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The magnetic moments in bcc Fe81Ni19/Co�001� superlattices with the individual layer thickness of 2–6
monolayers were studied by means of soft x-ray magnetic circular dichroism. It was found that the magnetic
moment was enhanced in the Fe81Ni19 layer by about 0.35�B / atom as compared to the bulk value, while the
Co moment remained unaffected by the presence of interfaces. The extension of the region with the high
Fe81Ni19 moment in our samples was found to be at least 3 monolayers from the interfaces. Possible sources
of the Fe81Ni19 moment enhancement were considered in ab initio calculations, and it was concluded that the
enhanced moment may be explained by intermixing and formation of a B2-type short-range order at the
interfaces.
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I. INTRODUCTION

Interface magnetism in magnetic multilayers and superlat-
tices composed of 3d elements has been extensively studied
both theoretically1–3 and experimentally.4–6 The reduced
symmetry and lower coordination numbers lead to significant
changes of magnetic moments at the interfaces as compared
to the bulk values. One of the questions to be addressed in
this context is the spatial distribution of magnetic moments.
In multilayer films it depends on the changes in the elec-
tronic structure of the constituents �for example, due to the
existence of metastable phases, such as body-centered-cubic
�bcc� Co �Ref. 7� and bcc Ni �Ref. 8��, on the strain state9

and on alloying or interdiffusion at the interfaces.10

In a number of studies on bcc Fe/Co multilayer
films2,11,12 it was shown that the Fe magnetic moment in-
creases dramatically, by 0.4–0.8�B / atom, in the first layer
and gradually decreases to its bulk value beyond a distance
of 2–3 monolayers from the interface. At the same time, the
Co moment is found to remain unaffected by the presence of
the interfaces. However, in another study13 an enhancement
of the Co magnetic moment by about 0.4�B / atom at the
interfaces has been deduced in Fe/Co superlattices, while for
the Fe moment an oscillatory behavior has been claimed.

The magnetic moment of a tetragonally distorted bcc Ni
layer in the Fe/Ni�001� superlattices is found to be enhanced
to 0.85�B / atom and nearly constant for the Ni thickness in
the range from 3 to 16 Å �Ref. 8�. This enhancement is ex-
plained to be due to the reduced coordination number in the
body-centered-tetragonal �bct� structure and to the interac-
tions at the Fe/Ni interfaces. The Fe moment is also found to
have a slightly higher value as compared to the bulk. The
enhanced moment does not vary much until the multilayer
undergoes a transition to a face-centered-tetragonal �fct�
phase where the Fe moment is suppressed.

In our previous work we studied the influence of compo-
sition and interfaces on the magnetic properties of bcc
Fe81Ni19/Co�001� superlattices.14 The total magnetic mo-

ment was found to be enhanced in the interface region �with
3.5 monolayers �ML� thickness�, as compared to the interior
region. However, in that study the magnetic moment behav-
ior of separate elements was not determined. In comparison
to Fe/Co superlattices, the presence of Ni in the Fe81Ni19/Co
superlattices decreases the magnitude of the anisotropy
constant15 and affects the value of the Fe magnetic moment16

in bcc FeNi alloys.
As mentioned above, one possible reason for the magnetic

moment changes at interfaces is the interface imperfections,
such as roughness and interdiffusion,17 that are always
present in magnetic superlattices. These imperfections
change the local environment for individual atoms and,
hence, the local magnetic moments. The magnetic moments
in Fe/V multilayers have recently been reproduced with rea-
sonable accuracy by first-principle theory under the assump-
tion of diffuse interfaces over two to three atomic layers on
each side.10

FeuCo alloys are known to form a bcc solid solution for
temperatures higher than 700 °C. At lower temperature these
alloys undergo a disorder-order transition towards a B2
structure. For example, the B2 phase is stable for Fe concen-
trations in the range from 18 to 80 at. % at 250 °C,18 which
is the optimal substrate temperature for the Fe/Co superlat-
tice growth.12 Therefore, the existence of a short-range or-
dered B2-type phase19 is to be considered when discussing
the interface formation in bcc Fe/Co superlattices.

In the present investigation we perform an element-
specific analysis of the magnetic moments in bcc
Fe81Ni19/Co�001� superlattices by means of x-ray magnetic
circular dichroism �XMCD� magnetometry at the L2 and L3
absorption edges. Though XMCD has proved to be a power-
ful tool to probe the element specific and layer resolved20

magnetic properties, it is a surface sensitive technique. Such
details as surface oxidation or the presence of an interface
between the film and the capping layer may give consider-
able contributions to the dichroic signal. One way to mini-
mize the contribution from the capping layer is to use an
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additional spacer layer between the capping and the studied
magnetic layer. Therefore, two sets of superlattices where the
top layer before the capping layer was either Co or Fe81Ni19,
were specially grown. The obtained experimental results are
analyzed with the help of ab initio calculations.

II. EXPERIMENTAL PROCEDURE

A. Growth and structural characterization

Body-centered-cubic Fe81Ni19/Co�001� superlattices were
grown on single crystal MgO�001� substrates by dc magne-
tron sputtering from separate Fe81Ni19 �99.99% purity; the
target composition is given in weight percent� and Co
�99.95%� targets arranged in a cluster geometry. The
Fe81Ni19 target was presputtered for about 10 minutes in or-
der to reach a steady state when the surface composition of
the alloy target adjusts itself to balance the difference in the
sputtering yields of the constituents and the composition of
the sputtered flux starts to resemble the composition of the
target.21 The base pressure in the chamber was lower than
3�10−9 torr and the operating pressure of Ar gas was kept at
1.5 mtorr. The resulting deposition rates were 0.37 Å/s and
0.64 Å/s for Fe81Ni19 and Co, respectively. The deposition
rates were obtained in situ by a calibrated quartz crystal mi-
crobalance. The optimal substrate temperature during the
growth of 270 °C was determined in our previous study14

and used here.
To prevent oxidation, the as-grown films were capped

with a 10 Å thick Al2O3 layer. In order to minimize the
influence of the capping layer on XMCD measurements, two
sets of superlattices were prepared. The first set of specimens
was used for determination of the Fe and Ni magnetic mo-
ments, and therefore the thickness of the Fe81Ni19 layer was
varied from 2 to 6 ML, whereas the Co layer thickness was
kept constant and equal to 6 ML. The final layer beneath the
cap was a 6 ML thick layer of Co. In the other set of speci-
mens we varied the Co layer thickness from 2 to 6 ML, while
keeping the Fe81Ni19 layer thickness constant at 6 ML, and 6
ML of Fe81Ni19 was the final layer. The constant thickness
equal to 6 ML of the Fe81Ni19 �Co� layer was chosen for the
following reasons: first, this layer should be thin enough to
enable measurement of the electron yield from at least one
bilayer, considering the effective electron escape depth of the
order of 20 Å.22 Second, it should be rather thick to elimi-
nate the influence on the net magnetic moment from the
atoms of the same kind in the next layer.12

The total number of repetitions was 25 for all samples. To
obtain good lattice matching with the MgO �001� substrate,
Fe81Ni19 was the initial layer in all the samples studied here.
To estimate the Co thickness we used the lattice parameter
for bcc Co, equal to 2.82 Å.23

The structural quality, the out-of-plane lattice parameter
and the thickness of a bilayer in the superlattices were deter-
mined by x-ray diffraction �XRD� and x-ray reflectivity
�XRR� measurements using a Siemens D5000 diffractometer
with Cu K� radiation, �=1.54 Å. In Fig. 1 we present XRR
patterns obtained from the set of Fe81Ni19/Co superlattices
where the Fe81Ni19 layer thickness is varied. As seen in the
figure all the samples exhibit superlattice peaks, indicating a

compositional modulation along the film growth direction.
The simulation of the reflectivity data �the dashed lines� us-
ing grazing incidence x-ray analysis �GIXA� �Ref. 24�
yielded layer thickness variation, i.e., roughness or interdif-
fusion, in the range from 1.5 ML �in the 6/6 sample� to 2
ML �in the 2/6 sample�. Despite the fact that in the reflec-
tivity pattern the long wave modulation due to the capping
Al2O3 layer was not included in the simulation, the intensi-
ties of the superlattice peaks in the measured and simulated
curves fit well to each other.

XRD measurements were carried out in Bragg-Brentano
geometry in the angular region 2�=20° –100° for all the
superlattices. A representative XRD pattern for the 6/6 su-
perlattice is shown in Fig. 2. Only one Bragg peak at
2��65°, which corresponds to the �002� reflection from the
bcc Fe81Ni19/Co lattice, was found. No other diffraction
peaks except for the substrate were observed, indicating the
absence of additional phases and crystal orientations. The
main peak was surrounded by satellites which appeared be-

FIG. 1. Low angle reflectograms �solid lines� for the series of
Fe81Ni19/Co superlattices along with the simulated patterns �dotted
lines�. The labels on the graph correspond to the amount of
Fe81Ni19/Co expressed in monolayers. Note that the Al2O3 capping
layer, 10 Å thick, is not included in the simulation.

FIG. 2. High angle x-ray diffraction pattern for the
Fe81Ni19�6 ML� /Co�6 ML� superlattice. The rise of the background
at the low angle side is due to the MgO�002� peak.
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cause of the chemical periodicity of the structure. The inten-
sities of these peaks were rather low even for 6 /6 sample,
due to both the small total thickness �425 Å� of the film and
the similar x-ray scattering atomic form factors for Fe and
Co. The satellites became less pronounced for thinner films,
and no satellite peaks were observed for the superlattices
with the thinnest Fe81Ni19�Co� layers. The out-of-plane crys-
tal coherence length was derived from the full width at half-
maximum �FWHM� of the �002� peak, and its lower limit
was found to be about 100 Å for the 6/6 sample. For the
other superlattices the crystal coherence length was varying
in the range from 90 Å to 115 Å. Since the crystal coherence
length is much larger than the bilayer thickness, the films can
be considered to have a superlattice structure.

A more detailed structural study of the Fe81Ni19/Co
superlattices was performed in our previous work,14 where
the average in-plane lattice constants and the individual
lattice parameters of the constituents �cFe81Ni19

=2.89 Å,
cCo=2.82 Å� were determined. In addition, the maximum te-
tragonal distortions expressed in c /a ratio were found to be
1.02 for Fe81Ni19 and 0.99 for Co.

B. Magnetic characterization

The easy direction of magnetization in the superlattices
was determined using a magneto-optical Kerr effect
�MOKE� setup in a longitudinal geometry. Hysteresis loops
were recorded for various orientations of the applied mag-
netic field with respect to the in-plane crystallographic direc-
tions.

In Fig. 3 we show typical magnetization loops measured

along the two orthogonal in-plane �110� and �11̄0� directions.
As seen from the figure, if the field is applied in the easy
�110� direction the hysteresis loop has an oblique rectangular
shape with 100% remanence. When the field is applied along

the �11̄0� direction, the magnetization reversal occurs in two
steps and at B=0 the moments spontaneously line up parallel
to the �110� direction. The saturation field in the hard �100�
direction �the hysteresis loop is not shown here� is about
40 mT. For further details see Ref. 25

The presence of the in-plane uniaxial anisotropy in the
films investigated here needs to be considered in the XMCD
measurements, since in order to obtain maximum signal all
electron spins should be aligned parallel or antiparallel to the
photon propagation direction. Therefore, prior to each
XMCD measurement the samples were magnetized in the
�110� direction using a pulsed electromagnet, and the mea-
surements were carried out in the remanent state.

The XMCD measurements at the L2 and L3 absorption
edges of Fe, Co, and Ni were carried out at beamline D1011,
at the Swedish synchrotron radiation facility MAX-lab, using
monochromatized radiation with a degree of circular polar-
ization Pc=0.85.26 The angle of incidence in the present
measurements was 45° relative to the sample surface.

The XMCD signal is the difference in absorption between
the right and the left circularly polarized x rays near the
atomic absorption edge. It was measured by reversing the
magnetization direction of the sample for a fixed photon he-
licity, which is equivalent to changing the polarization. The
absorption spectra were recorded in remanence through the
total electron yield. The energy intervals of 670–770 eV,
740–840 eV, and 820–920 eV were used for Fe, Co, and
Ni, respectively. Each spectrum was acquired 3 times in or-
der to verify reproducibility. In order to reliably quantify the
magnetic moments, two reference samples were measured as
well. They consisted of a 300 Å thick Fe81Ni19 or Co single
layer, capped with 10 Å of Al2O3. All the measurements
were performed at room temperature.

The x-ray absorption spectra for the two opposite magne-
tization directions were converted into dichroism spectra us-
ing a standard procedure. First, a linear background was sub-
tracted to make the pre-edge and the post-edge regions
coincide. Then both spectra were normalized to a constant
edge jump with the normalization constant determined from
the data far above the Co L2 edge, since the size of the edge
jump far from the absorption edge is independent of the local
atomic environment and is proportional to the number of
atoms.27 The difference spectra were determined from these
normalized individual absorption spectra. In Fig. 4 we
present the normalized absorption spectra �upper curves� and
the difference spectra �lower curves� for Fe and Co.

The absorption and difference spectra for Ni are not
presented here, since the yield from Ni was too low to quan-
tify its dichroic signal. However, in our study we consider
the Ni magnetic moment to be constant and equal to
mNi=0.93�B / atom. This value corresponds to the Ni moment
in a bulk FeNi alloy which contains 80% Fe.16 The ratio of
the constituents in the FeNi film is expected to be
conserved21 and to correspond to the sputtering target
composition.28

Analysis of the spectra was done using magneto-optical
sum rules for the orbital29 and spin30 magnetic moments,
which relate the integrated signal to the ground state proper-
ties. However, the uncertainty in the determination of those
moments is rather large.31 This is due to the fact that the
number of valence holes is not exactly known and, also, the
separation of the areas under the L2 and L3 peaks is not well
defined. In our case the number of valence holes per unit area
was obtained by measuring pure Fe81Ni19 and Co films �ref-
erence samples� and assuming that their magnetic moments

FIG. 3. Room temperature magnetization hysteresis loops of the
�Fe81Ni19�6 ML� /Co�6 ML��25 superlattice, normalized to a satura-
tion magnetization, Ms.
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are equal to the bulk values taken from the literature. In Ref.
16 the magnetic moment of Fe, equal to mFe=2.41�B / atom
in Fe81Ni19 alloy, was determined by neutron diffraction
measurements; for Co, a range of values between
1.53�B / atom and 1.75�B / atom have been reported2,23,32–34

and mCo=1.72�B / atom2,32 is used here. To suppress the un-
certainty in the separation of the area under L2 and L3 peaks,
the spectra should be treated in the same way.12 The satura-
tion effect was monitored and found to be negligible. Due to
the lack of information about separate spin and orbit mag-
netic moments for Fe in Fe81Ni19 alloys, we consider just the
total magnetic moment changes in the present investigation.

III. RESULTS AND DISCUSSION

In Fig. 5 we present the measured total magnetic moment
for Fe and Co as a function of the individual layer thickness.
As the figure shows, the magnetic moments of Co are rather
similar for the interface and bulk environments, reflecting the
fact that the Co spin-up band is almost completely filled. The
average value of the magnetic moment for Co layers,

1.75±0.14�B / atom, is close to the bulk value for bcc Co.
The Fe magnetic moment in thin layers is considerably

enhanced relative to the bulk value for Fe �marked as “Fe
ref.” in Fig. 5� in a random Fe81Ni19 alloy. These results are
in line with the experimental7,12 and theoretical2,3 studies of
the Fe/Co superlattices. Besides, the Fe moments in
Fe81Ni19/Co superlattices are affected by the Ni atoms and
are found to be smaller than the iron moments, of about
3�B / atom, in iron-cobalt superlattices and alloys.4

As seen in Fig. 5, the Fe moment does not show the
tendency to decrease with increasing Fe81Ni19 layer thick-
ness. On the contrary, it shows a slight upturn. However, this
increase of the Fe magnetic moment as a function of layer
thickness is within the experimental error bars, and, there-
fore, the Fe moment may be considered to be nearly constant
in the layers in the studied thickness range. It indicates that
Fe atoms, even in the 6 ML thick layer, are influenced by the
presence of interfaces, i.e., the interface region in which the
moments are enhanced may be as thick as 3 ML. This is in
agreement with our previous investigations,14 where the ex-
tension of the interface region with enhanced moment in the
Fe81Ni19/Co multilayers was concluded to be about 3.5 ML.
Yet, in that study we did not determine at which side the
enhancement occurred. Since the present measurement
shows that the enhancement occurs on the Fe side, even a 7
ML thick Fe81Ni19 layer can entirely belong to the interface-
affected region. Using the data presented in Fig. 5, we esti-
mate the average magnetic moment of Fe to be �mFe�
=2.84±0.16�B / atom. Thus, the enhancement of the Fe mo-
ment is about 0.43�B / atom. Taking into consideration the
amount of Fe in the Fe81Ni19 layers, we can extract the av-
erage magnetic moment �2.45�B / atom� and its enhancement
as being of the order of 0.35�B / atom in the Fe81Ni19 layer
and, hence, in the Fe81Ni19/Co superlattices. Note that this
value is rather close to the value of 0.3�B / atom extracted
from the magnetic analysis in the previous study.14 Even
though the assumption of a constant Ni moment may be
questioned, it is clear that even a ±50% change in the Ni

FIG. 4. Normalized x-ray absorption of Fe �a� and Co �b� in the
�Fe81Ni19�6 ML� /Co�6 ML��25 superlattice taken with the projec-
tion of the incident photon spins parallel �solid line� and antiparallel
�dotted line� to the spin of the 3d majority electrons. The lower
parts of the figures �dashed line� show the XMCD signal in the
difference spectra.

FIG. 5. Magnetic moments as determined by experiment for Fe
�filled circles� and Co �open circles� versus the individual layer
thickness. The error bars correspond to the relative errors obtained
from the analysis. The labels on the graph correspond to the
Fe81Ni19/Co layer thicknesses expressed in ML.
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moment would contribute only ±0.1�B / atom to the average
moment of the Fe81Ni19 layer, which is within the experi-
mental uncertainty.

Possible sources of the Fe moment enhancement in the
Fe81Ni19/Co superlattices, such as tetragonal distortions and
change in the local environment of Fe atoms due to the in-
terface roughness or interdiffusion, have been analyzed, by
comparing the experimentally measured magnetic moments
with the values obtained using ab initio calculations dis-
cussed below.

Magnetic moment enhancement in 3d metal superlattices
may occur due to tetragonal distortions9 that develop in the
individual layers during the superlattice formation. It was
determined by structural analysis of the Fe81Ni19/Co super-
lattices that the Fe81Ni19 layers are slightly expanded and that
the Co layers are compressed along the c axis.14 The mea-
sured maximum c /a ratios are 1.02 and 0.99 for Fe81Ni19 and
Co, respectively. In Fig. 6 we display the ab initio calculated
spin moments as functions of c /a ratio. The calculations
have been performed using the Korringa-Kohn-Rostoker
method in the coherent potential approximation �KKR-CPA�
�Ref. 35� for the bulk Fe81Ni19 and Co. As seen from the
figure, tetragonal distortions in the studied superlattices give
rise to a very small spin moment enhancement, about
0.005�B / atom for Fe81Ni19 and 0.01�B / atom for Co. Al-
though, the orbital moment is more sensitive to the tetrago-
nal distortions than the spin moment, its contribution to the
total moment enhancement will hardly exceed the uncer-
tainty of our experiment 0.1�B / atom, since the orbital mo-
ment in 3d metals is at least one order of magnitude smaller
than the spin moment.36

Another source of magnetic moment enhancement can be
the change in local environment of the Fe atoms, introduced
by the interface imperfections such as alloying or interdiffu-
sion. As has been shown previously2,3 in superlattices with
atomically sharp interfaces, the Fe magnetic moment is en-
hanced in the first monolayer near the interface, and then it
rapidly decreases with distance to the bulk value. In the pres-
ence of interdiffusion and alloy formation at the interfaces,
the magnetic moments are expected to follow the Slater-

Pauling curve, as a function of the alloy concentration. In
addition, the high values of magnetic moments measured in
the current study may indicate the presence of a short-range
order in the superlattices.

Indeed, the sample preparation conditions allowed for a
limited intermixing of the constituents during the superlattice
growth. The substrate temperature of 270 °C was below the
temperature of B2 ordering in the FeuCo binary system, so
that some degree of a short-range order between the Fe and
Co atoms might have developed as a result of intermixing at
the interfaces. Unfortunately, due to the similarity in scatter-
ing properties of Fe, Co, and Ni, it is difficult to extract
detailed information on the concentration profile from the
results of x-ray diffraction measurements. Therefore, we
made an attempt to simulate the effect of alloy formation at
the interfaces using ab initio KKR-CPA calculations for
Fe81Ni19/Co superlattices. First of all in these calculations,
we compared the total energies of the ordered and disordered
Co50Fe40Ni10 alloy phases and found that the ordered phase
possesses lower energy and also higher magnetic moment
than the disordered one. Thereafter, we adopted a repeated
slab geometry and took the experimental14 values for the
in-plane lattice parameters and for the interlayer distances.
Several structures with different degrees of intermixing have
been considered, aiming at simultaneously maximizing the
Fe magnetic moments and minimizing the total energy, while
preserving the superlattice periodicity. All the considered
structures may be derived from the structures with ideally
sharp interfaces �no intermixing� by a series of subsequent
exchanges of the neighboring �001� Fe81Ni19 and Co layers.
This optimization procedure results in the structures shown
in Fig. 7. It is noteworthy that, in spite of the severe layer
intermixing and well-developed B2-type short-range order,
all these structures preserve the initial superlattice reflection,
while the B2 superstructure peak is suppressed due to the
presence of antiphase boundaries in the structures.37 In Fig. 8
we compare the calculated average spin moments in the
Fe81Ni19 layers for the optimized structures with the mag-
netic moments derived from XMCD experiments. Keeping

FIG. 6. Calculated spin moments in bulk body-centered-
tetragonal Fe81Ni19 and Co as a function of the c /a ratio.

FIG. 7. A schematic illustration of the optimized layered struc-
tures, considered in the calculations. � is a bilayer thickness.
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in mind that, in order to fully enable the comparison, one
should add an orbital moment value of about 0.1�B / atom38

to the calculated spin moment values, the agreement between
theory and experiment is very reasonable. Also, the present
calculations have confirmed the experimental observation
that the spin moment for Co atoms is insensitive to their
local environment. The proposed model structures are the
simplest structures that meet the following main criteria:
they have magnetic moments of the constituents which are
close to the experimental values, and, at the same time, they
preserve superlattice periodicity. Further optimization of the

structure in order to achieve a more realistic concentration
profile �with partial intermixing etc.� is impractical at the
present stage. More detailed experimental information on the
concentration profile is highly desirable for further refine-
ment of the present theoretical model. This information may
be obtained, for instance, from neutron scattering experi-
ments.

IV. CONCLUSIONS

The element-specific magnetic moments in bcc �001�
Fe81Ni19/Co superlattices have been studied using x-ray cir-
cular dichroic magnetometry at the L2 and L3 absorption
edges. The measurements have shown that the magnetic mo-
ments of the Fe81Ni19 layers are enhanced by 0.35�B / atom
relative to the bulk value and are equal to 2.45�B / atom, on
average. The extension of the region with the enhanced
Fe81Ni19 moment in our samples is found to be at least 3 ML
from the interface. Meanwhile, the Co moment remains un-
affected and equal to 1.75�B / atom. This value is rather close
to the bulk magnetic moment of Co, 1.72�B / atom. We have
analyzed possible sources of enhancement of the Fe81Ni19
moment using ab initio calculations and concluded that it can
mainly be ascribed to intermixing and formation of a B2-
type short-range order at the interfaces.
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