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First-principles calculations of the magnetic anisotropy energy of Fe-V multilayers
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The magnetic anisotropy energy~MAE! of Fe2V6 , Fe3V5, and Fe4V4 multilayers are investigated using
first-principles spin-polarized and relativistic band-structure calculations based upon the full-potential linear-
ized muffin-tin-orbital method. A strong difference in the MAE and the easy axis of magnetization~calculated
for the experimental lattice parameters! is observed between the three studied multilayer systems, with easy
axes of~001!, ~110!, and~100! for Fe2V6 , Fe3V5, and Fe4V4, respectively. The MAE of the Fe2V6 and Fe4V4

multilayers agrees well with the experimental data. The origin of this difference of behavior is analyzed, via a
study of the influence of the atomic volume as well as a relaxation study of the multilayers with respect to the
tetragonal deformation. The important role played by thec/a axial ratio, imposed by the alloying effects, is
outlined. The magnetic anisotropy coefficients entering the expression of the MAE, as a function of the
directional cosines, are extracted from a series of calculations for four independent spin directions. Finally, the
band-filling effects on the MAE are analyzed as well as the different contributions in reciprocal space.

DOI: 10.1103/PhysRevB.65.134430 PACS number~s!: 73.40.Jn
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I. INTRODUCTION

Materials engineered all the way down to the microsc
or even nanoscale open thrilling technological perspectiv
A famous example, which quickly found its way into actu
application, is magnetic multilayers consisting of repea
slabs of a number of atomic layers of magnetic metals,
vided by a spacer material. These artificial materials,
though quite simple in their design, exhibit several uniq
phenomena. One example is antiferromagnetic coupling
~100! Fe/Cr/Fe sandwich, discovered by Gru¨nberget al.1 in
1986; another is giant magnetoresistance, first discovere
1988 by Baibichet al.2

The crystallographic direction of the easy axis of mag
tization, as well as the magnetic hardness~i.e., how difficult
it is to change the magnetization direction!, are of fundamen-
tal importance for the functionality of these materials. Bo
these characteristics can be described through the mag
anisotropy energy~MAE!, which has the following defini-
tion: the total energy of a magnetic material depends on
direction of magnetization. The energy difference for diffe
ent directions of magnetization with respect to a refere
direction@in this work the~001! direction# is the MAE. Note
that here we are only concerned with the contribution due
relativistic effects, as manifested through the spin-orbit c
pling. The total easy axis of magnetization for a macrosco
body with a finite extent~i.e., it has a shape! also depends on
the shape anisotropy. The latter can be large for, e.g.,
films, but in the experimental data, with which we compa
our theory, the shape contribution has been subtracted~see
below!.

Explicit calculations of the MAE is an attractive but n
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so trivial task.3–6 Currently, all-electron, full-potential meth
ods within the density-functional theory have strongly co
tributed to reaching a semiquantitative level for these cal
lations. Agreement between the theoretical and experime
results for the MAE is generally achieved for the sign a
order of magnitude~numerical values may deviate from ex
periment by a factor of 2! for most of 3d ferromagnets,7,8 as
well as for monolayers and multilayers containing 3d
elements.9–13 A noticeable exception is bulk fcc Ni, where
so far, calculations have not been able to reproduce the
perimentally observed easy axis.14

The main goal of the present work is to supply a detai
investigation of the MAE using a highly precise numeric
method, with the aim of improving our understanding of ho
the MAE can be tailored by changing the design of t
multilayer. We have chosen to study Fe-V multilayers a
model system for multilayers consisting of a magnetic ma
rial with a nonmagnetic transition metal spacer material.
important reason for this choice is that high-quality expe
mental data exist for several well-characterized Fe-V mu
layers, making possible a systematic investigation of how
MAE depends on various design details of the multilay
Furthermore, no first-principles calculations of the MAE f
Fe-V multilayers have yet been published, to our knowled

To be specific, we have performed calculations
Fe2V6 , Fe3V5, and Fe4V4 multilayers. We compare our re
sults with experimental data for the systems (Fe2V5)60 @easy
axis ~001!# and (Fe4V4)40 @easy axis~100!#, which were re-
cently investigated by Farleet al.15 At first sight, our model
systems might not appear to be directly comparable to
experimental systems. This point will be clarified in Sec.
dealing with the details of our calculations.
©2002 The American Physical Society30-1
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FIG. 1. ~Color! Eight-atom bcc supercell used to represent the~a! Fe2V6, ~b! Fe3V5, and~c! Fe4V4 multilayers. The large and dark atom
are V atoms, and the small ones are Fe atoms.
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The presentation of our results is organized as follo
Section III A is devoted to the MAE at the experimental la
tice parameters. The directional cosine coefficients, desc
ing the relative hardness of different magnetization dir
tions, are calculated. The MAE is a subtle effect with typic
values in themeV range. Thus it is reasonable to assume t
the MAE might be strongly affected by small changes in
structure of the multilayer, e.g., tetragonal deformations
changes in the atomic volume. Section III B is devoted to t
question. In reality, the interfaces between the two eleme
that constitute the multilayer cannot be expected to be
fect, and the exact proportions between the two eleme
probably also varies slightly from layer to layer. How sen
tive is the MAE for changes in the relative proportions of t
elements constituting the multilayer? We address this qu
tion with a band-filling model in Sec. III C.

II. METHOD OF CALCULATION

A. Total energy calculations

The calculational method used in the present work is
full-potential linearized muffin-tin-orbital ~FP-LMTO!
method.16 This method adopts a base geometry based
muffin-tin spheres and an interstitial region. Inside t
muffin-tin spheres, the density and potential are expande
means of spherical harmonic functions times a radial co
ponent. In the interstitial region, the expansion of the den
and potential are written in the form of a Fourier serie
given the fact that the interstitial basis function is a Blo
sum of atomic centered Neumann and Hankel functions
playing the periodicity of the underlying lattice. Thus eval
ating the matrix elements of the Hamiltonian in the inters
tial region involves relatively simple analytical function
plane waves. The number of fast Fourier transform coe
13443
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cients used to achieve a correct convergence of the w
functions, potential, and charge density in the interstitial
gion was found to be 20320380. Each Neumann and Han
kel function is augmented~or replaced! by a numerical basis
function inside the muffin-tin spheres, in the standard way
the linear muffin-tin orbital method.24

The present calculations are all-electron as well as fu
relativistic. The latter is achieved by including the mass v
locity and Darwin terms in the calculation of the radial fun
tions inside the muffin-tin spheres, whereas the spin-o
coupling was included at each variational step using an (l ,s)
basis. Moreover, the present calculations made use of a
called double basis, which uses two Hankel and Neum
functions each attached to its own radial function for each
of (n,l ) quantum numbers. We thus have a set of twos,
two 4p, and two 3d orbitals in our expression of the crysta
wave function.

The exchange and correlation term is approximated in
present work by the local-spin-density approximation a
cording to the Hedin-Lundqvist parametrization.17 1024 k
points were found necessary to achieve the convergenc
both the magnetic moments and the self-consistent poten
used as an input to calculate the MAE. The integration
reciprocal space was carried out using the Hermite-Gaus
smearing method18 with N51 and a smearing parameters
50.02 Ry. The non-self-consistent calculation of the MA
using the force theorem, requires specific convergence s
ies with respect to the number ofk points, that will be de-
scribed in Sec. III.

We now turn to a closer description of the multilayer sy
tems we have chosen to study. The unit cells of the multil
ers are shown in Fig. 1. They are all bcc supercells with ei
atomic layers in total. The number of Fe layers range fr
two to four. We have deliberately chosen to study syste
0-2
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FIRST-PRINCIPLES CALCULATIONS OF THE . . . PHYSICAL REVIEW B 65 134430
which can be described by the same type of supercell, se
up the calculation identically, except for the number of V a
Fe layers and the choice of the lattice parameters. In
way, it is possible to extract trends from the calculated
sults. We wish to compare our theoretical results with exp
mental data, and we also wish to adopt realistic lattice
rameters for our multilayers. There exist in the literature,
mentioned in Sec. I, experimental measurements
(Fe2V5)60, (Fe3V13)30, and (Fe4V4)40, i.e., multilayers.
Since the Fe3V13 multilayers cannot be described with a s
percell of moderate size, we have eliminated in the calcu
tions the central V layers, which results in a Fe3V5
multilayer with the in-plane and out-of-plane lattice para
eters being the same as in Fe3V13. In order to model the
Fe2V5 multilayer with a periodic supercell, we instead co
sidered Fe2V6, but with the in-plane and out-of-plane lattic
constants the same as for Fe2V5. As we shall see below, th
approximate multilayers studied theoretically reproduce
periments very well, since the presence of one or sev
nonmagnetic V layers in the center of the V films does
influence the magnetocrystalline anisotropy, as long as
structural parameters are not modified. In order to mimic
experimental multilayers as closely as possible, we he
adopted the following lattice parameters: the in-plane lat
parameterai was chosen as 2.97 Å, i.e., the lattice parame
of the ~001!-MgO substrate on which the multilayers a
grown.19–21The out-of-plane lattice parametersa' were cho-
sen to be the experimental values19 of the (Fe2V5)60,
(Fe3V5)30, and (Fe4V4)40 multilayers, namely, 2.931, 2.989
and 2.901 Å for the Fe2V6 , Fe3V5, and Fe4V4 multilayers,
respectively.

B. Force theorem approach

A great deal of theoretical work focused on the calcu
tion of the magnetocrystalline anisotropy energy~MAE!, ei-
ther using the force theorem22 ~FT! or the total energy ap
proach~TE!. In principle, the FT should be applicable up
linear changes in the charge and magnetization densitie
the magnetization is rotated from one direction to anothe23

Eriksson14 recently provided numerical evidence that t
MAE of 3d elements are rather well reproduced using
FT, and that it gives results similar to TE calculations. Ac
ally, for Fe systems, which are the center of interest in
present work, the difference between the TE and FT ca
lations of the MAE is smaller than the numerical accuracy
the TE calculations. Motivated by this, the magnetic anis
ropy energyEa(s) was calculated here, using the FT, by
evaluation of the sum of eigenvalues:

Ea~s!5(
k,n

occ

ek,n~s!2(
k,n

occ

ek,n~@001# !. ~2.1!

The expression above states that the MAE is correctly r
resented by forming the difference of the sum of the oc
pied eigenvalues of the Hamiltonian taken for thes and
@001# spin directions respectively, provided that the sa
effective potential is used when the Kohn-Sham equatio
solved. This method has the great advantage that only
13443
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nonrelativistic self-consistent calculation of the potent
must be done: the energy of another configuration~in our
study, when a spin direction, or ac/a ratio, is investigated! is
obtained by a single additional~non-self-consistent! relativ-
istic calculation using the previous self-consistent potent
Note that the sign convention we adopted for Eq.~2.1! im-
plies that the easy axis of magnetization of the system
obtained by thes spin direction which minimizes theEa(s)
function.

Because of the lack of symmetry and the huge numbe
k points necessary to achieve convergence of the integra
the Brillouin zone~BZ! involved in the calculation of the
MAE ~4056k points in the full BZ was found to be neces
sary for the multilayers and 8000 for the two-atom cell
bcc Fe!, a FT approach was used to perform the calculat
of the MAE for the four magnetization directions we e
plored, leading to a considerable gain of time compared
the TE approach. The ability of the FT to predict the MAE
the Fe4V4 multilayers was tested by comparing the FT a
TE calculations regarding the energy difference between
@100# and @001# spin directions. A value of211.5meV/
atom was obtained with the FT approach, to be compare
the 215.3meV/atom obtained with the TE one. From thi
we conclude that the FT approach offers sufficient accura
especially concerning trends.

III. RESULTS

A. MAE at experimental lattice parameters

Symmetry considerations dictate that the magnetic ani
ropy energyEa of a tetragonal multilayer system has th
form

Ea5K1~ax
21ay

2!1K2~ax
41ay

4!1K3ax
2ay

21O~a6!,
~3.1!

whereax anday are the directional cosines alongx̂ and ŷ,
and theẑ axis is perpendicular to the plane defined by t
layers~basal plane!. Provided that the sixth-order correction
can be neglected in Eq.~3.1!, the anisotropy coefficients
K1 , K2 andK3, can be determined by making use of the F
calculation of the MAE@Eq. ~2.1!# establishing the total-
energy difference between the four quantization directio
@001#, @100#, @110#, and@111#:

K1522Ea~@110# !1 9
2 Ea~@111# !,

K25Ea~@100# !12Ea~@110# !2 9
2 Ea~@111# !, ~3.2!

K3522Ea~@100# !18Ea~@110# !29Ea~@111# !.

The MAE surface, which represents the MAE as a funct
of the the polar angles (u,f) defined byax5sinu cosf,
ay5sinu sinf, and az5cosu, is then finally given by the
expression

Ea5K1sin2u1
6K21K3

8
sin4u1

2K22K3

8
sin4u cos 4f.

~3.3!
0-3
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The calculated values of the magnetic anisotropy ene
of the Fe2V6 , Fe3V5, and Fe4V4 multilayers are given in
Table I for the@100#, @110#, and@111# spin directions. They
are calculated at the experimental lattice parameters of
(Fe2V5)60, (Fe3V13)30, and (Fe4V4)40 multilayers ~see
Table I for the numerical values!. In Table I we also list the
corresponding calculated anisotropy coefficients. Apparen
for our systems, the behavior of the MAE is mainly pilote
by the K1 coefficient ~compare the value ofK1 with the
value of the MAE in the@100# spin direction!, sinceK2 and
K3 are negligible compared toK1. According to Eq.~3.3!,
the MAE of the three multilayers thus follows aK1sin2u law,
independent of thef angle: the MAE may be considered a
homogeneous in the basal plane for the three multilay
The difference of the MAE between the basal plane, defi
by its value in the@100# spin direction, and the referenc
axis, @001#, is thus only determined by the sign and value
the K1 coefficient. The variation of the MAE with the angl
u is presented in Fig. 2 for the three investigated multilaye
A strong difference is observed in the variation of the MA
with the angleu. The large value ofK1 for Fe3V5 leads to a
strong anchoring of the magnetization in the basal plane.
small value ofK1 for Fe2V6 does not allow one to find a
preferred axis for the magnetization. Fe4V4 appears as an
intermediate case.

The calculated MAE of Fe4V4 (211.5meV/atom) is of
the same order of magnitude as the experimental va
(25 meV/atom).15 The theoretical value deviates from
factor of two from experiment, which is actually rather typ
cal for first principles theoretical work on MAE.14 In this
particular case, it is also expected that some interdiffus
will affect not only the magnetic moments but also the MA
As regards the Fe2V6 multilayers, the MAE is found to be
2.2 meV/atom. The calculated value is in excellent agre
ment with the experimental value of the correspond
multilayer, namely, 2.060.5 meV/atom, obtained by Anisi-
mov et al.25 with angular-dependent ferromagnetic resona
measurements. For both these multilayers the calculated
axes, i.e.,@001# and@100# for Fe2V6 and Fe4V4, respectively,
agree with the experiments. No experimental results
available for Fe3V5.

B. Influence of volume and tetragonal deformation

An interesting question is what features of the syst
actually determine the magnetic anisotropy energy, nota
the one between in-plane and out-of-plane magnetization
equivalentlyK1. As mentioned in Sec. II, the lattice param
eter of the multilayers, imposed by the MgO substrate lat
spacing, induces a large expansion of the atomic volum
the Fe atoms. We carried out a study of the MAE of bct Fe
the atomic volumes anda' /ai ratios of the three studied
multilayers in order to separate out the influence of hybr
ization between Fe and V atoms at the interface from effe
due to volume andc/a changes of the Fe atoms. The resu
are shown in Fig. 3. The main characteristic of the plot is t
the MAE of bct Fe decreases as the volume~or the a' /ai
ratio, ai being fixed! increases. The MAE of bct Fe, consid
ered at the volume of Fe2V6, remains close to the one of bc
13443
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Fe at the equilibrium volume of bcc Fe. The easy axis
this atomic volume is found to be the@001# direction ~out-
of-plane magnetization!, just as for the Fe2V6 multilayer. At
the volume of Fe3V5, bct Fe favors the@110# direction for the
easy axis~in-plane magnetization as in the case of the Fe3V5
multilayer!, whereas, at the volume of Fe4V4, bct Fe favors
the @001# direction ~out-of-plane magnetization!, in contrast
to the in-plane magnetization~@100# is the easy axis! that
was found for the Fe4V4 multilayer. This last result demon
strates that the volume effect of Fe cannot be considered
single parameter determining the easy axes of these syst
but it certainly does influence the MAE.

Figure 4 gives the MAE of the Fe2V6 , Fe3V5, and Fe4V4
multilayers for the three@100#, @110#, and @111# spin direc-
tions as a function of the tetragonal deformation. In the c
culations, the out-of-plane parametera' was varied from its
equilibrium value. The in-plane lattice parameter was a
justed in order to conserve the volume. This calculation
fixed volume allows a direct comparison of our data with t
calculation of Eriksson14 for pure bct Fe, using the sam
technique and conditions of calculation. The main feature
the variation of the MAE of the three multilayers, as a fun
tion of thea' /ai ratio, is a deviation from a linear behavio
~especially for Fe4V4). Figure 4~a! shows, as in the case o
bct Fe,14 that the MAE of Fe2V6 increases witha' /ai , and
that the value of the MAE in the basal plane (2.2meV/atom)
has the same order of magnitude as the MAE of bct Fe w
considered at the samea' /ai axial ratio. For Fe3V5 @Fig.
4~b!#, the variation of the MAE with respect toa' /ai is
reversed: a decrease of the MAE is observed whena' /ai

TABLE I. FP-LMTO calculation of the magnetic anisotropy en
ergy of the Fe2V6 , Fe3V5, and Fe4V4 multilayers calculated for the
experimental lattice parameters of the (Fe2V5)60, (Fe3V13)30, and
(Fe4V4)40 multilayers. The results correspond to the difference
tween the energy of the systems for thes5@100#, @110#, and@111#
spin directions, and the energy for the@001# spin direction, chosen
as a reference. The values of the anisotropy coefficientsK1 , K2,
andK3 are deduced from the MAE values using the set of equati
~3.2!.

Fe2V6 Fe3V5 Fe4V4

a' 2.931a 2.989a 2.901a

ai 2.970 2.970 2.970

Magnetic Anisotropy Energy~in meV/atom)
Ea(@100#) 2.20 -31.2 -11.5
Ea(@110#) 2.23 -31.5 -10.8
Ea(@111#) 1.48 -20.9 -7.06
Easy axis @001# @110# @100#
expt. 2.060.5 b @001# - -5.0c

Anisotropy Coefficients~in meV/atom)
K1 2.20 -30.9 -10.3
K2 0.00 -0.21 -1.25
K3 0.12 -1.74 0.51

aReference 19.
bReference 25.
cReference 15.
0-4
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FIRST-PRINCIPLES CALCULATIONS OF THE . . . PHYSICAL REVIEW B 65 134430
increases. This behavior is consistent with the one of bc
when considered at the expanded volume of the multilay
For Fe4V4, a strong decrease of the MAE is also observ
for the largest values of thea' /ai ratio. This behavior can be
considered as normal, given the volume of the multilay
However, the opposite trend is observed for the lowest v
ues ofa' /ai , and the dependence of the MAE with respe
to a' /ai is very nonlinear. This strong nonlinear behavior
the MAE will be analyzed in the Appendix.

Figure 4~a! shows a small variation of the MAE of Fe2V6
in the investigated range ofa' /ai , with an amplitude of the
variation of about 5meV/atom.Ea(s) remains positive for
all a' /ai values, leaving the easy axis, i.e.,@001#, un-
changed. For Fe3V5 and Fe4V4 the @100# easy axis is found
for all values ofa' /ai . For these two systems we find tha
the larger the value of thea' /ai is, the more stable the@100#
easy axis. We may also note that for the value of thea' /ai
ratio of the Fe3V5 multilayers ~1.006!, the MAE of Fe4V4
reaches the MAE value of Fe3V5 in the @100# direction, and
that the difference of MAE,Ea(@111#)2Ea(@001#) is equal
to 10 meV/atom, to be compared to the valu
10.5meV/atom obtained for Fe3V5 at the samea' /ai . In
other words, the MAE surface of Fe4V4 corresponds exactly
to the one of Fe3V5, when both systems are considered at
samea' /ai .

Thus, if very few correlations between the MAE and ea
axis of the multilayers were found when we analyzed th
discrete values at the experimental lattice parameters~Table
I!, it seems that we may find a certain agreement and d
general trends via an analysis of their dependence with
spect to thea' /ai ratio. This is especially clear if we com
pare the MAE of Fe4V4 using thea' /ai ratio of the Fe3V5
multilayer. The so-obtained MAE agrees well with the MA
of Fe3V5.

Since the tetragonala' /ai ratio is a highly determining
and sensitive parameter for the calculation of the MA
something has to be said here about the mechanisms w
determine their equilibrium value in the Fe/V alloys a
multilayers. Actually, the equilibriuma' /ai axial ratio

FIG. 2. MAE of the~a! Fe2V6, ~b! Fe3V5, and~c! Fe4V4 mul-
tilayers as a function of the polar angleu, defined by ax

5sinu cosf, ay5sinu sinf, andaz5cosu.
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seems to be imposed by the alloying effects, i.e., it appe
that Vegard’s law dictates in quite a reliable manner the va
of the out-of-planea' parameter of our multilayers. The ca
culation ofa' using Vegard’s law,

a'5
nFeaFe1nVaV

nFe1nV
, ~3.4!

where aFe and aV are the equilibrium lattice parameter o
pure bcc Fe and bcc V andnFe andnV are the number of Fe
and V layers in the cell, gives values ofa' for the Fe2V6 ,
Fe3V8 , Fe3V13, and Fe4V4 multilayers, which are compat
ible with the values observed from the experiments.19 A
small systematic discrepancy of about 0.05 Å is neverthe
observed for the three systems. Figure 5 illustrates this p
by superimposing the experimental and calculated value
a' for the studied multilayers. The main conclusion we m
draw from Fig. 5 is that the value ofa' satisfies a relation-
ship of proportionality with respect to the lattice parame
of pure Fe and pure V, leading to an increasing value ofa'

when the fraction of V layers increases~the upper limit being
aV). Since the stabilization of the MAE of the multilayers
the basal plane is reinforced by a larger value ofa' /ai , we
observe that an increased thickness of the V region, or
choice of another spacer material that presents a larger la
parameter than the one of V, is expected to produce a str
anchoring of the magnetization in the basal plane.

We end this section with an analysis of the contribution
the calculated MAE from different points in the Brilloui
zone. Figure 6 represents the contribution of eachk point to
the total MAE of the multilayers in the (kx ,ky) plane of the
reciprocal space, containing theG point. The plotted function
corresponds to

Ea~k!5(
n

vn,k
[100]en

[100]~k!2vn,k
[001]en

[001]~k!, ~3.5!

whereen
s is the eigenvalue calculated for thes spin direc-

tion, andvn,k
s is the generalized weight of thek point, cal-

FIG. 3. Magnetic anisotropy energy of bulk bct Fe, calculated
the experimental volume and thec/a axial ratio of the three studied
multilayers in the@100#, @110#, and@111# spin directions.
0-5
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FIG. 4. Magnetic anisotropy
energy of the ~a! Fe2V6, ~b!
Fe3V5, and ~c! Fe4V4 multilayers
in the s5@100#, @110#, and @111#
spin directions as a function of th
tetragonal deformation defined b
the ratio a' /ai . The arrows are
located at the experimentala' /ai
ratios of the (Fe2V5)60,
(Fe3V13)30, and (Fe4V4)40 multi-
layers. Their amplitude gives the
difference of the MAE ~in
meV/atom) between the basa
plane and the @111# crystallo-
graphic direction.
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culated using the Hermite-Gaussian smearing method
similar analysis was presented by Wuet al.23 Figures 6~a!,
6~b!, and 6~c! give the spectral decomposition of the MAE
Fe4V4 for a' /ai50.957,a' /ai50.977, anda' /ai50.996,
respectively. We observe the following trend: asa' /ai in-
creases, the negative contribution from the region, that c
nects thep/a(1/2,0,0) andp/a(0,1/2,0) points, expands an
increases in magnitude. Moreover, the observed expansio
the negative region moves toward theG point, so that the
positive region centered on this point is both reduced in m
nitude and spatial extent. This is particularly noticeable
comparing Eq. ~3.5! for a' /ai50.977 @Fig. 6~b!# and
a' /ai50.996 @Fig. 6~c!#. These results are consistent wi
the evolution of the MAE of Fe4V4 with respect to the te-
tragonal deformation, given in Fig. 4~c!. This study also
demonstrates that the region of the reciprocal space invo
in the change of the MAE of the multilayers with the tetra
onal deformation mainly concerns the triangle defined by
G, p/a(1/2,0,0), andp/a(0,1/2,0) points.

C. Band-filling effects

We now proceed with an analysis of how band fillin
affects the MAE. The eigenvalues of Fe4V4 obtained for the
@001# and @100# spin directions can be used to estimate
MAE of any Fe-V multilayer, by filling the correspondin
densities of state~DOS’s!, D [001](e) and D [100](e), with a
varying number of electrons, i.e., by varying the Fermi e
ergy. We observed that the MAE remains equal to zero u
EF50.45 Ry ~data not shown!. This corresponds to a ban
filling of about 1 electron/atom. Hence, the bottom of t
bands brings no contribution to the MAE of these system
Above EF50.45 Ry, theD [001](e) andD [100](e) DOS’s are
nondegenerate and the MAE is nonvanishing. We are pro
ing the following model to approximate the band-filling e
fects in the calculation of the MAE~see the Appendix for a
derivation of this equation!,
13443
A

n-

of

-
y

ed

e

e

-
til

s.

s-

Ea~EF!5E
2`

EF
dN~e!de, ~3.6!

wheredN(e)5N[100](e)2N[001](e) is the difference of the
integrated DOS, evaluated at the energye. Figure 7 shows
the evolution of the MAE of the Fe-V multilayers given b
Eq. ~3.6!. The approximations made in the derivation of E
~3.6! introduce a cumulative error of the MAE. This erro
can be corrected by matching the obtained curve with
value of the MAE of Fe4V4 calculated by the FT. The MAE
of Fe2V6 and Fe3V5 were calculated using the FT for a ban
filling of 46 and 49 electrons per unit cell, respectively, b
using the eigenvalues given by the calculation of the s
consistent potential of Fe4V4. The so-obtained points agre
with the curve~Fig. 7!, demonstrating that the cumulativ
mistake is correctly compensated for by applying a rigid sh
of the curve. The value of the MAE’s of Fe2V6 , Fe3V5, and
Fe4V4, obtained by the exact application of the FT~using the

FIG. 5. Comparison between the calculated out-of-plane lat
parameter using the Vegard law, and the experimental value
translation of20.05 Å has been applied to the four points of th
calculated set.
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correct eigenvalues! given in Table I, are superimposed a
their respective Fermi energy. We attribute the observed
crepancies at the Fermi energy of Fe2V6 and Fe3V5 to both
the difference between the DOS of these multilayers and
one of Fe4V4, and the difference in their volumes~and the
a' /ai ratio! and that of Fe4V4. As expected, the largest dis
crepancy is obtained for Fe2V6, for which the Fe atoms have
the most different atomic environment with respect to Fe4V4.

FIG. 6. ~Color! Contribution of eachk point to the calculation
of the MAE in the (kx ,ky) plane of the reciprocal space for~a!
Fe4V4 (a' /ai50.957), ~b! Fe4V4 (a' /ai50.977), and ~c!
Fe4V4 (a' /ai50.996).
13443
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Despite these discrepancies, the sign and the value of
MAE of the three studied multilayers agree with the exa
calculations. These results demonstrate that band-filling
fects determine the value of the MAE of the Fe-V multila
ers to a large extent.

This study outlines that the MAE of the Fe-V multilaye
depends in a complex manner on the electronic structure,
hybridization effects and band filling. We may easily und
stand from this that any change in thec/a ratio will affect
the electronic structure, and as a consequence, will ind
complex changes in the MAE of the multilayers. The stro
nonlinear behavior of the MAE with respect to thec/a ratio
observed in Fig. 4 has to be understood in this perspect

IV. SUMMARY

The calculation of the MAE of FeV multilayers was don
using the force theorem approach. A complete picture of
MAE landscape as a function of the crystallographic dire
tions was obtained for the experimental values of the lat
parameters, and presented in terms of the anisotropy co
cientsK1 , K2, andK3. A strong difference in the behavior o
the MAE was observed between the three multilayers
these particular crystallographic data, with a strong anch
ing of the magnetization in the basal plane for the Fe3V5 and
Fe4V4 multilayers, whereas an out-of-plane easy axis w
found for Fe2V6. Our results for Fe4V4 and Fe2V6 are in
agreement with experimental data. However, excellent ag
ment of the value of the MAE of Fe2V6 is somewhat fortu-
itous, since our calculated spin moments26 deviate to some
degree from the experimental data.

A certain coherence between the value and the varia
of the MAE with respect to the axial ratio,a' /ai , was ob-
served and explained by comparing the MAE of the th
systems evaluated at variousa' /ai and atomic volumes.
This study hence outlines the important role played by
a' /ai axial ratio as well as the atomic volume and the ban

FIG. 7. MAE of the Fe-V multilayers as a function of the Ferm
energy,EF . The exact calculation of the MAE (s) is added for a
comparison at three band fillings corresponding to Fe2V6 , Fe3V5,
and Fe4V4. A FT calculation of the MAE using band fillings of 46
49, and 52 electrons, and the Fe4V4 eigenvalue set (d), is added.
0-7



th
e-
ag
d
be
ng

a
co
e

he
o

th
e
t
n

an
ig

th
un
-
rc

e

s
e

be

l

Le BACQ, ERIKSSON, JOHANSSON, JAMES, AND DELIN PHYSICAL REVIEW B65 134430
filling effects on the magnetic anisotropy parameters of
Fe-V multilayers. In addition, the strong hybridization b
tween Fe and V is of great importance not only for the m
netic moments26 but also for the MAE. Also, from a detaile
analysis of band-filling effects, we predict that it should
possible to enhance the MAE of FeV multilayers by tuni
the Fermi energy to lower values~see Fig.7! either by alloy-
ing and/or by modifying the structural parameters.

A precise control of the alloying effects seems to be
good starting point for controlling the value ofa' /ai in
these systems. The thickness and the nature of the sp
material may appear as a valuable parameter in order to
trol or amplify the anchoring of the magnetization of th
multilayers in the different crystallographic directions. T
nature of the substrate and its lattice spacing, mostly resp
sible for the value of the in-plane lattice parameter of
multilayers, can also be considered as a potential degre
freedom to design thea' /ai ratio. However, our presen
analysis indicates that hybridization, structural distortio
volume expansion, and band-filling effects are all import
competing effects aiming at fixing the amplitude and the s
of the MAE.
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APPENDIX: DEPENDENCE OF THE MAE WITH
RESPECT TO THE FERMI ENERGY

The MAE calculated for a givenEF1dEF Fermi energy
is

Ea(EF1dEF)
5E

2`

EF1dEF1de

eD [100]~e!de

2E
2`

EF1dEF
eD [001]~e!de, ~A1!

where de is the shift on the Fermi energy which give
N(EF1dEF)

[100] 5N(EF1dEF)
[001] , insuring that the total charge is th

same for the@100# and @001# spin directions. This shift is
calculated from
w

F.
la
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EF1dEF

EF1dEF1de

D [100]~e!de52N(EF1dEF)
[100] 1N(EF1dEF)

[001] .

~A2!

Equation~A1! can be decomposed into

Ea(EF1dEF)
5Ea(EF)

2E
EF

EF1de8
eD [100]~e!de

1E
EF

EF1dEF
edD~e!de

1E
EF1dEF

EF1dEF1de

eD [100]~e!de, ~A3!

wherede8 is the shift which givesN(EF)
[100]5N(EF)

[001] . de, de8,

anddEF being very small quantities, these integrals can
approximated by a finite summation. Equation~A3! becomes

Ea(EF1dEF)
5Ea(EF)

2de8EFD (EF)
[100]1dEFEFdD (EF)

1de~EF1dEF!D (EF1dEF)
[100] . ~A4!

In the same manner,de, and de8 can be approximated by
de5dN(EF1dEF) /D (EF1dEF)

[100] and de85dN(EF) /D (EF)
[100] , so

that we have

Ea(EF1dEF)
5Ea(EF)

1EF~dEFdD (EF)1dN(EF)!

2~EF1dEF!dN(EF1dEF) , ~A5!

where dD (e) is defined by D (e)
[100]2D (e)

[001] , and dN(e)

52N(e)
[100]1N(e)

[001] . At the first order in dEF , we have
N(EF1dEF)5N(EF)1dEF D (EF) , so that we obtain the fol-

lowing expression fordN(EF1dEF) :

dN(EF1dEF)5dN(EF)1dEFdD (EF) . ~A6!

By introducing Eq.~A6! into Eq. ~A5!, we finally have

Ea(EF1dEF)
5Ea(EF)

2dEFdN(EF)1O~dEF
2 !, ~A7!

which corresponds to Eq.~3.6! when presented in an integra
form.
ys.
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