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We have studied the Fe/V bcc �100� multilayers and the effect of alloying the V spacer layers with various
amounts of magnetic impurities �Fe, Co, Ni, and Cr�. The study was performed by means of total energy
electronic structure calculations. We compare the effect of the different types of impurities and discuss the
interlayer exchange coupling in terms of Fermi surface topology and bulk magnetic order. The effect of
interface roughness and interface intermixing on the phase diagrams was also studied.
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I. INTRODUCTION

There has been a large amount of research on multilayers
of alternating magnetic and nonmagnetic layers published
during the past years. These materials have found important
applications in hard disk reading heads and magnetic
sensors.1–3 Two important properties of these materials,
which are the oscillating interlayer exchange coupling �IEC�
and the giant magnetoresistance, i.e., a drastic modification
in the resistance as a function of an applied field, greatly
influence the function of these multilayers as magnetic sen-
sors. The Ruderman–Kittel–Kasuya–Yosida �RKKY� cou-
pling was identified as the mechanism behind the IEC. Al-
though the interlayer coupling in multilayers is considered to
be relatively well understood, multilayers with slightly mag-
netic spacer layers have not been thoroughly studied before.
It has been seen that by introducing a small amount of a
magnetic impurity in the spacer layers, one can open up a
channel for a direct exchange between the magnetic layers,
which may be used as a method of tuning the IEC.4 The
influence of impurities in the spacer on the IEC layers may
also be important for understanding multilayers with poor
interfaces, where a portion of the magnetic atoms has dif-
fused into the spacer layers.

In this paper, we present an investigation of the coupling
mechanism in Fe/V multilayers with different kinds of mag-
netic impurities in the V spacer layers. The Fe/V system has
been thoroughly studied both experimentally and theoreti-
cally in previous work.5 Here, we present ab initio electronic
structure calculations on Fe/V with different impurities, such
as Cr, Fe, Co, and Ni in the V spacer layer. We present the
phase diagrams for a range of spacer thicknesses and impu-
rity concentrations and discuss the physical mechanisms be-
hind the details of the phase diagrams.

II. THEORY

A. Calculation method

The IEC, here defined as the energy difference between
the antiferromagnetic �AFM� and the ferromagnetic �FM�
configuration, J=EAFM−EFM, was obtained by total energy
calculations. These first principles self-consistent electronic
structure calculations were performed by means of a spin-

polarized interface Green function technique, which is based
on the linear muffin-tin orbital method within the tight-
binding, frozen core, and atomic sphere approximations. The
method was developed by Skriver and Rosengaard.6 Further-
more, we have used the local spin-density approximation as
parametrized by Perdew et al.7 and the principal layer
technique.8 The alloys were treated within the coherent po-
tential approximation �CPA�.9–11 Calculations were con-
verged both in total energy and with respect to k-space sam-
pling. The use of 528 k-points in the irreducible Brillouin
zone was sufficient to obtain convergence in all considered
cases. Calculations were done for a bcc structure of the
whole multilayer structure in the experimental volume of
vanadium.

B. Interlayer exchange coupling

The interlayer coupling determines the magnetic phase
diagram of a multilayer. For the Fe/V system with impurities,
the phase diagram consists of two different regions and a
transition zone between the regions. The two regions will be
referred to as the low impurity and high impurity regions. In
the low impurity region, the spacer is nonmagnetic and the
coupling is given by a RKKY-type coupling, which largely
depends on the Fermi surface of the spacer and of the reflec-
tion coefficients at the multilayer interfaces. In the high im-
purity region, the spacer is magnetic and the coupling be-
tween the Fe layers is governed by a direct exchange
interaction through the magnetic spacer. A transition zone
appears at the onset of magnetism in the spacer.

1. Direct exchange

The onset of magnetism in the spacer can roughly be un-
derstood in terms of the bulk properties of the spacer mate-
rial. In Fig. 1, we plot the calculated bulk magnetization for
the alloys FeV, CoV, and NiV. All calculations were done for
the bcc structure in the volume of vanadium. Calculations
were performed on a unit cell consisting of one CPA atom.
This constricts a possible magnetic ordering to a ferromag-
netic ordering. For some alloys and alloy concentrations, we
can expect more complex magnetic ordering such as AFM
order or a spin-density wave �SDW�. These magnetic struc-
tures are not captured in our simple bulk calculations. As an
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example, the alloy CrV shows no average magnetic moment
or magnetic moment of the individual alloy components in
our bulk calculations, but is expected to have a SDW. In
multilayer calculations where the constriction on the mag-
netic order is partially relieved, we find indications of a
SDW for certain alloy compositions of CrV and CoV. For the
bulk alloys presented in Fig. 1, an onset of magnetism ap-
pears at some impurity concentrations and we may expect a
similar onset in the spacer layer. Differences between the
magnetic order of bulk and spacer layers are due to finite size
effects and interface effects, such as interface hybridization,
interface intermixing, and interface roughness. The influence
of the interface quality on the spacer will be discussed in
Sec. III A 2.

2. Ruderman–Kittel–Kasuya–Yosida coupling

A general expression for the asymptotic form of an inter-
layer exchange coupling through a nonmagnetic spacer was
presented by Stiles12 and Bruno.13 The bilinear term can be
written as

J = EAFM − EFM = − �
�

J�

N2sin�q�
� N + ��� , �1�

where N is the spacer thickness and the sum is over critical
spanning vectors q�

� of the bulk Fermi surface of the spacer
material. The amplitude J� of the coupling period � depends
on the spin asymmetry of the reflection coefficients at the
interfaces for corresponding k�. It also depends on the Fermi
velocity and the curvature of the Fermi surface at the Fermi
surface points spanned by q�

� . The phase of the coupling, ��,
depends on both the reflection coefficients and the Fermi
surface topology. Hence, the coupling is characterized by a
set of superimposed oscillations where the periods are given
by the extremal Fermi surface calipers.

As impurities are introduced in the spacer, the IEC is
modified in several ways. The Fermi surface is modified by
changing the length of the Fermi surface calipers responsible
for the coupling. The interface reflection is modified by
changing the amplitude and the phase of the oscillation pe-
riods. Finally, impurities introduce disorder into the spacer,
leading to disorder scattering, which results in an additional
damping factor to the coupling.14–16 The expression for the
IEC for the case of alloying is

J = − �
�

J�e−N/�

N2 sin�q�
� N + ��� , �2�

where the characteristic length � is given by

1

�
=

1

�+ −
1

�− , �3�

where �+�−� are mean free paths in the out of plane direction
at the two Fermi surface points connected by the spanning
caliper responsible for the oscillation.

C. Interface alloying

The concentration profile around each interface due to
intermixing is modeled by a general normal cumulative dis-
tribution function with standard deviation �C. The distribu-
tion is assumed to be equal at all interfaces.

This approach is a simplification, since the inherent sur-
face diffusion of the elements is strongly dependent on the
material combination and order, growth environment, and
sample history. However, this assumption does not hamper a
quantitative analysis, since the major influence on the mag-
netic properties does not depend on which of the interfaces
the alloying takes place; the exchange coupling is acting over
a large surface area and may be expected to average out local
nonsymmetric alloying.

The concentration profile of the multilayer is then ob-
tained as a sum over the interfaces in the sample, and the
expression for the wavelike multilayer concentration profile
is

C�X,�C� = �
i�0

− 1��i�+1��i„sgn�i�X,�C… , �4�

where �i is the distribution function centered at interface i.
The sum should be performed over all interfaces of the sys-
tem. By taking, for example, interface i=1 as X=0 and
counting layers from this interface, we obtain the layer con-
centration at layer N as C�N−0.5,�C�, where the 0.5 term
comes from the fact that the interfaces are located in between
the atomic layers. Once the concentration profile is obtained,
the interlayer exchange coupling and the total magnetic mo-
ment of a multilayer with interface intermixing may be cal-
culated directly by means of our first principles method.

III. RESULTS

In Fig. 2, we show the calculated phase diagrams of
Fe /V1−xTx /Fe multilayers with impurities T=Fe, Co, Ni, and
Cr for 0.3�x�0. The white areas display AFM regions,
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FIG. 1. Magnetization of bcc bulk alloys of V with Fe, Co, and
Ni. The upper panel shows the average magnetization and the lower
panel shows the individual V and impurity moments.
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whereas the dark areas display FM regions. For the case of
Fe impurities, the coupling changes from oscillating for
small impurity concentrations to completely FM for Fe con-
centrations above 20%. For the case of Co impurities, the
situation is similar with the exception of an AFM region
opening up for large spacer thicknesses and high impurity
concentrations. The AFM region is created due to the appear-
ance of a spin-density wave within the CoV layer in the high
concentration region. For Ni and Cr impurities in the spacer,
there is no switch from an oscillating IEC to a constant cou-
pling. Instead, a more complex phase diagram emerges. In
the following sections, we will discuss in more detail the
phase diagrams and how the different regions are affected by
the alloying.

A. Ruderman–Kittel–Kasuya–Yosida region

1. Fermi surface change

Although Fe/V systems have been experimentally and
theoretically studied, it is not well known which Fermi sur-

face calipers are responsible for the oscillations in the IEC.
Previous electronic structure calculations indicate a short pe-
riod oscillation and a long period oscillation. In Ref. 17,
these were found to be 3 and 11 ML long, while in Ref. 18,
for Fe0.82Ni0.18 /V �001� multilayers, a similar system, with
periods of approximately 3 and 18 ML, were seen. The ex-
periments on Fe/V �001� multilayers19,20 are consistent with
a long period oscillation of 10–20 ML. Interface roughness
and interface intermixing are found to be responsible for the
loss of the short oscillation period in the experiments.

From our calculations on Fe/V for the considered spacer
thickness range, one may extract the coupling periods by
performing a Fourier transform of N2J. The considered
spacer thickness range is in the preasymptotic region, which
limits a comparison to asymptotic models for the IEC.

We anyhow find that the transformation has peaks corre-
sponding to coupling periods of 2, 2.8, and 4.8 ML �data not
shown�. In addition, there is clearly a long period oscillation
that is not caught by the Fourier transform since it is beyond
the investigated thickness range. By analyzing the Fermi sur-
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FIG. 2. Phase diagram for Fe3 / �TxV1−x�n multilayers where T=Fe, Co, Ni, or Cr. The horizontal axis shows the spacer thicknesses n and
the vertical axis shows the impurity concentration x in the spacers. Black regions represent FM ordering and white regions represent AFM
ordering. The gray region in the phase diagram for Ni impurities represents a region where the coupling strength is �2 	Ry.
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face of V, we find several candidate extremal calipers �see
Fig. 3� that could contribute to the coupling oscillations.
These would result in the periods 2, 3, 3.5, 4.3, 12, and 20
ML. The results agree fairly well with Ref. 12, where there is
a long period oscillation of 20 ML and several short period
oscillations in the range 2–5 ML. Three of the calipers in our
calculation correspond quite well to periods extracted from
the electronic structure calculations.

From the phase diagrams in Fig. 2, we see a gradual
change of the coupling periods with increased impurity con-
centration. All the considered impurities contain more va-
lence electrons than V. The effect of alloying with small
amounts of impurities can be seen as an increased electron
filling, leading to an expansion of the V electron Fermi sur-
faces and a reduction of hole Fermi surfaces. Each Cr, Fe,
Co, and Ni atom contributes one, three, four, and five extra
electrons, respectively. The change in oscillation periods
with impurity concentration is, therefore, expected to occur
at different rates for the different impurities, where Cr should
lead to a rather slow change, whereas Ni should lead to a
much more rapid change in the Fermi surface. This is di-
rectly seen in the phase diagrams in Fig. 2, where the oscil-
lation fringes of the low concentration region are differently
tilted depending on impurity type. In the Fermi surface
analysis, the periods of the 4.3 and 12 ML oscillations are
expected to increase, while the 3 and 20 ML period oscilla-
tions are expected to decrease. The 3.5 and 2 ML periods
should remain fairly unchanged.

Generally, we also expect a phase shift of the coupling,
which has a complex dependence on both the Fermi surface
and the reflection asymmetry at the interfaces but, due to the
limited number of spacer thicknesses in our calculations, it is
difficult to extract any information about this phase change.
There may also be small effects on the amplitude of the
exchange coupling as function of alloying due to increased

or decreased nesting areas on the Fermi surface21 and from
changing magnetic susceptibilities.22

2. Disorder damping

A damping of the coupling amplitude due to disorder scat-
tering in the spacer according to Eq. �2� is also expected.
Some examples of the damping are indirectly illustrated in
Fig. 4, where we have plotted the IEC directly for a few
thicknesses. A damping of the amplitude is best seen for the
case of Ni impurities, but is also present in the low impurity
region for Fe and Co impurities. For Ni impurities, we see a
general weakening of the coupling strength with increasing
impurity concentration and the amplitude is significantly
damped already at impurity concentrations of 20%.

B. Direct exchange region

The onset of magnetism in the spacer is, to a large extent,
determined by the concentration, at which there is an onset
of magnetism in the bulk. By looking at the V spacer in pure
Fe/V multilayers, the electronic structure of V is strongly
perturbed compared to the bulk electronic structure for the
atoms close to the Fe interface. This results in a V moment at
the interface that is antiparallel to the Fe moment. In Fig. 5,
we present the magnetization profiles of the spacer for
Fe /FexV1−x multilayers in FM alignment of the Fe layers.
Data are presented for 9 and 17 ML spacers and for two
choices of x in the transition zone between the low and high
impurity concentration regions.

FIG. 3. A repeated zone illustration of a Fermi surface slice of
V. The slice, which is along the �001� and �010� directions and
contains the � point, has all the interesting Fermi surface calipers
for understanding the oscillatory behavior of the IEC. The calipers
are displayed with arrows and labeled with the oscillation periods
that they correspond to.
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For x=0.24, where the IEC is FM for all thicknesses, the
center of the spacer is found to be ferromagnetic, while for
x=0.20, where the IEC still has some AFM regions, the cen-
ter is found to have a total magnetization close to zero for
both 9 and 17 ML. The transition between nonmagnetic and
ferromagnetic spacers lies between these two values of the
Fe impurity concentration. Note that the transition concen-
tration was found to be insensitive to the spacer thickness.
This fact is also illustrated in Fig. 4, where the sudden in-
crease in the IEC takes place at the same concentration for
different spacer thicknesses.

It is interesting to note that for the case of Fe impurities,
the coupling switches to strongly FM coupling at almost the
same concentration for all spacer thicknesses, whereas if
some intermixing is introduced at the interfaces, this behav-
ior is changed �Fig. 4�.

We have found that the location of the RKKY and direct
exchange regions in the phase diagrams strongly depends on
the impurity type. The onset of the direct exchange region
occurs at the onset of magnetism in the spacer, which can be
estimated from the bulk calculations in Fig. 1. For both Fe
and Co, the bulk onset occurs at 20%, which explains the
boundary in the multilayers at around 18%. For Ni, the onset
of magnetism occurs at 80% Ni and, hence, the investigated
range is purely in the low concentration region. For the Cr/V
alloy spacers, a comparison with bulk calculations is more
difficult since the alloys may exhibit spin-density waves and
antiferromagnetic order in the bulk state that can manifest
themselves differently in a multilayer.23 A complete investi-
gation of the complex magnetic structures of Fe /CrxV1−x /Fe
multilayers is a tremendous task and is beyond the scope of
this paper.

C. Influence of interface structure

For modeling an interface structure, we use the same ap-
proach as in our previous work,4,5 where interface intermix-
ing and interface roughness were modeled by two parameters
that specify the extent of mixing and roughness. In Fig. 6, we
present a phase diagram for Fe /FexV1−x that includes only
the effect of interface intermixing. The effects of roughness
on the interlayer coupling are thought to be less pronounced
in these systems due to the high degree of alloying in the
spacer and are not taken into account in this study. Interface
intermixing results in an overall damping of the coupling
because of the reduced reflection at the interfaces. There is
also a reduction in the Fe magnetic moment due to the in-
creased hybridization with V and, consequently, the magnetic
thickness of the Fe layers is decreased. Such hybridization
has been theoretically24 observed in Fe/V multilayers.

On the other hand, when more Fe is introduced in the
spacer as the impurity concentration is increased, the effec-
tive magnetic thickness may increase under certain circum-
stances. This effect was not seen to have any consequence
for the coupling in multilayers with perfect interfaces, but in
realistic multilayers with interface intermixing, the effect is
seen. For example, by comparing panels 1 and 2 in Fig. 4, it
is possible to see that the onset of FM coupling due to direct
exchange is earlier for thinner spacer layers in the case of
intermixed interfaces. The Fe concentration close to the Fe
interface is higher than the average Fe impurity concentra-
tion of the spacer, and the interface region reaches the thresh-
old concentration for onset of magnetism before the average
impurity concentration reaches this threshold. The magnetic
layers are effectively larger by this effect, leading to an ef-
fective shrinking of the spacer which, in turn, modifies the
RKKY coupling. This results in an additional modification of
the coupling and may explain why the whole change in
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oscillation period with increasing impurity concentration is
not accounted for by changing Fermi surface calipers.

IV. SUMMARY

For low concentrations, all the considered impurities are
nonmagnetic in the V host. Varying the impurity concentra-
tion within the low concentration region results in a slight
change of the coupling periods by modifying the spacer
Fermi surface. For larger impurity concentrations, the open-
ing of a channel for direct exchange distorts this picture. For
Fe, and to some extent Co, this leads to a ferromagnetic
coupling between the layers. For Co, there is also an AFM
region for thick spacer layers with high impurity concentra-
tions. For Ni and Cr impurities, the atoms remain nonmag-
netic for the whole investigated concentration range �up to
30% impurity concentration�. We also discuss the effects of
interface intermixing and interface roughness on the phase
diagram of Fe /VxFe1−x. These effects were modeled by using

the methods presented in Refs. 5, 18, and 25. In summary,
the phase diagram can be understood as consisting of two
regions, a low impurity region and a high impurity region. In
the low concentration region, the coupling is given by the
RKKY coupling. The onset of magnetism in the spacer for
higher concentrations eventually leads to a direct exchange
mediated coupling between the Fe layers. The onset of mag-
netism in the spacer exhibits preasymptotic effects, which
affect the RKKY coupling.
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