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Noncollinear interlayer coupling across a semiconductor spacer
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Based on the extendeddd 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|S0163-182607)00447-5

Indirect exchange interaction between ferromagnetic layon the magnetic-semiconductor multilayer structure reveals a
ers across semiconductor spacers has been extensively stdifferent type of temperature dependence of interlayer cou-
ied both experimentally and theoretically. In experimentspling. The measured saturation field suggests that interlayer
the following different features were observed in differentcoupling becomes weaker as temperature increases, which is
structures: ferromagnetic interlayer coupling for Fe/SiO/Fen disagreement with the theoretical predictions of current
(Ref. 1) and Fe/Ge/F¢Ref. 2 sandwiches and spacer-layer- models and thus a different approach is needed. The problem
dependent oscillatory behavior of interlayer coupling forof RKKY-like exchange coupling between two magnetic im-
Fe/FeSi(Ref. 3 and Fe/S(Ref. 4 trilayers and multilayers. purities embedded in a semiconductor host was studied long
For some structures the coupling is antiferromagnetic ahgo by Abrikoso¥® and was applied to the one-dimensional
room temperature and ferromagnetic or no coupling at lowsemiconductor-based spin glasses. The calculated physical
temperaturé.In a recent experimenthe interlayer coupling properties agree qualitatively with the experiment data and

in Fe/SiFe/Fe was found to be strongly antiferromagnetiqhey show that the RKKY-like exchange coupling does exist
and decrease exponentially with spacer thickness. The nofj; the system with a semiconductor host.

collinear interlayer coupling is also observed in Fe/FeSi

(Ref. § multilayers. Heisenberg-type and Dzyaloshinski-MoriydDM) —type

_V_arlous th(_eoretlcal models were proposed to explalr_l theRKKY-Iike interlayer coupling across semiconductor spacers
origin of the interlayer exchange coupling across semicon-

ductor spacers. The first is a tunneling mddédbr interlayer with a general band structure. Our study is based on the

coupling. Here, the spacer layer was taken as a potentiQXtendeS'd exchange model derived in a previous wéfk,

barrier and the problem was solved within the picture of free/Vhich includes the effect of spin-orbit interaction. The ex-

electrons. The interlayer coupling was predicted to be aféndeds-d exchange model contains both isotropic and an-
exponentially decaying function of spacer thicknesand isotropic terms._ The_ anisotropic sc_attermg potent_lal also
takes the forml=z"2exp(~z/\y), where\ is a characteris- leads to noncollmgar interlayer coupling across semiconduc-
tic length determined by the potential barrier. The effect oftor spacers. The interlayer exchange coupling decreases ex-
indirect tunneling on the interlayer coupling through the lo-ponentially as spacer thickness increases and can be ex-
calized states was also studied receftfhe second is the pressed ag=z"*%exp(~z/\y), with z and A4 denoting the
Kondo insulator model® The interlayer coupling calculated spacer thickness and characteristic length determined by the
in this model oscillates from ferromagnetic to antiferromag-band structure of the semiconductor spacer. Our calculated
netic as the spacer thickness varies. The exponential decayerlayer coupling can be either monotonic or oscillatory,
ing behavior was also obtained, but with a constant prefactodepending on the band structure and orientation of the
J=exp(—2z\g). The third modéf is based on the indirect spacer. This result is different from those obtained in the
magnetic exchange interaction mediated by bound excitoprevious theorie&°

and correlated intermediate states. The attractive Coulomb The Hamiltonian we start with is a sum of the Hamilto-
interaction between an electron in the conduction band and @ians contributed by the ferromagnetic and semiconductor
hole in the valance band of a spacer was believed to play adayers. In the ferromagnetic layer, we adopt the extended
important role. Andersons-d mixing Hamiltonian* which takes into ac-

All the present approaches did not consider thecount both the extendes electrons and localized elec-
Ruderman-Kittel-Kasuya-Yosidd&RKKY) —like indirect ex-  trons. Thed electrons form the localized magnetic moments
change interaction since it is believed that the result is noin the ferromagnetic layer and tiseelectrons extend into the
relevant to the temperature dependence of interlayer cowsemiconductor layer, mediating the magnetic coupling be-
pling observed in the experiments. However, a recent $tudy tween the neighboring ferromagnetic layers. The extended

In this paper we derive analytical results of both
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s-d mixing Hamiltonian in the ferromagnetic layer can be tion. Further analysis requires the band structure of the semi-
transformed into an extendedd exchange Hamiltonian us- conductor and full knowledge of the matrix elements

ing the Schrieffer-Wolff transformation. The interaction be-\]"2 o ,-r-(2 o . To simplify the calculation, we consider the fol-

tweens electrons andi electrons to the first order of spin- |5\ying band structuré® one maximum in the valence band
orbit coupling read$ at k=0 and several equivalent minima in the conduction

1 - . . band atk=K;. The electrons and holes are assumed to be
v=— 2> 5 Yoo QericSn =1 TireX Syelk R, isotropic and the energy spectrum can be expresseq=as
kk'.n 0 —#2k2/2my, for the valence band and,=#2%(k—K;)%/2m,
+E, for the conduction band. The matrix elements are as-
Here ¢ @y =(Ci.(am1 »C.n) " and S,=(1/2)y},0an.  Sumed to be slowly varying function of wave vectir so

CES and C/ . are the creation operators for tiseelectron thatJl'z w=Jand 'Fl’; o= 7(k,— k), with J and 7 a constant
with momentumk and localizedd electron on lattice site, and a constant vector, respectively. In our casis, taken to

respectivelys is the spin index. From the expression in Ref. be parallel or antiparallel to the axis.
14, we haveJgi=Ji and Tpg=—Tge. In the high- The expression in square brackets in ).can be rear-
symmetry bulk crystals, the space inversion symmetry reranged as J; ;, My—iT - X M) - (Ji o M +iTE o, X M).
quires Tig=Tggr and Tgx=0. This is not the case in the |f Jl’zlz, andf‘é ¢ were both independent afandk—Kk’, Heys
ferromagnetic-semiconductor multilayer structures where th@youid be isomorphic to the symmetry of isotropic case, as
space Inversion symmfztry is generally broken, especiallyointed out by Shekhtmaet al® However, this is not the
near the interface. Thubg/; can have a nonzero value. As case and the degeneracy problem encountered in Moriya's
we will see below, this term contributes to the noncollinearexchange coupling is generally absent in the multilayer sys-
interlayer exchange coupling between the neighboring ferrotem. This point can be seen even more clearly after the mo-
magnetic layers. mentum integration. The Hamiltonian does not have the fea-
To get a physically transparent result, we assume that thiire needed to be transformed into the isotropic case. Thus
localized moment is the same and the summation owean  the exchange interaction through semiconductor spacers is
be done for each ferromagnetic layer. The summation over gnjsotropic in general. Sindjﬁ,§'|/|\]£,1€'| is a small param-

single atomic layer in the ferromagnetic layer gives rise 10 &ster, only the zeroth- and first-order terms are kept below.
conservation law for the parallel electronic momentkin As usual, the summation over momentum in Eg). can
=Kk and summation over different atomic layers results in arPe replaced by an integration. After the variable transforma-
additional factor g ¢=sin(k,—k)Na/2)/sif(k,—k)a/2].  tion k,—k;=q—Kf and (me/my) % +(my/me)"*(k;
HereN anda are the number of atomic layers in the ferro- —K{) =K, one obtains at zero temperature
magnetic layer and the lattice constant, respectively. To sim-
plify the calculation further, we assume that the interface e
between the ferromagnetic layer and semiconductor layer is Hei= — 2
transparent. Then the exchange coupling between two ferro- 4(27)*mni mp /Mg
magnetic layers across a semiconductor spacer can be ob- EJ“ m_h
tained using the second-order perturbation theory in terms of
V in the same way as in Ref. 8. The effective coupling [32|\7|n.|\7|m+2i3(q_KiZ);.(|\7|n><|\7|m)]
Hamiltonian can be expressed by X >

he K +q

(ks|V|k’s')(k's'|V|ks) @ 2 my+mg

nm k” k2. Ky s,s’ GR_GRI (4)

eiqz —iKiZz
2
fdkudq dKk——————

+cC.C.

+A(kH)

wheren denotes one ferromagnetic layer amddenotes the Here K;=(K!,K? and A(k”):ﬁZkHZ/thjL ﬁZ(k”—KU)Z/
neighboring layer. K| ,k, k;) is a sum over the conduction 2m,+ Ey.

and valence bands of the semiconductor. The interlayer cou- The integration oveq andK is reduced to a Hankel func-
pling energy per area is given by tion. After using its asymptotic formk,(x)=2mx/xe %,
R Hc¢s can be rewritten abl.;s=H,+H,+Hj, with
fiz(l_flz/)ei(szkz)z

1
H = —_— —1 —
eff 2%% Izszlzz’ ey - /—mhrnez J2eiK{z v ez
Hi=- 8 I Voq \/EMn'Mm

2#2 mn,i ad

X[19f @2 Mpy- M+ 213

T +c.c., (53)
(T X M) - (T 1 XMp) . )

[ —iKZz —az
Here z is the spacer layer thicknes&éyg,zgg,g/\]g,g/, and  H,= mh';nezl Je 3' fdkﬁ‘ /%e—z%(ﬁlnx M)
Ti =9k Tiir- My (m is the magnetization of layer(m) 2h% mni 8w vz

per area.IZE(k” ,k,) and f; is the Fermi distribution func- +c.c., (5b)
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The integration ovek; can be done by shifting the origin

of k; to kH—[mh/(mh+me)]K¥|=O and an incompletd”

function is obtained. Using the asymptotic expressio

I'(a,x)=x*"1e™* one finally arrives at

w2
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conductor spacerK;=0), the coupling is always ferromag-
netic and no oscillation behavior can be observed. For an
indirect-gap semiconductor spacer, the interlayer coupling
oscillates from ferromagnetic to antiferromagnetic as spacer
thickness increases. The oscillation period is given byK?

and depends on the orientation of spacers. Interlayer cou-
pling does not oscillate for the special orientation with

=0. For a typical indirect-gap Si semiconductor spacer with
lattice constana=5.4 A, K?=rr/a for (001) orientation and

the oscillation period isl=2a=10.8 A. This oscillation pe-
riod is much larger than the interface roughness. Indeed, a
clear oscillation period of 10 A has been observed in Fe/Si
multilayered structures.

As in the case of metallic spacer, the spin-orbit interaction
also induces DM-type interlayer coupling in the
ferromagnetic-semiconductor multilayer structures. To esti-
mate the relative strength of DM coupling over Heisenberg
coupling, we use the band structure parameters of Si and
H2/H1~(27/J)[2.2\/2mEg/hz]. 7 depends on the degree
of symmetry breaking near the ferromagnetic-semiconductor
interface and its order of magnitude can be only roughly
estimated. In the Fe/Cu multilayers, it is more or less
known'* that (27/J)[ V2mEg /%%]~0.1. If one assumes that

7 is roughly the same, we obtal, /H;~0.09 andH3/H;

wexd — my+ Mg K 7| N N (63 has a similar order of magnitude. For direct-gap semiconduc-
Jmym, ° nome tor spacers3=0 and the DM-typeH, and the Heisenberg-
type H, interlayer couplings depend on the spacer thickness
w2 (mymg)¥4 \/K_g , in exactly thg same way. Thg Igrger the energy gap, the
H,= 572 T 2. a2 coK{z larger the ratioH,/H;. For an indirect energy gabd;+0.
h” (Mp+me)~mni z This term has the same function dependence on spacer thick-
ness as that afl;, except for a phase difference of2. H;
<exd — mh+meK 7| K 7 (M XN,  (6b) reaches its maximum whed, andH, are near zero. It is
Jmme 2 neeme interesting to compare the oscillatory behavior of DM inter-

layer coupling across semiconductor spacers with that across
metallic spacers. In zero temperature, DM interlayer cou-
pling across metallic multilayers has only one term; its phase
differs from Heisenberg interlayer coupling bay/2. In the
N structure with semiconductor spacers, DM interlayer cou-
xexg — Mh meK z|KZ7- (M, XM,). (60 pling has two terms. One term is the same as that in the
Vmymg metallic layered structure, whereas another term has the
. . _ same spacer thickness dependence as that of a Heisenberg
These expressions are the effective exchange coupling acraggy, 'gq in the magnetic layered structure with semiconduc-
semiconductor spacers at zero temperattirgis the usual o gpacers, the DM term does not reach its largest value as
Heisenberg-type RKKY interlayer coupling, whilé, and ¢ Heisenberg term vanishes.

H; are thg DM-type interlayer goupllngs. ) The spacer thickness fluctuation the’(?ry)f biquadratic

The Heisenberg-type RKKY interlayer exchange couplingeoypling in metallic multilayers cannot be applied to the
across semiconductor spacers reminds one of the couplingtijayers with semiconductor spacers. This is so since in
across nonmagnetic metallic spacers. While for the metalli¢yetqlic multilayers the RKKY interaction oscillation period
spacer the thickness dependence of interlayer coupling is d&s spout 2 or 3 A. The long-period oscillation of interlayer
scribed byJoz"?, the interlayer coupling across a semicon- coupling is due to the alias effect, so one or two atomic-size
ductor spacer has a much stronge[gepie%\dence on the spagghnges in the distance between magnetic impurities induces
thickness and has the formd=z™*%~#**, where g a sign change of the RKKY coupling. Also, the fluctuation in
= Vmyme/ (M, +me)Kq is a characteristic length determined the spacer thickness results in competition between ferro-
by the band structure of spacers. Note that our result alsg\agnetic and antiferromagnetic interlayer coupling, thus the
differs from the Optical electrons theOI’y of BruﬁWhere the magnetization Of ferromagnetic |ayers W|" a“gn nonco'_
interlayer coupling takes the fO@VZfZe*mB- This differ-  |inearly. However, in the multilayers with semiconductor
ence is due to the neglect of thedependence of the semi- spacers, the oscillation period of coupling between magnetic
conductor gap and the barrier height having been taken asimpurities is about 10 A, so the sign does not change on an
constan® atomic scale. The fluctuation of the spacers thickness does

In our model the oscillation period depends on the bandiot induce the biquadratic coupling in the multilayers with
structure and orientation of spacers. For a direct-gap semsemiconductor spacers.

w2J (mpme)®4

Hs= E \/K_g

252 (M +mg) ¥ 732

SinK?z
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In summary, we have derived analytical results of bothFurthermore, the noncollinear alignment of neighboring fer-
Heisenberg-type and DM-type RKKY-like interlayer cou- romagnetic layers can be naturally explained by our DM in-
pling across semiconductor spacers with a general bangrlayer coupling.
structure. The interlayer exchange coupling decreases expo-
nentially as spacer layer increases and is expressedl as
=z %%xp(—2z/\y). For a direct-gap semiconductor spacer, The present work was supported in part by the National
the coupling is always ferromagnetic and no oscillation beNatural Science Foundation of China under Grants Nos.
havior can be observed. For an indirect-gap semiconductddNSF 19677202 and 19674027. The partial financial support
spacer, the interlayer coupling oscillates from ferromagnetidfrom a key research project of “climbing programme” by
to antiferromagnetic as spacer thickness increases. The osdhe Science and Technology Commission of China is warmly
lation period is also influenced by the orientation of spacersacknowledged.
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