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ABSTRACT

Currently, and during the past few years, areal recording densities have doubled
approximately every 18 months. This has resulted in the recent introduction of products
exceeding 4 Gigabit/in®>. Furthermore, there have been recent laboratory demonstrations of over
11 Gigabit/in>. This rapid technological pace is forcing media producers to seek new methods to
control the media magnetic properties. It has recently been pointed out that due to the required
signal to noise ratio and the resulting continued reduction in grain size the industry will soon be
faced with the onset of thermal instabilities to data retention. Since the medium properties could
limit the areal density of most recording systems, a systematic design approach toward media
invention is necessary. Very small magnetic grains of near crystalline perfection will be required
in order to achieve the coercivities and noise requirements for the next doubling of areal density
(25 Gigabit/in®). Following this not only will crystalline perfection be required, but extremely
uniformly sized and singly oriented grains will be required to approach 50 Gigabit/in>. Over the
past few years we have taken an approach of controlled growth of the magnetic microstructure of
thin film media to accomplish this. Here we provide an overview of the guiding media design
philosophy and discuss 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. Efforts toward epitaxial growth of multiple thin film layers on single crystalline Si is
discussed as a method of achieving perfect crystallites of various highly oriented thin films. In the
case of non-cubic materials, such as magnetic hcp Co-alloys, these films have well defined axial
directions determined by the substrate and multiple thin film epitaxial relationships.

INTRODUCTION AND MOTIVATION

The continuing market force driven need for improved hard disk data storage is evident by
the sudden change in the compound annual growth rate of areal densities in the early 1990’s from
20 to 60%. This rate is still approximately 60% and there are no signs of abatement. The single
largest, obvious, technical factor making this possible was the change from particulate disk media
to sputtered thin film media. This smoother media surface has allowed continual decreases in the
head to disk fly height to the present 50 nm and less. During the mid 1990’s, even as trackwidths
were shrinking, head disk interface technologies such as robust 15 nm thin CNx or CHx
overcoats, laser produced mechanical texture and quasi-contact slider operation enabled reduced
head to disk spacing and enabled the ubiquitous inductive head transducer to continue to perform
adequately. With the advance to the more sensitive, low noise, magnetoresistive, and recently the
spin valve device, record-playback transducer technology is returning media noise to being the
limiting factor to further increases in areal density. While various laboratory demonstrations, such
as IBM’s recent announcement of 11 Gigabit/in® recording, have been used to herald the next
generation of recording densities a more accurate measure of progress is provided by monitoring
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actual product performance. As of early 1998, the highest areal density of a commercial product
fell very close to the 60% growth curve at 4.1 Giga bit/in’. Concurrent with the progression of
areal density has been a remarkable increase in data transfer rate and disk rotational frequency to
decrease access times. This bandwidth increase, along with the introduction of the spin valve
transducer, and the higher areal densities conspire to require even lower noise media.

These recent commercial improvements in longitudinal recording could not have been
possible without the significant improvements already made in the recording media magnetic and
microstructural properties.  Ultimately, the achievable areal recording density should be
determined by the media signal to noise ratio, which if the recording system is designed properly,
is largely determined by the media thin film microstructure. For ideal media where the magnetic
particles are totally non-interacting one might roughly estimate the media signal power to noise
power ratio, SNR,,, (zero to peak signal to rms noise ratio) to be proportional to the average
number of particles, N, sensed by the recording transducer. This assumption is based upon the
concept that the large number of particles in a given volume is described by a Gaussian probability
distribution and to determine the noise one merely estimates the variance to the average number
of particles sensed. The signal power then goes as N while the noise power goes as N. Hence,
for a differentiating transducer system, 1000 particles would imply a SNR,, of 27db, a value that
is sometimes viewed as necessary for an acceptable error rate. Therefore, assuming sufficient
transducer sensitivity, in order to maintain an adequate SNR as the areal density is doubled, N
would remain constant and, the number of particles per unit area would need to double. For thin
film media, in which the particle extends through the thickness of the thin film, the particle or
grain surface diameter would have to decrease by the square root of two.

Charap and Lu [1] recently modeled the limits of areal recording density based upon the
concept that if a magnetic particle’s anisotropy energy density-volume product is made too small
it will spontaneously reverse due to thermal fluctuations. Their estimate of the limit of this
product divided by the Boltzman energy is K,V/kgT > 60. At the same time since the media

coercivity is proportional to the anisotropy field, H. oo Hx = 2My/K, the anisotropy energy
density cannot be increased to a point where Hc would be greater than the maximum available
transducer record fields. These field levels are determined as a fraction of the Ms of available
head transducer materials. Based upon these boundary conditions: a maximum K, to allow
recording, a minimum thermally stable grain volume and a fixed number of grains to provide the
required SNR, they estimated that a limit to long term data stability may occur around 40
Gigabit/in®. We would like to suggest, however, that the statistical arguments concerning the
number of particles required may be somewhat flawed. Unlike particulate tape media, thin film
media is essentially volume filling. That is, there are no intentional voids in the media and the
total magnetic moment sensed by the transducer would be essentially constant if the magnetic
easy axes of all of the grains were in the same direction. In traditional rotating thin film hard disk
media the easy axis is designed to be random in the plane of the disk to avoid modulation of the
signal as the disk turns. Hence, at any position on the disk a large fraction of the grains have their
easy axes either perpendicular or considerably off axis from the transducer recording direction. In
the extreme case of totally non-interacting particles these grains contribute little or no output flux
to the transducer and appear as magnetic voids. Hence, even if all particles were the same size
and regularly spaced, mis-orientation would still provide a mechanism for fluctuation in the signal.
Clearly these mis-orientations along with the distribution of grain sizes limits the SNR. By
narrowing the size distribution or, better still, restricting it to a singly uniform size the SNR would
improve. However, by orienting all the easy axes to a single direction, comparable to the
transducers’ sensitive direction, the noise would become dependent only upon the size distribution
and would be further reduced. A smaller number of grains would be required to achieve the same
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SNR and recording densities could be extended beyond the current suggested thermal stability
limit. Since grain size distributions are typically skewed and the smaller particles are thermally
unstable they should be eliminated. By eliminating these and the variance in particle number due
to random orientation distribution it would seem to be reasonable to expect that the noise could
be reduced by at least a square root of two and perhaps considerably more. A factor of two
reduction would lift the predicted areal recording density limit to well over 50 Gigabit/in”.

The above arguments assume non-interacting particles and it would seem to be naive to
ignore magnetostatic or intergranular exchange interactions in a discussion of noise. However, it
is the goal in the media design to eliminate the intergranular exchange by isolating each grain.
Hence, noise induced by magnetostatic interactions can be limited if the media and recording
system are designed correctly, as discussed next.

MAGNETIC RECORDING PHYSICS ISSUES

While the playback signal is extremely dependent upon the head to medium spacing and
transducer resolution (gap length), it is also proportional to the magnetic medium film thickness
and the spatial gradient of the magnetization along the recording track. Hence, one would be
inclined to argue that the larger the remnant-film thickness product (M) the better. This is not
the case however, as the recorded transition length increases with this quantity and magneto-
resistive playback transducers are easily driven into a non-linear regime of operation if the sensed
field is too large. Hence, there is a maximum, and optimal M,3, for the media determined by the
head sensitivity function and the head to media spacing. For currently commercial high
performance media M, has been reduced to less than 0.5 milli-emu/cm®. This is beneficial to
media design for two reasons: One is that, for exchange coupled media or for a system with a
poor record head field gradient, the apparent media transition noise can be directly correlated to
the demagnetization fields at the transition. The second reason is that the down-track (linear)
recording density is limited by the finite flux reversal length. This length is measured by the
transition parameter, a,, which is determined either via transition demagnetization forces or by the
finite record head field gradient. The media noise is always lower if the coercivity is greater than
the demagnetization field (Hc > Hd). In the ideal limit where the head is in contact with an zero
thickness media and has a zero gap length the recorded magnetization profile would be a step
function provided that Hc > Hd and that the media were homogenous. For the more realistic
media microstructure the transition length would be determined by the characteristics of the set of
grains that lie at the immediate location where the ideal transtion would have been. The transition
length is then nominally the average grain size and the transition location variance (noise) is
determined by the grain location, size and orientation distributions. In other words, even if media
microstructure were made ideal, it would still be easy to incorrectly design a recording system to
induce apparent media noise.

As an example for disussion consider Figure 1 which shows the media noise power spectra
of several differing media determined by the noise power spectral integration technique. These
datum were obtained using a Read Rite Tripad head with a .22 micron gap and flying just above
medium contact at approximately 25 nm (at 7.1 m/sec.). In each case it is noted that the noise
power initially increases linearly with density as the noise power is dominated by the flux
transition location jitter and increases linearly with recording frequency as transition density
increases. The fact that there is noise even at zero frequency indicates the discrete non-zero size
of the randomly oriented magnetic switching units or grains. The initial slopes of these curves are
determined by the grain size, intergranular exchange coupling, the maximum demagnetization field
(determined by M,3), and the finite head field gradient. At higher recording densities it is
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common that the noise increases supra-linearly as the individual flux transitions interact during the
recording process and begin to interpercolate. The onset of this supra-linearly noise behavior
typically occurs as the flux transition density approaches the transition length, a;. From a practical
standpoint, but to some extent dependent upon the signal processing encoding technique, this
noise limits the data transition spacing to approximately ma,. At extremely high flux transition
densities the noise again decreases as the media appears to be AC erased. A media with highly
exchange coupled grains will show little DC frequency noise as the magnetization of all grains
tend to align, while when AC erased the percolation effect is large. This DC result is a clear
example that thin film media is volume filling and that this noise is not simply controlled by
particle counting statistics. For a media with little exchange coupling the DC noise will correlate
to the number density and orientation of the grains. When the media is designed with very small
grain sizes and such that the Hd < Hc the head field gradient during the record process determines
a, and not the demagnetization fields associated with the media. The lowest noise curves of
Figure 1 indicate that these media have sufficiently small grains (low slope) and a small enough
4mM; /Hc that the supra-linear increase in noise does not occur until well after the maximum
measured kfci. Hence, the grain size (isolated magnetic switching unit size) in combination with
the random in-plane orientation determines the slope of this curve, as well as, the DC erased noise
power shown at low frequencies. Whereas, media with large grains will show a large low flux
density noise slope and if the Hd > Hc the supra-linear noise behavior will set on early. The
higher noise curves represent this type of media. The lowest noise media of this set is comparable
to today’s best commercial media. If a medium noise is not head field gradient limited, but limited
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Figure 1. Normalized media noise vs. flux reversal density for media with various degrees
of exchange coupling, Mrd, and head field gradient induced noise.
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by the statistical nature of the medium grains, then the required average grain size, assuming
random size and orientation distributions, for 10 Gigabit/in® technology is estimated to be about
15-20 nm.

MEDIA CONSTRUCTION AND THE ROLE OF CRYSTALLINE TEXTURE

To attain the highest recording densities the coercivity should be maximized. In order to
accomplish this the media designer could choose a magnetic alloy to achieve a higher anisotropy
constant, lower the 4TtM;s which also decreases the flux transition demagnetization effects, or gain
better control of the microstructure to achieve the maximum potential anisotropy energy density
of a given alloy. While studies have been performed on other alloys, in modern hard disk media
hep Co alloys are almost exclusively chosen due to their corrosion resistance and high anisotropy
constants. Second and third elements such as Ni, Cr, Ta, Nb, B or Pt are chosen to promote
diffusion of non-magnetic elements to the grain boundaries during film processing. In current
products Cr and Ta are widely used and have proven to be especially useful at providing magnetic
grain to grain isolation, while Pt appears to increase the anisotropy constant, but is not as
effective at providing isolation. Likewise, these non-ferromagnetic elements usually lower the
magnetization by dilution. The Co alloy is typically deposited onto a thin film underlayer structure
which induces both an hcp Co phase and orients the crystalline c-axis by epitaxial growth. Perfect,
defect free and isolated, hcp crystalline grains of appropriate size insure that domain walls do not
nucleate at grain boundaries, crystalline flaws or stacking faults to lower the coercivity, while the
orientation of the c-axis determines the maximum achievable coherent rotation coercivity. Via
modeling, Yang [2] has predicted the hystersis loop dependence upon the orientation of the c-
axis with respect to the film plane. For ideal Stoner-Wohlfarth particles with easy axes (c-axes)
parallel to the applied record field the coercivity would be equal to the anisotropy field, Hyx =
2K,/Ms, while for a random ensemble of particles with c-axes in the film plane the predicted
coercivity is reduced to 0.51 of Hx. However, if the c-axes are randomly oriented in all three
dimensions the grains with axes out of plane, (or even only somewhat dispersed about the plane)
have their magnetization forced back into the plane via demagnetization fields and these additional
fields further reduce the coercivity. For the rotating longitudinal recording hard disk media
format the singly directed ensemble is currently impractical and so the random two-dimensional
structure is the most desirable. Hence, the choice of the underlayer texture upon which to
perform epitaxial growth is critical in determining the Co alloy c-axis orientation. In addition
these underlayer structures are critical in determining Co alloy crystalline quality and the grain
size. Historically [3], and even though a number of other elements have been investigated, bcc Cr
and Cr alloys have been used almost exclusively for this purpose.

Most current hard disk thin film magnetic media are constructed upon a highly polished
NiP electrolessly plated AIMg, glass, or glass ceramic substrate by sputter deposition of a
sequence of metallic layers. The exact structure depends upon the substrate, but usually consists
of sequential depositions of a non-magnetic seed layer and underlayer followed by a magnetic Co-
alloy, followed by a ceramic-like protective coating (principally carbon, CHy or CNy), and finally a
very thin lubricant. The seed layers that have been used include both oxides and metals depending
upon the substrate and the manufacturer. The purpose of the seed and the underlayers are to
buffer the substrate surface and to initiate the crystalline growth and texture of the very thin
magnetic layer. Hence, their composition, interaction with the substrate, and the processing
conditions are important in determining the microstructural interface to the magnetic layer. In
addition, the objective of the seed and underlayer is to establish a controlled grain size for the
growth of other epitaxial layers.
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