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We report the growth of Co-Pt superlattices along three different crystalline orientations of Pt

by molecular-beam epitaxy.

foo1], [110], and [111] orientations of Co-Pt superlattices were
grown using seeded epitaxy techniques on GaAs substrates.

The room-temperature magnetic

properties are strongly different for the three orientations. Structural analysis of the superlattices
reveals significant differences in interface quality and defect structure for the three different
orientations. These effects may play a more important role in the origin of magnetic anisotropy

than previously assumed.

Artificially layered magnetic metal structures, includ-
ing superlattices, are a topic of intense current interest be-
cause of their unusual properties and potential device ap-
plications. Indeed, these structures have, in the past few
years, demonstrated' a variety of phenomena such as
large perpendicular anisotropy, giant magnetoresistance,
and Ruderman-Kittel-Kasuya-Yosida (RKKY) cou?ling.
As observed in several magnetic systems, Co-Au,” Co-
Cu,’ Fe-Ag,* Co-Pt,’ and Co-Pd,® a perpendicular easy
axis of magnetization can be achieved when the magnetic
layer thickness is smaller than a few monolayers. Interfa-
cial anisotropy has been used to describe this effect but its
origin remains unclear. Although there are indications
that the magnetic and structural properties are closely re-
lated, the understanding has been hampered by the
difficulty in obtaining well-defined single-crystal struc-
tures. For example, for the Fe/Ag (Refs. 4 and 7) and
Co/Pd (Ref. 6) systems it has been shown that different
anisotropies can be obtained for different crystalline
orientations of the ferromagnetic film. However, this re-
sult is not clear cut because the comparison is not between
single-crystal films grown under identical conditions in the
same growth chamber. Molecular-beam epitaxy (MBE)
growth of a particular materials system under identical
conditions is necessary for a clear-cut comparison. The
technique of seeded epitaxy by MBE (Ref. 8) is a route to
such a comparison since it enables the orientation of a su-
perlattice to be controlled, keeping other growth condi-
tions constant. In addition, it permits in situ structural
characterization at all stages of film growth. In this pa-
per, we report the MBE growth of Co/Pt superlattices
along three crystal orientation selected by growth on suit-
ably prepared GaAs substrates. We find that the magnet-
ic properties of the superlattices are reproducible and
strongly dependent on the superlattice growth orientation.

Co-Pt superlattices prepared by sputtering and conven-
tional evaporation techniques have been shown>’ to have
preferred texture along the [111] orientation of Pt. Such
structures have an easy axis of magnetization along this
axis when the Co layer thickness is smaller than ~10
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A.%>° Such Co/Pt superlattices have a significant Kerr ro-
tation at GaAs laser wavelengths and exhibit an increase
in Kerr rotation with decreasing wavelength.’ The figure
of merit for magneto-optical data readout is greater’ for
these superlattices than for the amorphous rare-earth
transition-metal alloys, especially at shorter wavelengths.
As a result, Co/Pt superlattices are promising as media
for magneto-optical recording.® The origin of the perpen-
dicular anisotropy in these structures, however, remains
unexplained. In a related study, den Broeder et al. ¢ have
examined the effect of the growth axis of Co/Pd superlat-
tices on magnetic anisotropy. They found that the cross-
over thickness was orientation dependent for this system
but their comparison was between [111] textured poly-
crystalline superlattices on glass and epitaxial [001]-
oriented superlattices grown on NaCl substrates. These
authors did not present data on x-ray diffraction from the
polycrystalline structures so the angular dispersion of the
growth axis in this case was not defined. The possible
presence of mixed orientations of the superlattice growth
axis prevents a definitive comparison between the data.
Furthermore, since no low-angle x-ray-diffraction data
from either of the structures was presented, the extent of
interdiffusion and interfacial mixing in the two cases
remains unclear. In the present study we have used the
technique of seeded epitaxy® to define uniquely the growth
axis of the Co/Pt superlattices along the three major
directions of Pt and have also studied both the low- and
high-angle x-ray diffraction from the structures to deter-
mine the quality of the layering.

The Co-Pt superlattices reported in this Rapid Com-
munication were prepared in a VG 80-M MBE system
(VG Semicon Ltd.). Two orientations of GaAs substrates
were used to seed the different superlattice orientations.
For the case of [001] and [110] orientations, we used sub-
strates with MBE-grown buffer layers of homoepitaxial
GaAs(001). The surface of the substrates was inclined at
<0.1° to the (001) plane. Following GaAs epitaxy, the
surface was capped by an overlayer of arsenic which was
deposited at ~ —20°C. The substrates were kept in a
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vacuum flask between the two MBE growth cycles. Just
before superlattice growth, the substrate was heated to
~500°C, in a background pressure of ~10 ~'® mbar to
remove the arsenic cap. This generated a clean, ordered,
As-stabilized (1x1) or (2x4) surface. The nature of this
surface reconstruction did not influence the result of this
study. For superlattice growth along the Pt [111] direc-
tion, substrates cut with the surface normal within ~0.5°
of the [111] direction were used. The substrate surface
was prepared by chemical-mechanical polishing and
subsequent etching in a 1:1:100 solution of H,O,/
NH4OH/H,0. Heating of the substrate to ~600°C in a
background pressure of <10 ' mbar was used to re-
move surface impurities and to generate a 1 x1 reflection
high-energy electron diffraction (RHEED) pattern.

The Co and Pt layers were grown from e-gun sources at
rates of ~0.15 and ~0.25 A/sec, respectively. The depo-
sition rates and beam-interrupt shutters were computer
controlled using a Sentinel III deposition control system
(Leybold Heraus Inc.). Fluctuations in film thickness
were less than 2%. Ag layers were grown at a rate of 0.35
A/sec from a Knudsen cell held at ~1050°C. The back-
ground pressure prior to film growth was approximately
~2x10 """ mbar, while the pressure during superlattice
growth was ~2x10 ~'” mbar or lower.

The key to successful Co-Pt superlattice growth in the
three different orientations hinges on the initial epitaxy of
Ag. The Ag film seeds parallel epitaxy of the isostructural
Pt film in each orientation and controls the orientation of
the entire superlattice.

RHEED patterns were recorded during growth of each
of the superlattices. Figure 1 shows RHEED patterns
representative of growth of the three orientations. The
patterns shown are from the initial GaAs surface, Ag, and
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final Pt films. In the case of the [110] oriented superlat-
tice, additional RHEED patterns are shown from the first
Pt and Co films. The [111] orientation of Co-Pt superlat-
tices was selected by first depositing ~200 A of Ag onto
the clean GaAs substrate at a substrate temperature of
100°C. RHEED [see Fig. 1(a)] and low-energy electron
diffraction (LEED) studies showed that the Ag grew with
its (111) plane parallel to the GaAs(111) plane. The six-
fold symmetry patterns observed in RHEED and at all en-
ergies in LEED were consistent with rotational twinning
of the Ag film by 180° about the [111] axis. This was
subsequently confirmed by x-ray diffraction and transmis-
sion electron diffraction. The Co/Pt superlattice was then
grown with the Pt film deposited first. The superlattices
contained 7 or 15 periods and were capped with a 16-A Pt
film to stabilize the surface against atmospheric oxidation.
The entire superlattice followed the rotational twinning of
the initial Ag film:

Ag, Pt(111), [0T1]IGaAs(111), [0111,
Ag, Pt(111), [011]1GaAs(111), [011].

The [110] oriented Co-Pt superlattices were prepared by
first heating the GaAs to about ~500°C to remove the
As layer. The substrate was then cooled to ~100°C and
then 200 A of Ag deposited. Immediately after deposi-
tion, the Ag RHEED pattern indicated a rough surface
with short diffuse streaks consistent with Ag(110). An-
nealing the surface, in situ, for about two hours at 100°C
resulted [see Fig. 1(b)] in a lengthening and sharpening of
the RHEED streaks and a 4% 1 reconstruction. This indi-
cates that the annealing resulted in smoothing of the sur-
face and a well-defined orientation of Ag(110). Co-Pt su-
perlattices were then grown on the surface at 100°C. The
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FIG. 1. RHEED patterns recorded during seeded epitaxy of Co/Pt superlattices along (a) [111], (b) [110], and (c) [001] direc-
tions of Pt. The electron energy was 14 keV. Note the sharp and well-defined streaks persisting to the final Pt capping film for all

orientations. See text.
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epitaxial relations determined from the RHEED and
LEED data were

Ag(110), [110]1GaAs(001), [100] .

No twinning was present in any of the [110] oriented su-
perlattices.

The [001] oriented superlattices were grown on
Ag(001) surfaces produced by Ag deposition on thin
(~3-9 monolayers) Co seed films. These seed the epitax-
ial growth of Ag along the [001] axis. The Co prelayer
adopted'® a body-centered tetragonal structure, com-
mensurate in plane with the GaAs [001] substrate. The
Ag film grew epitaxially on the Co rotated in plane by
45°:

Ag(001), [10011ICo(001), [110]1IGaAs(001), [110].

The Co-Pt superlattice was then grown, starting with the
Pt film.

No twinning was present in any of the [001] oriented
superlattices. The magnetic signal from the Co seed film
was measured and found to be negligible compared with
the magnetization from the superlattices. This suggests
that the Co may have a reduced moment from chemical
interaction with the substrate, as previously indicated by
Prinz'! for Fe on GaAs(110).

X-ray-diffraction measurements were carried out on a
double-crystal diffractometer with a GaAs(111) plane
monochromator operating in the (111) Bragg diffraction.
The Cu Ka, line was selected by a slit. These measure-
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FIG. 2. High-angle x-ray-diffraction 8-26 scan for [111]-
and [001]-oriented superlattices comprising: (a) GaAs(111)/
[200A Ag(11D]/[16.8 A Pt-3.2 A Colis/(16.8 A Pt); (b)
GaAs(111)/(10 A Co)/[200 A Ag(001)1/[16.8 A Pt-3.7 A
Colis/(16.8 A Pt).
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ments were made to determine the period of the superlat-
tices from satellite peak positions, the quality of the inter-
faces, and whether the superlattice growth axis was singu-
lar. High- and low-angle 6-26 scans were made in the
symmetric reflection geometry and examples are shown in
Figs. 2 and 3 for [111] and [001] oriented superlattices of
15 periods with Co film thicknesses of 3.2 and 3.7 A, re-
spectively. The Pt film thickness was 16.8 A in both cases.
The n =0 superlattice peak, which occurs at the Bragg an-
gle corresponding to the average lattice spacing for one
period, was found at 260 values of 40.24°, 47.32°, and
68.7° for the [111]-, [001]-, and [110]-oriented superlat-
tices. These angles are in agreement with the predicted
peak positions for these orientations and no other orienta-
tions were found, i.e., the orientations were mutually ex-
clusive. For all three orientations, Bragg peaks from the
GaAs substrate, Ag seed film, and the superlattice were
observed. The superlattice period determined from the
superlattice peak positions agreed within 2% of the period
determined from the Co and Pt thickness calibrations. It
can be seen from Fig. 2 that the [001]-oriented superlat-
tice has a slower falloff in intensity of the higher-order sa-
tellite peaks than for the [111]-oriented superlattice. This
suggests that the [001] superlattice has better defined in-
terfaces than the [111] case. This view is supported by the
low-angle x-ray-scattering data shown in Fig. 3. It is
clear that the [111] structure has a much more rapid fal-
loff of satellite intensities. In fact the third-order satellite
is almost negligible for this orientation. Modeling of the
low-angle x-ray reflectance, using an x-ray multilayer
code, '? shows that the data for [111] can be fitted if con-
siderable interface compositional mixing is assumed. A
linear grading length of 3 A gives a close fit to the data.
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FIG. 3. Low-angle x-ray-diffraction 6-26 scan for same su-
perlattices as Fig. 2.



42 MOLECULAR-BEAM-EPITAXIAL GROWTH AND MAGNETIC. ..

This implies that the superlattice does not contain pure Co
but is rather a compositionally modulated structure
comprising graded transitions between a Co-Pt alloy and
Pt. On the other hand, the data for the [001] and [110]
structures are consistent with a mole abrupt profile.

High-resolution transmission electron microscopy
(HRTEM) studies have been carried out on the superlat-
tices to determine the microstructure of the samples.
These results will be discussed in detail elsewhere.'> The
data confirm the epitaxial relations determined from the
RHEED and x-ray-diffraction studies. They also reveal
structural differences between the different orientations.
For all three orientations the stacking within the superlat-
tice is fcc. This is expected from the fcc structure of Pt
and the large Pt/Co ratio. Additionally, stacking faults on
the (111) planes were a common defect for the [111]
oriented superlattices but were not observed for the other
orientations. Furthermore, a high density of steps in the
(111) planes of the [111] oriented superlattices was indi-
cated'* by the existence of symmetry-forbidden Bragg
peaks such as +(422).

Room-temperature magnetic measurements were made
on the superlattices using the polar Kerr effect (A =633
nm), vibrating sample magnetometry, and torque magne-
tometry. Figure 4 shows the results of the perpendicular
Kerr measurements for the three different orientations,
15-period superlattices, each of the composition =3 A
Co-16.8 A Pt. The [111] sample exhibits a highly square
loop with a coercivity of 3.2 kOe. This sample has
remanent magnetization perpendicular to the film plane.
On the other hand, the [001] sample has no remanence
and cannot be saturated at the highest field (16 kOe) we
have used. This clearly indicates strong in-plane anisotro-
py. The [110] sample has intermediate behavior with
small remanence both in plane and out of plane of the
film.

In summary, we have demonstrated single-crystal
growth of Co/Pt superlattices along three orientations and
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FIG. 4. Magnetic hysteresis loops recorded at 20 °C by Kerr
rotation for oriented Co/Pt superlattices with (=3 A Co-16.8 A
Pt)x 15 periods. Wavelength of incident laser 633 nm. The
magnetic field was applied normal to the sample surface.

observed distinctly different magnetic anisotropy. In ad-
dition, our x-ray and TEM analysis indicates differences
between the orientations in interface abruptness and de-
fect structure. Therefore it is apparent that the origin of
the perpendicular anisotropy observed in these superlat-
tices cannot be accounted for by surface anisotropy and
broken-symmetry arguments alone. However, epitaxy
along these different orientations can clearly induce defect
structures and local lattice distortions that may result in
different values of the magnetocrystalline anisotropy.
These effects may play a more important role in the origin
of magnetic anisotropy than previously assumed

This work was supported in part by the U.S. Office of
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FIG. 1. RHEED patterns recorded during seeded epitaxy of Co/Pt superlattices along (a) [111], (b) [110], and (c) [001] direc-

tions of Pt. The electron energy was 14 keV. Note the sharp and well-defined streaks persisting to the final Pt capping film for all
orientations. See text.



