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The magnetic properties of Fe/Co�001� superlattices have been studied using fully-relativistic first-
principles theories. The average magnetic moment shows a behavior similar to bulk Fe-Co alloys, i.e., an
enhanced magnetic moment for low Co concentrations, as described by the Slater-Pauling curve. The maxi-
mum of the magnetization curve, however, is lowered and shifted towards the Fe-rich compositions. The
increased average magnetic moment for the Fe-rich superlattices, compared to bulk Fe, is due to an enhance-
ment of the Fe spin moment close to the Fe-Co interface. The orbital moments were found to be of the same
size as in bulk. The effect of interface roughness on the magnetic properties was investigated, and it was found
that—despite local fluctuations due to the varying coordination—the average magnetic moment is only slightly
affected. From a mapping of first-principles interactions onto the screened generalized perturbation method, we
calculate the temperatures for when Fe/Co superlattices break up into an alloy configuration. Furthermore, the
tetragonal distortion of the superlattice structure was found to only have a minor effect on the magnetic
moments. Also, the calculated easy axis of magnetization is in the film plane for all compositions studied. It
lies along the �100� direction for Fe-rich superlattices and along the �110� direction for Co-rich compositions.
The transition of the easy axis occurs around a Co concentration of 50%.
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I. INTRODUCTION

Magnetic multilayers and superlattices have recently re-
ceived much attention because of their technological impor-
tance in data storage and sensor applications as well as in
fundamental research on magnetism.1 The magnetic proper-
ties, e.g., the magnetic moments and the magnetic aniso-
tropy, are affected by the presence of interfaces and the finite
size of the layers. Deposition methods such as molecular
beam epitaxy and sputter deposition techniques allow one to
control the individual layer thicknesses on an atomic level,
and in some cases phases that do not exist in bulk can be
stabilized by pseudomorphic growth. An example of such a
metastable phase is Co, which has an hcp structure in bulk,
but can be stabilized in a bcc structure as a thin film on
GaAs�110� �Ref. 2� and in Fe/Co superlattices on GaAs�110�
�Refs. 3–5� and MgO�001�.4–8 This allows one to study the
influence of the structure, and thus the coordination, on the
magnetic properties. In the following, we will limit the dis-
cussion to �001�-oriented superlattices, i.e., those that are
grown on MgO�001�.

Another reason for the interest in Fe/Co superlattices and
multilayers is the unusual magnetic properties exhibited by
bulk Fe-Co alloys,9 in particular their saturation magnetiza-
tion that is described by the Slater-Pauling curve.9,10 The
maximum average magnetic moment of 2.45�B/atom is ob-
served for a composition of �30% Co. Early polarized neu-
tron diffraction experiments have shown that this behavior is
due to an enhancement of the Fe spin moment with increas-
ing Co concentration.11 The spin moment of Fe in these al-

loys increases from the bulk value to a maximum of about
3�B/atom for 50% Co. The Co moment, on the other hand,
remains virtually constant over the whole concentration
range.

The magnetic properties of Fe/Co�001� superlattices have
been characterized experimentally by different tech-
niques.7,12–15 Even though these studies agree on the general
trend of an enhanced Fe magnetic moment at the Fe-Co in-
terface, there is a considerable discrepancy between some
experimental findings. In a series of superconducting quan-
tum interference device �SQUID� measurements, Blomqvist
et al. found exceptionally high magnetic moments for a se-
ries of Fe/Co�001� superlattices that could not be explained
by the expected enhancement of the Fe spin moment alone,
and was attributed to an enhanced Co moment at the
interface.7 More recent SQUID and x-ray circular magnetic
dichroism �XMCD� studies on similar samples, however, did
not reproduce such high values for the magnetic moment.14

These experimental discrepancies call for a more thor-
ough investigation, and in this work we present a first-
principles study of the magnetic properties of Fe/Co�001�
superlattices. We have calculated the magnetic profile for a
wide range of superlattice compositions and individual layer
thicknesses. The magnetic profile at the Fe-Co interface was
previously studied by Niklasson et al.,16 and a first-principles
study of the magnetic properties of Fe/Co multilayers was
communicated in Ref. 17. In the present work, we also study
the effect of interface roughness, which is known to have a
strong effect on the magnetic properties of multilayers,18,19

as well as the effect of the structural distortion from the
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cubic symmetry that is caused by the lattice mismatch of the
constituent atoms. In addition, we investigated the magnetic
anisotropy for some superlattice compositions.

II. CALCULATIONAL DETAILS

The calculations presented here were done using three
different electronic structure methods that are based on the
density functional theory. The spin and orbital moments of
the Fe/Co�001� superlattices were calculated with the real-
space linear muffin-tin orbital method in the atomic sphere
approximation �RS-LMTO-ASA�.20,21 The RS-LMTO-ASA
method is a self-consistent method that is similar to the or-
dinary reciprocal-space LMTO-ASA method,22 except that
the eigenvalue problem is solved by using the recursion
method in real space to obtain the local density of states from
the continued fraction expansion of Green’s function matrix
elements.23 In the present calculations, the continued fraction
in the recursion method is terminated after 25 recursion steps
with the Beer-Pettifor terminator.24 For the exchange-
correlation functional the local spin density approximation
was used.25 The spin-orbit interaction is treated at each varia-
tional step with the orbital polarization26 included.

The RS-LMTO-ASA method does not need periodic
boundary conditions, and is thus well suited to investigate
impurities and other defects in metals. Therefore, the method
was used in this work to study the influence of interface
roughness on the local magnetic properties. For these
impurity-like calculations the electronic structure of the un-
perturbed host, in this case an Fe6/Co2�001� superlattice, is
first calculated self-consistently. Then an impurity atom is
embedded as a local perturbation in the host. The atoms in a
small region surrounding the impurity are then recalculated
until self-consistency is reached. This region is chosen so
that the charge and magnetization densities of the outermost
atoms differ insignificantly from the unperturbed atoms. A
more detailed description of the embedding of impurities can
be found in Ref. 27.

To investigate the effect of the tetragonal distortion from
the cubic structure on the magnetic properties, we performed
a structural optimization for some of the superlattice compo-
sitions using the VASP �Refs. 28 and 29� plane wave code
within the projector augmented wave method.30 A kinetic
energy cutoff of 500 eV was used for the plane waves in-
cluded in the basis set, and the exchange-correlation poten-
tial was treated in the generalized gradient approximation.
The Hellmann-Feynman forces were calculated with a toler-
ance of 0.02 eV/Å. For the Brillouin zone integration an
8�8�2 special k-point grid was used.31

The calculations of the magnetocrystalline anisotropy en-
ergies �MAE� were done with a fully-relativistic implemen-
tation of the full-potential linear muffin-tin orbital �FP-
LMTO� method.32 The scalar-relativistic corrections were
included in the calculation of the radial basis functions inside
the muffin-tin spheres, whereas the spin-orbit coupling was
included at the variational step. For the exchange-correlation
potential the local density approximation �LDA� was used.
The MAE was evaluated with the force theorem, i.e., as the
difference of the eigenvalue sums for the two magnetization

directions. The accuracy of this approach has been tested
several times and found to yield acceptably accurate values
�see, e.g., Ref. 33�. In this approach the electron density was
first calculated self-consistently with a scalar-relativistic
Hamiltonian using the point-group symmetries that are com-
mon to both magnetization directions. Then, in a subsequent
step, the eigenvalues were obtained by a single diagonaliza-
tion for each magnetization direction, using the fully relativ-
istic Hamiltonian and the scalar-relativistic self-consistent
potential. The calculation of the self-consistent potential was
done with a 20�20�5 k-point mesh, and for the force theo-
rem calculations a 64�64�16 k-point mesh was used. For
the evaluation of the eigenvalue sums the modified tetrahe-
dron method �MTM� was employed.34 The procedure is dif-
ferent from that of Ref. 17, where the calculations were done
using the Gaussian broadening method31 �GBM� for the
evaluation of the eigenvalue sum. The advantage with the
MTM is that it is exact in the limit of an infinite number of
k points. The GBM, on the other hand, may smear out details
of the Fermi surface and lead to a less accurate Fermi
energy.31

III. RESULTS

A. Magnetic moments

The spin and orbital moments of Fen /Com�001� superlat-
tices were calculated with the RS-LMTO-ASA method for a
wide range of compositions. The indices n and m denote the
number of atomic layers of Fe and Co, respectively. For
these calculations the crystal structure of the superlattices
was assumed to be body-centered cubic �bcc�, using a lattice
parameter interpolated between bulk bcc Fe and bcc Co2

according to Vegard’s law.
The calculated spin and total moments are presented in

Fig. 1 as a function of the Co concentration. For clarity, only
the data sets for n+m=4 and 8 are presented here. The su-
perlattices show a behavior that is similar to that of the mag-
netic moment of bulk Fe-Co alloys, i.e., with an increase of
both the spin and the total magnetic moment for small Co
concentrations.10,11,35 However, the enhancement of the total
magnetic moment is less pronounced for the superlattices
compared to the bulk data. With an increasing thickness of
the layers the maximum magnetic moment decreases and is
shifted toward lower Co concentrations. The calculated total
magnetic moments agree well in general with recent SQUID
measurements,14 whereas the high moments found in earlier
SQUID measurements7 are not reproduced.

The experimental point at 40% Co concentration from
Ref. 14 does however deviate substantially from the theoret-
ical curve, and in addition seems to deviate from the general
trend of the experimental data points of Ref. 14. For a closer
look at the effect of the layer thickness on the magnetic
moment, we show in Fig. 2 the total magnetic moment of
superlattices with a Co concentration of 50% and n=m
=1–6. It can be seen that, for equal concentration, superlat-
tices with thinner layers have higher magnetic moments than
those with thicker layers. The increase of the magnetic mo-
ment with decreasing layer thickness indicates that the en-
hancement of the moments is larger in the interface region
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than in the middle of the layers, where a more bulklike sur-
rounding is present. To investigate the enhancement of the
magnetic moments, the local spin moments for the individual
layers in the Fe6 /Co2, Fe4 /Co4, and Fe2/Co6 superlattices
are shown in Fig. 3. From this figure, it is clearly seen that
the Fe spin moments at the interface are enhanced, up to a
value of 2.6�B, whereas all other Fe atoms exhibit almost
bulklike values. Since the Fe atoms at the interface are the
ones having Co atoms as nearest neighbors, it is clear that
the enhancement is due to the surrounding Co atoms. The
interface Fe atoms have the same number of Co neighbors
for all superlattices, and the enhancement of the spin mo-
ments is therefore almost identical in magnitude, indepen-

dent of the layer thickness. This short-ranged enhancement
of the Fe spin moment is limited to the interface layer and is
consistent with other theoretical studies of Fe-Co
interfaces.16,36–40 The spin moment of the Co atoms, on the
other hand, remains constant regardless of the position in the
superlattice and of the proximity to Fe atoms. The trend of a
constant Co moment agrees with the experimentally found
behavior of bulk Fe-Co alloys11 and Fe/Co�001�
superlattices.14 The enhancement of the spin moments of the
Fe atoms is also consistent with experimental findings, al-
though the calculated enhancement is smaller than what is
found experimentally.14 The enhanced spin moments of the
Fe atoms can be explained by hybridization effects between
the Fe atoms and neighboring Co atoms.36,37

The calculated orbital moments for the Fe6 /Co2, Fe4 /Co4,
and Fe2/Co6 superlattices are shown in Fig. 4. As opposed to
the behavior of the spin moment, the orbital moment for the
interface Co atoms decreases by almost 30%, whereas the
orbital moments for the other atoms only vary slightly be-
tween different sites in the superlattice. The calculated Co
orbital moments reproduce the experimentally observed val-

FIG. 1. �Color online� Spin and total magnetic moments for bcc
Fen /Com�001� superlattices, for n+m=4 and 8, as a function of the
Co concentration, calculated with the RS-LMTO-ASA method. The
experimental total moments are from Refs. 7 and 14.

FIG. 2. Average magnetic moments for bcc Fen /Con�001� su-
perlattices with n=1–6, calculated with the RS-LMTO-ASA
method.

FIG. 3. Local spin magnetic moments for three superlattice
compositions, calculated with the RS-LMTO-ASA method. The
vertical line indicates the Fe/Co interface.

FIG. 4. Orbital moments as a function of the position in the
superlattice for three different superlattice compositions, calculated
with the RS-LMTO-ASA method. The vertical line indicates the
Fe/Co interface.
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ues with rather good accuracy, whereas the calculated Fe
orbital moments are too small.14 This discrepancy is most
likely due to the fact that the real-space method, like the
reciprocal-space LMTO,41 slightly underestimates the orbital
moments compared to experimental data, as well as an un-
certainty in the determination of the experimental orbital mo-
ments from the XMCD sum rules.

B. Interdiffusion simulations

Diffusion at the interfaces is known to strongly affect the
magnetic properties of superlattices.18 Experimentally, how-
ever, the morphology of the interface in Fe/Co superlattices
is still a matter of debate, but is known to be dependent on
temperature.5,8,12 To address this issue we have performed
standard Monte Carlo simulations with concentration depen-
dent effective interactions extracted from first-principles cal-
culations in the framework of the screened generalized per-
turbation method �SGPM�.42 We took into account the local
character of diffusion at low temperatures and approximated
the temperature induced intermixing of Fe/Co layers by the
destruction of the local B2-type symmetry at the Fe-Co
interface.43 Fe6 /Co2 and Fe2/Co6 systems were considered
and the temperature for a transition from a B2 structure to a
disordered state was estimated through standard specific heat
calculations with two sets of effective interactions, one cor-
responding to the overall Fe and Co concentrations in the
system and the other corresponding to the B2-type local
symmetry, i.e., Fe50/Co50. The results for these two sets pro-
vide obvious limiting points for the region of temperatures at
which the destruction of the local B2-type symmetry and
therefore the initial interdiffusion is expected to occur.

Our results are presented in Fig. 5 and show that the tran-
sition temperature is higher for Fe6Co2 compared to Fe2Co6.
They also indicate that the temperature at which the samples
are prepared can strongly affect the degree of Fe-Co interdif-
fusion. Remarkably, higher Co content in the sample facili-
tates Fe-Co interdiffusion leading to a lower temperature
needed to destroy the ideal structure with Fe and Co atoms
occupying only their respective layers. In particular, in the
Fe2 /Co6 multilayer system interdiffusion is expected at tem-
peratures higher than �520–610 K �Fig. 5�a�� and in
Fe6 /Co2 at temperatures higher than �660–950 K �Fig.
5�b��. These simple estimates turn out to be in good agree-
ment with experimental temperatures for when interdiffusion
is initiated: 623–673 K for Fe2 /Co6 and 773–823 K for
Fe6 /Co2, respectively.44

C. Interdiffusion effects

In order to examine the influence of interface roughness
on the magnetic moments of Fe/Co superlattices, we have
performed calculations for Fe6 /Co2 corresponding to 25%
and 50% intermixing of the interfacial layers. However, the
differences in the average magnetic moments for these sys-
tems were not significant. Compared to the total moment for
the perfect Fe6 /Co2 superlattice, 2.34�B, the moments for
the interdiffused systems were found to be 2.33�B for both
25% and 50% interdiffusion.

An investigation of the local magnetic structure around
interdiffused atoms was performed by considering single im-
purities at the Fe-Co interface for an Fe6 /Co2 superlattice.
The two configurations considered in this study were an Fe
atom placed at a Co interface site, which is illustrated in Fig.
6�b�, and a Co atom placed on an Fe interface site, as shown
in Fig. 6�c�. For an Fe atom occupying a Co site, a very
small increase, from 2.58�B to 2.62�B, of the Fe spin mo-
ment is observed. This increase can be explained by the dif-
ference in coordination between a site on the Fe side of the
interface, which has four nearest and one next-nearest Co
neighbor, and on the Co side, which has four nearest and five
next-nearest Co neighbors. On the other hand, an Fe atom on
a Co site decreases the spin moment for the surrounding Fe

FIG. 5. �Color online� Calculated specific heat for �a� Fe2Co6

and �b� Fe6Co2 multilayers as a function of temperature. Parameters
in the SGPM method were calculated from a Fe0.5Co0.5 alloy
�dashed line�, a Fe0.25Co0.75 alloy �solid line, panel �a��, and a
Fe0.75Co0.25 alloy �solid line, panel �b��.
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atoms in the interface layer, from 2.58�B to 2.53�B, so that
the net effect is actually a decrease of the average magnetic
moment. When a Co atom is placed at an interface Fe site,
the spin moment of the Co atom does not change. The Fe
atoms surrounding the impurity Co atom do however in-
crease their spin moments, from 2.36�B for a perfect inter-
face to 2.43�B due to the increased Co coordination number.

D. Structural distortion

So far only bcc Fe/Co�001� superlattices have been dis-
cussed. The difference of the equilibrium lattice parameters
of bulk bcc Fe and bcc Co2 amounts to only 1.6%, and thus
the tetragonal distortion of the individual Fe and Co layers
from a bcc structure are expected to be small. To examine the
influence of these distortions on the magnetic properties, we
performed a structural optimization for some superlattice
compositions, namely Fe6 /Co2, Fe4 /Co4, and Fe2/Co6. The
relaxed structures were found to differ very little from the
perfect bcc superlattice, resulting in a tetragonal distortion
with an increase of �1% of the out-of-plane lattice param-
eter and a volume change of less than 1.5%. It was found
that the small distortion from a cubic symmetry only has a
minor effect on the magnetic moments. A comparison be-
tween the cubic and the relaxed Fe4/Co4 superlattice shows a
1% decrease of the spin moment for the latter. The orbital
moment is decreased by 4% for the relaxed superlattice. The
effect of these distortions on the magnetic anisotropy will be
discussed in the next section.

E. Magnetic anisotropy

The MAE was calculated for the relaxed Fe6/Co2,
Fe4 /Co4, and Fe2/Co6 superlattices, since it is strongly de-
pendent on the c /a ratio of the layers.45,46 The out-of-plane
MAE, which is defined as E100−E001, where Enmk is the total
energy with the magnetization aligned along the direction
�nmk�, is presented in Table I. Note that the calculated values
are merely the magnetocrystalline anisotropy, i.e., the intrin-
sic contribution resulting from the spin-orbit interaction,
which is negative for the studied compositions, and hence
results in an easy axis of magnetization that lies in the plane
of the film. In thin magnetic films and multilayers, the so-
called shape anisotropy that originates from the mutual di-
pole interaction of the magnetic moments makes a significant
contribution to the total MAE. It always favors an orientation
of the easy axis of magnetization in the film plane. In the
present case, both contributions to the MAE favor an in-
plane easy axis. The effective MAE, which is measured ex-
perimentally, can be calculated from Keff=KMCA−�0Ms

2 /2,
where Ms is the saturation magnetization.47 The shape aniso-
tropy in Fe/Co�001� superlattices is of the order of
150 �eV/atom. For the compositions studied here, the mag-
nitude of the out-of-plane MAE increases with the Co con-
centration, as can be seen from Table I.

The in-plane MAE, which is defined as E110−E100, is
much smaller than the out-of-plane MAE, owing to the
square symmetry within the plane of the sample. The results
for the calculated in-plane MAE are given in Table I, to-
gether with the experimentally obtained values from Ref. 7.
The agreement between the calculated values and the mea-
sured values is satisfactory, considering the tiny energy dif-
ferences of the order of �eV that have to be resolved. Ex-
perimentally, the transition from the �100� easy axis to the
�110� easy axis with increasing Co concentration is found to
occur around 33% Co,7 whereas the crossover occurs at
about 50% for the calculated values. It is interesting to note
that a crossover from the �100� to the �111� direction for the
easy axis occurs in bulk bcc Fe-Co alloys at a Co concentra-
tion of 45%.9 Thus it appears that the behavior of the in-
plane MAE of Fe/Co�001� superlattices is similar to that
of bulk Fe-Co alloys, if one considers the fact that the easy
axis of magnetization is forced into the plane by the shape
anisotropy. That is, for Co-rich superlattices the easy axis is
along �110�, which is the projection of �111� onto the plane
of the film.

FIG. 6. Illustration of single impurities at the Fe-Co interface.
The upper panel shows a perfect interface. The center panel shows
an Fe atom at an Co site, whereas the lower panel shows a Co atom
at an Fe site.

TABLE I. Calculated magnetocrystalline anisotropy energies, in
�eV/atom, for the relaxed Fe6/Co2, Fe4 /Co4, and Fe2/Co6 super-
lattices, obtained with the FP-LMTO method. The experimental
values are from Ref. 7.

E110−E100

E100−E001

Calc.Calc. Expt.

Fe6 /Co2 4.5 0.4 −42

Fe4/Co4 �0 −46

Fe2/Co6 −2.6 −1.0 −58
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We attempted to separate the effect on the out-of-plane
MAE due to the deviation from the cubic symmetry owing to
the tetragonal distortion of the lattice on the one hand, and
the chemical modulation along the growth direction on the
other hand. To accomplish this, the atomic positions of the
relaxed structures for the superlattices considered above
were used to model a random Fe-Co alloy of the respective
composition. The alloy was treated within the virtual crystal
approximation, which is expected to work well in the case of
Fe and Co.48 The calculated values for the out-of-plane MAE
of these hypothetical superlattices are of the order of
10 �eV/atom, i.e., with a reversed sign compared to the val-
ues reported in Table I. The trend of an increasing magnitude
of the MAE with increasing Co concentration, however, is
preserved. In addition, we calculated the out-of-plane MAE
for a bcc Fe4 /Co4 superlattice, i.e., without lattice distor-
tions, and it was found to be only 5% larger than that of the
relaxed superlattice. From this simple calculation it can be
concluded that it is the chemical modulation along the
growth direction, i.e., an interface contribution, that domi-
nates the out-of-plane MAE. It should be noted that the
chemical modulation breaks the cubic symmetry and results
in a tetragonal symmetry, even if an ideal bcc structure is
assumed. It is for this reason a tetragonal lattice distortion of
the multilayers only marginally affects the calculated MAE.

IV. SUMMARY

The magnetic moments and the magnetic anisotropy en-
ergy of Fe/Co�001� superlattices were calculated from first
principles. The concentration dependence of the magnetic
moment is similar to what is observed in bulk Fe-Co alloys,
which is described by the Slater-Pauling curve. The maxi-
mum saturation moment, however, is less pronounced and
shifted toward lower Co concentrations. The enhancement of
the magnetic moments for Fe-rich superlattices is traced to
an enhanced Fe spin moment close to the Fe-Co interface.
No evidence for an increased Co magnetic moment was

found. The orbital moments are of the same size as in bulk,
with a small increase for interface Fe atoms, while the Co
atoms at the interface have slightly decreased orbital mo-
ments. The calculated total magnetic moments agree well
with a recent experimental study.14

The effect of interface roughness was investigated, and
the average magnetic moments were found to be virtually
unaffected, despite local fluctuations due to the varying co-
ordination. From an analysis based on SGPM we calculate
the temperatures for when ideal multilayers break up into an
alloy. The Fe2Co6 multilayer is found to transform into an
alloy at �550 K and the Fe6Co2 multilayer at �800 K, in
qualitative agreement with experiments. Using relaxed su-
perlattice structures, the effect of tetragonal distortions on
the magnetic properties was investigated. The influence of
the distortion on the magnetic moments was found to be
small.

Fe-rich superlattices favor an easy axis along the �100�
direction, whereas the Co-rich systems have the easy axis
along the �110� direction, in agreement with experimental
findings. The transition of the easy axis occurs around a Co
concentration of 50%. The in-plane easy axis of magnetiza-
tion is due to two contributions: The chemical modulation
that breaks the cubic symmetry and the shape anisotropy.
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