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SUMMARY  The effect of a nonmagnetic hep-underlayver on
the epitaxial growth of CoCrigPt;p magnetic layers on sub-
strates of AloO3(0001) single-crystal has been investigated. Thin
films of (0001 )-oriented single-crystal CoCrygPt1g were obtained
by employing non-magnetic underlayers of CoCrpsRuzs; and
CoCrasRugs /Ti, while thin films of polycrystalline CoCrigPtyg
were grown after the deposition of underlavers of TiCryg and
CoCryp. The growth of thin film CoCrigPt;p on a Ti(0001)
underlayer was interpreted as quasi-hetero-epitaxial where the
continuity of the lattice across the interface is disturbed while
the overall crystallographic relationship between the two lavers
is maintained. A thin film of epitaxially grown CoCr;9Pto has
a compositional variation of a few percent across the film plane
in terms of elements that forms the alloy.

key words: Co-alloy magnetic thin filns, epitaxial growth, un-
derlayer, single-crystal substrate

1. Introduction

Co-based alloy thin films are widely used as the mag-
netic recording media of hard disk drives. The areal
density and data transfer rate will increase to 100
200 Gb/in? and 5001000 Mb/s, respectively, within the
next few years. The thermal stability of recorded infor-
mation and magnetic switching speed under such ultra-
high density magnetic recording have been investigated
through computer simulation. Accurate values for the
magnetic properties of the Co-based alloys such as its
uniaxial magneto-crystalline anisotropy constant and
Gilbert’s damping constant are essential for such an in-
vestigation. However, it has not been easy to determine
these values for thin films of polyerystalline magnetic
materials which consist of very small crystalline grains
and have a complicated microstructure [1].

To obtain accurate results for the basic magnetic
properties, it is necessary to use well-defined thin films
of the material, preferably in its single-crystal forms
2]. Thin films of single-crystal have been prepared
by hetero-epitaxial growth on single-crystal substrates.
Thin films of Co and Co-alloy materials with (1120),
(1011), (1010). and (0001) orientations have been epi-
taxially grown on various single-crystal substrates; the
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works are summarized in Table 1. Note that almost all
of these films were actually grown employing some un-
derlayer. Misfit dislocations. stacking faults, and even
subgrain boundaries are generally recognizable in these
thin films. These crystallographic defects are intro-
duced to accommodate the lattice mismatch between
the different materials. The crystallographic quality of
an epitaxially grown thin film depends on the materials
selected for the substrate and underlayer.

The effect of the substrate on the epitaxial growth
of thin films of (0001)-oriented CoCrPt magnetic layer
has been investigated for Al,03(0001). LaAlO3(0001),
SrTiO3(111), and MgO(111) single-crystal substrates.
In each case, a nonmagnetic underlayer was employed
under similar experimental conditions [16]. The best
single-crystal thin film in this work was obtained on
the AloO3 substrate according to this crystallographic
relationship: CoCrPt(0001)[21.0] // AloO3(0001)[10.0].

In this study, we focus on the effect of the un-
derlayer on the crystallographic quality of thin films
of CoCri9Ptp grown on substrates of single-crystal
Al;O3(0001). Nonmagnetic underlayers that have been
widely used as underlayers or intermediate layers in
the preparation of strongly c-axis oriented CoCr-alloy
perpendicular magnetic recording media [17]-[20] are
employed in the epitaxial growth of the magnetic thin
films. X-ray diffraction and high-resolution transmis-
sion electron microscopy (TEM) were applied to obtain
structural information. The conditions under which we
obtained good magnetic thin films are discussed on this
basis.

2. Preparing and Characterizing the Samples

A DC sputtering system with a base pressure below
1 x 107 torr [17] was used to prepare the thin films.
The cross-sectional structure of the sample is shown in
Fig. 1(a). Figure 1(b) shows the relationship between
the crystallographic orientation of a hep-material and
the AloO3(0001) substrate on which it has been epitax-
ially grown. The a-axis of the hep-material is rotated
by 30 degrees with respect to the a-axis of AloO3. In
our experiments, a nonmagnetic hep-underlayer and a
CoCrigPtig magnetic layer were sequentially sputter-
deposited on an AloO3(0001) substrate which was kept
at 260°C. The underlayer material with hep-crystal
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Table 1 The epitaxial growth of Co and Co-alloy thin films on single-crystal substrates.
Film orientation Underlayer Substrate Reference B
Co(1120) Cr(001) NaCl(001) Daval et al., 1970 (3]
Co-alloy(1120) - Cr(001) Wong et al., 1991 (4]
Co(1120) Cr(001) MgO(001), LiF(001) Nakamura et al., 1994 [5], 1995 [6]
Co-alloy(1120) Cr(001) MgO(001) Futamoto et al., 1994 [7]
Co-alloy(1120) Cr(001) GaAs(001) Ding et al., 1994 [8]
Co-alloy(1120)  Cr(001)/Ag(001) Si(001) Yang etal., 1997 [9]
 Mn,Si(002)/Ag(001)  Si(001) o Hsu et al., 2000 [10] -
Co-alloy(1011) - Cr(110) Wong et al., 1991 [4]
Co-alloy(1011) Cr(110) /Ag(111) Si(111) Gong etal., 1999 [11] B
Co, Co-alloy(1010) Cr(112) MgO(110), LiF(110) Nakamura et al., 1994 [5], 1995 [12]
Co-alloy(1010) Cr(112) /Ag(110) Si(110) Yangetal,, 1999[13]
Co, Co-alloy(0001) Ti(0001), Ru(0001) Mica(0001) Krishnan ct al., 1994 [14]
Co-alloy(0001)  Ti(0001) /Ag(111)  Si(111) Gong et al., 1999 [15]
Co-alloy(0001) CoCrRu(0001) SrTiO4(111), LaAlO5(0001) Terayama et al., 2001 [16]
AlLO4(0001)
@ (b) o & 2 the Afsy values include the effect of the Co-alloy lay-
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Fig.1 (a) Cross-sectional view of the sample structure. (b)
Crystallographic relationship between the nonmagnetic hep-
underlayer and the substrate of AloO3(0001) single crystal. Note
that the a-axis of the hep-underlayer is rotated by 30 degrees
with respect to that of AloQ3 substrate.

a(CoCry = 0.353 nm
a (CoCrRu) = 0.258 nm
a(Ti)=0.295 nm

Al O (0001)
A (Al:O) = 0.476 nm

structure was selected from the group which consists of
Ti, TiCryp. CoCryg, CoCrosRuss, and CoCras Ruags /Ti.
The thickness of the CoCrigPt;y magnetic layver was
kept constant at 25 nm. The subscripts on the chemi-
cal names above are in at% and are the values for the
respective sputtering targets.

The rocking curve and pole-figure techniques were
employed with X-ray diffraction to investigate the sam-
ple structure. Cross-sectional views of the sample strue-
ture were obtained through a high-resolution trans-
mission electron microscope.  TEN was also used.
with a chemical analysis facility, to investigate the
microscopic-level distribution of elements in the alloy of
a thin film of single-crystal (0001)-oriented CoCryoPt .
A focussed electron beam two nm in diameter was em-
ploved in this electron-probe micro-analvsis (EPMA)
to determine the distribution of elements in the cross-
sectional and plan-views of the sample.

3. Results and Discussion
3.1 X-Ray Diffraction
The Af5g values of (0002) rocking curves measured for

the underlayers and the Co-alloy layers are given in
Table 2. For the nonmagnetic Co-alloy underlayers.

ers. since the X-ray diffraction peaks for the CoCryg
and CoCrosRuss layers overlapped with those for the
magnetic CoCrgPtyg layers. The Af;y value for the
Co-alloy layer is in the range from 0.6 to 3.5 degrees.
A Afsy value below one degree may suggest that the
thin film was grown epitaxially on the single-crystal
substrate. It is clearly shown that preparation of an
epitaxial layer of CoCrigPt g is strongly dependent on
the material used for the underlayer.

Figure 2 shows the X-ray pole-figure profiles
measured for the substrates. underlayers, and Co-
alloy layers. The {10.1} poles for the nonmagnetic
Co-alloy underlayers are overlapped with those for
the CoCrygPtyo magnetic layers.  The {10.1} pole-
ficure for the CoCrigPto/Al2O3(0001) sample shows
a weak intensity of 6-fold symmetry. This data in-
dicates that the CoCrgPt)y magnetic layer has been
grown epitaxially on the Al,O3(0001) substrate but
with a large texture-induced dispersion.  This film
presumably includes crystallographic defects such as
the subgrain boundaries that were noted in previ-
ous studies [14].[15]. The CoCrjoPtyp film in the
CoCrigPt o/ TiCry/Alz05(0001) sample is polycrys-
talline. even though the TiCryy underlayer was epitax-
ially grown on the substrate. The circular distribu-
tions of the {10.1} poles for the CoCrigPtp film in
the CoCrigPtyo/CoCry/Al:05(0001) sample, which is
formed by circular and arc-like curves. indicate that
it. too. is polycrystalline. The {10.1} pole-figures of
Co-alloy for the CoCrigPto/CoCrasRuss /AloO5(0001)
and CoCrgPt1o/CoCras Rugs /Ti/AlaO3(0001) samples
are made up of very sharp reflections in G6-fold symme-
try. indicating that the growth of the CoCrgPt mag-
netic layers on the Al,O3(0001) substrates was epitax-
ial.

Of the various underlavers investigated here, the
CoCrosRugs laver produced the sharpest {10.1} pole-
ficure profile with the smallest dispersion, while the
CoCryg layer produced a circular {10.1} pole-figure dis-
tribution which had the largest dispersion. The or-
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Af5o values for thin films deposited on the AlpO3(0001) substrate (Af50:

Sample structure

(1) CoCrPt (25 nm)

(2) CoCrPt (25 nm)/TiCr (50 nm)
(3) CoCrPt (25 nm)/CoCr (20 nm)
(4) CoCrPt (25 nm)/CoCrRu (50 nm)

(5) CoCrPt (25 nm)/CoCrRu (10 nm)/Ti (50 nm)

Underlayer Co-alloy layer

- 35
0.6 (TiCr) 3.0

- 2.2 (CoCr + CoCrPr)

* 0.6 (CoCrRu + CoCrPt)
0.6 (Ti) * 0.9 (CoCrRu + CoCrPt)

* The X-ray diffraction peak for the nonmagnetic Co-alloy layer overlapped with that for the CoCrPt layer.
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Fig.2  X-ray pole-figure profiles for 5 samples: (1) CoCri9Pto
(25nm)/Al203 (0001), (2) CoCrigPt1o (25nm)/TiCryp(50nm)/
Al203(0001), (3) CoCrigPt1g (25nm)/CoCrgp (20nm)/ Al2Og
(0001), (4) CoCrigPtip (25nm)/CoCrasRuzs (50nm)/Al203
(0001), and (5) CoCri9Pt1p (25nm)/ CoCrasRuss (10nm)/Ti
(50nm)/ Al20O3(0001).

der of merit for {10.1} pole dispersion of the thin
film layers formed on the Al,O03(0001) substrates is
CoCrosRuas (—5.9%) > Ti(7.6%) > TiCryo(7.3%) >
CoCry9Pt19(—6.6%) > CoCryo(—6.1%). Here, the nu-
merical values are the degrees of lattice misfit be-
tween the deposited material and the AloO4(0001) sub-
strate.  The X-ray pole-figure study indicates that
the CoCrigPtg layer has a weak tendency for hetero-
epitaxy, while hetero-epitaxy is not realized for the
CoCryp layer on the AloO3(0001) substrate. Hetero-

epitaxy is realized for the other materials. As the X-
ray pole-figure observations clearly show, a small lattice
misfit between the deposited layer and the substrate
does not always provide a sufficient condition for good
hetero-epitaxial growth of thin films.

The TiCryg, Ti, CoCri9Ptg, and CoCrasRusgs lay-
ers grew by epitaxy on the AloO3z(0001) substrate.
However, the growth of the CoCryy layer was not
epitaxial on the Al;O03(0001) substrate. The growth
of CoCrygPt)y magnetic layer was epitaxial on the
CoCrosRug; /Ti(0001) and CoCrasRuas (0001) layers
but not on the TiCrio(0001) layer. It is apparently
necessary to take factors other than the lattice misfit
into account such as chemical affinity and the diffusion
properties of the deposited material on the substrate.
An underlayer material which has a large proportion of
Cr atoms tends to be a poor base for epitaxial growth
on the Al,O3(0001) substrate. One possibility is that
Cr atoms may suppress the surface diffusion of the ma-
terial deposited on the substrate through selective com-
bination with the oxygen atoms on the Al,O3(0001)
surface. Some diffusion of the deposited atoms over
the substrate’s surface is a necessary precondition for
epitaxial growth. The addition of Ru to the CoCr-
alloy is considered to facilitate surface diffusion. since
the CoCrRu layer showed good hetero-epitaxy on both
the AloO5(0001) substrate and the Ti(0001) underlayer.
It is interesting to note that hetero-epitaxy between
the layers is realized with the Ti(0001) underlayer and
CoCrasRusgs layer, even though the misfit between the
Ti (a = 0.295nm) and CoCrosRuss (@ = 0.258 nin) lat-
tices is a large 12.5%. Surface diffusion of the deposited
material over the substrate is considered to play an im-
portant role in this formation of an epitaxial thin film
of CoCroszRuss on a Ti(0001) layer. However, further
study will be needed to prove this interpretation.

3.2 Transmission Electron Microscopy

In order to investigate the microstructure of the thin
films grown by epitaxy on the AloO3(0001) substrates.
their cross-sectional structures were observed through
a high-resolution TEM. Figure 3 shows the cross-
sectional structure and electron diffraction patterns
for a C()Cl‘lgl)t1(]/C()CI‘25th-g_-j/Al-zo:;(UUU1) sample.
The pattern of electron diffraction from the substrate.
Fig. 3(b). is for the Al,O3(1120) plane. The electron
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10 nm

Fig.3 (a) Cross-sectional view of a CoCrigPtip (25nm)/Co
CrosRuz; (50nm)/Al2O3(0001) sample: (b)), (¢). and (d)
show the diffraction patterns for selected areas of the AlaOs,
CoCra5Russ, and CoCrigPtg regions, respectively.

Fig.4 High-resolution TEM micrographs of a CoCri9Ptg
(25nm)/CoCrasRuzs (50nm)/ Al2O3(0001) sample: (a) the in-
terface between the CoCrigPtyg and CoCra;Russ; layers and (b)
the interface between the CoCrosRuss layer and AlaO3(0001)
substrate.

diffraction from the CoCrasRuss layer, Fig. 3(c). and
that from the CoCrgPtq layer, Fig.3(d). clearly in-
dicate that hetero-epitaxial thin-fillm growth has been
realized on the Al,O3(0001) substrate.

Figure 4 is a pair of high-resolution TEM im-
ages that show the interfaces between the Al,O3(0001)
substrate and CoCrasRuss layer and between the
CoCrasRugs and CoCrigPt;g layers. The good hetero-
epitaxy between the AlsO3(0001) substrate and the
CoCrasRuss laver is clearly visible. The (0002) planes
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10 nm

Fig.5 (a) Cross-sectional view of a CoCrigPtig (25nm)/Co
CrasRuzs (10nm)/Ti (50nm)/ Al2O3(0001) sample: (b), (c),
(d), and (e) show the diffraction patterns for selected areas of the
Al203, Ti, CoCrasRuss, and CoCri9Ptyg regions, respectively.

are parallel for both pairs of materials. Growth of the
CoCri9Pt g magnetic layer on the CoCrosRuss under-
layer is perfectly hetero-epitaxial; the lattice misfit is
only —0.8%.

Figure 5 shows the cross-sectional structure of a
CoCrygPty9/CoCrasRuss/ Ti/Al,03(0001) sample and
series of electron diffraction patterns from the respec-
tive materials. The patterns indicate that hetero-
epitaxial film growth is realized across the different lay-
ers. Some dark regions are recognizable in the bright
field image for the Ti layer close to both of its bound-
aries. These are presumably result of stress and/or
strain. There are no clear crystalline grain boundaries
in either the Ti or the CoCrigPtyo/CoCraosRugs layer.

High-resolution TEM micrographs of the regions
around the boundaries are shown in Fig.6. A sharp
boundary is formed between the Al;O3z substrate and
the Ti underlayer. A noteworthy in Fig.6(b) is that
the Ti(0002) lattice images are not exactly parallel
to those of AlaO3(0002) layers but are bending with
small angles. A similar tendency is visible in the
same layer near the CoCrozRugs layer. There is an
atomically disordered region that takes up very few
(0002) layers at the interface between the CoCrozRuas
and the Ti layer: that is presumably caused by the
large lattice misfit of —12.5% for these materials. The
growth of a CoCrgsRuss; layver on Ti(0001) is inter-
preted to be based on a quasi-hetero-epitaxial mech-
anism where the continuity of the lattice across the
boundary is disturbed but the overall erystallographic
relationship between the two layers is maintained.
This quasi-hetero-epitaxy between Ti and Co-alloy lay-
ers may easily be lost by modifying the composi-
tion of the thin film as was seen in the case of the
CoCrigPtyp/TiCrip/Al203(0001) sample in this study.
On the other hand. perfect hetero-epitaxy is realized

v
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for CoCrigPtys on CoCrozRuss. This is clearly visi-

ble in the upper half of high-resolution lattice image of

Fig. 6(a).

CoCrRu

Fig.6 High-resolution TEM micrographs of a CoCrigPtg
(25nm)/CoCrasRugs (10nm)/Ti (50nm)/ AlaO3(0001) sample:
(a) the interfaces of the CoCrigPt o/CoCra;Rus;/Ti stack and
(b) the interface between the Ti layer and the AloO3(0001) sub-
strate.
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3.3 Chemical Compositions
Local composition was investigated by applving an
EPNMA-TEM technique to a cross-section  through
a sample of CoCrigPtig/CoCrasRuas/AlaO3(0001).
Compositional variations of the alloy elements of Co,
Cr. Pt, and Ru were investigated along the sequences of
points on two lines shown in Fig. 7(a). Similar propor-
tions for the respective elements were observed along
both lines. There are no large differences in elements
in composition along the film growth direction in either
the CoCrosRuss or the CoCrigPtyg laver. Composi-
tional fluctuations along the direction of film growth are
less than 3 at.% for each of the elements in the alloys.
Sharp compositional variations of a very few nanome-
ters appear at the interface between the CoCrasRuss
and CoCrygPt o layers. When we consider the electron-
probe’s diameter 2nm and the uncertainty in terms of
sample thickness. we see that it is not easy to deter-
mine an accurate diffusion distance for elements when
this value is a very small number of nanometers.
Figure 8 shows local concentrations Co,
Cr. and Pt for a plan-view thin film of single-
crystal CoCrigPto(0001) which was extracted from a
CoCrPt/CoCrRu/Al,O5(0001) sample. The composi-
tional analysis was carried out along the two lines. A B
and C-D, indicated in Fig.8(c). The film’s composi-
tion was determined as Co 71.2 £+ 2.8(20)%. Cr 18.0
* 2.3(20)%, and Pt 10.8 = 1.1(20)%, where o is the
standard. deviation. This thin film thus shows slight
compositional variation, though it is a (0001)-oriented
single-crystal. Such compositional fluctuations may be
due to the effect of local stress or strain within the

of

single-crystal thin film sample. Compositional fluctua-
tions will readily be enhanced by the presence of crys-
tallographic defects in a CoCr-alloy sample where the
proportion of Cr exceeds the limit on solubility in the
phase diagram for the Co-Cr alloy svstem.

)
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Fig. 7 Distributions of Co. Cr, Pt. and Ru in the alloys. as measured along the

direction of thin film growth:

(a) a cross-sectional TEN micrograph of CoCrjgPtyg

(25nm)/CoCrasRuz; (50nm)/ Al204(0001) sample: white dots indicate the analvsis
points, and (b) distribution of the alloy elements.
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Fig.8 Distributions of Co, Cr, and Pt measured for a thin film

of CoCri9Pt1p single-crystal; the CoCrigPt1g plan-view spec-
imen was extracted from a CoCrigPtig (25nm)/CoCrasRuas
(50nm)/Al203(0001) sample: (a) distributions of elements as
measured along the A-B line, (b) distributions of elements as
measured along the C-D line, and (¢) a plan-view TEN image
showing the analysis points.

4. Conclusions

The effect of a nonmagnetic hep-underlayer on the
epitaxial growth of magnetic CoCrigPty layers on
Al,O3(0001) substrates was investigated. The follow-
ing results were obtained.

(1) The epitaxial growth of a CoCroPt;n magnetic
layer was found to be strongly dependent on the
underlayer material.  Good thin films of single-
crystal CoCroPtyg with (0001) orientation were
obtained by deposition on Al,O3(0001) substrates
via CoCrasRuss or CoCrasRuss /Ti underlayers. A
weak form of hetero-epitaxy was realized when the
CoCrygPtyy film was directly deposited on the sub-
strate. while polyerystalline thin films grew when

IEICE TRANS. ELECTRON., VOL.E85-C, NO.10 OCTOBER 2002

cither a TiCryy or a CoCryy underlayer was em-
ployed.

(2) The growth of CoCrigPtyy film on Ti(0001) is
according to a quasi-hetero-epitaxial mechanism
where the continuity of the lattice across the
boundary is disturbed but the overall crystallo-
graphic relationship between the two layers is main-
tained.

(3) Epitaxially grown thin films CoCry9Pto have com-
positional variations across the film plane of a few
percent in terms of the concentrations of elements.
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