked in x ray crystallograpliv
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‘I

5 5*‘ i ’*'4 V

s ‘VJ

5

um‘ I planes ..

D

‘:4 E
4

§ 4

5

FIGURE 3.1! The refleciion of an x-ray beam by me (hit!) planes of o crvsfo1.(cJ}No
rellected beam I5 prodaced G1 on orbihrcw angle of Incidence [D] At the Bragg cngle H.
the reflecied rays are an phase and remforce one cnofhet. [c] Slmilcr to [:3] except mat
the wave repre-senfafion hos been ommed. [Arfer A G. Guy and J J Hran. “Elements of
Physico! Metam:gy." 30' ea. Addisor:-Wasrsy. #974. p 201.}
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Example Problem 3.15

A sample of BCC iron was placed in an x-ray diffractometer usurp: incolntng x-rays with

a wavelength A = 0.|54l run. Diffraction from the {I I0} planes was obtained at 28 =
44.704”. Calculate a value for the lattice constant o of B(‘(‘ tron tfikssutne firstorder

diffraction with n = 1.)

Solution:

29 = 44.704“ 0 = 22.35“

= 2d,... sin 9

A = D.l54| nm
2 sin 6 2{sin 22.35“)

0.154] nm

' 2(o.3so3) “ 02025 "m

Rearranging Eq. {3.4} gives

a = d,t.,\/h” + k’ + (5

:3 {Fe} = d..t,Vl"‘ + I“ + 0”

= (02026 nm](l.4l4J = 0.237 nm 4

The powder method of at-ray dlflnctton analysts The most commonly used

x-ray diffraction technique is the powder method. In this technique a powdered

specimen is utilized so that there will be a random orientation of many crystals

to ensure that some of the particles will be oriented in the x-ray beam to satisfy

the diffraction conditions of Braggs law. Modern may crystal analysis uses an

x-ray dtffractometer which has a radiation counter to detect the angle and

intensity of the diffracted beam (Fig. 3.29). A recorder automatically plots the

intensity of the diffracted beam as the counter moves on a goniometer' circle

(Fig. 3.30] which is in synchronization with the specimen over a range of 23

values. Figure 3.3! shows an x-ray diffraction recorder Chan for the intensity

of the diffracted beam vs. the diffraction angles 26 for a powdered pure—melaI

specimen. In this way both the angles of the diffracted beams and their inten-

sities can be recorded at one time. Sometimes a powder camera with an

enclosed filrnstrip is used instead of the diffractometer, but this method is
much slower and in most cases less convenient.

‘A Qmttmneter is an Instrument for measitring angles
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FIGUHE 3.29 An 1-ray
diffroctometer [wxlh
x roduofion shields

removed} [Philips
Efecrronk: insrrumenfs.

W“-l

Diffraction conditions [or cubic unit cells X-re':}'diffraL'!im1 lt‘t‘|ll1i(]lIE‘S enable

the structures nf u'r_\.-'sta:||inc~ sntads» to be determined. The imcrprc-tailor} of x

ray diffracljnll data for |HI.).'-il t'r\.'!~'te1llim> 5l.1l'Jstd1I<_‘r.~s is t'tlt]1[,'J|('.‘( and h(?_\_':>I1(I the

scope of this bnoi»:, and .-so only the simple case of Lliffrazqtum in pure cubic

Itwtalls WI” he (m1.-aidvn-ti. The zalmiysis of x-rat.‘ diffraction data tor cubic: unit

cells can he simplified hv cnmh'min_s.g Ffq. (3.4),

(J

inn” -_- -—'—_._.K‘::—’ +-

with the Bragg cquejlmrl A -- 2:} sin ti. givimg
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llndtauun
deu=r:t.ur

___u u_u

t
4 Radiation d£'l('t_'tI>I‘l|'I1t>\r1n|{J

un gnninmc-ter t‘iI‘I:'|PI

I I I

Infill” 1“ 9‘ 8‘ 70 l'm1iuI'I uf one crystalHI 5'] )l‘I‘ Ill"I£"I'|

Infiracu-d beam

lnruipntbearn
Radtannn
generalur

Top View of specimen Radiatinrt
fixed ln guniumetel’ generator

FIOUII 1.3!! Schematic iltustrcitton ot the dtffructorrtater method of crystctt analysis and of the conditions
necessary for dtttractton. {After A. G. Guy. "Essen!t'ots 0! Matedats Science. " McGrow-Hm. $9741]

":1
.5Ex

noun 1.11 Record of

the dlttrocfion cngtes for

G hngsten scrrple
obtained by the use ot a
diflroctornetet with

coppat radiation. [After

A. G.Guya1dJ.lt.!-tan. . "3" lm

D|.I'[ru-nun angle 20
Addison-Wesley. I974,

0- 203-}

lnt:-msn._\-ufdll!i'arledbeam.(‘pee
This equation can be used along with x-ray diffraction data to delennine if a

cubic crystal structure is body-centered or faceuenlered Cubic. The rest of this
subsection will describe how this is done.

To use Eq. (3.11) for diffraction analysis, we must know which crystat

planes are the diffracling planes for each type of crystal structure. For the
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simple cubic lattice. re-tlections from all (hit!) planes are possible. Hnwever,
for the BCC structure diffraction occurs only on planes whuse Miller indices

when added together (h + ta + ll total to an even number (Table 3.6}. Thus,

for the BCC crystal structure the principal diilracting planes are {H0}, {200}.
{Z1 1}. etc.. which are listed in Table 3.7’. in the case of the FCC crystal structure.
the principal diiiracting planes are those whose Miller indices are either all

even or all add (zero is considered even). Thus, for the FCC crystal structure

the diffracting planes are {I I i}. {200}, {22U}. eic.. which are listed in Table 3.7.

Interpreting experimental 1:-rey diffraction data for metals with cubic crystal

structures We can use may diitractometer data to determine crystal struc-

tures. A simple case to illustrate how this analysis can be used is to distinguish
between the BCC and FCC Crystal structures of a cubic metal. Let us assume

that we have a metal which has either a BCL‘ or an FCC crystal structure and

that we are able in ltlt-'ltlll_V the principal difiractirig planes and their corre

sponcling 20 values. as indicated for the metal tungsten in Fig. 3.31.

IlIOIl0l'DI1'Ol'lI|fl*'IflIIIDn00Qlfll3*l'lHC'IOII1G|filfl
CWT
 

lruveb lattice lettectlene present iteiiectione absent

BCC [h+k+-l] even [h+k+l] odd
FCC [:1 tr, I] all odd or all [h, k, I) not all add

even or all even

lflerhdieeeetlientttreerlhgflaneetotlccaridicc
Latfloee
 

Cubic

dtftructlng

clue planes [Md 1
planes Sum

{hid} it‘ + it‘ + P uh’ + tr’ + F] rec Ice

1100}
moi
uni
{200i
4210;

‘i

1 0
l
2
2- -

mu 2'---

2
1’
3

0-‘

1__
0
0.
1.

E}
u 1"

‘ 9 l"

‘. . 0‘.
1
1 ;g'1l

i220} 220
l22l}
Him 310
 

C.-<3m'--r‘.'3'-(.J"£:~...'_..iI\-J..
..,_I
1
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By squaring built sides ol Eq. (3.11) and solving for sin“ 9, we obtain

_, .i“i3+k-’+l-'} .‘
sin“ ti : jv 402 T l.5.|2)

From may diffraction data we can obtain experimental values of2t'l fur a series

of principal diffracting {hid} planes. Since the wavelength of the incoming
radiation and the lattice constant 0 are both constants, we can eliminate these

quantities by forming the ratio of two sin‘ 9 values as

sin‘ til hi + lei '
. = 3. 3

sirr’ 6;, bi, + far, [' I )

where 9,, and 63 are two diffracting angles associated with the principal dif-
fracting planes {h_.,k..l,..} and lhgkgfg}. respectively.

Using Eq. (3.13) and the Miller indices of the first two sets of principal
diflracting planes listed in Table 3.7 for BCC and FCC crystal structures. we
can determine values for the sin‘ 9 ratios for both BC(‘. and FCC structures.

For the BCC crystal structure the first two sets of principal diffracting planes
are the {I 10} and {200} planes (Table 3.7). Substitution ofthe Miller {mar} indices
of these planes into Eq. (3.13) gives

sin3H,._ 13+ l2+(}'“' _
sin” 63 ‘L 23 + 03 + O2 _ D5 8'14}

Thus. if the crystal structure of the unknown cubic metal is BCC, the ratio of

the sin” 9 values which correspond to the first two principal diffracting planes
will be 0.5.

For the FCC crystal structure the first two sets of principal diflracting planes
are the {I l l } and {2D0} planes (Table 3.7). Substitution of the Miller {hkl} indices
of these planes into Eq. (3.13) gives

sin‘ 95 I3 + 1"’

sin” 9., Z “-75 ‘3-'5’

Thus. if the crystal structure of the unknown cubic metal is FCC. the ratio of

the siii'~’ 1) values which correspond to the first two principal diffracting planes
will be 0.75.

Example Problem 3.16 uses Eq. (3.13) and experimental x-ray diffraction
data for the 28 values for the principal diffracting planes to determine whether

an unknown cubic metal is BCC or FCC. X-ray diffraction analysis is usually
much more complicated than Example Problem 3.l6. but the principles used
are the same. Both experimental and theoretical x—ray diffraction analysis has

been and continues to be used for the determination of the crystal structure
of materials.
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An x ray drffrartnrneter recorder chart for an element which has either the B(Tf"ur the

FCC cr_\.'sIa| structure shows diffraction peaks at the tullnwlng 29 etrtglus: 40. 58, 73.

86.8. 100.4, and 114.? The wavelength nt the Irrurrtrirrg x-my used was 0.154 nm.
In} Deterrmne the cubic structure of the element

lb) Determine the lattice constant 0! the element

Ir} Identify the element.

Solution:

In} !Jererrrrrmm‘orr nu‘ the cr_v.s'!rr.-' .s'muture or‘ the eiernerrr. First. the sin-' 0 values are

canleuldted from the 28 diffractiurl angtes.

29. dog 9, dog sin 9 slit’ 8

40 20 0.3420 0.11 70
58 29 0.4848 0 2350
73 3¢.5 0.5948 0 3538
B6 5 £13.11 06871 0.11721

50.2 0 7683 0.5903
57 35 0.84120 0.7090
 

Next the tail!) of the sin-' 8 values ml the hrst and second angles I5 r.'a|t'ulated'

sin" H 0.1 I?
, ' _ ~ lt.-198 =- US

stir’ 8 t}'.?3.'r

the crystai ~;trueture is B(‘(‘ sum-e this ralm is I15. If the ratio had been = 075.
the stnrcture would have been FCC.

Deterrrrrrratrrnrr of the t'um'ce constant Rearrartgittg F.q (11.12) and :m|\.'irrg fur tr’
gives

.t-’h-’ + Ar’ + I-'

4 sin1 B

J
u‘ = (3 ltit

V'J’L———’:' {:5 law
A

3 sin‘ H

Stthstrtlrtrnq tntn Ed] tit ITI It I It - I. anti r’ = 0 for the h. k. I Miller

ItttIIt'P.\ ut the first «et ul prrrrerpnl (t|”|'dt'1|tIH ntarre- fur the BLT crystal structure.

whrch are the {H0} pianes. the corresponding value hat‘ srrr U. whreh Is U 1|? and

U ISA nrn tnr A the mcmnrng radralmn. gives

— 1134 Hm .- J : P. : It THE nrn ‘J
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ti‘: lderirrhcarron of the elcrrrerrr "the element is tungsten since this clcnient has a
lattice (‘unstanl of U.."l|h ntn rllltl Is l3('('

Atomic arrangements in crystalline solids can be described by a network of
litres called a space lattice. Each space lattice can be described by specifying
the atom positions in a repeating unit (all. There are seven crystal systems
based on the geometry of the axial lengths and interaxial angles of the unit
cells. These seven systems have a total of 14 sublattices (unit cells} based on

the internal arrangements of atomic sites within the unit cells.

In metals the most common crystal structure unit cells are: bi;-dy-centered
cabri; tBCCl. face-centered cubic (FCC), and hexagonal close-packed i_HCP)
[which is a dense variation of the simple hexagonal structure).

C'rjv.srai directions in cubic crystals are the vector components of the di-
rections resolved along each of the component axes and reduced to smallest

integers. They are indicated as lriaru]. Families of directions are indexed by
the direction indices enclosed by pointed brackets as (now). Crystal planes in
cubic crystals are indexed by the reciprocals of the axial intercepts of the plane
(followed by the elimination of fractions) as (hell. Cubic crystal planes of a
form (family) are indexed with braces as {hkf}. Crystal planes in hexagonal
crystals are commonly indexed by four indices h. it, t; and i‘ enclosed in pa-
rentheses as thkrf). These indices are the reciprocals of the intercepts of the
plane on the o.. a1. a_.'. and ‘c axes of the hexagonal crystal stmcture unit cell.
Crystal directions in hexagonal crystals are the vector components of the di-
rection resolved along each of the four coordinate axes and reduced to smallest

integers as IUUILUI.

Using the hard-sphere model for atoms. calculations can be made for the

volume. planar, and linear density of atoms in unit cells. Planes in which atoms

are packed as tightly as possible are called dose-packedplanes. and directions

in which atoms are in closest contact are called cfosevpadeed dr'recrr'orrs. Atomic

packing factors for different crystal structures can also be determined by as-

suming the hard-sphere atomic model. Some metals have different crystal
structures at different ranges of temperature and pressure, a phenomenon
called pofynrorphism.

Crystal structures of crystalline solids can be determined by using x—ray
diffraction analysis techniques. X-rays are diffracted in crystals when the Bragg 5
four in}t = 2d sin 9) conditions are satisfied. By using the x-ray dilfractorneter

and the p()u.=der rrrerhod. the crystal structure of many crystalline solids can
be determined.
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DEFINITIONS

Sec. 3.!

Crystal: 3. solid composed of atoms. ions. or molecules arranged in a pattern that is
repeated in three dimensions.

Crystal structure: a regular threevdirnensional pattern of atoms or ions in space.
Space lattice: a three-dimensional array of points each of which has identical

surroundings.

lattice point: one point in an array in which all the points have identical surroundings.
Unit cell: a convenient repeating unit of a space lattice. The axial lengths and axial

angles are the lattice constants of the unit cell.

Sec. 3.3

Body-centered cubic (DISC) unit cell: a unit cell with an atomic packing arrangement
in which one atom is in contact with eight identical atoms located at the corners of
an imaginary cube.

I-‘see-centered cuhle (FCC) unit cell: a unit cell with an atomic packing arrangement
in which l2 atoms surround a central atom. The stacking sequence of layers of close-
packed planes in the FCC crystal structure is ABCA.B('.'. . . .

Hexagonal close-packed (HCP) unit cell: a unit cell with an atomic packing ar-

rangement in which l2 atoms surround a central identical atom. The stacking se-
quence of layers of close-packed planes in the HCP crystal structure is ABABAB. . . .

Atomic packing factor (APF): the volume of atoms in a selected unit cell divided
by the volume of the unit cell.

Sec. 3.5

lndlces of direction In a cubic crystal: a direction in a cubic unit cell is indicated

by a vector drawn from the origin at one point in a unit cell through the surface of
the unit cell: the position coordinates (x. y. and 2] of the vector where it leaves the
surface of the unit cell [with fractions cleared} are the indices of direction. These

indices. designated :1. U. and w are enclosed in brackets as luuwl. Negative indices
are indicated by a bar over the index.

Sec. 3.6

Indlces tor euhlc crystal planes [Miller tndlces]: the reciprocals of the intercepts
("with fractions cleared) oi a crystal plane with the x, y. and z axes oi a unit cube are

called the Miller iiitlices of that plane. They are designated h. k. and I for the x. y,
and z axes, respectively. and are enclosed in parentheses as thin’). Note that the

selected crystal plane must not pass through the origin of the X. y, and z axes.

Sec. 3.9

Volume density p,: mass per unit volume: this quantity is usually expressed in My/m‘
or 3/cm‘.

Plan r density p,: the equivalent number of atoms whose centers are intersected by
a selected area divided by the selected area.

Unesr density p,: the iiiinilicr of atoms whose centers lie on a specific direction on
a specific length or line in a unit cube.
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Sec. 3. I0

Polymorphism (as pertains to metals); the ability of a metal to exist in two or more

crystal structures. For example. iron can have a BCC or an FCC crystal structure.
depending on the temperature

Define a crystalline solid.

Define a crystal structure. Give examples oi materials which have crystal struc-
tures.

Deline a space lattice.

Define a unit cell of a space lattice. What lattice constants define a unit cell?
What are the 14 Bravais unit cells?

What are the three most common meta] crystal structures’? Llst live metals
which have each oi these crystal structures.

How many atoms per unit cell are there in the BCC crystal structure?

What is the coordination number for the atoms in the BCC crystal structure?
What is the relationship between the length of the side a of the BCC unit cell and
the radius of its atoms?

Potassium at 130°C is BCC and has an atomic radius ol 0.238 nm. Calculate a value
for its lattice constant a in nanometers.

Tungsten at W is BC(‘ and has an atomic radius oi D. 141 Tim. Calculate a value
for its lattice constant tr in nanometers.

Tantalum at 20°C is BCC and has a lattice constant of 0.33026 nm. Calculate a

value for the atomic radius of a tungsten atom in nanometers.
Barium at 20°C is BCC and has a lattice constant of O.50l9'nm. Calculate a value
for the atomic radius oi a chromium atom in nanometers.

How niany atoms per unit cell are there in the FCC crystal structure?

What is the coordination number lor the atoms in the FCC crystal stmcture?
("ripper is FCC‘ and has a lattice constant oi 0 ‘.i-615 nm. Calculate a value for the

atomic radius ol a copper atom in nanometers.

Calcium is FCC and has a lattice constant oi 0.5582 nm. Calculate a value for the
aiotnit: radius of an aluminum atotn in nanometers.

Iridium is FCC and has an atomic radius oi 0 I35 nm. Calculate a value for its
lattice constant a in nanometers.

Aluminum is FCC and ltas an atomic radius ol 0.143 nm. Calculate a value for lbs
lattice constant at in nanometers.

Calculate the atomic packing" factor for the FCC structure.

How many atoms per unit cell are there in the HCP crystal structure?

What is the coordination number for the atoms in the HCP crystal structure?
What is the ideal do ratio lor HCP metals?

Di the following HCP metals. which have higher or lower c/a ratios than the

ideal ratio: Zr. Ti. Zn. Mg. Co. Cd. and Be?

Calculate the volume in cubic nanometers of the beryllium crystal structure unit
cell Beryllium is HCP at 2l.l°(' with a = 0.22856 nm and c = 0.35832 nm.

Magnesium at 20°C is HCP. The height r of its unit cell is 0.52105 nm and its rlrr
ratio is |.623. Calculate a value for its lattice constant a in nanometers.
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33.22 Cadmium at 2rr=t‘ is HUI’ lsrirg it \.'aiu¢_' of 0.148 nm {or the .}IUl'l‘IlL' radius of

cadmium atoms. calculate a value for its unit-c-ell mlurnv .-kwrrne a parking
factor oi (1.74

3.4.1 How are atomic positions located in Cubic unit cells’?

3.4.2 List the atom positions lo!’ the eight corner and six face-centered atoms of the
FCC unit cell.

3.5.! How are the indices tor a crystallographic direction in a cubic unit cell deter-
mined?

3.5.2 Draw the following directions in a B('(.‘ unit cell and list the position coordinates

of the atoms whose centers are intersercterl by the direction vector:

(0) ['00] (hi [110] (6) I111]

3.5.3 Draw direction vectors In unit tubes for the ioltoyirig L‘UI)i(‘ directions:
(a) mi] my [H0] {C} iiziri (0') (1131

3 5.4 Draw dirt-ction vectors in unit cubes for the toltowing cuhir riirt-vii:-rL~,

(0) [l§i] id) [zuy {g} [2211 U‘; [293]
01') [212] I9) [I92] (hi [3g3] Ur] [i:2_2]
("ct [$32!] {1} [E3141 fr} [123] ii} [223]

What are the inriures ot the dire:-riorrs shown in the unit cubes oi Fig. P15 5 5‘

3.5.6 A directiori vector passes through a unit cube from the (i, t). ii to the (I. i. I“)
positions. What are its direction indiccs?

35.? A direction vector passes through a unit cube from the (I, -‘I, lit in the Ii, LU}
positions. What are its directiori iridices?

What are the crystaliographir: directions ol :1 family or form‘? What generalized
notation is used to indicate them?

What are the directions oi the t_|{)t]) lamily or form for a unit cube‘?
What are the directions oi the (I 11) family or iorrn for a unit cube‘?

What (llDHype directions lie on the (111) plane oi a cubic unit cell‘?

What it 1 1)-type directions lie on the (I [(1) plane of a cubic unit cell‘?

How are the Miller imlices for a crystallographic plane in a cubic unit cell deter-
mined’? What generalized Ittllaliofl is used to indicate them’?
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3.15 H

3.6. It}

3.5.11

3.6.12

3 ti. I 3%

3.6.14

PRO!-LEMS 117

Draw in unit tubes the rnstttt pl.'.uit:'. which haw the lulluwiitg 't1tlter ttttll('I."S
till :31}: um tzfttt lg} HEM; gt r't;3§:
tn. I211‘. tw tfttés uh: .235: an (133:
ti‘1 tiiti ti; :2tI."t. in .._§:t2t in 1231;:

What are the Miller inclires til the cubic crystallograpltic planes shnwii lll Fig.
P3.6.3'.’

What is the notation used to indicate a family 0|’ form of t'uhtt- yrystitlliigraphic
plane-5'.’

What are the {IUD} family of planes of the cubic system’?

Draw the tolluwing erystallugrapltie planes in a BLT unit cell and list the posi-
tion nf the atoms whose centers are intersected by earh at the planes:

(a) (lull) (bl tllll} (C) (III)

Draw the tnllnwing t-rystatlngraphie planes in an FCC unit cell and list the posi-
tion coordinates ut the alums whose centers are intersect:-tl by earth of the
planes‘

(H) (100) lb) tlltll tr] (Ill)

A cubic plane has the lnllnwlng axial intercepts: a = 9:. b —' --§, r = 1. What are
the Miller imlit't~.~: nl "IE5 plane‘?

A Cubic plane has the l:_i||t.awiit_t_¢ axial trite-reepts: a = — L h = 1. :' '—-- i What are

the Miller imtices nt this plane.‘

Acuhic plane has the lnllnwiug axial intercepts: a -—' 1, b -—' t. C -- -Q. What are

the Miller indices ul this plane’.-'

Determine the Miller indices of the cubic crystal plane which ititerserts the

fnlluwiug pusitinn mmrtilrtates: (I. ti. 0); (1. §. l); G. 5. U)

Determine the Miller iltcliees of the cubic crystal plane which lntt-rserts the

iollowing pnsitiun coordinates: (i. U. D: (D. 0. 1): (I. l. 1}

[Jeternnne the Vllltvr i|'lllIt'P‘.\ til the t'l|hl(‘ crystal plane which lIllt‘r5>t_‘t'l.*i the ln||uw-
Eng Lxicillititt eouiiltttat:-s: (I. 1. II. (1.0. ii; (I. ll. 5)

Determine the Miller ll'llLli(.'t"S of the cubic crystal plane which intersects the

fullowing pusitinn cuurttinates: (U. U. §): (1. ti. 0): (i. l. U}
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36.15
Nickel is FCC and has a lattice vi-tismnl eat It 332336 mu. [‘.:I:'u|.1I:r the ltalluwintz
itttenplaiiar 5l}ttt'ltlg.‘- in mu

[(1] dhl lb] d_-1.. (fl If__t_'(

Molybdenum is H{'{' and has it Iattire uartslaiit til ll.':ll«lt+H lllll. tfialegtilate the fol-
luwing ll'lN-'t'[J|4'-‘l.Il£ll' ~e|:m'iiigs in nm.

{N} fry]: lb} I‘J'“-__-.1 din.

The '11:! interptanar sparing in it H11" metal L\‘llll3~lIti5l1ItI ml What ls its lallltcv
('(lFl..‘ilfltlt "tJ""’ Iii: When is tl|t- iIlHlIll(' ratlius ttl the tiIvt.il'.’ in Wlmt uuuld this
metal he ltd.‘-il:'li um its lattice miistant “a";’

The d3'_'_' interptanar spacing in an I-‘(‘t‘ metal is {H 1213? run. urn What is its lnttit-e-
constant "u"’ th) Wlmt us the illllllllt‘ radius til the tm-I.il'.’ {rt What Uuuld this
metal be lm:-ut-cl on its [attire mnstant "ct"?

Haw are crystallographic planes intli:'ate{l in HCP unit cells?

What notation is used In dacribe HCP crystal planes‘?

Draw the hexagunal Cristal planes wh_os§ Miller-Bravgls tlI(“(‘(’5 are:
(at) (Hill) (r!) (1212) (g) {H512} (1) tlltlllj
(b) (911!) ta») (21111 (M (2290) (k) @111:
(c) l'l2|tl') (f) {HUI} ti) (W12) (1') (I012)

Determine the Miller-Hravais indices (if the hexagonal crystal planes in Fig.
P3.'r'.-1.

What is the rlitlerence tn the stacking arrangement nl clnse-packed planes In
(Lt) the lI(.'l‘ crystal structure and (E1) the FCC crystal .-atrticttinf.‘
What are the deIIsest~peu'l-tetl planes in (u) the FCC structure and (h} the HCP
structure?

What are the t:lnsest—pa('ke(l directions in (U) the F(‘(‘ Sl‘t'tl(‘Illl'l’ anrl {h} the
HCP strurttire’?

The |dtti4.'t- cniistiilll lnr BIT tiiut.IiI.1n1 at 20°C is lJ'.IlI’~ll||T rim and its dr'n.~;it_\’ is
3.60 gjctn‘. t.‘a|u‘til.'ite a value lnr its atnrniv mass.

Calculate a \-'-"1lll~‘-' tnr the density uf HT" sitter in greiliis pvt I.'Ut.Dl\' L'|.'lI[lfTlL‘It‘t"5

lrnm its teiltu I‘ l'IItl.‘~l'-III1 U ml ll.-Ill83fi|iii1 and IL‘: dT.I_'.Il1tlL" Incl.-as til IIIT HT gtmul
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L'.‘ii(.'I.IlatE' the planar Hl(llIli.(' tit-it-iiry ill at: iItL‘- per square tnillimcler ltJrtl1<'-l¢_i|lnw-

ing crystal planes II‘l PET lung;-tI.'|i. whicll has a lattice constant of [J iillilti run‘

tn} :ID(T_i. thl tllln. tv.'_| tllli.

Calculate the planar atomic tlertsity Ill Ethirlis per square mtlliincter tor the lulllJ'W-

trig crystal plarws ill Ft‘(" rlickei. which has it lattice constant of it Ii:'3‘.’3h nm.
mi tltitli. ch} tllt)i. ‘it till}.

("ale-ulate the planar atomic rlensiry lti atoms per square millimeter for the ttilltil J
plane in HLTP cobalt. which time an o constant of 0.2506 nm and n r constant of
{l:itifi.‘i nm.

("a|cu|ate the linear aluinic tlettsity in atoms per rnillirneter tor the 1: ullowing
directions in BEL" tantalum. which has a lattice constant of ti..'iIi[l'.!tiIitr1;

Ir!) [ltlii]. {bi [|ltl|_ tr) [Ill]

t‘alculate the linear ntnrnic density in atoms per mitiimeter tor the lollnwing
directions in FCC ptatinuin. which has a lattice ('(ItL'§I£_1tIl of ii,3T-123.’! run;

to": [IIJU], lb} [lint tr) lltl]

What is polymorphism with respect to metals?

Titanium goes through a polymorphic change from BC(‘ to HCP crystal slruc~

ture upon cooling through 882"(f. Calculate the percentage change in volume

when the crystal structure changes lrom BCC to HCP. The lattice constant or of
the BCC unit cell at 882°C is 0.332 nm. and the HCP unit cell has it = 0.2950 run
and c = 0.4683 nm.

Pure iron goes through a polymorphic change from BCC to FCC upon heating

through 912°C. Calculate the volume change associated with the change in
crystal structure lrorn BEE to FCC it at 912°C the BCC unit cell has a lattice
constant ct = 0.293 rim and the FCC unit cell a = 0.363 nm.

What are x-rays. and how are they produced’.-’

Draw a schematic diagram of an x-ray tube used tor it-ray diifraction. and

indicate on it the path ol the electrons and x-rays.

What is the characteristic ::~ray radiation? What is its origin.‘
Distinguish between destructive interference and constructive interference of

reflected x-ray beams through crystals.

Derive Bragg's law by using the simple case of incident x«ray beams being

dtliractetl by parallel planes In a crystal.

A sample of BCC metal was placed in an X-ray dillractotneter using it-rays with

a wavelength ol A = 0.1541 nm. Ditfraction lrom the {£310} planes was obtained
at 2H = l0l.502”. Calculate a value tor the lattice constant rr tor this BCC ele-

mental metal. {Assume iirst-order diilraction. n = 1.)

X-rays of an unknown wavelength are diitracted by a nickel sample. The 28

angle was 1l}2.0?2‘ lor the {Z20} planes. What is the wavelength oi the x-rays
used? (The lattice constant ot nickel = Il.352Z36 nm; assume lirst-order diffrac-
tion. n = l.}

.='\n may riiftmclumvivr ll‘L'taI'(lt'l chart for an eiernent wliicii tiers either the BEL‘

or the FCT crystal ‘5tl’ti1.‘l'.II't’ sliuwt-.-ti slillmctiuu peaks at the following "if! angles:

.5318-i“. -H 3$)‘_g“" lg;-l 5Tli". and T? Fvi'.«”’. {Wavelength of the mounting r."-uluatinn was
ll I5-l|l5fiI1I1|,t

trri Detemiine the crystal structure of tin: elernent.
thi Detennine the lattice t'(ilt.'i-liilll of the element.

It‘; Identify the elelnertl
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"3. I H} An x—ra_x' titflrmtttnwlt--r rv('nrt1t-r chart for an t.‘|t'IIII.‘H! \.~|m'h has vttlwr the H(‘('

or the": FCC tirvslal .HErllt‘I1lft“it‘ItIw'H{i diffrarnan pr-'.|J-vi at thv is Iiltnwtttp, EH etttglvs:
25 W33‘ 35 I598”. -111 llli"‘_ dual 5! 4135“ tWm'e-Ir-ngth Jt nl tho :m'umm_:.z radiation
was tl. I illlfiti nm.1

tut D(.'lt*nnitu- the :'msta| s:nu'turt.— ml the -'11::-ttwrat

rtu Dt=[e'-n11in&' the I.ittiL'(- ¢:uIL~'atmtt t_-I thv t']l'l|1t-‘HI

I-‘I |:|rntif_\' thy t-Ir=tm*nt

An x-Ia} tlttfrdrtulm-tn-r |'t‘t'ltfllt.‘f t'f1a|‘1 for an P|e=nu=tIt which has L‘iihl'f the.‘ BCT

nr the I-'t'(‘cryst.1t :iUi]I_‘IUf|.' :s||I3\M'd' daffrzactmn prfakw. at the lnllnwmg Bfianglesz
38.| lti”. 4-! ;-.’?T’''. til -|3tr’.nt1<| T? I':'2"'. lW.Z|\r'L’|L'tl_qlllUfHit‘IllvultltttgttltII.1litJI1\t\.'a:5
U I5-lt'J5ti ;It11.I

{rt} Dvte-rmittv lht.‘ K rystal .‘-ili"U<’[llfL’ of the r-|e=t1I<-mt

[ht D:-ter:mm-- tlw |ntIiu;'r.- Lrtnstant of the elciltcllt
tr} ldL'l1Uf_\ Hit‘ v|u:Ilt':1t_

‘Ii I I I 1 An x-ray (‘ImI‘at‘lUlIlL‘1l.'I' l'('t.IUl’dt.'f chart fur an ele-rmlnt w|m'l: has either the BCC

or thv F{‘(‘ u.'r'_.'sta| stnu turn showed diffraction ['n:.tks at Htv futhawutug 23 angles:
~l(}.]l3°_ -It3.t}5FJ°,fi8I1Htt‘, and r<2.l)9tt"‘ (Wavelength A of the inmmtttu, radiatinn
was t).l5-I051: nm}

tat Date-mune thv c-rystal structure 0! the etc-rm-nt.

tht Dt'l('l'III|lIl‘ ttw Ltttttv (‘om-‘.t.-ntt of the olvttu-ttt

tr : Me-t1t:t}' this L‘Jt‘llt(‘lll

‘Data fmm Intvrnattutml ('r.-ntre;- fur Diffravstmn Data
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CONSTITUTION OF BINARY ALLOYS

By DONALD T. HAWKINS and RALPH HUL'rc.REN*
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Notes and References for Binary Phase Diagrams 339

THIS SECTION presents phase dia-
grams for 434 binary alloy systems,
selected to serve the largest number of
industrial metallurgists. Many of the
diagrams were provided by contributors
familiar experimentally with the sys-
tems; the remainder were selected by
the authors from the literature. The
contributor’s name or initials appear
at the lower left of each diagram. Con-
tributors other than the authors are
listed at the bottom of this page.

The phase diagrams are in the alpha-
betical order of the chemical symbols
of the components. The symbol for the
more important component is on the
left side of the diagram. Intermetallic

*Dr. Hawkins is Information Scientist, Bell
Laboratories, Murray Hill, N. J. (formerly, Re-
search Metallurgist, Lawrence Berkeley Labora-
tory, University of California). Dr. Hultgren is
Professor Emeritus—Metal1urgy, Dept. of Me-
terials Science and Engineering, Lawrence
Berkeley Laboratory, University of California.

'iFor a discussion of the 1948 and 1968 tem-
perature scales, see T. B. Douglas, J Res Nat
Bur Std, Vol 73A (1969), p 451-470.

Introduction

phases are designated by consecutive
Greek letters, left to right, except for
phases having other generally accepted
designations, such as the sigma phase.
Terminal solid solutions are identified
by the symbol for the element, in pa-
rentheses, instead of by Greek letters.

The diagrams are plotted in weight
percentages; however, atomic percent-
age is shown at the top of each dia-
gram. Temperature is plotted in degrees
Centigrade; degrees Fahrenheit are
also indicated. All temperatures were
corrected to the 1968 International
Practical Temperature Scale.i Known
temperatures are indicated in Centi-
grade with a degree sign; known com-
positions, by numbers (usually with no
per cent signs). All constructions agree
with the general laws of phase equilib-
ria. Many regions are shown in detail
on an enlarged scale.

Dashed lines on the diagrams signify
doubt as to the position of the line in
question. A dotted line signifies the
Curie and Néel magnetic transformation

temperatures. Notes and references for
each alloy system in the diagrams, as
well as for 18 systems for which no
diagrams are shown, are presented in
the section that begins on page 339.
Crystal structures of intermediate
phases of many systems are tabulated
with the notes, and are collated into
the table that begins on page 243.
Crystal structures of the elements are
given in the table on page 242.

Melting points and transformation
temperatures of the pure elements are
in accordance with the tables on the
back endpapers in this volume.

Many diagrams here were adopted
from those published by M. Hansen,
and in the supplements by R. P. Elliott
and F. A. Shunk (see general references
3, 4 and 5 in the list on page 339).

We are grateful to the contributors
of diagrams and data, to Stephen S.
Vogt and David K. Mullin, who assisted
with plotting and calculations, and to
Leo Brewer, who provided some of the
references and crystal structures.
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“C
Ag-Al

Phase Diagrams of Binary Alloy Systems
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Phase Diagrams of Binary Alloy Systems

Ag-Cu SiIver~Copper Ag-Hg Sitver—Mercury
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Phase Diagrams of Binary Alloy Systems

Ag-Mg Silver-Magnesium Ag-Ni Silver-Nickel‘
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Ag-Sb Phase Diagrams of Binary Alloy Systems
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Phase Diagrams of Binary Alloy Systems

Ag-Si Silver-Silicon Ag—Zn Si|ver—Zinc
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Phase Diagrams of Binary Alloy Systems

Al-B Aluminum-Boron AI-C Aluminum-Carbon
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Phase Diagrams of Binary Alloy Systems

A|—Cd Aluminum-Cadmium AI-Cr Aluminum-Chromium
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Phase Diagrams of Binary Alloy Systems

Al—Cu A|uminum—Copper

QC Atomic Percentage Aluminum
5 IO I5 20 25 30 35 40 45 50 55 60 65 70 W75 801200 7

I100

I000

900

800

700
65037’

600

500

400

300 fie)’
Cu I 0 I5 20 25 30 35 40 45 50 5

L.A.wiIIey Weight Percentage A

DC Atomtc Percentage Atummum ac Atcrnic Percentage Copper25 SO 35 1 ? 3
H00 . 1 v, ., 950 — +1-r.—

t weari85OF ‘

1050 g 5 ; 900l9ODF
IGODF

zooo 1 1 850IGCOF
ISODF

950 ' - P 5 800|70OF
3 MUUF

900 g 750l35DFIGOOF

850 ‘ 700 z— --
IZSDF -

1590; 1 ‘ 660‘37°

800 . t 650Ia5UF
HSOF

750 05 6001550:
IOSDF

700 ‘ V * ' 550VOOOF
|25OF

650 g —— P P P — 50090oFI\5uF

600 i ' ° 450
BOOFOSOF

550 5 A ' . 400>000: I
7007

5oo é _ —— — ’ — f 350E00 -’
GOOF

450 ' 300550?
eoor‘

400 25045oF
700F -

350 I 200
Cu I2 I4 I6 18 32 24 26 AI 2 4 6 8

L_A.w. Weight Percentage Aluminum L.A.w. Weight Percentage Copper



TDK Corporation     Exhibit 1006/H     Page 12

Phase Diagrams of Binary Alloy Systems

Al-Fe Aluminum-Iron Al—Ga Aluminum-Gallium
Atomic Percenluqe /Muminum Atomic Percemage ()0 Hum

10 20 3:0 40 50 60 70 80 r 20 30 40 50 60 TO 80 90+ Y . r . . 1 x . . .*1 I
°c

reoor
28007

|5oo_
ZSOOF

I40025OOF

I300
23307

I200
ZIOOF

IIOO
IBOOF -

IOOOIBDOF

900 .
.500, , 30 4O 5O 60 70 80

fig . . . Weight Percentage Gallium

800 76770“moor ' I ~CuiIIE

700 Al-Ge Aluminum-Germanium
1200; . , 1 ‘ mnmic Percentage Germanium

2- IO 20 30 40 50 60
5oQ_ . ‘ . . . 41
IOOOF V

5oo_
300 F

40070ClF ~

300
SOOF eeo.37° ‘ 99.54%

: ‘ = I \

200 ~ I L 4\
. r \

3oor- ; _ \
Z ' \

IOOF , ’ \IUDF -
O

30 40 50 SO 70 80 90 A1 I (Ge)--
Weight Percenrage Aluminum ,

20 30 4O 50 60 70 80 90 Ge
Ammic Pe'””‘°9e "0" Weight Percentage Germanium0.02 0.03 0.04—. , .1

'6e0_37.. Atomic Derneniage Germanium10 I5 20 2.5.

660.37° L %

3” 4 5 6
Weight Percentage Germanium

O54 _ 0.06 . I Al-H Aluminum-Hydrogen
Weight Percentage Iron ’ See Nores.



TDK Corporation     Exhibit 1006/H     Page 13

Phase Diagrams of Binary Alloy Systems
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Phase Diagrams of Binary Alloy Systems

AI-Mn Aluminum-Manganese Al-Ni Aluminum-Nickel
Atormc Percentage Manganese Atomic Percentage Ntcket
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Phase Diagrams of Binary Alloy Systems

Al-Pb Aluminum-Lead Al-Si Aluminum-Silicon
Atomic Percentage _ead Atomic Percentage Siticon
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“C

Phase Diagrams of Binary Alloy Systems

Al-Ta Aluminum-Tantalum
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Phase Diagrams of Binary Alloy Systems

Al-W Aluminum-Tungsten
Atomic Percentage Tungsten
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Phase Diagrams Alloy Systems

As-Fe Arsenic-Iron Au—Bi Gold-Bismuth
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Phase Diagrams of Binary Alloy Systems

Au-Cr Gold-Chromium Au-Ge Gold-Germanium
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Phase Diagrams of Binary Alloy Systems
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Phase Diagrams of Binary Alloy Systems
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Phase Diagrams of Binary Alloy Systems
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Phase Diagrams of Binary Alloy Systems
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Phase Diagrams of Binary Alloy Systems
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Phase Diagrams of Binary Alloy Systems
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S e c t i o n  II. P h ase  Diagram Evaluat ions  

The Fe-Ni (Iron-Nickel) S y s t e m  
By L.J. Swartzendruber  

National Inst i tute  o f  S tandards  and Technology 
V.P. Itkin 

University o f  Toronto 
and  

C.B. Alcock 
University o f  Notre Dame 

Equilibrium Diagram 

The equilibrium phases of the Fe-Ni system are: (1) the liquid, L; 
(2) the bee, high-temperature ({iFe) solid solution; (3) the foe 
(,/Fe,Ni) solid solution; (4) the bee, low-temperature (ctFe) solid 
solution; and (5) the FeNi 3 intermetallic compound, which forms 
by a first-order order-disorder transformation below 517 *C and 
has an extended range of homogeneity. 

Early systematic efforts to construct a phase diagram for Fe- 
Ni were made by [1899Osm], [05Gue], [10Heg], and [10Rue]. 
Evaluated phase diagrams for the Fe-Ni system were given pre- 
viously by [38Mar], [I-Iansen], [Shunk], and [82Kub]. The 
present assessed Fe-Ni equilibrium diagram is shown in Fig. 1. 

Llquldus  a n d  S o l i d u s  

The liquidus and solidus for Fe-rich alloys up to about 12 at.% Ni 
were measured by [57Hel] using thermal analysis. [23Han] 
measured the liquidus and solidus over the entire range of com- 
position. Measurements were also made by [05Gue], [25Kas], 
[31Ben], [37Jen], [25Vog], [27Vog] and [28Vog]. The data are 
summarized in Table 1. According to [23Han], the minimum in 
the liquidus curve is located at 1438 *C (temperatures quoted 
throughout were converted to IPTS-68) and about 67 at.% Ni. Ac- 
cording to [37Jen], the minimum is between 1422 and 1427 *C. 
Based on a least-squares fit taking into account both the measured 
boundaries and available thermodynamic data (see Thermo- 
dynamics), we find the most probable location for the minimum 
to be 1440 *C and 66.0 at.% Ni, in good agreement with [23Han]. 

[64Hum] calculated the Fe-rich liquidus/solidus based on an 
ideal-solution model. This procedure gives too large a separation 
between the liquidus and solidus when extended to Ni-rieh al- 
loys. The liquidus and solidus separations of Fig. 1 are based pri- 
marily on those predicted by the measured thermodynamic 
parameters in the liquid and fee phases, with the assessed bound- 
ary location giving greatest weight to the measurements of the liq- 
uidus. These boundaries are close to the predictions of [85Tom], 
which were based on thermodynamic parameters measured using 
mass spectrometry. They are shown on an expanded scale in Fig. 
2. 

P h a s e  B o u n d a r i e s  

Measurements of the (aFe/SFe) phase boundaries were made by 
[20Han], [23Han], [25Kas], and [57I-Iel]. Comparisons with 
thermodynamic measurements (see below) and with liquidus and 
solidus measurements indicate a narrow two-phase (ctFe) + (SFe) 
region and a narrow peritectic reaction--L+ (SFe) ,-- (yFe,Ni) at 

1514 :e 2 *C and 3.5, 4.9, and 4.2 :e 0.5 at.% Ni, respectively. 
Measured values are listed in Table 1 and compared with the equi- 
librium diagram in Fig. 3. 

(aFe) / (u P h a s e  B o u n d a r i e s  

Due to the sluggishness of the ('fFe,Ni) --- (aFe) and (aFe) --* 
('fFe,Ni) phase transformations below 800 *C, the (aFe)/(yFe,Ni) 
equilibrium boundaries are difficult to determine (see Metastable 
Phases). [36Jet], [39Owe], [41Owe], and [49Owe] used powder 
X-ray diffraction (XRD) techniques down to 300 "C. [65Gol] 
used electron microprobe techniques to measure concentration 
profiles on samples equilibrated at temperatures as low as 500 "C. 
[80Rom] used a scanning transmission electron microscope 
(STEM) on samples equih"orated between 670 and 300 *C. These 
results, along with those of [69Sta], demonstrated clearly the 
retrograde solubility of Ni in (aFe). The data of [49Owe], 
[49Jon], [65Gol], and [80Rom] agree fairly well at 500 *C and 
above. The boundaries shown in Fig. 1 were constructed using 
these data, giving greatest weight to the results of [80Rom]. 
Numerical values determined by the various investigators are 
given in Table 2. Figure 3 shows the assessed boundaries and 
compares them with the experimental data. Enthalpies of the 
(ctFe) --* ('/Fe,Ni) transformation were measured by [26Kaw], 
[36Sam], [37Koe], [40Zui], [59Sch], and [67Hil]. 

FeNI3 

Evidence for ordered FeNi 3 was obtained first by [32Dah], 
[33Dah], [36Dab], [39Kus], and [39Lee] using XRD. Because of 
the nearly equal X-ray scattering factors for Fe and Ni, the order- 
ing is difficult to observe with X-rays (see [38Haw]). The results 
of [39Lee] were confirmed by [39Haw], also with X-rays. Varia- 
tions in the magnetic properties, electrical resistance, and hard- 
ness with heat treatment of alloys showing FeNi3 order were in- 
vestigated by [32Dab], [33Dab], and [36Dah]. Based on X-ray 
and electron microscope observation of annealed thin films and 
on the results of [52Hun], [63Heu] concluded that the (,tFe,Ni) 
phase decomposes eutectoidally to (o.Fe) and FeNi 3 at 345 "C and 
52 at.% Ni, a conclusion that still appears valid. (The existence of 
a eutectoid near this same point based on the magnetic transition 
had been postulated earlier; see [21Mer].) 

The critical behavior of the temperature derivative of the resis- 
tivity around the FeNi3 composition was investigated by [82Ore]. 
No anomaly in the resistivity was found at the order-disorder tem- 
perature, but one was found at the Curie temperature. The phase 
diagram in the composition range 69 to 77 at.% Ni and in the tem- 
perature range around 510 "C was studied in considerable detail 
by [80Van] and [81Van] using M6ssbaner spectroscopy. They ex- 

288 Journal of Phase Equilibria Vol. 12 No. 3 1991 

TDK Corporation     Exhibit 1006/I     Page 1

wts
Copyright



P h a s e  D i a g r a m  E v a l u a t i o n s :  S e c t i o n  II 

plained a 15 "C hysteresis zone between ordus and disordus as a 
magnetic effect. [81Lef] investigated the local atomic arrange- 
ment in FeNi 3 using neutron diffuse scattering and a single crystal 
quenched from four different temperatures. [ 72 Cal] found that the 
order-disorder transformation of FeNi3 is not second order and 
observed a two-phase zone ors or 6"C for alloys between 71 and 
75 at.% Ni. On the basis of a calorimetric study, [52Iid] and 

[54Iid] concluded that short-range order forms in FeNi3 before 
long-range order is observable by other methods. 

The ordering behavior of FeNi3 was also investigated by [37Kal], 
[39Haw], [39Kay], [40Six], [48Kal], [50Jos], [53P.Jd], [53C-ei], 
[57Lya], [57Vit], [58Kus], [52Kac], [63Dav], [63Tre], [65Gon], 
[72Cal], [73Cal], [75Bfl], [75Lvb], [77Hut], [79Des], and 

Y 
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Fig. 1 Assessed Fe-Ni phase diagram with selected experimental data. 
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S e c t i o n  II: P h a s e  D i a g r a m  E v a l u a t i o n s  

T a b l e  1 H i g h - T e m p e r a t u r e  Phase Boundary Data for Fe-Ni Alloys 

C o m p o s i t i o n ,  T e m p e r a t u r e ,  " C  
a k %  N1 L i q u i d u s  S o l i d u s  t~Fe) / ( f iFe)  + (TFe, N i )  (f iFe)  + (yFe ,Ni) / (u  

F r o m  [10Rue] 
0 ........................................................................... 1538  
9.6 ........................................................................ 1515  
19.2 ....................................................................... 1488  
29.0  ....................................................................... 1472  

38.8  ....................................................................... 1452  
48.8  ....................................................................... 1448  

58.8 ....................................................................... 1443  
68.9  ....................................................................... 1441 

79.2  ....................................................................... 1446  

I00 ....................................................................... 1455 

F r o m  [23Han] 
1.1 ........................................................................ 1 5 3 2  
2.0  ........................................................................ 1530  

2.9  ........................................................................ 1523  
3.7  ........................................................................ 1521 

5.1 ........................................................................ 1506  

5.8  ........................................................................ 1506  

8.0 ........................................................................ 1501 
10.0 ....................................................................... 1496  
14.6..; .................................................................... 1493  
24.7  ....................................................................... 1474  
34.8  ....................................................................... 1460  

45.1 ....................................................................... 1449  
54.6  ....................................................................... 1443  

59.3  ....................................................................... 1442  

65.1 ....................................................................... 1439  
66.7  ....................................................................... 1439  

69.3 ....................................................................... 1439  
74.5 ....................................................................... 1440  

79.2  ....................................................................... 1445 
84.2  ....................................................................... 1 447  

89.1 ....................................................................... 1453  

F r o m  [25Kas] 

1.3 ........................................................................ 1532  
2.0  ........................................................................ 1530  

5.0  ........................................................................ 1518  

7.5 ........................................................................ 1516  
10.0 ....................................................................... 1510  
20.0 ....................................................................... 1488  
40.0  ....................................................................... 1463  

60.0  ....................................................................... 1447  

80.0 ....................................................................... 1448  

F r o m  [31Ben]  

1.1 ........................................................................ 1 5 2 6  
2.1 ........................................................................ 1526  

3.0  ........................................................................ 1523  
3.9 ........................................................................ 1518  

6.6  ........................................................................ 1514  

7.1 ........................................................................ 1511 
7.8 ........................................................................ 1507  

8.0  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1509  
10.0 ....................................................................... 1504  
14.9 ....................................................................... 1492  

19.5 ....................................................................... 1477  

19.9 ....................................................................... 1483  
25.7 ....................................................................... 1472  

29.3 ....................................................................... 1464  

49.2 ....................................................................... 1441 

. . ~  

o o .  

. , ~  

. , ~  

~ 1 7 6  

~  

~  

. . .  1447  

. . .  1471 

. . .  1497  

. . .  1504  

1437  . . .  

1435 . . .  

1434  . . .  
1436  . . .  

1526  1454 
1520  1 4 7 0  

1510 1512  
1504 
1488  1 ~ 4  

1456  . . .  

1441 . . .  

1443  . . .  

..~ 

..o 

~ 

,.~ 

.,~ 

.~ 

~ 

,,~ 

~ 

.~ 

~ 

..~ 

.~ 

~ 

~ 

.~ 

~176 

,.. 

..~ 

.~ 

..~ 

.~ 

~ 

~ 

1519  1417  . . .  
1512  1443 . . .  

1490  . . .  
1507  . . . . . .  

1499  . . . . . .  

1497  . . . . . .  
1497  . . . . . .  

1493  . . . . . .  
1485  . . . . . .  

1483  . . . . . .  
1472  . . . . . .  

1475  . . . . . .  
1462  . . . . . .  

1451 . . . . . .  

1432  ... (con~ued) 

Note: All  resul ts  co r r ec t ed  to I P T S - 6 8  and  to ag ree  w i t h  1538 "C as  t he  m e l t i n g  t empera tu re  o f  pure  Fe  and  1455 "C a s  t he  m e l t i n g  t e m p e r a t u r e  o f  pu re  Ni.  

2 9 0  J o u r n a l  o f  P h a s e  E q u i l i b r i a  V o l .  1 2  N o .  3 1 9 9 1  

TDK Corporation     Exhibit 1006/I     Page 3



P h a s e  D i a g r a m  E v a l u a t i o n s :  S e c t i o n  II 

Table 1 High-Temperature Phase Boundary Data for Fe-Ni Alloys (continued) 

Composition, Temperature, "C 
at.% Ni Liquldus Solidus (fiFe)/(fiFe) + (u (6Fe) + (u 

F'rom [37Jen] 
1 0 . 0  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

2 0 . 0  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

3 0 . 0  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

4 0 ~  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

5 0 . 0  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

6 0 . 0  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

7 0 . 0  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

8 0 . 0  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

9 0 . 0  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

From [57Heq 

1.84 ....................................................................... 1528 
2.79 ....................................................................... 1524 
3.76 ....................................................................... 1520 
4.62 ....................................................................... 1516 
5.72 ....................................................................... 1513.5 
7.61 ....................................................................... 1508.5 
8.95 ....................................................................... 1502.5 
12.23 ..................................................................... 1497 

1479 
1458 
1447 
1441 
1440 
1439 
1418 
1423 
1438 

1526 1455 1462 
1520 1484 1483 
1514 1503 1506.5 
1511.5 1514 ... 
1 5 1 0  . . . . . .  
1 5 0 3 . 5  . . . . . .  
1 5 9 8 . 5  . . . . . .  
1 4 9 1  . . . . . .  

Note: All results corrected to IPTS-68 and to agree with 1538 "C as the melting temperature of pure Fe and 1455 "C as the melting temperature of pure Ni. 

[84Lef]. Experimental values reported by various investigators 
are listed in Table 3 and compared in Fig. 4. 

M e t a s t a b l e  P h a s e s  

At low temperature (under about 800 *C), the (r + (TFe,Ni) 
field is relatively broad, and attainment of equilibrium involves 
considerable diffusion. Diffusion rates at these lower tempera- 
tures are low; consequently, very long times are required to estab- 
fish equilibrium, and normal conditions favor a diffusionless (or 
martensitic) transformation. This transformation exhibits consid- 
erable hysteresis. In early work, [20Han] used metaUography to 
determine two sets of boundaries for the (o.Fe) + (,/Fe,Ni) two- 
phase region----one on heating, and one on cooling. The 
(,/Fe,Ni)/(aFe) + ('{Fe,Ni) boundary determined in this way 
agrees closely with that determined by thermal analysis (the 
(aFe)/(ctFe) + ('r boundary is not detected by thermal 
analysis). [20Han] also concluded that the (o.Fe) ---, (TFe,Ni) 
transformation is accelerated by the presence of impurities. 

From a practical standpoint, a diagram giving the details of this ir- 
reversible transformation is often of more importance than one 
giving the equilibrium boundaries in this region. Figure 5 exhibits 
experimental transformation measurements of [25Pes], [27Hon], 
[49Jon], and [56Kau] and compares them with the equilibrium 
boundaries. In this figure, the supersaturated bcc phase that results 
from the diffusionless transformation is denoted a2. The solid 
lines are estimates of A s, MS, At, and Mt, where A s and MS are the 
so-called austenite and martensite start temperatures (10 vol.% of 
the alloy having transformed), and At and Mt are the so-called 
austenite and martensite finish temperatures (90 vol.% of the 
alloy having transformed). These lines are valid only over a range 
of cooling and heating temperatures between approximately 2 
and 150 *C/rain. The uncertainties in the estimated AS, Af, Ms, and 

Mf temperatures are large, but decrease as the Ni concentration 
decreases. 

In the a2 or ('~Fe,Ni) field, the alloy will be all (TFe,Ni) ff it is being 
cooled from the (,/Fe,Ni) field or all ct 2 if it is being heated from 
the ct2 field. Because the transformation from ('/Fe,Ni) to a2 is dif- 
fusionless, it can occur at very low temperatures for alloys with 
greater than 30 at.% Ni. [56Kau] reported the M s temperature of 
(-223 *C) (50 K) for a 33 at.% Ni alloy. In addition, the Ms tem- 
peratures of various steels are known [54Mey, 48Fis, 74Ume, 
63Yeo, 82Brol] to change with the temperature at which they are 
austenized. That this change is due to the effect of austenizing 
temperature on grain size was shown by [51Mac] and [74Ume]. 
For an Fe-31 at.% Ni alloy, [74Ume] found that the M s tempera- 
ture varied between 200 and 230 ~ as the grain size varied be- 
tween 5 and 70 ~tm. Impurities and internal stresses also have an 
important effect on the transformation temperatures [r 82Rod]. 

The diffusionless character of the a2 -* (~,Fe,Ni) transformation 
was shown clearly by [32Sch]. [34Deh] reported that the trans- 
formed alloy is bcc, and is not tetragonal as is Fe-C martensite, 
with the microstructural similarity of the two martensites being 
due to the similar way in which they transform from the ? phase. 
[35SOb] found that for greater than 10 at.% Ni, the (?Fe,Ni) ---, 
(aFe) transformation temperature could not be lowered by long 
annealing times (up to 100 h). Some early diagrams, such as that 
of [36Mer], were drawn showing the irreversibility of the dif- 
fusionless transformation directly. 

[62Gil] reported that the diffusionless transformation is massive 
type for Ni contents less than about 15 at.%. For very rapid cool- 
hag and/or for higher Ni concentration, [66Hum] and [62Gil] 
reported that the transformation is martensitic type. 

According to [49Jon], the diffusionless a2 -') ('/Fe,Ni) transfor- 
matious are independent of the cooling or heating rate for rates be- 
tween 2 and 150 ~ [76Ino] and [82Ray] showed that the 
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S e c t i o n  H: P h a s e  D i a g r a m  E v a l u a t i o n s  
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Fig. 2 High-temperature region of the Fe-Ni phase diagram. 
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P h a s e  D i a g r a m  E v a l u a t i o n s :  S e c t i o n  II 

Table 2 (aFe)/(yFe,Ni) Equi l ibr ium Phase Boundary Measurements  

Temperature, Composition, at. % Ni Anneal time, 
"C (aFe)/(aFe) + (yFe,Ni) (oFe) + (7Fe,N~ + (u days Technique Reference 
8 1 7  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

8 0 6  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

8 0 0  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

7 4 4  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

7 2 1  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

7 2 0  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

717 ......................................................... 
705 ......................................................... 
7 0 0  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

6 7 2  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

6 7 0  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

6 7 2  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

6 5 7  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

6 2 5  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

585 ......................................................... 

5 7 2  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

5 5 7  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

550 ......................................................... 
5 4 0  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

526 ......................................................... 
5 2 3  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

557 ......................................................... 
5 1 8  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

5 0 0  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

496 ......................................................... 

4 6 7  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

4 5 6  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

4 5 0  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

4 1 2  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

4 0 0  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

3 7 0  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

3 6 5  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

350 ......................................................... 

300 ......................................................... 

1.0 . . . . . .  X-ray [30Rob] 
�9 .. 3 ... Magnetic [40Pie] 

1.0 4.5 X-ray [39Owe] 
1.9 + 0.15 3.5-- 0.3 "3J. (a) [6mol] 

... 6 ... Magnetic [40Pie] 

... 7.6 ... Magnetic [40Pie] 
3.8 + 0.3 8.5 • 0.3 7 Co) [65Gol] 

... X-ray [30Rob] 
2.6 . . . . . .  "9 Magnetic [40Pie] 
2.5 9 ... X-ray [39Owe] 

3.9 • 0.2 9.4 • 0.2 56 Co) [65Gol] 
3.94 ... 0.7 X-ray [36Jet] 

4.3 • 0.2 12.1 • 0.4 74 (b) [80Rom] 
... 12 ... Magnetic [40Pic] 

2.7 . . . . . .  X-ray [39Owe] 
4.1 . . . . . .  X-ray [30Rob] 
... 16 ... Magnetic [40Pic] 

3.5 14 ... X-ray [39Owe] 
5.3 ,- 0.3 19.3 ,- 0.5 180 (a) [65Gol] 
5.2 • 0.5 19.4 • 1.4 127 (b) [80Rom] 

... 26.20 457 X-ray [36.1et] 

... 20 ... Magnetic [40Pie] 

... 23 ... Magnetic [40Pie] 
... X-ray [39Owe] 

4.0 . . . . . .  18.5 X-ray [39Owe] 
... 25 ... Magnetic [40Pic] 
... 25.9 * 4 ... (c) [63Heu] 

11.2 . . . . . .  X-ray [30Rob] 
4.22 ... 1 X-ray [36.let] 

12.6 . . . . . .  X-ray [30Rob] 
5.0 26.5 ... X-ray [39Owe] 

6.0 • 1.0 31.5 • 0.5 608 (a) [65Gol] 
5.5 • 0.4 31.7 • 2.3 270 (b) [80Rom] 
5.0 . . . . . .  X-ray [39Owe] 

6.07 31.1"~ 4 734 X-ray [36Jet] 
. . . . . .  (c) [63Heu] 

5.5 . . . . . .  X-ray [39Owe] 
5.91 33.36 3150 X-ray [36Jet] 

5.8 • 0.5 36.4 • 2.8 120 (b) [80Rom] 
... 37.0 • 4 ... (c) [63Heu] 

6.5 41.5 ... X-ray [39Owe] 
4.9 + 0.5 43.8 • 3.1 270 Co) [80Rom] 

... 46.3 • 4 ... (c) [63Heu] 

... 34 ... Magnetic [43Has] 
5.8 49 28 X-ray [39Owe] 

... 49 ... X-ray [52I-Iun] 

... 56.5 28 X-ray [39Owe] 
4.0 • 0.5 53.4 :t 4.1 430 Co) [80Rom] 

(a) Diffusion couple, analyze with electron probe. (b) Quench as ct2, anneal, analyze with electron probe. (c) Carbonyl vapor pressure. 

martensitic transformation in Fe-24 wt .% Ni can be suppressed to 

be low room temperature by splat cooling. For alloys with less 

than about 30 at.% Ni, the transformation is isothermal, and the 

transformation temperature is strongly dependent  on impurity 

contents. Above  30 at.% Ni, the transformation is athermal and 

less dependent on impurities [83Kam]. Further investigations o f  

the nature o f  the ct2 ~ (?Fe,Ni) transformation were  made for ex- 

ample  by  [29Gos], [30Rob], [48Fis], [47Oel], [51Smo], [62Bre], 

[62Yeo], [63Gol], [67Rob], [71G-eo], [77Roi], [79Mat], [81Bor], 

[82Dull, [84Bor], [84Izm], and [84Rin]. 

Considerable supercool ing o f  liquid Fe-Ni  alloys is possible. 
[78Con] observed supercooling o f  up to 150 K in an alumina 
crucible for alloys be tween  6 and 90 at.% Ni. [83Abb] studied su- 
percool ing in levitation melted 25 at.% Ni  samples, obtaining su- 
percool ing up to 270 *C, somewhat less than the 300 *C reported 
by [66Kat] for alloys surrounded by glass coatings. Transforma- 
tion o f  (yFe,Ni) to (ctFe) in thin films was  investigated by [78Gal]. 

Al loys  containing approximately 20 to 50 at.% N i - - t h e  so-called 
Invar a l loys- -exhib i t  anomalous thermomechanical  and ther- 
mochemica l  behavior,  including a region of  very  low coefficient 
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Sect ion  H: Phase  Diagram Evaluations 
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of thermal expansion. [79Cha] showed that these Invar anomalies 
tend to disappear in alloys that have been electron irradiated to en- 
hance diffusion and thereby accelerate the approach to true equi- 
librium. Thus it is probable that the Invar anomalies are a charac- 
teristic of metastable alloys. Literature on the Invar state is 
extensive, and we refer here to [60Kon], [64Ban], [72Wei], 
[78Kat], [78Cha], and [79Shi], where many additional references 
may be found. Recently, [85Chu2] proposed that the presence and 
disappearance of the Invar anomalies are related to a spinodal gap 
due to a tricritical point arising from the magnetic transition in fee 
alloys (see Fig. 6). 

An orthorhombic phase in thin films with a composition in the 
(ctFe) + (yFe,Ni) region of the equilibrium diagram was indicated 
by [58Pin]. This phase was not retained above 650 *C. [56Cec] 
postulated that small particles of 30 at.% Ni that were rapidly 
cooled from the liquid state could pass directly to the (aFe) phase. 
A surface phase, either orthorhombic or tetragonal, which formed 
on 50 at.% Ni magnetic tapes after 18 months at room temperature 
was reported by [59Ana]. A reversible transformation from one 
fee structure to two fee structures below about 150 *C in 30 to 45 
at.% Ni alloys was reported by [61Ana]. Rapidly solidified Fe-Ni 
alloys were also studied by [73Miz], [79Bos], [84Gor], and 
[S4Miu]. 

Metastable  FeNI and Fe3NI 

The existence of ordered structures based on Fe3Ni and FeNi have 
been proposed by a number of investigators. For the equiatomic 
composition, an order-disorder reaction below 321 • 2 "C was 
reported by [60Paul, [62Paul], and [62Pau2] for alloys that were 
heavily irradiated by neutrons. [56Tin] gave X-ray data support- 
ing the existence of an ordered structure near the Fe3Ni composi- 

tion. The existence of Fe3Ni and FeNi ordered structures was in- 
vestigated further by [43Hos], [58Kus], [60Paul, [61Ban], 
[63Heu], [63Mar], [64Nee], [70Gro], [71Hau], [79Sco], and 
[84Cen]. Ordering in FeNi after either electron or neutron irradia- 
tion was observed by [78Cha] and [79Cha]. FeNi superstructure 
was observed in meteorites by [77Pet] and investigated further by 
[79Sco], [80Meh], and [82Gol]. In a study of meteorites, [82Jag] 
found that compositions of 30 to 40 at.% Ni consisted of ordered 
('fFe,Ni) + ordered FeNi, whereas [79Lin], in a STEM study of 
Fe-Ni meteorites, found decomposition into (aFe) + (yFe,Ni) 
with -5  and 47 at.% Ni, respectively. 

[82Gol] proposed a metastable phase diagram, with FeNi having 
AuCu superlattice structure to account for the "cloudy zone" 
structure found in meteorites [78Albl, 78Alb2]. [84Rosl] and 
[84Ros2] recently proposed that ordered FeNi be included as an 
equilibrium phase in the Fe-Ni diagram. Figure 6 compares the 
cluster variation calculations of [84Yam] for the ordering reac- 
tions with the assessed diagram of Fig. 1. Also shown in Fig. 10 
are the calculations by [85Chu2], [85Chu3], and [86Chu] of a 
poss~le tricritical point and spinodal arising from the magnetic 
interaction. [71Hau] identified Fe3Ni order in Invar alloys using 
electron diffraction and pointed out its similarity to Fe3Ni. Com- 
puter modeling of the order-disorder transformation in FeNi 3 was 
performed by [74Gol]. Recent work on Fe-Ni meteorites by 
[89Reu] also pointed to the existence of FeNi and Fe3Ni in the 
equilibrium diagram. 

The FeNi and Fe3Ni ordered structures are not shown on the dia- 
gram of Fig. 1. Although still an open question, it is probable that 
these ordered phases are metastable or unstable structures 
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Phase  Diagram Evaluat ions:  S e c t i o n  II 

Table 3 FeNi 3 Equilibrium Boundary Measurements 

Temperature, Composition, 
Reference Technique Equilibrium "C at.% Ni 
[50Jos] ................................................................... Dilatometry (yFe,Ni)/FeNi3 479 67 

[53Gei] ................................................................... Dilatometry 

Dilatometry 

[63Heu] .................................................................. Carbonyl 
vapor pressure 

[81Van] .................................................................. M6ssbauer 
spectroscopy 

(yFe,Ni)/(u + FeNi3 

('/Fe,Ni) + FeNi3/('/Fe,Ni) 

(u165 + FeNi3 
(yFeNi) + FeNi3 
FeNi3/FeNi3 + (u 
FeNi3 + ('fFe,Ni)/('fFe,Ni) 
(ctFe) + FeNi3/FeNi3 

(yFe,Ni)/(u + FeNi3 

(yFe,Ni) + FeNi3/('/Fe,Ni) 

491 69 
500 71 
5O4 73 
501 75 
492 77 
474 79 
482 67 
495 69 
504 71 
509 73 
503 75 
494 77 
477 79 
452 67 
481 69 
494 71 
503 73 
492 75 
480 77 
461 79 
365 53 * 4 
365 62--4 
300 87 * 4 
300 92--4 
333 63.3 
319 64.5 
277 67.4 
253 69.2 
232 70.2 
510 69 
516 71 
516 73 
511 75 
501 77 
505 69 
512 71 
515 73 
508 75 
494 77 

reached in alloys in which the sluggish ('/Fe,Ni) --- (ctFe) + FeNi 3 
eutectoid reaction has been suppressed. 

Crystal Structures and Lattice 
Parameters 

A summary of the crystal structures found in Fe-Ni alloys is given 
in Table 4, and lattice parameters are listed in Table 5. Measured 
values of the lattice parameters for the (ctFe) and (,/Fe,Ni) phases 
vs composition are shown in Fig. 7 and 8. The solid lines in Fig. 7 
and 8 represent a weighted least-squares fit to these values. 

[37Owel] found that the (~,Fe,Ni) phase lattice parameter at room 
temperature (20 "C) as a function of composition reaches a maxi- 
mum value of 0.3597 nm at 39 at.% Ni and then diminishes at al- 
most the same rate at which it increases. [37Bra] made lattice 
spacing measurements on alloys containing 27 to 100 at.% Ni that 
were quenched from 700, 800 and 900 *C. This quenching gave 
larger lattice spacings than annealed, ordered alloys. Values 
shown in Fig. 8 are for their annealed alloys, which are more rep- 

resentative of equilibrium. [26Osal] and [26Osa2] measured the 
lattice parameters and the densities for alloys annealed at 1150 *C 
and then slow cooled. [63Day] investigated the variation in lattice 
parameter in FeNi 3 on annealing at 480 *C for up to 1000 h. 

Lattice parameters were also measured by [21And], [22Kir], 
[23Bail, [23Mck], [27Jun], [31Phr], [37Owel], [37Owe2], 
[37Owe3], [37Owe4], [37Owe5], [41Owe], [49Hah], [53Wak], 
[54Lih], [55Roy], [55Sut], [66Abr], [69Ree], [69Asa], and 
[83Sen]. The most extensive work is that of [41Owe]. Over most 
of the region of the Fe-Ni diagram; lattice parameters measured at 
room temperature will depend on the exact heat treatment given 
the alloy. 

Thermodynamics  

[Hultgren,B] assessed the thermodynamic work on Fe-Ni 
through about 1972. [73Kau] and [70Prel] reviewed thermo- 
dynamic properties of the system for use in calculations of the 
phase diagram. Since then, phase diagram calculations were 
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S e c t i o n  II: P h a s e  D i a g r a m  E v a l u a t i o n s  
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P h a s e  D i a g r a m  E v a l u a t i o n s :  S e c t i o n  II 

Table  4 Fe-Ni  Crystal  Structure  Data  

Composition, pearson Spare Strukhwberlcht 
Phase at.% Ni symbol group designation Prototype 

(SFeXa) .................................................. 0 to 3.5 
(u ............................................. 0 to 100 
(ore• . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 t o 5 . 5  

FeNi 3 ..................................................... 63 to 85 

Metastable phases 

FeNi .......................................................... 
F ~ N i  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

ci2 lm~gn A2 W 
cF4 Fm3ra A1 Ca 
c12 Im~ra A2 W 
cP4 Prn3ra L 12 AuCu3 

tP2 P4/mmm L 10 AuCu 
cP4 Pm3m L 12 AuCu3 

(a) From 1538 to 1394 "C at 0 at.% Ni. (b) From <1394 to 912 "C at 0 at.% Ni; at all temperatures at 100 at.% Ni. (c) Below <912 *C at 0 at.% Ni. 

Table 5 Fe-Ni Lattice Parameter  Data 

Composition, Lattice parameter, 
Phase at.% Ni nm Comment Reference 

(SFe) ............................................................................ 0 to 3.5 

(u ........................................................................ 0 to 100 

(aFe) ............................................................................ 0 to 5.5 

FeNi 3 ........................................................................... 63 to 85 

Metastable phases 

F e N i  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Fe3Si ........................................................................... 
, o .  

0.29322 At 1394 "C, [65Pea] 
0 at.% Ni 

0.36468 At 916 "C, [65Pea] 
0 at.% Ni 

0.35240 At 25 "C, [Massalski2] 
100 at.% Ni 

0.28664 At 20 ~ [65Pea] 
0 at.% Ni 

0.35523 At 20 ~ [65Pea] 
75 at.% Ni 

.o .  

made by [74Bas], [74Rao], [77Has], [771_ar], [79Lar], [80Lar], 
[81Imr], [81Nis], [82Cha], [82Vel], [85Chu2], [86Chul], and 
[86Chu2]. 

[74Rao] analyzed phase diagram data, together with ther- 
mochemical information, to deduce analytical equations for the 
thermodynamic functions in solutions. [77Kub] assessed partial 
and integral enthalpies and entropies of mixing for (,/Fe,Ni) al- 
loys. [82Vel] derived analytical polynomial expressions for the 
integral enthalpies of mixing, excess entropies, and the Gibbs 
energies for the liquid and ('/Fe,Ni) alloys and used those expres- 
sions for the evaluation of the phase diagram. 

Enthalpies of mixing of liquid alloys were measured in 
calorimeters by dropping one pure solid component into a bath 
with the other component molten. This method was used by 
[71Toz], [81Igu], [74Bat], and [66Elt]. [70Prel] used differential 
thermal analysis for determination of the heat of mixing. The 
study of [66Elk] contradicts the other investigations, has consid- 
erable scatter of experimental values, and was dropped from fur- 
ther consideration. The study of [71Toz] gave unreasonably low 
values of heats of mixing; they were replaced with new values by 
the same authors in [81Igu]. The experimental results of [81Igu], 
[74Bat], and [70Prel] agree satisfactorily (see Fig. 9). 

Enthalpies of mixing for solid alloys were obtained by 
calorimetric measurement of the heat of reaction between pow- 
dered components at 1400 to 1600 K. This method was used by 

[63Den], [67Kub], and [71Spe]. [61Ste] dissolved solid com- 
ponents and alloys in liquid tin inside the calorimeter at 1123 K. 
The results of [63Den], [67Kub], [71Spe], and [61Ste] agree 
satisfactorily and they are also shown in Fig. 9. When all the ex- 
perimental results are plotted in one graph (see Fig. 9), it is ob- 
vious that the data for solid and liquid alloys are partially overlap- 
ping, i.e., the enthalpies of mixing for solid and liquid alloys are 
the same, within the experimental error. 

The problem of differentiating the data for liquid and solid alloys 
was discussed by [77Kub] and [70Pre 1 ]. [70Pre 1 ] measured heats 
of melting of ten alloys. Their results deviate from the additive 
value by 400 to 700 J/mol, which can be compared with the errors 
in determination of the heat of melting of components given by 
[70Pre2]: • J/mol. If the experimental data for both the solid 
and liquid heats of mixing are least-squares fitted to a four-term 
Redlich-Kister expression, the following equation is obtained for 
the excess enthalpy: 

H ex =XFe XNi[-16 226-  14 982(XFe-XN.~ 
+ 200(XFe -XN.~ 2 + 11 382(XFe -XN.t) 3] 

This curve is plotted as a solid line in Fig. 9. The uncertainty in the 
integral values of heat of mixing is on the order of • J/tool. In 
Fig. 9, the dotted line represents the liquid excess enthalpies cal- 
culated from the thermodynamic model below, and the dashed 
line represents the solid excess enthalpies calculated from the 
same model. 
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S e c t i o n  H: P h a s e  D i a g r a m  E v a l u a t i o n s  
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P h a s e  D i a g r a m  E v a l u a t i o n s :  S e c t i o n  II 
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P h a s e  Diagram Evaluat ions:  S e c t i o n  II 

Table 6 Thermodynamic Parameters Used to Modal the Fe-Ni Phase Diagram 

Liquid phase 
~(Fe,L)=0 
60qLL) = 0 
Gex(L) --XFe XNi[-16 391 + 3.17 T + (12 075 - 2.6 T) (XFr + (-2000 + I) (XFr XN't) 2 + ( -1500-  T)(XFr -XN'03 ] 

bcc phase 
G(Fe,bcc) -- 12 736.4-17.216 T+ 23.18 Tin T -  0.0048155 T 2 
G(Ni, bcc) =-12  500 + 9 T 
GeX(bcc, T > 1667 K) = XFr XNi [1950- 3.05 T + (-2000 + T)(XFr 2 + (-1500- T) (XF�9 -XN.~ 3] 
Gex(Imc, T < 1185 K) =XFr Xbr t [13 274 - 13 T + (-2000 + T)(XFe -XN'O 2 + (-1500 - 7') (XF�9 -XNi) 3] 
G(nt(~00 < T < 1850 K) =XF�9 XNi (9381 - 8.775 T) 
G(bcc,mag) = RTc(bcc) in [[~(bcc) + ll/(t) 
,= rCrc0xc) 
f(t <1) -- -0.9053 + t-0.153 t 4_0.068 t 10-0.00153 t 16 
f(t > 1) -- -0.06417 t --4_ 0.002037 t -14_ 0.0004278 t -2,1 
Tc(bcc) -- 1043XF�9 + XFeXNi [-757.6 + 1946(XFr + 2153(XFr 2 -  2779(XFr 3] 
[~ec )  -- 2.22XFr + XFr XNi [1.176 + 1.445 (XFr 0 + 2.275 (XFc-XIq'02- 2.042 (XFr 

fee phase 

G(Fe,fcc) = 11 274-16.3878 T+ 22.03 Tin T-0.0041755 T 2 
G(Ni,fcc) = 3667.6-14.4177 T+ 20.113 Tin T -  0.004561 T 2 
Gex(foe) = XFe XNi [-15 291 + 3.47 T + (12 061 - 2.5 T)(XFe -XN't) + (-2000 + ~(XFe -XN.~ 2 + (-1500 -T)(XFr -XND ] 
a(fcc,mag) = R r c  (fcc ) In [~(fcc) + llf(0 
t= T/Tc (fcc) 
f(t < 1) = -0.5597- 0.6315 t - 0.09178 t 4 + 0.001872 t 10- 0.007715 t 16 
f(t > 1) =-0.03184 t .-4 + 0.002468 t -14_ 0.13019904 t -24 
Tc(fcc) =-80X~ + 627.4XNi +XFeXNi [2040.5-1250(XFe-XN0- 2627 (XFr 2-1784 (XFr -XN.t) 3 ] 
~(ft..C) -- --1.59 XFr + 0.62XNi + XFr XNi [8.644 + 7.691 (XFr -XNi ) + 4.435 (XFr -XN02 + 0.585 (XFr -XNi) 3] 

FeNi3 phase 

G(Fe in FeNi3) = 1127.4-16.388 T + 22.03 T In T + 0.0041755 T 2 
G(Ni in FeNi3) = 3667.6-14.418 T + 20.11 T In T-0.0045610 T 2 
GCX(FeNi3) = XFcXNi [-24 185 + 1.9 T + 21 475 (XFr + (-1700 + T) (XFr 2 + (-1500- T)(XFr 3] 
G(FeNi3,mag ) = RT C (FeNi3) In [[3(FeNi3) + 1] f(t) 
t = T/T c (FeNi3) 
J[t < 1) =-0.5597-0.6315 t -0.09718 t 4 + 0.001872 t 10 -0.007715 t 16 
f(t > 1) = - 0.03184 t --4 + 0.002468 t -14 _ 0.0019904 t -24 
Tc(FeNi3) = - 80XFr + 627.4 XNi + XFe XNi [2040.5 - 1250(XFe-XNO- 2627 (XFr -XN'02 - 1784(XFr -XNi) 3] 
[~(FeNi3) = - 1.59XFr + 0.62X'Ni + XFr XNi[8.644 + 7.691(XFe -XNi) + 4.435(XFe-XNi) 2 + 0.585(XFe -XN't) 3] 

Note: XFe andXNi are atomic fractions; Gibbs energy values are in J/mol; and T is in K. 

Measurements of the activities in liquid alloys using the Iranspor- 
tation method with a stream of inert gas were made by [59Zel] at 
1830 to 1891 K, by [78Marl at 1873 K, and by [66Oni] in dilute 
alloys at 1825 to 1930 K. The transpiration method based on 
analysis of condensate evaporated in vacuum was used by 
[595pe] at 1783 to 1873 K, by [72Mil] at 2178 to 2558 K, and by 
[71Tse] at 1873 K. The Knudsen cell with a mass spectrometer 
was used by [77Kub] at 1773 to 1923 K, by [78Con] at 1500 to 
1900 K, by [67Bell at 1863 K, and by [81Ram] at 1373 to 1923 K. 
The results obtained by [71Tse] deviate considerably from other 
studies and were discarded. All other investigations appear to be 
in reasonable agreement, at least over most of the concentration 
range. Most of the results are plotted in Fig. 10 and 11. (In these 
figures, the dotted lines represent the values calculated from the 
thermodynamic model given below.) From the analysis of infor- 
mation given in the original papers, it is difficult to reject a study 
completely or to give preference to any particular group of inves- 
tigations. 

[72Day], [78Con], and [81Ram] also made measurements of ac- 
tivities in the solid alloys. Solid alloy activity measurements using 
CO/CO2 equilibrium over the Fe-Ni-O system were made by 
[77Gri] at 1573 K for alloys between 0 and 27 at.% Ni. [76Rob] 
reported on Ni activities in two alloys with 4.8 and 9.4 at.% Ni 
at 1400 to 1550 K measured by Knudsen cell with a mass 
spectrometer. These results agree satisfactorily and are plotted in 
Fig. 12 and 13. (In these figures, the dotted lines represent the 
values calculated from the thermodynamic model given below.) 
Early investigations of solid activities were made by [58Lyu], 
who measured vapor pressures of alloys using a mass 
spectrometer at 1463 to 1583 K and by [74Vre] using the 
transpiration method at 1509 K for alloys between 13 and 94 at.% 
Ni. The results of [58Lyu] are close to ideal values for both com- 
ponents--in considerable contradiction with the other results-- 
and were dropped from further consideration. The results of 
[ 74 Vre ], plotted in Fig. 12 and 13, were given low weight because 
of their scatter and contradiction with the later investigations. 
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Sec t ion  II: P h a s e  Diagrnrn Eva luat ions  

Table 7 Average Magnetic Moments Measured for Fer- 
romagnetic Fe-Ni Alloys 

IX, 
Composition, Bohr 

Phase aL% Ni magnetons Reference 

( (xFe )  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

(vFe,Ni) ........................ 

0 2.22 [63Cm] 
1.4 2.21 [25Pes] 
1.5 2.24 [63Cra] 
3.0 2.26 [63Cra] 
3.5 2.22 [25Pes] 
4.3 2.27 [63Cra] 
5.1 2.23 [25Pes] 
6.2 2.29 [63Cra] 
6.9 2.24 [25Pes] 
9.3 2.28 [63Cra] 

11.3 2.23 [25Pes] 
11.5 2.29 [63Cra] 
15.9 2.22 I25Pes] 
18.9 2.23 [63Cra] 
19.0 2.21 [25Pes] 
23.3 2.17 [63Cra] 
25.2 2.13 [25Pes] 
25.5 2.12 [25Pes] 
29.7 2.00 [25Pes] 
30.4 2.00 [63Cra] 
0 2.20 [25Pes] 

32.5 1.93 [63Cra] 
30.8 1.25 [63Cra] 
32.1 1.61 [63Cra] 
34.3 1.77 [63Cra] 
35.3 1.82 [63Cra] 
40.8 1.80 [25Pes] 

1.84 [63Cra] 
42.0 1.79 [25Pes] 
43.5 1.77 [25Pes] 
49.6 1.67 [25Pes] 
49.8 1.69 [63Cra] 
51.0 1.65 [25Pes] 
57.7 1.52 [25Pes] 
60.0 1.50 [63Cra] 
67.0 1.36 [25Pes] 
79.7 1.07 [63Cra] 
80.2 1.06 [25Pes] 
87.7 0.88 [25Pes] 

100 0.61 [25Pes, 
63Cra] 

With decreasing temperature, the vapor pressure and the 
reliability of activity measurements drop rapidly. The difference 
in values of the Ni activity coefficients at 1473 K (Fig. 12) be- 
tween two similar investigations [78Con, 67Bel] looks natural, 
considering the probable uncertainty of the methods used. For 
both solid and liquid alloys, the uncertainty in determination of 
the activity coefficient of either of the components is on the order 
of • for a component in an alloy near the pure component, 
• in alloys around the equiatomic composition, and • for 
a component in alloy near infinite dilution. 

Other reports of activities in solid alloys were provided by 
[49Kub], [53Ori], [69Kus], [64Roe], [70Gat], [72Day], [75Tri], 
[76Dal], [77Ono], and [79Tan]. Most of these contradict each 
other, and it is worthwhile to plot only some of the latest studies. 
[75Tri] measured CO/CO2 equilibrium over the Fe-Ni-O system 
at 1273 K. [76Dal] used the same technique at 1065 to 1380"K. 

[77Ono] measured the Fe activities by the emf method at 1023 to 
1423 K. Figures 14 and 15 show that at 1273 K, the results of three 
of these studies agree satisfactorily. (The dotted lines in the 
figures represent the values calculated from the thermodynamic 
model given below.) 

Specific heat measurements in the Fe-Ni system at low tempera- 
tures were reported by [40Kee], [64Gup], [65Ehr], and [66Shi] 
and at higher temperatures by [39Lee], [73Kol], and [82Bro2]. 

An attempt was made to construct a thermodynamic model that 
represents the Fe-Ni diagram over the widest possible tempera- 
ture range and agrees, within the above stated experimental er- 
rors, with the thermodynamic measurements. This model was 
used as an aid in the evaluation of the measured phase diagram 
boundaries, and greater weight was given to these boundaries 
than to the thermodynamic measurements. In the model, the 
Gibbs energy for a phasep is represented by: 

G(p) = XFeG(p, Fe ) + XNiG(p,Ni ) + G(p, mag) 
+ RT(XFe In ZFe + ZNi In ZN0 + G(p) ex 

where G(p,Fe) is the Gibbs energy of pure Fe, and G(p) ex is the 
nonmagnetic excess free energy. Following [74Ind], the magnetic 
contribution to the Gibbs energy is of the form: 

o0 ,mag) = Rrc0 ) in (15 ) + 1)f(0 

where t is the reduced temperature r/rc, re is the Curie tempera- 
ture, and 13 is magnetic moment in Bohr magnetons. Both r C and 
13 are functions of composition. In the Fe-Ni system, all three 
phases in the equilibrium diagram are ferromagnetic, and the 
magnetic contribution is significant, especially at temperatures 
below 912 "C. Early estimates of the magnetic contributions to 
phase equil~rium in the Fe-Ni system were given by [73Sch]. 

The functions for T C and 13 for the bc.c and fcc phases were ob- 
tained by least-squares fitting the literature data. For the FeNi3 
phase, TC and 15 values were taken to be approximately equal to 
those in the foe phase. For the bcc phase, the function f(t), as ex- 
panded in a power series by [78Hil], was used (the resultant con- 
tribution to the Gibbs energy agrees well with the alternate form 
used by [85Chul]). For the foe phase, the same power series for 
f(t) was used, with the coefficients being obtained by least- 
squares fitting the evaluated specific heat data of [84Des] for Ni. 
For pure Fe, the thermodynamic functions given by [79Agr] were 
used. For pure Ni, the enthalpies of melting and specific heat 
values given in the evaluation of [84Des] were used to construa 
the nonmagnetic part of the thermodynamic functions. For bcc 
Ni, the lattice stability estimates of [73Kau] were used. In assess- 
ing the diagram, the thermodynamic modeling and optimization 
procedure of [81Sun] were used. For the liquidus and solidus, 
greatest weight was given to the liquidus measurements, especial- 
ly those of [57Hel]. 

The parameters found by a combination of optimization and trial 
and error to best fit the diagram are given in Table 6, and the cal- 
culated Fe-Ni diagram is shown in Fig. 16. Above about 500 "C, 
the calculated and assessed diagrams are nearly identical (• 1 "C 
in temperature and ~-0.5 at.% in composition). At lower tempera- 
tures, the assessed and calculated boundaries differ somewhat. 
Especially noticeable is the tricritical point predicted by the 
model and arising from the influence of the magnetic contribution 
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P h a s e  D i a g r a m  E v a l u a t i o n s :  S e c t i o n  II 

Table  8 Measu red  Cur ie  T e m p e r a t u r e s  vs Composi t ion  fo rF e -Ni  Alloys 

Curie, 
Composition, Temperature, 

Phase at.% Ni 'C Reference Phase 

(o.Fr ..................... 

(,ffe,Ni) ................. 

0 771 [25Pes] 
770 [290os] 

1.4 766 [25Pes] 
2.8 763 [290os1 
3.5 758 [25Pes] 
4.8 755 [290os] 
5.1 752 [25Pes] 
6.9 748 [25Pr 

15.9 740 [25Pr 
19.0 715 [25Pes] 
23.0 565 [43Hos] 
29.7 597 [25Pes] 
31.3 535 [25Pes] 
33.3 460 [25Pes] 
33.8 435 [25Pes] 
29.7 120 [7.5Pes] 
30.8 100 [63Oa] 
31.3 160 [25Pes] 
31.8 174 [25Pes] 
32.1 156 [63Cra] 
33.3 228 [25Pes] 
33.8 245 [25Pes] 
35.3 261 [25Pes] 

228 [63Oa] 
36.1 250 [63Oa] 
37.0 285 [25Pes] 
38.5 300 [290os] 
39.0 317 [25Pes] 
40.8 321 [25Pes] 

354 [63Cra] 
42.0 346 [25Pes] 
43.5 403 [25Pes] 
45.0 468 [53Wak] 
47.1 415 [29Gos] 
49.3 506 [25Pes] 
49.8 513 [63Cra] 
50.0 520 [53Wak] 
51.0 522 [25Pes] 

Curi~ 
Composition, Temperature, 

at.% Ni "C Reference 
(~/Fe,NiXeont.) ........ 

FoNI 3 ...................... 

55.0 558 [53Wak l 
57.7 590 [25Pes] 
60.0 592 [53Wak] 

591 [63Cra] 
65.0 613 [53Wak] 
67.0 612 [25Pes] 
68.0 616 [53Wak] 
70.0 614 [53Wak] 
.',2.0 6o8 [53Wak] 
74.0 600 [53Wak] 
75.0 598 [53Wak] 
76.0 589 [53Wak] 
78.0 585 [53Wak] 
79.7 570 [63Oa] 
so.o 577 [53Wak] 
80.2 576 [25Pes] 
81.0 571 [53Wak] 
85.0 543 [53Wak] 
87.7 511 [25Pcs] 

100.0 360 [25Pes] 
361 • 1 [63Cra] 
354.3 [68Kou] 

45.0 494 • 5 [53Wak] 
50.0 543 [53Wak] 
55.0 580 [53Wak l 
60.0 616 [53Wak] 
65.0 636 [53Wak] 
68.0 668 [53Wak] 
70.0 680 [53Wak] 
72.0 696 [53Wak] 
74.0 691 [53Wak] 
75.0 681 [53Wak] 
76.0 654 [53Wak] 
78.0 624 I53Wak] 
80.0 599 [53Wak] 
81.0 584 [53Wak] 
85.0 543 [53Wak] 

to the Gibbs energy. (The tricritical point was also calculated by 
[77Hut].) [85Chu2] gave convincing arguments for the existence 
of this tricritical point, but further experimental confirmation ap- 
pears necessary. In fitting the (aFe)/(SFe) and (aFe)/(TFe,Ni) ex- 
perimental boundaries, better fits are obtained if the expression 
for the excess energy of  the bcc phase is divided into two tempera- 
ture regions--one for the (ctFe) and one for the (SFe) region. An 
expression for the bcc excess energy that covers the entire tem- 
perature range, which gives a good approximation to the observed 
boundaries and which is more sensible from a thermodynamic 
point of  view, is also included in Table 6. 

In Fig. 9, the heats of  mixing obtained from the parameters of 
Table 6 are compared with the measured values (the dotted line is 
for the liquid, the dashed line for the solid). In Fig. 10 through 15, 
the theoretical values of  the activities calculated from the model 
parameters (dotted lines) are compared with measured values. In 
all instances, agreement is within experimental error. However, 
the fits are in some respects unsatisfying, especially for the Ni- 
rich heats of  mixing and Fe-rich Ni activities. The slight oscilla- 
tion in the Ni activity coefficients on the Fe-rich side (Fig. 12 and 
14) evidently is unjustified by the data. This may be in part due to 

the poor accuracy of the measured values of the solidus and liqui- 
dus of  the Ni rich alloys. 

P r e s s u r e  

The equilibrium diagram for 50,100, and 150 kbar was calculated 
by [61 Kau 1 ]. [61 Kau2] showed that pressure lowers the (,/Fe,Ni) 
--* (ctFe) transformation temperatures. [66Mcq] investigated the 
effect of pressure on the density of  Fe-Ni alloys by the shock tech- 
nique up to 2000 kbar. Using XRD, [68Tak] measured the effect 
of  pressure on the crystal structure and molar volume. 

M a g n e t i s m  

The saturation magnetization, average magnetic moments, and 
Curie temperatures for single-phase foe alloys from 30 to 100 
at.% Ni were measured by [63Cra]. They also measured the 
average magnetic moment for single-phase bee alloys in the range 
0 to 30 at.% Ni. Magnetic moments on individual Fe and Ni atoms 
were measured by [62Col], [73Cab], [74Nis], and [55Shu] be- 
tween 40 and 100 at.% Ni. The use of magnetic measurements for 
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Fig. 17 Magnetic moments of Fe-Ni alloys. 
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studying two-phase Fe-Ni alloys was described by [39Suc] and 
[40Pie]. The effect of heat treatment on the magnetic properties of 
FeNi 3, including the maximum permeability, coercive force, 
remanent, and saturation magnetization was investigated by 
[53Wak]. By extrapolating the magnetization vs temperature 
curves, they estimated the Curie temperatures for ordered FeNi 3 
and found a higher Curie temperature for the ordered alloys than 
for the disordered. A slightly higher saturation magnetization is 
also found for the ordered alloys ([40Gra], see Table 7). Figure 17 
and Table 7 compare the various measured magnetic moments, 
and Fig. 18 and Table 8 compare the various measured Curie tem- 
peratures. The Curie temperature of pure Ni is taken as 627.4 K, in 
accordance with [68Kou] and [82Rhy]. 

Alloys of high maximum permeability, the so-called permalloys, 
can be formed by rapidly cooling alloys near the FeNi 3 composi- 
tion [32Dah, 38Kay, 53Boz1, 53Boz2, 64Sch]. The magnetic 
properties of an equiatomic single crystal of FeNi that had been 
ordered metastably in the AuCu structure by neutron irradiation 
below 320 *C were studied by [64Nee]. Further anomalies in 
magnetic properties and phase separation have been observed by 
[51Suc], [59Dek] and [61Gor]. [75Ind] showed how the Curie 
temperature variation in (,tFe,Ni) may be closely fitted to a Red- 
lich-Kister form with a single interaction term. [77Mio] showed 
how this interaction parameter is related to the two-moment 
model for,iFe of [63Wei]. [73Miz] measured Curie temperatures 
and magnetic moments in rapidly quenched amorphous quasibi- 
nary alloys with 0 to 90 at.% Ni and boron and phosphorus addi- 
tions. 
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Anorg. Chem., 142, 193-228 (1925) in German. (Equi Diagram; Ex- 
perimental;#) 

26Kaw: M. Kawakami, "On the Specific Heat of Iron-Nickel Alloys," 
ScL Rep. Tohoku lmp. Univ., 15, 251-262 (1926). (Equi Diagram; Ex- 
perimental) 

26Osal: A. Osawa, "The Relation Between Space-Lattice Constant and 
Density of iron-Nickel Alloys," ScL Rep. Tohoku lmp. Univ., 15, 38% 
398 (1926). (Crys Structure; Experimental) 

26Osa2: A. Osawa, "On the Relation Between the Lattice Constant and 
the Density of Iron-Nickel Alloys," J. Iron Steel Inst., 113, 447-456 
(1926). (Crys Structure; Experimental) 

27Hon: K. Honda and S. Miura, "On the Determination of the 
Heterogeneous Field in the System Fe-Ni," ScL Rep. Tohuku Imp. 
Univ., 16, 745-753 (1927). (Meta Phases; Experimental) 

27Jun: A.O. Jung, "The Structure and Lattice Constants of Artificial and 
Natural Iron Alloys,"Z. Krist., 65, 309-334 (1927) in German. (Crys 
Structure; Experimental) 

27Vog: R. Vogel, "On the Structure of Iron Meteorites," Arch. 
Eisenlff~ttenwes., 1,605-611 (1927) in German. (Equi Diagram; Ex- 
perimental) 

28Vog: R. Vogel, "On the Structure of Iron-Nickel Meteorites," Z. 
Anorg. Chert, 142, 193-228 (1928) in German. (Equi Diagram; Ex- 
perimental;#) 

29Gos: G. Gossels, "Investigation of the Hysteresis Stability of Iron- 
Nickel Alloys," Z. Anor 8. Chent, 182, 19-27 (1929) in German. 
(Meta Phases, Magnetism; Experimental) 

30Rob: O.L. Roberts and W.P. Davey, "An X-ray Study of the A3 Point of 
Iron and Some Iron-Nickel Alloys," Met. Alloys, 1,648-654 (1930). 
(Equi Diagram, Meta Phases; Experimental) 

*31Ben: H. Bennedek and P. Schafmeister, "The Area of the Delta- 
Gamma Transformation in the Iron-Nickel System," Arch. 
Eisenhiittenwes., S, 123-125 (1931) in German. (Equi Diagram; Ex- 
perimental) 

31Phr: G. Phragmen, "X-ray Investigation of Certain Nickel Steels of 
Low Thermal Expansion," J. Iron Steellnst., 123, 465-477 (1931). 
(Crys Structure; Experimental) 

32Dab: O. Dahl, "On the Question of Supercooled Transformations of 
State in Iron-Nickel Alloys (The High Permeability of Air Cooled Per- 
malloy)," Z. Metallkd, 24, 107-111 (1932) in German. (Equi Dia- 
gram, Magnetism; Experimental) 

32Sch: E. Scheil, "On the Origin of the Transformation of Austenite into 
Martensite in the Vicinity of Room Temperature," Z. Elektrochem., 
38, 554-557 (1932) in German. (Meta Phases; Experimental) 

33Dah: O. Dahl and J. Pfaffenberger, "A Contribution on Iron-Nickel 
Alloys,"Z. Metallkd., 25, 241-245 (1933) in German. (Equi Diagram; 
Experimental) 

34Deh: V. Dehlinger, "Kinetics and Phase Diagram of the Irreversible 
Transformation in the Iron-Nickel System," Z. Metallkd., 5, 112-116 
(1934) in German. (Meta Phases; Experimental) 

35Sch: E. Scheil, "The Irreversibility of Iron-Nickel Alloys and their 
Equilibrium Diagram," Arch. Eisenhiittenwes., 9, 163-166 (1935). 
(Meta Phases; Experimental) 

36Dab: O. Dahl,"Cold Working and Relaxation in Alloys with Ordered 
Atomic Distributions," Z. Metallkd., 28, 133-138 (1936) in German. 
(Equi Diagram; Experimental) 

*36Jet: E. Jette and F. Foote, "X-ray Study of Iron-Nickel Alloys," 
Trans.AIME, 120, 259-276 (1936). (Equi Diagram; Experimental) 

36Sam: H.O. von Samonson-Himnelstjerna, "The Heat Content and 
Heat of Formation of Melted Alloys," Z. MetaUkd., 28, 197-202 
(1936) in German. (Equi Diagram; Experimental) 

36Met. I.D. Merica, "Constitution of Iron-Nickel Alloys," Metals 
Handbook, American Society for Metals, Cleveland, OH, 271-273 
(1936). (MetaPhases; Review; #) 

37Bra: AJ. Bradley, A.H. Jay, and A. Taylor, "The Lattice Spacing of 
Iron-Nickel Alloys," Philos. Mag., 23, 545-547 (1937). (Crys Struc- 
ture; Experimental) 

37Jen: C.H.M. Jenkins, E.H. BucknaU, C.R. Austin, and G.A. Mellor, 
"Some Alloys for Use at High Temperatures," J. Iron SteellnsL, 136, 
187-222 (1937). (Equi Diagram; Experimental; #) 

37Kah O. Kallback, "Determination of the Order-Disorder Point in 
FeNi3," Ar/~ MaL Astrot~ Fys., 34B, 17-21 (1947). (Equi Diagram; 
Experimental) 

37Kor F. Koerber, W. Oelsen, and H. Lichtenberg, "On the Ther- 
mochemistry of Alloys IL Direct Determination of the Heats of For- 
marion of the Ternary Alloys Fe-Ni-Al, Fe-Co-Al, Cu-Ni-AI, Fe-Al- 
Si, and a Portion of the C'u-Mn-Al System,"Mitt. Kaiser V~lhelmlnsL 
Eisenforsch., 19, 131-159 (1937) in German. (Equi Diagram; Ex- 
perimental) 

37Owel: E.A. Owen and E.L. Yates, "X-ray Investigation of Pure Iron- 
Nickel Alloys. Part I: Thermal Expansion of Alloys Rich in Nickel," 
Pro(:. Phys. Soc. (London), 49, 17-28 (1937). (Crys Structure; Ex- 
perirnental) 

37Owe2: E.A. Owen and E.L Yates, "X-ray Investigation of Pure Iron- 
Nickel Alloys. Part 2: Thermal Expansion of Some Further Alloys," 
Proc. Phys. Soc. (London), 49, 178-188 (1937). (Crys Structure; Ex- 
perimental) 

37Owe3: E.A. Owen and E.L Yates, "An X-ray Investigation of Pure 
Iron-Nickel Alloys. Part 3: The Thermal Expansion of Alloys Rich in 
Iron," Proc. Phys. So(:. (London), 49, 307-314 (1937). (Crys Struc- 
ture; Experimental) 

37Owe4: E.A. (:>wen, E.L. Yates, and A.H. Sully, "An X-ray Investiga- 
tion of Pure Iron-Nickel Alloys. Part 4: The Variation of Lattice 
Parameter with Composition," Proc. Phys. Soc. (London), 49, 315- 
322 (1937). (Crys Structure; Experimental) 

37Owe5: E.A. Owen, E.L Yates, and A.H. Sully, "An X-ray Investiga- 
tion of Pure Iron-Nickel Alloys. Part 5: The Variation of Thermal Ex- 
pansion with Composition,"Proc. Phys. Soc. (London), 49, 323-325 
(1937). (Crys Structure; Experimental) 

38Haw: F.E. Haworth, "An X-ray Test of Superstructure in FeNi3," 
Phys. Rev., 54, 693-698 (1938). (Equi Diagram; Experimental) 

38Kay: S. Kaya, "The Supedattice in Iron-Nickel Alloys and the Per- 
malloy Problem," J. Fac. ScL Hokkaido lmp. Univ., 2, 29-53 (1938). 
(Magnetism; Experimental) 

38Mar: J.S. March, TheAlloys oflron and Nickel, McGraw Hill, New 
York, 24-55 (1938). (Equi Diagram; Review; #) 

39Haw: EE. Haworth, "Superstructure in FeNi3," Phys. Rev., 56, 289- 
231 (1939). (Equi Diagram; Experimental) 

39Kay: S. Kaya and M. Nakayama,"The Superstructure in Iron-Nickel- 
Cobalt Alloys and the Perminvar Problem," Z. Phys., 112, 420-429 
(1939) in German. (Equl Diagram; Experimental) 

39Kus: A. Kussmann, "Evidence for a Superstructure Phase in the Iron- 
Nickel System," Z. Metallkd., 31,212-214 (1939) in German. (Equl 
Diagram; Experimental) 

39Lee: P. Le~h and C. Sykes, "The Evidence for A Superiattice in the 
Nickel-Iron Alloy Ni3Fe," Philos. Mag., 27, 742-753 (1939). (Equl 
Diagram, Thermo; Experimental) 

39Owe: E.A. Owen and A.H. Sully, "The Equilibrium Diagram of Iron- 
Nickel Alloys," Philos. Mag., 27, 614-636 (1939). (Equi Diagram; 
Experimental; #) 
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39Sue: W. Sucksmith,"The Measurement of Magnetic Saturation Inten- 
sities at Different Temperatures," Proc. K Soc. (London), 170, 551- 
557 (1939). (Magnetism; Experimental) 

40Gra: E.M. Grabbe, "Ferromagnetic Anisotropy, Magnetization at 
Saturation, and Superstructure in Ni3Fe and Nearby Compositions," 
Phys. Re~., 57, 728-734 (1940). (Magnetism; Experimental) 

40Kee: W.H. Keesom and B. Kurrelmeyer,"Specific Heats of Alloys of 
Nickel with Copper and with Iron from 1.2" to 200K," Physica, 7, 
1003-1024 (1940). (Thermo; Experimental) 

40Nix: EC. Nix, H.G. Beyer, and R. Dunning, "Neutron Studies of order 
in Fe-Ni Alloys,"Phys. Re~., 58, 1031-1034 (1940). (Equi Diagram; 
Experiment) 

40Pic: A.T. Pickles and W. Sucksmith, "A Magnetic Study of the Two- 
Phase Iron-Nickel Alloys," Proc. R. Soc. (London) A, 175, 331-334 
(1940). (Equi Diagram, Magnetism; Experimental) 

40Zui: Aj. Zuithof~ "The Exact Measurement of the Specific Heats of 
solid Substances at High Temperature XII. The Specific Heats of Iron- 
Nickel Alloys of Various Compositions Between 100" and 1400 "C," 
Rec. Tray. Chir~, 59,131-160 (1940). (Equi Diagram; Experimental; 
#) 

41Owe: E.A. Owen and A.H. Sully, "On the Migration of Atoms in Iron- 
Nickel Alloys," Philos. Mag., 31, 314-338 (1941). (Equi Diagram, 
Crys Structure; Experimental) 

43Hos: K. Hosefitz and W. Sucksmith, "A Magnetic Study of the Two- 
Phase Iron-Nickel Alloys, H," Proc. R. Soc. (London), 1, 30 (1943). 
(Equi Diagram, Meta Phases, Magnetism; Experimental) 

47Oeh W. Oelsen and F. Wever, "On the Influence of Elements on the 
Polymorphism of Iron,"Arc/~ Eisenh~ttenwes., 19, 9%104 (1947) in 
German. (Meta Phases; Theory) 

48Pis: J.C. Fisher, J.H. Hollomon, and D. Tumbull, "Nucleation,"J. 
AppL Phys., 19, 775-784 (1948). (Meta Phases; Theory) 

48Kal: O. Kallback, "Determination of the Order-Disorder Point in 
FeNi3,"Ar/~ Mat. Astron. Fys., 34B(17), 1-6 (1948). (Equi Diagram; 
Experimental) 

49Hah: H. Hahn and H. Muhlberg,"The System Iron/Nickel/Nitrogen," 
Z. Anorg. Chem., 259, 121-134 (1949) in German. (Crys Structure; 
Experimental) 

*49Jon: F.N. Jones and W.I. Fumphrey, "Free Energy and Metastable 
States in the Iron-Nickel and Iron-Manganese Systems,"J. Iron Steel 
Inst, 163,121-131 (1949). (Equi Diagram, Meta Phases; Experimen- 
tal) 

49Kub: O. Kubaschewski and O. yon Goldbeck, "The Thermo- 
dynamics of the Iron-Nickel Alloys," Trans. Faraday Soc., 45, 948- 
960 (1949). ('rhermo; Experimental) 

*,19Owe: E.A. Owen and Y.H. Liu, "Further X-Ray Study of the Equi- 
librium Diagram of the Iron-Nickel System," J. Iron SteelInst., 123, 
132-136 (1949). (Equi Diagram; Experimental; #) 

*50Jos: E. Josso,"Equilibrium Diagram for the Order to Disorder Trans- 
formation of Iron-Nickels near Ni3Fe," Compt. Rend, 230, 1467- 
1469 (1950). (Equi Diagram; Experimental) 

51Mac: E.S. Machlin and M. Cohen, "Burst Phenomenon in the Marten- 
sitic Transformation," Trans. AIME, 191, 746-754 (1951). (Meta 
Phases; Experimental) 

51Smo: R. Smoluchowski, "Statistical Properties of solid Solutions," 
Phys. Rev.,84, 511-518 (1951). (Meta Phases; Theory) 

51Sue: W. Sucksmith,"Magnetic Saturation Intensity and Some Related 
Measurements,"./. Phys. Radium, 12, 430-436 (1951). (Magnetism; 
Experimental) 

52Hun: F. Hund, "Omracterization of Nickel-Iron Alloy Powders at 
Low Temperature and Investigations of Lattice Changes," Z. 
Elelarochem., 56, 609-612 (1952) in German. (Equi Diagram; Ex- 
perimental) 

$2Iid: S. Iida,"Formation Energy of Superlattice for Ni3Fe, (I) Coopera- 
tive Formation of Superlattice at the Critical Temperatures," J. Phys. 
Soc. Jpn., 7, 373-379 (1952). (Equi Diagram; Experimental) 

53Bozl: R.M. Bozorth and J.G. Walker, "Magnetic Crystal Anisotropy 
and Magnetostriction of Iron-Nickel Alloys,"Phys. Rev., 89, 624-628 
(1953). (Magnetism; Experimental) 

53Boz2: P.M. Bozorth, "The Permalloy Problem,'Rev. Mod. Phys., 25, 
42-48 (1953). (Magnetism; Experimental) 

*53Gel: A.H. Geisler, 'Written Discussion of [53 Rhi]," Trans. ASM, 45, 
1051-1054(1953). (Equi Diagram; Experimental) 

.~30ri: R.A. Oriani, "Thermodynamic Activities in Iron-Nickel Alloys," 
A cta MetalL , 1,448-454 (1953). (Thermo; Experimental) 

*53Rhi: EN. Rhine.s and J.B. Newkirk, "The Order-Disorder Transfor- 
mation Viewed as a Classical Phase Change," Trans. ASM, 45,1029- 
1046 (1953). (Equi Diagram; Theory) 

53Wak: R.J. Wakelin and E.L. Yates, "A Study of the Order-Disorder 
Transformation in Iron-Nickel Alloys in the Region FeNi3," Proc. 
Phys. Soc. (London) B, 66, 221-240 (1953). (Crys Structure, Mag- 
netism; Experimental) 

54Iid: S. Iida, "Formation Energy of Superlattice in Ni3Fe (II) Kinetics 
of the Superlattice in the Stage of Local Ordering,"J. Phys. Soe. Jpn., 
9, 346-354 (1954). (EquiDiagram; Experimental) 

54IAh: E Lihl, "Phase Boundaries in the Iron-Nickel System at Tem- 
peratures Below 300 "C,"Aroh. Eisenhfittenwes., 25, 475-478 (1954) 
in German. (C~s Structure; Experimental) 

54Mey: M.R. Meyerson and S.J. Rosenberg, "The Influence of Heat 
Treating Variables on the Martensite Transformation in SAE 1050 
Steel," Trans.ASM,46,122.5-1253 (1954). (MetaPhases; Experimen- 
tal) 

55Roy: P. Royen and H. Reinhart,"The Influence of Alloying Iron with 
Gold, Silver, Copper, of Nickel on Iron Oxidation Equilibrium," Z. 
Anorg. Chem., 281, 18-36 (1955) in German. (Crys Structure; Ex- 
perimental) 

55Shu: C.G. Shull and M.K. Wilkinson, "Neutron Diffraction Studies of 
the Magnetic Structure of Alloys of Transition Elements,"Phys. Rev., 
97, 304-310 (1955). (Magnetism; Experimental) 

55Sut: A.L Sutton and W. Hume-Rothery, "The Lattice Spacings of 
Solid Solutions of Titanium, Vanadium, Chromium, Manganese, 
Cobalt and Nickel in Alpha-Iron," Philos. ?Jag., 46, 1295-1309 
(1955). (Crys Structure; Experimental) 

56Cee: R.E. Cech,"Evidence for Solidification ofa Metastable Phase in 
Fe-NiAlloys,"Trans.AIME, 206, 585-589 (1956). (Meta Phases; Ex- 
perimental) 

56Kau: L. Kaufraan and M. Cohen, "The Martensitic Transformation in 
the Iron-Nickel System," Trans. AIME, 206, 1393-1401 (1956). 
(Meta Phases; Experimental) 

56Tin: Y. Tino, "Possible Existence of Fe3Ni," Scs Rep. Tohoku Imp. 
Un/v., 40,17-23 (1956). (Meta Phases; Experimental) 

*57Heh A. Hellawell and W. Hume-Rothery, "The Constitution of Al- 
loys of Iron and Manganese with Transition Elements of the First 
Long Period," Philos. Trans. R. Soc. (London) A, 249, 417-459 
(1957). (Equi Diagram, Thermo; Experimental) 

57Lya: B.G. Lyashchenko, D.F. Litvin, I.M. Puzei, and Yu.G. Abov, 
"Neutron Diffi'action of Iron-Nickel Alloys of the Permalloy Class," 
Kristallografiya, 2, 64-73 (1957) in Russian; TR: Soy. Phys. Crystal- 
/og~,2, 59-67 (1957).(Equi Diagram; Experimental) 

57Vit: L.M. Viting, "Investigation of the Iron-Nickel-Cobalt System in 
the Region of the Metallic Compounds Ni3Fe and FeCo," Zh. Neorg. 
Kh/m., 2, 367-374 (1957) in Russian; TR:J. Inorg. Chem., 2(2), 217- 
228 (1957). (Equi Diagram; Experimental) 

58Kus: A. Kussmann and K. Jessen,"Investigation of Atomic Ordering 
in Iron-Nickel-(Platinum) Alloys with Low Thermal Expansion," 
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Arch. Eisenhiittenwes., 29, 585-594 (1958) in German, (Eqni Dia- 
gram, Meta Phases; Experimental) 

58Lyu: A.P. Lyubimov, V.Ya. Zobens, and V.P. Rakhovskii, "A Mass 
Spectrometric Determination of the Thermodynamic Characteristics 
of Binary Metallic Systems,"Zlt Fiz. IOdm., 32,1804-1808 (1958) in 
Russian. (Them'to; Experimental) 

58Pin: B.Ya. Pines and LE Grebennilg "A New Crystalline Phase in 
Thin Films of Fe-Ni Alloys," KristaUografiya, 3 t, 461-466 (1958) in 
Russian; TR: Soy. Phys. Crystallog~., 3, 460-464 (1958). (Meta 
Phases; Experimental) 

59Aria: N.I. Ananthanarayanan and R.J. Peavler, "Room Temperature 
Decomposition of Austenite in Fifty Percent Nickel-Fifty Percent Iron 
Magnetic Alloy Tapes,"J. Appl. Phys., 30, 202S-203S (1959). (Meta 
Phases; Experimental) 

59Dek: M.V. Dekhtyar and N.M. Kazantseva, "Structure Changes and 
Anomalous Temperature Dependence of the Magnetic Properties of 
Ni-Fe Alloys (50 Percent Ni)," Fir. MeL Metalloved, 8, 412-416 
(1959) in Russian; TR: Phys. MeL Metallogr., 8, 84-87 (1959). (Mag- 
netism; Experimental) 

59Sch: E Scheil and W. Normann, "Investigation of the Thermo- 
dynamics of the ct ~ y Transformation in Iron-Nickel Alloys, "Arch. 
Eisenhiittenwes., 30, 751-754 (1959) in German. (Equi Diagram; Ex- 
perimental) 

59Spe: R. Speiser, A.J. Jacobs, and J.W. Spertnak,"Activities of Iron and 
Nickel in Liquid Iron-Nickel Solutions," Trans Metall. SOc./tIME, 
215,185-192 (1959). (Thermo; Experimental) 

59Zeh G.R. Zellars, S.L. Payne, J.P. Morris, and R.L. Kipp, "The Ac- 
tivities of Iron and Nickel in Liquid Fe-Ni Alloys," Trans. Meta U. Soc. 
AIME,215,181-185 (1959). (Thermo; Experimental) 

60Kon: E.J. Kondorski and V. Sedov, "Antiferromagnetism of Iron in 
Face-Centered Crystalline Lattice and the Causes of Anomalies in 
Invar Physical Properties," J. Appl Phys., 31, 331S-335S (1960). 
(Meta Phases; Experimental) 

60Pau: J. Panlene and D. Dautreppe, "Neutron Orientation Superstruc- 
ture Created during Irradiation in a Magnetic Field of an Fe-Ni(50-50 
Percent) Alloy," Compt. Rend., 250, 3804-3806 (1960) in French. 
(Meta Phases; Experimental) 

61Aria: N.I. Anathanarayanan and P.J. Peuler, "ANew Reversible Solid 
State Transformation in Iron-Nickel Alloys in the Invar Range of 
Composition," Nature, 192, 962-963 (1961). (Meta Phases; Ex- 
perimental) 

61Ban: Y Bando, "The Formation of Superstructure in Fe3Ni Fine Par- 
ticles," J. Phys. Soc../pg, 16, 2342-2343 (1961). (Meta Phases; Ex- 
perimental) 

61Got: V.I. Gorbunov,"Investigation of the Structure of Irreversible Al- 
loys of the Iron-Nickel System," Fiz. Met. Metalloved, 12, 78-83 
(1961) in Russian; TR: Phys. Me~ Metallogr., 12(1), 68-72 (1961). 
(Magnetism; Experimental) 

61Kau1: L Kaufman and A.E. Ringwood, "High Pressure Equilibria in 
the Iron-Nickel System and the Structure of Metallic Meterorite," 
ActaMetalL, 9, 941-944 (1961). (Pressure; Theory) 

61Kau2: L Kaufi'nan, A. Leyenaar, and J.S. Harvey, "The Effect of 
Hydrostatic Pressure on the EC.C.-B.C.C. Reactions in Iron-Base A1- 
loys,"Progress in Very High Pressure Research, F. Bundy et al., Eds., 
J. Wiley and Sons, New York, 90-108 (1961). (Pressure; Experimen- 
tal) 

61Ste: W. Steiner and O. Krisement,"Heat of Formation ofy Iron-Nickel 
Alloys at 850 "C,"Arch. Eisenhfatenwes., 32, 701-707 (1961) in Ger- 
man. (rhermo; Experimental) 

62Bre: J.F. Breedis and C.M. Wayman, "The Martensitic Transforma- 
tion in Fe-31 vet. Pct Ni," Trans. Metals Soc.AIME, 224, 1128-1133 
(1962). (Meta Phases; Experimental) 

62Coh M.E Collins, R.V. Jones, and R.D. Lawde, "On the Magnetic 
Moments and the Degree of Order in Iron-Nickel Alloys," J. Phys. 
Soc. JprL, 17, Supplement B-Ill, Proc. Int. Cons on Magn. and Crys., 
Kyoto, Sep 25-30,19-26 (1962). (Magnetism; Experimental) 

*62Gih A. Gilbert and W.S. Owen, "Diffnsionless Transformation in 
Iron-Nickel, Iron-Chromium and Iron-Silicon Alloys,"Acta Metall., 
10, 45-54 (1962). (Meta Phases; Experimental) 

62Kac: S. Kachi, Y. Bando, and S. Hignchi,"The PhaseTransformations 
of Iron-Rich Iron-Nickel Alloy in Fine Particles,"Jpn. J. Apps Phys., 
1,307-313 (1962). (EquiDiagram; Experimental) 

62Paul: J. Pauleve, D. Dantreppe, J. Laugier, and L. Neel, "A New 
Order-Disorder "lVansition in Fe-Ni (50-50)," J. Phys. Radium, 23, 
841-843 (1962)in French. (Meta Phases; Experimental) 

62Pau2: J. Pauleve, D. Dautreppe, J. Laugier, and L. Neel, "Estab- 
lishment of an Ordered Structure in FeNi by Irradiation with 
Neutrons," Compt. Rend, 254, 965-968 (1962) in French. (Meta 
Phases; Experimental) 

62Yeo: R.B.C. Yeo, "Isothermal Martensite Transformation in Iron Base 
Alloys of Low Carbon Content," Trans. MetalL Soc. AIME, 224, 
1222-1227 (1962). (Meta Phases; Experimental) 

63Cra: J. Crangie and G.C. Hallam, "The Magnetization of Face- 
Centered-Cubic and Body-Centered-Cubic Iron and Nickel Alloys," 
Proc. R. SOc. (London) A, 272, 119-132 (1963). (Magnetism; Ex- 
perimental) 

63Day: R.G. Davies and N.S. Stoloff, "Order and domain Hardening in 
Cu3Au ~ Supedattice Alloys," Acta MetaU., 11, 1347-1353 
(1963). (Equi Diagram, Crys Structure; Experimental) 

63Den: W~A. Dench, "Adiabatic High-Temperature Calorimeter for the 
Measurements of Heats of Alloys," Trans. Faraday Soc., 59, 1279- 
1292 (1963). (Thermo; Experimental) 

63Go1: A.J. Goldman and C.N.J. Wagner, "Faulting in Deformed Aus- 
tenite and Martensite," Acta MetalL, 11, 405-413 (1963). (Meta 
Phases; Experimental) 

*63Heu: T. Heumann and G. Karsten, "Carbonyl Vapor Method for 
Determination of Phase Equilibria in the Low Mobility Temperature 
Range Applied to Iron-Nickel Alloys," Arch. Eisenh~ttenwes., 34, 
781-785 (1963). (EquiDiagram, Meta Phases; Experimental; #) 

63Mar: A. Marchand, J. Pauleve, and D. Dautreppe, "Resistivity of and 
FeNi (50-50 Percent) Alloy Ordered by Irradiation with Neutrons," 
Compt. Rend, 257, 2987-2989 (1963) in French. (Meta Phases; Ex- 
perimental) 

63Tre: R.G. Treuting and B.W. Batterman, "A Diffractometer Study of 
Long-Range Ordering in Ni3Fe and Associated Permalloys,"J. AppL 
Phys., 34, 2005-2006 (1963). (Equi Diagram; Experimental) 

63Wei: R.J. Weiss, "The Origin of the Invar Effect," Proc. Phys. SOc. 
(London),82, 281-288 (1963). (Magnetism; Theory) 

63Yeo: R.B.G. Yeo, "The Effect of Alloying Elements on the Transfor- 
marion ofFe-22.5 PCt Ni Alloys," TransMetall. Soc.AIME, 227, 884- 
890 (1963). (Meta Phases; Experimental) 

64Ban: Y. Bando, "The Magnetization of Face Centered Cubic Iron- 
Nickel Alloys in the Vicinity ofinvar Region,"./. Phys. Soc. Jpn., 19, 
237 (1964). (Meta Phases, Magnetism; Experimental) 

64Gup: K.P. Gupta, C.H. Cheng, and P.A. Beck, "Low Temperature 
Specific Heat of EC.C. Alloys of the 3d-Transition Elements,"./. 
Phys. Chem. Solids, 25, 73-83 (1964). (Thermo; Experimental) 

64Hum: W. Hume-Rothery and R.A. Buckley, "Liquidns -,- Solidus 
Relations in Iron Alloys: Ideal Solutions,"./. IronSteellnst., 202,531- 
533 (1964). (Equi Diagram; Theory) 

64Nee: L Neel, J. Paulene, R. Pauthenet, J. Laugier, and D. Dautreppe, 
"Magnetic Properties of an Iron-Nickel Single Crystal Ordered by 
Neutron Bombardment," J. Appl Phys., 35, 873-876 (1964). (Meta 
Phases, Magnetism; Experimental) 
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64Roe: G.A. Roeder and W.W. Smeltzer, "The Dissociation Pressures of 
Iron-Nickel Alloys," J. Electrochem. Soc., 111, 1074-1078 (1964). 
(Thermo; Experimental) 

64Sch: A.D. Schindler and C.M. Williams, "Investigations of the Effects 
of Neutron and He(3) Irradiation on the Magnetic Properties of Per- 
malloy Thin Films,",/.Appl. Phys., 35, 877-879 (1964). (Magnetism; 
Experimental) 

65Ehr:. R. Ehrat and D. Rivier, "LOw Temperature Specific Heats of 
Dilute NickelAlloys,"Helv. Phys.Acta,38, 643-645 (1965) in French. 
(Thermo; Experimental) 

"65Go1: J.I. Goldstein and R.E. Ogilvie, "ARe-Evaluation of the Iron- 
Rich Portion of the Fe-Ni System," Tram. MetalL Soc. AIME, 223, 
2083-2087 (1965). (Equi Diagram; Experimental) 

65Gon: V.I. Gonamkov, I.M. Puzei, and A.A. Loshmanov, "A Study of 
Superlattice Structure in Ni3Fe," Kristallografiya, 1 O, 416-418 (1965) 
in Russian; TR: Soy. Phys. CrystaUo~., 10, 338-340 (1965). (Equi 
Diagram; Experimental) 

65Pea: W.B. Pearson, "Handbook of Lattice Spacings and Structures of 
Metals-2," International Series of Monographs in Metal Physics and 
Physical Metallurgy, Volume 8, G.V. Raynov Eel., National Research 
Council, Ottawa, 1965. 

66Abr: E.P. Abrahamson II and S.L Lopata, "The Lattice Parameters 
and Solubility Limits of Alpha Iron as Affected by Some Binary Tran- 
sition-Element Additions," Tram. Metall. Soc. AIME, 236, 76-87 
(1966). (Crys Structure; Experimental) 

66Elk: A. EI-Khasan, K.Abdel-Aziz, A.A. Vertman, and A.M. Samarin, 
"Thermochemistry of Molten Nickel or Iron Alloys," Izv. Akad` Nauk 
SSSR,MeL, (3), 19-31 (1966) in Russian; TR: Russ. MetalL, (3), 10-16 
(1966). (Thermo; Experimental) 

66Hum: W. Hume-Rothery, The Structures of Alloys of Iron, Pergamon 
Press, New York, N~, 121 (1966). (Meta Phases; Review) 

66Kat: T.Z. Kattamis and M.C. Flemings, "Dendrite Structure and Grain 
Size of Undercooled Melts," Tram. MetalL Soc. A1ME, 236, 1523- 
1532 (1966). (Meta Phases; Experimental) 

66Mcq: R.G. McQueen and S.P. Marsh, "Shock Wave Compression of 
Iron-Nickel Alloys and the Earth's Core,"J. Geophys. Res., 71,1751- 
1756 (1966). (Pressure; Experimental) 

66Oni: M. Onillon and M. Olette, "Determination of the Thermo- 
dynamic Functions for Dilute Solutions of Nickel in Liquid Iron," C 
R. Acad. ScL (Paris) C, 263, 1122-1125 (1966) in French. (Thermo; 
Experimental) 

66Shi: S.S. Shinozaki and A. Arrott, "Electronic Specific Heat of Dilute 
Alloys: Fe(Ti), Fe(V), Fe(Cr)) Fe(Mn), Fe(Co), Fe(Ni), Fe(Al), 
Fc(Si), Fe(Mo), Fe(W), and Ag(Au)," Phys. Rev., 152, 611-622 
(1966). (Thermo; Experimental) 

67Bel: G.R. Belton and R.J. Frueham, "The Determination of Activities 
by Mass Spectroscopy. I. The Liquid Metallic Systems Iron-Nickel 
and Iron Cobalt,"./. Phys. Chem., 71, 1403-1409 (1967). (Thermo; 
Experimental) 

67I-Iii: M. Hiilert, T. Wade, and H. Wada, "The Alpha-Gamma Equi- 
librium in Fe-Mn, Fe-Mo, Fe-Ni, Fe-Sb, Fe-Sn and Fe-W Systems,"./. 
Iron SteelImt., 539-546 (1967)~ (EquiDiagram; Theory) 

67Kub: O. Kubaschewski and L.E.H. Stuart, "Heats of Formation and 
Heat Capacities in the System Iron-Nickel-Chromium," J. Chem. 
Eng. Data, 12, 418-420 (1967). (Thermo; Experimental) 

6TRob: M.J. Roberts and W.S. Owen, "The Strength of Martensitic Iron- 
Nickel Alloys," Trans. ASM, 60, 687-692 (1967). (Meta Phases; Ex- 
perimental) 

68Kou: J.S. Kouvel and J.B. Cemly, "Magnetic Equation of State for 
Nickel Near its Curie Point," Phys. Rev. Lett., 20, 1237-1239 (1968). 
(Magnetism; Experimental) 

68Ta1r T. Takahashi, W.A. Bassett, and H.IL Mao, "Isothermal Com- 
pression of the Alloys of Iron up to 300 Kilobars at Room Tempera- 
lure: Iron-Nickel Alloys," J. Geophys. Res., 73, 4717-4725 (1968). 
(Pressure; Experimental) 

69Asa: H. Asano, "Magnetism of Gamma Fe-Ni Invar Alloys with Low 
Nickel Concentration," J. Phys. So(:. Jpn., 27(3), 542-533 (1969). 
(Crys Structure, Magnetism; Experimental ) 

69Kus: M.T. Kusho, V.E Balakirev, R.Yu. Dobrovinskii, G.M. Popov, 
A.N. Men, and G.I. Chufarov, "The Activities of the Components of 
Solid Solutions in the System Nickel-Iron-Oxygen," Zh. Fiz. IOfim., 
43, 3095-3098 (1969) in Russian; TR: Russ.J. Phys. Chem., 43,1739- 
1740 (1969). (Therrno; Experimental) 

69Ree: R.E Reed and R.E. Schramm, "Lattice Parameters of Martensite 
andAustenite in Fe-NiAlloys,"J.AppL Phys., 40, 3453-3458 (1969). 
(Crys Structure; Experimental) 

69Sta: R.E. Staub and J.L. McCall, "Metallographic Studies of an Iron- 
Nickel Meteorite Following Long-Time Heat Treatments," Prec. of 
the 2nd Annual Technical Meeting, Sept. 8-10,1969 San Francisco In- 
ternational Metallographic Society, 337-344 (1969). (Equi Diagram; 
Experimental) 

70Gat: C. Gatellier, D. Henriet, and M. Olette, "Determination of the 
Thermodynamic Activities of the Constituents of Solid Fe-Ni Alloys 
by the Electrochemical Method," Compt. Rend., 271,453-460 (1970) 
in French. (Thermo; Experimental) 

70Gro: Y. Grosand and J.J. Pauleve, "M6ssbauer Effect Study of Order 
in a 50-50 Fe-Ni Alloy Irradiated by Neutrons or Electrons," J. Phys., 
31,459-470 (1970) in French. (Meta Phases; Experimental) 

70Prel: B. Predel and R. Mohs, "Thermodynamic Investigations of 
the Fe-Ni and Fe-Co Systems," Arch. Eisenhi~ttenwes., 41, 143-149 
(1970) in German. (Thermo; Experimental) 

70Pre2: B. Predel and R. Mohs,"ANew High Temperature Calorimeter 
and its Application to the Determination of the Mixing Enthalpy of 
Liquid Cobalt-Nickel Alloys," Arch. Eisenhi~ttenwes., 41, 61-66 
(1970) in German. (Thermo; Experimental) 

71Geo: I.Y. Georgiyeva and O.P. Maksimora, "On the Interrelation Be- 
tween Kinetics and Structure During Martensitic Transformations," 
F~ Met. Metalloved., 32, 364-376 (1971) in Russian; TR: Phys. Met 
Metallogr, 32(2), 135-146 (1971). (Meta Phases; Experimental) 

71Hau: G. Hansch and H. Warlimont, "Structural Inhomogeneity in Fe- 
Ni Invar Alloys Studied by Electron Diffraction," Phys. Lett. A, 36, 
415-416 (1971). (Meta Phases; Experimental) 

71Spe: P.J. Spencer, EH. Hayes, and L Elford, "Relationships Between 
Binary and Ternary Properties: ACalodmetric Investigation of the Fe- 
Co-Ni System," in Chemical Metallurgy of Iron and Steel, Proc. Int. 
Syrup., London, 1971, The Iron and Steel Institute, 322-326 (1973). 
(Thermo; Experimental) 

71Toz: Y. Tozaki, Y.I. Ignchi, S. Ban-ya, and T. Fuwa,"Heat of Mixingof 
Iron Alloys," in Chemical Metallurgy of Iron and Steel, Proc. Int. 
Syrup., London, 1971, The Iron and Steel Institute, 130-132 (1973). 
(rhermo; Experimental) 

71Tse: LSh. Tsemekhman, S.E. Vaisburd, and Z.E Shirokova, "Ac- 
tivities in Iron-Nickel, Iron-Cobalt, and Nickel-Cobalt Binary Melts," 
ZI~ Fiz. Khim., 45, 2074-2077 (1971) in Russian; TR: Russ. J. Phys. 
Chem., 45,1176-1177 (1971). (Thermo; Experimental) 

72Cah Y. Calvayrac and M. Fayard, "Behavior of Iron-Nickel Alloys 
Around the Composition 75-25 in the Neighborhood of the Order- 
Disorder Transformation Temperature," Mater. Res. BulL, 7, 891-901 
(1972) in French. (Equi Diagram; Experimental) 

72Dav: H. Davies and W.W. Smeltzer, "Oxygen and Metal Activities of 
the Iron-Nickel-Oxygen System at 1000 ~ Electrochem. So(=., 19, 
1362-1368 (1972). (Thermo; Experimental) 
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72Mih K.C. Mills, IC Kinoshita, and P. Grieveson, "A Thermodynamic 
Study of Liquid Iron and Nickel Alloys Using Electromagnetic 
Levitation," J. Chem. Thermodyg, 4, 581-590 (1972). (Therrno; Ex- 
perimental) 

72Wei: RJ. Weiss, "The Invar Effect," Philos. Mag., 26(1), 261-263 
(1972). (Meta Phases; Theory) 

73Cab: J.W. Cable and E.O. Wollan, "Magnetic Moment Distribution in 
NiFe and AuFe Alloys," Phys. Rev. B, 7, 2005-2016 (1973). (Mag- 
netism; Experimental) 

73Cal: Y. Calvayrac and M. Fayard, "Structural State and Mechanical 
Properties of Polycrystalline Ni3Fe Alloys," Phys. Status Solidi (a), 
17, 407-421 (1973). (Equi Diagram; Experimental) 

73Kau: L. Kaufman and H. Nesor, "Calculation of the Binary Phase 
Diagrams of Iron, Chromium, Nickel and Cobalt," Z. Metallkd., 64, 
249-257 (1973). (Thermo; Experimental) 

73Koh T.G. Kollie and C.R. Brooks, "The Heat Capacity of Ni3Fe," 
Phys. Status Solidi (a), 19, 545 (1973). (Thermo; Experimental) 

73Miz: T. Mizognchi, K. Yamauchi, and H. Miyajima, "Ferromagnetism 
of Amorphous Iron Alloys," inAmorphous Magnetism, H.O. Heoper 
and A.M. deGraaf, Ed., Plenum Press, 325-330 (1973). (Meta Phases, 
Magnetism; Experimental) 

73Sch: W.E Schlosser, "Thermodynamics of an Invar Alloy," Int. J. 
Magn.,4,49-55 (1973). (Thermo; Theory) 

74Bas: M.I. Baskes, "Phase Stability of Iron Alloys," Mater. Sei. Eng., 
15,195-202 (1974). (Thermo; Theory;#) 

74Bat: G.I. Batalin, N.N. Mineko, and V.S. Sundavtsova, "Enthalpy of 
Mixing and Thermodynamic Properties of Liquid Alloys of Iron with 
Manganese, Cobalt, and Nickel," Izv.Akad. Nauk SSSR, MeL, (5), 99- 
104 (1974) in Russian; TR:Russ. MetalL, (5), 82-86 (1974). (Thermo; 
Experimental) 

74Goh N.S. Golosov and B.V. Dudka, "Computer Modeling of the 
Order-Disorder Transformation in Cu3Au and Ni3Fe," Phys. Status 
Solidi(b), 66, 439-448 (1974). (Meta Phases; Theory) 

74Ind: G. Inden, "Ordering and Segregation Reactions in B.C.C. Binary 
Alloys,"ActaMetulL, 22, 945-951 (1974). (Thermo; Theory) 

74Nis: M. Nishi, Y. Nakai, and N. Kunitomi, "Magnetic Moments in Fe- 
Ni Alloys," J. Phys. Soc. Jpn., 37, 570 (1974). (Magnetism; Ex- 
perimental) 

74Rao: M.V. Rao and W.A. Tdler,"The Systems Fe-Cr and Fe-Ni: Ther- 
mochemistry and Phase Equil~ria," Mater. Sci. Eng., 14, 47-54 
(1974). (Thermo; Theory; #) 

74Ume: M. Umemoto and W.S. Owen, "Effects of Austenitizing Tem- 
perature and Austenite Grain Size on the Formation of Athermal Mar- 
tensite in an Iron-Nickel-Carbon Alloy,"Metall. Trans., 5, 2041-2046 
(1974). (Meta Phases; Experimental) 

74Vre: J. Vrestal, A. Pokorna, and tC Stransky, "Determination of Ther- 
modynamic Activities of Components in the Iron-Nickel System at T 
= 1509 K,"KovovdMater., I, 3-9 CI'hermo; Experimental) 

75Bih L. Billard and A. Chamberod, "On the Dissymmetry of 
M6ssbaner Spectra in Iron-Nickel Alloys," Solid State Commun., 17, 
113-118 (1975). (Equi Diagram; Experimental) 

751nd: G. Inden, "Determination of Chemical and Magnetic Inter- 
change Energies in BCC Alloys," Z. Metallkd., 66, 577-582 (1975). 
(Magnetism;Theory) 

75Leb: M. Lebienvenue and B. Dubois, "Study of the Order-Disorder 
Transformation in Ni3Fe by Measurement of Intemal Friction," C.R. 
Acad. Sci. (Paris) C, 280, 1251-1253 (1975) in French. (Equi Dia- 
gram; Experimental) 

7STri: C.C. Trinel-Dufour and M.P. Perrot, "Activities of the Con- 
stituents of Fe-Ni Alloys Determined by Equilibrium Measurements 
in the Presence of an Oxide Phase," C2~. Acad. Sci. (Paris) C, 281, 
589-592 (1975) in French. (Thermo; Experimental) 

76Dai: A.D. Dalvi and R. Sridhar,"Thermodynamics of the Fe-Ni-O and 
Fe-Ni Systems at 1065 K to 1380 K," Can MetaL( Q., 15(4), 349-357 
(1976). (Thermo; Experimental) 

76Rob: D. Robinson and B.B. Argent, "Thermodynamics of Dilute 
Solutions of the First-Period Transition Elements in Iron," Met. Sci., 
10, 219-221 (1976). (Thermo; Experimental) 

76Ino: Y. lnokuti and B. Cantor, "Splat-Quenched Fe-Ni Alloys," So:. 
Metag, 10, 655-659 (1976). (Meta Phases; Experimental) 

77GH: EJ. Grimsey and A.K. Biswas,"The Activity of Ironin Low-Iron 
Liquid (Ni+Au+Fe) and Solid (Ni+Fe) Alloys at 1573 K," J. Chem. 
Thermody~, 9, 415-422 (1977). (Thermo; Experimental) 

77Has: M. Hasebe and T. Nishizaweb "Analysis and Synthesis of Phase 
Diagrams of the Fe-Cr-Ni, Fe-Cu-Mn and Fe-Cu-Ni Systems,"Ap- 
plications of Phase Diagrams in Metallurgy and Ceramics, Nat, Bur. 
Stds. SP-496, U.S. Govt. Printing Office, Washington, DC, 1977. 
(Thermo; Experimental) 

77Hut: FL Huthmarm,"Factors Influencing Chemical and Magnetic Or- 
dering Transformations in F.C.C. Iron-Nickel Alloys," thesis, Tech. 
Univ., Aachen (1977) in German, (Eqni Diagram, Thermo; Ex- 
perimental) 

*77Kub: O. Kubaschewski, K.H. Geiger, and K. Hack, "The Ther- 
mochemical Properties of Iron-Nickel Alloys,"Z. Metullk~, 68, 337- 
341 (1977) in German. (I'hermo; Experimental) 

77Lar: L.N. Ladkov and Y.V. Vsov, "Thermal Properties of Fe-Ni Al- 
loys," AkacL Nauk Ukr. SSR, Metallofl7., 68, 3-14 (1977) in Russian. 
(Thermo; Theory; #) 

77Mio: A.P. Miodownik, "The Calculation of Magnetic Contributions to 
Phase Stability," Calphad, 1,133-158 (1977). (Magnetism; Theory) 

77Ono: K. Ono, Y. Veda, Y. Yamagnchi, and J. Moriyama, "Thermo- 
dynamic Study of Fe-Ni Solid Solution," Tram. Jpn. Inst. Met., 18, 
610-616 (1977). (Thermo; Experimental) 

77Pet: J.E Petersen, A. Aydin, and J.M. Knudsen, "M6ssbauer Spectros- 
copy of an Ordered Phase (Superstructure) of FeNi in an Iron 
Meteorite," Phys. Lett. A, 62, 192-194 (1977). (Meta Phases; Ex- 
perimental) 

77Roi: A.U Roitburd,"Predominant Effect of the Internal Stress Relaxa- 
tion on Microstructural and Kinetic Features of Martensitic Transfor- 
marion," Phys. Status Solidi (a), 40, 333-342 (1977). (Meta Phases; 
Experimental) 

78AIbl: J.F. Albertsen, G.B. Jensen, and J.M. Knudsen, "Structure of 
Taenite in Two Meteorites," Nature, 273, 453-454 (1978). (Meta 
Phases; Experimental) 

78Alb2: J.F.Albertsen, M. Aydin, and J.M. Knudsen,"M6ssbauer Effect 
Studies ofTaenite Lamelle of Iron Meteorite Cape York (III.A),"Phys. 
So:., 17, 467-472 (1978). (Meta Phases; Experimental) 

78Cha: A. Chamberod, M. Roth, and L. Billard,"Small Angle Scattering 
in Invar Alloys," J. Maga. Magr~ Mater., 7, 101-103 (1978). (Meta 
Phases; Experimental) 

78Con: B.R. Conrad, T.S. McAneney, and R. Sridhan, "Thermo- 
dynamics of Iron-Nickel Alloys by Mass Spectroscopy," MetaR 
Tram. B, 9, 463-468 (1978). (Meta Phases, Thermo; Experimental) 

78Gah G. Galeczid and A.A. Hirsch, "Gamma Phase Dispersions in Fe- 
Ni Alloys Below the Critical Concentration,"J. Magn. Mag~ Mater., 
7110-112 (1978). (Meta Phases; Experimental) 

78Hih M. Hillert, "Prediction of Iron-Base Diagram," in Hardenability 
Concepts with Applicatiom to Steel, TMS-AIME, Warrendale, Pa, 5- 
27 (1978). (Thermo; Theory) 

78Kat: A. Katsuki, "Physics and Applications of Invar Alloys," Honda 
Memorial Series on Materials Science No. 3 (1978). (Meta Phases, 
Thermo, Magnetism; Review) 

78Mm': N. Maruyama and S. Ban-ya, "Measurements of Activities in 
Liquid Fe-Ni, Fe-CO, and Ni-CO Alloys by a Transportation Method," 
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J. Inst. Met. Jpn., 42, 992-999 (1978) in Japanese. (Thermo; Ex- 
perimental) 

79Agr: J. Agren, "A Thermodynamic Analysis of the Fe-C and Fe-Ni 
Phase Diagram," MetalL Trans. A, 10, 184771852 (1979). (Thermo; 
Theory) 

79Bos: O. Bostanjoglo, U. Heinecke, and R. Liedtke, "Possible 
Stabilization of Amorphous FeNi Films by Conduction Eleetrom," 
Phys. Status Solidi (a), 56, 569-572 (1979). (Meta Phases; Ex- 
perimental) 

79Cha: A. Chamberod, J. Laugier, and J.M. Penisson, "Elec~on Irradia- 
tion Effects on Iron-Nickel Invar Alloys,"./. Magn. Mag~ Mat~, 10, 
139-144 (1979). (Meta Phases; Experimental; #) 

79Des: M.C. Desjonqueres and M. Lavanga, "Effects of Order on the 
Electronic Structure of Ferromagnetic Transition Metal Alloys: Ap- 
plication to FeCo and Ni3Fe," J. Phys. F, MeL Phys., 9, 1733-1743 
(1979). (Equi Diagram; Experimental) 

79Lar:. J.M. Larraln and H.H. Kellogg, "Use of Chemical Species for 
Correlation of Solution Properties," in Calculation of Phase 
Diagrams and ITg, rraochemistry of Alloy Phases, TMS-AIME, War- 
rendale, PA, 130-144 (1979). (Thermo; Theory; #) 

79Lin: L.S. Lin, J.I. Goldstein, and D.B. Williams, "Analytical Electron 
Microscopy Study of the Plessite Structure in Four II] CD Iron 
Meteorites," Geochim. Cosmochim. Acta, 43, 725-737 (1979). (Meta 
Phases; Experimental) 

79Mat: M. Matsui and K. Adachi,"Low Temperature Structure of Fe-Ni 
Alloys,"./. Magg Magn. Mater., 10, 152-154 (1979). (Meta Phases; 
Experimental) 

79Sco: E.R.D. Scott and R.S. Clarke, "Identification of Clear Taenite in 
Meteorites as Ordered FeNi," Nature, 281, 360-362 (1979). (Meta 
Phases; Experimental) 

79Shi: M. Shimizu, "Origin of the Anomalies and Thermodynamic 
Aspects of Iron-Nickel Invar Alloys," J. Magg Magg Mater., 10, 
231-235 (1979). (Meta Phases; Theory) 

79Tan: Y. Tanji, Y. Nakagawa, Y. Saito, IC Nishimura, and K. Nakat- 
zuka, "Anomalous Thermodynamic Properties of Iron-Nickel 
(F.C.C.) Alloys," Phys. Status Solidi (a), 56, 513-519 (1979). (Ther- 
mo; Experimental) 

80Lm': J.M. Larrain, "High Temperature Thermodynamic Properties of 
Iron-Nickel Alloys," Calphad, 4, 155-171 (1980). (Thermo; Theory; 
#) 

80Meh: S. Mehta, P.M. Novotny, D.B. Williams, and J.I. Goldstein, 
"Electron-Optical Observations of Ordered Fe-Ni in the Estherville 
Meteorite,"Namre, 284, 151-153 (1980). (Meta Phases; Experimen- 
t )  

80Rom: A.D. Romig and J.I. Goldstein, "Determination of the Fe-Ni and 
Fe-Ni-P Phase Diagrams at Low Temperatures (700 to 300 *C)," 
MetalL Trans. A, 11, 1151-1159 (1980). (Equi Diagram; Experimen- 
tal) 

80Van: J.IC Van Deen and F. Van der Woude, "Phase Diagram of the 
Order-Disorder Transition in Ni3Fe," J. Phys., 41, C1-367-C1-368 
(1980). (Equi Diagram; Experimental) 

81Bor: G. Bordin, G.C. Cex~hi, and G.B. Fratucello, "Remarks on the 
Martensitic Transformation in Some Iron-Nickel Alloys," Nuovo 
CimentoB, 61,338-346 (1981). (Meta Phases; Experimental) 

81Igu: Y. Iguchi, Y. Tozaki, M. Kakizaki, T. Fuwa, and S. Ban-ya, "A 
Calorimetric Study of Heat of Mixing of Liquid Iron Alloys," J. Iron 
Steel Inst. Jpn., 67, 925-932 (1981) in Japanese. (Thermo; Ex- 
perimental) 

81Imr: G. Imrich-Swartz and FL Gamsjager, "Computer-Supported 
Evaluation of the G~bs-Duhem Equation," Bet H~tenm~n~ 
Monatsh., 126, 275-277 (1981) in German. (Thermo; Theory) 

81Lef:. S. Lefebvre, F. Bleu, M. Fayard, and M. Roth, "Neutron Diffuse 
Scattering Investigation of Different States of Local Order in 
62Nio.765Feo.235,"Acta MetalL, 29, 749-761 (1981). (F-s Diagram; 
Experimental) 

81Nis: T. Nishizawa and M. Hasebe, "Computer Calculation of Phase 
Diagrams of Iron Alloys," J. Iron Steel Inst. Jpn., 67, 2086-2097 
(1981) in Japanese. (Thermo; Theory;#) 

81Ram: W. Rammensee and D.G. Fraser, "Activities in Sofid and Liquid 
Fe-Ni and Fe-Co Alloys Determined by Knudsen Cell Mass 
Spectrometry," Bet. Bunsenges. Phys. Chem., 85, 558-592 (1981). 
(l'hermo; Experimental) 

81Sun: B. Sundman, "A Computer Program for Optimizing Parameters 
in Thermodynamic Model," R. Inst. Stockholm, Sweden, Rep. D28 
(1981). (Thermo;Theory) 

*81Van: J.K. Van Deen and F. Van der Woude, "Phase Diagram of the 
Order-Disorder Transition in Ni3Fe," Acta MetalL, 29, 1255-1262 
(1981). (Equi Diagram; Experimental) 

82Bro17 P.3. Brofman and G.S. Asell,"On The Morphology of Marten- 
site in Fe-27 Ni Alloys," Proc. InL Conf. on Solid-Solid Phase Trans- 
formations, TMS-AIME, Warrendale, PA, 1373-1377 (1982). (Meta 
Phases; Experimental) 

82Bro2: C.R. Brooks, P.J. Meschter, and T.G. Kollie, "The Magnetic 
Heat Capacity of the Confignrationally Disordered Ni-25 at% Fe 
Alloy," Phys. Status Solidi (a), 73, 189-198 (1982). (Thermo; Ex- 
perimental) 

*82Cha: T.G. Chart, D.D. Gohil, and Z.S. Xing, "Calculated Phase 
Equilibria for the Ca-Ni-Fe System," NPL Rep. DMA(A) 54, Nation- 
al Physical Laboratory, Middlesex, UK, Aug (1982). (Thermo; 
Theory; #) 

82Duf: F. Duflos and B. Cantor, "The Microstructure and Kinetics of 
Martensite Transformation in Splat-Quenched Fe and Fe-NiAlloys-I. 
Pure Fe," Acta MetaU., 30, 323-342 (1982). (Meta Phases; Ex- 
perimental) 

82Go1: J.I. Goldstein and D.B. Williams, "Low Temperature Phase 
Transformations in the Metallic Phases of Meteorites," Proc. Int. 
Conf. on Solid-solid Phase Transformations, TMS-AIME, Warren- 
dale, PA, 715-719 (1982). (Meta Phases; Experimental) 

82Jag: R.A. Jago, I.E. Clark, and EL. Rossiter, "The Santa Catharina 
Meteorite and the Equilibrium State of Fe-Ni Alloys," Phys. Status 
Solidi (a), 74,247-254 (1982). (Meta Phases; Experimental) 

82Kub: O. Kubaschewski, Iron Binary Phase Diagrams, Springer-Ver- 
lag, New York, NY, 73-78 (1982). (Equi Diagram; Review) 

82Ore: 3. Orehotsky, J.B. Sousa, and M.F. Pinheiro, "Critical Behavior 
in Ni3Fe and Ni3Mn," J. AppL Phys., 53, 7939-7941 (1982). (Equi 
Diagram, Magnetism; Experimental) 

82Ray: J3. Payment, O. Ashira, and B. Cantor, "The As-Quenched 
Microstructure of papidly Solidified Fe-25 wt.% Ni," Proc. Int. Conf. 
Solid-solid Phase Transformations, TMS-AIME, Warrendale, PA, 
1385-1389 (1982). (Meta Phases; Experimental) 

82Rhy: J.J. Rhyne, "Magnetic Transition Temperatures of the Ele- 
ments," Bull Alloy Phase Diagrams, 3, 402 (1982). (Magnetism; 
Review) 

82Rod: A. Rodrigues, C. Prioui, 3. Plnsquellec, and P.Y. Azou, "The Ef- 
fecta of Carbon and Tane-Related Parameters on the Reheat Marten- 
site Transformations in Fe-Ni-C Alloys at Subzero Temperatures," 
Proc. Int. COns Solid-Solid Phase Transformations, TMS-AIME, 
Warrendale, PA 1391-1395 (1982). (Meta Phases; Experimental) 

82Vel: J. Velisek, "Correlation of Selected Thermodynamic and Phase 
Data in the Fe-Ni System,"Kovov6Mat~, 20, 257-265 (1982). (Ther- 
mo; Theory; #) 
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S e c t i o n  II: P h a s e  D i a g r a m  E v a l u a t i o n s  

83Abb: G.J. Abbaschian and M.C. Flemings, "Supercooling and Struc- 
ture of Levitation Melted Fe-Ni Alloys," Metals Trans. A, 14, 114% 
1157 (1983). (Meta Phases; Experimental) 

83Kam: D.S. Kamenetskaya, O.P. Maksimora, and V.I. Shiryayev, 
"Features of the Martensite Transformation in High Purity Iron-Nick- 
el Alloys," Fir. Met. MetaUoved., 55(5), 96%972 (1983) in Russian; 
TR: Phys. Met. Metallog~., 55 (5), 121-127 (1983). (Meta Phases; Ex- 
perimental) 

83Sen: A. Sen Gupta and B.K. Banarjee, "High Temperature X-ray 
Study of Some Iron-Nickel Alloys," Indian J. Phys. A, 57, 196-199 
(1983). (Crys Structure; Experimental) 

84Bol': G. Bordin, G.C. Cecchi, and I. Montanari, "Some Transport 
Properties in Martensitic Iron--Nickel Alloys," Nuovo Cimento 1), 
3(2), 436-446 (1984). (Meta Phases; Experimental) 

84Cen: P. Cenedese, E Bley, and S. Lefebvre, "Atomic Short Range 
Order in a Fe-Ni Invar Alloy," Phase Transformations in Solids, 
Mater. Res. Syrup. Proc., T. Tsakalakos, Ed., North-Holland, New 
York, 351-353 (1984). (Meta Phases; Experimental) 

84Des: P.D. Desai and M.S. Desphande,"Thermodynamic Properties of 
Nickel," CINDAS Rep. 80, Purdue University, Layfayette, IN, Aug 
(1984). (Thermo;Review) 

84Gor: A.M. Gorovol, A.I. Ushakov, V.G. K~:,~kov, Yu.L Raodionov, 
and V.N. Goloborod'ko, "The Approach to the Equilibrium State in 
Films of Iron--Nickel Alloys," Fiz. Met MetaUoveeL, 58(1), 113-118 
(1984) in Russian. (Meta Phases; Experimental) 

84Izm: E.A. hmailov,"The Transformation of Martensite into Austenite 
in Iron-Nickel Alloys," Fiz Met Metalloved., 58(1), 39-97 (1984). 
(Meta Phases; Experimental) 

84Lef:. S. Lefebvre, F. Bley, and P. Cenedese, "Determination of Short 
Range Order Parameters in 62Nio.765Fe0.235 at 600 "C Effect of a 
Quench," Phase Transformations in Solids, Mater. Res. Symp. Proc., 
T. Tsakalakos, Ed., North-Holland, New York, 351-353 (1984). (Equi 
Diagram; Experimental) 

84Miu: H. Minra, S. Isa, K. Omuro, "Production of Amorphous Iron-- 
Nickel Based Alloys by Flame-Spray Quenching and Coatings on 
Metal Substrates," Trans. Jpn. Inst. Met., 25(4), 284-291 (1984). 
(Meta Phases; Experimental) 

84Rin: O.S. Rinkevich and V. Zel'dovich, "An Analysis of the Growth 
Kinetics of New Austenite Grains During the Alpha-Gamma Trans- 
formation in an Iron-Nickel Alloy,"Fi~ Met. Metailoved., 58(1), 142- 
148 (1984). (Meta Phases; Experimental) 

84Ro61: P.L. Ro6siter and R.A. Jago, "Towards a True Fe-Ni Phase Dia- 
gram," Phase Transformation in Solids, Mater. Res. Syrup. Proc., T. 
Tsakalakos, Ed., 409-411, North Holland, New York (1984). (Meta 
Phases; Experimental; #) 

g4Roa2: P.L. Rossiter and PJ. Lawrence, "Phase Transformations in Fe- 
Ni Invar Alloys," Philos. Mag. A, 49(4), 535-546 (1984). (Meta 
Phases; Experimental) 

84Yam: H. Yamauchi and S. Radelaar, "Cu-Ni-Fe Coherent Phase Dia- 
gram," TMS-AIME, Warrendale, PA(1984). (Meta Phases; Theory) 

85Chul: Y.Y. Chuang, R. Schmid, and Y.A. Chang, "Magnetic Con- 
tributions to the Thermodynamic Functions of Pure Ni, CO, and Fe," 
MetalL Transs.A,16,153-165 (1985). (Thermo; Theory) 

85Chu2: Y.Y. Chuang, Y.A. Chang, and R. Schmid, "Magnetic Con- 
tribution to the Thermodynamic Functions of Alloys and the Phase 
Diagram of Fe-Ni System Below 1200 K," MetalL Trans.A, 16, 153- 
165 (1985). (Meta Phases, Thermo; Theory) 

85Toru: J. Tomiska and A. Neckel, "Thermodynamic Investigation of 
Fe-Ni Alloys: Mass Spectrometric Determination of Thermodynamic 
Mixing Effects and Calculation of the Melting Diagram," Bet. Bun- 
senges.Phys. Chent,89,1104-1109 (1985). (Equi Diagram; Thermo; 
Experimental) 

86Chu1: Y.Y. Chuang, K.C. Hsieh, and Y.A. Chang, "A Thermo- 
dynamic Analysis of the Phase Equilibrium of the Fe-Ni System 
Above 1200 K," MetalL Trans. A, 17, 1373-1379 (1986). (Meta 
Phases; Theory) 

86Chu2: Y.Y. Chuang, Y.A. Chang, R. Schmid, andJ.C. Lin,"Magnetic 
Contributions to the Thermodynamic Functions of Alloys and the 
Phase Equilibria of Fe-Ni System below 1200 K," MetalL Trans. A, 
17,1361-1371 (1986). (Meta Phases;Equi Diagram; Theory) 

89Reu: K.B. Reuter, D.B. W'dliams, and J.I. Goldstein, "Determination 
of the Fe-NiPhase Diagram Below 400 ~ MetalL Trans.A, 20, 719- 
724 (1989). (Equi Diagram, Meta Phases; Experimental) 

Fe.Ni evaluation contributed by L.J. Swartzendruber, Metallurgical Structures Group, National Institute of Standards and Technology, Oaithersburg, MD 
20899; V.P. Itldn, Department of Metallurgy and Materials Science, University of Toronto, Ontario M5S 1A4, Canada; and C.B. Aleock, Center for Sensor 
Materials, University of Notre Dame, 114 Cushing Hall, Notre Dame, IN 46556. This work was supported by ASM International. Literature searched through 
1989. Dr. Swartzendrubcr is the former Alloy Phase Diagram Category Editor for binary iron alloys. 
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EDUCATION 

B.A.  Materials Science  Cambridge University 1968 
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CAREER 
Permanent Positions   
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2013 – present 
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Centre d’Etudes Nucleaires, Grenoble 1981 
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Stanford Center for Japanese Studies, Kyoto 1997 

Stanford Center in Oxford, U.K. 2001, 2010 

Adjunct Advisor for International Center for Young Scientists, NIMS, Tsukuba 2004 

Visiting Professor in the World Class University Project, 

    Seoul National University, Korea 

2008 – 2010  

AWARDS 

First Prize, Modern Metallography Micrograph Competition, 1972 
First Prize Physical Science, Electron Microscopy Society of America Scientific Exhibit, 1975, 1976 
Robert Lansing Hardy Gold Medal, The Metallurgical Society of AIME, 1976 
Eli Franklin Burton Award, Electron Microscopy Society of America, 1977 
Alfred P. Sloan Foundation Fellowship, 1979 
Marcus E. Grossman Award, American Society for Metals, 1982 
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SELECTED PROFESSIONAL ACTIVITIES  

Electron Microscopy Society of America: Program Committee, 1979, 1980, 1990, 1993;  

Bulletin Editorial Board, 1975-1981; Northern California Society President, 1980;  

Executive Committee, 1979-1982; Twelfth International Congress (ICEM)  

Program Committee, 1988-1990; Fourteenth ICEM Program Committee, 1997-1998; 

Fifteenth ICEM Program Committee, 2001-2002. 

The Metallurgical Society of AIME: Alloy Phases Committee, 1977-1992; Northern California  

Section Chairman, 1979. 

Materials Research Society: Symposium Organizer, 1987, 1990, 1994, 1995, 2010. 

Organizer: Stanford Symposium on Applications of Contemporary Electron Microscopy, 1979-1994. 

Organizer: US-France Asilomar Symposium on Amorphous Nickel-Titanium 1987. 

A.S.U. National HREM Facility: Outside Proposal Review Committee, 1982-1990; Winter School Instructor, 1982-2006, 2011. 

Electron Microscopy Short Courses: Harbin Institute of Technology, China, 1980; Linkoping University, Sweden, 1980, 1985; Korea 

Advanced Institute of Science and Technology, Seoul, 1988; Samsung Advanced Institute of Technology, Suwon, Korea, 

2001, 2002. 

Stanford University Short Course for Philips Technicians, 1989-1992, 1994. 

Editorial Board: Journal of Applied Physics, 1994-1996; Journal of Electron Microscopy, 1996-present; and other journals. 

Organizer: U.S.–Japan Workshop on "The Contributions of In Situ Electron Microscopy to the Understanding and Creation of 

Advanced Materials", Stanford Japan Center, Kyoto, Japan, 2000. 

Co-Organizer: United Engineering Foundation Conference on Nanostructured Magnetic Materials, Irsee, Germany, 2002. 

Co-Organizer: 70
th

 Birthday Symposium in honor of Professor Gareth Thomas, ICEM XV, Durban, South Africa, 2002. 

Organizer: In Situ Electron Microscopy Symposium, ICEM XV, Durban, South Africa, 2002. 

Co-Organizer: Symposium on Semiconductor and Magnetic Materials, Microscopy and Microanalysis Conference, Quebec, Canada, 

2003. 

Chair: National Research Council Committee on Smaller Facilities, 2003-2006. 

Organizer: ECI Conference: “Innovative Dynamic Studies of Materials at the Nanoscale”, Gyeong-ju, Korea, 2008 

Co-Organizer: “International Workshop on Remote Electron Microscopy for In Situ Studies”: Stanford University, Stanford, 

California, 2008; Chalmers University of Technology, Gothenburg, Sweden, 2009; Carnegie Mellon University, Pittsburg, 

Pennsylvania, 2011. 

Organizer: Symposium on Medical Applications of Nanotechnology, 11
th

 International Congress on Advanced Materials, Rio de 

Janeiro, Brazil, 2009. 

Co-Organizer: Symposium on Microscopy of Biological, Biomimetic and Medical Materials, 17
th

 International Microscopy Congress, 

Rio de Janeiro, Brazil, 2010. 

Co-Organizer: Symposium on Nanofunctional Materials, Nanostructures, and Nanodevices for Biomedical Applications II, Materials 

Research Society Fall 2010 Meeting, Boston, Massachusetts, 2010. 

Co-Organizer: Stanford – Chalmers Workshop on Advancing Materials Innovatively, Stanford, California, 2012 

               Gothenburg, Sweden, 2013, Stanford 2014 

Committee Member: National Science Foundation Materials 2022 Committee, 2012 

Co-Organizer: Symposium on Nanoparticles: Applications and Bio-safety Issues, 18th International Microscopy Congress Prague, 

2014 

Co-Organizer: IAMNano 2014, International Workshop on Advanced and In-situ Microscopies of Functional Nanomaterials and 

Devices, Rio de Janeiro, 2014 

 

COURSES TAUGHT (*present offerings) 

Atomic Arrangements in Solids (G1); X-ray Diffraction Laboratory (UG1-4); Transmission Electron Microscopy (G2+)*; 

Nano-Characterization of Materials (G2+)*; Nanostructure and Characterization (UG1-4); Imperfections in Crystalline 

Solids (G1); Introduction to Materials Science: Nanotechnology Emphasis (UG1-4)*; Microscopic World of Technology 

(UG1-4); Japanese Companies and Japanese Society (UG2)*;  Infrastructure of British Science  and Technology  (UG 

3);Soccer and English Society (UG 3)  
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Structure-property-processing correlations in materials, using high-resolution microscopy and diffraction techniques, 
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1 NAS government report, 5 edited works, 6 book chapters, 238 archival journal articles, 204 conference articles, 2 
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PUBLICATIONS 
 

A. EDITED WORKS AND BOOK CHAPTERS  

(a) Government Reports 

1. Committee on Smaller Facilities: R. Sinclair (chair), A. Aprahamian, A. I. Bienenstock, J. P. Bradley, D. 

R. Clarke, J. W. Davenport, F. J. DiSalvo, C. A. Evans, Jr., W. P. Lowe, F. M. Ross, D. J. Smith, J. M. 

Soures, L. Spicer, D. M. Tennant. National Research Council of the National Academy of Sciences. 

Midsize Facilities: the Infrastructure for Materials Research. Washington: National Academies Press, 

pp. 1-230 2006. 

(b) Edited Works  

1. “Report of Workshop on High Resolution Electron Microscopy,” edited by G. Thomas, R. M. Glaeser, 

J. M. Cowley and R. Sinclair (Lawrence Berkeley Laboratory, Special Publication #106, 1976). 

2. “Characterization of Defects in Materials”, edited by R. W. Siegel, J. R. Weertman and R. Sinclair, Mat.  

Res. Soc. Symp. Proc. 82, pp. 1-532 (1987). 

3. “High Resolution Electron Microscopy of Defects in Materials”, edited by R. Sinclair, D. J. Smith and 

U. Dahmen, Mat. Res. Soc. Symp. Proc. 183, pp. 1-391 (1990). 

4. “Polycrystalline Thin Films-Structure, Texture, Properties and Applications”, edited by K. Barmak, M. 

A. Parker, J. F. Floro, R. Sinclair and D. A. Smith, Mat. Res. Soc. Symp. Proc.  343, pp. 1-769 (1994). 

5. “In Situ Electron and Tunneling Microscopy of Dynamic Processes”, edited by R. Sharma, P. L. Gai, M. 

Gajdardziska-Josifovska, L. J. Whitman and R. Sinclair, Mat. Res. Soc. Symp. Proc. 404, pp. 1-226 

(1996).  

(c) Book Chapters  

1. “Direct Observation and Characterization of Lattice Defects in Materials,” R. Sinclair, in Treatise on 

Materials Science and Technology, Volume 11, edited by R. K. McCrone (Academic Press, New York, 

1977) pp. 1-45. 

2. “Microanalysis by Lattice Imaging,” R. Sinclair, in Analytical Electron Microscopy, edited by 

J. J. Hren, J. I. Goldstein and D. C. Joy (Plenum Press, New York, 1979) pp. 507-534. 

3. “Recent Developments in Lattice Imaging of Materials”, R. Sinclair, in Annual Reviews of Materials 

Science, Volume 11, edited by R. A. Huggins (Annual Reviews, Inc., Palo Alto, California, 1981) 

pp. 427-439. 

4. “High Resolution Electron Microscopy”, R. Sinclair, in Quantitative Electron Microscopy, edited by 

J.N. Chapman and A.J. Craven (SUSSP Publications, Edinburgh, 1984) pp. 341-350. 

5. “Electron Microscope”, R. Sinclair, in 1987 Yearbook of Science and Technology, (McGraw-Hill, New 

York, 1986) pp. 173-176. 

6. “Thermochemical Properties and Phase Diagrams”, R. Sinclair, R. Madar and M. Setton, in Properties 

of Metal Silicides, edited by K. Maex and M. van Rossum (Inst.  Elec.  Eng’rs, London, 1995), pp. 95 - 

152.  

7. “A Brief History of Controlled Atmosphere Transmission Electron Microscopy”, A. L. Koh, S. C. Lee 

and R. Sinclair, in: Controlled Atmosphere Transmission Electron Microscopy – Principles and 

Practices, edited by T. W. Hansen and J. B. Wagner (Springer Publishing Company), under review. 

 

B. JOURNAL PUBLICATIONS (refereed)  

1. “Structural Studies on the Ni-Ni3Ti System”, R. Sinclair, Ph.D. Thesis, University of Cambridge, England 

(1972). 

2. “Measurement of Relative Bond Energies in Some Ordered Nickel-Based Alloys by Field-Ion Microscopy”, 

R.J. Taunt, R. Sinclair and B. Ralph, Phys. Status Solidi A, 16, pp. 469-484 (1973). 

3. “On the Determination of a Local Order Parameter in a Nickel-Titanium Alloy”, R. Sinclair, B. Ralph and J.A. 

Leake, Philos. Mag., 28, pp. 1111-1123 (1973). 

4. “Spinodal Decomposition of a Nickel-Titanium Alloy”, R. Sinclair, J.A. Leake and B. Ralph, Phys. Status 

Solidi A, 26, pp. 285-298 (1974). 

5. “Antiphase Domains and Diffraction Spot Splitting in Cu3Au”, R. Sinclair and G. Thomas, J. Appl. 

Crystallography, 8, pp. 206-211 (1975). 

6. “On the Lattice Parameter of Non-Random Solid Solutions”, A. Krawitz and R. Sinclair, Philos. Mag., 31, 

pp. 697-712 (1975). 
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7. “Analysis of Ordering in Cu3Au, Utilizing Lattice Imaging Techniques”, R. Sinclair, K. Schneider and 

G. Thomas, Acta Metall., 23, pp. 873-883 (1975). 

8. “Applications of the Critical Voltage Effect for the Study of Ordering”, R. Sinclair, M.J. Goringe and G. 

Thomas, Philos. Mag., 32, pp. 501-512 (1975). 

9. “Optical Diffraction from Lattice Images of Alloys”, R. Sinclair, R. Gronsky and G. Thomas, Acta Metall., 24, 

pp. 789-795 (1976). 

10. “Observations of B19 Order ing in Mg3Cd Thin Foils”, J. Dutkiewicz and R. Sinclair, Scripta Met., 10, 

pp. 489-493 (1976). 

11. “Discussion of An Electron Diffraction Study of Short-Range Order in Quenched Ni4Mo Alloy”, G. Thomas 

and R. Sinclair, Acta Metall., 25, pp. 231-234 (1977).  

12. “Lattice Image Studies of B19 Ordering and Interfacial Structures in Mg3Cd”, R. Sinclair and J. Dutkiewicz, 

Acta Metall., 25, pp. 235-249 (1977). 

13. “The Importance of Electron Diffraction to Transmission Electron Imaging”, R. Sinclair, Trans.  Am. Cryst. 

Soc., 13, pp. 101-126 (1977). 

14. “Structure of Ordered Alloys”, R.  Sinclair and G. Thomas, J. Phys. (Paris), 38, C7, pp. 165-171 (1977). 

15. “A Preliminary Lattice Image Investigation of Nickel-Titanium Martensite”, R. Sinclair, J. Phys. (Paris), 38, 

C7, pp. 453-456 (1977). 

16. “Lattice Imaging and Optical Microanalysis of a Cu-Ni-Cr Spinodal Alloy”, C. K. Wu, R. Sinclair and 

G. Thomas, Met. Trans., 9A, pp.381-387 (1978). 

17. “Determination of Local Composition by Lattice Imaging”, R. Sinclair and G. Thomas, Met. Trans., 9A, 

pp. 373-380 (1978). 

18. “Lattice Imaging Study of a Martensite-Austenite Interface”, R. Sinclair and H.A. Mohamed, Acta Metall., 26, 

pp. 623-628 (1978). 

19. “Modulated Substitutional-Intersitial Solute-Atom Clustering in Nitrided Austenitic Fe-34 Ni-V Alloys”, J.H. 

Driver, R. Sinclair and K.H. Jack, Proc. R. Soc. London, A367, pp. 99-115 (1978). 

20. “Comments on ’The Early Stages of the Transformation in Dilute Alloys of Titanium in Nickel’’’, 

D.E. Laughlin, R. Sinclair, and L.E. Tanner, Scripta Met., 14, pp. 373-376 (1980). 

21. “A Quantitative Assessment of the Capabilities of 2 1/2 D Microscopy for Analyzing Crystalline Solids”, 

G. M. Michal and R. Sinclair, Philos. Mag., A42, pp. 691-704 (1980). 

22. “Metallurgical Applications of the 2 1/2 D TEM Technique”, R. Sinclair, G.M. Michal and T. Yamashita, Met. 

Trans., 12A, pp. 1503-1512 (1981). 

23. “Atomic Motion on the Surface of a Cadmium Telluride Single Crystal”, R. Sinclair, T. Yamashita and 

F.A. Ponce, Nature, 290, pp. 386-388 (1981). 

24. “Room Temperature Deformation Mechanisms and the Defect Structure of Tungsten Carbide”, M.K. Hibbs 

and R. Sinclair, Acta Metall., 29, pp. 1645-1654 (1981). 

25. “Native Tellurium Dioxide Layer on Cadmium Telluride:  A High Resolution Electron Microscopy Study”, 

F.A. Ponce, R. Sinclair and R.H. Bube, Appl. Phys. Lett., 39, pp. 951-953 (1981). 

26. “The Effect of Orientation, Grain Size and Polymorphism on Magnetic Properties of Sputtered Co-Re Thin 

Film Media”, T. Chen, T. Yamashita and R. Sinclair, IEEE Trans. Magn., MAG-17, pp. 3187-3189 (1981). 

27. “The Structure of TiNi Martensite”, G.M. Michal and R. Sinclair, Acta Crystallogr. B, 37, pp. 1803-1807 

(1981). 

28. “A Morphological Study of ’Premartensitic’ Effects in TiNi,” P. Moine, G.M. Michal and R. Sinclair, Acta 

Metall., 30, pp. 109-123 (1982). 

29. “Characterization of the Lattice Displacement Waves in Premartensitic TiNi”, G.M. Michal, P. Moine and R. 

Sinclair, Acta Metall., 30, pp. 125-138 (1982). 

30. “Electron Irradiation Induced Crystalline Amorphous Transitions in Ni-Ti Alloys”, G. Thomas, H. Mori, H. 

Fujita and R. Sinclair, Scripta Met., 15, pp. 589-592 (1982). 

31. “High Resolution Lattice Imaging of Cadmium Telluride”, T. Yamashita, F.A. Ponce, P. Pirouz and R. 

Sinclair, Philos. Mag., A45, pp. 693-711 (1982). 

32. “Dynamic Observation of Defect Annealing in CdTe at Lattice Resolution”, R. Sinclair, F.A. Ponce, T. 

Yamashita, D.J. Smith, R.A. Camps, L.A. Freeman, S.J. Erasmus, W.C. Nixon, K.C.A. Smith and C.J.D. Catto, 

Nature, 298, pp. 127-131 (1982). 

33. “Martensitic Transformations in a TiNi Thin Foil”, P. Moine, E. Goo and R. Sinclair, J. Phys. (Paris), 43, C4, 

pp. 243-248 (1982). 
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34. “Transmission Electron Microscopy of Annealed ZrO2+8Mol%Sc2O3”, F.K. Moghadam, T. Yamashita, R. 

Sinclair and D.A. Stevenson, J. Am. Ceram. Soc., 66, pp. 213-217 (1983). 

35. “Intergranular Cracking in WC-6%Co:  An Application of the von Mises Criterion”, V. Jayaram, R. Sinclair 

and D.J. Rowcliffe, Acta Metall., 31, pp. 373-378 (1983). 

36. “Transmission Electron Microscopy Studies of the Polycrystalline Silicon – SiO2 Interface”, J.C. Bravman 

and R. Sinclair, Thin Solid Films, 104, pp. 153-161 (1983). 

37. “Detection of Thin Intergranular Cobalt Layers in WC-Co Composites by Lattice Imaging”, V. Jayaram and R. 

Sinclair, J. Am. Ceram. Soc., 66, pp. C137-C139 (1983).  

38. “Defect Interactions in Deformed WC”, M.K. Hibbs, R. Sinclair and D.J. Rowcliffe, Acta Metall., 32, 

pp. 941-947 (1984). 

39. “The Preparation of Cross-Section Specimens for Transmission Electron Microscopy”, J.C. Bravman and R. 

Sinclair, J. Electron Microsc. Tech., 1, pp. 53-61 (1984). 

40. “Cadmium Telluride Films and Solar Cells” R.H. Bube, A. Fahrenbruch, R. Sinclair, T.C. Anthony, C. 

Fortmann, W. Huber, C-T. Lee, T. Thorpe and T. Yamashita, IEEE Trans. Electron Devices, ED-31, 

pp. 528-538 (1984). 

41. “Thin Foil Artifacts Observed in Electron Diffraction on a TiNi Alloy”, P. Moine, E. Goo and R. Sinclair, 

Scripta Met., 18, pp. 1143-1147 (1984). 

42. “Phase Equilibria in Thin-Film Metallizations”, R. Beyers, R. Sinclair and M.E. Thomas, J. Vac. Sci. Technol., 

B2, pp. 781-784 (1984). 

43. “Metastable Phase Formation in Titanium-Silicon Thin Films”, R. Beyers and R. Sinclair, J. Appl. Phys., 57, 

pp. 5240-5245 (1985). 

44. “In Situ TEM Study of Martensitic NiTi Amorphization by Ni Ion Implantation”, P. Moine, J. P. Riviere, M.O. 

Ruault, J. Chaumont, A. Pelton and R. Sinclair, Nucl. Instrum. Methods B, 7/8, pp. 20-25 (1985). 

45. “Precipitation of Phosphorus and Tin in Temper Embrittled Low Alloy Steel”, J.E. Wittig, R. Sinclair and R. 

Viswanathan, Scripta Met., 19, pp. 111-116 (1985). 

46. “Displacement Boundaries in TiNi Alloys”, E. Goo and R. Sinclair, Scripta Met., 19, pp. 1257-1259 (1985). 

47. “Silicon Nitride Joining”, M. L. Mecartney, R. Sinclair and R. E. Loehman, J. Am. Ceram. Soc., 68, 

pp. 472-478 (1985). 

48. “Mechanical Twinning in Ti50Ni47Fe3 and Ti49Ni51 Alloys”, E. Goo, T. Duerig, K.N. Melton and R. Sinclair, 

Acta Metall., 33, pp. 1725-1733 (1985). 

49. “The B2 to R Transformation in Ti50Ni47Fe3 and Ti49.5Ni50.5 Alloys”, E. Goo and R. Sinclair, Acta Metall., 33, 

pp. 1717-1723 (1985). 

50. “Delineation of Emitter-Collector Shorts in Bipolar Test Structures by Voltage Contrast Scanning Electron 

Microscopy”, A.H. Carim, R. Sinclair and W.T. Stacy, SEM 1985: III, pp. 1047-1053 (1985). 

51. “Lattice Images of Defect Free Silicon-On-Sapphire Prepared by Ion Implantation”, M.A. Parker, R. Sinclair 

and T.W. Sigmon, Appl. Phys. Lett., 47, pp. 626-628 (1985). 

52. “Deformation Enhanced Decarburization of WC-Co”, V. Jayaram, R. Sinclair and D.J. Rowcliffe, Scripta 

Met., 20, pp. 55-60 (1986). 

53. “Plastic Deformation of WC-Co at High Confining Pressure”, V. Jayaram, A. Kronenberg, S.H. Kirby, D.J. 
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Elevated Temperatures”, R. Sinclair and M.A. Parker, Nature, 322, pp. 531-533 (1986). 

55. “The Evolution of Si/SiO2 Interface Roughness”, A.H. Carim and R. Sinclair, J. Electrochem.  Soc., 134, 
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70. “Amorphous Silicide Formation by Thermal Reaction:  A Comparison of Several Metal-Silicon Systems”, K. 

Holloway, R. Sinclair and M. Nathan, J. Vac. Sci. Technol. A, 7, pp. 1479-1483 (1989). 

71. “Morphology of the Silicon Implanted Interface of a Polysilicon/Single Crystal Silicon Structure”, S. Okuda, 
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87. “Epitaxial Pt (001), Pt (110) and Pt (111) Films on MgO (001), MgO (110), MgO (111) and Al2O3 (0001)”, 

B.M. Lairson, M.R. Visokay, R. Sinclair, S. Hagstrom and B.M. Clemens, Appl. Phys. Lett., 61, 
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T.J. Konno, J. Magn. Magn. Mater., 126, pp. 108-112 (1993). 

99. “Crystallization and Decomposition of Co-sputtered Amorphous Silicon-Aluminum Thin Films”, T.J. Konno 
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Sinclair, IEEE Trans. Magn., 32, pp. 4902-4904 (1996). 
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162. “In Situ TEM Studies of Metal-Carbon Reactions”, R. Sinclair, T. Itoh and R. Chin, Microscopy and 

Microanalysis 8, pp. 288-304, (2002). 
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Appl. Phys. Lett., 84 (4), pp. 571-573, (2004). 

166. “Carbide Evolution in Temper Embrittled NiCrMoV Bainitic Steel”, J.E. Wittig and R. Sinclair, Steel Res. Int., 

75 (1), pp. 47-54,  (2004). 
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175. “Effect of Magnetic Recording Layer Thickness on Media Performance in CoCrPt-Oxide Perpendicular 
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180. "Real-Time Intravital Imaging of RGD−Quantum Dot Binding to Luminal Endothelium in Mouse Tumor 
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184. “Electron Microscopy Localization and Characterization of Functionalized Composite Organic-Inorganic 
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Milaninia, L.S. Theogarajan, R. Sinclair and R.T. Howe, J. Vac. Sci. Technol. B,  30 (4), pp. 0420010 1-6  

(2012). 
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Brower, R. Sinclair and B.M. Clemens, Phys. Rev. Lett, 108, pp. 106102 1-4 (2012). 
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219. "HREM Analysis of Graphite-Encapsulated Metallic Nanoparticles for Possible Medical Applications," R. 
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222. “Codoping Titanium Dioxide Nanowires with (W, C) for Enhancing Photoelectrochemical Performance,” I.S. 

Cho, C.H. Lee, Y. Feng, M. Logar, P.M. Rao, L. Cai, D.R. Kim, R. Sinclair and X. Zheng, Nature 

Communications 4, 1723, DOI: 10.1038/ncomms2729 (2013). 
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223. “Amorphous Thin Film TaWSiC as a Diffusion Barrier for Copper Interconnects”, R. Wongpiya, J. Ouyang, T. 

R. Kim, M. Deal, R. Sinclair, Y. Nishi and B. Clemens, Appl. Phys. Lett. 103, 022104, DOI: 
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Detect Nanoparticles,” P.J. Kempen, A.S. Thakor, C.L. Zavaleta, S.S. Gambhir and R. Sinclair, Microscopy 
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Materialia 61 (20) pp. 7660-7670, (2013).  
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Environmental Transmission Electron Microscope”, R. Sinclair, P. J. Kempen, R. Chin and A. L. Koh, Adv. 
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40. “Lattice Imaging of CdS/CdTe Solar Cell Interface”, T. Yamashita, J.G. Werthen, R.H. Bube and R. Sinclair, 
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Soc. Symp. Proc., 183, pp. 141-146 (1990). 

78. “In Situ HREM Observations of Crystallization in LPCVD Amorphous Silicon”, J. Morgiel, I.W. Wu, 

A. Chiang and R. Sinclair, Mat. Res. Soc. Symp. Proc., 182, pp. 191-194 (1990). 
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Proc. MSA, pp.1038-1039 (1993). 

109. “In Situ HREM of Interface Reactions”, R. Sinclair and T.J. Konno, 51st Proc. MSA, pp. 830-831 (1993). 
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(1994). 

122. “Observation of Ferroelectric Domain Walls in KTP by HREM”, E. Snoeck and R. Sinclair, Proc. ICEM XIII, 
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I.J.M.M. Raaijmakers and B.E. Roberts, Mat. Res. Soc. Symp. Proc., 337, pp. 735-740 (1994). 
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131. “Effects of Substrate Temperature on Magnetic and Crystallographic Properties of Co-Cr-Pt/Cr Films 
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