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Noncollinear interlayer exchange coupling caused by interface spin-orbit interaction
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~Received 8 October 1996!

The interlayer exchange couplings between neighboring ferromagnetic layers in ferromagnetic-nonmagnetic
multilayer structures are derived analytically in the frame of the extended Andersons-d mixing model with
spin-orbit interaction. After transforming the extended Anderson mixing model into ans-d exchange model
and taking into account the spin frustration at interfaces, the second-order perturbation calculation naturally
gives rise to both the noncollinear Dzyaloshinski-Moriya~DM! exchange coupling as well as the usual isotro-
pic Ruderman-Kittel-Kasuya-Yosida exchange coupling between the neighboring ferromagnetic layers. The
isotropic and anisotropic exchange couplings have a decaying oscillatory behavior as a function of spacer layer
thickness, but they differ by a phase factor ofp/2. While the exact value of the DM coupling depends on the
material parameters as well as the interfaces-d mixing effect, a rough estimate suggests that it is significant.
Thus our result offers an alternative explanation to the noncollinear exchange coupling as was observed in the
experiments.@S0163-1829~97!02718-5#
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I. INTRODUCTION

The indirect magnetic coupling between ferromagne
~FM! layers across a nonmagnetic~NM! metal spacer has
been extensively studied both experimentally and theor
cally. An oscillatory dependence of the magnetic coupl
strength with the thickness of the spacer layer has been
served in a large number of systems.1 According to the
theory of RKKY-like coupling,2 the problem of magnetic
interlayer exchange coupling includes two aspects: first,
interaction between ferromagnetic layer and conduction e
trons of nonmagnetic metal layers; second, the way of
spin polarization propagating through the nonmagnetic m
spacer. It was pointed out by several authors3 that mixing
between localizedd states of the magnetic layer and co
ducting states of the nonmagnetic layer at the interfac
responsible for interlayer coupling. Shiet al.4 studied the
magnetic interlayer coupling using the two-impurity Ande
sons-d mixing model, their approach being rather sophis
cated and relying on numerical calculations. Bruno a
Chappert2 studied the oscillatory behavior of the interlay
coupling within the frame of RKKY theory. The calculatio
was performed almost in an analytical manner and the res
are physically transparent. These two approaches all led
Heisenberg-type interlayer coupling, and thus the magn
moments of FM layers align collinearly. The spin-orbit i
teraction was neglected. Recently, noncollinear alignme
among neighboring ferromagnetic layers were also obse
in a number of ferromagnetic-nonmagnetic multilay
structures.5–9 In order to explain the experimental results,
additional phenomenological termJ2(MW 1•MW 2)

2 was pro-
posed which is referred to as biquadratic interlayer coupli

The origin of the biquadratic coupling has been studied
several groups.10–16Some of them attributed the biquadrat
coupling to the extrinsic properties of structure such as~1!
fluctuation of the spacer thickness,10 ~2! loose spin at inter-
550163-1829/97/55~18!/12561~5!/$10.00
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faces and in the spacer layers,11 and ~3! a magnetic-dipole
field resulting from rough interfaces.12 In these studies, non
ideal interfaces were considered and further experime
support of the connection between interface roughness
biquadratic coupling strength is required. There are als
number of calculations carried out for an ideal interface
the angular dependence of the intrinsic exchange coup
for trilayers,13–16 these calculations predicting a biquadra
term and that the interlayer coupling oscillates as a funct
of spacer thickness with half of the period of the biline
term. However, the value of the biquadratic coupli
strength is too small to explain the experimental results.11,12

Moriya17 has shown that in low-symmetry magnetic cry
tals, the spin-orbit interaction can lead to an anisotropic c
pling of Dzyaloshinsky-Moriya~DM! type, DW •(SW 13SW 2).
Here,DW is a vector proportional to the spin-orbit interactio
and depends on the symmetry of crystals.SW 1 andSW 2 are the
localized magnetic moments. However, a more careful st
by Shekhtmanet al.18,19 showed that a overlooked hidde
symmetry makes the Moriya expression for the single-bo
anisotropic superexchange coupling isomorphic to the s
metry of an isotropic one, and a weak ferromagnetic mom
emerges from the superexchange coupling only when m
than a single bond is considered and only as a result of f
tration.

The effect of the spin-orbit interaction on the exchan
coupling between magnetic impurities has been studied
several groups. In the 1980s, Fert and Levy20 proposed a
similar DM-type coupling in addition to the isotropic RKKY
coupling after taking into account the spin-orbit scattering
conduction electrons by the localized states of magnetic
purities, such as Co and Pt, in CuMn spin glass alloy. Th
study showed that a DM-type coupling exists when the
version symmetry with respect to the midpoint between
two magnetic impurities is broken. They compared the D
term to the usual isotropic one in CuMn spin glass and fou
that the DM-type coupling was quite significant. Late
12 561 © 1997 The American Physical Society
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Stauntonet al.21 studied a relativistic RKKY coupling be
tween two magnetic impurities in the language of scatter
theory; the spin polarization and spin-orbit interaction we
treated on equal footing. Apart from the isotropic term, t
exchange coupling between two magnetic impurities in
host metal also contains a DM square term and a pseud
polar interaction term. The nonspherically symmetric nat
of scattering potentials is the cause of the anisotropic in
action and dipolar interaction. In magnetic layered structu
the space inversion symmetry is also broken and frustra
exists near the interfaces between ferromagnetic and
magnetic layers ,18,19 and the spin-orbit interaction will also
play a role in the interlayer exchange coupling.

In this paper, we study the influence of the spin-or
interaction and the broken space inversion symmetry on
interlayer exchange coupling in magnetic layered structu
In Sec. II, an Andersons-d mixing model is extended to
include the spin-orbit scattering effect and the Schrieff
Wolff transformation is used to obtain a generalizeds-d ex-
change model. This exchange model contains both isotr
and anisotropic spin couplings between conduction electr
and localized states. Then in Sec. III, under second-o
perturbation theory, a general form of the exchange coup
between two ferromagnetic layers via conduction electron
derived. To demonstrate the significance of the noncollin
DM interlayer exchange coupling, we have derived an a
lytical result within the free electron approximation. Our r
sults show that the strength of the DM-type interlayer co
pling is proportional to the spin-orbit interaction an
oscillates with spacer layer thickness; it has the same pe
as that of the usual RKKY interlayer coupling but with
phase shift ofp/2. Thus, the noncollinear DM coupling be
comes maximum when the usual RKKY exchange coupl
vanishes. This offers an alternative explanation to the
alignment of the neighboring ferromagnetic layers as w
observed in the experiments.

II. GENERALIZED s-d EXCHANGE MODEL

It has been shown that the hybridization ofs-band elec-
trons andd-band electrons at interfaces between magn
layers and nonmagnetic layers is responsible for the in
layer exchange coupling in the ferromagnetic-nonmagn
multilayer structures. Usually the single-electron mixing p
tential is assumed to be spin independent, but it holds onl
the absence of a spin-orbit interaction. The mixing poten
becomes spin dependent when the spin-orbit interactio
taken into account.22 In this paper, we will consider the ef
fect of the spin-orbit interaction and study how it affects t
interlayer exchange coupling between the ferromagnetic
ers.

The Andersons-d mixing Hamiltonian in the presence o
spin-orbit interaction can be expressed as

H5H01H1 ,

H05(
kW ,s

ekWnkWs1(
s

ednds1Und↑nd↓ ,

H15 (
kW ,ss8

CkWs
†

~V0I1VW •sW !kWd
ss8Cds81c.c., ~1!

whereC
kWs

†
andCds

† are the creation operators for the condu
tion electron with momentum kW and localized
g
e

a
di-
e
r-
s,
n
n-

t
e
s.

-

ic
ns
er
g
is
ar
-

-

od

g
°
s

ic
r-
ic
-
in
l
is

y-

-

d-electrons, respectively.s is the spin index, andekW anded
are the corresponding energies.U is the Coulomb repulsion
between opposite-spin electrons located on thed orbital. I is
a 232 unit matrix ands i ’s are the Pauli matrices. ThekWs
and ds8 states are mixed by the potential (V0I1VW •sW )kWd

ss8,
whereV0 is the usual spin-independents-d mixing potential
and VW is the spin-dependent mixing potential arising fro
the spin-orbit interaction of the localized d states.

Schrieffer and Wolff23 showed that the Andersons-d
mixing model is almost equivalent to thes-d exchange
model. We will show below how the spin-dependent mixi
potential influences thes-d exchange model. Following Ref
23, we make a canonical transformationH̄5eSHe2S under
the condition that the first-order term@H0 ,S#2H1 vanish;
then

H̄5H01
1
2 @S,H1#1 1

3 @S,@S,H1##1 1
8 @S,@S,@S,H1###1•••.

~2!

@A,B# denotes the commutator relation. The choice ofS is
similar to the spin-independent case

S5(
kWa

(
ss8

FCkWs
†

~V0I1VW •sW !kWd
ss8Cds8nd2s8

a

ekW2ea

2
Cds
† nd2s

a ~V0I1VW •sW !kWd
ss8CkWs8

ekW2ea
G , ~3!

wherea56, e15ed1U, ande25ed . nd2s
a are the projec-

tion operators withnd2s
1 5nd2s andnd2s

2 512nd2s , respec-
tively.

It is easy to prove thatS satisfies the condition
@H0 ,S#5H1 and H̄ can be approximately expressed
H01H2 with H2 given by

H25
1
2 @S,H1#. ~4!

After neglecting the terms which are irrelevant tos-d ex-
change coupling, one obtains

H252(
kWkW8

CkW8kWFBkW8kWckW8
† sW

2
ckW•SW d1 iTW kW8kW•S ckW8

† sW

2
ckW3SW dD

1S ckW8
† sW

2
ckW8
†
AJSW dD G , ~5!

with

CkW8kW5F 1

ekW2ed2U
1

1

ekW82ed2U
2

1

ekW2ed
2

1

ekW82ed
G ,

~6!

ckW ,(d)5(CkW ,(d)↑ ,CkW ,(d)↓)
T, and SdW5cd

†(sW /2)cd . Here,

BkW8kW5V0
kW8dV0

dkW2 1
3(V1

kW8dV1
dkW1V2

kW8dV2
dkW1V3

kW8dV3
dkW! is the usual

isotropic s-d exchange coupling term

TW kW8kW5(V0
kW8dVW dkW2VW kW8dV0

dkW) is the DM-type s-d exchange
coupling term, and
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AJkW8kW5S Mxx V1
kW8dV2

dkW1V2
kW8dV1

dkW V1
kW8dV3

dkW1V3
kW8dV1

dkW

V2
kW8dV1

dkW1V1
kW8dV2

dkW Myy V2
kW8dV3

dkW1V3
kW8dV2

dkW

V3
kW8dV1

dkW1V1
kW8dV3

dkW V3
kW8dV2

dkW1V2
kW8dV3

dkW Mzz
D , ~7!
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Mxx51 4
3V1

kW8dV1
dkW2 2

3V2
kW8dV2

dkW2 2
3V3

kW8dV3
dkW ,

Myy52 2
3V1

kW8dV1
dkW1 4

3V2
kW8dV2

dkW2 2
3V3

kW8dV3
dkW ,

Mzz52 2
3V1

kW8dV1
dkW2 2

3V2
kW8dV2

dkW1 4
3V3

kW8dV3
dkW , ~8!

is the magnetic pseudodipole interaction. Note that the
change coupling between the localized spin and conduc
electron in Eqs.~5!–~8! has exactly the same form as the o
derived by Moriya for the exchange coupling between loc
ized spins. Therefore, it also seems to be isomorphic to
symmetry of isotropic case.18,19 However, the parametersd̂
and u ~Refs. 18 and 19! in our case arekW dependent; there
exists frustration between differentkW electrons, and the de
generacy problem encountered in the Moriya’s excha
coupling is generally absent in the multilayer system. T
point can be seen even more clearly after the Fourier tra
formation ofTW kW8kW andA

J

kW8kW ; then the relation betweenTW kW8kW
andAJkW8kW is destroyed, and the Hamiltonian in real space d
not have the feature needed to be transformed into the
tropic case. From the above expressions, one finds
CkW8kW5CkWkW8, BkW8kW5BkWkW8, T

W
kW8kW52TW kWkW8, and A

J

kW8kW5AJkWkW8. In
high-symmetry bulk crystals, space inversion symmetry
quiresTW kW8kW5TW kWkW8 and thusTW kW8kW50. This is not the case in
ferromagnetic-nonmagnetic multilayer structures wh
space inversion symmetry is generally broken, especi
near interfaces, and 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. In generalVW is smaller thanV0; this is rea-
sonable since spin-orbit interaction is weak in comparis
with the usuals-d mixing potential. So to the first order o
the spin-orbit interaction, the extendeds-d exchange term
has the form

H252 (
kWkW8n

1
2CkW8kWckW8

†
sW ckW•~BkW8kWS

W
n2 iTW kW8kW3SW n!

3ei ~k
W82kW !•RW n, ~9!

with RW n denoting the site of the localized magnetic mome

andBkW8kW'V0
kW8dV0

dkW . H2 describes the scattering potential
conduction electrons by localized magnetic impurities wh
the spin-orbit interaction is included.

III. INTERLAYER COUPLING

The interlayer exchange coupling between ferromagn
layers has been studied previously using the Green’s fu
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tion method4 and the fourth-order Schrieffer-Wolf
transformation24 for the case without a spin-orbit interaction
the results involve numerical computations. In order to ge
physically transparent result, we follow the approach of R
2. To the second-order perturbation in terms ofH2, the ex-
change coupling between two ferromagnetic layers separ
by a nonmagnetic metal spacer can be expressed by

Heff5(
nm

(
kWkW8

(
ss8

^kWsuH2ukW8s8&^kW8s8uH2ukWs&

ekW2ekW8
. ~10!

After a tedious calculation, one obtains

Heff5(
nm

@JH~z!MW n•MW m1JWDM~z!•~MW n3MW m!#. ~11!

Herez is the spacer layer thickness andMn is the magneti-
zation of thenth ferromagnetic layer. (mn) implies a sum-
mation over pairs of nearest-neighbor ferromagnetic lay
JH(z)5(1/2p)*2`

` eiqzzdqzJH(qz) and

JWDM(z)5(1/2p)*2`
` eiqzzdqzJWDM(qz). JH(qz) and JWDM(qz)

are given by

JH~qW !5
1

2(kW
uCkW ,kW1qW u2

uBkW ,kW1qW u2f kW~12 f kW1qW !

ekW2ekW1qW
~12!

and

JWDM~qW !5 i(
kW

uCkW ,kW1qW u2
BkW ,kW1qWTW kW ,kW1qW f kW~12 f kW1qW !

ekW2ekW1qW
,

~13!

respectively.f kW is the Fermi distribution function. In Eqs
~12! and ~13!, we have redefinedBkW ,qW5BkW ,kW1qW and
TW kW ,qW5TW kW ,kW1qW ; it is easy to verify BkW ,qW5BkW ,2qW and
TW kW ,qW52TW kW ,2qW . SoBkW ,qW is an even function ofqW andTW kW ,qW is
a odd function ofqW .

Further analysis requires the band structure of the cond
tion electron and full knowledge of the matrix elemen
BkW ,qW , TW kW ,qW . To simplify the calculation, we assume belo
that the conduction electron band can be approximated
the free electron band and matrix elements are slowly va
ing functions of wave vectorkW . In this case,JH(qW ) and
JWDM(qW ) can be calculated analytically and have the forms

JH~qW !52
mkFuCBkFqu

2

16p2\2 F11
4kF

22q2

4kFq
lnU q12kF

q22kF
UG

~14!

and
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JWDM~qW !52
imkFuCu2BkFq

TW kFqW

8p2\2 F11
4kF

22q2

4kFq
lnU q12kF

q22kF
UG .
~15!

JH(qW ) andJWDM(qW ) are even and odd functions ofqW , respec-
tively.

To calculate the interlayer exchange coupling betwe
two ferromagnetic layers, we need only the components
JH(qW ) and JWDM(qW ) with qW 5(0,0,qz) since the multilayer
structures are translation invariant in the layer. After expa
ing BkW ,qW and TW kW ,qW in power series ofqz and keeping the
lowest order,BkF ,qz

.B andTW kF ,qz.tWqz . With these simpli-
fications, we finally obtain for a large spacer layer thickne

JH~z!52
m~CB!2

64p2\2

sin~2kFz!

z2
~16!

and

JWDM~z!52
mC2BtW2kF
16p2\2

cos~2kFz!

z2
. ~17!

Here,m is the electron mass. As usual, the singularities
J(qz) andJWDM(qz) at q562kF are responsible for the long
range oscillatory behavior of the interlayer coupling. T
long period can be similarly obtained by replacing 2kF with
2kF2G andG is the translational vector in reciprocal spac
JH(z) andJWDM(z) have the same oscillation period at a lar
spacer layer thickness, but they differ by a phase facto
p/2. uJWDM(z)u becomes dominant whenJH(z) vanishes. The
contribution of the spin-orbit interaction cannot be su
pressed in an ideal interface even if the spin-dependents-d
mixing potential is weaker than spin-independents-d mixing
potential. The interplay between the isotropic and anisotro
exchange couplings can be easily seen from the interla
coupling energy which can be written as

E~u,z!52
mC2B

32p2\2

M2

z2
@Bsin~2kFz!cos~u!

18kFtcos~2kFz!sin~u!#. ~18!

u is the angle between the magnetic moments of two lay
andt is the projection oftW in the direction perpendicular to
magnetizations. Whenusin(2kFz)u is near zero,ucos(2kFz)u is
almost 1 and the minimum ofE(u,z) is at u590° or
290°. In principle, anyu is possible depending on the com
petition between the isotropic and anisotropic interlayer c
pling strengths. Recent direct observation of the 50° coup
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magnetization profile in a Cu/Cr~100! multilayer structures
lends further support to our argument.25

IV. DISCUSSION AND CONCLUSION

Whether the anisotropic DM exchange coupling plays
dominant role or not in the noncollinear coupling depends
the ratio of uVW u/V0. Although the exact value of the DM
exchange coupling is determined by material parameter
well as the interfaces-d mixing effect and is difficult to
calculate, a rough estimate of its order of magnitude can
obtained from previous experimental and theoretical wor

Moriya17 estimated that the DM term is roughly (Dg/g)
times the isotropic superexchange term in weak ferrom
netic crystals, whereg is the gyromagnetic ratio andDg is
the deviation from the value for a free electron.26 By com-
paring the DM exchange coupling with the usual RKK
coupling in the Co-diluted CuMn spin glass alloy, Fert a
Levy20 found that the ratio of the DM coupling to the RKKY
coupling is of the order of 0.1. In magnetic multilayers, t
value of JDM(z) depends on the spin-orbit interaction co
stant as well as the asymmetry of the system. If we take
spin-orbit interaction constant to be the same as that in
Co-diluted CuMn spin glass alloy, the magnitude of the D
exchange coupling can reach 10% of the isotropic RKK
exchange coupling. Another way to estimate the ratio of
DM term to the usual RKKY term is to consider the anis
tropic magnetoresistance in ferromagnetic alloys, which
due to spin-orbit scattering. The ratiouVW u/V0 was found to be
about 0.03 in the measurement of the anisotropic resista
in Ni-based ferromagnetic alloy.27 As the ratio
JDM /JH.4uVW u/V0, it is again of the order of 0.1. We assum
that this ratio has the same order of magnitude in
3d-based ferromagnetic layered structures.

Note that the relative strength of 0.1 between 90° co
pling and the linear coupling is in much better agreem
with experiments than the relative magnitude of biquadra
coupling predicted by previous theories based on intrin
origins, which is only of the order of 1022–1023.13–16 Fur-
thermore, the DM term obtained by us has the same deca
form as that of the RKKY term, whereas the biquadra
coupling decays faster with the spacer layer thickness t
the quadratic coupling does. We would also like to ment
that the phase difference ofp/2 between the DM term and
RKKY term makes the DM term especially important sin
there always exists a region where DM coupling becom
dominant. Thus, the fact that 90° coupling is observed wh
the spacer thickness is roughly between the ferromagn
and antiferromagnetic coupling is not only because the lin
coupling is then weak but also because the DM term is a
maximum.

To fully test the validity of the role played by DM ex
change coupling, more quantitative analyses of the DM te
and its temperature dependence are needed, which re
detailed information of the spin-orbit scattering effect as w
ass-d mixing and other effects near interfaces. Such a stu
can provide further checks for the mechanism of nonc
linear coupling proposed in this paper.

In summary, we have studied the interlayer exchange c
pling in ferromagnetic-nonmagnetic multilayer structur



-
lff
hi
io
he
er
K
sh
ye
u

in

rt
nd
nk
rk

55 12 565NONCOLLINEAR INTERLAYER EXCHANGE COUPLING . . .
based on an extended Andersons-d mixing model. Both the
isotropic RKKY coupling as well as anisotropic DM cou
pling are derived analytically using the Schrieffer-Wo
transformation and second-order perturbation theory. W
the DM term vanishes in the crystals with space invers
symmetry, it plays a crucial role in multilayer structures. T
DM-type interlayer coupling oscillates with spacer lay
thickness and has the same period as that of the usual RK
term at a large spacer layer thickness, but with a phase
of p/2. This phase difference makes the DM-type interla
exchange coupling non-negligible. Our rough estimate s
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at

n

W

e

K.
le
n

Y
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r
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gests that DM exchange coupling plays an important role
some trilayers and magnetic multilayer structures.
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