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Abstract

First principles band structure calculations have been performed for (110) and (100) Fe /Cr and Fe/V superlattices with
mixed monolayers at the interfaces, with atomic concentrations in the mixed layers throughout the entire concentration
range. In addition, (211) and (111) superlattices with perfect interfaces have been studied. For Fe /V systems the moments at
the interfaces depend strongly on the nearest neighbour environment. Conversely, Fe and Cr moments at Fe /Cr interfaces
show almost no dependence on the nearest neighbour environment. We explain the latter behaviour as the result of
competing antiferromagnetic exchange interactions at the interface, and discuss why this behaviour is crucial to the strong
spin dependence of scattering at Fe /Cr interfaces, which gives rise to the very large giant magnetoresistance effect observed
for Fe /Cr multilayers. Implications are given for the temperature dependence of the GMR ratio.

1. Introduction

The giant magnetoresistance (GMR) effect in
magnetic multilayers originates from spin-dependent
scattering in the bulk of the magnetic layers, and at
the interfaces. In order to disentangle these two
possible contributions experimental studies of the
layer thickness dependences of the GMR effect have
been set up for various multilayer systems, using the
Current In Plane (CIP) [1-3]} as well as the Current
Perpendicular to the Planes (CPP) geometry [4]. It
has become clear that spin-dependent scattering at
the interfaces contributes significantly to the GMR
effect in e.g. Co/Cu and Co/Ag systems [4,5], and
in Fe /Cr systems [3], although there is an additional
spin-dependence of scattering in the bulk of the
layers [2-4]. From the work by Gijs et al., e.g., it
follows that the spin-asymmetry ratio for scattering
within bulk Fe or Co, @y, =p,/p;, equals about
0.4 and 2.5, respectively, whereas the spin asymme-

try ratios for scattering at Fe /Cr and Co/Cu inter-
faces equal about 0.1 and 20. The MR ratio of
Fe/Cr systems may be increased by decreasing the
Fe layer thickness, as has been demonstrated by
Schad et al. [6]. For Fe/Cr superlattices with Fe
layer thicknesses of only 4.5 A they obtained an MR
ratio of 220% at 1.5 K. This is the highest GMR
ratio for metallic multilayers reported so far, and
shows that spin-dependent scattering at the Fe/Cr
interfaces is by itself sufficient for obtaining a very
large GMR effect.

In spite of this progress in the understanding of
the importance of the contribution of spin-dependent
diffusive scattering at the interfaces, we are just
beginning to understand how this scattering might
depend on the interface structure and magnetism.
Diffusive scattering arises as a consequence of lat-
eral variations in the atomic potentials, resulting
from imperfections. Theoretical studies of interface
scattering should therefore start with a certain model
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for the interface structure, and should take into ac-
count that the effective potentials of atoms in the
interface region may be modified with respect to the
atomic potential in the bulk metals due to the interac-
tion with neighbour atoms of a different type. In our
point of view, in metallic systems the largest modifi-
cation on the effective atomic potentials is due to the
change of magnetic moments, with respect to the
bulk value; charge transfer effects are usually very
small.

The purpose of this paper is to present a more
quantitative discussion of these ideas, as applied to
spin dependent scattering at Fe/Cr and Fe/V inter-
faces. Our mode!l of the interface is that of a mixed
layer with monolayer (ML) thickness. Such inter-
faces have been realized by MBE growth, as follows
by the observation of 2 ML oscillations in the inter-
layer exchange coupling [7], and from the analysis of
Mbssbauer spectra [8]. Recently Belién et al. have
demonstrated that limiting roughness to a monolayer,
leading to a moderate step density, and avoiding
interdiffusion, is important for obtaining an opti-
mized GMR ratio for Fe /Cr superlattices [9].

We first present results of a study by means of
first principles band structure calculations of the
relation between the interface structure and mag-
netism. We have carried out supercell calculations
for (110) and (100) oriented Fe /Cr multilayers with
ordered mixed monolayers at the interfaces. The Fe
concentration x, in the mixed monolayer is varied
throughout the entire concentration range. It should
be noted that our calculations are an extension of the
work performed by Itoh et al. [10] on ‘interface
impurities’ (the limiting cases xz, — 0 and xp, = 1).
In analogy to bulk alloys, one may view the systems
studied as ordered approximations to ‘monolayer
interface alloys’. Similar questions as in the case of
bulk alloy systems, such as on the change of mag-
netic moments upon 3-D ordering, may also be
raised in the case of these quasi 2-D systems. This
issue will be discussed briefly.

The main result is that the magnetic moments of
Fe and Cr atoms in such one monolayer thick mixed
interface layers only very weakly depend on the
concentration of Fe and Cr within the mixed layer,
and on the specific type of ordering: Fe moments are
equal to 1.95+0.1py and Cr moments vary be-
tween —0.2 and —0.5uy. As far as the Cr moments

are concerned, this is, on first sight, a very surprising
result: Cr impurities in an Fe matrix show a much
larger induced magnetic moment. The calculated mo-
ment is —1.71py [11], which falls in the range of
values observed experimentally [12]. In order to
elucidate the underlying mechanism we have carried
out additional studies for the perfect, but more open,
Fe/Cr (211) and (111) interfaces, and for perfect
and non-ideal Fe/V interfaces. In contrast to the
case of Fe/Cr interfaces, Fe /V systems are shown
to behave as expected: induced V moments at inter-
faces increase monotonically with the number of Fe
nearest neighbours, extrapolating to the value of
about —1.2uy per V atom for a V impurity in an Fe
matrix. We will argue that the crucial difference
between the two systems is the antiferromagnetic
interatomic exchange between successive Cr layers,
which is absent in the case of V. This leads to small
Cr moments due to competing antiferromagnetic ex-
change interactions. We point out that a similar
mechanism is operative in Fe—Cr bulk alloys. Dreyssé
et al. have recently presented similar ideas for the
case of Fe /Cr stepped interfaces [13].

Finally, we will discuss the relationship between
spin-dependent scattering and interface magnetism,
using an approach which we proposed earlier [11].
We will argue that the small, concentration indepen-
dent value of the Cr moments in mixed interfaces
layers is crucial to the strong spin-dependent scatter-
ing at the interface.

Part of the results presented in this paper have
already been briefly discussed in an earlier publica-
tion [14].

2. Structural details

From a series of trial calculations we have found
that it is entirely adequate, when focussing at the
magnetism of magnetic moments in mixed mono-
layer interface layers, to perform all calculations for
(110) and (100) superlattices of the type:

5MLFe/1 MLFe Cr,_,/5MLCr/1 MLFe Cr,_,,

and similarly for Fe /V systems. We have carried out
our calculations for x =1 (perfect interfaces), x=
3/4,1/2 and 1/4, and in some cases for x=1/8.
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Fig. 1. Schematic cross-section of a superlattice with ordered
mixed interface layers, and layer thicknesses as discussed in this
paper. The dashed box indicates the size of the supercell.

A schematic picture of the systems studied is shown
in Fig. 1.

Fig. 2 shows the structure of the mixed monolay-
ers for (100) and (110) systems. For Fe/V (100)
systems with x=1/2 two mixed layer configura-
tions, indicated with I and II, were considered. For
(110) systems with x=1/4 and 3/4 only the con-
figurations I were considered. A comparison with the
results for laterally doubled cells with configuration
11, for which the shortest distance between minority-
type atoms in the mixed monolayer is about 22%
larger, would be of interest in future studies. The
calculations for (211) and (111) oriented layers with
perfect interfaces have been carried out for 8 ML Fe

Table 1
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Fig. 2. 2-Dimensional unit cells within the mixed interface layers.
Filled and open circles denote Fe and Cr(V) atoms. The number-
ing of the atoms corresponds to the order in which the local
environment and the moments are given in Tables 2 and 3.

/10 ML (Cr,V) and 10 ML Fe/14 ML (Cr,V)
systems, respectively.

In the case of Fe/Cr systems all atoms are as-
sumed to be situated on the lattice sites of a body

Structural data of basic cells from which unit cells of bee-based superlattices with various orientations, and with perfect interfaces may be
constructed (see text). All lengths are expressed in the cubic lattice parameter a of the underlying bec lattice.

Cell Cell Interplanar In-plane nearest Atomic
symmetry dimensions distance neighbour distance positions
(110) ortho- a=a V2 a 13a 0,0,0,(3,5,0)
rhombic b'=v2a (3.0,9),00,3,%
= \/Ea
(100) cubic a=a 1a a 0,0,0),(3,1.%
b'=a
c’=a
(211) ortho- a@=1/3a 16 a V3a 0,0,0,(3,3.%
rhombic b’=\/2—a (3’0,3)(0,772
C’=‘,/6_a (3’ ’2)(3!2!6
(111) hexa- ad=y2a %\,/ga V2a 0,0,00,(3,4.%
gonal b'=v2a %,%,%
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centered cubic lattice, with the cubic lattice parame-
ter of a-Fe: a=2.867 A. The atomic positions can
most easily be found by considering that the unit cell
of the superlattice can be viewed as a stacking in the
c-axijs direction of an integral number of basic cells
(if no distinction between chemically different atoms
is made). Their thicknesses are 2, 2, 6 and 3 atomic
planes for the (110), (100), (211) and (111) systems,
respectively, and in the case of perfect interfaces
they have orthorhombic, cubic, orthorhombic and
hexagonal shapes, respectively. In Table 1 we give
the cell dimensions and the interplanar distances, the
distance between nearest neighbours within an atomic
plane perpendicular to the c-axis, and the atomic
positions.

In the case of Fe/V systems the 5.6% lattice
mismatch between Fe and V is taken into account by
a compression of the V and mixed layers in the
lateral directions, in order to form a coherent super-
lattice with the undeformed Fe sublattice, and an
expansion in the perpendicular direction, in order to

Table 2

Numbers of nearest and next nearest neighbours which are chemi-
cally different, for Fe and Cr or V atoms in mixed interface layers
with Fe concentration xp,. The ordering which corresponds to
each concentration is shown in Fig. 1. In the case of chemically
similar but crystallographically different atoms, the numbers of
chemically different neighbours are given in the order indicated
by the numbering in Fig. 1. The cases xp, =1 and xg, =0
correspond to perfect interfaces.

System Xpg Fe Cr,V
(110) 1 4 -
3/4 6,6 10
1/2 8 8
1/4 10 6,6
1/8 10 6,5,4,4
0 - 4
(100) 1 5 -
3/4 7,5 9
172D 9 9
1/2(D 7 7
1/4 9 7,5
1/8 9 6,5,
0 - 5
(211 1 6 -
0 - 6
(11 1 7
0 - 7

keep the local atomic volumes unchanged. This im-
plies that the distances between the V layers are 11%
larger than in elemental V, that at perfect interfaces
the distance between Fe and V layers is equal to the
average of the interlayer distances of elemental Fe
and V, and that the distances between the mixed
layers and the Fe and V layers vary according to the
concentration of the mixed layers. Possible buckling
effects have been neglected: within each layer the
atoms have the same c-axis coordinate, irrespective
of their chemical nature and symmetry type.

Table 2 gives for all atoms in the systems consid-
ered the total number of nearest and next nearest
neighbours which are chemically different from the
central atom. Note that for atoms on a bece lattice the
total number of nearest and next nearest neighbours
is 14.

3. Calculational method

First principles self-consistent band structure cal-
culations were performed using the Augmented
Spherical Wave (ASW) method [15]. Exchange and
correlation were treated within the local spin density
formalism [16], using the parameter values given by
Janak [17]. Within the ASW method the atomic
spheres approximation (ASA) is made: the potential
within a spherical region, centered around the atomic
sites, is spherically symmetric. The radii, ryg, of the
Wigner—Seitz spheres at Fe and Cr sites were taken
to be identical to the sphere radius for bec Fe at the
experimental lattice constant: ry,g = 1,411 A.For v
atoms we used ryg = 1.490 A, corresponding to the
sphere radius for elemental V at the experimental
lattice constant. The calculations are scalar relativis-
tic, i.e. mass-velocity and Darwin terms are included,
but spin—orbit interaction is neglected. The set of
basis functions included 4s, 4p and 3d states, whereas
4f contributions where included in the internal sum-
mation of the three center contributions to the matrix
elements. This can be viewed as treating 4f states as
a perturbation.

In order to efficiently scan the Brillouin zone
(BZ) we took advantage of the large size of the unit
cell in the z-direction, perpendicular to the layers, by
restricting the grid in the k,-direction to only one
point. Calculations for perfect interfaces with more
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points along the k,-direction confirmed the appropri-
ateness of this procedure. The number of k-points in
the irreducible part of the BZ varied from 42 and 32
for x=1 to 3 and 4 for x=1/8, for (100) and
(110) systems, respectively. The numerical accuracy
of the converged magnetic moments is 0.03 4y per
Fe atom for the largest cell, and better for the smaller
cells.

4. Results
4.1. Perfect interfaces

In Fig. 3a,b the calculated magnetic moments of
Fe/Cr and Fe/V superlattices with perfect inter-
faces are shown. Numerical values of the magnetic
moments of the atoms at the interfaces are contained
in Table 3. General features of the perfect superlat-
tices are (i) that the calculated Fe moments at the
interfaces are a few tenths of uy lower than the
calculated bulk value (2.26 ), (ii) that the Cr layers
show an oscillatory magnetization, and (iii) that in
the V layers a magnetic polarisation is induced whose
amplitude decreases rapidly towards the center of the
layers. The Fe moments in Fe/Cr systems are in all
cases larger than on the corresponding planes in
Fe/V systems. We checked that the Fe and Cr (or
V) moments in the first and second layer from the
interface are not significantly different from the Fe
and Cr (or V) moments calculated for systems with
thicker Fe and Cr (or V) layers. In the case of Fe /Cr
(100) or (110) systems, the observed 2 ML oscilla-
tion of the Cr moment is, of course, frustrated in the
case of an even number of Cr layers, However, this
does not affect the calculated moments at the inter-
faces. For a 6 ML Fe/ 8 ML Cr (100) superlattice,
e.g., we found that the absolute value of the Cr
moments in the first, second, third and fourth layer
from the mixed layer are 0.00, 0.04, 0.04 and 0.21 i

Fig. 3. Magnetic moments in (a) Fe/Cr and (b) Fe/V superlat-
tices with perfect interfaces, for various orientations. For clarity,
data for Fe /Cr (100), (211) and (111) have been shifted by — 0.6,
—1.4 and —2.0ug, respectively. Data for Fe /V (100), (211) and
(111) have been shifted by —0.6, —1.2 and —1.8up, respec-
tively.
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smaller than for the 5 ML Fe/7 ML Cr (100)
superlattices for which the moments are shown in
Fig. 3a. Apparently, the effect of the frustration in
the moment is highly localized in the center of the
Cr layer.

In the series of (110), (100), (211) and (111)
superlattices with perfect interfaces the number of
chemically different neighbours of an atom at the
interface increases from 4 to 7 (see Table 1). In the
case of Fe/V systems this leads to a gradual de-
crease of the Fe moment at the interfaces, and a
gradual increase of the induced V moments at the
interfaces. However, for the same series of Fe/Cr
superlattices such a trend is net found: the Fe mo-
ments at the interface are lower than the bulk value,
but almost independent of the number of Cr neigh-
bours, and the Cr moments at the interface do not
increase with the number of Fe nearest neighbours,
but are maximal for (100) superlattices.

Table 3

4.2. Imperfect interfaces

Fig. 4 shows the calculated Fe, Cr and V mag-
netic moments in the one monolayer thick ordered
mixed interface layers for (100) and (110) Fe/Cr
and Fe/V superlattices, as a function of the concen-
tration of Fe atoms in the mixed layer. In the limiting
cases x=1 and x=0 the figure gives, of course,
the Fe and Cr (or V) moments, respectively, at the
perfect interfaces. The figure shows that Fe moments
in the mixed layers decrease strongly with decreas-
ing Fe concentration in the case of Fe/V systems,
whereas such a decrease is absent or very small for
Fe/Cr systems. Similarly, the absolute value of the
V moments decreases strongly with decreasing Fe
concentration, whereas the Cr moments in the mixed
layer are quite stable, in particular for (100) systems.
The magnetic moments of V interface impurities for
(110) and (100) systems is estimated by extrapola-

Calculated magnetic moments in one ML thick interface layers. The chemical ordering which corresponds to the concentration xgg of Fe
atoms has been shown in Fig. 1. No calculations have been performed for Fe/Cr systems with x=1/8. Units: pp.

Fe/Cr Fe/V
Xpe Fe Cr Fe v
(110) 1 2.04 - 1.99 -
3/4 2.09/1.90 —-0.55 1.82/1.78 -1.06
1/2 1.77 —-0.55 1.26 -0.75
1/4 1.79 ~0.18/-10.35 0.67 -0.30/-10.37
1/8 0.69 ~0.30/-0.32/
-027/-0.22
0 - -0.27 - -027
(100) 1 1.90 - 1.85
3/4 1.92/1.88 —0.52 1.45/1.11 -1.06
172D 1.95 -0.41 1.19 ~0.94
1/2(ID) 1.90 -0.53 1.46 -0.74
1/4 1.98 —-0.45/—0.55 0.97 —-0.76/— 0.49
1/8 1.04 —0.66/ - 0.53/
-0.50
0 - ~0.42 - —-0.43
(211 1 2.04 - 1.80 -
0 - —0.21 - -0.43
(111 1 1.97 - 1.55 -
0 - ~0.23 - -0.72
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Fig. 4. Dependence of calculated magnetic moments in the mixed
interface layers on the Fe concentration within this layer, for (110)
(circles) and (100) (squares) Fe/Cr and Fe/V superlattices. Full
lines connect the weighted averaged moments. For (100) systems
with xg, =1/2 data for configuration I are given. Broken lines
give the extrapolation to interface impurities. Calculated moments
for atoms at perfect interfaces and for interface impurities, as
obtained by Itoh et al. [10] are given by open signs.

tion to be about —1.1uy, which is about twice the
moment estimated for Cr interface impurities. The
physical origin of this remarkable result, and the
consequences for spin dependent interface scattering,
are discussed in Section 5.

Figs. 5 and 6 show for (100) and (110) Fe/Cr
superlattices the Fe and Cr moments in the other
layers, plotted in the same manner as in Fig. 4. One
may conclude from Fig. 5 that a change of the
concentration of the interface layer mainly affects
the Fe moments in the layer one below the mixed
layer. The moments in the second and third layer are
already quite independent of the concentration in the
mixed layer, although slightly above the calculated
value for bulk Fe (2.26 /.LB). On the other hand, the
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Fig. 5. Dependence on the Fe concentration of the mixed interface
layer of calculated Fe magnetic moments in all layers of the
system, for (110) and (100) Fe/Cr superlattices. Open circles
represent the values of interface impurities, as obtained by extrap-
olation.

moments in the Cr layers away from the mixed layer
are very sensitive to the precise concentration of the
mixed layer, as may be expected from the considera-
tion that the increase of xg, from 0 to 1 corresponds
to a change of the Cr thickness from 7 to 5 ML.
Within a simple model, such as proposed by Wang et
al. [18] for the dependence of interlayer exchange
coupling on the interface roughness, the Cr moments
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Fig. 6. Dependence on the Fe concentration of the mixed interface
layer of calculated Cr magnetic moments in all layers of the
system, for (110) and (100) Fe/Cr superlattices. Open circles
represent the values of interface impurities, as obtained by extrap-
olation.
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in the middle of the spacer are expected to be very
close to zero for xp, =0.5 due to frustrated ex-
change interactions. The effective Cr thickness is
then 6 ML. It may be seen from Fig. 6 that this
situation is found indeed for (110) systems, but that
for (100) systems the crossover takes place in be-
tween xp, =0.75 and xy, = 1. This, although indi-
rectly, suggests that a very small degree of interface
roughness might in some cases strongly affect the
sign of interlayer exchange coupling.

First principles band structure calculations for
Fe /Cr(100) multilayers with perfect interfaces have
been performed earlier by Herman et al. [19], and for
Fe /V(100) multilayers by Hamada et al. [20]. Quali-
tatively, our results show good agreement with this
work, confirming the antiparallel coupling between
Fe and Cr (or V) moments across the interface, the
oscillatory magnetization within the Cr layers, and
the rapid decrease of the induced V moments with
increasing distance to the interfaces. Quantitative
differences with respect to the size of the moments
may be attributed to different structural and/or cal-
culational details. In addition, our results show good
qualitative agreement with the results from tight-bi-
nding calculations [10,21,22]. Calculated moments at
perfect (100) interfaces and at interface impurities,
obtained by Itoh et al. [10], are given in Fig. 4 by
empty squares. There are some small but significant
differences with our results, in particular with respect
to the Fe moments in the Fe /V interface layers, and
the moments of Cr and V interface impurities. At
this point we cannot judge whether, and to what
extent, this can be explained by one or more of the
approximations made in [10], such as the neglect of s
and p states, neglecting the intra-atomic exchange
-potential for Cr and V, or the neglect of lattice
relaxation in the case of Fe /V.

4.3. Effective dead layer thickness

Before discussing the implications of these results
to spin-dependent interface scattering, a comparison
with experimental data on the magnetic moments
near interfaces would be in place. To our point of
view, quantitative atom resolved information on
magnetic moments near interfaces may, in principle,
best be derived from an analysis of observed hyper-
fine fields, making use of predictions of hyperfine

parameters from ab initio band structure calculations.
Although detailed studies of hyperfine fields are
available for Fe/Cr and Fe/V [23] systems, such a
quantitative analysis is impeded by some errors in
first principles calculation of hyperfine fields. Re-
cently, we have given a critical analysis of the
various contributions to the hyperfine fields for the
elemental ferromagnetic metals, and have suggested
a possible empirical correction procedure for a sys-
tematic error in the calculated Fermi-contact contri-
bution to the hyperfine field [24]. In a future paper,
we will make use of this correction procedure, and
compare theoretical and experimental hyperfine
fields.

Averaged information on interfacial magnetism
may be obtained from the comparison of the calcu-
lated and experimental 'dead layer thickness’. This
quantity is defined as the layer thickness which per
interface should be subtracted from the thickness of
a ferromagnetic layer, in order to obtain the magneti-
zation of the total superlattice on the basis of bulk
magnetic moments. Positive dead layer thicknesses
may arise from decreased moments in the ferromag-
netic layers near the interfaces, and/or from the
antiparalle] alignment of the induced moments in the
spacer layer, as in the case of Fe/V. The calculated
effective dead layer thickness for (110) and (100)
Fe/V systems is given in Fig, 7. The magnetization
is slightly more reduced in the case of (100) systems
than for (110) systems, and the effective dead layer
thickness reaches its maximum for xp, = 0.5, where
it amounts to approximately 0.91 and 0.75 A, respec-
tively. The agreement with experimental values

Fe/V

* {100}
. o (110)

0 | !
0 05 1.0

py
[=]

Effective Qead layer thickness
(A/interface)

Interface alloy
concentration Xpg

Fig. 7. Variation of the effective 'dead layer thickness’ for (110)
and (100) Fe /V superlattices, as a function of the concentration of
Fe moments in the mixed layer at the interfaces.
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(about 1.0 A for evaporation and sputter deposited
systems [25]) is good.

For Fe/Cr systems the 2 ML oscillations in Cr
make the concept of a dead layer thickness less
practical.

5. Discussion
5.1. Magnetic moments in mixed layers

Fig. 8 shows that the magnetic moments per Fe
and Cr atom in mixed Fe/Cr interface layers, and at
perfect interfaces, are only very weakly dependent
on the number of Cr and Fe nearest neighbour atoms
(summed over the nearest and next nearest neighbour
shells). On the other hand, as shown in Fig. 9, the
magnetic moment per Fe atom in mixed Fe /V inter-
face layers, and at perfect interfaces, decreases quite
significantly with an increasing number of V neigh-
bour atoms. The calculated magnetic moment per V
atom in mixed interface layers behaves quite regu-
larly, too. It increases nearly monotonically with the
number of Fe neighbours, to the value of —1.21uy
for the moment calculated for V impurity atoms in
Fe [11]. The figure shows that the differences be-
tween the Fe and V moments in interface layers of
type I and type II with xp, =1/2, and between the
concentration dependences of Fe and V moments for
(110) and (100) oriented systems, may be well un-
derstood in terms of the differences in the local
environments.

It is of interest to compare our results to the
average moments for random substitutional bulk al-
loys, as obtained from Coherent Potential Approxi-
mation (CPA) calculations. Results reported for Fe—
Cr and Fe-V systems by Butler et al. [26] and by
Johnson et al. [27], respectively, are indicated in
Figs. 8 and 9 by dashed lines. In the limiting cases
(bulk Fe, and Cr or V impurities in Fe), these results
agree well with our ASW results. Qualitatively, the
variations of moments upon a change of the local
surroundings are quite similar for the moments in
mixed interfaces layers, as compared to moments in
dilute random alloys. The largest difference is ob-
served for the variation of V moments with the
number of Fe neighbours. We ascribe this to the fact
that Fe neighbours of V atoms at interfaces have, on
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Fig. 8. Dependence of the calculated (a) Fe and (b) Cr magnetic
moments, at perfect interfaces and in mixed interface layers of
Fe/Cr superlattices (filled circles). The figure also includes the
calculated bulk Fe moment and impurity Cr moment. The dashed
lines give the average Fe and Cr moments for random substitu-
tional bee-type alloys, as a function of the average numbers of
nearest neighbours, as calculated by Butler et al. [26].

the average, larger moments than Fe neighbours in
bulk Fe-V alloys.

The Fe-Cr case is even more interesting. As
shown by the calculations by Butler et al. [26], which
are supported by results from neutron scattering ex-
periments [12], Cr moments in Fe—Cr alloys increase
dramatically below a Cr concentration of about 15
atomic percent. For larger Cr concentration, Cr mo-
ments are very small. Similarly, we have found that
Cr moments in mixed interface layers are very small.
We propose that the mechanism which gives rise to
these small Cr moments is the same in both cases,
viz. the competition between antiferromagnetic (AF)
exchange interactions, leading to frustration. Refer-
ring to the example of a Cr interface impurity, shown
in Fig. 10, the competing antiferromagnetic interac-
tions are the AF exchange interactions between the
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Cr interface impurity and the Fe neighbours, between
the Fe neighbours and the Cr neighbours, and be-
tween the Cr neighbours and the interface impurity.
The AF Fe-Cr exchange interaction is stronger than
the AF Cr-Cr interaction. The resulting frustration
may be alleviated either by a rotation of the direction
of the moment of the Cr interface impurity atom, or
by a decrease of its value. Calculations by Gautier et
al. [28] indicate that frustration effects in Fe /Cr
systems are, in the case of thin layer thicknesses,
alleviated by a reduction of the Cr moments, rather
than by spin canting. Therefore, we consider the
collinear solution as the most likely ground state of
the systems considered. This analysis is consistent
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Fig. 9. Dependence of the calculated (a) Fe and (b) V magnetic
moments, at perfect interfaces and in mixed interface layers of
Fe/V superlattices (filled circles). The figure also includes the
calculated bulk Fe moment and impurity V moment. The dashed
lines give the average Fe and V moments for random substitu-
tional bee-type alloys, as a function of the average numbers of
nearest neighbours, as calculated by Johnson et al. [27].

,.000000
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Fig. 10. Schematic picture of moments near a non-ideal Fe/Cr
interface, with a Cr interface impurity and with a Cr impurity
atom within the Fe layer. The competing AF interactions between
the atoms forming the triangle suppress the moment of the Cr
interface impurity. The moment of the Cr impurity atom within
the Fe layer is much higher.

with the observation from our calculations that for
V-based systems, which show only a very weak
V-V exchange interaction, V interface impurities
have much larger induced moments.

5.2. Spin-dependent scattering

In an earlier paper [11] we have proposed a
simple model which relates trends in the spin depen-
dence of scattering at non-ideal interfaces to the
magnetic moments of atoms in mixed interface lay-
ers. It starts with the point of view that diffusive
scattering at non-ideal interfaces is the result of the
lateral variation of the atomic scattering potential in
the mixed interface layers. Following Itoh et al. [10]
we relate the spin-dependent scattering potential,
AV?, to the energy difference between the centers of
mass of the spin-resolved 3d local densities of states
of the two types of atoms, A and B, in the mixed
layer. In the case of weak scattering, the first Born
approximation may be applied. The spin dependent
scattering probability is then proportional to [ AV ]2,
as well as to the density of states at the Fermi level
[29]. In the following discussion on spin dependent
scattering at non-ideal Fe/Cr and Fe/V interfaces
we will focus on trends in the scattering potential,
and neglect possible effects due to density of states
variations.

We next assume that the energy difference be-
tween the d-band centers of mass is proportional to
the difference between the numbers of occupied
d-states (per atom) for the A and B atoms in the
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mixed interfacial planes. The scattering potential may
therefore be expressed as:

AV = Ang(A/B) = ng(B,int.) — ng (A,int.)
(1)

The approximation made is that the local d-density
of states for both atoms have similar widths, and
rectangular shapes. These assumptions are rather
crude. However, it was shown in [11] that this
approach may be used successfully to describe trends
in the spin-resolved residual resistivity of dilute Fe—
TM alloys (TM = 3d transition metal), using occupa-
tion number differences which were obtained from
ASW band structure calculations.

The relationship between spin-dependent scatter-
ing and interface magnetism may be made after
recognizing that in transition metal alloys atoms are
(often within 0.1 electron) charge neutral, and that
(within a few hundreds of wg) their magnetic mo-
ment results from the 3d-band polarisation, m. The
occupation number difference may then be written as

Ang(A/B) = F3(my —mg) = 3(Zy = Zs), (2)

where the — (+) sign refers to minority (majority)
spin electrons, and where Z is the atomic number.
Eq. (2) implies that, in order to have minimal
scattering of minority spin electrons, the moment
differences (mg, — me,y) within the mixed layers
should be equal to 2 and 3uy, respectively. As
shown in Fig. 4, this criterium is closely met for
Fe /Cr systems: independent of the specific structure
of the interface layer the difference between the Fe
and Cr moments falls in the range 2.1-2.5uy. This
situation, with An{ (Fe/Cr) = 0.05-0.25, represents
the case of very weak scattering, as may be seen
from the similar discussion of impurity scattering
[11]. The scattering potential for majority spin elec-
trons is at least an order of magnitude larger. How-
ever, for Fe /V systems, the minority spin scattering
potential is very small only for V interface impuri-
ties, whose induced moment of about —1lup is
about 3up lower than that of the Fe atoms in the
interface layer. In mixed layers with higher V con-
centrations the average moment difference decreases,
and reaches values of about 1.5 and 1.0y for (100)
and (110) systems, respectively, in the limit of Fe
interface impurities. Even in the most ideal MBE
grown Fe/V superlattices, the entire range of local

interface concentrations is expected to be repre-
sented. Therefore, the minority spin interface scatter-
ing is expected to be significantly stronger than in
the case of Fe/Cr. The fact that only very small
GMR ratios for Fe /V systems have been obtained so
far (highest observed value equals 6% at 4.2 K for
(30 A Fe/16 A V) multilayers [30]) is consistent
with this result. The analysis given above shows that
the small Cr moments in the mixed interface layers
are crucial to the small minority spin scattering at
Fe /Cr interfaces.

Finally, we would like to compare scattering at
mixed interface layers with scattering in bulk alloys.
In contrast to scattering at non-ideal interfaces, the
spin dependence of scattering in dilute Fe-based
alloys is larger at V impurities than at Cr impurities
[31,32], due to much smaller scattering of minority
spin electrons in dilute FeV. Using the same ap-
proach to scattering as discussed above, we have
shown in [11] that this may be understood as follows.
The calculated impurity moments are —1.24 and
—1.71py, respectively, leading to An{(FeCr) =
+0.99 and Anj(FeV)= +0.25, using the calcu-
lated bulk moment of 2.26uy for bec Fe. This
implies that the minority spin scattering at Cr impuri-
ties 18 much stronger than at V impurities, due to the
combined effect of the atomic number difference and
the larger induced Cr moment. This picture is sup-
ported by very recent results by Butler et al. [26].
Their calculation of the concentration dependence of
atom resolved moments and the spin resolved resis-
tivity of random Fe-Cr alloys confirms that the
relatively high minority spin residual resistivity is
related to the high impurity moment, and that the
contribution to the resistivity per atom decreases
rapidly if, at higher Cr concentrations, the Cr mo-
ments become smaller.

5.3. Thermal stability of interfacial magnetism

The GMR ratio of Fe/Cr systems shows a very
large decrease with temperature, typically a factor
5-6 from 4.2 K to room temperature for systems
with at 4.2 K a GMR ratio above 100% [33-35]. In
contrast, Co based systems show a much smaller
decrease, less than a factor 2 for Co/Cu systems. An
important contribution to the decrease with tempera-
ture of the GMR ratio is electron—magnon scattering,
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which shortens the mean free path, and introduces
spin mixing [35-37]. A measure of the spin wave
softness is given by the parameter B, which follows
from a fit to the temperature dependence of the
magnetization far below the Curie temperature using
the expression M(T)/M(0)=1—-BT*?% Such a
Bloch law T3/? expression is also valid for thin
films, provided the magnetic layers are sufficiently
thick. However, the parameters B are different for
the magnetization in the bulk of a magnetic layer,
and at the interface. For bulk Co, B is more than a
factor 2 smaller than for bulk Fe. This may explain
part of the different temperature dependences of the
GMR ratio for Co/Cu and Fe/Cr systems. In the
following we consider the additional effect of elec-
tron—magnon scattering at the interfaces.

Our investigation of interfacial magnetism of
non-ideal Fe/Cr interfaces, has revealed that com-
peting exchange interactions result in frustration and
therefore, at 7= 0, in a relatively shallow energy
minimum. As a consequence, magnons at non-ideal
Fe/Cr interfaces are expected to be relatively soft,
and electron magnon scattering is expected to be
much larger at the interfaces, than in the bulk of the
layers. This suggestion is, qualitatively, consistent
with the observation for Fe /Cr systems by Gijs et al.
that in the CPP geometry, which favours transport
through interfaces, the temperature dependence of
the GMR ratio is much larger than in the CIP
geometry [35].

In order to discuss this point more quantitatively,
we first note that the interface value of B has been
discussed theoretically by Rado [38] and by Mills
and Maradudin [39]. The latter authors studied the
case of thick magnetic layers between thick nonmag-
netic layers, treating Fe-Fe exchange within the
Heisenberg model. Within this model, the ratio e,
=B,../By. is predicted to be equal to 2, in agree-
ment with the earlier prediction by Rado based on a
continuum model of a smooth interface. Experimen-
tal studies of layer-resolved spin wave parameters,
using "Fe Mbssbauer spectroscopy, have revealed
close agreement with theory for the close-packed
Fe(110)/Ag(111) interfaces, for which aj, =2.3
[40] and @, = 1.86 [41] have been obtained. The
additional Cr—Cr and Fe-Cr interactions complicate
the situation for Fe/Cr interfaces. In the case of
non-ideal interfaces, one would expect that the com-

peting exchange interactions may result in a e,
parameter considerably exceeding 2, its precise value
depending on the detailed type of interface rough-
ness. Mossbauer studies by Landes et al. [42] have
indeed revealed such an effect, viz. a;,, =3.3 for a
comparatively rough Fe/Cr(110) interface. On the
other hand, experiments by Zukrowski et al. [43]
have shown that in the case of smooth Fe/Cr(110)
interfaces B, is enhanced by a factor smaller than
2. In the latter case, the magnetism of Cr apparently
stabilizes interfacial magnetism,

In agreement with our theoretical discussion, in-
terfacial roughness thus has a strong effect on the
thermal stability of interfacial magnetism. It would
be of much interest (i) to extend the Mbdssbauer
studies to the case of Fe/Cr(100), and (ii) to model
the temperature dependence of the CPP GMR effect
of microstructured Fe /Cr systems, in order to quan-
titatively disentangle bulk and interfacial contribu-
tions to electron—magnon scattering.

6. Summary

In this paper, the first systematic study has been
presented of the magnetic moments at non-ideal
Fe/Cr and Fe/V interfaces. For Fe/V superlattices
magnetic moments in mixed monolayers at the inter-
faces are found to be strongly related to their local
environment. As in random substitutional bulk al-
loys, Fe and V moments decrease (increase) with an
increasing number of V (Fe) neighbours. However,
for a given number of Fe nearest neighbours, V
moments at interfaces are significantly larger than V
moments in random alloys. This may be explained
on the basis of the larger average magnetic moments
of the Fe neighbours in the case of V atoms at an
interface. Fe and Cr moments at Fe/Cr interfaces
show no significant dependence on the environment.
Cr moments in mixed interface layers have low
magnetic moments, even when they have as many as
10 Fe neighbour atoms. We have explained this
remarkable phenomenon as the result of competing
antiferromagnetic Fe—Cr and Cr—-Cr exchange inter-
actions. Using a simple model for trends in electron
scattering at non-ideal interfaces, we argued that the
strong spin-dependence of scattering at non-ideal
Fe—~Cr interfaces is the result of the suppression of
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Cr magnetism due to the frustration effect mentioned
above. This picture explains why for Fe /Cr superlat-
tices only in the case of a moderate degree of
imperfectness of the interfaces (roughness, but no
interdiffusion) a high GMR ratios is obtained.
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