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Cobalt-chromium (Co-Cr) thin films deposited in an alternating multilayer structure by the
magnetron sputtering method have an artificial superlattice hexagonal closed pack (hep)
structure with the c-axis normal to the film plane, where the c-plane of hep-Co grows
epitaxially on the (110} plane of the bee-Cr. The film, composed of monatomic layers of Cr
and then several atomic layers of Co in an alternating fashion, has an especially excellent hep
structure and shows a clearly separated spot pattern in reflection high-energy electron
diffraction analysis. The artificial superlattice structure of the film is stable thermaily to
temperatures up to 500 °C. Small-angle x-ray diffraction analysis confirmed the layering of
monatemic layers of Co and Cr, where the periodicity of layers was found to be about 5 A.
Transmission electron microscopic observation proved the artificially layered structure in these
films. The films showed ferromagnetism over a wide Cr composition range, where the
thickness ratio of Co and Cr layers was varied from 4/1 to 1/4. The perpendicular
magnetization hysteresis loop was obtained in films with a Co layer thinner than about 12.5 A
for various thickness ratics of Co and Cr layers. It is concluded that the origins of the
perpendicular magnetization in the Co-Cr films with artificial superlattice structures are the
magnetocrystailine anisotropy and the shape anisotropy related to the columnar structure.

i. INTRODUCTION

The Co-Cr thin film is generally considered a good me-
dium for perpendicular magnetic recording owing to its high
perpendicular magnetic anisotropy.'™ Magnetic and crys-
tallographic properties of Co-Cr thin films were studied on
films prepared by varicus methods such as spuitering,'™
evaporation,® and electroplating.® Researchers pointed out
that the perpendicular magnetic anisotropy in Co-Cr thin
films was related to a hep crystallographic structure with its
¢ axis perpendicular to the film plane, where Cr was segre-
gated near the grain boundaries. Magnetic properties and
microstructures of Co-Cr films are strongly influenced by
the preparing methods and substrate materials. Double-lay-
er media such as Co-Cr/Fe-Ni, Co-Cr/Ta, and Co-Cr/Ti
have been extensively studied for perpendicular magnetic
recording applications.*™?

New materials with artificialiy layered structures have
attracted muck attention in many fields such as semiconduc-
tor,'>!! superconductor,">'? and magnetic materials."*!
Artificially layered films composed of monatomic or few
atomic layers are of great interest as magnetic materials. The
magnetic exchange interaction betwecn constituent ele-
ments occurs only in a short atomic distance in these films.
We reported a new class of amorphous Tb-Fe films with
artificially layered stractures prepared by alternate deposi-
tion of ultrathin layers of Th and Fe, which exhibited large
uniaxial anisotropy, high saturation magnetization, and
bigh coercivity.?>*!

The present paper describes the formation of an artifi-
cial superiattice structure using two constituents with differ-
ent crystal structures but the same atomic sizes, and the
magnetic properties of the constituents divided in monato-
mic or few atomic layers. We made the layered structure in
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Co-Cr films by 2 multisource de-sputtering method. An arti-
ficially layered struciure in these films was confirmed by
transmission electron microscopy and small-angle x-ray dif-
fraction analysis. The crystallographic properties of the
films with artificial superlattice structures were studied by
conventional x-ray diffraction analysis, cross-sectional
transmission electron diffraction analysis, and reflection
high-energy electron diffraction {RHEED) analysis at the
film surface. This may be the first time that it has been possi-
ble to realize an artificial superlattice structure in magnetic
materials.

. EXPERIMENTAL PROCEDURES

Co-Cr thin films were deposited in an alternating muiti-
layer structure onto glass substrates by a multisource de-
spuitering method. Sputtering was carried out at an argon
pressure of 53X 1077 Taorr after once bringing the chamber
back to a pressure below 1X 107° Torr. A é-in.-diam Co
target and a 5-in.-diam Cr target, both water cooled, were
placed at opposite positions on a 125-mm-radius circle. The
sebstrate holder, also water cooled and grounded electrical-
ly, was rotated at a speed of 3-120 rpm. Co and Cr were
deposited in an alternating multilayer structure on the sub-
strate. The spacing between the targets and the substrate was
about 80 mm. The composition of the filtns was controlled
by choosing appropriate deposition rates of Co and Cr, and
the thicknesses of Co and Cr layers were controlled by vary-
ing both the individual deposition rate and the rotation
speed of the substrate holder. The deposition rates of Co and
Cr were determined by measuring the thicknesses of Co and
Cr films deposited individually, divided by the deposition
time. The composition of the films was determined by elec-
tron probe microanalysis (EPMA). The thickness of the
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films was measured with a Taylor Hobson Talysurf.

Measurements of magnetic properties such as satura-
tion magnetization M|, coercivity ., and uniaxial anisctro-
py constant K, were made by using a vibrating sample mag-
netometer (VSM) and a torque magnetometer with an
applied field of 20 kQe. Samples were placed in a vacuum or
Ar gas atmosphere for measurements over a temperature
range of 4-930 K.

Crystallographic structure of the films was examined by
the standard x-ray diffraction with CoKa radiation. The
layered structure of the films was studied using transmission
electron microscopy (TEM) and small-angle x-ray diffrac-
tion analysis using CoKo radiation.

i1, RESULTS AND DISCUSSIONS
A. Structure of Co-Cr films
1. Anafysis of an artificially layered structure

Thick Co-Cr films {more than 1 zm) were prepared at
room temperature, where the thickness ratios of Co and Cr
layers were varied from 4/1 to 1/4 with periodicities varied
from 5 to 200 A. The deposition rates of Co and Cr were
varied from 5 to 1.25 A/s, and from 1.25 to 5 A/, s, respec-
tively.

The presence of a layered or compositionally modulated
structure can be checked by x-ray diffraction since x-ray
measurements are sensitive to a change in the scattering
function and strain. X-ray reflection due to an artificial peri-
odicity should be observed in the smali-angle region if the
films have a periodic structure resulting from the alternate
deposition of Co and Cr. The positions of peaks are given by
2L sin 6 =nZ, where L is the periodicity, & is the angle
between the incident x-ray beam and the flm plane, # (the
order of the reflection) is an integer, and Z is the wavelength
of the x ray. Peaks resulted from a modulated structure
should appear on both sides of the main Bragg refiections of
the constituents in the diffraction of a polycrystalline phase
with a compositionally modulated structure. The satellite
spacing corresponds to the periodicity.

For almost all films, except those with an extremely thin
Co or Cr layer (thinner than 2.5 A), a small-angle x-ray
diffiraction peak was observed and thus the regular periodici-
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ties were confirmed. Figure 1(a) is the diffraction pattern of
the film with 5-A Co and 2.5-A Cr layers. A small peak is
observed at about 13.6°, leading to about 7.5 A for periodic
spacing calculated by using the Bragg formula, This periodic
spacing is somewhat smaller than that estimated from the
depaosition thicknesses. A smail-angle x-ray diffraction peak
was also observed in a film with 2.5-A Co and 5-A Cr layers.
However, the peak intensity of the film was weaker than that
of the film with 5-A Co and 2.5-A Cr fayers. The difference
in intensities of small peaks observed between these films
was also observed in the films with a large periodicity. If we
assume that the metallic radius of Cr is about 1.25 A since
the metallic radii of Co and Fe, which are similar to Cr, are
1.25and 1.27 ‘&, respectively, it is indicated that Cr is form-
ing a monatomic layer in the film with 5-A Co and 2.5-A Cr
layers and Co in the film with 2.5-A Co and 5-A Cr layers. It
is plausible that Co and Cr are forming monatomic layers in
the film with 2.5-A Co and 2.5-A Cr layers, in which only 2
very weak diffraction peak was observed at about 20.6°.
These results suggest that the interdiffusion of Co and Cr at
the interface between them could hardly occur during sput-
tering. On the other hand, we could not observe the diffrac-
tion peak in the films composed of a 1.25-A Co layer and Cr
layer thicker than 5 Aora1.25-ACr layer and Co layer
thicker than 5 A, in which the mixture of Co and Cr, i.e.,
compositional modulation, may occur when the deposition
thickness of one of the layers is thinner than its atomic diam-
eter.

Films with a small periodicity (less than 15 A) show
only the first-order reflection, and the intensity of the dif-
fraction peak increases with increasing periodicity. If the
periodicity is sufficiently large (more than 15 A), high-or-
der x-ray diffraction peaks are observed as shown in Fig.
1(b), which is the case for the film with 10-A Co and 40-A
Crlayers. In a film composed of 40-A Ce and 10-A Cr fayers,
high-order peaks are also observed. The intensity of peaks in
this film was about one order stronger than that in the film
with 10-A Co and 40-A Cr layers. The peak intensity of the
films composed of a thicker Co layer than a Cr layer was
always stronger than that of the films with reverse thick-
nesses of Co and Cr layers. It is likely that the difference in
the peak intensity corresponds to the difference in the struc-
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FIG. 2. Cross-sectional transmission electron micrograph of the film with
50-A Co and 25-A Cr layers.

tures of the films, since Co and Cr do not have a large differ-
ence in atomic size. These results indicate that small-angle x-
ray diffraction is affected by not only the periodic thickness
but also by the crystallographic structure of the layered
films.

The direct observation of the layered structure was per-
formed by means of transmission electron microscopy for
films with various pericdicities. Since the contrast originat-
ing between Co and Cr is not expected because they are quite
similar materials, the cbservation was made on films with
thin Co layers etched by agua regia. Figure 2 shows the
transmission electron micrograph of the cross section of a
tayered film for 50-A Co and 25-A Cr layers. The layered
structure is clearly observed in this film. The periodic spac-
ing is in agreement with the spacing estimated from the
deposition thicknesses and the spacing determined by x-ray
diffraction. The direct observation of the layered structure
on films with small periodicity (less than 15 A) has not been
made because selective etching of Co layers could not be
performed on these films.

2. Analysis of the crystaliographic structure

The crystaliographic structures of the Co-Cr films were
mainly examined by standard x-ray diffraction with CoKa
radiation in the range of 40° < 2@ < 60°, where Bragg peaks of
(002) diffraction for hep-Co, (110) diffraction for bee-Cr,
and (112) diffraction for o-CoCr alloys should occur at
about 52.5°, 52.0°, and 49.7°, respectively. The x-ray mea-
surements were made on filins with varicus pericdicities and
the thickness ratios of Co and Cr layers.

The x-ray diffraction pattern of the Co-Cr films depends
on both the periodicity (i.e., periodic thickness} and the
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FIG. 3. X-ray diffraction pattern of the film with 10-A Co and 2.5-A Cr
layers.

thickness ratio of Co and Cr layers. Films with a small peri-
odicity (thinner than 20 A ) exhibit only one diffraction peak
at about 52° while films with a large periodicity exhibit sever-
al small peaks in the range of 52-56°. Table I gives the typical
results obtained in films with small or large pericdicities for
various thickness ratios of Co and Cr layers. Figure 3isan x-
ray diffraction pattern of a film with 10-A Co and 2.5-A Cr
layers. The x-ray diffraction pattern measured in the low
scale of intensity is also shown in order to study the modula-
tion structure due to the interdiffusion of constituents. A
large peak with an intensity of 15 keps is observed at about
52.2°. The intensity is about one order stronger than that of
(002) diffraction of hep-Co, 0.2 keps, and that of (110) dif-
fraction of bee-Cr, 1.1 keps. This peak is identified as a (002)
diffraction for the hep structure. The d spacing is calculated
to be 2.033 A from the diffraction angle. This o spacing is
somewhat larger than that of (002) of hep-Co (2.023 A},
but smaller than that of (110) of bee-Cr (2.039 A). The
interatomic distance of the {111) direction in bee-Cr (2.498
A) is nearly equal to that of (100) direction in hep-Co
(2.502 A). It is likely, therefore, that the (110) and (100)
directions in the {110) plane of bee-Cr are parallel to (100)
and {010} directions in the ¢ plane of hep-Co, respectively,
in the Co-Cr films deposited in an alternating multilayer
structure. X-ray measurement results indicate that the Co-
Cr films deposited in an alternating multilayer structure
have a hep crystallographic structure with its ¢ axis perpen-
dicular to the film plane, where the ¢ plane of hep-Co grows
epitaxially on the (110) plane of bee-Cr.

Two satellite peaks located about 3.5° apart from the

TABLE I. Results of x-ray measurements in the Co-Cr films with small or large periodicities for various thickness ratios of Co and Cr layers. The peak
intensity of (002) diffraction of hep-Co, 26 = 52.5% is about 0.4 kcps and the peak intensity of (110} diffraction of bee-Cr, 268 = 52.0°%, about 1.1 keps.

Ratio (Co/Cr) 4/1 2/1 1/1 i/2 1/4
Thickness (A} 10/2.5 50/12.5 5/2.5 50/25 2.5/2.5 30/50 2.5/5 25/50 2.5/190 12.5/50
Pezak position 52.2° 54.6° 52.2° 54.3° 52.3° 52.4° 46.4° 53.2° 52.5° 2.7

d spacing (A) 2.033 1.950 2.033 1.960 2.029 2.026 2.270 1.997 2.022 2.015
Peak intensity (keps) 19 H 27 0.2 0.2 3.2 G.3 1.4 1.4
1981 J. Appl. Phys., Vol. 81, No. 5, 1 March 1987 Neboru Sato 1981
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FIG. 4. Bvolution of the experimental x-ray diffraction on the film with 5-A
Co and 2.5-A Cr layers.

main peak are also shown in Fig. 3. Similar satellite peaks are
also observed at the same position in a film with 5-A Co and
2.5-A Crlayers as shown in Fig. 4(a). The satellite peak was
not observed in films with thickness ratios of 1/1, 1/2, and
1/4. These satellite peaks seem to occur not from the modu-
fation structure but from another origin. These satellite
peaks are so near to the main peak that they are observed at
about the same positions even if the films are constructed
with different thickness ratios. This suggestion is consistent
with the result obtained by small-angle x-ray diffraction
anatysis. The origin of the satellite peaks is not clear.

The position and intensity of a (002) diffraction peak
strongly depends on the pericdicity in films with thickness
ratios of 4/1, 2/1, and 1/1. The intensity of the main peak
due to (002) diffraction decreases rapidly and, in turn, an-
other peak appears with increasing periodicity as shown in
Fig. 4. Figure 4 shows the evolution of the x-ray diffraction
pattern for increasing periodicity (i.e,, Co and Cr layer
thicknesses) in the film with a thickness ratio of 2/1. Figure
4(a) is the diffraction pattern of the film with 5-A Co and
2.5-A Cr layers, where the main peak is located at about
52.2° with symmetrical satellite peaks 3.5° apart from the
main peak. The c-axis orientation of the film is so excellent
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FIG. 5. Co thickness dependence of the peak position for the films with
various thickness ratios of Co and Cr layers. The open marks and filled
marks indicate the (002) diffraction peak and the new peak, respectively.

that the (002) peak intensity is about 27 keps. In Fig. 4(b),
which is the diffraction pattern of the film with 15-A Co and
7.5-A Cr layers, the intensity of (002) diffraction decreases
to about 400 cps and another peak appears at about 54.5°.
The intensity of this new peak reaches a maximum value of
about 1.3 kcps at around a periodicity of 30 A and decreases
with increasing periodicity in a range of 30-100 A. Films
with large periodicities (thicker than 60 A} show three small
peaks as seen in Fig. 4(c), which is the x-ray diffraction
pattern of the film with 100-A Co and 50-A Cr layers. The
small peaks are observed at about 52.9°, 54.2°, and 55.5°.
Films with the thickness ratio of 4/1 also exhibited a large
periodicity dependence of the peak intensity of (002) dif-
fraction. The small peaks in the films with large periodicities
(thicker than 5 A) were observed at various positions in a
range of 49-56°. On the other hand, the periodicity depen-
dence of the peak intensity of the (002) diffraction was small
in the films with thickness ratios 1/1, 1/2, and 1/4. The
small peaks in the films with large periodicities thicker than
50 A were also observed at various positions in the range of
52-56°. The small peaks observed at about 52° and 53° in
films with large periodicities for various thickness ratios of
Co and Cr layers seem to be (110) diffraction of bee-Cr and
(002) diffraction of hep-Co, respectively, because the inten-
sities of these small peaks were somewhat larger than those
of other peaks. Other small peaks were not identified. The
films with large periodicities (i.e., thick Co and Cr layers)
may not have an artificial superlattice structure but only an
artificially layered structure, i.e., regular periodic stacking
of thick Co and Cr layers. However, it seems that the struc-
tural coherence may exist only in the vicinity of interface
between Co and Crlayers. Figure 5 shows the Co layer thick-
ness dependence of the (002) peak and the new peak intensi-
ties for films with thickness ratios of 4/1, 2/%, and 1/1. The
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FIG. 6. Co layer thickness dependence of the peak position for the films
with various thickness ratios of Co and Cr layers.

largest peak was obtained only in films with a 2.5-A Cr layer
among the many films that have various periodicities and
thickness ratios.

The hep-Co is piled up with 4 and B layers in an alter-
nating fashion to the (001} direction and the bee-Cr is also
piled up with @ and b layers in an alternating fashion to the
(110) direction, where the basal planes, i.e., the first layers
of Co and Cr, are denoted as 4 or a layers, respectively. The
Co-Cr with a Co layer thickness of § AandaCr layer thick-
ness of 2.5 A may be piled up as follows:

~Saf/B/A/b/A/B/a/B/A/B/A/E fa - .

a/d,A /a,b /B, and B /b stacks composed of Co and Cr may
not cccur because in these stacks the atoms in the second
layer are placed directly over the atoms in the first layer. @/
B,A/b,b /4, and B /a stacks composed of Co and Cr layers
may be arranged as hep or bee stacks. If these stacks are hep
stacks, the Co-Cr films are composed of only the hep struc-
ture. If these stacks are the bee stack, the Co-Cr films are
composed of the hep structure and the bece structure in an
alternating fashion. The structure of the films with 10-A Co
and 2.5-A Cr layers or 2.5-A Co and 2.5-A Cr layers can be
explained using the same discussion. The films with 10-A Co
and 2.5-A Cr layers and with 5-A Co and 2.5-A Cr layers
exhibited strong intensities of 19 keps and 27 keps, respec-
tively. Then, these films seemed to be composed mainly of
the hep structure, where the bee stack composed of Co and
Cr layers may have been deformed to the hep stack. The film
with 2.5-A Co and 2.5-A Cr layers, which exhibited only a
very weak intensity of 0.2 keps, seemed to be composed of
both the hep and bec structures.

The films with 10-A Co and 5-A Cr layers may be piled
up as follows:

- Jasb /A /B/A/B fa/b/A/B/A/Bal/b/

The Co-Cr films with two atomic layers of Cr, § A thick, may
be composed of both the bee stack and hep stack, because a/
b stacks of Cr layers and 4 /B stacks of Co layers are bec and

1983 J. Appl. Phys., Vol. 61, No. 5, t March 1687
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FIG. 7. {a) Cross-sectional transmission electron micrograph, (b) electron
diffraction pattern, and (¢} reflection high-energy electron diffraction pat-
tern of the film with 5-A Co and 2.5-A Cr layers.

hep stacks, respectively, and b /4 and B /a stacks of Co and
Cr layers are bec or hep stacks, as mentioned previously.
Films with a thick Cr layver (more than two atomnic fayers) is
also composed of the bee and hep stack. The bee stack in
these films increases with increasing periodicity whether the
films are composed of a Cr layer that is thicker or thinner
than the Co layer. Figure ¢ shows the Co layer thickness
dependence of the (002) peak position for films with various
thickness ratios. The d spacings corresponding to the peak
positions of (§02) of hep-Co and of (110} of bee-Cr are also
shown in this figure. The smallest difiraction angles (i.e., the
largest 4 spacing} in films with thickness ratios of 4/1, 2/1,
and 1/1 are obtained in films with Cr layer thicknesses of 5
A. These large d spacings seem to cccur from the presence of
a number of a/b stacks, i.e., a bee stack with a large @ spac-
ing.

The crystallographic structure of the Co-Cr films was
also studied by the cross-sectional transmission electron mi-
crography (TEM), high-energy electron diffraction
(HEED) analysis, and reflection high-energy electron dif-
fraction (RHEED) analysis. Figure 7{a) shows the trans-
mission electron micrograph of a cross section of a film with
10-A Co and 5-A Cr layers. The layered structure and tex-
tured structure are not observed in the film. The cross-sec-
tional diffraction pattern, shown in Fig. 7(b), is comprised
of many spotty rings. These rings are identified as (100),
{002), (101), etc., as indicated in the figure. The d spacing
of (002) for the film is calculated to be 2.032 A from the
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FIG. 8. Scanning electron micrograph of fractured surface of the film with
5.A Co and 2.5-A Cr layers.

distance of the diffraction ring, which is in good agreement
with that determined by x-ray diffraction analysis (2.033
131)., The diffraction pattern indicates that the film is com-
posed of textured grains but not randomly oriented grains
and that the preferred orientation is still present. The c-axis
dispersion can be measured from the width of the (002)
reflection. The c-axis dispersion of a film with a small period-
icity is narrower than that of a film with a large periodicity.
This result is also consistent with that obtained in the x-ray
diffractior analysis, where the films with small periodicities
exhibit a (002) diffraction peak with a large intensity and a
small half-widih in comparison with the films with large
periodicities.

The RHEED pattern of the film with a small periodicity
exhibits many clearly divided spots, as seen in Fig. 7(c). The
most intense spot was identified as a {002) reflection of hep-
Co, but other spots were not identified. These spots seem to
originate from an interference between the diffractions from
Co and Cr. The presence of spots in the diffraction pattern
suggests that the film with a small periodicity is composed of
not only a highly oriented textured structure but also of a
columnar structure. This analysis is consistent with that ob-
tained by x-ray measurement. On the other hand, the
RHEED pattern of the film with a large periodicity exhibits
some broad rings. The innermost ring is equivalent to the d

spacing of the (002) reflection of hep-Co. The second and
third rings are also identified as (110) and (2090) reflections
of hep-Co, respectively. The films with a large periodicity,
then, seem to be composed only of a textured structure. The
preferred orientation of the textured grains is also present in
these films.

Figure 8 shows 2 SEM observation of the fractured sur-
face of 3 Co-Cr film with 10-A Co and 5-A Cr layers. Colum-
nar grains efongated from the bottom to the top are clearly
observed. This result indicates that the growth of the films is
epitaxial and the Co-Cr film deposited in an alternating mul-
tilayer structure is composed of columns strongly aligned
perpendicular to the film plane.

3. Annealing effect

The thermal stability of the Co-Cr films with an artifi-
cial superlattice structure was evaluated by measuring
changes in both the peak intensity of the small-angle x-ray
diffraction and the (002) diffraction before and after anneal-
ing. Annealing at 100—600 °C was performed for films with
various periodicities and thickness ratics of Co and Cr lay-
ers.

A change in the peak intensity of the small-angle x-ray
diffraction was not cbserved after annealing at temperatures
fower than 300 °C. A decrease in peak intensity was observed
after annealing at temperatures above 400 °C, but the artifi-
cial superlattice structure was stiil intact, Figure 9 shows the
change in the small-angle x-ray diffraction peak of the film
with 10.3-A Co and 5-A Cr layers before and after annealing
at 400 °C for 20 h. The intensity of the first peak decreased
and the second peak vanished after annealing, as seen in Fig.
S(b). The peak intensity decreased with increasing anneal-
ing temperature and time. The small-angle x-ray diffraction
was not cbserved in all films after annealing at 600 °C for 5 h.

An increase in the peak intensity of (002) diffraction
was observed in fiilms with small periodicities (less than 20
A) after annealing at temperatures lower than 500°C. A
decrease of peak intensity of (002} diffraction, on the other
hand, was observed in films with large periodicities. A de-
crease in peak intensity only was observed in all films after
annealing at temperatures higher than 500 °C. These results
indicate that in films with small periodicities the interdiffu-
sion of Co and Cr could hardly occur in comparison with
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films with large periodicities. Figure 10 illustrates the
change in the (002) diffraction peak of the film with 10.3-A
Co and 5-A Cr layers before and after annealing at 400 °C for
20 h. The intensity of the (002) diffraction slightly increased
and the peak position shifted from 52.0° to 52.2° by anneal-
ing, as seen in Figs. 10(a) and 10(b). The shifts of the peak
position toward a higher angle due to thermal treatment
were observed for almost ail films. Figure 11 shows the
changes in intensity and position of the {002) diffraction
peak for the film with 5.3-A Co and 2.5-A Cr layers as a
function of annealing temperature. This peculiar behavior
on annealing can be attributed to a certain diffusion effect
which causes a change in the structure from bee to fee stack
at the interface of the Co and Cr layers. This behavior cannot
be explained in terms of the interdiffusion between Co and
Cr lavers, since the diffraction peak for Co-Cr alloy is not
cbserved at all.

B. Magnetic properties of Co-Cr films
1. Magnetic properties versus periodicily

The saturation magnetization of the sputtered Co-Cr
films is larger than that of the bulk Co-Cr alloy for the same
Cr compositions. Zero magnetization is observed in the bulk
alloy at about 25 at. % Cr (Ref. 22) and in sputtered flm at
about 30 at. % Cr.!? It is pointed out that a large value of
saturation magnetization of a sputtered film, in comparison
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FIG. 11, Changes of peak position and intensity for the (002} diffraction
due to thermal treatments at various temperatures.
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with the bulk alloys, may be attributed to a segregation of
chromium at the grain boundaries, and that the shape an-
isotropy relating to the columnar structure may be the main
source of anisotropy in sputtered Co-Cr films. The Co-Cr
films studied in this work have an artificial superlattice
structure, i.e., the periedic stacking of layers of constituents
as mentioned in the previous section. The Co-Cr films with
an artificial superlattice structure are expected to exhibit
magnetic properties different from those of the Co-Cr films
without an artificial superlattice structure studied earlier.
Magnetic measurements were made on the films with
various periodicities and various thickness ratios of Co and
Cr layers. The results show that almost ali films exhibit fer-
romagnetism with a strong dependence on both the periodic-
ity and thickness ratic of Co and Cr layers [except those with
extremely thin Co layers (less than 5 A1 for thickness ra-
tios of 1/1, 172, and 1/4. The results of magnetic measure-
ments are shown in Fig. 12, where saturation magnetizaticn
M is plotted as a function of Co layer thickness. Films with a
thin Co layer (less than 5 A) for thickness ratios of 1/1, 1/2,
and 1/4 exhibit very smail magnetization, but films with the
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FIG. 12. Co layer thickness dependence of the saturation magnetization for
the Co-Cr films with various thickness ratios of Co and Cr layers. The dot-
ted lines are calculated values. The filled mark shows the films with the
perpendicular magnetization hysteresis loop.
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same thickness of the Co layer for thickness ratios of 4/ and
2/1 exhibit large magnetization. The Co-Cr films with thick-
ness ratios of 1/1, 1/2, and 1/4 are composed of a monato-
mic or a two-atomic layer of Co divided by one or several
atomic layers of Cr. On the other hand, Co layers are sepa-
rated by a monotomic layer of Cr in films with thickness
ratios of 2/1 and 4/1. These results suggest that the Co layer
that is in contact with a Cr layer and/or is separated from the
other Co layer by two or more atormic layers is nonmagnetic.
Hosoito ef al.’® reported from the Mossbauer study that the
Fe atoms in the monatomic layer sandwiched with Sb layers
had no local magnetic moment. Liebermann ef ¢/.** mea-
sured the magnetization of Fe, Co, and Ni thin films, which
were electrodeposited on Cu, Ag, or Au substrates, and con-
ciuded that the first or second layers facing the substrate
metals were nonmagnetic. Gradmann® reported from the
torque measurement of single-crystalline films of the Fe-Ni
alloy that coating the Fe-Ni alloy films with Cu or Ag made
no magnetic effect and coating with Mn or C produced one
or two nonmagnetic layers. These results should support the
present result.

It is a very crude assumption to divide the magnetism
into two parts, nonmagnetic magnetization and bulk magne-
tization. The magnetizations of many films, except those
films with a thickness ratic of 4/1 and 5-A Co and 2.5-A Cr
layers, can be well explained if we assume that only the first
Co layers paired with a Cr layer at the interface between Co
and Cr have a small magnetization and that the Co layers
located apart from the interface have a bulk magnetization
M, of 1400 G. The effective magnetization M, is given by
Mg =M, (N g/N,), where M, is the bulk magnetization of
Co, N4 is the number of Co layers not in contact with the Cr
layer, and N, is the total number of Co and Cr layers. The
magnetization calculated under this assumption is also
shown by the dotted lines in Fig. 12. The films with thickness
ratios of 4/1 and with 5-A Co and 2.5-A Cr layers show a
large discrepancy between the experimentally obtained mag-
netization and the magnetization calculated under this as-
sumption. The magnetizations for films with 10-A Co and
2.5-ACr layers and 5-A Co and 2.5-A Crlayers are expected
to be about 840 and 470 G, respectively, if we assume that
only the one layer among the Co layers that was in contact
with the Cr layer lost the magnetization. This assumption
can explain the magnetization for films with Cr lavers
thicker than 5 A, i.e., two-atomic layer. The experimental
value is in good agreement with the calculated value in the
film with 10-A Co and 2.5-A Cr layers, but the experimental
value is smaller than that calculated in the film with 5-A Co
and 2.5-A Cr layers. The films with large periodicity for a
thickness ratic of 4/1 exhibit a large discrepancy between
the experimentally obtained magnetization and the magneti-
zation calculated under these assumptions. The results indi-
cate that the Co layer in films with a thickness ratic of 4/1
has a large magnetization. The Co and Cr lattices at the
interface between Co and Cr Iayers might be deformed to a
considerable extent in the Co-Cr films with an artificial su-
perlattice structure because of the structural coherence
between Co and Cr layers. The small or zero magnetization
of the first Co layers seems to originate from the lattice de-
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FIG. 13. Temperature dependence of saturation magnetization 44, in Co-
Cr films with 10-A Co layer thickness for various thickness ratios.

formation, antiferromagnetic coupling with Cr atoms, and/
or covalent bonding with Cr atoms.

Chromium is the antiferromagnetic material with a
Néel temperature of 311 K. The antiferromagnetism of Cr is
a consequence of its particular Fermi surface in the bee
structure. It is pointed out by Mitsui and Tomizuka® that
the Néel temperature of chromium decreases linearly with
pressure. It is likely that compressive stress acts on the Co
iayers and tensile stress acts on the Cr layers at the interface
between Co and Cr layers, because there is a srnall mismatch
between Co and Cr lattices even if the (001) plane of the
hep-Co is epitaxially grown on the (110) plane of the bee-
Cr. The Néel temperature of Cr is expected to shift toward a
high temperature in Co-Cr films with an artificial superlat-
tice structure depending on the tensile stress, which may be
varied in accordance with periodicity and thickness ratio of
the Co and Cr layers.

Figure 13 shows a temperature dependence of the mag-
netization of the films with a 10-A Co layer for various thick-
ness ratios of the Co and Cr layers. These films exhibit a
gradual decrease in the magnetization to 400 K and then a
sharp decrease at above 400 K. The change of magnetization
is reversible to a thermal treatment below 700 K, but irre-
versible to a thermal treatment above 700 K. The decrease in
the magetization above 700 K is originated from the interdif-
fusion of constituents. The result of the x-ray diffraction

H{kOQe)

FIG. 14. Magnetic hysteresis foops of the Co-Cr films with 5-A Co and 2.5
A Crlayers. The solid and dotted lines indicate perpendicular and in-plane
hysteresis loops, respectively.
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FIG. 15. Variation of torque curves for the Co-Cr films with a thickness
ratio of 2/1.

measurement on films annealed at high temperatures above
800 K support this discussion, where a decrease in the inten-
sity and the shift of the position for a (002) diffraction peak
were observed. The temperature dependence of the magneti-
zation suggests that the small magnetization of the Co layer
at the interface originates from the antiferromagnetic cou-
pling with the Cr layer. The decrease in magnetization in the
temperature range 300-500 K is caused by the depression of
the Néel temperature with rising temperature. Cobalt is a
ferremagnetic material with the Curie temperature of about
1400 K. If the lattice deformation is the main origin of the
small magnetization of Co, then the increase in magnetiza-
tion is expected due to the relief of sirain at high tempera-
tures above 400 K. If the covalent bonding with Cr is the
main crigin of the small magretization of Co, the large de-
crease in magnetization in the ternperature range 400-700 K
is not expected due to the existence of covalent bonding at
any temperature.

The perpendicular magnetization films were obtained
over all thickness ratios from 4/ to 1/4. Figure 14 shows the
perpendicular and in-plane magnetization hysteresis loops
for a film with 5-A Co and 2.5-A Cr layers. The perpendicu-
lar magnetization films confirmed by the hysteresis loop
measurement were also indicated by a filled mark in Fig. 12.
The coercivities of these films were from several hundred to
700 Ge. These values are somewhat smaller than those re-
ported earlier.' The superior perpendicular magnetization
hysteresis loops, as shown in Fig. 14, were obtained in films
with saturation magnetizations smaller than 300 G. This re-
sult suggests that the uniaxial anisotropies of these fifms are
less than about 6X 10° erg/cm”. The condition for perpen-
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FIG. 16. Co layer thickness dependence of anisotropy energy X, for Co-Cr
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dicular magnetization is given by K, > 278 %, where K, is
the anisotropy constant and M, is the saturation magnetiza-
tion.

Torque measurements were also made on all films with
various periodicities and various thickness ratios of Co and
Cr layers. External magnetic felds as large as 20 kOe were
applied normal to the film plane and rotated about an axis
parailel to the film plane. The anisotropy of the Co-Cr films
is described by a single anisotropy constant, i.c., the uniaxial
anisotropy constant X, given as K, = K| — 27M ? by the
perpendicular magnetic anisotropy energy K, and the satu-
ration magnetization M. The torgue can be writien as
L(6) = — K, sin{28), where & is the angie between the
magnetization and the direction normal to the film plane. In
our experiment, then, the magnetization is normal to the
film plane if X, is positive, and the magnetization is in the
plane of the film if X, is negative. The torgue curves showed
a negative slope at — O° for films with anisctropies perpen-
dicular to the film plane (K, > 0) and & positive siope for
films with anisotropies in the plane of the film (X, <0).
Figure 15 shows the torque curves for films with a thickness
ratio of 2/1. The torque was independent of the external
fields (stronger than 14 kOe) except those with extremely
thick Co layers. This result indicates that the external field is
stronger than an anisotropy field ¥_, K, = 2K, /4. The
anisotropy constant X, was determined from the maximum
values of the torque curves.”® The values of the anisotropy
constant for Co-Cr films with various thickness ratios are
shown in Fig. 16 as a function of Co layer thickness. The
films with Co layers thinner than 10 A have positive anisot-
ropy constants white films thicker than 12.5 A have negative
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FIG. 17. Cr composition dependence of saturation magnetization M, for
Co-Cr, CoFe-Cr, and CoNi-Cr films, which are composed of constant Cr
layer thicknesses of 2.5 A.

anisotropy constants. This result is consistent with the mea-
surements of magnetization hysteresis loops. The films with
Co layers thicker than 12.5 A exhibited the in-plane magne-
tization hysteresis loops. The Co-Cr films studied in this
work are composed of columns aligned perpendicularly to
the film plane, but have no segregation of chromium at grain
boundaries. ¥t is concluded that the uniaxial anisotropy of
the Co-Cr films with an artificial superlattice structure arises
from the magnetocrystalline anisotropy and the shape an-
isotropy relating to the columnar structure.

2. Magnetic properties versus composition

The study of the compasition dependence of magnetic
properties was also made on Co-Cr, CoFe-Cr, and CoNi-Cr
films in Cr composition ranging from 19 to 36 at. %. CoFe-
Cr and CoNi-Cr filins were prepared using Co-Fe and Co-Ni
alloy targets, respectively. The thickness of Cr layers in the
films was kept constant at about 2.5 A while the thickness of
the Co, CoFe, or CoNi layers was varied, because the films
with a layer thickness of about 2.5 A had a superior crystal-
lographic orientation and exhibited excellent perpendicular
magnetization hysteresis loops, as mentioned in the previous
section. The composition of the films was varied by changing
the deposition rate of Co or Co alloys and keeping the depo-
sition rate of Cr fixed.

The presence of the layered structure in CoFe-Cr and
CoNi-Cr films was also confirmed by small-angle x-ray dif-
fraction analysis. The crystallographic structure of these
films was examined by the standard x-ray diffraction analy-
sis. CoFe-Cr and CoNi-Cr films, as well as the Co-Cr films,
also have the hep structure. The intensity of the (002) dif-
fraction of these films was somewhat weaker than that for
the Co-Cr films, even with the same thicknesses of constitu-
ents.

Figure 17 shows the saturation magnetization of the
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FIG. 18. Change of the magnetic hysteresis loop of the Co-Cr film after
annealing at 500 °C for 5 h; (a) as-deposited, (b) afier annealing. The solid
and dotted lines indicate the perpendicular and in-plane hysteresis loop,
respectively.

films as a function of the Cr composition. The saturation
magnetization of the films decreases monotonically with in-
creasing Cr composition and reaches to zerc magnetization
at about 35 at. % Cr. The Cr composition dependence of the
saturation magnetization of our films with monatomic layer
of Cr is similar to that reported earlier.”™ The values of the
saturation magnetization are larger than their reported val-
ues for any given composition.

Long-term thermal stability of magnetic properties of
the Co-Cr films with an artificial superlattice structure is a
fundamental prerequisite to their practical use for perpen-
dicular magnetic recording. The Co-Cr were isothermally
annealed at temperatures 200-600 °C in an Ar atmosphere
without an external magnetic field to study changes in mag-
netic properties by heat treatment. The results of the mag-
netic measurements after annealing showed that almost all
the films exhibited an increase in coercivity and a smali de-
crease in magnetization. The changes of these values were
strongly dependent on the annealing conditions. Figure 18
shows hysteresis loops of the film with a Cr composition of
27.2 at. % before and after annealing at 500 °C for 5 h. Al-
most all films, except those with thickness ratios of 4/1, ex-
hibited zero magnetization when the films were annealed at
temperatures higher than 500 °C. The peculiar bekavior,
such as the decrease in the magnetization and/or the in-
crease in coercivity, on annealing at temperatures lower than
500 °C can be attributed to a certain diffusion effect which
causes a change in the structure from bee to hep stack at the
interfaces of the Co and Cr layers. The zero magnetization
observed at annealing at a high temperature, on the other
hand, originated from the interdiffusion between Co and Cr
layers.

iv. CONCLUSION

It is demonstrated that the Co-Cr films deposited in an
alternating multilayer structure have an artificial superlat-

Noboru Sato 1988

Downloaded 21 Jan 2003 to 148.6.178.13. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



tice structure of hexagonal closed pack (hcp structure) with
the c-axis normal to the film plane, where the ¢ plane of the
hep-Co grows epitaxially on the (110) plane of the bee-Cr.
The films exhibit ferromagnetism over a wide periodicity
range and thickness ratios of Co and Cr layers. The Co layer
in contact with the Cr layer exhibits only small magnetiza-
tion, The perpendicular magnetization hysteresis loops were
observed over a wide periodicity range and thickness ratios
of Co and Cr layers. It is concluded that the origins of the
perpendicular magnetization are the magnetocrystaliine an-
isotropy and the shape anisotropy related to the columnar
structure.

The artificial superlattice structure is stable to thermal
treatments at temperatures up to 300 °C. The interdiffusion
of Co and Cr in each layer is observed after heat treatments
at temperatures higher than 500 °C.
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