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Effect of diffusion and alloying on the magnetic and transport properties of Fe/V/Fe trilayers
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The magnetic and transport properties of the Fe/V/Fe(001) trilayers were studied using the self-consistent
Green’s function technique based on the tight-binding linear muffin-tin orbital method in the atomic-sphere
approximation. The coherent potential approximation was used to describe the effects of interdiffusion and
alloying at the interfaces on the properties of the semi-infinite bec Fe(001)/mFe/nV/mFe/Fe(001) trilayers.
The electric conductance was calculated using the Kubo-Landauer formalism, in the current-perpendicular-to-
plane geometry. It is shown that a dipole moment is created at the Fe/V interface due to the charge transfer
from vanadium to iron, and a small induced magnetic moment is present in the first vanadium layer and is
antiparallel to that of iron. The interlayer exchange coupling shows rapid oscillations for small spacer thick-
nesses, and the interdiffusion and alloying at the interface stabilize the ferromagnetic coupling. Moreover, the
interdiffusion reduces the vanadium-induced magnetic moment and increases the iron magnetic moment at the
interface. The giant magnetoresistance (GMR) ratio presents damped oscillations as a function of the vanadium
spacer thickness. The interdiffusion and the presence of Mn impurities at the interface reduce considerably the

GMR ratio and produce results that are in agreement with experimental data.

DOLI: 10.1103/PhysRevB.75.024412

I. INTRODUCTION

The electronic structure and transport properties of Fe/V
superlattices are the subject of intensive experiment and the-
oretical studies, due to the good epitaxy of the samples. In
fact, experiments show that Fe/V superlattices can be grown
epitaxially with little intermixing of iron and vanadium at the
interfaces.!? Broddefalk et al.’ reported a good crystal qual-
ity of these samples, and a roughness of only about 2 mono-
layers (ML). It was noticed* that, although both bulk iron
and vanadium have body-centered-cubic lattice structures,
the lattice mismatch between iron and vanadium causes a
symmetry breaking, and the superlattice becomes body-
centered tetragonal (bct). The in-plane lattice parameter of
the bcet superlattice and the mean out-of-plane lattice param-
eter decrease with increasing iron layer thickness. Poulopou-
los et al.” also revealed a good crystal quality and indicated a
square symmetry in the plane of the film. It was also evi-
denced that the in-plane lattice parameter of the iron layers
has increased, and that of the vanadium layers has decreased,
compared to the corresponding bulk values. Due to the Pois-
son ratio, opposite changes occur for the out-of-plane lattice
parameters.

It has been experimentally found that the Fe/V(001) su-
perlattices exhibit oscillatory interlayer exchange coupling
(IEC). In particular, the first evidence of an antiferromag-
netic (AFM) IEC coupling in the Fe/V superlattices was
given by Poulopoulos and co-workers® for the 13 ML thick
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vanadium spacer. A maximum of the AFM IEC was observed
for about 6 ML of iron and 13 ML of vanadium,* and a
corresponding giant magnetoresistance (GMR) ratio of 5% at
low temperatures. These findings are also confirmed by
Granberg et al..® who found a GMR ratio of 7% at 10 K.
However, it was noticed that the GMR effect observed for
the Fe(3,6,9 ML)/V(13 ML) samples, disappears for
13Fe/13V.* The GMR and the AFM IEC vanish rapidly
when increasing the iron thickness above 10 ML, and does
not seem to reappear for larger thicknesses.>’ In other simi-
lar systems, as for example Fe/Cr (Ref. 8) or Fe/Ti,’ the
GMR remains finite for much larger thicknesses of the mag-
netic layer. Theoretically, the AFM coupling and its oscilla-
tions remain for relatively large magnetic layer thicknesses.'”
Granberg et al.” found a FM coupling between the magnetic
slabs for the Fe(15 ML)/V(1-12 ML) systems. When iron
is alloyed with Ni, as in the case of the (Feg,Nig)/V super-
lattices, the AFM IEC is shown to be weaker, and the GMR
ratio decreases to 1.8%. A change from an AFM to a FM
coupling can also occur, attributed to an increased interdif-
fusion between the FeNi and vanadium layers.

Concerning the coupling between the nearest-neighboring
iron and vanadium layers, both experiment!! and theory
agree that it is an AFM one, and can be explained by hybrid-
ization effects.!? However, differences occur when it comes
to the values of the magnetic moments and the range of the
spin polarization inside the vanadium spacer. While experi-
mentally it is supposed to be of long-range magnetic order,

©2007 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.75.024412

IUSAN et al.

the theory predicts a shorter-ranged one. For example, Sacchi
et al.'' obtained experimental spin magnetic moments be-
tween 2.1up and 2.3up per iron atom and a total magnetic
moment of 0.66uy per vanadium atom in the 1 ML vana-
dium sample. They also observed that, with respect to the
values for the 1 ML vanadium sample, the magnetic moment
per vanadium atom is reduced to 60% and 40% in the case of
the 2 ML and 5 ML samples, respectively. Schwickert and
co-workers'3 found very large magnetic moments, but their
results were confirmed neither by other experiments nor by
theoretical calculations. A possible explanation to these dif-
ferences may be found in the theoretical work of Holmstrom
et al., who showed that the interdiffusion and roughness be-
tween the iron and vanadium layers bring the calculated rel-
evant magnetic properties in agreement with the experiment
results.'*

The aim of this paper is to present an ab initio study of
the magnetic and transport properties of the mFe/nV/mFe
trilayers sandwiched between two semi-infinite bcc iron
leads, in the current-perpendicular-plane (CPP) geometry,
and to study the changes of these properties by atomic inter-
mixing at the interfaces. The effect of alloying with 3d tran-
sition metals at the interfaces using the coherent potential
approximation'> (CPA) will also be presented.

The rest of the paper is organized as follows. In the next
section, we provide some details concerning the method of
calculations. In the third section we discuss the electronic
and magnetic properties of the ideal trilayer system as well
as the IEC as a function of the spacer thickness and interdif-
fusion concentration. In the fourth section we present our
results of the calculated GMR for the ideal trilayers and
show the dominant channel for transport. We also show the
effect of interdiffusion and impurities on the conductance.

II. METHOD OF CALCULATION

The electronic structure of Fe/V/Fe trilayers was deter-
mined using a first-principles Green’s function technique'®-!7
based on the tight-binding linear muffin-tin orbital method"
in the atomic-sphere approximation.'®!° The space-filling
atomic spheres are chosen to be the same for both iron and
vanadium atoms. The local spin density approximation was
used for the exchange-correlation potential within the Vosko-
Wilk-Nusair parametrization.?’

The transport properties were calculated by means of the
Kubo-Landauer formalism, where the conductance G¢ for
spin o can be expressed as’!

o=y ol o )ree. o

where f(E) is the equilibrium Fermi-Dirac distribution func-
tion and T7(k;, E) is the transmission probability for channel
(kj,o) at energy E and for each channel k; of the surface
Brillouin zone (SBZ).?? In the case of diffused interfaces or
for impurity calculations, the CPA potential parameters, ob-
tained from a self-consistent electronic structure calculation,
are used for the electric transport, and the disorder is ap-
proximated by two-dimensional supercells with random oc-

PHYSICAL REVIEW B 75, 024412 (2007)

T T T T T T T 3
Pon| [aet P [aat [
’ 7 7] T 12 &
15} - r ik o
2 g
: 11 11 11 118
& x - - 2
B ﬁH.- .—.VV.-. ﬁvvr et b 0 B
= 1)
&) )
- 4 F - 4 F _12
C 1 C 1 1 1 1 )
10 0 5 10 0 5 10 0 5 10
T T T T T T T T T T ™/ 3
0451 o ron| [ae2 Poa| [net Paa| [aet Poa
- - - d2 «
g 03 - - o g
4 . _ 1, ¢
g st - - L 1 g
Y 2
2 0 freifPoedfrew] rsdPoesdiirsw] LradPossedftsw]| LradiPe i 0 T
JPyo I I 1 A I A
© 015t JF JF JF 145
031 1 1 C 1 1 U 1 1 1 C 1

1 1
0 5 10 150 5 10 150 5 10 15 0 5 10 15

FIG. 1. (Color online) The variation of the magnetic moment
(black circles) and the charge transfer (green squares) versus the
layer index for Fe(001)/nV/Fe(001) systems with n=1-9 for the
FM configuration. Four iron layers are taken into account on each
side of the vanadium slab in the active region, embedded in semi-
infinite bee (001) bulk iron. The horizontal lines correspond to the
bulk magnetic moment and charge transfer, introduced for compari-
son. The connecting lines are guides to the eye.

cupation of lattice sites by two kinds of atoms. Their ratio
corresponds to the concentration of the atoms in a given
layer. We have found that the use of 4 X4 two-dimensional
lateral supercells and averaging the conductances over ten
configurations provides the same results as the use of the
CPA approach by evaluating the vertex correction as demon-
strated by Carva and co-workers.>> Our 3d transition metal
impurities are all performed using the CPA vertex correction.

For the self-consistent band structure calculations the con-
vergence was obtained for using 1000 k points in the irre-
ducible SBZ, and 400 k points in the 4 X 4 supercell SBZ for
the calculation of the conductances including the effect of
diffusion.

III. MAGNETIC PROPERTIES
A. Ideal trilayers

Figure 1 shows the variation of the magnetic moment and
charge transfer at the interface for different spacer thick-
nesses. We observe important differences occurring at the
interface layers as compared to the bulk electronic structure
and smaller changes on the second layer from the interface.
For the rest of the layers, the variations of the charge and the
spin moments, are insignificant. At the interface the charge
transfer is from vanadium to iron, which is consistent with
the electronegativity of these elements. We note, however,
that the determination of charge transfer in itinerant systems
is difficult, and in our case, it depends to some extent on the
choice of atomic-sphere radii.

The electronic structure calculations reveal a strong hy-
bridization at the interface, mainly between vanadium and
iron for the minority-spin channel. This decreases the mag-
netic moment of iron for the interface and induces a negative
spin polarization on the vanadium atoms. As a consequence
the vanadium atom at the interface is AFM coupled to the
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FIG. 2. The dependence of the interface moments of iron (upper
panel) and vanadium (lower panel) as a function of the spacer thick-
ness in the FM configuration of Fe/nV/Fe.

iron atoms, independently of the thickness of the spacer or
the configuration of the magnetic slabs. It is also important to
observe the short-ranged spin polarization of the vanadium
atoms, confirmed by the dependence of the vanadium’s in-
terface magnetic moment as a function of the spacer thick-
ness. This short-ranged spin polarization is in agreement
with all previous theoretical results. A recent x-ray magnetic
circular dichroism experimental study?* confirms the short-
range spin polarization of the Fe/V superlattices grown at
low temperatures (300 K), where a small interdiffusion at the
interfaces is expected. It was also found that the spin polar-
ization becomes long ranged for superlattices grown at
higher temperatures (600 K). However, theoretical calcula-
tions do not confirm this trend in the case of interdiffused
interfaces. This discrepancy could be due to the fact that
interdiffusion is supposed to extend only to two interface
layers. Despite the small roughness in Fe/V superlattices, the
interdiffusion between the iron and vanadium slabs could
extend to more than 1-2 ML, as was assumed until now in
ab initio calculations.

Figure 2 shows that the magnetic moments for both iron
and vanadium are largest for n=1. The reason for this is that,
in this case, each vanadium atom has eight nearest iron
neighbors; a large hybridization between vanadium 3d and
iron 3d states takes place. According to Ref. 12 this causes a
large induced vanadium moment. For n=2 each vanadium
atom at the interface has only four nearest neighbors, which
reduces the induced moment. One observes also a tendency
of oscillatory behavior of the iron magnetic moment as a
function of n. A “saturation” of the induced polarization for
vanadium is observed. This confirms that the magnetic order
of vanadium is concentrated at the interface, and is caused by
a direct hybridization between vanadium and iron atoms. In
addition, the vanadium next-nearest neighbors seem to have
almost no influence upon the vanadium interface moment,
due to the fact that their magnetic moments are small.
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FIG. 3. (Color online) The dependence of the interlayer ex-
change coupling J in mRy as a function of the number of spacer
layers n for the Fe/nV/Fe systems.

The IEC has been calculated as the energy difference of
the systems with antiferromagnetically and ferromagnetically
coupled magnetic slabs. Figure 3 shows the dependence of
the IEC on the spacer thickness n. We notice a strong FM
coupling for n=1, followed by an oscillatory behavior, with
an amplitude that decreases very fast as the spacer thickness
increases. Granberg et al.” studied the 15Fe/(1-12)V super-
lattices but did not find any sign of AFM coupling. We be-
lieve that this is due to the large thickness of the magnetic
slabs used in their experiment, as it has been experimentally
shown* that the IEC drops considerably for large slab thick-
nesses, as is confirmed by our calculations. Experimental
studies*> performed on Fe/V superlattices found a maxi-
mum in the AF IEC for a spacer thicknesses of about 13 ML.
It is also seen that for n=16 the IEC has approximately a
zero value. A decrease of the IEC for large spacer thick-
nesses has been experimentally observed.*

B. Effect of interdiffusion
Figure 4 shows the dependence of the magnetic moments
at the interface as a function of the interdiffusion concentra-
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FIG. 4. The interface magnetic moments as a function of the
interdiffusion concentration in the FM configuration of
Fe/Fe,_,V,./Fe,V,_/V. “Fe left” denotes iron atoms in the left
interdiffused region and “vanadium left” denotes vanadium atoms
in the same region. The “iron right” and “vanadium right” denote
atoms in the right interdiffused region.
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FIG. 5. The IEC as a function of the interdiffusion concentration
for the Fe/5V /Fe (left side figure) and Fe/6V /Fe (right side figure)
trilayers.

tion x in the case of FM coupling between the magnetic
slabs. The same variations are observed in the AFM case.
Due to the geometry of the interdiffused interface, it be-
comes relevant to discuss vanadium atoms in the right side
of the Fe/V interface, and vanadium atoms to the left of the
interface. The latter atoms have interdiffused into what nomi-
nally is the iron side of the interface, and a small alloy region
is formed.

The magnitude of the vanadium magnetic moment at the
right side of the interface decreases as x increases due to the
decrease of the number of iron nearest neighbors. The oppo-
site happens for iron at the left of the interface due to the
decrease of vanadium nearest neighbors and at the same time
the increase of iron nearest neighbors. The size of the vana-
dium moment at the left of the interface decreases as a func-
tion of x although the number of iron nearest neighbors in-
creases. This is probably due to the magnetic frustration
caused by the FM coupling with the vanadium atoms sur-
rounding it. A peculiar dependence is found for the iron mag-
netic moment of the atoms at the right interface; at first the
moment increases and after reaching a maximum it de-
creases.

The dependence of the IEC for the Fe/nV/Fe systems
(n=5,6), calculated as the difference between the energy in
the AFM configuration and the energy in the FM configura-
tion, is shown in Fig. 5. We observe that the IEC increases
almost linearly as a function of the concentration. It is espe-
cially interesting that for n=5 the IEC changes sign, i.e., the
coupling starts out being AFM but the interdiffusion at the
interface favors the FM coupling and causes a phase transi-
tion from AFM to FM coupling for an interdiffusion concen-
tration of ~10%.%

IV. TRANSPORT PROPERTIES
A. Ideal trilayers

Figure 6 shows the spin-resolved conductance and the
GMR as a function of spacer thickness. The oscillations of
the GMR ratio as a function of the spacer thickness are seen
to be due, mainly, to the oscillations of the conductance in

(right) as a function of the spacer thickness. The conductance for up
spins is in black up triangles, that for down spins in red down
triangles, and that of the AFM configuration in green diamonds. The
continuous lines are guides to the eye.

the FM configuration. A period of about 4 ML is found for
the conductance for spin up, but the oscillations seem to
attenuate as n increases. This behavior was also obtained for
Fe(110)/V/Fe(110) trilayers.?® The conductance for the
spin-down channel also presents oscillations, which attenuate
more rapidly (for n=12). The conductance in the antiparallel
configuration presents a very small value for n=1,2, then it
increases and decreases again slowly, and for n=7 it is
showing almost no variation. Therefore, the oscillations of
the GMR are due to oscillations of the conductance in the
FM case, especially in the spin-up channel, and the decrease
in GMR as n increases is primarily due to the conductance of
the two spin channels for the spin-down channel (in the FM
configuration).

As compared to other systems (Fe/Cu, for example) the
conductance of the two spin channels do not differ very
much. Also, in the FM configuration the conductance for
spin-down states is greater than for spin-up states. To explain
this behavior we have shown in Fig. 7 the k-space-resolved
density of states at the Fermi level for the interface layers of
iron and vanadium and for the two spins which represent the
spin-polarized two-dimensional Fermi surface at the inter-
face. It is clear from this figure that the Fermi surface of the
vanadium layer and that of iron resemble each other more for
spin-down states than for spin up. In particular, the ring sur-
rounding the I' point of the SBZ are almost identical. Thus,
the matching of these energy levels at the Fermi surface
leads to an increased conductance for this channel as shown
in the k-space-resolved conductance for both spins given in
Fig. 8. The Fermi surface can also explain why the conduc-
tance in the AFM is even lower, as expected for a system
with a positive GMR.

B. Effect of interdiffusion

Figure 9 shows the effect that interdiffusion at the inter-
face has on the GMR of the Fe/5V/Fe and Fe/6V/Fe sys-
tems. The intermixing has a great effect on the conductance
in the AFM configuration, and its conductance determines
the behavior of the GMR as a function of the interdiffusion
concentration x. The interdiffusion reduces the GMR very
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interface Fe spin up

interface Fe spin douwn

drastically. For example, for an interdiffusion concentration
of only 20%, the GMR ratio is more than halved. We also
observe a “saturation” of the GMR as x is increased. A value

of 7% of the GMR for the 3Fe/13V superlattice was re-
ported experimentally,® which is smaller than our calculated
saturated value of ~20-30 %. The difference could be at-
tributable to several causes: (a) the theoretical calculations
correspond to spacer thicknesses of 5—6 ML, while the ex-
periments to a spacer thickness of 13 ML; (b) the value of
50% is for the ideal system, and a great decrease is expected
by allowing interdiffusion at the interfaces (because although
a good interface roughness for the Fe/V superlattice was
found, one cannot ignore the interdiffusion which exists in
every real system); (c) the value is obtained for a trilayer
system, while the experimental value is for superlattices with
many repetitions, and, as was theoretically shown, a decrease
of the GMR ratio appears as the number of repetitions in-
creases; (d) the calculations were performed for the CPP ge-
ometry, whereas the experiment measures are in the current-
in-plane geometry, and it is believed that the values of the
GMR ratio are higher in the CPP geometry.

interface V spin doun
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interface ¥ spin up

FIG. 7. (Color online) The up-
per left and right panels represent,
respectively, the calculated den-
sity of states at the Fermi level for
spin-up and spin-down states of
iron at the interface. The lower
left and right panels represent
those of vanadium at the interface.
The red color (light gray) repre-
sents the highest density of states
at the Fermi level and the blue
(dark gray) the lowest.

C. Effect of alloying at the interfaces

In this section we present the effect of impurities at the
interfaces. This effect on the transport properties of Fe/V/Fe
trilayers can be only indicative, because we have considered
only the impurities in a single layer at both interfaces. A
more realistic calculation of alloying would have to extend
the impurities over many layers. However, such calculations
are very time consuming, and have not been treated. As
stated in Sec. II, the self-consistent potential is determined
using the coherent potential approximation, for systems
where 3d transition metal impurities are randomly distrib-
uted, either in the vanadium layer or in the iron layer at both
interfaces. For the transport calculations, we have checked
that the averaged conductance over ten alloy configurations
in a 4 X4 two-dimensional lateral supercell produced the
same results as these of the effective medium CPA with ver-
tex corrections.”? The conductance is therefore calculated us-
ing the latter method. The Ti or Cr impurities are randomly
distributed on the vanadium layer at both interfaces, corre-
sponding to layer alloy composition of V,_Ti, or V,_Cr,.
The trilayer system is then described by SFe/V,_ M,/
11V/V,_M,/5Fe, where M=Ti or Cr. The Mn or Co impu-
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rities are randomly distributed on the iron layer at both in-
terfaces, corresponding to layer alloy composition of
Fe;_Mn, or Fe,_,Co,. The trilayer system is then described
by 4Fe/Fe,_ M, /13V/Fe,_M,/4Fe,where M=Mn or Co.

4Fe/5V/4Fe
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FIG. 9. (Color online) The conductances (left) and the GMR
(right) as a function of the interdiffusion concentration for the
Fe/5V/Fe (the top graphs) and Fe/6V/Fe systems (the bottom
graphs). The red down triangles represent the spin-down conduc-
tance, the up black ones the spin-up conductance, and the green
diamond the antiferromagnetic conductance. The continuous lines
are guides to the eye.
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AF configuration

FIG. 8. (Color online)
k-space-resolved conductance for
spin-up and spin-down states in
the FM configuration (left panel
and middle panel, respectively),
and antiferromagnetic configura-
tion (right panel). The red color
(light gray) represents the highest
conductance and the blue (dark
gray) the lowest.

The case where the impurities are put on both the vanadium
and the iron layers at the interface will be of great interest,
but are not performed in this study.

Figure 10 shows the dependence of the giant magnetore-
sistance on the concentration of impurities at the interface. In
the case of chromium impurities, the GMR is almost inde-

GMR dependence on the concentration of impurities at the interface
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FIG. 10. (Color online) The GMR dependence on the concen-
tration of the 3d transition metal impurities at the interfaces. The
upper blue curve, the second from the top (red curve), the third
(black curve), and the lowest curve represent, respectively, the case
of Co, Cr, Ti, and Mn impurities.
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pendent of the concentration of impurities. This is due to the
good matching of the iron and chromium bands for the mi-
nority spin. Note, however, that in the case of Co/V/Co
trilayers, the effect of chromium was important and was at
the origin of negative giant magnetoresistance.?’ In case of
Ti and Mn impurities, the GMR shows a rapid decrease with
increasing concentration. Interestingly, the cobalt impurities
at the interface increase the GMR by a small amount.

V. CONCLUSIONS

We have performed ab initio calculations of the magnetic
and transport properties with or without the effect of inter-
diffusion and alloying at the interface of the Fe/V/Fe trilay-
ers. The values of the magnetic moments are in good agree-
ment with the experimental ones, when the effect of alloying
is taken into account. This fact was also noted in Ref. 14 In

PHYSICAL REVIEW B 75, 024412 (2007)

the case of the ideal interface without diffusion, we obtained
oscillations of both the IEC and GMR ratio. In the case of
interdiffusion and alloying at the interface, we have obtained
a considerable drop of the GMR as the interdiffusion con-
centration (or the impurity concentration) increases. This evi-
dences the important role played by the interface in the case
of the Fe/V/Fe systems. We have also shown that the GMR
effect can be heavily dependent on the concentration of im-
purities at the interface, e.g., Mn and Ti impurities.
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