
PHYSICAL REVIEW 8 VOLUME 49, NUMBER 1 1 JANUARY 1994-I

Magnetic polarization of the Pd spacer and interlayer magnetic couplings
in Fe/Pd (001) superlattices: First principles calculations
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This paper is devoted to a theoretical study of the magnetic properties of Fe/Pd superlattices. We
mostly focus our attention on the determination of both the interlayer magnetic couplings (IMC) and the
magnetic-moment distributions as a function of the Pd spacer s thickness. We use an ab initio method
(augmented spherical wave) to determine self-consistently the electronic structure, the magnetic-moment
distributions, and the total energies for the considered systems. We consider two model structures for
the Pd spacers (1) a fct structure for which the Pd atoms keep their bulk atomic volume and (2) a fcc
structure for which the Pd atomic volume is expanded. For the first structure, the magnetic polarization
in the palladium spacer is limited mostly to the first three monolayers near the Fe-Pd interfaces and the
IMC are similar to the ones obtained for nonmagnetic spacers. The IMC decrease rapidly with an oscil-
lating behavior. On the contrary, for the second atomic structure, the whole Pd spacer is polarized with
a moment of about 0. 15pz/atom for n 14 (n being the number of Pd atomic layers) and the IMC are
ferromagnetic in a large range of Pd thicknesses. We present a detailed study of (i) Fe3Pd& superlattices
whose ground state is shown to be antiferromagnetic and (ii) the polarization induced in the Pd spacer in
relation with the current theoretical models.

I. INTRODUCTION

The recent discovery of oscillating interlayer magnetic
couplings (IMC) between ferromagnetic (F) layers
(A =Fe, Co, Ni) separated by a nonmagnetic or antifer-
romagnetic (AF) metallic spacer 8„(Ref.I) (I and n cor-
respond, respectively, to the number of atomic layers)
and of the related giant magnetoresistance (GMR) has
stimulated a lot of experimental and theoretical activity.
The purposes of such studies are both to understand the
physical origins of these effects and to design magne-
toresistive devices for various applications. Up to now,
the experimental data on sandwiches and superlattices
based on noble- and transition-metal spacers allow one to
determine general trends as far as the magnitudes of the
IMC and the relations between GMR and IMC are con-
cerned. Moreover, the magnitude of the IMC and of
their oscillating behavior have been found to be very sen-
sitive to the quality of the interfaces.

From a theoretical point of view, the physical origin of
the oscillating behavior of the IMC is qualitatively under-
stood from an extension of the classical theory of pair
interactions either between magnetic impurities in non-
magnetic hosts or between planar defects in metals.
The physical picture for such a coupling can be under-
stood in a perturbation scheme as follows: (I) the first F

layer induces in the spacer an oscillating magnetic polar-
ization, (2) this polarization interacts with the second lay-
er and gives rise to the IMC. Therefore, the magnetic-
moment distributions in the spacer near an interface
separating two semi-infinite crystals is strongly related to
the IMC for /arge thicknesses of the metallic spacer. In
this asymptotic regime, both quantities present an oscil-
lating behavior whose periods are deduced from the
spacer's Fermi-surface topology. Several assumptions
have been used to describe semi-qualitatively these
effects: Ruderman-Kittel-Kasuya- Yosida (RKKY)
theory, hole confinement model, "s-d" mixing models
based on Anderson's model for impurities in metals. '

The comparison of theoretical predictions for the period
of these oscillations and of experiments has been success-
ful for systems with noble-metal spacers such as Cu/Co. "
However, for transition-metal spacers the oscillations are
multiperiodic from the complicated topology of the Fer-
mi surface and are difficult to relate to experiments. '

Moreover, the amplitudes and the phases of each of these
oscillations are strongly sensitive to the velocities and
curvatures of the Fermi surface and to the scattering
properties of the F layers. Finally, the range of validity
of the asymptotic form for the IMC is difficult to access
so that a satisfactory understanding of the amplitudes of
the IMC, of their variations along the transition-metal
series and of their dependence on the interfaces rough-
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ness is still lacking.
The IMC can also be determined by calculating direct-

ly the total-energy difference AE between two magnetic
configurations of the A layers (F and AF for example)
and by using either ab initio' ' or semiempirical tight-
binding (TB) methods. ' For transition-metal spacers,
some calculations have been carried out by TB and ab in-
itio methods, both methods agreeing in the considered
range of thicknesses and for all investigated superlat-
tices. ' ' In contrast to other models, these calcula-13, 16, 17

tions do not depend on the assumptions concerning either
the spacer's thicknesses (n ~ ~) or the scattering proper-
ties of the F layers. They can be performed only for
small n values (=6—8) from limitations related to (i) the
numerical accuracy required for very small IMC (resolu-
tion about b,E &1 meV/crystallographic cell) and (ii)
from the necessary computation time. Nevertheless, for
superlattices with noble-metal spacers, the period of the
calculated IMC (n ~ 8) have been qualitatively related to
the shape of the Fermi surface. ' For superlattices with
AF spacers the situation is quite different, the IMC oscil-

lating with a period of two monolayers' ' for the sys-
tems presenting the best crystalline quality. This oscilla-
tion has been related to the existence of a magnetic defect
in the AF layer induced by the strong antiparallel interfa-
cial 3-B coupling. ' ' Therefore, the corresponding per-
turbating potential is extended in the whole spacer so
that such a situation cannot be described by the previous
approaches.

The strong sensitivity of the amplitude and of the
periodicity of such oscillations to interfacial roughness
has been shown in such superlattices both experimentally
and theoretically. ' However, the theoretical values of
magnitude of the IMC for all the investigated superlat-
tices are one order of magnitude larger than experimen-
tally observed. The origin of this discrepancy is not
clearly understood. Up to now, it has been related to in-

terfacial diffusion or roughness but a systematic study of
such effects is lacking.

In this paper, we present a detailed theoretical ab initio

study of the Fe/Pd IMC and of the related magnetic-
moment distributions. Palladium is nearly ferromagnetic
so that the magnetic superlattices A Pd„(where A is a

magnetic metal such as Fe, Co or Ni) can a priori exhibit
new and interesting magnetic features. For example, in

pure fcc palladium, the existence of such a large and
long-range ferromagnetic Pd polarization is well estab-
lished around 3 impurities. ' Therefore, we can expect a
large and long-range palladium polarization near 3/Pd
interface as resulting from the superposition of the effect
of all interfacial 3 atoms. However, the physical situa-
tion is different in A Pd„superlattices, the magnetic
properties being modified by (i) the confinement of the
spacer's slab between iron layers and (ii) the strains in-

duced in the 3 and B slabs by the epitaxial growth of two
element with different equilibrium atomic volumes.
Therefore, it is essential to take these effects into account
and to determine their roles on the magnetic order and
on the polarization of Fe3Pd„superlattices.

Co/Pd and Fe/Pd multilayers have been synthesized
experimentally during the last few years. The first system

has been intensively studied and exhibits perpendicular
anisotropy (the Co magnetization is found perpendicular
to the plane of the interfaces for small Co thicknesses).
The Fe/Pd sandwiches and multilayers have been studied
more recently. Fe(001)/Pd„(001)/Fe(001) sandwiches

have been synthesized by Celinski and co-workers '
with a molecular beam epitaxy technique. They obtain
samples of high crystalline quality up to 12 Pd mono-
layers on Fe(001) with an in-plane Pd lattice parameter's
expansion of 5. 1%%uo with respect to its equilibrium value.
Although the growth of Fe on the Pd spacer present
some roughness, the Fe(001)/Pd(001)/Fe(001) trilayer
have been found to be well suited for magnetic studies. '

Ferromagnetic resonance, Brillouin-light-scattering, and
surface-magneto-optical Kerr effect techniques have been
used in order to measure the exchange coupling. The au-

thors found that (i) the whole Pd spacer is not entirely
polarized for Pd thicknesses n larger than 4 monolayers
and (ii) the IMC are ferromagnetic, behave nonmonoto-
nously for n ~ 12 monolayers, show oscillations with a
period of 4 monolayers for n ( 12, and are strongly sensi-

tive to temperature variations. Fe/Pd(001) multilayers
have been realized more recently in the Thomson

group ' to study their magnetotransport properties.
The superlattices were grown directly on a MgO sub-
strate or with a Pd buffer: Similar epitaxial growths have
been obtained in the two cases in agreement with the re-
sults of Celinski et a/. The authors obtained hysteresis
loops consistent with an antiferromagnetic (AF) coupling
between the Fe layers in the same thickness range ' as the
one observed by Celinski et al. However, by a more
detailed analysis of the hysteresis loops, they found no
evidence for isotropic AF couplings. Moreover, by Kerr
optical microscopy, they have recently obtained a strong
evidence of a F coupling for 5 ~ n ~ 25.

Some other experimental works have been done ' on
Pd/Fe superlattices but they were mostly focused on the
polarization of the interfacial Pd layers —the interfaces
corresponding to the Fe(110)/Pd(111) stacking. These
works have shown evidence of a strong polarization of
the interfacial Pd atoms by Mossbauer analysis and by
spin-resolved photoemission.

Theoretically, the Fe/Pd interfaces have been mostly
studied " when ultrathin Pd overlayers are deposited
onto a Fe substrate. These studies have shown that the
Pd overlayer exhibits a strong polarization with an inter-
facial magnetic moment of 0.3 —0.4p~. However, it is not
possible to split the origin of the polarization into an
Fe/Pd interfacial and a surface contribution, so that
these results cannot be transposed to a multilayer situa-
tion. More recently, Fe~/Pd„ /Fe~(001) sandwiches and

Fe~Pd, (001) superlattices have been studied using a TB
description of the electronic structure. ' In these pa-
pers, the authors are mainly interested in the polarization
induced in the Pd layers by the interfacial hybridization
with Fe. They report also magnitudes for the IMC which
are very strong as compared to the experimental data, to
the results of similar calculations for Co4Pd„superlat-
tices' and to those obtained in this work.

In this paper, our aim is to determine the main features
of the magnetic-moment distributions and of the IMC in
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the local-spin-density approximation (LSDA) framework.
In Sec. II, we describe the method used in this paper and

the atomic structures we will consider; we present in Sec.
III the magnetic-moment distributions and the IMC ob-
tained for perfect superlattices for n ~ 6 monolayers
(ML); in Sec. IV, we detail the densities of states in

Fe3Pd& and the role of the interfacial Fe-Pd hybridiza-

tion. Finally, in Sec. V we study the polarization induced
in the Pd layers for n ~ 14 ML as a function of the struc-
ture of the palladium spacer.

II. METHOD

The aim of this work is to study the electronic struc-
ture of Fe/Pd superlattices with a method sufficiently
precise to exhibit the essential features which allow the
physical understanding of the experiments. Here, we
have chosen the augmented spherical wave (ASW)
method and the LSDA formalism for treating exchange
and correlation of a many-electron system which allow
one to determine the electronic structure of the superlatee
tices. It has been shown recently, that this method is well
suited to study such systems as Fe/Cr, ' Fe/Mn,
Co/Cu, Fe/Nb, Co/Ru, ' Fe/Si, . . . superlattices.

One essential problem in such calculations is to get
self-consistent magnetic-moment distributions and IMC
with a sufficient accuracy. Here, the numerical accuracy
is mostly determined by the choice of the k points in the
Brillouin zone. The IMC are obtained from the energy
difference of F and AF interlayer arrangements, where
the number of k points (Nk) remains unchanged for both
calculations. Large Nk values allow one to get a fine
resolution of the band structure and of the densities of
states but the computer time increases linearly with this
number. Moreover, to increase significantly the resoluee
tion of the structures from one calculation to the next,
the number of k points would be at least multiplied by a
factor of 2 and consequently the computer time by the
same factor. When the number N„ofatoms in the ele-
mentary cell is small (less than 10), some thousands of k
points in the irreducible part of the Brillouin zone can
easily be used, but when N„becomes very large (in this
work we will have up to N„=24),smaller values of Nk
must be used to limit the computing time to reasonable
values. In order to optimize the number of k points,
we study the convergence of the IMC ( ( 1

meV/crystallographic cell) and of the magnetic moments
as a function of Nk starting from small (Nk =12) to large
values (up to Nk =816). We assume that self-consistent
solutions are obtained with a good accuracy when the
variations of the energies and the magnetic moments for
the two largest values of Nk are small as compared to
their absolute values.

We have found that to achieve self-consistent solutions,
the calculation needs more and more iterations when (i)
the number of Pd atoms is increased for given values of
Nk and N„because of the Pd magnetic instability and (ii)
when Nk is increased.

As discussed previously, the crystalline structure of the
sandwiches and of the superlattices have been found to be

rIi(pd-pd)

rl&(Fe-Pd)

JL
rI&(Fe-Fe)

FIG. 1. Schematic representation of a Fe-Pd interface show-
ing the interplanar distances.

very similar. ' However, only the in-plane parameter is
experimentally known and is found to be nearly equal to
the bulk Fe one. If we assume that the (001) plane of fcc
Pd when rotated by 45' matches the (001) plane of bcc Fe,
5% in-plane expansion of the Pd parameter is obtained.
Consequently, the fcc cell is a priori tetragonally de-
formed giving a fct structure for the Pd layers (Fig. 1).
Such a behavior has already been observed in platinum
on (001) iron for which in-plane lattice expansion is ac-
companied by an out-of-plane lattice compression.

The precise value of the tetragonality, i.e., of the inter-
planar distances being unknown, we will consider two ex-
treme model structures: (i) the first one for which the
atomic volume of the Pd atoms is taken to be equal to the
bulk one [constant atomic volume (CAV)] and conse-
quently induces a tetragonal deformation of the Pd fcc
structure (fct) and (ii) the second one for which the struc-
ture of the Pd layers is assumed to be fcc [expanded
atomic volume (EAV)]. In the first structure the dis-
tance, d~(Pd-Pd), between Pd planes is equal to
0.625 XaF„a„,=5.42 atomic units (a.u. ) being the exper-
imental value of the bcc iron lattice parameter. The
Wigner-Seitz radius taken for Pd and Fe are, respectively,
sF, =2.668 66 a.u. , and sp&

=2. 875 49 a.u. For the
second structure, d~(Pd-Pd) is equal to (&2/2) Xa„,so
that the palladium atomic volume increase EQ from its
bulk value Q, EQ/Q is equal to 13%. The Wigner-Seitz
radius taken for Pd and Fe are, respectively,
sF, =2.66866 a.u. , and sp&=2. 99547 a.u. We have
verified that, for these two structures, the bulk Pd crystal
is not magnetic. Finally, for the distance d~(Pd-Fe) be-
tween a Pd plane and a Fe plane, we use the average
[d) (Pd-Pd)+d~(Fe-Fe)]/2 value with d~(Fe-Fe) =a„,/2.

These calculations allow one to determine the sensitivi-
ty of the superlattice's magnetic properties to the struc-
ture of the palladium layers. However, although the ex-
perirnental structure is thought to be intermediate be-
tween the previous ones, we cannot compare the theoreti-
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cal values of the IMC with the experimental ones without
doing an energy minimization with respect to the atomic
displacement. Up to now, such a calculation seems to be
too difficult to be performed with the required accuracy
without limiting the number of degrees of freedom. For
example, we can expect that the main features are ob-
tained by varying dt(Pd-Pd) assuming that it is the same
in the whole Pd layer. Such a study is now under pro-
gress.

III. INTERLAYER MAGNETIC COUPLINGS
IN Fe3Pd„SUPERLATTICES

We determine the IMC by calculating the difference
AE„A„=E„—EA„between the total energies obtained
for the two opposite interlayer magnetic arrangements F
and AF. The F (AF) interlayer magnetic arrangement
corresponds (respectively) to parallel (antiparallel) mag-
netizations of successive Fe layers (Fig. 2). The calculat-
ed range of the antiferromagnetic IMC can then be
directly compared to the ones deduced from magne-
tometry measurements.

To determine the accuracy obtained for the IMC, we

studied the variation of the IMC as a function of NI, . We
have used Nk =12, 30, 84, 114, 330 for the CAV struc-
ture [Fig. 3(a)] and the same set plus Nk =816 for the
EAV structure [Fig. 3(b)]. This last value of Nk is really

necessary to achieve a good convergence for large
thicknesses as shown in Fig. 3. From this study, the fol-

lowing remarks can be made:
(i) The curves obtained for Nk =12 allow one to get a

qualitative idea of the variation of the IMC with the
number of Pd atomic layers.

(ii) The convergence of the IMC is rapidly achieved for
the CAV structure, the variations of the IMC for the
largest N& values being relatively small [Fig. 3(a)]. How-

ever, it is more difficult to achieve a good convergence for
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the EAV structure [Fig. 3(b)] due to the fact that the Pd
is closer from the ferromagnetic instability.

(iii) If we consider the variations of the IMC with NI, ,
we estimate that the error induced by the restricted num-
ber of k points is equal to 2 meV/crystallographic cell.

Figure 4 is a plot of the IMC versus the spacer thick-
ness n. The IMC obtained for the CAV structure oscil-
late from AF (n =1,2) to F (n =3,4, 5) and to AF (n =6)
values. These oscillations can be roughly assimilated to
the ones obtained with the RKKY-like theories ' but
they cannot be quantitatively related to the Fermi-surface
topology. The range of the n values is too small to deter-
mine the periodicity of such oscillations and to relate
them to an asymptotic regime valid for large spacer
thicknesses (n ~ ee). On the contrary, the IMC obtained
for the EAV structure are F except for n =1. The corn-
parison between both curves shows interesting features:

(i) For n =1, the IMC are positive for both CAV and
EAV structures, i.e., the AF arrangement is the most
stable one (Fig. 4). This result is a priori in contradiction
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FIG. 2. Schematic representation of the magnetic-moment
distribution in Fe3Pd, for (a) the F and (b) The AF interlayer
magnetic arrangement.

FIG. 3. Interlayer magnetic couplings AE& A„=E„—E„„in

Fe3Pd„superlattices as a function of n for (a) the CAV and (b)

the EAV structure showing the variation of the behavior with

the number NI, of k points used for the calculation.
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with the idea that the ground state is obtained for palladi-
um layers coupled ferromagnetically to their Fe neigh-
boring layers, i.e., for a F arrangement. Due to the iron
polarization, the Pd moments are expected to be large in
the F arrangement. Indeed, they are found to be equal to
0.4pz and are a small bit larger for the CAV structure
than for the EAV one [Figs. 5(a), and Table I]. On the
contrary, in the AF arrangement, which is the ground
state, the magnetic moment of the atoms in the single Pd
layer is equal to zero from symmetry requirements [Figs.
5(a), 5(b), and Table II]. This suggests that, for the F ar-
rangement, the polarization of the Pd spacer costs some
magnetic-moment formation energy which can be larger
than the energy gain coming from the ferromagnetic in-
terfacial coupling between Fe and Pd layers, these two
contributions vanishing for the AF arrangement because
the Pd layer is nonmagnetic. This conjecture is con-
sistent with the fact that the lowest antiferromagnetic
IMC is obtained for the EAV structure, i.e., for large Fe-
Pd distances so that a given polarization of the Pd atoms
costs less energy, the Pd atoms being closer from the
Stoner instability.

(ii) For n =2, the magnetic moment distributions of
the CA V and EAV structures for each magnetic
configuration are very similar too (Tables I and II) but for
this thickness the magnetic moment is slightly larger for
the EAV structure. In the CAV structure the IMC
remains AF but its magnitude is strongly reduced (by a
factor of 5) with respect to its value for n = I: This result
can be correlated with the fact that the differences in the
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polarization of the Pd spacer are less important than for
n = 1, the magnetic moments in the F and AF cases being
nearly equal. In the EAV structure, the IMC is nearly
opposite to the ones obtained for the CAV structure.
The contribution due to polarization of the Pd layers

FIG. 4. Interlayer magnetic couplings AEF „F=E„—E„„in

Fe3Pd„superlattices as a function of n for the CAV (full line

with square symbols) and for the EAV (dashed line with circle
symbols) structure obtained with the two largest Nk. The long

dashed line corresponds to the difference REF AF

(CAV) —EEF AF (EAV).
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TABLE I. Values of the magnetic moments on all inequivalents sites in Fe Pd„superlattices for n =1—14 and for the F interlayer
magnetic arrangement. C, I and I+k correspond, respectively, to an atom in the inner Fe layer, in the interfacial layers, and in the
kth Pd layer from the interface. For large Pd thicknesses (n ) 6), we obtain an artificial dependence of the Pd magnetic moments
with the parity of n, the number of Fe atomic layers being successively equal to m =3 or 4. However, these slight differences do not
affect the general features of the magnetic moments distributions.

CAV struct. MF (C) MF (I) Mpd(I) Mpd(I +1) Mpd(I+2) Mpd(I +3) Mpd(I+4) Mpd(I+5) Mpd(I+6)

m =3,n

m =3,n

m =3,n

m =3,n

m =3)n
m =3)ll
m =3,n

m =4, n

m —3, n

m =4, n

m =3,n

m =4, n

m =3,n

m =4, n

=1
=2
=3
=4
=5
=6
=7
=8
=9
=10
=11
=12
=13
=14

2.429
2.443
2.442
2.428
2.426
2.424
2.428
2.469
2.421
2.465
2.423
2.466
2.421
2.467

2.819
2.806
2.796
2.785
2.782
2.786
2.789
2.794
2.784
2.790
2.784
2.792
2.783
2.791

0.413
0.307
0.289
0.256
0.253
0.262
0.267
0.279
0.262
0.276
0.263
0.277
0.262
0.277

0.129
0.038
0.013
0.040
0.059
0.064
0.048
0.052
0.049
0.057
0.048
0.061

—0.025
—0.010

0.021
0.024
0.010
0.009
0.008
0.015
0.007
0.020

0.006
0.017
0.006
0.002
0.001
0.006
0.001
0.010

0.013
0.014
0.008
0.013
0.009
0.015

0.010
0.013
0.006
0.011

0.003
0.009

EAV struct.
m —3,
m —3,
m =3)
m=3,
m =3)
m —3)
m —3,
m=4,
m —3,
m=4,
m —3,
m=4,
m —3)
m=4,

n=1
n =2
n —3
n=4
n=5
n=6
11 =7
n=8
n=9
n =10
n =11
n =12
n =13
n =14

2.383
2.401
2.414
2.409
2.405
2.403
2.402
2.471
2.401
2.468
2.399
2.468
2.398
2.466

2.849
2.821
2.841
2.843
2.839
2.839
2.839
2.842
2.839
2.841
2.838
2.840
2.837
2.841

0.397
0.322
0.339
0.346
0.340
0.342
0.341
0.353
0.344
0.352
0.340
0.350
0.341
0.350

0.171
0.184
0.171
0.177
0.160
0.175
0.156
0.172
0.158
0.169
0.158
0.177

0.179
0.179
0.165
0.181
0.151
0.167
0.155
0.163
0.156
0.180

0.158
0.190
0.145
0.155
0.150
0.153
0.149
0.180

0.153
0.149
0.150
0.146
0.149
0.181

0.144
0.133
0.139
0.172

0.136
0.171

favors the F state due to the fact that it costs less energy
in an expanded structure to create a magnetic moment on
a given atom.

(iii) For n )2, the IMC become small (a few
meV/crystallographic cell). In the EAV structure, the
IMC are always F due to the ferromagnetic polarization

of the whole Pd layer [Figs. 5(c), 5(d), Tables I and II].
On the contrary, in the CAV structure the IMC oscillate
and change of sign, the polarization being limited to the
first Pd layer: The interfacial magnetic moment is equal
to 0.26@~ (Tables I and II) whereas the moment is much

smaller (=0.04ps) on the second layer.

TABLE II. Values of the magnetic moments on all inequivalents sites in Fe3Pd„superlattices for
n = 1 —6 and for the AF interlayer magnetic arrangement.

CAV struct.

n=1
tl =2
n =3
n=4
n=5
n=6

MF, (C)

2.356
2.430
2.430
2.422
2.414
2.413

2.779
2.785
2.790
2.777
2.774
2.776

0.000
0.223
0.258
0.261
0.253
0.254

Mpd(I + 1 )

0.000
0.041
0.046
0.036

Mpd(I+ 2)

0.000
0.005

EAV struct.
n=1
n =2
n =3
n=4
n=5
n=6

2.341
2.380
2.395
2.395
2.391
2.392

2.822
2.813
2.832
2.834
2.830
2.831

0.000
0.245
0.295
0.324
0.322
0.326

0.000
0.055
0.091
0.098

0.000
0.040



49 MAGNETIC POLARIZATION OF THE Pd SPACER AND. . . 305

(iv) The difference AE„AF(CAV) b—,E„~F(EAV) be-
tween the IMC obtained for the two structures is always
positive (Fig. 4). The interplanar Pd expansion intro-
duces then a contribution which stabilizes always the F
state. However, from Fig. 4, we deduce that this effect is
short ranged (three monolayers).

The comparison with the experimental results of Celin-
ski and co-workers ' can be summarized as follows:

(i) The mean magnetic moment per Pd atom is estimat-
ed by the authors to be equal to 025pz in

Fe~/Pd4 jFe,o.
' This result is in agreement with the one

we obtain for the Fe3Pd4 superlattices in the EAV struc-
ture. The calculated mean magnetic moment is found
equal to 0.265pz. This suggests that the experimental
structure is expanded for such small thicknesses.

(ii) The authors have also deduced that the maximum
number of Pd atomic layers for which the whole Pd lay-
ers is ferromagnetically ordered is n =4. ' This is non-
consistent with our calculations: we have shown that the
Pd polarization for the CAV structure is limited to the
interfacial atomic layer, while the Pd spacer is entirely
polarized up to n =14 for the EAV structure. However,
the present results are consistent with experiment if we
assume that a structural change (from the EAV to the
CAV structure) occurs for n =5. Such a structural
transition —which has not been observed —for which the
Pd recovers its equilibrium volume, occurs usually in this
range of thicknesses as shown in several epitaxial sys-
tems 39—42

IV. ELECTRONIC STRUCTURE OF Fe3Pd&.
INTERFACIAL HYBRIDIZATION

AND LOCAL DENSITIES OF STATES

In this section, we focus our attention on the hybridi-
zation between the interfacial Fe and Pd atoms. Figures
6 and 7 represent the local densities of states (LDOS) for
all the inequivalent sites in Fe3Pd& superlattices for the
two interlayer magnetic arrangements and for both the
CAV (Fig. 6) and the EAV (Fig. 7) structures. We com-
pare these results to the LDOS of (i) the bulk pure metals
[Fig. 8(a), (b), and (c)], respectively, bcc Fe, fct Pd (CAV
structure) and fcc Pd (EAV structure), and (ii) the Pd
atoms which are the furthest from the Fe layers in Fe3Pd~
superlattices [(Figs. 8(d) and 8(e)] in the AF interlayer ar-
rangement in order to study the influence of the interfa-
cial perturbation on the inner Pd layers.

Let us discuss separately the main features of the ma-
jority and the minority spin bands for the inequivalent
atoms in the Fe3Pd, superlattices, i.e., for (i) the inner
iron atoms, (ii) the interfacial Fe atoms, and (iii) the pal-
ladium atoms.

Inner Fe atoms

The majority spin LDOS resemble a typical bcc DOS
[Fig. 8(a)] in all four cases —CAV and EAV structures,
respectively, in the F [Figs. 6(a) and 7(a)] and AF [Figs.
6(b) and 7(b)] orderings —but the Fermi level falls above
the "d" bands. This is related to (i) the increase of the
magnetic moment (from 2.2ps to 2.4ps) which shifts the

majority band to lower energies and (ii) to the small

charge transfer equal to +0.07(+0.1) electron in the
CAV (EAV) structure. The minority-spin LDOS are
strongly perturbed as compared to the bulk ones [Fig.
8(a)]. They present different features according to the
two magnetic arrangement. For the F state, the Fermi
level falls in a peak in the LDOS whereas for the AF state
it falls nearly in a minimum of the LDOS although the
magnetic moments are found to be nearly equal.

Interfacial Fe atoms

The LDOS are similar to those of the inner Fe atoms
but both spin bands are now strongly modified by the
Fe-Pd hybridization [Figs. 6(c), 6(d), 7(c), and 7(d)]. The
majority spin "d" bands are filled as for the inner Fe
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FIG. 6. Local densities of states on all inequivalent atoms in
Fe3Pd& superlattices for the CAV structure: (a) inner Fe layer,
(c) interfacial Fe layer, (e) Pd layer in the F interlayer magnetic
arrangement and (b) inner Fe layer, (d) interfacial Fe layer, (f)
Pd layer in the AF interlayer magnetic arrangement. The
majority (minority) LDOS n tie)[n ~(e)] correspond (respective-
ly) to the positive (negative) values. The Fermi level is given by
the vertical dashed line. The curves have been smoothed by
convolution with a Gaussian whose width is taken equal to 0.1

eV.
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atoms, the corresponding magnetic moment being equal
to 2.8p~. The minority-spin bands are slightly shifted to
higher energies than the corresponding LDOS for the
inner atoms, the charge transfer corresponding to a loss
equal to 0.12 (0.21) electrons in the CAV (EAV) struc-
ture. For this site, the differences between the F and AF
states are much more pronounced in the minority-spin
bands than in the majority ones: In the F state, there is a
valley in the minority-spin LDOS around the Fermi level
whereas, in the AF state, the minority-spin LDOS is less
structured below the Fermi level.

These results suggest that the hybridization of the " "
bands at the interfaces occurs up to the second Fe layer.
We have found that, in the Fe5Pd, superlattice, t e
LDOS of the inner Fe layer have almost recovered the
bulk characteristics. In conclusion, the electronic
structure of iron and more especially of the inner Fe
atoms in Fe3Pd1 superlattices is very different from the

bulk Fe. As a consequence, the Fe becomes a strong fer-
romagnet for which the majority-spin "d" bands are sa-
turated. The IMC in Fe Pd1 superlattices are then
strongly dependent on the iron thickness m for m ~ 3.

Pd atoms

The palladium LDOS are strongly modified by the hy-
bridization with Fe interfacial atoms in both CAV and
EAV structures [Figs. 6(e), 6(f), 7(e), and 7(f)]. However,
this hybridization is much larger in the majority- than in
the minority-spin anh

' 't - '
bands the differences between the Pd

and Fe "d" energy levels being much smaller in the
majority- than in the minority-spin bands. This is shown,
for example, in Figs. 6 and 7, by the following features:
(i) in the energy domain (4—7 eV) corresponding to large
peaks in the bottom of the Pd minority-spin "d" LDO,
the Fe minority-spin LDOS are very small, (ii) on t e
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MAGNETIC POLARIZATION OF THE Pd SPACER AND. . . 307

contrary, the energy ranges (7.5 —10 eV) for which the Fe
minority-spin LDOS are large corresponding to small Pd
LDOS. This small Fe-Pd hybridization in the minority-
spin bands is illustrated by the presence of a new struc-
ture in the Pd LDOS above the Fermi level (9—11 eV),
which corresponds to maxima in the Fe LDOS. This
structure in the Pd LDOS is characteristic of the hybridi-
zation with the Fe minority-spin states. In consequence,
it is obtained only in the Pd minority-spin LDOS for the
F state, while this structure exists in both majority- and
minority-spin LDOS in the AF state.

For Fe3Pd„superlattices and for larger Pd spacer
thicknesses, the features we described previously remain
valid for the Fe layers and the Pd interfacial sites. How-
ever, the structure above the Fermi level in the Pd inter-
facial LDOS is less pronounced than in Fe3Pd& superlat-
tices, each interfacial Pd atom having four Fe neighbors
only as compared to eight in Fe3Pd& superlattices. Be-
cause interfacial Pd sites have Fe on just one side, this
new structure is revealed only in one-spin LDOS (minori-
ty or majority) due to symmetry considerations. For the
other Pd sites, the LDOS are similar to the bulk one as
shown in Figs. 8(d) and 8(e) suggesting that the hybridiza-
tion is limited to the first Pd layer.

V. POLARIZATION OF THE Pd SPACER

The experimental ferromagnetic IMC as measured by
Celinski and Heinrich show a nonmonotonic behavior
with n. The authors have obtained local minima for
n =6,9 and local maxima for n =7, 11. Unfortunately, it

is not possible to determine theoretically the IMC for
such large Pd thicknesses because they are certainly too
small to be accurately determined and would need a too
large computer time. However, it is possible to deter-
mine the magnetic-moment distributions for larger n

values; since these distributions require less computer
time, this study allows one to obtain information on the
magnetic Pd polarization. Therefore, we have deter-
mined the polarization in the Pd spacer for large
thicknesses (up to n =14). For such calculations, we
need to use an elementary cell as small as possible. Since
the AF magnetic arrangement requires double crystallo-
graphic cells, we restrict our study to the F arrangement.
Moreover, we consider only superlattices with an even
number of atomic planes in the elementary cell to reduce
by symmetry the size of the cell by a factor of 2. This
leads us to study Fe3Pd„superlattices for odd n values
and F4Pd„superlattices for even n values. The magnetic
moments being less sensitive to the number of k points
used, we have only calculated the self-consistent solutions
with Xk =12, 30, 63, 108 for the CAV structure and with
the same set plus Nk =312 for the EAV structure.

In Fig. 9 we have plotted the magnetic moment distri-
butions in the Pd spacer for thicknesses n = 11—14 mono-
layers for both structures and for a F interlayer magnetic
arrangement. All magnetic moments for n =1 to 14 are
also given in Table I. The magnetic moment distribu-
tions for n = 1, . . . , 6 have been determined in the double
cell with 330 (816) k points (see Sec. III) and the others
(n =7—14) have been determined in the single crystallo-
graphic cell with 108 (312) k points in the CAV (EAV)

0.2

0.1

FIG. 9. Polarization of the Pd spacer in Fe3Pd» and Fe3Pd» superlattices (left) and in Fe3Pd» and Fe3Pd14 superlattices (right).
The values are only given for half of the sites. The others can be deduced by symmetry. The inserts represent the same values for the
CAV structure at a larger scale.
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structure as explained above. Let us now comment sepa-
rately on the results we obtained for the CAV and EAV
structures.

CAV structure

Our results show that we are far from reaching the
asymptotic regime for small Pd thicknesses (n (6). Most
striking is that we get negative Pd magnetic moments in
the center of the Pd layer for n =5,6 which suggest that
larger Pd thicknesses are needed to describe the polariza-
tion decay.

The magnetic polarization of the palladium layers by
the Fe interfacial layers is limited to the first three neigh-
boring layers, the total induced magnetic moment being
equal to about 0.35p~. If both interfaces are indepen-
dent, we can expect an exponential decay of the induced
Pd polarization. However, even for n =14 (Fig. 9), the
magnetic polarizations induced in the Pd layer by each of
the two interfaces with Fe show a nonmonotonous decay
and suggest that both polarizations are interacting. More
especially, a minimum is always obtained in the magni-
tude of the magnetic moments on the fourth Pd layers
from the interface.

EAV structure

In the EAV structure, the whole Pd spacer remains po-
larized with large magnetic moments on the inner layers
(0.13—0. 19IM~) up to large thicknesses (14 monolayers).
This is due to the fact that, for this atomic volume, the
Pd is close to the ferromagnetic state. This explains why
the interfacial polarization gives rise to long-range and
slowly decreasing tails whose superposition leads to the
polarization we obtain. No periodic modulation of the
magnitude of the magnetic moments is observed in con-
trast with the case of the CAV structure. However, if we
consider the central magnetic moment versus the spacer
thickness, we see that it varies nonmonotonously and
presents a minimum for n =12. This can be considered
as a possible origin of the oscillations in the F couplings
obtained by Celinski and Heinrich. Calculations for
larger Pd thicknesses are needed to confirm this result
and to determine the period of these oscillations.

VI. CONCLUSION

In this paper we have studied the Pd polarization and
the IMC in Fe3Pd„(001) superlattices. The electronic
structure of the superlattices has been determined with

the LSDA formalism and the ASW method to treat accu-
rately the polarization of the Pd spacer. In order to
study the role of tetragonal deformations of the Pd lay-
ers, we have considered two different extreme structures
(CAV and EAV) for the Pd spacer. Several features have
been clearly identified:

(i) For large n values (n )4), we have shown that the
polarization of the Pd spacer is completely different for

the two structures: It is limited to the interfacial atoms
for the CAV structure whereas the whole Pd spacer is po-
larized with a magnetic moment of approximately
0.15p~/atom for the inner layers in the EAV structure.
Consequently, the IMC are found to oscillate with a
RKKY-like behavior in the CAV structure whereas they
are F in the EAV structure.

(ii) The palladium thicknesses for which we have deter-
mined the IMC being too small, the asymptotic regime
characteristic of large n values is far from being obtained
so that it is not possible to directly compare the periods
of the IMC and of the polarization. However, for the
CAV structure, we have obtained a single modulation of
the magnitude of the Pd magnetic moments with a period
of four monolayers, a result which we can tentatively re-
late to the observed experimental period.

(iii) For n =1,2 we have shown that the electronic
structure of the palladium atoms is strongly modified by
the Fe-Pd hybridization whereas for n & 2 the inner Pd
layers have recovered their bulk characteristics. The
ground state of Fe3Pd& in both structures and for Fe3Pd2
in the CAV structure is antiferromagnetic.

It has been shown recently that the polarization in-
duced in Pd crystals by an interstitial Fe monolayer de-
cays exponentially with the distance to the interface.
We have not observed such an exponential behavior for
the two structures we considered. Moreover, we have ob-
tained nonmonotonous magnetic-moment distributions as
a function of the Pd position with respect to the interface
for large n. Therefore, these results show that the polar-
ization of a Pd slab surrounded by Fe layers in a superlat-
tice does not behave as the one resulting from a simple
superposition of the polarizations induced by each inter-
face. Up to now, we do not know the respective roles of
the superlattice periodicity and of the tetragonality of the
Pd structure. However, the comparison between the
IMC obtained for the two structures (CAV and EAV)
and the experimental data ' suggests that the c/a ratio
varies with the Pd thickness. Such a variation has never
been measured experimentally in Fe/Pd superlattices.
This shows the evidence to perform very specific experi-
ments, such as surface-extended x-ray-absorption fine
structure, for samples having varying Pd thicknesses.

In a forthcoming paper, we develop these studies (i) by
increasing the thickness of the Pd spacer in the CAV
structure to determine the periodicity of the magnetic
moment distribution, (ii) by introducing interfacial or-
dered compounds to study the effect of interdiffusion, and
(iii) by varying the structure of the Pd layer for some
representative cases.
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