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Magnetization profile and magnetocrystalline anisotropy
of ferromagnet-semiconductor heterostructure systems
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Ab initio linear-muffin-tin orbital calculations of the magnetization profile and the magnetic anisotropy of
ferromagnetic-semiconductor~FM/SC! multilayers, bcc Fe/Ge~001! and bcc Fe/GaAs~001!, have been carried
out to find out the microscopic origin of these properties. The electronic magnetic anisotropy energy~MAE!,
computed with the force method, was found to favor a magnetization perpendicular to the plane of the layers
and to increase with the thickness of the ferromagnetic layers. The anisotropy of the energy, i.e., the MAE, as
well as the anisotropy of the orbital magnetic moment turned out to depend only slightly on the type of
semiconductor, Ge or GaAs, and to come mainly from the interface Fe layers. In particular, it was found that
the relationship between the electronic MAE and the anisotropy of the orbital moment proposed by van der
Laan is very well satisfied in these systems. According to that relationship, the magnetic anisotropy of these
FM/SC multilayers is mainly due (;80–90%) to a delicate rearrangement of the occupations of certain 3d
spin down levels in the interface Fe layers caused by the change of the magnetization direction.

DOI: 10.1103/PhysRevB.63.104424 PACS number~s!: 75.30.Gw, 75.70.Cn, 75.50.Pp, 71.70.Ej
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I. INTRODUCTION

A new field of interest in solid state physics was open
in the 1980s by the deposition of magnetic materials
semiconductors. This allowed the synthesis of a numbe
new artificial materials with potential applications
magnetoelectronics.1–3 In particular, ferromagnetic-
semiconductor~FM/SC! heterostructures have a potential u
in devices based on the TMR~tunneling magnetoresistance!.
In particular, Fe deposited on GaAs~001! is a promising
system, because epitaxial growth of bcc Fe on~110! and
~001! surfaces of GaAs can be achieved due to the lat
constant of bcc Fe~2.87 Å! being about half that of GaAs
~5.65 Å!.4,5 Accordingly, several experiments have been
ported on the structural and magnetic properties of Fe la
on GaAs and similar systems.6–15 Concerning possible TMR
devices the transport properties of these systems are the
important ones, but these are intimately related to the m
netization profile and magnetic anisotropy, among ot
magnetic properties.

Band structure calculations allow one to connect the pr
erties of these materials with peculiarities of their electro
and/or geometric structure and thus to undertand the or
of these properties. So far, there are few theoretical inve
gations on the magnetic and transport properties of FM
structures. Pickett and Papaconstantopoulos performed
rametrized tight-binding calculations of the Fe/Ge~110!
interface.16,17 Continenzaet al. studied the magnetic and th
electronic properties of Fe/ZnSe superlattices obtained
means of the full-potential linearized augmented-plane-w
~FLAPW! method.18 Schilfgaarde and Newman madeab ini-
tio linear-muffin-tin orbital~LMTO! calculations of the elec
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tronic structure of ideal metal-GaAs interfaces, bcc
among other metals.19 Butler, MacLaren and co-worker
have calculated the electronic structure of the spin-depen
tunneling structures FeuGeuFe,20 FeuGaAsuFe,20 and
FeuZnSeuFe ~Refs. 21,22! to understand the origin of the
TMR in these structures, using the Layer KKR method. Th
found that the density of states and the net charge of
interfacial metal layer is very different from the other me
layers. This effect could be larger for physical magnitud
more sensible to the geometrical structure, as the anisot
energy and orbital moment of the interface metal layer
similar systems.

Following that line of research, in this paper we prese
the results ofab initio spin-polarized fully relativistic~SPR!
LMTO calculations23,24 of the magnetization profile~spin
and orbital moments!, magnetic anisotropy energy and ma
netic anisotropy of the orbital moment of bcc Fe/Ge and b
Fe/GaAs~001! multilayers, using the von Barth-Hedin pa
rametrization for the exchange-correlation potential25 and the
atomic sphere approximation~ASA!. Particular attention has
been paid to the convergence of the MAE with respect to
number ofkW points required for the Brillouin-zone integra
tion. The underlying geometrical model for the FM/SC mu
tilayers used in our calculations is described in the next s
tion.

The method used to calculate the magnetocrystalline
isotropy energy is outlined in Sec. III. In particular, the for
theorem method to calculate the electronic part of this
ergy. The results of the calculations are presented and
cussed in Sec. IV. The magnetization profile~spin and orbital
moment per layer and atom! and the magnetocrystalline an
isotropy ~energy and orbital moment! depend only slightly
©2001 The American Physical Society24-1
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on the kind of semiconductor. The orbital moments ha
been calculated in a spin-resolved way, which allowed u
test the relationship proposed by van der Laan between
MAE and the anisotropy of the orbital moment. The calc
lations have confirmed this relationship and therefore cl
fied to some extent the intertwining of MAE, orbital mo
ment, spin-orbit interaction, and spin-polarization. In the l
subsection this relationship is used to investigate the mi
scopic origin of the magnetic anisotropy of these FM/S
heterostructures.

II. GEOMETRICAL MODEL

The FM/SC multilayers were simulated as superlattic
using always five layers of GaAs~or GE! with a zinc-blende
~or diamond! structure, and an odd numberx of Fe layers per
unit cell (x51, 3, 5, 7, and 9! to keep the bcc structure o
the Fe layers. These structures are denoted as Fex /Ge5 and
Fex /(GaAs)5. This notation also means that the interface
layers are in contact with Ge and Ga atoms, respectively.
corresponding unit cell of the Fe3 /(GaAs)5 multilayer is
shown in Fig. 1, with the plane of atomic layers orient
horizontally. Several so-called empty spheres have b
added for the LMTO calculations to represent some o
regions of the unit cell. For all multilayers, the same latt
parameters,aGe5aGaAs55.65 Å and aFe52.825 Å, have
been used, assuming a perfect matching of the bcc Fe la
and diamond Ge or zinc-blende GaAs layers, respective

III. CALCULATION OF THE MAE

The magnetocrystalline anisotropy energy is the ene
change due to a change of the magnetization direction
determines the spontaneous direction of the magnetiza
There are two contributions to the magnetocrystalline ani
ropy energy: the magnetic dipolar and the electronic b
structure. The first comes from the classical magnetic dip

FIG. 1. Unit cell of the Fe3 /(GaAs)5 multilayer. In this figure
the c axis is oriented vertically. A5A2aFe and C54aFe52aGaAs.
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interaction and, except for systems with a large anisotrop
is much smaller than the second one. Van Vleck alrea
pointed out that the physical origin of the electronic magn
tocrystalline anisotropy energy and the orbital moment is
spin-orbit coupling.26 Brooks and Fletcher applied the idea
of Van Vleck to itinerant ferromagnets using a semiempiri
band structure model.27,28 Nowadays it is well established
that the electronic contribution and the orbital moment co
from the simultaneous occurrence of spin-orbit coupling a
spin polarization. For that reason, calculations of the orb
moment and the electronic magnetocrystalline anisotropy
ergy of bulk materials,29–37 transition-metal thin film mono-
layers and multilayers,34,38–44and transition-metal alloys45–47

from first principles became possible only after the devel
ment of spin-polarized relativistic band structure methods

The experimental results of the MAE for bul
materials,48,49 transition-metal thin film multilayers50,51 and
transition-metal ordered alloys52,53and the calculations of the
MAE of these materials showed the smallness of the ani
ropy energy, about 1026 eV/atom for bulk Fe, Co, and N
and 1023–1024 eV/atom for transition-metal multilayer
and ordered alloys, and also showed that this quantity is v
sensitive to the details of the electronic structure. As a c
sequence, it depends on the approximations and nume
techniques used.

The electronic magnetocrystalline anisotropy energy, a
called spin-orbit induced electronic MAE, is the differen
between the total electronic energies for two different m
netization directions. In the case of magnetizationsMW paral-
lel and perpendicular to thec axis ĉ of the studied multilay-
ers ~this axis is perpendicular to the plane of the layers! the
electronic magnetocrystalline anisotropy energy is given

DE5E~MW i ĉ!2E~MW ' ĉ!. ~1!

A straightforward calculation of the electronic MAE woul
require the self-consistent calculation of the total energy
the spin-polarized fully relativistic scheme, for both dire
tions of the magnetization, which is a very demanding co
putational task for these FM/SC multilayers. Instead of
total energy method, the so-called force theorem method
been used.54,55This approximate method consists in compu
ing the electronic MAE as the difference between the ba
energies for two different magnetization directions, obtain
in calculations which consist in performing only one spi
polarized fully relativistic iteration, but using the charge de
sity obtained in a self-consistent spin-polarized scalar re
tivistic calculation. The band energy is the sum of t
occupied single-particle energies. In our case we have ca
lated the band energy with the Blo¨chl corrections.56 Then,
neglecting terms in second order on the change of the d
sity, the electronic MAE is given by

DE5(
i ,kW

occ

e i~MW i ĉ,kW !2(
i ,kW

occ

e i~MW ' ĉ,kW !, ~2!

wherekW is a Bloch vector in the full BZ.32,54,55The orbital
moments and their anisotropy have been also calculate
the same way as the band energies. In the literature the
4-2
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MAGNETIZATION PROFILE AND . . . PHYSICAL REVIEW B63 104424
isotropy energies obtained from the force theorem met
and also from self-consistent calculations of the total ene
are very similar to the experimental values for some ca
but also are a factor of 2 or 4 larger or smaller than
experimental values for other cases, or even they have
wrong sign. In general, the theoretical results agree m
with the experimental ones for transition-metal thin fil
multilayers.

One of the main features of the MAE calculations is t
mentioned smallness of this quantity. In the present LM
calculations, the absolute MAE per unit cell of these syste
is very small (;1024–1025 Ryd) compared with the tota
energy per unit cell (;104 Ryd). This means that the tota
electronic energy obtained in self-consistent calculati
must be converged with respect to the absolute value of
anisotropy energy itself. An energy convergence of at le
631027 Ryd has been applied in all the self-consistent sp
polarized calculations, in the scalar relativistic ones, previ
to the application of the force theorem, and in the fully re
tivistic ones, to calculate the total electronic energy. O
requisite of the approximate force theorem is that the in
density to the last spin-polarized scalar relativistic iterat
r in and the output density from the last spin-polarized sca
relativistic iterationrout must be the same. This is only tru
in case of complete self-consistency. The spin-polarized
lar relativistic LMTO calculations have been made with
density convergence very high, at least 1028 in atomic Ryd-
bergs units. Finally, we have tested the reliability of the fo
theorem in these multilayers. For the same number okW
points~1152! in the full Brillouin zone integration~BZ!, the
value of the MAE of Fe3 /Ge5 obtained with the force theo
rem method and from a self-consistent calculation of the
tal energy in the spin-polarized fully relativistic scheme
27.031025 and 28.331025 Ryd, respectively. There is
then, a relative difference of about 16%. The force theor
method is computationally more advantageous because
quires only one iteration for each orientation of the magne
moments, but a self-consistent calculation requires, at l
for the former multilayer, about 30–40 iterations. Hence,
balance between accuracy and computational effort fav
the force theorem method for these multilayer systems.

In the force theorem method the number ofkW points
within the full BZ has to be very large in order to obtain
stable ~converged! value of the anisotropy energy. In th
literature it is reported that for transition-metal thin film la
ers the force theorem MAE value is stable when samplin
done for, at least, 104 kW points within the full BZ.34,38–42For
these films the anisotropy energy has a value of ab
1023–1024 eV/atom. This is the same order of magnitude
for the present FM/SC multilayers. The dependence on
number ofkW points used in the force theorem type calcu
tions of the electronic anisotropy energy and of the ba
energies for magnetizations parallel and perpendicular to
c axis, is shown in Fig. 2 for the Fe3 /Ge5 and Fe3 /(GaAs)5
multilayers. The band energies have been rigidly shifted,
cause they are of the order of 10 Ryd and the electro
MAE is about 1025 Ryd. The band energies and the ele
tronic anisotropy energy reach stable values for about 103 kW
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points. Similar results have been obtained for the other m
tilayers, except that for the biggest multilayers it is necess
to use about 104 kW points.

The so-called magnetic dipolar contribution to the MA
has been computed by means of the Ewald sum method.57 If
all the magnetic moments of the atoms are parallel to
direction n̂, then the magnetic dipole-dipole interaction e
ergy for this direction is given, in atomic Rydbergs units,

Ed~ n̂!5 (
q,q8

mqmq8

c2
Mqq8 , ~3!

Mqq85(
RW

1

uRW 1qW 2q8W u3
S 123

~RW 1qW 2q8W !•n̂

uRW 1qW 2q8W u2 D , ~4!

where q and q8 denote the atom positions in one unit cell, mq
is the total magnetic moment in an atomic sphere around

FIG. 2. Band energies for magnetizations parallel and perp
dicular to thec axis, both shifted by the same quantityD, and
electronic MAE per unit cell obtained with the force theorem
SPR-LMTO calculations of the Fe3 /Ge5 ~top! and Fe3 /(GaAs)5
~bottom! multilayers, as a function of the number ofkW points within
the full BZ used in the calculations.
4-3
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I. CABRIA, A. YA. PERLOV, AND H. EBERT PHYSICAL REVIEW B63 104424
q andRW is a lattice site. The sum runs over all the lattice si
RW except over that for which the denominator in Eq.~4! is
zero. The dipolar contribution to the MAE, Eq.~1!, is the
difference betweenEd(MW i ĉ) andEd(MW ' ĉ).

IV. RESULTS AND DISCUSSION

A. Magnetization profile

The spin magnetic moments per atom and unit cell in
different layers of the investigated multilayers, obtained
spin-polarized scalar relativistic calculations, are shown
Fig. 3. The difference between the spin magnetic mome
obtained in these type of calculations and the ones obta
in SPR calculations~only 1 iteration! is only about 1023 mB
or less and;1022 mB for the interface Fe layers. The sp
magnetic moment profile of the Fe layers depends slightly
the type of semiconductor layers, but this dependence
creases when increasing the Fe thickness of the multilay

FIG. 3. Spin magnetic moment per atom and unit cell in
layers of Fex /Ge5 ~top! and Fex /(GaAs)5 ~bottom! multilayers (x
51, 3, 5, 7, and 9!, obtained in spin-polarized scalar relativist
LMTO calculations.
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except for the interface Fe layers. The spin magnetic mom
per atom in the Fe layers, especially in the interface Fe l
ers, decreases when the Fe thickness is increased, exce
the last two thickest multilayers, for which, obviously, th
limiting case has been reached. Inab initio FLAPW calcu-
lations on Fe/ZnSe superlattices with one and three Fe la
this supression of the magnetism was also observed.18 This
trend of a reduced average magnetization as a result o
increased number of Fe layers has been also experimen
observed in Fe films on ZnSe.7 The reason of this genera
decrease of the magnetization in all the Fe layers is that
interfacial bonding effect, which increases the magneti
with respect to the bulk, diminishes with respect to the b
contribution when increasing the Fe thickness. This idea
supported by several findings: the spin magnetic momen
the innermost Fe layers tends to the spin magnetic mom
of bulk bcc Fe, about 2.15–2.2mB , when increasing the
number of Fe layers. The magnetization profile in the
layers in multilayers with 5, 7, and 9 Fe layers is practica
the same, except in the interface Fe layers of the multilay
with 5 Fe layers. For the last two thickest multilayers t
interfacial bonding effect is very small.

The reduction of the spin magnetic moment is much m
pronounced for the interface Fe layers than for the other
layers when the Fe thickness increases and this dese
more comments. In the paper of Continenzaet al.,18 the de-
crease of the spin magnetic moment in the interface Fe la
was explained as an effect of the increase of the coordina
number around the interface Fe atoms: it changes from
to six atoms, four of them Fe atoms, when passing fr
superlattices with one Fe layer to those with three
layers.18 The theory of itinerant-electron ferromagnetism
Slater and Stoner58,59 indicates that a reduced coordinatio
narrows thed bands. This increases the density of states
the Fermi level and, in that way, the tendency towards sp
taneous magnetism. This explanation could also be valid
the studied FM/SC multilayers with one and three Fe laye
because the same changes of the spin magnetic momen
of the coordination number of the interface Fe atoms
present for these. However, this idea does not explain
results for the other multilayers, because the coordina
number of the interface Fe atoms does not increase w
passing from multilayers with three Fe layers to multilaye
with a larger Fe thickness, but the spin magnetic momen
the interface Fe layers decreases. According to the argum
based on a reduced coordination number, the spin magn
moment should also be bigger in the interface Fe layers t
in the innermost Fe layers, which is only true for the mul
layers of three Fe layers, but not for the other multilaye
Finally, the spin magnetic moment in the interface Fe lay
of multilayers with seven and nine Fe layers is practically
same. All this suggests that the explanation for the reduc
of the magnetization in the interface Fe layers when incre
ing the number of Fe layers from 3 to 9 is that the hybr
ization is increasing with the Fe thickness, except in the t
thickest multilayers, where it is very similar.

The spin magnetic moment of the semiconductor layer
quite small, but nevertheless unambigously different fro
4-4
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MAGNETIZATION PROFILE AND . . . PHYSICAL REVIEW B63 104424
zero, and it is practically independent of the number of
layers. For a particular multilayer, there are some oscillati
of the spin magnetic moment in the Fe layers, due to in
face effects between the ferromagnet and the semicondu
part of these structures. The magnitude of these oscillat
is larger near the interface Fe layers. All these proper
of the spin magnetic moment profile indicate that the m
netization of these systems is mainly dominated by the
layers, but with an influence coming from the FM/SC inte
faces.

The orbital magnetic moments per atom and unit cell
the layers, obtained in SPR calculations~only 1 iteration, as
in the force theorem method! for a magnetization parallel to
the c axis and using 16384kW points within the BZ, are rep-
resented in Fig. 4. The orbital magnetic moment profile
these structures also depends on the number of Fe layers
it scarcely depends on the type of semiconductor layers.
orbital magnetic moment at the Fe layers has a value
tween 0.05 and 0.10 in Bohr magnetons per atom, and

FIG. 4. Orbital magnetic moment per atom and unit cell in t
layers of Fex /Ge5 ~top! and Fex /(GaAs)5 ~bottom! multilayers (x
51, 3, 5, 7, and 9!, obtained in SPR-LMTO calculations~only 1

iteration!, using 16384kW points within the full BZ.
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practically zero in the semiconductor layers. In the interfa
Fe layers it has a certain dependence on the number o
layers, but in the other Fe layers depends very little on t
number. In all these structures, the orbital magnetic mom
has the biggest value in the interface Fe layer: it is about
times bigger than for the innermost Fe layers. Its oscillatio
are very small in the other Fe layers. This big differen
between the orbital magnetic moment in the interface
layer and in the other Fe layers is obviously caused by
interface between the Fe layers and the semiconductor o
Taking into account that there is a relationship betwe
MAE and the anisotropy of the orbital moment, these resu
suggest that the interface Fe layers are probably, not ne
sarily, playing the main role in the origin of the magnet
crystalline anisotropy energy of these multilayers. This s
gestion is confirmed by the plot of the anisotropy of t
orbital moment per layer of these structures, in Fig. 5. T
anisotropy of the orbital moment is defined in the pres
work as

FIG. 5. Anisotropy of the orbital moment per layer and unit ce
DLz , Eq. ~5!, of Fex /Ge5 ~top! and Fex /(GaAs)5 ~bottom! multi-
layers (x51, 3, 5, 7, and 9!, obtained in SPR-LMTO calculations

~only 1 iteration!, using 16384kW points within the full BZ.
4-5
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I. CABRIA, A. YA. PERLOV, AND H. EBERT PHYSICAL REVIEW B63 104424
DLz5^Lz
↓& i2^Lz

↑& i ,

2@^Lz
↓&'2^Lz

↑&'#5D i2D' , ~5!

instead of the usual definition as the difference between
total orbital moments for two different magnetization
^Lz

↑(↓)& i(') is the expectation value of the spin up~down!
sub-band orbital moment when the magnetization is para
~perpendicular! to thec axis and the quantityDa is equal to

Da5^Lz
↓&a2^Lz

↑&a . ~6!

Finally, the subscriptz indicates that the orbital moment
induced by the spin-orbit coupling. We have used this d
nition of the anisotropy of the orbital moment because, as
will show in the following section, in second order perturb
tion theory the MAE is, according to a recent proposa62

proportional to the anisotropy of the orbital moment defin
on this way, instead of on the usual way.

As one can see from Fig. 5, the anisotropy of the orb
moment is also larger in the interface Fe layers than in
other Fe layers and it is practically zero in the semiconduc
layers. The anisotropy of the orbital moment of the two
terface Fe layers per unit cell represents, together, betw
80–90% of the total anisotropy of the orbital moment p
unit cell. In the case of multilayers with only one Fe laye
the anisotropy of the orbital moment of this layer, the int
face Fe layer, is also about 90% of the total. In Sec. IV C
will explain that this anisotropy is closely related to the ma
netocrystalline anisotropy of the energy. For instance, b
anisotropies increase with the number of Fe layers of
system.

B. Magnetocrystalline anisotropy energy

In Fig. 6 the computed electronic and dipolar contrib
tions to the MAE per unit cell are shown, together with t
sum of both energies for the Fex /Ge5 and Fex /(GaAs)5 mul-
tilayers, respectively. The electronic anisotropy energy w
computed by means of the force theorem and using 1638kW
points within the full BZ and it is negative in all the case
This favors an orientation of the magnetization parallel to
c axis, i.e., perpendicular with respect to the plane of
layers. The anisotropy energy is found to increase in ma
tude~is more negative!, in general, when increasing the num
ber x of Fe layers. On the other hand, the dipolar MAE
always positive, which means that it favors an in-plane o
entation of the magnetization. Although it also increases
magnitude with the number of Fe layers, the resulting to
MAE is negative. Hence, according to our calculations, th
multilayers show perpendicular magnetism. However, m
theoretical work should be done increasing the numbe
semiconductor layers and studying the influence of the
ometry and atomic arrangement at the interface.

The total electronic MAE per unit cell obtained by mea
of the force theorem method has been divided into contri
tions per atom and also per layer, in order to find the mic
scopic origin of this energy. This division was done by se
rating Eq.~2! into the band energies from the different atom
of the unit cell.44 The results for Fex /Ge5 and Fex /(GaAs)5
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are shown in Fig. 7. This figure shows the electronic anis
ropy energies per layer and unit cell obtained using the b
gest number ofkW points, 16384, within the full BZ. We have
also studied the convergence of the MAE of the invidivu
layers with respect to the number ofkW points and we have
found that there is not a clear convergence or stability
these individual anisotropy energies. Except in the case
multilayers with only one Fe layer, the electronic magne
crystalline anisotropy energy of the interface Fe layer is
biggest one and negative, the same sign as the total one
contributions from other layers are also important, althou
smaller. In addition, there are two interface Fe layers per u
cell with the same MAE, except in the multilayers with on
one Fe layer. As a consequence, the total contribution fr
both layers altogether is much more important than the c
tribution from all the other layers. For similar calculations o
Fe/Cu thin film layers it was also reported that the ma
contribution to the total MAE comes from the interface fe
romagnetic layers.44

FIG. 6. Electronic MAE per unit cell,DE, obtained with the

force theorem in SPR-LMTO calculations using 16384kW points
within the full BZ, dipolar MAE and total MAE for Fex /Ge5 ~top!
and Fex /(GaAs)5 ~bottom! multilayers (x51, 3, 5, 7, and 9!.
4-6
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MAGNETIZATION PROFILE AND . . . PHYSICAL REVIEW B63 104424
Finally, we have also examined the influence of the ot
side of the interface, the semiconductor layers in con
with the Fe layers. A comparison of the electronic MAE p
layer and unit cell of Fe5 /(GaAs)5 and Fe5 /(AsGa)5 for
16384kW points within the full BZ, is made in Fig. 8. The
electronic MAE per unit cell of these multilayers is212.8
and 210.431025 Ryd, respectively. According to the re
sults shown in this figure, the anisotropy energy of the int
face Fe layer in Fe5 /(AsGa)5 is much bigger than the corre
sponding quantity in Fe5 /(GaAs)5. This means that the
bonding in the ferromagnetic-semiconductor interfa
Fe-Ga against Fe-As bonding, plays an important role for
magnetocrystalline anisotropy energy.

C. Relationship between the MAE and the orbital moment:
van der Laan’s conjecture

Using second order perturbation theory, and conside
the spin-orbit interaction as a perturbation, Bruno derived
expression which relates the MAE to the anisotropy of

FIG. 7. Electronic MAE per layer and unit cell,DE, obtained

with the force theorem in SPR-LMTO calculations using 16384kW

points within the full BZ, for Fex /Ge5 ~top! and Fex /(GaAs)5 ~bot-
tom! multilayers (x51, 3, 5, 7, and 9!.
10442
r
ct
r

r-

,
e

g
n
e

orbital moment. He also showed that if the spin up sub-ba
is completely filled, then the change in energy due to
change in the orientation of the magnetization is proportio
to the change of the total orbital moment.60 Wang et al.
showed that there is also a contribution due to a spin-
term.61 Van der Laan has extended Bruno’s approach, tak
also into account the spin-flip term.62 This second term is
proportional to (j/DEex)

2, wherej is the spin-orbit coupling
parameter of the ground state of the total system andDEex is
the energy separation of the two spin sub-bands. In 3d com-
poundsj is between 40 and 80 meV andDEex is about a few
eVs. Hence, this term is much smaller than the first one
these multilayers and it will not be considered.

Van der Laan’s conjecture states that the second o
change in the energy due to the spin-orbit coupling is eq
for a magnetization along the unit vector of the spin ma
netic momentn̂5SW /S, to

dE~ n̂!52
j

4
@^Lz

↓& n̂2^Lz
↑& n̂#52

j

4
@^Lz& n̂22^Lz

↑& n̂#,

~7!

where^Lz
↑(↓)& n̂ is the expectation value of the spin up~down!

sub-band orbital moment when the magnetization is alo
the vectorn̂.62 Then, the electronic MAE in Eq.~1! is given
by

DE52
j

4
@^Lz

↓& i2^Lz
↑& i#1

j

4
@^Lz

↓&'2^Lz
↑&'#

52
j

4
@D i2D'#52

j

4
DLz . ~8!

In Bruno’s model the spin up sub-band is assumed to
filled and then^Lz

↑& n̂50 and dE(n̂) is proportional to the
total orbital moment̂ Lz& n̂ .60 In this case the anisotropy en
ergy is equal to

FIG. 8. Electronic MAE per layer and unit cell,DE, obtained

with the force theorem in SPR-LMTO calculations using 16384kW

points within the full BZ, for Fe5 /(GaAs)5 and Fe5 /(AsGa)5 mul-
tilayers.
4-7
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DE52
j

4
@^Lz& i2^Lz&'#. ~9!

These formulas can be tested by means of first princip
calculations of the MAE and orbital moments. The idea is
compare the energyDE calculated from first principles, by
means of the force theorem, and the ones obtained using
two former perturbative formulas. This implies the addition
calculation of the spin up and down orbital moments and
spin-orbit coupling parameterj, also in a single SPR itera
tion and using 16384kW points within the full BZ. It is im-
portant to clarify that this conjecture applies to the electro
MAE and the orbital moment of the whole system, and n
necessarily to the electronic MAE and orbital moment o
particular atom or layer.

In the calculations of the anisotropy energy on the basi
Eqs.~8! and ~9!, the value ofj3d of Fe obtained in a single
SPR iteration of the corresponding multilayer@0.0044 Ryd
for Fe1 /Ge5 and Fe1 /(GaAs)5, and 0.0045 Ryd for the re
maining multilayers# has been used, because the Fe ato
are the main source of the magnetocrystalline anisotrop
these multilayers. This approach is justified by a detai
spatial analysis of the origin of the MAE. In Eq.~8! there are
two important factors: the spin-orbit coupling parameter a
the differenceD i2D' . For instance, in the Fe1 /(GaAs)5
multilayer there are two Fe atoms, three Ga atoms and
As atoms per unit cell and the contribution toD i2D' per
atom and unit cell obtained in the SPR-LMTO calculations
0.023, 0.001, and 0.001mB for Fe, Ga, and As, respectively
The spin-orbit coupling parameter obtained in a single SP
LMTO iteration for this multilayer is about 0.02 Ryd for th
p valence electrons of Ga and As while for the 3d electrons
of Fe it is 0.0044 Ryd. Hence, the Fe atoms of the unit c
contribute, according to Eq.~8!, approximately 90% to the
MAE per unit cell if the spin-orbit coupling parameter of F
is used for all the layers, and about 75% if the proper val
of the spin-orbit coupling parameter of Ga and As are a
considered. For the other multilayer systems considered
the number of Fe atoms per unit cell and their relative in
vidual contributions to the magnetocrystalline energy
bigger than in Fe1 /(GaAs)5 and hence, the approach is ev
more justified.

A comparison of the results of calculating the anisotro
energy in three different ways is shown in Fig. 9. For all t
multilayers the agreement between the results based on
force theorem and the ones based on van der Laan’s ex
sion is good, especially for the Fex /(GaAs)5 multilayers. On
the other hand, the agreement with the anisotropy ene
calculated by means of Eq.~9! is worse, but the sign and th
order of magnitude are the same. These results confirm
der Laan’s perturbative formula62 and also the necessity o
taking into account the spin up and down sub-band orb
moments and not only the total orbital moment, to und
stand the relationship between the electronic MAE and
anisotropy of the orbital moment.

D. Microscopic origin of the MAE and van der Laan’s
conjecture

An analysis of van der Laan’s formula is very useful
order to find the detailed microscopic origin of the electro
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magnetocrystalline anisotropy energy of these systems.
cause of the good agreement between the MAE data b
on van der Laan’s expression, Eq.~8!, and the ones based o
the force theorem~see Fig. 9!, it is reasonable to extend th
qualitative conclusions of this analysis to the MAE obtain
by means of the force theorem. In the following, an analy
of the MAE based on van der Laan’s expression and
tained in SPR-LMTO calculations for the Fe5 /(GaAs)5
multilayer, using 16384kW points within the full BZ, is per-
formed. The qualitative conclusions drawn from this are a
valid for all the other FM/SC multilayers.

In Table I we present in a layer-resolved way seve
quantities which are related to the spin up and down orb
moments for both magnetization directions. From Eq.~8!
one can see, in particular, that the MAE is primarily det

FIG. 9. Electronic magnetocrystalline anisotropy energies
unit cell, DE, obtained in SPR-LMTO calculations for Fex /Ge5

~top! and Fex /(GaAs)5 ~bottom! multilayers (x51, 3, 5, 7, and 9!,

using 16384kW points within the full BZ, by means of the force
theorem, van der Laan’s perturbative formula, Eq.~8!, and suppos-
ing that the MAE is proportional to the difference between the to
orbital moments, i.e., using Eq.~9!.
4-8
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TABLE I. Spin up and down orbital moments, and other quantities per layer and unit cell~in mB units!
related to van der Laan’s expression, Eq.~8!, for magnetizations parallel and perpendicular to thec axis.

These data have been obtained in SPR-LMTO calculations for the Fe5 /(GaAs)5 multilayer, using 16384kW

points within the full BZ.

x ^L↑& i ^L↓& i D i ^L↑&' ^L↓&' D' D↑ D↓ 2DLz

Fe 20.0630 0.2538 0.3168 20.0537 0.2054 0.2591 20.0093 20.0485 20.0577
Fe 20.0686 0.1725 0.2411 20.0768 0.1655 0.2423 0.008120.0070 0.0012
Fe 20.0612 0.1514 0.2126 20.0586 0.1580 0.2167 20.0026 0.0066 0.0040
Fe 20.0686 0.1725 0.2411 20.0768 0.1655 0.2423 0.008120.0070 0.0012
Fe 20.0630 0.2538 0.3168 20.0537 0.2054 0.2591 20.0093 20.0485 20.0577
Ga 20.0076 0.0093 0.0169 20.0071 0.0083 0.0153 20.0006 20.0010 20.0016
As 20.0164 0.0181 0.0345 20.0167 0.0173 0.0340 0.000320.0008 20.0005
Ga 20.0078 0.0086 0.0164 20.0072 0.0076 0.0148 20.0006 20.0011 20.0017
As 20.0164 0.0181 0.0345 20.0167 0.0173 0.0340 0.000320.0008 20.0005
Ga 20.0076 0.0093 0.0169 20.0071 0.0083 0.0153 20.0006 20.0010 20.0016

Total 20.3803 1.0674 1.4477 20.3743 0.4830 1.3328 20.0060 20.1089 20.1149
d
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mined by the quantity2D i1D' , which can be decompose
in layer contributions, in spin up and down parts and a
according to the angular momentum character (s, p, or d) of
the valence electrons. Table I shows that the interface
layer has the biggest value of2D i1D' : 20.0577 inmB
units per unit cell. Because there are two interface Fe lay
per unit cell, these layers are responsible for about 99%
the MAE per unit cell. The quantity2D i1D' can be di-
vided in spin up and down contributions, according to

D↑5^Lz
↑& i2^Lz

↑&' , ~10!

D↓5^Lz
↓&'2^Lz

↓& i . ~11!

The total spin down contribution per unit cellD↓, is
20.1089mB . This is about 95% of the MAE. On the othe
hand, the spin down contribution of one interface Fe laye
10442
o

e

rs
of

is

20.0485mB , which means that the spin down electrons
the interface Fe layers contribute about 84% of the to
MAE.

The contribution of the 3d electrons of one interface F
layer to the MAE,2D i1D' , is 20.0567mB . This is obvi-
ously the main part of the contribution of this laye
20.0577mB . These results confirm quantitatively that th
main role in the MAE of 3d transition-metal layer systems i
played by the 3d electrons. Finally, the contribution of th
3d electrons of an interface Fe layer can be divided, in
dition, into spin up and down contributions, leading
20.0093 and20.0474mB , respectively. This means that th
3d spin down electrons of the two interface Fe layers co
tribute about 82% to the electronic MAE per unit cell.

Table II contains the occupation numbers for the 3d spin
down levels of the two inequivalent Fe atoms of the unit c
which form the interface Fe layer. The 3d spin down orbital
d

f the
6384

hown.
TABLE II. Occupations numbersnml
of the 3d spin downml levels for magnetizations parallel an

perpendicular to thec axis and contributions~in mB units! to the MAE per unit cell,Dml

↓ 5ml@nml

' 2nml

i #, of
these levels of the two inequivalent Fe atoms of the unit cell which form the interface Fe layer o
Fe5 /(GaAs)5 multilayer~see Fig. 1!. These data have been obtained in SPR-LMTO calculations, using 1

kW points within the full BZ. In the last two rows, the differences between some of these quantities are s

Fe1 Fe2

ml nml

i nml

' Dml

↓ nml

i nml

' Dml

↓

22 0.4127 0.4021 0.0212 0.4083 0.4260 20.0354
21 0.4612 0.4388 0.0224 0.4765 0.4457 0.0308

0 0.3309 0.4183 0.0000 0.3848 0.4264 0.0000
1 0.4982 0.4597 20.0385 0.5112 0.4691 20.0420
2 0.4548 0.4387 20.0322 0.4544 0.4676 0.0264

Total 2.1578 2.1576 20.0271 2.2352 2.2348 20.0202

nml

i 2n2ml

i nml

' 2n2ml

' Dml

↓ 1D2ml

↓ nml

i 2n2ml

i nml

' 2n2ml

' Dml

↓ 1D2ml

↓

1 0.0370 0.0209 20.0161 0.0347 0.0234 20.0112
2 0.0421 0.0366 20.0110 0.0461 0.0416 20.0090
4-9
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moment is the sum over the quantum numberml multiplied
by the occupation of the corresponding level for the 3d spin
down levels. This orbital moment is positive for both ma
netization directions because theml51 and 2 levels are
more populated than theml521 and 22 levels, respec-
tively, for a given magnetization’s direction~the comparison
is made here between the levels with the same absolute v
of ml). The change on the total energy due to thesed
electrons is negative for both directions. However, the d
ferences between the occupations of theml51 and21 lev-
els,n12n21, and theml52 and22 levels,n22n22, are a
bit larger when the magnetization is parallel to thec axis,
compared with the in-plane orientation~see Table II!. There-
fore, and according to this table, the 3d spin down orbital
moment of the interface Fe layer is smaller for the perp
dicular magnetization, 0.2007mB , than for the parallel one
0.2481mB . The difference between these two moments is
3d spin down contribution to the MAE of one interface F
layer and is equal to20.0474mB . The number of 3d spin
down electrons in the interface Fe layer is practically
same for both directions. This means that the electro
MAE comes mainly from arearrangementof the occupa-
tions of certain 3d spin down levels in the interface Fe lay
ers. According to the occupation analysis, about seven e
trons per unit cell of the multilayer system Fe5 /(GaAs)5 are
involved in this rearrangement and are responsible for ab
82% of the MAE per unit cell of this multilayer. This als
applies essentially to all the remaining multilayers cons
ered here. Finally, the contributions of the two inequivale
atoms of the interface Fe layer, Fe1, and Fe2, are different,
20.0271 and20.0203mB , respectively, because they do n
have the same neighbors, as it can be noticed in Fig. 1. B
atoms have equivalent Ga neighbors, but Fe1 has As as a
neighbor in the next nearest layer while in the case of2
there is an empty sphere in its next nearest layer. This me
that the atoms of the second semiconductor layer, with
spect to the interface Fe layer, are also playing some rol
the anisotropy energy of these structures.

V. CONCLUSIONS

We have found that the magnetization profile of the
vestigated FM/SC multilayers does not depend strongly
the kind of semiconductor atoms. The spin magnetic m
ments of the different Fe layers are similar, with small osc
lations. This is also true for the orbital magnetic mome
except for the orbital moment in the interface Fe layer, wh
is about two times bigger than in the other Fe layers. In
semiconductor layers the spin magnetic moment is v
small, but different from zero, and the orbital magnetic m
ment is practically zero. The magnetocrystalline anisotro
of the energy and of the orbital moment comes mai
(;80–90 %) from the interface Fe layers. The MAE is
the order of 1 meV/unit cell, similar to the MAE of som
transition-metal thin film layers.34,38–44 We have also ob-
tained in our LMTO calculations a spontaneous magnet
tion for the FM/SC structures perpendicular to the plane
the layers. This feature increases with the number of Fe
ers. The study of the MAEs per layer revealed that the in
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face Fe layer~there are two interface Fe layers per unit ce!
is the main source for the MAE in the unit cell.

Van der Laan’s conjecture about the relationship betw
the electronic MAE and the anisotropy of the orbital mome
is very well satisfied in these systems. In this conjecture,
spin up and down sub-band orbital moments must be con
ered and not only the total orbital moment. The confirmat
of this conjecture, as far as we know, has not been repo
in any otherab initio calculations.

It has been explained in detail, by means ofab initio
calculations and van der Laan’s conjecture, that the m
source of the magnetic anisotropy of these multilayers
the 3d spin down electrons of the interface Fe layers, a
that the mechanism is a delicate balance between the o
pations of certain 3d spin down levels for both magnetiza
tions directions, in which only about seven valence electr
per unit cell play a role.

Some experimental works reported in-plane magne
anisotropies of epitaxial Fe thin films on GaAs~001!
substrate.6,8,11These materials are different in structure fro
the FM/SC materials studied in this paper. The ferromagn
semiconductor interface is obviously very different. T
present systems are superlattices with an ideal matching
tween the bcc Fe layers and the semiconductor ones. Acc
ing to another experiment, the magnetocrystalline anisotr
energy of epitaxially grown Fe films on GaAs also favors
magnetization in the plane of the layers,63 but it favors a
magnetization perpendicular to that plane when fcc-Au l
ers are deposited on the Fe layers.64 In the first case there is
only one Fe interface and in the second case, there are
interfaces. The present calculations have shown that the
terface, in particular the ferromagnetic-semiconductor int
face, is the main source for the magnetocrystalline anis
ropy of these structures and in the light on this conclusi
the former experimental results could be understood as
lows. For one interface, the dipolar contribution, which f
vors an in-plane magnetization, overcomes the electro
contribution due to the interface, which favors a perpendi
lar magnetization. For two interfaces, there are two contri
tions which favor a perpendicular orientation and they ov
come the dipolar contribution.

Further work must be done in the future. It will be inte
esting to know how much the MAE changes with the var
tion of the lattice spacing of these multilayers and with t
roughness of the ferromagnetic-semiconductor interface.
other important point is to clarify whether the ferromagn
semiconductor interface is playing the main role in the m
netic anisotropy of these structures. This can be figured
by calculating the magnetic anisotropy of two different ty
of systems: the same superlattices as studied here, but ch
ing the semiconductor part, for instance, ZnSe instead
GaAs, and a superlattice composed by three type of lay
Fe, semiconductor, Ge or GaAs, and layers composed
empty spheres. In the first system there are still two
semiconductor interfaces, but in the second system ther
only one. Calculations of the electronic structure of S
FM/Au systems could clarify if the origin of the perpendic
4-10
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lar magnetic anisotropy is the number of Fe interfaces or
type of interface~ferromagnetic-metallic nonmagnetic an
ferromagnetic-semiconductor!. Finally, it would be interest-
ing to study the magnetocrystalline anisotropy of FM/S
multilayers with a bigger number of semiconductor laye
Work along this line is in progress now.
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