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Ferromagnetic/ferromagnetic Ni/Co superlattices have been grown by molecular-beam epitaxy
on Al;O3(1120) substrates. X-ray diffraction and surface analysis techniques (low-energy electron
diffraction and Auger-electron spectroscopy) show that the superlattices grow epitaxially, both Ni
and Co in the fcc structure, and with the (111) direction normal to the surface. The superlattices
are single crystalline in the growth direction, have an approximately square chemical modulation
wavelength, and show four different types of in-plane domains. The lattice parameters measured in
the (111) direction are consistent with Co and Ni maintaining their bulk lattice parameters. In the
plane of the superlattice, the two materials are lattice matched.

Magnetic multilayers and superlattices have received
much attention recently from both the fundamental and
technological points of view. Besides their potential ap-
plications as magnetic sensors and media, these systems
attract much interest because of the novel and exotic
properties they exhibit when compared to the bulk prop-
erties of their constituents.!™ These properties include,
but are not limited to, giant magnetoresistance,* oscilla-
tory coupling,® and perpendicular magnetic anisotropy.®
Also, magnetic multilayers provide the possibility to
study physical phenomena, such as magnetism or super-
conductivity, in low-dimensional systems, or to stabilize
new phases of magnetic materials.

A complete understanding of these new physical and
chemical properties, however, requires a thorough knowl-
edge of the multilayer structure, as many of these prop-
erties strongly depend on structural characteristics such
as crystallinity, grain size, roughness, interdiffusion, and
strain. As an example, the study of two-dimensional
magnetism implies the necessity of growing multilayers
with small magnetic layer thicknesses of a known struc-
ture and a square modulation wavelength, as the interdif-
fusion of the magnetic atoms with the neighboring layers
can greatly affect their magnetic properties.

Until now, most of the work on magnetic metallic su-
perlattices has been focused on those where only one of
the two materials is ferromagnetic, the other being non-
magnetic or antiferromagnetic. These systems allow the
study, for example, of the type of coupling between mag-
netic layers separated by nonmagnetic materials. Mag-
netic metallic multilayers where both materials are fer-
romagnetic have been much less studied, although they
exhibit some interesting properties, such as oscillatory
behavior of the transport properties as a function of the
Ni thickness,” large magnetoresistances with low satura-
tion fields® and perpendicular magnetic anisotropy® in
Ni/Co superlattices, stabilization of bcc Co in Fe/Co
multilayers,!® and stabilization of fcc Fe in Fe/Ni mul-
tilayers.?

In this paper, we report on the growth and structural
characterization of Ni/Co superlattices on Al;03(1120).
A combination of in situ surface analysis techniques and
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ez situ x-ray diffraction has been used to gain insight into
the chemical and structural order of the superlattices.
We show that high-quality epitaxial Ni/Co superlattices
can be prepared with a perpendicular coherence length
of ~ 1000 A, both Ni and Co growing in the fcc struc-
ture, with the (111) direction normal to the superlat-
tice surface, and lattice matched in the plane. Although
the magnetic properties of Ni/Co superlattices have been
studied previously,” 22 to our knowledge no detailed
structural characterization has ever been reported.

The (Nig/Cop)n superlattices (where a and b are the
thicknesses in A of the Ni and Co layers, respectively,
and N is the total number of bilayers), were grown
on sapphire substrates [Al,03(1120)] by molecular-beam
epitaxy (MBE) in an ion-pumped Riber MBE system
equipped with a 10 keV electron gun for reflection high-
energy electron diffraction (RHEED), a four-grid op-
tics with a coaxial electron gun for low-energy elec-
tron diffraction (LEED) and Auger electron spectroscopy
(AES), and a quadrupole residual gas analyzer. The base
pressure was in the low 1071° Torr range. The sapphire
substrates were cleaned in methanol before loading into
the introduction chamber, then sputtered with Art ions
(1.5 keV) for 30 min, and annealed at 1000°C for 12 h
before deposition.

Ni and Co were deposited using two independent elec-
tron guns with computer-controlled pneumatic shutters.
The thickness of the deposited material was monitored
by two calibrated electron impact emission spectroscopy
sensors. The evaporation rates were fixed at ~ 0.1 A /s for
Ni and ~ 0.05 A /s for Co. During growth, the pressure in
the vacuum chamber did not exceed 5x 102 Torr. Before
deposition of the superlattice, a 50-80 A Co buffer layer
was deposited at 350 °C. The Ni/Co superlattices were
grown at 150 °C on these buffer layers, with the substrate
continuously rotating around an axis parallel to its sur-
face normal. The number of periods was adjusted so that
the total thickness was always approximately 1000 A.

Figure 1(a) shows the LEED pattern taken after the
growth of an ~ 80 A thick Co buffer layer. In its simplest
interpretation, LEED provides information about the
structure of the surface, in particular the geometry and
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size of the surface unit cell. It has been reported!® that
thin Co films grow in the fcc structure on Al,03(1120),
with Co(111) || Al,03(1120) and Co(110) || Al,05(0001).
If the Co layer were single domain with a fcc structure,
the LEED pattern would show threefold symmetry, that
is, three spots at 120° would appear for a given electron-
beam energy. However, the measured diffraction pattern
shows 12 spots, with approximately the same intensity,
at all energies. A closer examination indicates two dis-
tinct sets of spots with six spots each. Within one set, all
the spots are separated 60° with respect to each other,

FIG. 1. (a) LEED pattern after deposition of an 80 A
thick Co buffer layer on Al;03(1120) at 350°C. The pri-
mary beam energy is E, = 177 eV. (b) LEED pattern after
deposition of the eighth period of a (Nis2/Co1s)16 superlat-
tice. E, = 154 eV. (c) LEED pattern after completion of the
(Nis2/Co18)16 superlattice. E, = 169 eV.
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but one set is rotated 32° with respect to the other. This
LEED pattern can be explained by assuming the exis-
tence of four different types of fcc domains, two of them
rotated 32° with respect to each other, and the other
two being 180° twins of these two. Also, it can be easily
seen that not all the spots are equivalent, but the width
of the spots in one set is significantly smaller than in
the other, indicating a correspondingly smaller in-plane
mosaic character for this type of domain.

The symmetry, shape, and relative intensities in the
LEED patterns taken halfway through [Fig. 1(b)] and
after the completion of a (Nis2/Co1s)16 superlattice [Fig.
1(c)] are very similar to that of the buffer layer, indicating
that the epitaxial relationship between the buffer layer
and the substrate holds throughout the whole superlat-
tice thickness, and that in-plane crystallinity is main-
tained across the superlattice.

The samples were further characterized er situ with
Cu Ka radiation (A = 1.5418 A) using a 12 kW rotating
anode Rigaku x-ray diffractometer. Different diffraction
geometries were used to determine the structural prop-
erties (lattice parameter, grain size, mosaic character) in
different directions in real space (see Fig. 2).
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FIG. 2. The different scattering geometries used in x-ray
diffraction. In the normal 6-20 geometry (a), both the scat-
tering plane (SP) and the scattering vector (§) are normal to
the sample surface, giving information about the structural
parameters in the growth direction. In (b), the scattering
plane is normal to the surface, but the scattering vector is
at an angle a with respect to the normal. In (c), both the
scattering plane and the scattering vector are almost parallel
to the sample surface, giving information about the in-plane
structure of the superlattice.
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Typical 6-26 low-angle x-ray diffraction spectra are
shown in Fig. 3 for a set of samples with a = 42 A and
different Co thicknesses. All spectra show well-defined
finite-size peaks, whose separation is related to the total
thickness of the multilayer, and superlattice peaks, which
result from the new modulation length A = a + b intro-
duced by the superlattice structure. A detailed quanti-
tative analysis of these spectra is difficult due to the low
scattering contrast between Ni and Co, which does not
allow for a unique determination of parameters using a
structural refinement.!* Nevertheless, the fact that up to
fifth order superlattice and well-defined finite-size peaks
are observed in most spectra indicates an approximately
square chemical modulation wavelength, with little inter-
diffusion between the Ni and Co layers.

Auger spectra taken in situ during growth confirm
these conclusions and give a quantitative estimate for
the upper limit of the interdiffused region at the Ni/Co
interface. A surface analysis technique, Auger electron
spectroscopy gives information about the chemical com-
position close to the topmost surface layers within the
Auger electrons’ escape depth. Figure 4(a) shows the
high-energy Auger spectra taken after depositing a 59 A
thick Co buffer layer on the sapphire substrate. The three
peaks at 656, 716, and 775 eV correspond to LM M Co
Auger transitions. After deposition of ~ 4.3 A of Ni on
this buffer layer [Fig. 4(b)], a new peak appears at 848 eV,
while the intensity of the peak at 656 eV decreases no-
ticeably. This Co Auger transition is barely visible when
the Ni layer thickness increases to ~ 8.6 A [Fig. 4(c)],
and disappears completely for a Ni thickness of ~ 12.9
A. The spectrum in Fig. 4(d) shows only peaks at 716,
783, and 848 eV, which correspond to the LM M Auger
transitions of pure Ni.

Even after the deposition of several bilayers, which
could in principle increase the cumulative surface rough-
ness and consequently the interface disorder, the high-
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FIG. 3. Low-angle x-ray diffraction spectra for a series of
Ni/Co superlattices with a Ni thickness of 42 A and different
(6, 24, and 47 A) Co thicknesses.
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FIG. 4. High-energy Auger spectra taken during the depo-
sition of Ni on a 59 A thick Co buffer layer.

energy Ni and Co Auger transitions almost completely
disappear when the overlayer thickness is > 18 A. Tak-
ing into account the escape depth of these Auger elec-
trons [~ 8-12 A (Ref. 15)], an upper limit of 4-5 A can
be estimated for the thickness of the interdiffused region,
thus confirming the x-ray data and proving the relative
sharpness of the Ni/Co interface.

The high-angle 0-20 x-ray spectra are reproduced in
Fig. 5. The peaks at 20 ~ 44.5° are the central Bragg
peaks of the superlattices,'® corresponding to a weighted
average of Ni and Co, probably Ni(111) and either
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FIG. 5. High-angle x-ray diffraction spectra for a series of
Ni/Co superlattices with a Ni thickness of 42 A and different
(6, 24, and 47 A) Co thicknesses.
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Co(0002) or Co(111), depending on whether Co grows
in the hcp or fcc structure. The tail at the left side of
the spectrum is due to the (1120) reflection of the sap-
phire substrate, and the peak at ~ 51.6° is due to a small
quantity (in all the grown samples less than 1%) of (100)
oriented grains. The other peaks shown in the spectra
are satellite peaks due to the superlattice periodicity.
The crystalline coherence length £, along the (111)
direction can be extracted from the widths of the main
superlattice x-ray peaks using Scherrer’s equation

0.9)
L= A(26) cos 8’ (1)

where A(26) is the full width at half maximum (FWHM),
0 the peak position, and A the x-ray wavelength. For all
of the grown superlattices, A(260) ranges from 0.09° to
0.13°, which gives a crystalline coherence length ranging
between 650 and 950 A, and thus is in most cases almost
equal to the whole superlattice thickness. This also con-
firms the LEED data that showed that the superlattices
are single crystalline in the growth direction. No correla-
tion was found between the coherence length and the Ni
and Co thickness, indicating that the small variations are
due to an uncontrolled parameter, such as the structural
quality of the Co buffer layer.

Transverse scans across the fundamental (111) Bragg
peaks (rocking curves) give information about the out-
of-plane mosaic character. In our samples, the widths of
the rocking curves, which have almost purely Gaussian
shapes, range between 0.3° and 1°, again with no corre-
lation with the modulation wavelength or the Ni and Co
layer thicknesses.

Figure 6(a) shows the evolution of the average lattice
parameter in the (111) direction (parallel to the surface
normal) obtained from the position of the main superlat-
tice peak for a series of Ni/Co superlattices with a = 42
A as a function of the Co thickness. The solid line is
the theoretical lattice parameter obtained as a weighted
average of the (111) Ni [dn;(111) = 2.0332 A] and Co

fcc [df2°(111) = 2.0467 A| lattice parameters while the
dashed line is the predicted value if Co grew in the hcp
structure [daP(0002) = 2.0230 A]. The data show that
Co has a lattice parameter close to that of bulk fcc Co in
the (111) direction, even for Co layers as thick as 120 A.
The dotted line is a least squares fit to the experimental
points with the Co lattice parameter as the fitting param-
eter. This fit gives dco(111) = 2.0450 A, which agrees
with the bulk fcc Co lattice parameter within 0.08%.

As the superlattices are lattice matched in plane (see
below), an attempt was made to fit the experimental data
taking into account the predicted Poisson response per-
pendicular to the layers,!” using the known elastic con-
stants of bulk Ni and fcc Co. However, no agreement
was found. This seems to prove that, like other metal-
lic superlattices,’® Ni/Co superlattices do not show the
Poisson effect predicted by the standard elasticity theory.

These data, however, only measure the lattice param-
eter in the growth direction, but give no information
about the stacking sequence. A further clue about the Co
structure can be obtained by measuring the average lat-
tice parameter in other crystallographic directions. Using
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FIG. 6. Evolution of the average (111) and (311) lattice
parameters as a function of the Co thickness in a series of
superlattices with constant (42 A) Ni thickness. The solid line
is obtained as a weighted average of the Ni and Co fcc lattice
parameters, while the dashed line is the weighted average of
the corresponding Ni and Co hcp lattice parameters. The

dotted line is a least squares fit to the experimental points
with the Co lattice parameter as the fitting variable.

an x-ray diffraction geometry with the scattering vector
at 29.3° with respect to the surface normal [Fig. 2(b)],
we measured the lattice parameter in the (311) direc-
tion for the same set of samples. The results are shown
in Fig. 6(b). In this graph, the solid line is the the-
oretical lattice parameter obtained as a weighted aver-
age of the (311) Ni and Co fcc lattice parameters, while
the dashed line is obtained as a weighted average of the
(311) Ni and (1122) Co hcp lattice parameters. As in
Fig. 6(a), the experimental lattice parameter agrees bet-
ter with the one predicted for the Co fcc structure. The
least squares fit to the experimental points (dotted line)
gives dco(311) = 1.0678 A, again ~ 0.09% smaller than
the bulk Co fcc lattice parameter.

This implies that, when a = 42 A, Co grows in the fcc
structure even for Co layer thicknesses as large as 120 A.
The lattice parameters measured in the (111) and (311)
directions seem to indicate, however, a small contraction
(0.08%) with respect to bulk fcc Co.

The fcc structure of Co can also be stabilized with
thinner Ni layers. Figure 7 shows the average lattice
parameters measured in the (111) and (311) directions
for a series of superlattices where the Ni thickness is a =
22 A. The excellent agreement with the predicted values
shows that, also in this case, Co grows in the fcc structure
even up to a thickness of 60 A.

Grazing incidence x-ray spectra [Fig. 2(c)], with the
film plane almost parallel to the scattering plane, as
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FIG. 7. Evolution of the average (111) and (311) lattice
parameters as a function of the Co thickness in a series of
superlattices with constant (22 A) Ni thickness. The solid line
is obtained as a weighted average of the Ni and Co fcc lattice
parameters, while the dashed line is the weighted average of
the corresponding Ni and Co hcp lattice parameters.

shown in Fig. 8 for a (Nig2/Coss)13 superlattice, allow the
determination of the epitaxial relationship between the
superlattice and the sapphire substrate. Twelve {220} re-
flections, equivalent to the 12 spots present in the LEED
patterns in Fig. 2, are clearly observed when turning the
sample around the surface normal with the detector fixed
at 26 = 76.5°, reflecting the in-plane symmetry of the su-
perlattice. The sharp peaks (marked with *) at 52.4° and
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FIG. 8. Grazing angle x-ray diffraction spectra for a
(Nig2/Co1s)16 superlattice. The scattering plane is almost
parallel to the sample surface, and the sample was ro-
tated around the surface normal with the detector fixed at
26 = 76.5°, corresponding to the (220) in-plane lattice pa-
rameter of the superlattice. The peaks at 52.4° and 72.4°
(marked with %) are reflections from the sapphire substrate.
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72.4° are reflections of the sapphire substrate. In partic-
ular, the peak at 72.4° corresponds to the (110 10) Bragg
peak, and allows a determination of the absolute position
of the {220} superlattice peaks with respect to the sub-
strate. In this way, the following epitaxial relationships
can be obtained for the four different types of domains:

(a) Ni/Co[110] || Al;03[1100],

(b) Ni/Col[110] || Al;03[1102],

(c) Ni/Co[112] || Al;05[1100], and

(d) Ni/Co[112] || Al;03[1102].

Thus, one type of domain aligns one [220] vector with
the [1100] direction of sapphire, while the other one aligns
itself with the [1102] direction, which is rotated ~ 32°
with respect to the first one. As mentioned above, the
other two types of domains are 180° twins of these two
(see Fig. 9).

Figure 10 shows a contour plot of these grazing angle
incidence scans for different values of the detector angle
around a particular (220) in-plane Bragg peak. The fact
that the peak has clearly only one component, with a
maximum around 26 = 76.25° |[halfway between the ex-
pected positions for pure Co (75.85°) and Ni (76.50°)],
indicates that the superlattices are lattice matched in the
plane.

The in-plane mosaic character, grain size, and lattice
parameter of the superlattice can be directly obtained
from these types of scans. The in-plane lattice parame-
ters measured in this way are shown in Fig. 11 as func-
tions of the Co thickness for a series of superlattices with
a fixed at 42 A. The common in-plane lattice parameter
is thus approximately a weighted average of the Ni and
Co lattice parameters. The mosaic character, obtained
from a transverse scan across the (220) Bragg peaks for
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FIG. 9. The epitaxial relationship for Co/Ni superlattices
on Al;03(1120): (a) surface unit cell of the sapphire sub-
strate; (b) for type (a) domains, Ni/Co[110] || Al;O3[1100].
Type (b) domains can be obtained by rotating the superlattice
unit cell ~ 32° in the clockwise direction around an axis par-
allel to the surface normal, so that Ni/Co[110] || Al;05[1102].
Domains type (c) and (d) are 180° twins of these two.
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FIG. 10. Contour plot taken from grazing angle x-ray
diffraction spectra for a (Nis2/Co1s)16 superlattice for dif-
ferent values of the detector angle. The straight line shows
the direction of a §-20 scan.

260 = constant, is typically 1° for domains type (a) and
(c), and 3° for domains type (b) and (d). The in-plane
domain size, as obtained from the FWHM of 6-260 scans
along the Bragg peak, ranges between 100 and 200 A.
In conclusion, the structure of Ni/Co(111) superlat-
tices of almost square chemical modulation has been
characterized with a combination of surface analysis tech-
niques and x-ray diffraction. We have shown that these
superlattices grow quasiepitaxially (i.e., are single crys-
talline in the growth direction but show four different
types of in-plane domains) on sapphire substrates, with
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FIG. 11. Evolution of the average (220) lattice parameter
as a function of the Co thickness in a series of superlattices
with constant (42 A) Ni thickness. The solid line is obtained
as a weighted average of the Ni and Co fcc lattice param-
eters, while the dashed line is the weighted average of the
corresponding Ni and Co hcp lattice parameters.

both Ni and Co growing in the fcc structure, even for
superlattices where the Ni thickness is 22 A and smaller
than the Co thickness. The superlattices are in-plane lat-
tice matched, and exhibit the bulk lattice parameters in
the growth direction, contrary to expectations based on
their Poisson ratio.
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FIG. 1. (a) LEED pattern after deposition of an 80 A
thick Co buffer layer on Alea(lliO) at 350°C. The pri-
mary beam energy is E, = 177 eV. (b) LEED pattern after
deposition of the eighth period of a (Nis2/Co,s)16 superlat-
tice. E, = 154 eV. (¢) LEED pattern after completion of the
(Niaz/Co18)16 superlattice. E, = 169 eV.



