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2.1 Introduction

In this chapter we give an overview of the effects of various microstructural
features on the resulting magnetic properties of magnetic thin films. The role of
microstructure on certain properties of materials has a long history of
investigation, starting in the discipline of physical metallurgy where the role of
microstructure on properties was investigated in great detail [1]. It became clear
that some properties were relatively insensitive to changes in microstructure and
others were strongly sensitive to changes in microstructure. The former were
called intrinsic properties or sometimes primary properties, since they were
intrinsic to the material. The latter were called extrinsic properties or secondary
properties, since they were dependent on features that were not inherent to the
material [2]. With the advent of the discipline of materials science the role of
material processing was included in the way extrinsic properties were understood.
Changing the method of producing a material often changed some of the resulting
physical properties of the material. This change was shown in many cases to be
mediated through the change in microstructure of the material. This lead to the so
called materials science paradigm: processing determines microstructure which in
turn determines the extrinsic properties of a material.
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Magnetic thin films are a good example of this paradigm. Small changes in
the way a thin film is produced often give rise to large changes in some of the
magnetic properties of the thin film. This is best understood by observing how the
microstructure of the film changes with processing and then correlating the
microstructure directly with the properties of the thin film.
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A typical structure of a thin film used for magnetic recording is shown in Fig.
2.1. It can be seen that the magnetic layer is in contact with an intermediate layer,
which in turn is in contact with an underlayer. The seedlayer and the underlayer
set up the grain size as well as the crystallographic orientations in the layers. The
intermediate layer enhances the epitaxy growth of the magnetic layer.
Furthermore, atoms from the intermediate layer may diffuse up the grain
boundaries, giving rise to magnetic isolation of the grains within the magnetic
layer. All these processes affect the magnetic properties of the film.

In this chapter we will give an overview of the role that some microstructural
features of thin films play in determining the properties of the magnetic layer in
films used for longitudinal recording. These features include grain size and grain
size distribution, crystallographic orientation, defects and chemical segregation.
We will discuss various methods used to control these features during the
deposition process and show how with careful control the magnetic properties and
hence the recording performance of the films can be optimized.

2.2 The size and distribution of thin film grains

2.2.1 Introduction

High areal density has been achieved in the longitudinal magnetic recording
media by continuously shrinking the size of the recorded bits. Since the noise
power of magnetic recording media is strongly related to the number of magnetic
particles (or grains) per bit, in order to keep the signal to noise ratio (SNR) at a
readable level, the number of grains per bit must be maintained above a certain
statistical minimum. For this reason the average grain size in the magnetic layer
has been scaled continuously with the bit length and the track width. This can not
continue indefinitely, as the magnetic energy stored in each grain (K,V) is
becoming so small that the thermal energy (kgT) is approaching the same
magnitude. When this happens the superparamagnetic limit is reached and the
media is no longer thermally stable [3] (also see Chapter 5).
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Therefore the effect of grain size is two-fold. On the one hand the grains
should be small enough to keep high SNR, on the other hand the grain size should
be large enough to keep the recorded information thermally stable. For Co-alloy
media, assuming a K, = 2.5 x 10° erg/cc, and a cubic grain shape, and using the
media stability criterion of K ,V/kgT = 60 (thermally stable for 10 years) [3], the
smallest grain size that can be used at room temperature (300K) is calculated to be
about 9.7 nm. In fact, in the 10Gbits/in?> media design announced in 1998 [4], the
grain size was about D = 12 + 4 nm. It is obviously that there is little room left for
grain size reduction with the current Co-alloy media.

Another important feature is grain size distribution. The sizes of the grains in
media are not uniform but are spread about an average value. The information
stored in the smaller grains decay more rapidly, while the larger grains give rise to
a higher noise level. It has been reported by Weller and Moser [5] that narrowing
the grain size distribution can alleviate about 25% of the thermal decay problem.
Likewise, it will also significantly enhance the signal to noise ratio (SNR).

When discussing grain size and grain size distribution, it is usually assumed
that the Co-alloy grains are magnetically well separated by nonmagnetic grain
boundaries, which either consist of nonmagnetic materials or simply voids. If this
assumption is not true, magnetic clusters of grains must be taken into account
[6,7]. These magnetic clusters consist of several grains magnetically coupled by
inter-granular exchange coupling. The grains inside a magnetic cluster behave in
concert under magnetic fields. Therefore for media with strong exchange
coupling, the effective magnetic particle size will be much larger than the grain
size, causing a higher media noise [8-12]. On the other hand, there is also a
possibility of forming microstructural clusters, inside which the grains are of
similar crystallographic orientation. The grain boundaries inside such clusters are
less distinguishable than the cluster boundaries. In such a case, the media noise
depends strongly on the microstructural cluster size [13].

For these reasons the control of the grain size and grain size distribution of the
underlayer and magnetic layer is of critical importance to control and to optimize
the magnetic properties and recording performance of the magnetic media.

2.2.2 Grain size distribution

Three kinds of distributions can be used to describe grain size distribution.
1. Gaussion (Normal) distribution:

1
y =
o\N2m
where, A is the arithmetic mean and ais the standard deviation.
2. Log normal distribution:

1 (Iogx—logxg)ﬂ
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It can be seen that the log normal distribution is formed from normal distribution
by substituting logx in equation (2.2) for x. As a result, x4 is the geometric mean,
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and g the geometric standard deviation, whose logarithm is the standard deviation
of the variable log x.
3. Rosin-Rammler Distribution:

N (e X"

y = d—nx(n & exp(—d—n) ,(n>1) (2.3)
The parameter n primarily depends on the skew of the distribution and the
parameter d is primarily determined by the breadth of the distribution.

Since the Rosin-Rammlar distribution has two parameters, it can be easily fit
to the grain size distribution in Co-alloy films [14]. However, both the normal
and Rosin-Rammlar distribution allow for negative variable values, which are not
physically applicable to grain size distributions.

The log normal distribution allows only positive variable values. Moreover, it
has been found by Soderlund et al. [15] that in thin film deposition, if the adatoms
diffuse or drift within a small but finite region, the time of growth of the nuclei
before impingement can be accurately described by a log normal distribution.
This will cause the grain size distribution to be a log normal one. It has been
shown that the grain size distributions of CoCrPt, CoCrPtTa and CoCrPtB alloy
thin films are log normal [16]. Hence, many calculations of magnetic properties
of the media use the log normal grain size distribution [5].

It should be noted that when we consider the signal read from each recorded
bit, it is the grain area distribution by area fraction that should be counted rather
than the grain area distribution by count fraction. This is because the signal
contributed by an individual grain is proportional to its moment, M,tS, where M, is
the remnant magnetization of the magnetic layer and t is the layer thickness. Due
to columnar growth of the grains, M.t is constant through out the entire media, the
distribution of the signal from each grain should be expressed as grain area
distribution by area fraction. Fig. 2.2 shows the difference between the grain area
distribution by count fraction and by area fraction for CoCrPt media.
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Fig. 2.2 Grain size distribution by number and by area in a longitudinal media [17] (© 2000 |IEEE).

At the initial nucleation stage of film deposition, a minimum number of atoms
are required to form a critical nucleus. A sub-critical nucleus is unstable and will
dissolve. Critical nuclei are small. For example, the size of critical nuclei for Zn
on glass at room temperature (RT) is about 0.3 nm [18], it is 1.2 nm for Mg [18]
on glass at RT, 1-2 nm for Cr on NiP [19], 3-5 nm for CoCrTa on Cr at 250°C
[20]. Since the grains cannot be smaller than the critical nucleus, there is a
characteristic truncation on the left-hand side of the grain size distribution.
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Therefore, when the mean grain size approaches the size of the critical nucleus,
the grain size distribution will tend to be narrower. Based on this reasoning, most
of the current research focuses only on how to reduce the average grain size,
expecting a corresponding decrease in the distribution breadth [17].

2.2.3 Control of grain size

In longitudinal media the Co-alloy grains are epitaxially grown on underlayers
or intermediate layers, mostly consisting of Cr-alloy films, while adatoms of the
Cr-alloy (CrX) films nucleate randomly and grow on the smooth surface of
amorphous NiP or glass. Therefore, the control of the grain size and grain size
distribution of the magnetic layer is realized through controlling the nucleation
and growth of the CrX underlayer on the substrate.

The initial grain structure is formed following models of nucleation and
growth-to-impingement. The heterogeneous nucleation of CrX on a smooth
amorphous substrate can be described by capillarity theory [21]. According to the
theory the nucleation rate is a strong function of the nucleation critical energy
AG*, which is the critical free energy of forming the nuclei. AG* varies with
deposition rate, substrate temperature, surface roughness and other factors.

Generally, AG* increases with substrate temperature and decreases with
deposition rate [22]. Consequently, the number of stable nucleus decreases rapidly
with substrate temperature increase and a continuous film will take longer to
develop, which results in larger grains. On the other hand, a larger number of
stable nuclei form at higher deposition rates, and a continuous film is produced at
lower average film thickness with smaller grain size.

After impingement, the growth of the grains is also affected by deposition
conditions, such as, substrate temperature, the sputtering power, the argon
pressure, etc. Thornton’s zone model [23-25] best classifies the final morphology
of the sputter deposited metal films. Fig. 2.3 shows the morphology of the film
varying with the Ar pressure and substrate temperature. According to this model,
at low temperatures (Ts./T,<0.3, where T, is the substrate temperature and T,, is
melting point of the material) and high Ar pressure, the film consists of tapered
crystals with domed tops which are separated by voided boundaries. The internal
structure is poorly defined, with a high dislocation density. The grain size
increases with Tg,/Ty. The morphology of the films falls into Zone 1 of the
model. This kind of deposition condition used to be utilized to grow very thick
underlayers in order to enhance the voided grains boundaries, which decouple the
magnetic grains and consequently give rise to lower media noise [26-31].

At higher substrate temperatures (0.3 < T/T,,< 0.5) and lower Ar pressures, the
films consist of columnar grains separated by distinct dense grain boundaries.
These grains are highly faceted at the surface of the films. Dislocations are
primarily in the boundary regions. The nucleation energy is about equal to that for
surface diffusion. This is defined as Zone 2. Zone T is a transition zone with
processing parameters between those of Zones 1 and 2. A film in Zone T consists
of a dense array of poorly defined fibrous grains without voided boundaries. The
columnar grain diameter also increases with Tg,/Tp,.
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The influence of the substrate temperature, Ar pressure and substrate
roughness has been discussed in detail in Thornton’s review paper [23]. Further
description of both thick and thin films has been reported by Grovenor et al. [25]

Fig. 2.3 Thornton's Zone model for sputter
deposited metal films [23] (with permission,
sl from the Annual Review of Materials Science,
b Volume 7 © 1997 by Annual Reviews
il <7 www.AnnualReviews.org).
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DC magnetron sputtering deposition at moderate substrate temperatures
(300K- 550K) is normally used in the manufacturing of magnetic recording media.
The deposition rate is very high in the process (about 1000nm/min). From the
start, the nucleation rate is high but quickly decreases to zero as the number of
nuclei saturates on the substrate. The substrate temperature for the Cr layer
(Tsu/Tm) is about 0.14 - 0.25 and the Ar pressure is about 3 =10 mtorr. For room
temperature deposition of Cr (110) films, many defects and voids have been
observed [29]. In this case the nucleation and growth conditions belong to Zone 1
of the Thornton's model. For Cr (200) textured layers deposited at 250°C, the
deposition condition is in Zone T. Therefore, well defined columnar grains are
commonly observed in the CrX thin films.

Columnar growth is primarily controlled by the competition between discrete
atomic deposition and surface diffusion [32]. Assuming no coalescence, the
average grain diameter, D, is related to the grain growth rate, G, and the

nucleation rate, 1, by [33]
2

D =1.448x (%)5 (2.4)

Therefore, any conditions which affect the nucleation or growth rates have a
corresponding influence on the grain size. Many methods of grain size control
have been studied based on the above theories. Depending on the layer structure
of a media, those methods can be classified into the following categories: a)
substrate surface modification, b) seedlayer studies, c) underlayer studies.

a) Surface modification of the substrate has not been considered as a method for
grain size reduction until recently. Lightly oxidized NiP or NiP-Co plated Al-Mg
substrates can be used to prepare smaller Cr grains [34]. Table 2.1 shows that
exposing the substrate to oxygen after dry etching helps to reduce the Cr grain size
and also narrows its distribution (o is the standard deviation).

Table 2.1 Dependence of grain size on O, exposure [34] (© 2000 IEEE).

Media 0. (1) (Grain cize (nm) ~ (nm)
A 0 10.8 3.9
B 15 9.8 3.3
C 3.5 9.3 2.9

Table 2.2 Dependence of grain size on Co concentration in Co-NiP coating [34] (© 2000 IEEE).

Media Cn (nnm) (Grain cize (nm) ~  (nm)
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B 0 9.8 3.3
E 120 9.6 3.1
F 400 8.8 2.9
G 1200 8.6 2.7

When Co is added to the NiP coating and oxidized, it is believed that Cr (5nm
thick) nucleates much easier at the Ni-O or Co-O sites than on NiP substrate
without oxidation. Therefore, the nucleation rate will be high and the grain size
will be smaller. Table 2.2 shows that the average grain size and the standard
deviation of the distribution can be reduced by this method.

Surface roughness is also one of the factors that affects the nucleation rate by
affecting the wetting factor of the critical nucleation energy. Chang et al. [19]
have demonstrated that the nano-roughness of the seedlayer will vary the wetting
of the Cr nuclei, increasing the nucleation rate of the Cr film, thus, decreasing the
grain size of the Cr layer. Using HRTEM, the authors also found fewer nuclei
with size of 2-3 nm on the smooth NiP layer, while the nuclei were 1-2 nm on
surface treated NiP layer (with nano-roughness). The smaller nuclei are
speculated to be due to the rougher surface and to be located in the valleys of the
rough NiP layer. As the Cr layer gets thicker (10 nm), the Cr grains on smoother
NiP layers coalesce into larger grains with size of 30nm, while the Cr grains on
the nano-rougher NiP layers maintain their orientation and particle coalescence
does not occur. This results in a smaller Cr grain size and a more uniform
distribution.

b) Seedlayer is another important factor in controlling the grain size. Matsuda et
al. [35] have found that a seedlayer of oxidized CoCrZr not only enhances the
CrTi (200) texture but also reduces the grain size. The authors believed that Zr
was selectively oxidized. As a result, ZrO nucleation sites can be formed at the
seedlayer surface controlling the nucleation rate and growth of the subsequent
CrTi layer. Likewise, the use of Ta,0s [36] or NiP [37] seedlayers has also been
reported to reduce the media grain size.

c) The underlayer is the layer that has been extensively studied in controlling the
grain size of magnetic layer. The gain size of the NiAl underlayers are reported to
be smaller than that of the Cr [38]. This is due to the stronger intermetallic bonds
between the Ni and Al atoms than between the Cr bonds, which results in smaller
nucleation energy and less diffusion. Therefore NiAl films have a higher
nucleation rate and subsequently smaller grain size [39].

The grain size of the underlayer can also be controlled by it own thickness.
However, if the underlayer (CrX) is too thin (less than 10 nm), the film does not
have a strong crystallographic texture. This will result in poor orientation and an
increase of defect density in the magnetic layer. It is commonly observed that H,
increases with Cr thickness and levels off after a certain thickness [30]. To
overcome this problem, ultra clean (UC) processes were adopted to obtain good
microstructural and magnetic properties with thinner Cr underlayer thickness and
lower Mt of the magnetic layer [40][41]. The reason for the effect of the UC
process is not clear, but removal of oxygen, water vapor and nitrogen in the
sputtering chamber is helpful in obtaining better surface mobility of the adatoms
and less defects, during both the Cr and Co-alloy deposition.
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Choosing alloys with higher melting temperatures, like CrwW [42], to reduce
Taun/Tm IS another practical way of decreasing the grain size. Moreover, the
underlayer composition also affects the nucleation rate and growth kinetics, which
eventually affects the grain size. Hosoe et al. [43] reported that CrTiB has a larger
grain size (11 nm ) than that of CrTi (9.5nm) when DC magnetron sputter
deposited onto NiP-plated Al-Mg substrates.

Table 2.3. Dependence of grain size on underlayers [45] (© 1999 IEEE).

Seedlayer underlayer | <d>(nm) | o/<d>
CrTi 15.9 0.31
Tazr CrTiB 10.5 0.27
CoCrzZr CrTi 9.1 0.24
CrTiB 7.1 0.18

The same group has shown that a CoCrZr seedlayer has an effective influence
on grain size reduction of the CrTi underlayer [44]. By combining the CoCrZr
seedlayer and CrTiB underlayer the authors obtained the grain size reduction.
Table 2.3 shows that the underlayer grain size is significantly influenced by boron
additions and the type of seedlayer. The smallest grain size is 7.1 nm. The table
also shows that when the average grain size of the underlayer is reduced, the
dispersion of the grain size distribution is reduced as well.

In summary, the grain size of the magnetic Co-alloy thin films can be
controlled through modifications of the substrate, the seedlayer and the
underlayer. However, there is currently no known method to narrow the grain size
distribution other than reducing the average grain size and expecting that the log
normal distribution will narrow itself accordingly. To significantly narrow the
grain size distribution, regular arrays of nucleation sites must be prepared on the
substrate or seedlayer. There are ways of producing mono-dispersed magnetic
particles by chemical synthesis [46,47] (also see Chapter 9); however, this method
has not yet been implemented in the production of recording media.

2.3 Crystallographic orientation
2.3.1 Introduction

For materials with the hcp structure a common texture is (00.1) when sputter
deposited onto an amorphous substrate, i.e. the (00.1) planes are parallel to the
plane of the film. In this case, there is often a mixture of hcp and fcc phases
present, which causes poor magnetic properties for magnetic recording [48]. To
make the c-axis of Co-alloy grain lie in or close to the film plane for use as
longitudinal media, underlayers must be sputtered before the Co-alloy layer. It
has been nearly a quarter of century since the discovery of bcc Cr underlayers
[49,50]. Due to the similar atomic size of Cr and Co, there are several possible
orientation relationships between the bcec Cr grains and the hcp Co grains. Three
relationships that have been used in longitudinal media are shown in Fig. 2.4.

It can be seen that Co (10.0) and Cr (112) planes have the best lattice match.

Actually the ratio of the two sides of the Cr (112) lattice plane is +/8/3 , which is



The size and distribution of thin film grains 9

exactly same as that of the Co (10.0) plane. For this reason, a perfect lattice match
can be realized between Co-alloy (10.0) plane and a Cr-alloy (112) plane by
varying the composition of the Cr-alloy.

When the Co thin film is oriented in a (10.1) texture, its c-axes are about 28.1°
away from the thin film plane, while in the (11.0) and (10.0) texture, the c-axes
are in the film plane. Much research has been performed to make single crystal
Co-alloy thin films with these three kinds of orientations, not only to demonstrate
the lattice matching but also to obtain the intrinsic magnetic properties (such as
the magnetocrystalline anisotropy) of Co-alloy thin films. When Ag/Si templates
are used, the epitaxial relationships between the substrate and thin films are:

Co(10.1)/Cr(110)/Ag(111)/Si (111) [52]
Co(11.0)/Cr(200)/Ag(200)/Si (200) [53,54]
Co(10.0)/Cr(112)/Ag(110)/Si (110) [55]
When MgO single crystal substrate is used the epitaxial relationships between the
substrate and thin films are:
Co-alloy (11.0)/Cr (200)/MgO (200) [56,57]
Co-alloy (10.0)/Cr (112)/MgO (110) [58]
Other single crystal substrates such as, Cr (100) and Cr(110) [59], GaAs (100)
[60], LiF and NaCl (100) [61] have also been studied. Reviews of the growth of
single crystal Co-alloy thin films and their basic magnetic properties can be found
in Ref. [62] and [63].
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It is not practical to use single crystalline thin films for longitudinal magnetic
recording, because the angular variation of H.,, Mt and S* in different
circumferential directions will cause a modulation of output signals. Therefore it is
better to allow the Co-alloy films to have their c-axes randomly oriented in the
film plane. From the results of epitaxial growth of single crystal films, one can see
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that the availability of the (10.1), (11.0) and (10.0) textured Co-alloy thin films
depends on the availability of the Cr (110), Cr (200) and Cr (112) textured
underlayers, respectively. Reviews on the control of the texture orientation of
polycrystalline Co-alloy thin films for longitudinal magnetic recording can be
found in Ref. [51] and [64]. A detailed electron diffraction study of
polycrystalline Co/Cr bilayers can be found in Ref. [65] where some of the less
frequently occurring orientation relationships, such as Co (11.0)/Cr (111) and
Co(10.0)/Cr (113) were also observed by electron micro-diffraction.

When Cr is deposited onto an amorphous substrate at room temperature, it
yields films with (110) texture. Early longitudinal magnetic recording media had
Co-alloy grains either randomly oriented [66] or with (10.1) preferred orientation
[67]. Consequently the magnetic easy axis (c-axis) of the grains were either 3D
randomly oriented or were oriented 28.1° from the film surface. In the latter case,
the Co (00.2) texture can also be developed because there is certain degree of
lattice matching between the plane Co (00.2) and Cr (110). As a result, there is a
good portion of Co-alloy grains oriented with their c-axes perpendicular to the
film, which is undesirable for the longitudinal recording. Therefore, the media
with Co (10.1) texture were replaced by ones with the Co (11.0) texture.

Several research groups discovered in the late-1980’s that films with Cr (200)
texture could be grown when the films were deposited at elevated temperatures
[68-70]. This texture of the underlayer lead to Co-alloy films with (11.0) texture,
as shown by Daval and Randet [71] in 1970. For (11.0) textured Co-alloy films,
the c axes are 2D-randomly oriented in the film plane. Moreover, when combined
with circumferential mechanical texturing the films can give rise to in-plane
circumferential anisotropy [72,73], that renders excellent recording properties
[74,75]. However, the roughness introduced by mechanical texturing [76]
increases the head to disk spacing. High-density recording requires that the heads
fly as close to the media as possible. Hence there is a trade off between obtaining
a smooth media surface and obtaining circumferential anisotropy. On the other
hand, glass substrates not only have smoother surfaces but also have mechanical
advantages over NiP/Al-Mg substrates. High recording density media on glass
substrates was made possible [4] after the introduction of the NiAl (112)
underlayer as described below.

A distinctive feature of media with the Co-alloy (11.0) on the Cr (200) texture
is its bicrystal structure [77,78]. Since the c-axis of Co-alloys can align with
either of the <110> directions in the Cr (200) planes, the Co-alloy can form
bicrystals with c-axis 90° to each other (Fig. 2.5).

The advantage of bicrystal grains is that they refine the grain size of the media
and may reduce recording noise [79,80]. The disadvantage is that they are very
likely to be exchange coupled with each other. The compositional studies have
shown that Cr segregation at the bicrystal grain boundaries is much less than that
at the regular grain boundaries [81]. This indicates that Cr segregation at the
bicrystal boundaries is not sufficient to magnetically decouple the grains. When
two bicrystals are exchange coupled, the diagonal directions between the
orthogonal oriented c-axes are effectively easy axes, while either of the c-axes
directions becomes effective hard axes [82]. In this case, the anisotropy energy
(K,) of an exchange coupled bicrystal grain is significantly decreased [83].
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Obviously, the chances of having several bicrystals nucleate on one underlayer
grain decrease with the decrease of underlayer grain size, viz. there will be a small
amount of bicrystals in high density recording media with smaller grain size.

1— b 1 T

Fig. 2.5 Bicrystals of a
' CoCrTa film on Cr underlayer
[77] (© 1995 IEEE, courtesy
of Y. Hosoe).

Co-alloy (10.0) on Cr (112) are the most desirable textures for longitudinal
media. Theoretically it can have a perfect lattice match. It does not produce
bicrystals. However, due to its higher Miller indices, the (112) textured Cr films
are very hard to obtain. In 1994 Lee, et al. [38] reported that NiAl can develop
(112) texture when deposited onto amorphous substrates. NiAl has B2 (CsCl)
structure, which is a bcc derivative structure. It also has nearly the same lattice
parameter as Cr. Therefore, Co (10.0) textured film can be obtained when
deposited either directly onto NiAl or on a Cr (112) intermediate layer. The
magnetic properties of Co(10.0)/NiAl(112) films are inferior to the bicrystal
Co(11.0)/Cr(200) media. However, once a thin Cr intermediate layer is added the
magnetic properties improve greatly, exceeding the (11.0) oriented media [84].

It was later found and suggested by Lu et al. that the function of Cr
intermediate is two-fold. First it inherits and continues to enhance the (112)
texture epitaxial growth [85]. Secondly, it has metallic bonds, which are non-
directional, compared to NiAl, whose bond types are a mixture of metallic, ionic
and covalent with directional character [86,87]. The Co-alloy has hcp structure,
which is different from the cubic B2 structure of NiAl, the directional bonds of
NiAl make it difficult for the Co-alloy to epitaxially grow on it. Adding a layer of
Cr enhances the epitaxy between the hcp Co alloy and its underlayer [88].

The weaker (112) texture of NiAl causes the Co-alloy (10.0) texture to be
weaker than the Co-alloy (11.0). Thus, a portion of the Co-alloy grains are
randomly oriented [85]. In this case, fcc regions and stacking faults cannot be
controlled by the Cr to Co-alloy epitaxy. As a result, the randomly oriented grains
not only have undesirable c-axis orientation but also have lower anisotropy
energy. On the other hand, the epitaxially grown grains have perfect lattice match
with the underlayers. These grains contain less stacking faults compared with the
grains in (11.0) textured Co-alloy media

It should also be noted that in-plane circumferential anisotropy has not yet
been achieved in (10.0) oriented media.
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2.3.2 Preferred orientation

Whenever a crystalline material is deposited onto an amorphous substrate, a
certain degree of preferred orientation (PO) is obtained (PO is also referred to as a
crystallographic texture). The specific texture of the film depends mainly on the
crystal structure and substrate-adatom interaction.

The driving force behind the PO is the minimization of the surface (interface)
free energy either by developing the lowest energy planes at the film-substrate
interface or by growing the lowest energy planes at the surface. The lowest
energy planes vary with crystal structure. Based on single crystal growth
observations [89], some of the known facets for crystals grown under equilibrium
states are: a) (111) planes for fcc Cu, diamond, ZnS and CaF, structure; b) (110)
planes for bcc metals and B2 (CsCl) structure. The latter can also develop (100)
and (112) planes when the crystals grow larger; ¢) (100) planes for NaCl structure;
d) (00.2), (10.0) and (10.1) planes for hcp structure.

Unlike the single crystals, which are grown close to equilibrium conditions
with all the surfaces being free, the texture of deposited films is governed by both
the surface and interface free energy. Therefore a crystallographic texture can
develop either during the nucleation stage before nuclei impingement or during
the growth stage after such impingement. Accordingly, the textures can be
classified as either nucleation textures or growth textures.

The following are the textures that are usually developed in deposited films:
Co-alloy films usually have the (00.2) texture for the hcp phase and the (111)
texture for the fcc phase. MgO (NaCl structure) films usually develop the (200)
texture [90], Cr (bcc) films usually have the (110) texture when grown at room
temperature, and the (200) texture when grown at higher temperatures (250°C)
[91-94]. NiAl (CsCl structure) develops either the (110) or the (112) texture [38].

Nucleation textures are formed during the initial stage of film deposition.
When the deposition conditions enable the adatoms to have enough mobility on
the substrate surface, the nuclei can more or less approach the equilibrium shape
before they impinge with each other. The orientation of the nuclei depends on the
relative values of the surface energy and interface energy. Such deposition
conditions include:

1. The interaction between substrate and adatoms forming the nucleus is weak
compared to the interaction amongst nucleus atoms.

2. The supersaturation is small.

3. The application of a substrate bias, which gives the adatoms extra kinematic

energy from the bombardment of the sputtering gas and therefore emits

loosely bonded atoms from the surface.

The sputtering gas pressure is low.

The nuclei must be large enough so that their surface can be described in

terms of crystallographic planes.

In deposition processes, the supersaturation may be high in the chamber. The

Ar pressure may also be high. To reduce the grain size, the substrate surface is

sometimes modified to enhance the interaction between the substrate and adatoms.

When these conditions are fulfilled, the nuclei are randomly oriented. In the

growth stage after the impingement of nuclei, certain grains with lowest surface

o s



Crystallographic orientation 13

energy will grow faster than others. The film will be gradually dominated by the
grains with this favorable orientation. This kind of PO is called growth texture.

It was found [95] that the Cr (200) texture can be initiated directly on the
substrate surface while the Cr (110) texture appears not to nucleate on the
substrate surface, but rather to form as a result of growth. Fig. 2.6 shows that the
PO of Cr films changes from (110) to (200) as the substrate temperature increases.
This is because the development of texture changes from being dominated by
growth to being dominated by nucleation.
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Fig. 2.6 (up) The X-ray diffraction patterns of Cr
(175 nm)/Glass films deposited at a) 45°C, b) 105°C, ; |||
) 200°C, d) 260°C [69] (© 1990 IEEE). J | II
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of a 400 nm thick NiAl film on glass
i substrate [39] (© 2000 IEEE, courtesy
BN of Yu-nu Hsu).
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At elevated substrate temperatures, the mobility of atoms is high, the
nucleation rate is low, and the nuclei can reach the equilibrium shape before
impingement. Because of the relative values of surface and interface free energy,
the Cr nuclei tend to take (200) orientations. However, as can be seen in Fig. 2.6
and Fig. 2.7, some of (110) oriented grains remain in the film because the ideal
equilibrium conditions are not perfectly realized during deposition. As the film
grows thicker there will be a greater volume of (110) oriented grains because of
their faster growth. The x-ray diffraction curves in Fig. 2.7 show an increase of
(110) peak intensity and a corresponding decrease of the (200) peak intensity as
the film thickness increases.

It is interesting to note that materials with the B2 structure [96] develop
different textures than those with the bcc structure. NiAl [38] and FeAl [97] tend
to have the (112) texture mixed with the (110) texture when they are deposited at
room temperature. The (112) texture gets stronger as the film grows thicker,
suggesting a growth texture (Fig. 2.8 and 2.9). Fig. 2.10 is a TEM cross-section
dark-field image [39] of a 400-nm thick NiAl film, which shows that most of the
(110) grains are near the film-substrate interface.

2.3.3 Degree of texture

To achieve a high degree of PO of the magnetic layer there are two main
considerations. First, how to obtain a good texture of the underlayer; Second, how
to obtain epitaxial growth of the magnetic layer on the underlayer.

2.3.3.1 Texture of underlayer

Many underlayer materials have been studied for the magnetic recording
media, such as, S-W [99], Ti [100], Cr, Mo, W [101,102], Ga [103] Ni,P [31,104],
Cr/seedlayer (NiP3, TiSi,, C, CrSi, etc.) [105,106], Cr/CrNi [107], Cr/pre-coating
(Cr, Ta, W and Zr) [108], NiCuP [109], Cr/amorphous carbon substrate [110],
Crs5Tiys/CoTi (B2 structure) [111,112], Cr/NiAl [84], etc. Among these materials,
CrX [113] and Cr/NiAl [4] are the most frequently used underlayers for
longitudinal Co-alloy media.

To obtain a high degree of Cr (200) texture, the adatoms should have a high
degree of surface mobility. A preferred way of doing this is through a heated
substrate, where the T, is between 200°C and 300°C, and the Ar pressure is kept
low [114]. By monitoring the texture quality using XRD rocking curves, Shan et
al. [115] found that the degree of texture of both CrRu underlayers and CoCrPtTa
magnetic layers improved monotonically as the substrate temperature increased.

Using a Ta seedlayer [108,116] can also improve Cr (200) texture. Ta serves as
an excellent wetting layer and provides enough mobility for the Cr adatoms to
nucleate in the (200) orientation.

Another way of obtaining Cr (200) textures is to deposit a seedlayer of MgO
[90, 117]. Because of its NaCl structure, MgO thin films usually obtain the (200)
texture when deposited at room temperature. In this approach, substrate
preheating is avoided so that grain size of Cr layer and the subsequent Co-alloy
layer can be well controlled.
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To study the angular distribution of the PO in the layers of recording media, an
electron diffraction method has been developed [118-120]. Although this method
needs TEM sample preparation, which is destructive to the disk, it has several
advantages over the XRD rocking curves. First, the amorphous layer and the Al
substrate can be completely removed. These contribute to either a diffuse
background intensity (Glass, NiP) or overlapping peaks (e.g. Al (200) overlaps
with Cr (110)). Secondly, the electron diffraction technique allows the study of
the crystallographic textures layer by layer. This is useful when the XRD peaks of
the different layers overlap with each other, for example, MgO (200) and Cr (200),
NiAl (112) and Cr (112), etc.

Using this method, Tang et al. [121] analyzed the degree of texture of MgO
(200), Ta (110), Co-alloy (11.0)/Cr(200), and Co-alloy (10.1)/Cr (110). The
authors found that the texture axis distribution angle a, which is comparable to the
full width at half maximum (FWHM) of XRD rocking curve, to be 12°, 10°, 6°,
6°, respectively for these films. Using the same method, Lu et al. [85] analyzed
the different layers of media CoCrPtTa/Cr/NiAl. They determined a to be about
14° for the NiAl layer, and 10° for both the Cr and CoCrPtTa layers. Not only did
they find that the texture degree of the Co-alloy (10.0) is weaker than that of Co-
alloy (11.0) and Co-alloy (10.1), but also that there are randomly oriented Co-
alloy grains, which are seldom found in (11.0) oriented media.

A similar media Co-alloy/CrV/NiAl has been investigated by J. Li et al. for the
10Ghit/in2 areal density demonstration [4]. The results from a XRD pole figure
also show a wide angular distribution (20°) of the (112) PO around the film
normal. By using a CrV intermediate layer, the CrV/(112) PO was more enhanced
compared to the film with a Cr intermediate layer. Moreover, the magnetic layer
was found to have fewer randomly oriented Co-alloy grains, which is due to the
enhancement of the epitaxy through better lattice match.

Parker et al. [122] have found that CrV alloys have the effect of enhancing the
(200) texture degree. The V content can be adjusted up to CrsoVso because of the
complete solubility of V in Cr. In their work 50 nm thick CrV films were sputter
deposited onto NiP/AI-Mg substrates at 25+1°C with 50V bias. Electron
diffraction patterns (EDPs) of the Cr film showed clearly that both (110) and (200)
oriented grains exist in the underlayer, while the CrVV EDP showed only a strong
(200) texture. The XRD experiments in the same paper indicate that the Co-alloy
layer has better epitaxy on a CrV underlayer than on a pure Cr underlayer. This
brings up the second important consideration for obtaining a high degree of PO of
the magnetic layer, namely the epitaxy between the underlayer and the magnetic
layer.

2.3.3.2 Epitaxy

The lattice parameters of Co-alloys for magnetic recording are usually larger
than those of pure Co because most of the alloying elements (e.g. Pt and Ta) have
larger atomic radii than Co. Also, some of the atoms, such as B, are in interstitial
sites, which also expand the lattice. It is critical to obtain lattice matching
between the magnetic layer and the underlayer in order to obtain good epitaxial
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growth, which in turn increases the degree of texture, reduces the interfacial stress
and stacking fault density. On the other hand, if the lattice match gets too poor for
epitaxy, the underlayer will be nonfunctional.  For example, when Ta
concentration becomes too large in the CoCrPtTa/Cr media many CoCrPtTa
grains tend to orient with the (00.2) planes parallel to the film plane [123].

Atomic Percenl t Chromium Atomic Percent t Molybdenum
to 20 8 4 50 80 0 8 9 il 2 30 40 50 &

zzzzzz

orcte 2500 L 3
- L
L 14
", w00 3
e B e

zzzzzzzzzzzzzzzz
&

;‘LE’ 1500 (Cr.Mo)
(V.Cr) asec
b4

(cr) + (Mo)

10 20 30 40 50 80 0 B0 80 100 10 20 30 40 5O &0 70 80 0
v Weight Percent Chromium or or Weight Percent Molybdenum Mo

Fig. 2.11 Cr-V phase diagram [124] Fig. 2.12 Cr-Mo phase diagram [124]

Several CrX alloys have been tried to accomplish good lattice matching.
Actually when one looks up the binary phase diagrams and lattice parameters, one
finds that there are not many CrX alloys that are suitable for lattice matching with
Co-alloys. CrMn, CrMo, CrOs, CrRu, CrSi, CrTc, CrTi, CrV, CrW are possible
alloys. It appears that the CrV is the best in terms of solubility. The Cr-V phase
diagram (Fig. 2.11) shows complete mutually solubility between V and Cr in the
solid state. Since V has the same bcc structure as Cr, the lattice parameter of CrV
underlayer can be adjusted continuously between Cr lattice parameter (0.2884 nm)
and V lattice parameter (0.3027 nm).

In addition, alloys like CrMo (Fig. 2.12) and CrW whose equilibrium phase
diagrams exhibit miscibility gaps may also be used because phase separation is
unlikely to happen in deposited films. Moreover, since both W and Mo have large
melting point, films of CrW and CrMo will form smaller grains. Most of the
above mentioned alloys have been tried as underlayer materials. CrV[122], CrW
[125], CrTi[126-128], CrRu [115], CrSi [127], CrMn [129] have all been
investigated and have been found to improve the magnetic and recording
properties of the media.

Vegard’s law [130,131] is commonly used in calculating the lattice parameters
of CrX alloys. The law postulates a linear dependence of lattice spacings with
composition, but does not often hold over large composition ranges for metallic
solid solutions. Nevertheless, within small composition ranges a linear
extrapolation may be acceptable. Wong and Ying [132] have shown that the
lattice parameter of CrV and CrMo alloys can be predicted using Vegurd’s law.
Lu et al. have shown the lattice parameter of CoCrPtTa with different Pt contents
varies linearly within the composition range [133].

Lattice mismatch problems can be further alleviated by introducing an
intermediate layer, which can either be a bcc CrX alloy or an hcp Co-alloy [134-
138]. The values of the lattice parameters of the intermediate layer are chosen to
be between that of underlayer and magnetic layer. Thus the mismatch can be
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spread across two interfaces. Zhang et al. [139] also found that the media with an
hcp non-magnetic intermediate layer, has better thermal stability as well as better
recording properties.

In summary, Co-alloy magnetic films can have (10.1), (11.0), and (10.0)
crystallographic textures when deposited onto CrX underlayers of (110), (200),
(112) textures, respectively. The degree of the Co-alloy texture depends on the
quality of the CrX texture and the extent of epitaxial growth. The underlayer
texture depends on the CrX composition, the initial texture type, the interaction
with the substrate, and processing parameters, while the quality of the epitaxy
depends mainly on the chemical bond matching and the lattice matching between
the magnetic layer and the underlayer.

2.4 Stacking faults and fcc phase
2.4.1 Introduction

The element Co has the hcp structure (space group P6s/mmc) at room

temperature and transforms to the fcc structure (space group Fm3m) at 422°C
[124]. This is unlike the elements Ti, Ru, Re, Zr, etc, which remain hcp until they
melt. The hcp - fcc transformation in Co is first order and therefore often occurs
with superheating (hcp — fcc) or supercooling (fcc - hep).
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Fig. 2.13(b) Stacking of (111) planes. Fig. 2.13(d) Stacking of (00.2) planes.

The unit cells and the stacking sequence of hcp and fcc structure are shown in
Fig. 2.13. It can be seen that the hcp structure is formed by stacking the close
packed planes in the sequence ABABAB..., while the fcc structure is formed by
stacking the close packed planes in the sequence ABCABCABC..., where the
letters represent the position of the centers of the atoms of each plane, as shown in
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the figure. Any error in the order of the stacking of the close packed planes is
referred to as a stacking fault. A stacking fault (SF) in an hcp phase produce a
thin slab of an fcc phase, for example ABABCBCBCB..., where the underlined
planes represent the fcc slab. SFs exist in all close packed structures though the
energy of formation differs from one alloy to another. The SF energy is an
intrinsic property of a material. For hcp alloys that transform to fcc at higher
temperatures, the SF energy is lower than in those hcp alloys which do not
transform to fcc [140].

Stacking faults (SFs) can be classified as either growth faults or deformation
faults. A growth fault occurs by incorrect stacking during the growth of the hcp or
fcc phase. A deformation fault is caused by a shearing of the close packed plane
as a result of resolved shear stress. Such a stress could be due to a lattice
mismatch at the interface or by the difference in thermal expansion coefficient
between the layers. The SF density is closely related to the process temperature:
the closer to the transformation temperature, the smaller is the energy difference
between hcp and fcc and the greater the number of faults [141,142].

In Co alloys the transformation temperature, Tnep.rec aNd Treenep, Varies with
composition. Although it is difficult to study the phase transformation below
800°C due to slow diffusion in the bulk alloy, some results [124] suggest the
transformation temperatures increase with the addition of Ir (up to 30%), Os, Re,
Rh (up to 20%), Ru, Ca, Mo, Si, and decrease with the addition of Al, Mn, Ni, Pd.
This implies that the amount of fcc regions and SF density may vary with Co-
alloy composition. Since the process of sputter deposition is far from equilibrium,
the normal substrate temperature (Tgy) of 250°C in producing of longitudinal
media is well within the range of the fcc ~ hcp phase transformation temperatures.
Therefore a large amount of SFs and a large quantity of fcc grains are expected if
the Co-alloy compositions and process parameters are not carefully selected.

Fcc grains are detrimental to magnetic recording because the Co fcc phase has
a small magnetocrystalline anisotropy energy. Investigation of fcc grains in Co-
alloy media can be dated back to 1982, when Coughlin et al. found that sputtering
gas contamination might induce the formation of fcc grains in perpendicular CoCr
thin films [143]. The existence of stacking faults in recording media was also
discussed in the late 1980s [144]. SFs normally give rise to striation contrast in
the TEM image of the Co-alloy grains. However, unlike the fcc phase, the effect
of stacking faults on magnetic and recording properties has not been fully
understood until recently. This is because of the complicated convolution of the
effect of SF with other effects, such as, composition, grain size, chemical
segregation, stress, etc. Next sections elucidate the effect of both fcc grains and
SFs on the magnetic and recording properties of Co-alloy longitudinal media.

2.4.2 Fccgrains

The magnetic anisotropy energy of Co fcc phase is about one order of
magnitude lower than that of the Co hcp phase [145]. Consequently, the presence
of fcc grains can significantly lower the H, of magnetic recording media and cause
thermal instability problems. These problems get more severe in the region of the
recording transitions, where the grains experience strong demagnetizing fields. A
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micromagnetic simulation confirms that percolation within the written bits
happens through the low coercivity grains. Fig. 2.14 shows a map of such a
transition. It can be seen that the low coercivity grains (circles) cause the
transition to be rougher, generating more transition noise [146,147].

Hcp and fcc Co-alloys have many planes with similar d-spacings. There are
however a few unique ones, such as, (200)sc, (10.0)nep, (10.1)nep and (10.2)pcp.
Therefore the (200) reflection is used in x-ray diffraction (XRD) or electron
diffraction (ED) to estimate the amount of fcc grains inside hcp Co-alloy thin
films [148,149]. High-resolution transmission electron microscopy (HRTEM) can
also distinguish a fcc grain from the hcp matrix by directly imaging the atomic
stacking sequence of the close packed planes [150].

IentU- Fig. 214, A map of micromagnetic
25520 simulation at the transition showing
St de o0t e - the percolation happens where there
Lt are a large number of low coercivity
ety +1 grains [146] (© 1998 IEEE, courtesy
: il = of R. W. Chantrell).

Many factors cause the existence of fcc grains in the magnetic layer.
Processing temperature is one of the most important factors. When a CoCrTa film
is deposited onto a substrate at temperatures greater than 250°C, the H. of the
magnetic layer decreases because more fcc grains are formed [151]. This indicates
that at high temperatures the hcp phase transforms to fcc phase and that a
substantial amount of fcc phase can be retained upon cooling to room temperature.
The temperature effect gives rise to a temperature dilemma: the magnetic layer
needs a higher temperature to obtain better Cr segregation to exchange de-couple
the magnetic grains, but such high temperatures may increase the amount of fcc
phase in the magnetic layer.

A second factor causing fcc grains to form is gas contamination. This has first
been shown in studies of perpendicular media [143], where introducing nitrogen
gas into the sputtering chamber dramatically increased the appearance of the fcc
grains thereby lowering the H.. An XRD scan showed that the (200) peak of fcc
increased significantly while the (00.2) peak was reduced and was replaced by
(10.0) and (10.1) peaks. This result shows that not only does the nitrogen induce
the formation of the fcc phase but it also makes the grains orient more randomly.

Studies on the impurity gas effects in longitudinal media [152-154] also show
that introduction of oxygen results in a drastic reduction of the coercivity of the
films. The coercivity reduction due to nitrogen is moderate and the effect of air is
intermediate between the effects of O, and N,. A close investigation on the
nitrogen gas effect reveals that magnetic and recording properties, such as, H,, S*,
SNR, deteriorate significantly for the Co,,CrsPt;, alloy as the base pressure (the
chamber was initially flushed with N,) is increased from 10 to 10 Torr. [149].
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The authors confirmed by plan-view electron diffraction that a large amount of fcc
grains were present when the base pressure was higher than 10 Torr.

The alloy composition is also a very important factor in controlling the amount
of fcc phase in Co-alloy thin films. From Fig. 2.15 it can be seen that the fcc
phase becomes stable at lower temperature as the Ni content increase. Ni is an
example of an fcc stabilizing element, as is Pt.

Pt addition causes another dilemma in searching for the ideal composition for
magnetic recording alloy. Pt has been found to increase H. by enhancing the
magnetocrystalline anisotropy of CoCr-alloy [155-157]. However, adding more
Pt gives rise to a greater "fcc tendency” [158] of the alloy. Consequently, greater
amounts of fcc grains, or fcc regions bounded by SFs, exist in high Pt CoCrPt-
alloys. An H-Pt composition curve of CoCrPt alloy present a peak around 18%
of Pt [156], though it is more appropriate to plot K, versus Pt content.
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Fig. 2.15. Co-Ni phase diagram [124]. permission from Elsevier Science).

The manifestation of the fcc tendency can also be found in the comparison of
Cog4Cry4Tay, Co76Cry,Pty,, and CozsNi;CrgPty, thin films [159]. In Ref. [159] the
authors reasoned that since in the CogCrisTa, alloy the (00.2) lattice spacing
matches almost exactly with the (110) spacing of Cr underlayer and that a 2%
mismatch is found between Co;sNi-CrgPt;, and Cr, it is expected that more SFs
and grains of fcc phase should be observed in the films of the latter composition.
Consistently, Co,¢Cry,Pt;,, whose lattice match with Cr is in between the other
two, shows an intermediate behavior. However, the phenomena can also be
understood in terms of the greater amount of fcc stabilizing elements (Ni and Pt)
in the CoNiCrPt alloy. Since there is such a large difference in the composition of
the three alloys, the effect of compaosition on Hy, M and K, of the Co-alloy should
not be over looked.

The phase equilibria in the Co rich region of the Co-Cr phase diagram below
700°C have not been firmly established. This is due to sluggish diffusion in the
temperature range. However, the work of Chan et al. [160] carefully studied the
bulk Co-Cr alloy from 1.44% to 20% Cr. They find that the amount of fcc phase
increases systematically with an increase in the Cr content (Fig. 2.16). Moreover,
the SF density in the bulk materials was never found to be zero, no matter how the
samples were heat-treated.
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2.4.3 Stacking faults

Planar defects which appear as striations in TEM images have been observed
for many years in plan-view TEM images of Co-alloy thin films [144,161-163].
These striations were determined to be stacking faults by electron nano-diffraction
[164] and high-resolution TEM [20]. It was found that SFs exist all through the
thickness of Co-alloy film [20], indicating that SFs occur even in the nucleation
stage of the film growth.

Unlike the fcc phase, stacking faults show almost no trace in a regular 6-206
XRD scans of Co-alloy media. According to Warren [165], SFs in a hcp system
can cause streaking and hence peak broadening in all the diffraction spots along c-
axis direction except the ones whose Miller indices satisfy h-k=3n, (n=0, 1,2,3...).
Accordingly, among the low index reflections, (10.0), (10.1), (10.2), (10.3) will
have streaks, (00.2), (11.0) will not have streaks.

There are several ways to detect SFs. XRD is the most quantitative way.
However, in longitudinal media, the c-axis directions are in the film plane. As a
result, all the peak broadening from the SF lies in the film plane. These
broadenings cannot be observed by normal 6—20 XRD scans, but an in-plane 6—20
scan using glazing incident beam does reveal them [148]. Synchrotron radiation
has to be used to obtain greater signal to noise ratios in such studies. Quantitative
information of growth fault and deformation fault probabilities can be obtained by
curve fitting the XRD spectra. Fig. 2.17 shows such XRD scans of two CoCrPt
media grown at 10° and 10° Torr base pressures [149]. The fits to the
experimental data are shown as solid lines. By curve fitting, the SF probabilities
and total percentage of fcc-like region can be obtained. It was determined that the
higher base pressure samples have more SFs and total fcc-like environment.

SF can also be detected by TEM imaging techniques, such as, diffraction
contrast imaging [39,166] or high resolution imaging [166-168]. Since the atomic
arrangement is clearly seen in HREM images, characteristics of the SFs can be
easily determined [167]. By measuring the percentage of the faulted area of a
high resolution image (Fig. 2.18), the SF density of that particular grain can be
determined accurately. The value may be used to estimate the SF density of the
whole sample.

Electron diffraction can also be used to study the SFs. Simply by taking plan-
view electron diffraction patterns, one can determine qualitatively the SF densities
[169]. Fig. 2.19 shows an electron diffraction pattern (EDP) of a (11.0) oriented
Co-alloy media. The streaks from the (10.1), (10.2), and (10.3) reflections can be
clearly observed. However, it should be noted when the film texture is (10.0), only
rings like (00.2), (11.0), with h-k=3n are present in a plan-view image or EDP.
Hence, there will not be either any streaks in the EDP or SF contrast in bright field
or high-resolution images. This problem can be solved by tilting the TEM
specimen to a higher angle [169,170]. A similar problem exists in the XRD setup.
Sample tilting or asymmetric XRD scans should be used to measure the SF
density in (10.0) textured Co-alloy thin films.

There are several causes for SFs in a Co-alloy thin film. Since the atomic
arrangement inside a SF region is same as that of fcc phase, all the above
mentioned causes of the fcc grains are also applicable for SFs. For example, it has
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been found that high substrate temperature promotes the formation of SFs [171]. It
has been found that the SF density increases with substrate temperature up to
260°C [167].

Fcc stabilizing elements, such as, Pt or Ni will also increase the SF density.
The commonly sputtered Co films have a c/a ratio of less than the ideal close
packing value of 1.633. The addition of the large Pt atoms causes the c/a ratio to
approach that of the ideal value, which in turn makes it energetically easier for the
crystallites to form with either an hcp stacking or fcc stacking.
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o) Fig. 2.17. In-plane 6-20 scans of

two CoCrPt media grown at 10°
and 10° Torr. The fits to the
Co(004) | experimental data are shown as
solid lines [148] (courtesy of
Helen Laidler).
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Fig. 2.18 High resolution TEM image Fig. 2.19 Electron diffraction pattern of a
showing SFs in a Co-alloy grain [168] (© CoCrPtTa film in (11.0) texture. The streaks
1996 IEEE). are due to the SFs [169] (© 2000 IEEE).

Another important cause of SFs is stress. Stress may arise from the difference
in the thermal expansion coefficients or lattice mismatch between the layers [159].
As determined by XRD [172] most of the SFs in the longitudinal media are
deformation faults caused by stress. It has been demonstrated that Cog,Cr,,Pt;4 On
Cr has a higher SF density than that of the media on Crg,Ta;g. The latter film has
better lattice match than the former. Moreover, the two samples have the same
probability of producing growth faults; only the probability of deformation faults
of the former is higher that the later. This strongly suggests that lattice mismatch
between the magnetic and the underlayer plays an important role in controlling the
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stacking fault density. Stress as an cause for SFs is also supported by high
resolution TEM observations [173]. By comparing CoCrTa/Cr and CoCrPt/Cr
thin films, it was found by high resolution TEM that increasing the Pt or Ta
content increases the SF density. Since Pt and Ta have much larger atomic size
than Co or Cr, the increase of Pt or Ta causes an expansion of the Co-alloy
lattices. These results indicate that internal stress at Co-alloy/Cr interface causes
SFs.

Both composition and lattice match affects the SF density, which in turn
affects the magnetic properties of the Co-alloy media. However, composition
directly affects the M, and K, of the film, while lattice match strongly affects
epitaxy and the spread of texture orientation of the magnetic layer, which are both
closely related to the magnetic properties [57, 122]. Therefore it is very difficult
to discriminate the real effect of SFs on the magnetic and recording properties of
Co-alloy media. Hence, it is not surprising that many research findings in the past
contradict with each other.

For example, several groups [167,174,175] observed H. increases with SF
densities and improves media noise by promoting elemental segregation in the site
of SFs due to Suzuki effect [176,177]. Later work did not find that SFs contribute
to the improvement of magnetic performance [150,169]. The earlier findings may
be due to multi-domain phenomena in the media, where Co-alloy grains could be
as large as 50 nm. There is also a contradiction in the trend of SF density varying
with substrate temperature [167,175]. This reflects the difficulty in estimating the
SF density in Co-alloy thin films.

Recently the effect of SFs on magnetic properties and recording properties has
been convincingly demonstrated [148,172,178]. The high SF density samples
were shown to have more significant magnetic viscosity effects, which may cause
significant thermal instability problems.

Moreover, research on the effect of the SF density in single crystal Co-alloy
films has shown a strong correlation between SF density and magnetocrystalline
anisotropy constant [170]. It was found that SF density negatively affects the
anisotropy and the anisotropy temperature dependence.

2.5 Composition and segregation

2.5.1 Introduction

As the areal density in longitudinal recording approaches 100Gbits/in? there is
a need for significant improvement of the intrinsic and extrinsic magnetic
properties of the Co-alloys to achieve shorter transition lengths, low media noise,
and higher thermally stability of thin film media. To make the recorded
information thermally stable, a high value of the ratio of K,V/kgT is required
[3,179,180]. Since V, the volume of magnetic grains, decreases with higher areal
density, greater K, materials are necessary for increasing the recording density.

Moreover, large H. and low M values are essential for higher linear density
and lower media noise [181]. It is also necessary to obtain intergranular magnetic
separation to lower the exchange interaction [182]. The recent modeling of 100
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Gbits/in? areal density [180] used media parameters of K, = 2.5x10° erg/cc, M =
300 emu/cc, while a recent laboratory demonstration of 30 Gbits/in® media used
Co-alloy media with M of 320 emu/cc, K, over 2.2x10° erg/cc and a remnant
coercivity (H,) of 4900 Oe [183]. Obviously, more stringent control of the Co-
alloy composition is necessary to achieve superior magnetic properties for higher
density media. On the other hand, since element segregation is the best way of
magnetically de-coupling the grains [184, 185] finding the right composition to
enhance chemical segregation at the grain boundary is another mission for alloy
improvement. This section covers both the effect of composition on the intrinsic
magnetic properties and on chemical segregation within Co-alloy media.

2.5.2 Alloy composition

Pure Co has a M, = 1400 emu/cc, K, = 4.5 x10° erg/cc, and a Curie
temperature (T.) of 1404 K. Many elements have been alloyed with Co in order to
decrease M while keeping K, relatively high,. Some of the alloy investigated for
thin film media include: CoP [186], CoPt [187], CoNi [188], CoNiCr [189,190],
CoCrTa [191], CoCrPr [192,193], CoCrPt [28,194,195], CoNiPt and CoNiPd
[196]. High M values used to be needed to obtain high signal output for the
reading was done by an inductive ring head. With the introduction of GMR heads
(see Chapter 10) large M; values are no longer necessary, which not only reduces
magnetostatic coupling at the transitions by decreasing the 41My/H, value, but
also inspires numerous studies of greater variety [197-200] of the Co-alloy with
larger number of elements [201].

Throughout the 1990s, CoCrTa, CoCrPt and CoCrPtTa were the most popular
alloys used by the hard disk industry. CoCrTa has very good noise properties,
CoCrPt has high K, Hy and H., while CoCrPtTa is a compromise between the
former two alloys. A large research effort has been devoted to understand the
compositional dependence of the magnetic and recording properties as well as the
microstructures of the thin films of Co-Cr-Pt-Ta systems.

The study of CoCrPtB alloys began in the early 1990s [202-205]. The
coercivity of the CoCrPtB film was found to be very large and the noise level was
low compared to other alloys of the same period of time. Therefore CoCrPtB has
drawn increasing attention. Recently, CoCrPtB was also found to have a narrower
grain size distribution and better intergranular de-coupling than the CoCrPtTa thin
film [16,206]. Therefore, CoCrPtB is now being widely used at the beginning of
the 21 century.

Research on the effect of Cr, Ta, and Pt on the magnetic properties of
CoCrPtTa thin films has been extensively performed leading to a comprehensive
understanding of the ternary/quaternary alloys. In 1993 Doerner et al. reported
that increasing the Cr concentration in CoCrPt alloys results in an improved signal
to noise ratio (SNR) [207]. The H. of the CoCrPt film increased with higher Cr
concentration. This is because of the Cr segregated toward grain boundaries
causing better exchange de-coupling between the grains. A nearly linear decrease
of M; with increased Cr concentration has been demonstrated (Fig. 2.20). Doerner
et al. also reported that an increase of Pt concentration has little effect on M, T,
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and SNR; however, the H. increased effectively with higher Pt content. This is
believed due to the large K, of the alloy.

The effect of Pt was further investigated in the low concentration range
((CoggCripTaz)igoxPty,  X=0-6%)[155] and high  concentration  range
((Coga6Crig.0)1004Pty, X= 0, 13, 20, 40%)) [156]. It was found that adding Pt
causes a linear M, decrease (Fig. 2.21). The M; decrease caused by Pt addition is
nearly 8 times less than that caused by the Cr addition. The maximum H, exists
for Pt <20%. The decrease of H. with higher Pt additions is believed to be caused
by a decrease in the epitaxy at the CoCrPt and Cr interface, and also by the
presence of fcc phase.

»
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Fig. 2.20. M; decrease in CoCrPt alloy Fig. 2.21. M; decrease in CoCrPt alloy
due to Cr additions [207] (© 1993 IEEE).  due to Pt additions [156]

There are two main difficulties in the measurement of the intrinsic magnetic
properties of Co-alloys from polycrystalline thin films. First, there is significant
elemental segregation both within the grains [208] and to the grain boundaries
[209]. It is very difficult to relate the measured magnetic properties to the nominal
composition. For example, in the case of a Co79CrigTag thin film, the maximum
Cr concentration at the grain boundary is determined to be 23%, while inside the
grains, the Cr concentration fluctuates between 8 and 11% [210]. In fact, the
intrinsic magnetic properties of the polycrystalline films are dominated by the core
magnetic grains because the grain boundaries are thought to be hon-magnetic due
to high Cr concentration. To further complicate matters, the degree of chemical
segregation varies with the deposition conditions. Thus, different research groups
often report incongruent results on same CoCr-alloy compositions.

The second difficulty comes from the small granular structure and the 2-d
random orientation of the polycrystalline film. It is difficult to measure the K, of
such films accurately, since the precise demagnetization energy of the film cannot
be estimated. Therefore, it is much better to determine compositional dependence
of basic magnetic properties of CoCr-alloy using single crystal thin films. [55,58,
157,201,211-214]. The effect of Cr and Pt composition on the magnetic
properties of CoCrPt, CoCrTa, and CoCrPtTa single crystalline films has been
studied by Inaba et al. [58,201]. The Co-alloy thin films were deposited onto
single crystal MgO (110) substrates with Cr or CrTi as underlayers to obtain a
good lattice match. As a result, single crystal films with (10.0) orientation were
obtained. Three series of Co-alloys which have been studied are: Cogs.,CryTa, (X
= 8'19%), COgg,ycryptlz (y =15, 19%) and (C073Cr15Pt12)100,zTaz (Z = 0'5%)

It has been found that the absolute magnetization (My,) and Curie temperature
(T,) values decrease linearly (Fig. 2.22) with an increase Cr content in the Cogs.
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«CrTay and Cogg.,CryPt;, systems and vanish at Cr concentrations of 33%. The
magnetization at 285K vanishes when the Cr concentration reaches 27%. CoCrPt
has a higher T, and K, than the CoCrTa films. For example, K, of the CogsCrgTa,
at 290K is 2.2x10° erg/cc, while K, of Co;3CrisPty is about 3.7x10° erg/cc. Both
M; and K, decrease with Ta additions, however as shown by Fig. 2.23, H, remains
constant up to 4 % Ta. Beyond this concentration, K, and H, values decrease
abruptly. This clearly demonstrates that excess Ta additions to the CoCrPt system
degrades the magnetic properties. As discussed above, the magnetic properties of
polycrystalline films depend strongly on the Co-rich core grains due to the Cr
segregation at the grain boundaries. It was shown that the temperature dependence
of M and K, for the Cog;CrisTa, polycrystalline thin film is more like that of
CoggCrgTa, single crystal film than that of Cog,Cri5Tay single crystal film [201].
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Fig. 2.22. M; and T, variation with Cr Fig. 223. M; and K, variation with Ta
concentration [201] (© 2000 IEEE, courtesy of N. concentration [201] (© 2000 IEEE, courtesy of N.
Inaba). Inaba).

M; and H, of CoCrPtB thin film with B addition up to 15 %, Pt up to 20%, Cr
up to 20% have been studied [202,203]. The dependence of Mg on Cr and Pt is
similar to the case of CoCrPtTa media. M decreases linearly with B additions. A
recent study [215] showed that the M, decrease rate caused by adding B is similar
to that caused by adding Pt. Moreover, it has also been showed that the Hy
increase rate due to B addition is similar to that due to Pt addition. Magnetic force
microscopy (MFM) studies [205] of the micromagnetic structure of CoCrPtB/Cr
thin films have shown that CoCrPtB/Cr films have a smaller magnetic volume and
lower magnetic roughness than CoCrPt/Cr media.

2.5.3 Chemical segregation
Experimental and modeling work have shown that exchange coupling between

the grains of magnetic thin films is largely responsible for the media noise
[216,217]. This intergranular coupling causes the formation of magnetic clusters,
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which are much larger than the individual crystalline grains. Inside the magnetic
clusters, the grains are crystallographically randomly oriented but all have the
same magnetization direction. Consequently, the transition region between two
opposite recorded bits has a zigzag like profile instead of a sharp continuous line
[71,216,218-220]. This zigzag transition makes the transition center fluctuate
randomly from transition to transition resulting in a timing jitter-induced noise. A
detailed review of the relationship between media noise and intergranular coupling
can be found in Ref. [221]. The key to making low-noise media is to minimize
strong exchange interaction between the magnetic grains. Since the exchange
coupling acts over short distance and the interaction decreases exponentially with
the separation, magnetic separations as little as 1 nm might be sufficient to de-
couple the neighboring grains.

There are generally three ways to de-couple the magnetic grains. One is to
physically separate the grains, which can be achieved by using low mobility
conditions during deposition of the underlayer and (or) magnetic layer. According
to Thornton’s model [222] discussed in section 2.2.3, voided films can be obtained
under high Ar pressure and low substrate temperature with no bias [26-29,185].
Growing thicker columnar underlayers is also found to be effective in reducing
media noise [30, 31]. Physical separation can also be achieved by using extremely
low melting point alloys for the underlayer materials [103]. The physical
separation method is not utilized for higher density recording media, due to its
undesirable crystallographic texture, poor crystallinity, poor corrosion resistance
and large surface roughness.

A second method of decoupling grains is to have non-magnetic phases, such as
oxides, in the grain boundaries. In the past O, has been shown to reduce media
noise by forming oxidized grain boundaries [223]. CoO or SiO, have been
deposited together with Co-alloys resulting in a complete separation of the
magnetic grains by the nonmagnetic materials [66,195,224,225]. However, films
made by this kind of deposition tend to have a poor degree of crystallographic
texture, poor corrosion resistance and a larger amount of the fcc phase.

The third way to achieve intergranular decoupling is through chemical
segregation at the grain boundary. Processing conditions required for composition
segregation in thin magnetic films are opposite to those used for physical
segregation. High substrate temperatures, low sputter pressures, and bias, are used
in combination to drive the segregation of one or more elements to the grain
boundaries. These deposition conditions are congruent with what is required for
other microstructural features, such as, epitaxial growth, control of stacking fault
density and crystallographic texture. Therefore this method is considered the best
way to magnetically separate the Co-alloy grains.

The phenomena of chemical segregation in Co-alloy thin films was reported as
early as the 1960s, when thick grain boundaries were observed in CoP and CoNiP
thin films [186,226-229]. The thickness of the separation was about 4nm. The
grain boundaries were believed to be composed of phosphorous, which was later
confirmed by X-ray energy dispersive analysis (EDAX) in a transmission electron
microscope (TEM) investigation [230].
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A large number of papers have been written on the studies of the
chrysanthemum pattern (CP) phenomena [231]. Since this phenomena is mainly
observed in very thick perpendicular films we will not discuss it in this review.

Precise determination of chemical segregation in CoCrPtTa thin films has been
shown using Nano-probe EDAX and EFTEM since 1993 [184, 232-234]. These
two methods have a spatial resolution of about 1-2 nm, which is about the same
dimension as the width of the grain boundary [159]. The former can provide
precise quantitative results while the latter also presents 2-D elemental mapping of
the films.

Cr segregation. It has been unambiguously found that Cr segregates to the grain
boundaries in CoCrTa, CoCrPt and CoCrPtTa thin films. Fig. 2.24 shows plan-
view EFTEM images of Cog,Cry,Ta,/Cr media deposited at T,;,=250°C. It can be
clearly seen from the Cr composition maps that Cr is depleted within the grains
(dark contrast) and that Cr is enriched in the grain boundary regions (bright
contrast). Similar results were found in a cross-sectional TEM specimen. Results
[81] from Nano-Probe EDAX from 29 grain boundaries showed that the normal
grain boundaries have a Cr content from 19 to 34 % (mean 23% Cr), while
bicrystal grain boundaries have a lower level of Cr (mean 17% Cr). The Cr
composition in the Cr depleted regions was found to be less than 7%. The full
width at half maximum (FWHM) of the composition profile across the grain
boundaries is about 4 nm. More recently, Cr segregation has been demonstrated
by Nano-Probe EDAX [210] that the thickness of the Cr-enriched shell is about
1nm in Cog CrysTa, alloy. This thickness is close to that observed by HRTEM
[159], which shows CogsCrisTa, film has a 0.5 to 1 nm amorphous like grain
boundaries.

It has also been discovered that more Cr segregates to the grain boundaries as
substrate temperature (Tq,) increases [209]. The films will exhibit an increase in
H. with the increasing T, Up to 250-300°C, partly because of the decrease of
exchange coupling by the Cr segregation. Further increases in Tg, will cause H,
to drop due to the formation of fcc phase. It has also been found that S* [235] and
the AM peak [236], which are indicators of degree of exchange coupling,
decreased with an increase of Tgy,. In addition, an applied bias has a similar effect
on the H,, S* and AM peak as Ty, [237].

sition Ql}lp.
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Fig. 2.24 Plan-view Cr and Co
composition map of a CoCrTa
thin film [81] (© 1998 IEEE,
courtesy of J. E. Wittig).
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Cr segregation in CoCrPt films has also been observed [232, 233], but the
amount of Cr at the grain boundaries was found to be less than in the CoCrTa
films. In the case of Co74Cr3Ptis (25 nm)/CrTi (50 nm) media deposited at
T»=300°C, the Cr concentration at grain boundaries was determined to be 16-
18%, which is only 3-5 % greater than the overall Cr composition. This may well
explain why HRTEM could not observe thick amorphous like grain boundaries in
the CoCrPt media.

Cr segregation is also observed within the grains [234]. The segregation sites
within the grains are most likely to be defects, especially small angle boundaries
between two CoCrTa crystallites that nucleate separately on one Cr grain. Such
defects are discussed in Ref. [237].

Type of grain boundary. Wittig et al. [81] found that Cr segregated more to the
high angle grain boundaries than to the coherent (semi-coherent) 90° bicrystal
boundaries. They found the mean Cr concentration in high angle boundaries was
found to be 23%, while the mean Cr concentration in bicrystal boundaries was
17%. Similar results have been reported by Inaba et al. [210], who found in
CoCrisTag thin films that at high angle boundaries the maximum Cr
concentration was 23% with the Cr-rich region thickness of about 1nm. At
bicrystal boundaries the Cr composition was determined to be 18% and the width
of the Cr enriched region was greater than 2 nm. These results suggest that the
driving force of Cr segregation is stronger toward the high angle boundaries than
toward the bicrystal boundaries.

Metal [high angle GBE (mJ/m°)|coherent twin GBE (mJ/m°)| Table 2.4. Grain boundary
Al 324 75 energy of high angle grain
Cu 625 24 boundaries and coherent grain
Ad 375 8 boundaries  (reprinted  from
Au 378 15 [140], © 1995, with permission
Ni 866 43 from Elsevier Science).

This phenomenon can be understood by the fact that high angle grain
boundaries have much larger grain boundary energy (GBE) than the bicrystal
grain boundaries. Physically a non-coherent grain boundary has a more open
structure, which better accommodates solute atoms than would a coherent grain
boundary. Table 2.4 list GBE of selected elements.

Inter-layer diffusion. Interdiffusion between the Cog,Cry,Ta, layer and Cr layer
(Tsub = 250°C) was not observed by EFTEM work [81,184]. On the other hand,
magnetic measurements which are more sensitive than the structural analysis have
found that Mg, S* and the AM peak decrease and H, increases with an increase of
Tsub in Co/Cr bilayers [238]. The use of a pure Co layer eliminated the possibility
of intergranular segregation leaving only interlayer diffusion as the mechanism for
Cr segregation. However, the magnetic properties varied only slightly when the
T Was less than at 250°C.

Interlayer diffusion can be enhanced by post-deposition annealing. Feng et al.
[238] reported that after annealing at 550°C for 1 hr. the M and S* of Co/Cr
bilayer decreases by more than 30% and that the H, increased from about 300 Oe
to 800 Oe. In fact, interlayer diffusion is an effective way of transport of foreign
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elements into grain boundaries of the CoCr-alloy films, in order to improve and
tailor the magnetic properties of the media without destroying the structure or
intrinsic magnetic properties of the core grains. Elements, such as, Mn [239,240],
Zn [241], Cu [242] and C [243] have also been used to enhance the magnetic
properties by interlayer diffusion.

Effect of Ta and Pt. It is very difficult to map the elements Ta and Pt using the
EFTEM technique [208]. It has been found by EDAX that Ta and Pt are randomly
distributed inside grains of both Cog;CrysTazand Co74Cri3Pty5 [184,233].

It has been widely accepted that Ta (not Pt) increases the segregation of Cr
solute atoms to the grain boundaries.  This is supported by magnetic
measurements demonstrating that CoCrPtTa media with more Ta content exhibit
lower S* and AM peaks and is also supported by elemental analysis indicating that
Cr segregates more in CoCrTa films than in the CoCrPt films.

Inaba et al. [210] have used Nano-Probe EDAX to compare segregation in 5
CoCr-alloys (see Table 2.5). Thin films of the alloys were deposited under the
same conditions as the CoCr-alloy (25nm)/ CrTi (50nm)/Si at 300°C. Table 2.5
lists the measured Cr concentration at the grain boundaries and inside the grains as
well as the average width of the Cr rich regions. The widths of the Cr rich region
were determined as FWHM of the Cr distribution profile.

Table 2.5. Cr distribution in the CoCr-alloy films [210]

Alloy CratGB Crinside grain width
Cog:CrisTas 25% 6-12 % 1nm
Co79CrisTag 23% 8-11% 1nm

Co7CrisPtiTay 18% 10% 2.3nm
Co075CrysPtyn 18% 14% 2.2nm
Co079Cr9Pty, 24%

It can be seen from the table that increasing the Ta concentration from 4 to 6%
does not further enhance Cr segregation. However, more Ta was found at the
grain boundaries. Comparing the first and third rows of the table, we notice that
adding 12% Pt into the CoCrTa alloy decreases the Cr segregation. The increase
of width indicates a smaller Cr concentration gradient from core to boundary,
which implies that the Cr-rich phase at the grain boundaries may not be
paramagnetic. As a result, the magnetic grains would not be effectively exchange
de-coupled. Comparing the last two rows of the table, it can be seen that adding
4% Cr increases the Cr concentration at grain boundaries, which is 5% more than
the overall composition. Considering that before the addition, it is only 3% more
than the overall composition, it is reasonable to conclude that the addition of Cr
still preferentially goes to the grain boundaries.

Boron diffusion. The Goldschmidt atomic radius of Boron atoms (0.097 nm) is
much smaller than that of Co (0.125 nm), Cr (0.128 nm), Pt (0.138 nm) atoms.
Therefore it is very likely that the B atoms can diffuse through interstitial sites as
in the case of carbon diffusion [243], despite the fact that the close packed
structure (hcp) does not have wide channels for interstitial diffusion compared
with the body center cubic (bcc) systems. On the other hand the Cr atoms have to
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diffuse by vacancy exchange, which is much slower than interstitial diffusion
[244]. Nuhfer et al. [245] have shown that B segregates to the grain boundaries in
CoCrPtB alloys. TEM and magnetic studies [16] has shown that adding 3-8% of
boron causes a wider grain boundary phase and smaller S* and AM peak. These
results indicate that better exchange de-coupled magnetic grains can be achieved
by adding boron in the CoCrPt alloy.

Post-deposition annealing. Much effort has been devoted to post-deposition
annealing of Co-alloy media [26, 115]. It has been demonstrated that post-
deposition annealing can effectively magnetically de-couple the grains, providing
excellent magnetic properties of the media. This is because annealing can take
advantage of using high Pt compositions, which enhances the K, of the CoCr-
alloy media. At the same time, enough Cr can be driven to the grain boundary to
exchange de-couple the grains. Without annealing, one has to add Ta and more Cr
into CoCrPt to get better exchange de-coupling media, which in turn decreases K,
and Hy of the film.

For example, after rapid thermal annealing in vacuum, CoCrPt media can have
an H, as high as 6000 Oe and an Mt = 0.3 memu/cc[247]. The H./H ratio is
another way of monitoring the degree of coupling between the magnetic grains.
This ratio has a maximum value of 0.5 for 2-D random media [246]. Mukai et al.
[248] has shown that by depositing at lower temperatures and annealing at higher
temperatures, the H, of CoCrPt can be increased from 2000 to 4571 Oe and the
Hc/Hy value increase from 0.2 to 0.46. Granular CoCrPt thin films were prepared
by alternatively depositing Co7gCryoPt;; (2.5 nm) and SiO, (0.1-0.6 nm) layers
onto a Cr underlayer on glass substrate at room temperature. The films were
vacuum annealed up to 580°C for 10 min. A large H, increase from 2555 Oe to
5611 Oe and M drop from 701 emu/cc to 242 emu/cc was observed [249].

However, it should be noted that post-deposition annealing is not a cost-
effective way for manufacturing of large quantities of disks. Seeking novel Co-
alloy compositions is still the number one task to make high-density media with
superior magnetic and recording properties.

2.6 Closure

We have shown that microstructural features such as grain size and
distribution, preferred orientation, stacking faults, chemical segregation and
composition of the media are all important in determining the magnetic properties
and recording performance of longitudinal thin film media. Optimum media
should have small grains with a narrow distribution, strong crystallographic
texture with c-axis in plane, low stacking fault density and a high degree of
chemical segregation to the grain boundaries.

Further research is important for the continuous improvement of these
microstructural features. However, as the grain size gets smaller, the
superparamagnetic limit will necessitate the use of high K, materials [179] such as
L1o-alloys or new media design such as AFC media [250,251].
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