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Noncollinear interlayer exchange coupling caused by interface spin-orbit interaction
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The interlayer exchange couplings between neighboring ferromagnetic layers in ferromagnetic-nonmagnetic
multilayer structures are derived analytically in the frame of the extended Andstdanixing model with
spin-orbit interaction. After transforming the extended Anderson mixing model in®diexchange model
and taking into account the spin frustration at interfaces, the second-order perturbation calculation naturally
gives rise to both the noncollinear Dzyaloshinski-Mor{{zM) 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 factorm®. While the exact value of the DM coupling depends on the
material parameters as well as the interfaak 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[S0163-182¢07)02718-5

I. INTRODUCTION faces and in the spacer layéfsand (3) a magnetic-dipole
field resulting from rough interfacé$.In these studies, non-
The indirect magnetic Coupling between ferromagnetidd&éﬂ interfaces were considered and further experimental
(FM) layers across a nonmagnetiiM) metal spacer has support of the connection between interface roughness and
been extensively studied both experimentally and theoretibiquadratic coupling strength is required. There are also a
cally. An oscillatory dependence of the magnetic couplingtumber of calculations carried out for an ideal interface on
strength with the thickness of the spacer layer has been off€ angular dependence of the intrinsic exchange coupling
served in a large number of system#ccording to the [oF trilayers;™= “these calculations predicting a biquadratic
theory of RKKY-like coupling? the problem of magnetic term and that the interlayer coupling oscillates as a function

; L i f spacer thickness with half of the period of the bilinear
interlayer exchange coupling includes two aspects: first, th?ermr.) However. the value of the %iquadratic cou{[éling

interaction between ferromagnetic layer and conduction elecs'trength is too small to explain the experimental resdi

trons 0‘; n.on;nagnetlc metFaI I&yers;hs;cond, the waty of t?e Moriyal” has shown that in low-symmetry magnetic crys-
Spin polarization propagating through the nonmagnetic me at'als, the spin-orbit interaction can lead to an anisotropic cou-
spacer. It was pointed out by several autfidrat mixing ling of Dzyaloshinsky-Moriya(DM) type, B - (S,X S,)
between localizedl states of the magnetic layer and con-P'Ng O . y y ) y yp. ' 1 S "
ducting states of the nonmagnetic layer at the interface i§i€"e,D is a vector proportional to the spin-orbit interaction
responsible for interlayer coupling. Skt al* studied the and depends on the symmetry of crystég.andS, are the
magnetic interlayer coupling using the two-impurity Ander- localized magnetic {Q%nents. However, a more carefL_JI study
sons-d mixing model, their approach being rather sophisti-Py Shekhtmaret al.™" showed that a overlooked hidden
cated and relying on numerical calculations. Bruno and®ymmetry makes the Moriya expression for the single-bond
Chappen studied the oscillatory behavior of the interlayer niSOtropic superexchange coupling isomorphic to the sym-
coupling within the frame of RKKY theory. The calculation M€ty of an isotropic one, and a weak ferromagnetic moment
was performed almost in an analytical manner and the resul merges from the superexchange coupling only when more

are physically transparent. These two approaches all led totr:tino? single bond is considered and only as a result of frus-

Heisenberg-type interlaye.r coupl!ng, and thus the magnetic The effect of the spin-orbit interaction on the exchange
moments of FM layers align collinearly. Thg spln—c_)rblt In- coupling between magnetic impurities has been studied by
teraction was neglected. Recently, noncollinear alignmentsa,arg groups. In the 1980s, Fert and Lévgroposed a
among neighboring ferromagnetic layers were also observedyjar DM-type coupling in addition to the isotropic RKKY
in a number of ferromagnetic-nonmagnetic multilayer qopjing after taking into account the spin-orbit scattering of
structures~® In order to explain the experimental results, anconduction electrons by the localized states of magnetic im-
additional phenomenological term,(M,-M,)? was pro- purities, such as Co and Pt, in CuMn spin glass alloy. Their
posed which is referred to as biquadratic interlayer couplingstudy showed that a DM-type coupling exists when the in-
The origin of the biquadratic coupling has been studied byersion symmetry with respect to the midpoint between the
several group&’—'° Some of them attributed the biquadratic two magnetic impurities is broken. They compared the DM
coupling to the extrinsic properties of structure suchBs term to the usual isotropic one in CuMn spin glass and found
fluctuation of the spacer thickne¥(2) loose spin at inter- that the DM-type coupling was quite significant. Later,

0163-1829/97/58.8)/125615)/$10.00 55 12 561 © 1997 The American Physical Society



12 562 KE XIA, WEIYlI ZHANG, MU LU, AND HONGRU ZHAI 55

Stauntonet al?* studied a relativistic RKKY coupling be- d-electrons, respectivelys is the spin index, and; and 4
tween two magnetic impurities in the language of scatteringare the corresponding energi¢s.is the Coulomb repulsion
theory; the spin polarization and spin-orbit interaction werepetween opposite-spin electrons located ondtwebital. | is

treated on equal footing. Apart from the isotropic term, the, oy 5 it matrix ande,’s are the Pauli matrices. THs
exchange coupling between two magnetic impurities in a

i . > > s
host metal also contains a DM square term and a pseudodid dS states are mixed by the potentidVdl +V- o)y, ,
polar interaction term. The nonspherically symmetric naturévhereVy is the usual spin-independesid mixing potential
of scattering potentials is the cause of the anisotropic interand V is the spin-dependent mixing potential arising from
action and dipolar interaction. In magnetic layered structuresthe spin-orbit interaction of the localized d states.
the space inversion symmetry is also broken and frustration Schrieffer and Wolf® showed that the Andersosd
exists near the interfaces between ferromagnetic and nomnixing model is almost equivalent to the-d exchange
magnetic layers'®and the spin-orbit interaction will also  model. We will show below how the spin-dependent mixing

play a role in the interlayer exchange coupling. . _potential influences ths-d exchange model. Following Ref.
In this paper, we study the influence of the spin-orbit . — o _g
3, we make a canonical transformatibii=e>He™ > under

interaction and the broken space inversion symmetry on thﬁ . 4 o
interlayer exchange coupling in magnetic layered structure thgncondltlon that the first-order terfo,S]—H, vanish;

In Sec. Il, an Andersors-d mixing model is extended to
include the spin-orbit scattering effect and the Schrieffer-__ . L .
Wolff transformation is used to obtain a generalized ex-  H=Ho+3[SH1]+3[S[SH.]]+[S[S[SH.]]]+---.

change model. This exchange model contains both isotropic 2
and anisotropic spin couplings between conduction electrons , . )
and localized states. Then in Sec. Ill, under second-orddiA B] denotes the commutator relation. The choiceSas

perturbation theory, a general form of the exchange couplingimilar to the spin-independent case
between two ferromagnetic layers via conduction electrons is

derived. To demonstrate the significance of the noncollinear

DM interlayer exchange coupling, we have derived an ana- s:E 2
lytical result within the free electron approximation. Our re- ka s
sults show that the strength of the DM-type interlayer cou- L
pling is proportional to the spin-orbit interaction and Clng Vol +V-0)3] Cisr
oscillates with spacer layer thickness; it has the same period -
as that of the usual RKKY interlayer coupling but with a €k €a
phase shift ofr/2. Thus, the noncollinear DM coupling be- o .
comes maximum when the usual RKKY exchange coupling/herea==. €. = €at U, ande_=eqy. Ny are the projec-
vanishes. This offers an alternative explanation to the 90%0On Operators witmy_;=nq_sandng_s=1—ny_s, respec-
alignment of the neighboring ferromagnetic layers as wadively.

T - > ss
CQS(Vol +V. O-)IZd Cdsrns_s,

€k €,

: ()

observed in the experiments. It is easy to prove thatS satisfies the condition
[Ho,S]=H; and H can be approximately expressed as
Il. GENERALIZED s-d EXCHANGE MODEL Ho+ H, with H, given by

It has been shown that the hybridization sband elec- N
trons andd-band electrons at interfaces between magnetic Ho=3[SHil. 4
layers and nonmagnetic layers is responsible for the inter- i ) .
layer exchange coupling in the ferromagnetic-nonmagnetié\tér neglecting the terms which are irrelevantal ex-
multilayer structures. Usually the single-electron mixing po-change coupling, one obtains
tential is assumed to be spin independent, but it holds only in
the absence of a spin-orbit interaction. The mixing potential S ¢ [

- KTk
Kk’

- -

t g N > t g >
H BE’E¢§r§¢E'Sd+|TIZ’IZ' Yo kX Sy

becomes spin dependent when the spin-orbit interaction is™2~
taken into accourft In this paper, we will consider the ef-

fect of the spin-orbit interaction and study how it affects the . o f en
interlayer exchange coupling between the ferromagnetic lay- + ‘”E'E‘”E' ASq4] |, 5
ers.
The Andersors-d mixing Hamiltonian in the presence of iip
spin-orbit interaction can be expressed as
H=Ho+H;, 1 1 1 1
CR/R: - - y
egi—€q— U eg—€e4—U €—€4 €g—¢€qy
H0=Z €Nis+ 2 €Nyst Ung Ny, , 6
k,s S
ey Uk @ = (Cir Ch@)"s and Sq=yy(al2)yq. Here,
Hi= 3 CL(Vol+V- )% Cye +coc., (1) Big= VK vk 3K dydk K dydky \/K'dydky is the ysual
kiss' isotropic s-d exchange coupling term,

whereCITG andC], are the creation operators for the conduc-T; g= (V& V- VK 93 is the DM-type s-d exchange
tion electron with momentum k and localized coupling term, and
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K'dysdk_ y/k'dysdk /K" dy sk, y sk’ dy sdk
M x VIOV V5 VIS VT BV VE VS
- K'dy sdk_ /K’ dy dk K" dy dk /K’ dy sdk
Avi= V5 VitV TV, Myy Va V3 + V3 Vo | @)
K'dy jdk /K" dy/dk /K dy dk_\ /K’ dy sk
V3 VIt VT V3 V5 TV VS Vg M,
|
with tion method and the fourth-order Schrieffer-Wolff
I L . transformatiof* for the case without a spin-orbit interaction;
M= + VK dydk_ 2y/Kdydk_ 2/Kidydk the results involve numerical computations. In order to get a
) ) ) ) ) ) physically transparent result, we follow the approach of Ref.
Myy=— Zykdydiy gyKidydk 2y/Kidydk 2. To the second-order perturbation in termsHyf, the ex-
change coupling between two ferromagnetic layers separated
M. .= — %VE’dVgE_ gvg’dvgh %Vg’dvdk ®) by a nonmagnetic metal spacer can be expressed by
zz ’
is the magne’;ic pseudodipole inter_action. Note that the ex- <;25|H2||2/5f><|2/5/||_|2||23>
change coupling between the localized spin and conduction Heﬁ=2 E > — . (10
electron in Egs(5)—(8) has exactly the same form as the one nm kk' s’ €k €k

derived by Moriya for the exchange coupling between local-pfiar 4 tedious calculation. one obtains
ized spins. Therefore, it also seems to be isomorphic to the ’

symmetry of isotropic cas€:'® However, the parameters 3 oL . .

and 6 (Refs. 18 and 19in our case ar& dependent; there Heit= 2 [In(DMp-Mpn+Jpm(2)- (MpXMp)]. (11)

exists frustration between differektelectrons, and the de- ) ) ) )

generacy problem encountered in the Moriya’s exchang&i€rez is the spacer layer thickness aktj, is the magneti-

coupling is generally absent in the multilayer system. Thiszation of thenth ferromagnetic layer.nin) implies a sum-

point can be seen even more clearly after the Fourier trangDation over pairs qu nearest-neighbor ferromagnetic layers.
- 4—» - — LS 10,2

formation of Ti ¢ and Ag/i; then the relation betweeTi {H(Z)_(Uz”)f—ze i quZ‘]'i(qZ) _and

andA;. is destroyed, and the Hamiltonian in real space doedom(2) = (1/2m) [~ .9*dq,Jpw(d,). In(dz) and Jpw(dy)

not have the feature needed to be transformed into the is@'€ given by

tropic case. From the above expressions, one finds that )

Cii=Ciir» Bik=Biw, Twk=— T, and Apg=Aggr. In JH(&):EE ICirs 9|2|Blil?+<i| f(1—fieq) (12

high-symmetry bulk crystals, space inversion symmetry re- 24 K

quires T =T and thusTg =0. This is not the case in

ferromagnetic-nonmagnetic multilayer structures whereé"

space inversion symmetry is generally broken, especially

€K~ €ktq

near interfaces, and thds; ; can have a nonzero value. As Jom(@=i3 |Cir 9|2B§,IZ+GTIZIZ+G‘(IZ(1_fl?+ri)
we will see below, this term contributes to the noncollinear oM P e €K~ €k4g '
interlayer exchange coupling between the neighboring ferro- (13

magnetic layers. In generl is smaller tharV; this is rea- respectively.fi is the Fermi distribution function. In Egs.

sonable since spin-orbit interaction is weak in compariso - e b
with the usuals-d mixing potential. So to the first order of Q}Z) and (13, we have redefinedByq=Bi.q and

the spin-orbit interaction, the extendsed exchange term Tka= Tkk+q; It i easy to verify Bgq=B¢ g and

has the form Tiq= —'I*',;Y,a. SoB 5 is an even function oﬁ and'ﬁ;,a is
a odd function ofg.
H—— 1ce: t,(; - (B & —iTe xS . Further analysis requires the band structure Qf the conduc-
2 kkzn 2Ckio 0¥k (B = 1T S) tion electron and full knowledge of the matrix elements

Bk g 'ﬁ;‘a. To simplify the calculation, we assume below
that the conduction electron band can be approximated by

with R, denoting the site of the localized magnetic moment,t[he free (?Iectron band and m:iltnx eIe.ments are SJOWW vary-
ing functions of wave vectok. In this case,Jy(q) and

and Bg@%V'S’dvgk. H, describes the scattering potential of .= - .

conduction electrons by localized magnetic impurities wher’om(Q) can be calculated analytically and have the forms

the spin-orbit interaction is included. 2
mkF|CBqu|

Ju(q)=—
lIl. INTERLAYER COUPLING H(Q) 16m%h°

Xei(k’—k)-Rn, (9)

akz—q? | q+2ke
4keq nq_2k|=

The interlayer exchange coupling between ferromagnetic
layers has been studied previously using the Green's funand



12 564 KE XIA, WEIYlI ZHANG, MU LU, AND HONGRU ZHAI 55

imkelCI?B. T, - 2 2 magnetization profile in a Cu/Cr00 multilayer structures
Jpu(d)=— el 1™ Breq T 4ke—q n a+2ke lends further support to our argumént.
oM 8mh? 4keq | q—2ke| |
(15

IV. DISCUSSION AND CONCLUSION

- - - ) - Whether the anisotropic DM exchange coupling plays a
Jn(q) andJpy(q) are even and odd functions qf respec-  yominant role or not in the noncollinear coupling depends on

tively. fhe ratio of |V|/V,. Although the exact value of the DM

To calculate the interlayer exchange coupling betwee xchange coupling is determined by material parameters as
two ferromagnetic layers, we need only the components of 9 piing y P

N I . i well as the interfaces-d mixing effect and is difficult to
Ju(g) and Jpy(q) with g=(0,0,0,) since the multilayer

S Az calculate, a rough estimate of its order of magnitude can be
structures are translation invariant in the layer. After expandgpiained from previous experimental and theoretical works.

ing Bgq and Tg 4 in power series ofg, and keeping the Moriya!’ estimated that the DM term is roughlyp¢/g)
lowest orderBy_ o =B andT,_ q =q,. With these simpli-  times the isotropic superexchange term in weak ferromag-
fications, we finally obtain for a large spacer layer thicknesd'€tic crystals, wherg is the gyromagnetic ratio andlg is
the deviation from the value for a free electrBy com-
paring the DM exchange coupling with the usual RKKY
coupling in the Co-diluted CuMn spin glass alloy, Fert and
Levy?? found that the ratio of the DM coupling to the RKKY
coupling is of the order of 0.1. In magnetic multilayers, the
value of Jp(z) depends on the spin-orbit interaction con-
stant as well as the asymmetry of the system. If we take the
spin-orbit interaction constant to be the same as that in the
Co-diluted CuMn spin glass alloy, the magnitude of the DM
exchange coupling can reach 10% of the isotropic RKKY
exchange coupling. Another way to estimate the ratio of the
> mC?B72kg cog 2kgz) DM term to the usual RKKY term is to consider the aniso-
Jom(2) =~ 572 2 (170 tropic magnetoresistance in ferromagnetic alloys, which is
due to spin-orbit scattering. The rafid|/V, was found to be
about 0.03 in the measurement of the anisotropic resistance
Here, m is the electron mass. As usual, the singularities ofin  Ni-based ferromagnetic alldf. As the ratio
J(9,) andJpy(,) atg= = 2ke are responsible for the long- Jpum/In=4|V|/V,, it is again of the order of 0.1. We assume
range oscillatory behavior of the interlayer coupling. Thethat this ratio has the same order of magnitude in the
long period can be similarly obtained by replacinig=2vith 3d-based ferromagnetic layered structures.
2ke— G andG is the translational vector in reciprocal space. Note that the relative strength of 0.1 between 90° cou-
JIn(2) andJpy(2) have the same oscillation period at a largeP!ing and the linear coupling is in much better agreement
spacer layer thickness, but they differ by a phase factor ofith experiments than the relative magnitude of biquadratic
/2. |jDM(Z)| becomes dominant wheh(z) vanishes. The coupling predicted by previous theories based on intrinsic

i inh i 3 13-16 _
contribution of the spin-orbit interaction cannot be SUp'?r::agrlrgi)’r;vThC:5S|\/|Otr2?lmogkt)rt]§'noerg%r Ostr?a_slt(r?e .sameljjlgca in
pressed in an ideal interface even if the spin-depensieht ! ! yu ying

mixing potential is weaker than spin-independeat mixing form as that of the RKKY term, whereas the biquadratic

. ; . . . .coupling decays faster with the spacer layer thickness than
potential. The interplay between the isotropic and amsotropl?he %ua%ratic ():/oupling does. We vF\)/ouId algo like to mention

excha}nge couplings_ can be easi_ly seen from the interlay%at the phase difference af/2 between the DM term and
coupling energy which can be written as RKKY term makes the DM term especially important since

there always exists a region where DM coupling becomes

m(CB)? sin(2kgz)
In(2)=— 64252 ZzF (16)

and

2R M2 dominant. Thus, the fact that 90° coupling is observed when

E(6,2)=— ==—5 — [ Bsin(2kgz)cog 6) the spacer thickness is roughly between the ferromagnetic

32m*h® z and antiferromagnetic coupling is not only because the linear

+ 8k 7008 2ke2)Sin( 6)]. (18) coupling is then weak but also because the DM term is at its
maximum.

To fully test the validity of the role played by DM ex-

change coupling, more quantitative analyses of the DM term
0 is the angle between the magnetic moments of two layergnd its temperature dependence are needed, which require
and 7 is the projection ofr in the direction perpendicular to detailed information of the spin-orbit scattering effect as well
magnetizations. Whefsin(:z)| is near zero|cos(X:2)| is  ass-d mixing and other effects near interfaces. Such a study
almost 1 and the minimum oE&(6,z) is at §=90° or can provide further checks for the mechanism of noncol-
—90°. In principle, anyd is possible depending on the com- linear coupling proposed in this paper.
petition between the isotropic and anisotropic interlayer cou- In summary, we have studied the interlayer exchange cou-
pling strengths. Recent direct observation of the 50° couple@ling in ferromagnetic-nonmagnetic multilayer structures
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based on an extended Andersed mixing model. Both the gests that DM exchange coupling plays an important role in
isotropic RKKY coupling as well as anisotropic DM cou- some trilayers and magnetic multilayer structures.

pling are derived analytically using the Schrieffer-Wolff

transformation and second-order perturbation theory. While

the DM term vanishes in the crystals with space inversion ACKNOWLEDGMENTS
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