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We have studied the uniaxial magnetic anisotropy of Co/Pd superlattices grown under identical condi-
tions by molecular-beam epitaxy along the three crystal axes: [001], [110], and [111]. Our measure-
ments unambiguously demonstrate that the large systematic variations of the anisotropy energy with
crystal orientation result solely from differences in the volume contribution to the anisotropy. We find
the perpendicular interface anisotropy to be independent of the epitaxial orientation (0.63 +0.05
erg/cm?), and hence to be an intrinsic property of the Co/Pd interface.

PACS numbers: 75.50.Rr, 75.30.Gw, 75.70.Cn

Since its first prediction [1] and eventual experimental
observation [2], the mechanism responsible for the mag-
netic anisotropy resulting from a free surface or interface
has remained an unsolved problem in magnetism. Mainly
because of large variations in thin-film deposition condi-
tions and techniques, the isolation of a fundamental un-
derlying mechanism of interface anisotropy has been dif-
ficult. Unfortunately, complicating factors such as the
microstructure, impurity amounts, and interdiffusion are
not easily incorporated into present theoretical models
[3-5] that are based on ideal systems containing atomi-
cally perfect interfaces. However, with recent advances
in molecular-beam-epitaxy (MBE) techniques, it has be-
come possible to produce high-quality crystalline magnet-
ic films that closely approximate the ideal case treated by
present theory.

In order to uniquely determine the role of crystal struc-
ture in interfacial magnetic anisotropy, we have used
MBE to grow a series of Co/Pd superlattices aligned
along the three high-symmetry crystal axes: [001], [110],
and [111]. In addition to the fifteen epitaxial samples, a
companion set of six polycrystalline Co/Pd multilayers
was simultaneously deposited onto Si(111) substrates for
direct comparisons. Identical conditions (substrate tem-
perature, evaporation rate, and background pressure)
were maintained during deposition of each of the 21 films
grown for the present study, in an effort to minimize
differences in interface diffusion and impurity levels. The
Pd layer thickness for all samples was held fixed at
tpa=10=%1 A, and t¢, was systematically varied for each
orientation to allow a clear separation of the interfacial
and volume contributions to the total magnetic anisotro-
py. The magnetic properties of these samples were stud-
ied by a combination of vibrating-sample, SQUID, and
torque magnetometry, resulting in a detailed study of the
structural dependence of magnetic anisotropy in a sys-
tematically prepared and characterized metallic superlat-
tice system.

Previous evidence for an orientational dependence of
the uniaxial magnetic anisotropy in superlattices has been
reported for Co/Pd [6] and Co/Pt [7]. In the case of
Co/Pd [6], large differences were observed between (111)
textured polycrystalline films deposited on glass and
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(001) epitaxial superlattices evaporated on NaCl. De-
creasing the Co layer thickness, the authors found a
crossover from in-plane to perpendicular behavior for the
(001) samples between 1 and 2 atomic layers (~3 A).
This is in marked contrast to their (111) textured films,
which became perpendicular at 6 atomic layers (~12 A).

Recently, the MBE growth of several Co/Pt superlat-
tices along the [001], [110], and [111] directions was re-
ported [7]. Hysteresis curves measured by polar Kerr ro-
tation were presented for one sample of each orientation,
with identical design parameters, (3 A Co)/(16 A Pt).
Although the uniaxial anisotropy was not determined,
large variations in the loop behavior indicated an easy
plane for the (001) sample and a perpendicular easy axis
for the (111) and (110) superlattices. These results
clearly indicate the usefulness of the study of epitaxial su-
perlattices for addressing the magnetic anisotropy prob-
lem.

To prepare suitable single-crystal starting surfaces for
growth of the Co/Pd superlattices in the three orienta-
tions for the present study, we employed a variation of re-
cently reported seeded-epitaxy techniques used in the
growth of fcc metals on GaAs [7,8]. Briefly, 2.5 cm X5
cm GaAs (110) and (001) wafers were indium bonded to
the center of 7.5-cm-diam Si(111) wafers. The exposed
regions of these Si wafers served as substrates for ‘“com-
panion” polycrystalline multilayers, with which the total
Co content of each superlattice was accurately deter-
mined (3 3%) by Rutherford backscattering spectrom-
etry (RBS). Sample rotation during deposition assured
thickness variations of less than 1% across the full sub-
strate diameter as determined by RBS.

After heating in UHV (~10 ~'° torr) at 625°C for 30
min, the substrates were cooled to room temperature, re-
sulting in clean, smooth, well-ordered GaAs surfaces for
deposition as determined by in situ reflection high-ener-
gy and low-energy electron diffraction (RHEED and
LEED). The Co was evaporated from an electron beam
gun at a constant rate of 0.25 A/s which was maintained
by optical-feedback regulation of the power. The Pd was
evaporated from a high-temperature effusion cell regulat-
ed at 1400°C, providing a constant rate of 0.1 A/s at the
substrate. The background pressure during deposition
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was < 5% 107" torr.

The oriented growth of the superlattices was provided
by initial deposition of epitaxial Co, Pd, and Ag buffer
layers. RHEED and LEED were used to determine the
crystal symmetry and quality during growth. Ex situ
scanning tunneling microscopy (STM) along with high-
and low-angle x-ray diffraction were employed to deter-
mine the surface morphology and crystal structure for
each of the samples.

To grow the [111]-oriented Co/Pd superlattices, we
first deposited a 6-A layer of Co onto GaAs(110), fol-
lowed by a 500-A layer of Pd. RHEED and LEED indi-
cated that the fcc (111) symmetry of this starting surface
was maintained throughout the superlattice growth.
STM images of the final surface reveal ~500-A-diam
grains with —4-A peak-to-peak height variations across
their top. The individual grains are separated by ~50-
A-wide by ~50-A-deep valleys.

The (001) superlattices were produced by first deposit-
ing 6-10 A of Co on GaAs(001), followed by 500 A of
Ag which was evaporated at 1 A/s from a second electron
beam gun. RHEED and LEED indicated that the fcc
(001) orientation was preserved throughout the superlat-
tice growth. The crystal quality and morphology of these
superlattices was very similar to the (111) samples,
displaying comparable electron-diffraction sharpness and
~1000-A-diam flat grains as measured by STM.

For (110) growth, a buffer layer of 400 A of Ag fol-
lowed by 200 A of Pd was deposited directly onto room-
temperature GaAs(001) substrates providing an fcc
(110) structure for the resultant superlattices. RHEED
and LEED patterns indicated well-ordered growth along
the [110] azimuthal direction. However, the patterns
along the [100] azimuthal direction were less distinct,
with a stronger diffuse background. STM images of the
final surface reveal large, flat patches of ~4000 A extent
separated by ~200-A-deep by ~ 1000-A-wide valleys.

High-angle x-ray-diffraction scans displayed only the
allowed fcc (111), (200), and (220) reflections for the
[111]-, [100]-, and [110]-oriented superlattices, respec-
tively. Because of the perpendicular scattering geometry,
the stacking sequence (hcp or fcc) of the (111) samples
could not be uniquely determined. Narrow linewidths,
consistent with large perpendicular coherence lengths
(T/2<E&E=<T, where T is the total film thickness), were
found for all of the epitaxial superlattices. Rocking
curves performed on the first superlattice Bragg reflection
of these films display a full width at half maximum
(FWHM) of =2°, indicating well-oriented, single-
crystal structures. In contrast, the companion polycrys-
talline multilayers show a (111) texture with ~15°
FWHM rocking curves and structural coherence lengths
of only ~100 A.

Because of the low x-ray contrast between Co and Pd
and the small modulation periods studied, we were unable
to observe more than one low-angle diffraction peak for a

majority of our samples. However, the falloff in intensity
with increasing grazing angle was very similar for sam-
ples of identical layer thicknesses, suggesting only small
differences in interface roughness and interdiffusion for
the different crystal orientations. High-intensity syn-
chrotron x-ray studies are in progress to allow detailed
modeling of the interface quality in the three orientations,
and will be reported elsewhere.

Room-temperature hysteresis curves to 17 kOe of
~6x6 mm sections of each superlattice were measured
by vibrating-sample magnetometry (VSM) at both per-
pendicular and parallel orientations with respect to the
film plane. For one sample with an extremely large an-
isotropy (2 A Co, [111]), a SQUID magnetometer was
used to measure the moment to 55 kOe. The quantity
M A, where M is the total magnetization and A is the bi-
layer period (A =tc,+1tpg), was determined directly from
the expression MA=I/NA. Here, I is the measured
magnetic moment, /V is the total number of bilayers, and
A is the area of the film determined from digitized micro-
graphs for each sample.

Large enhancements of the magnetization arising from
Pd polarization have been previously observed in Co/Pd
multilayers [6,9], and are observed in our samples as well.
Figure 1 is a plot of the saturation magnetization versus
Co thickness of our epitaxial superlattices. The linear be-
havior of this figure is well described by

M A =McotcotMpqt§l , )

where M, is the intrinsic Co magnetization, tc, is the
Co layer thickness, Mpq is the effective magnetization of
the polarized Pd, and 78] is the effective layer thickness of
polarized Pd. Thus, the intrinsic magnetization of the Co
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FIG. 1. The Co-thickness dependence of the total saturation
magnetization multiplied by the superlattice period. From the
model described in the text, the slope of the linear fit gives the
intrinsic magnetization of the Co layers as Mc,=1460 % 40
emu/cm?>,
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layers, separated from enhancement effects due to the Pd,
can be obtained from the slope of the linear fit. We find
Mco=1460 =% 40 emu/cm?>. Within experimental error,
this value is identical to the quoted value of 1422
emu/cm? for bulk, hcp Co [10].

Very large anisotropies were observed in several of the
superlattices, preventing saturation along the hard direc-
tion in fields as high as 55 kOe. For these samples, the
moderate fields available in conventional torque magne-
tometers (=20 kOe) make determination of the anisot-
ropy constants difficult. Instead, we have employed a
technique developed by Sucksmith and Thompson [11]
that involves analyzing the magnitude and curvature of
the hard-axis magnetization as a function of applied field.
Saturation of the spins in the hard direction is not re-
quired, allowing an accurate determination of the uniaxi-
al anisotropy constants K; and K, in easily obtainable
fields. The two sections of each hysteresis loop were aver-
aged at constant magnetization values and fits with the
model [11] were performed above the coercive field. Fig-
ure 2 displays the hard-axis magnetization measured to
high field of a strongly perpendicular superlattice (zc,=2
A, [111]). The solid curve is a fit by the model, demon-
strating excellent agreement over the entire range. We
have verified the results obtained from this technique by
making direct comparisons to torque magnetometry for
several samples, and find agreement to better than 10%.

The uniaxial anisotropy energy density (K, =K;+K3)
for Co/Pd superlattices can be modeled phenomenologi-
cally by the inclusion of an effective interface contribu-
tion, proportional to 1/tc,, and a volume term, indepen-
dent of tc,. To display the 1/t¢c, behavior more clearly,
the product of the anisotropy energy per Co volume and
the Co layer thickness can be written as

K% co=(KET—2aM )t cot 2K, , 0))
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FIG. 2. In-plane (hard-axis) magnetization of the [(2 A
Co)/(11 A Pd)1x50, [111]-oriented superlattice. The solid
curve is a fit with the model as described in the text, and pro-
vides the anisotropy constants K and K».
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where K" =K ..+ K me is the sum of the magnetocrystal-
line and magnetoelastic contributions, 27M2 is the shape
anisotropy of a uniform sheet of bulk Co, and K; is the
interface anisotropy energy density. The factor of 2 in
the last term accounts for the two interfaces per magnetic
layer. In this convention, K, > O for a perpendicular easy
axis. The minus sign of the shape anisotropy term there-
fore indicates its tendency to favor in-plane behavior. An
estimate of the additional shape anisotropy from the po-
larized Pd was found to be an insignificant contribution
and therefore not included in the analysis.

From Eq. (2), the product K °t¢, should be linear in
tco with a slope of KSM—27xM} and an intercept of 2K.
This quantity, K % co=K\"A, is directly determined
from the hard-axis magnetization curves of our superlat-
tices, M(H)A. Figure 3 displays K %co vs 1co for all
three crystal orientations and the polycrystalline multi-
layers. The estimated uncertainty from known sources is
within the size of the data points except for the tco =8 A,
[110] sample that was measured with torque magne-
tometry. The behavior is seen to be linear for all sets of
samples as expected from Eq. (2).

The most striking feature of Fig. 3 is the convergence
of all curves to a single intercept, 2K;. These results
show that the contribution of the Co-Pd interface to the
total anisotropy, independent of crystal orientation and
epitaxy, is K, =0.63+0.05 erg/cm? for multilayers de-
posited under these conditions. However, as would be ex-
pected, growth along the different crystal axes produces
very different magnetocrystalline and magnetoelastic con-
tributions. As indicated by the slopes of the data, the
large variations with 7c, of the total anisotropy energy
are solely a result of greatly different volume contribu-
tions.
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FIG. 3. The uniaxial anisotropy energy times the Co thick-
ness vs Co thickness for all 21 of the epitaxial and polycrystal-
line samples. The convergence of the four curves at ¢, =0 indi-
cates an identical interface anisotropy, independent of orienta-
tion (K, =0.63 = 0.05 erg/cm?).
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The anisotropy measurements of our polycrystalline
samples agree well with other similarly prepared multi-
layers reported in the literature [6], and show a crossover
to in-plane behavior at 1¢c, =11 A. To within our experi-
mental precision, there is no evidence of an effective
volume contribution. The anisotropy behavior of these
films is dominated by the shape and interface contribu-
tions.

The most strongly perpendicular superlattices are the
(111) series, which show a crossover to in-plane behavior
for tco> 24 A. Since the [111] direction (¢ axis for hcp)
is the easy axis for a bulk Co crystal, the magnetocrystal-
line contribution can aid the perpendicular anisotropy for
films oriented along this direction. Correcting for the
shape anisotropy (2zM72=1.27x10" ergs/cm?) gives an
effective volume anisotropy of KT=(7.7+0.1)x10°
ergs/cm>. This value is about 20% larger than the mag-
netocrystalline anisotropy for a bulk, single crystal of hcp
Co (6.3%10° ergs/cm?) [11], suggesting a positive mag-
netoelastic contribution. Analysis of our x-ray-diffraction
measurements [12] and recent high-resolution RHEED
measurements [13] of Co grown on a Pd(111) surface in-
dicate no appreciable coherent strain arising from the 9%
lattice mismatch. However, because the magnetostriction
constants of hcp Co are very large, the existence of as lit-
tle as 0.2% in-plane tensile strain of the Co could cause
the additional positive magnetoelastic energy we observe.

In sharp contrast to the (111) orientation, the (001)
superlattices show a crossover to in-plane behavior be-
tween one and two atomic layers of Co; tco =3 A. This is
consistent with measurements of Co/Pd (001) superlat-
tices grown on NaCl [6]. This very large in-plane volume
anisotropy, KST=(—3.2+0.3)x107 ergs/cm?, is an or-
der of magnitude larger than any of the relevant magne-
tocrystalline contributions and therefore is most likely of
magnetoelastic origin. Both our x-ray-diffraction mea-
surements of these superlattices [12] and transmission-
electron-diffraction measurements of Co/Pd multilayers
deposited on NaCl [6] indicate the existence of a large
coherent strain for epitaxial samples grown in this orien-
tation. We have estimated the magnetoelastic energy
from our measured lattice strain and the magnetostriction
constant of fcc Co and find very good agreement with our
measured volume anisotropy [12]. These (001) superlat-
tices simultaneously display both a large, in-plane magne-
toelastic contribution and an orientation-independent per-
pendicular interface anisotropy. This casts doubt on the
recently predicted [14] role of interfacial strain as a cause
of perpendicular interface anisotropy.

The (110) superlattices display an intermediate behav-
ior, with a crossover of 7 A. Because of the rectangular
symmetry of the (110) face, we observe an additional cu-
bic anisotropy when the spins are tipped into the film
plane. Hence, for the perpendicular superlattices, care
was taken to align this cubic axis along the magnetic field
for proper determination of the uniaxial anisotropy from
the hard-axis loops. This cubic anisotropy also compli-

cates the hard-axis loop shape for the tco=8 A sample,
where the uniaxial contribution is small. Torque magne-
tometry was therefore used to determine the anisotropy
for this superlattice.

In conclusion, by carefully growing and characterizing
fifteen epitaxial and six polycrystalline Co/Pd samples
under identical conditions, we have demonstrated that the
perpendicular magnetic interface anisotropy in a metallic
multilayer system is independent of crystal structure.
The large variations of the uniaxial anisotropy energy we
observe with crystal orientation are a result of volume
terms that can be accounted for by magnetocrystalline
and magnetoelastic contributions. The constant magni-
tude of the interface contribution is difficult to explain in
light of the variations in surface density associated with
the different crystal orientations. The presence of a large
in-plane magnetoelastic contribution for the (001) films
brings into question the role of interfacial strain in the
mechanism of perpendicular anisotropy for the Co/Pd
system. The structural dependence of the magnetic an-
isotropy deduced from this present work will provide a
rigorous test for theoretical explanations of the magnetic
anisotropy in metallic superlattices.
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