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Noncollinear interlayer coupling across a semiconductor spacer
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~Received 16 May 1997; revised manuscript received 28 July 1997!

Based on the extendeds-d exchange model, which includes both isotropic and anisotropic spin interactions
between conduction electrons and local states, we have derived analytically the interlayer coupling across a
semiconductor spacer with a general band structure. Both Heisenberg-type and Dzyaloshinski-Moriya
~DM! –type Ruderman-Kittel-Kasuya-Yosida–like interlayer coupling are obtained as a result of spin-orbit
interaction. The interlayer coupling decreases exponentially with spacer thickness and the oscillation period
depends on the band structure and orientation of spacers. Our result is different from previous theory; in
particular, the DM-type interlayer exchange coupling offers a natural explanation to the noncollinear alignment
of neighboring ferromagnetic layers as were observed in recent experiments on magnetic-semiconductor
multilayer structures.@S0163-1829~97!00447-5#
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Indirect exchange interaction between ferromagnetic l
ers across semiconductor spacers has been extensively
ied both experimentally and theoretically. In experimen
the following different features were observed in differe
structures: ferromagnetic interlayer coupling for Fe/SiO
~Ref. 1! and Fe/Ge/Fe~Ref. 2! sandwiches and spacer-laye
dependent oscillatory behavior of interlayer coupling
Fe/FeSi~Ref. 3! and Fe/Si~Ref. 4! trilayers and multilayers.
For some structures the coupling is antiferromagnetic
room temperature and ferromagnetic or no coupling at
temperature.3 In a recent experiment5 the interlayer coupling
in Fe/SiFe/Fe was found to be strongly antiferromagne
and decrease exponentially with spacer thickness. The
collinear interlayer coupling is also observed in Fe/Fe
~Ref. 6! multilayers.

Various theoretical models were proposed to explain
origin of the interlayer exchange coupling across semic
ductor spacers. The first is a tunneling model7,8 for interlayer
coupling. Here, the spacer layer was taken as a pote
barrier and the problem was solved within the picture of f
electrons. The interlayer coupling was predicted to be
exponentially decaying function of spacer thicknessz and
takes the formJ5z22exp(2z/ld), whereld is a characteris-
tic length determined by the potential barrier. The effect
indirect tunneling on the interlayer coupling through the
calized states was also studied recently.9 The second is the
Kondo insulator model.10 The interlayer coupling calculate
in this model oscillates from ferromagnetic to antiferroma
netic as the spacer thickness varies. The exponential de
ing behavior was also obtained, but with a constant prefa
J5exp(2z/ld). The third model11 is based on the indirec
magnetic exchange interaction mediated by bound exc
and correlated intermediate states. The attractive Coulo
interaction between an electron in the conduction band a
hole in the valance band of a spacer was believed to pla
important role.

All the present approaches did not consider
Ruderman-Kittel-Kasuya-Yosida~RKKY ! –like indirect ex-
change interaction since it is believed that the result is
relevant to the temperature dependence of interlayer c
pling observed in the experiments. However, a recent stu12
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on the magnetic-semiconductor multilayer structure revea
different type of temperature dependence of interlayer c
pling. The measured saturation field suggests that interla
coupling becomes weaker as temperature increases, whi
in disagreement with the theoretical predictions of curr
models and thus a different approach is needed. The prob
of RKKY-like exchange coupling between two magnetic im
purities embedded in a semiconductor host was studied
ago by Abrikosov13 and was applied to the one-dimension
semiconductor-based spin glasses. The calculated phy
properties agree qualitatively with the experiment data a
they show that the RKKY-like exchange coupling does ex
in the system with a semiconductor host.

In this paper we derive analytical results of bo
Heisenberg-type and Dzyaloshinski-Moriya~DM! –type
RKKY-like interlayer coupling across semiconductor spac
with a general band structure. Our study is based on
extendeds-d exchange model derived in a previous work14

which includes the effect of spin-orbit interaction. The e
tendeds-d exchange model contains both isotropic and a
isotropic terms. The anisotropic scattering potential a
leads to noncollinear interlayer coupling across semicond
tor spacers. The interlayer exchange coupling decreases
ponentially as spacer thickness increases and can be
pressed asJ5z23/2exp(2z/ld), with z and ld denoting the
spacer thickness and characteristic length determined by
band structure of the semiconductor spacer. Our calcula
interlayer coupling can be either monotonic or oscillato
depending on the band structure and orientation of
spacer. This result is different from those obtained in
previous theories.8,10

The Hamiltonian we start with is a sum of the Hamilt
nians contributed by the ferromagnetic and semicondu
layers. In the ferromagnetic layer, we adopt the exten
Andersons-d mixing Hamiltonian,14 which takes into ac-
count both the extendeds electrons and localizedd elec-
trons. Thed electrons form the localized magnetic momen
in the ferromagnetic layer and thes electrons extend into the
semiconductor layer, mediating the magnetic coupling
tween the neighboring ferromagnetic layers. The exten
14 901 © 1997 The American Physical Society
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s-d mixing Hamiltonian in the ferromagnetic layer can b
transformed into an extendeds-d exchange Hamiltonian us
ing the Schrieffer-Wolff transformation. The interaction b
tweens electrons andd electrons to the first order of spin
orbit coupling reads14

V52 (
kW ,kW8,n

1

2
ckW8

†
sW ckW•~JkW8kWSW n2 iTW kW8kW3SW n!ei ~k8W2kW !•RW n.

~1!

Here ckW ,(dn)5(CkW ,(dn)↑ ,CkW ,(dn)↓)
T and SW n5(1/2)cdn

† sW cdn .
CkWs

† and Cdns
† are the creation operators for thes electron

with momentumkW and localizedd electron on lattice siten,
respectively.s is the spin index. From the expression in R
14, we haveJkW8kW5JkWkW8 and TW kW8kW52TW kWkW8. In the high-
symmetry bulk crystals, the space inversion symmetry
quires TW kW8kW5TW kWkW8 and TW kW8kW50. This is not the case in th
ferromagnetic-semiconductor multilayer structures where
space inversion symmetry is generally broken, especi
near the interface. ThusTW kW8kW can have a nonzero value. A
we will see below, this term contributes to the noncolline
interlayer exchange coupling between the neighboring fe
magnetic layers.

To get a physically transparent result, we assume that
localized moment is the same and the summation overn can
be done for each ferromagnetic layer. The summation ov
single atomic layer in the ferromagnetic layer gives rise t
conservation law for the parallel electronic momentumk8W i

5kW i and summation over different atomic layers results in
additional factor gk8W ,kW5sin@(kz82kz)Na/2#/sin@(kz82kz)a/2#.
HereN anda are the number of atomic layers in the ferr
magnetic layer and the lattice constant, respectively. To s
plify the calculation further, we assume that the interfa
between the ferromagnetic layer and semiconductor laye
transparent. Then the exchange coupling between two fe
magnetic layers across a semiconductor spacer can be
tained using the second-order perturbation theory in term
V in the same way as in Ref. 8. The effective coupli
Hamiltonian can be expressed by

He f f5(
n,m

(
kW i

(
kWz,k

W
z8

(
s,s8

^kWsuVukW8s8&^kW8s8uVukWs&

ekW2ekW8

, ~2!

wheren denotes one ferromagnetic layer andm denotes the
neighboring layer. (ki ,kz ,kz8) is a sum over the conductio
and valence bands of the semiconductor. The interlayer c
pling energy per area is given by

He f f5
1

2(n,m
(
kW i

(
kWz,k

W
z8

f kW~12 f kW8!e
i ~kWz2kWz8!z

ekW2ekW8

3@ uJkW ,kW8
8 u2MW m•MW n12iJkW ,kW8

8 TW kW ,kW8
8

•~MW n3MW m!

1~TW kW ,kW8
8 3MW m!•~TW kW ,kW8

8 3MW n!#. ~3!

Here z is the spacer layer thickness,JkW ,kW8
8 5gkW ,kW8JkW ,kW8, and

TW kW ,kW8
8 5gkW ,kW8T

W
kW ,kW8. MW n (m) is the magnetization of layern(m)

per area.kW[(ki ,kz) and f kW is the Fermi distribution func-
.
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tion. Further analysis requires the band structure of the se
conductor and full knowledge of the matrix elemen
JkW ,kW8
8 ,TW kW ,kW8

8 . To simplify the calculation, we consider the fo
lowing band structure:13 one maximum in the valence ban
at kW50W and several equivalent minima in the conducti
band atkW5KW i . The electrons and holes are assumed to
isotropic and the energy spectrum can be expressed asek5
2\2k2/2mh for the valence band andek5\2(k2Ki)

2/2me
1Eg for the conduction band. The matrix elements are
sumed to be slowly varying function of wave vectorkW , so
that JkW ,kW8

8 [J andTW kW ,kW8
8 [tW (kz2kz8), with J andtW a constant

and a constant vector, respectively. In our case,tW is taken to
be parallel or antiparallel to thez axis.

The expression in square brackets in Eq.~3! can be rear-
ranged as (JkW ,kW8

8 MW m2 iTW kW ,kW8
8 3MW m)•(JkW ,kW8

8 MW n1 iTW kW ,kW8
8 3MW n).

If JkW ,kW8
8 andTW kW ,kW8

8 were both independent ofkW andkW2kW8, He f f

would be isomorphic to the symmetry of isotropic case,
pointed out by Shekhtmanet al.15 However, this is not the
case and the degeneracy problem encountered in Mori
exchange coupling is generally absent in the multilayer s
tem. This point can be seen even more clearly after the
mentum integration. The Hamiltonian does not have the f
ture needed to be transformed into the isotropic case. T
the exchange interaction through semiconductor space
anisotropic in general. SinceuTW kW ,kW8u/uJkW ,kW8u is a small param-
eter, only the zeroth- and first-order terms are kept below

As usual, the summation over momentum in Eq.~3! can
be replaced by an integration. After the variable transform
tion kz2kz85q2Ki

z and (me /mh)1/2kz1(mh /me)
1/2(kz8

2Ki
z)5K, one obtains at zero temperature

He f f52
1

4~2p!4 (
m,n,i

E dki
2dq dK

eiqze2 iK i
zz

Amh

me
1Ame

mh

3
@J2MW n•MW m12iJ~q2Ki

z!tW•~MW n3MW m!#

\2

2

K21q2

mh1me
1D~ki!

1c.c.

~4!

Here KW i5(Ki
i ,Ki

z) and D(ki)5\2ki
2/2mh1\2(ki2Ki

i)2/
2me1Eg .

The integration overq andK is reduced to a Hankel func
tion. After using its asymptotic formkn(x)5A2p/xe2x,
He f f can be rewritten asHe f f5H11H21H3, with

H152
Amhme

2\2 (
m,n,i

J2e2 iK i
zz

8p3 E dki
2A p

2a

e2az

Az
MW n•MW m

1c.c., ~5a!

H25
Amhme

2\2 (
m,n,i

Je2 iK i
zz

8p3 E dki
2Apa

2

e2az

Az
2tW•~MW n3MW m!

1c.c., ~5b!



n

io

cr

ing
li
ll
d

n
pa

d
al

i-
as

n
m

-
an

ling
cer

ou-

ith

d, a
/Si

ion
e
sti-
rg

and
e
ctor
hly
ss
t

uc-
-
ess
the

hick-

r-
ross
ou-
ase

u-
the
the

nberg
uc-
e as

he
in

d
er
ize
ces
in
rro-
the
l-

or
etic
an
oes

ith

56 14 903BRIEF REPORTS
H35
Amhme

2\2 (
m,n,i

Je2 iK i
zz

8p3 E dki
2A p

2a

e2az

Az
2iK i

ztW•~MW n

3MW m!1c.c., ~5c!

where

a5
mh1me

Amhme

AS ki2
mh

mh1me
Ki

i D 2

1Kg
2

and

Kg
25

mhme

~mh1me!
2

Ki
i21

2

\2
Eg

mhme

mh1me
.

The integration overki can be done by shifting the origi
of ki to ki2@mh /(mh1me)#Ki

i50 and an incompleteG
function is obtained. Using the asymptotic express
G(a,x)5xa21e2x, one finally arrives at

H152Ap

2

J2

\2

~mhme!
5/4

~mh1me!
3/2(m,n,i

AKg

z3/2
cosKi

zz

3expS 2
mh1me

Amhme

KgzD MW n•MW m , ~6a!

H25Ap

2

2J

\2

~mhme!
3/4

~mh1me!
1/2(m,n,i

AKg

z3/2
cosKi

zz

3expS 2
mh1me

Amhme

KgzD KgtW•~MW n3MW m!, ~6b!

H35Ap

2

2J

\2

~mhme!
5/4

~mh1me!
3/2(m,n,i

AKg

z3/2
sinKi

zz

3expS 2
mh1me

Amhme

KgzD Ki
ztW•~MW n3MW m!. ~6c!

These expressions are the effective exchange coupling a
semiconductor spacers at zero temperature.H1 is the usual
Heisenberg-type RKKY interlayer coupling, whileH2 and
H3 are the DM-type interlayer couplings.

The Heisenberg-type RKKY interlayer exchange coupl
across semiconductor spacers reminds one of the coup
across nonmagnetic metallic spacers. While for the meta
spacer the thickness dependence of interlayer coupling is
scribed byJ}z22, the interlayer coupling across a semico
ductor spacer has a much stronger dependence on the s
thickness and has the formJ}z23/2e2z/lR, where lR

5Amhme/(mh1me)Kg is a characteristic length determine
by the band structure of spacers. Note that our result
differs from the optical electrons theory of Bruno,8 where the
interlayer coupling takes the formJ}z22e2z/lB. This differ-
ence is due to the neglect of thekW dependence of the sem
conductor gap and the barrier height having been taken
constant.8

In our model the oscillation period depends on the ba
structure and orientation of spacers. For a direct-gap se
n
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conductor spacer (Ki
z50), the coupling is always ferromag

netic and no oscillation behavior can be observed. For
indirect-gap semiconductor spacer, the interlayer coup
oscillates from ferromagnetic to antiferromagnetic as spa
thickness increases. The oscillation period is given by 2p/Ki

z

and depends on the orientation of spacers. Interlayer c
pling does not oscillate for the special orientation withKi

z

50. For a typical indirect-gap Si semiconductor spacer w
lattice constanta55.4 Å, Ki

z5p/a for ~001! orientation and
the oscillation period isd52a510.8 Å. This oscillation pe-
riod is much larger than the interface roughness. Indee
clear oscillation period of 10 Å has been observed in Fe
multilayered structures.5

As in the case of metallic spacer, the spin-orbit interact
also induces DM-type interlayer coupling in th
ferromagnetic-semiconductor multilayer structures. To e
mate the relative strength of DM coupling over Heisenbe
coupling, we use the band structure parameters of Si
H2 /H1'(2t/J)@2.2A2mEg /\2#. t depends on the degre
of symmetry breaking near the ferromagnetic-semicondu
interface and its order of magnitude can be only roug
estimated. In the Fe/Cu multilayers, it is more or le
known14 that (2t/J)@A2mEF /\2#'0.1. If one assumes tha
t is roughly the same, we obtainH2 /H1'0.09 andH3 /H1
has a similar order of magnitude. For direct-gap semicond
tor spacersH350 and the DM-typeH2 and the Heisenberg
type H1 interlayer couplings depend on the spacer thickn
in exactly the same way. The larger the energy gap,
larger the ratioH2 /H1. For an indirect energy gapH3Þ0.
This term has the same function dependence on spacer t
ness as that ofH1, except for a phase difference ofp/2. H3
reaches its maximum whenH1 and H2 are near zero. It is
interesting to compare the oscillatory behavior of DM inte
layer coupling across semiconductor spacers with that ac
metallic spacers. In zero temperature, DM interlayer c
pling across metallic multilayers has only one term; its ph
differs from Heisenberg interlayer coupling byp/2. In the
structure with semiconductor spacers, DM interlayer co
pling has two terms. One term is the same as that in
metallic layered structure, whereas another term has
same spacer thickness dependence as that of a Heise
term. So in the magnetic layered structure with semicond
tor spacers, the DM term does not reach its largest valu
the Heisenberg term vanishes.

The spacer thickness fluctuation theory16 of biquadratic
coupling in metallic multilayers cannot be applied to t
multilayers with semiconductor spacers. This is so since
metallic multilayers the RKKY interaction oscillation perio
is about 2 or 3 Å. The long-period oscillation of interlay
coupling is due to the alias effect, so one or two atomic-s
changes in the distance between magnetic impurities indu
a sign change of the RKKY coupling. Also, the fluctuation
the spacer thickness results in competition between fe
magnetic and antiferromagnetic interlayer coupling, thus
magnetization of ferromagnetic layers will align nonco
linearly. However, in the multilayers with semiconduct
spacers, the oscillation period of coupling between magn
impurities is about 10 Å, so the sign does not change on
atomic scale. The fluctuation of the spacers thickness d
not induce the biquadratic coupling in the multilayers w
semiconductor spacers.
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In summary, we have derived analytical results of bo
Heisenberg-type and DM-type RKKY-like interlayer co
pling across semiconductor spacers with a general b
structure. The interlayer exchange coupling decreases e
nentially as spacer layer increases and is expressedJ
5z23/2exp(2z/ld). For a direct-gap semiconductor spac
the coupling is always ferromagnetic and no oscillation
havior can be observed. For an indirect-gap semicondu
spacer, the interlayer coupling oscillates from ferromagn
to antiferromagnetic as spacer thickness increases. The o
lation period is also influenced by the orientation of space
Y
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Furthermore, the noncollinear alignment of neighboring f
romagnetic layers can be naturally explained by our DM
terlayer coupling.
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