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by an amorphous-semiconducting barrier

Ming-wen Xiao and Zheng-zhong Li
Department of Physics, Nanjing University, Nanjing 210093, People’s Republic of China;
National Laboratory of Solid State Microstructures, Institute for Solid State Physics, Nanjing University,
Nanjing 210093, People’s Republic of China;
and Center for Advanced Studies in Science and Technology of Microstructures, Nanjing 210093, People’s Republic of China
(Received 28 December 1905

We have developed a tunneling theory for the exchange coupling between two ferromagnets separated by an
amorphous-insulating barrier. It includes direct non-spin-flip tunneling, assisted non-spin-flip tunneling, and
assisted spin-flip tunneling, which favor the ferromagnetic coupling in the long range of the barrier thickness,
middle-range antiferromagnetic coupling, and short-range ferromagnetic coupling. The exchange coupling
oscillates from a ferromagnetic type to an antiferromagnetic one and back to a ferromagnetic one with the
increasing of the barrier thickness if the spin-flip tunneling is strong enough; otherwise, it is always ferromag-
netic. The results are qualitatively in agreement with the experimental observations on Fe/Si/Fe and Fe/Ge/Fe
trilayers.[S0163-182606)03426-1

The discovery of an oscillatory exchange interaction beism, the coupling is expressed in terms of the spin asymme-
tween ferromagnets through a nonmagnetic metallic spacéry of the reflection at the paramagnetic-ferromagnetic inter-
has recently excited the investigation on the exchange coudaces. It succeeds in obtaining an exchange coupling which
pling between ferromagnets through an amorphousincreases with increasing temperature, but, regrettably, it
semiconducting spacer. This has indeed been verified first bglso predicts AF coupling for small gaps because it reduces
Toscanocet all in a sandwich structure of Fe/Si/Fe, and lat- to Slonczewski’s result at zero temperatitep this mecha-
terly by Fulerton et al?>® and Foileset al? in Fe/Si super- nism cannot account for the experimental phenomena as
lattices. The exchange coupling is always of ferromagnetiavell.®
type for Fe/SiO/FgRef. 5 and Fe/Ge/F€Ref. 6 trilayers, For the amorphous semiconductors sucha&Si, a-Ge,
changes from ferromagnetic type to antiferromagnetic onetc., there exist large numbers of the localized defect states,
for Fe/Si superlattice%;* and oscillates from ferromagnetic according to the viewpoint of Mott and Davi$they build a
(FM) type to antiferromagneti€AF) type and back to ferro- narrow band in the energy gap where the Fermi level is
magnetic(FM) type for Fe/Si/F€Refs. 1, 6, and Jfwith the  pinned, as sketched in Fig. 1. It is well known that those
increase of the thickness of the corresponding spacer. THecalized states in the gap near the Fermi level play a very
experimert also indicatesa-Si contains a higher density of important role in various physical processes present in amor-
defects as compared witiGe. Additionally, the coupling is phous semiconductors, such as transport properties, light
heat activatetf” and photon inducefithat is to say, it in- scattering, absorption, etc., thus, it is reasonable to
creases with increasing temperatutesand may be induced believé"1° that the localized states in the amorphous-

by illumination of visible light® semiconducting barrier are able to impose a strong influence
Two models have been proposed to explain those phe-
nomena: One is the so-called quantum-well theory for mag- A

netic tunneling junction due to Slonczewskie essence of  NE)
which is to construct, from solutions of Scldinger's equa-

tion, stationary wave functions within each of the three re-
gions of the tunneling junctiofbarrier, left and right elec-

trodes by matching them together at the two barrier-
electrode boundaries such that they and their derivatives are

E
g

continuous at these points, the spin-independent potentials in %
EV EF

the three regions and internal exchange molecular fields in
the two FM electrodes being treated within the mean-field
approximation. It predicts AF coupling for small gaps in
contradiction to the experimental observation of Ref. 6
wherea-Ge exhibits FM coupling in spite of its smaller gap 0
as compared t@-Si which exhibits AF coupling; the other

model is due to Brund’!! The system under his consider-  FIG. 1. Density of statedl(E) as a function of energg in
ation is also a sandwich of two ferromagnets separated by @amorphous semiconductors. Hefg and Ey, denote the mobility
paramagnetic spacer layer, after the perturbations due to theiges of the down and up bands, respectivilythe energy gap,
two ferromagnets are handled by using thmatrix formal-  andEg the Fermi level.
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on the exchange interaction between the two FM electrodes.
However, the quantum-well theory of Slonczewskind

Bruno’s t-matrix formalism®'*are inconvenient to incorpo- s ” Frqr)
rate this influence, therefore, we turn to the transfer Hamil- ‘

tonian approact and postulate an assisted tunneling mecha-

nism for the exchange coupling between ferromagnets U

separated by an amorphous semiconductor.

Our theory is based on the direct tunneling and the indi-
rect tunneling arising from the Coulomb interaction between
the tunneling electrons and the electrons in the localized f\

states of the amorphous-semiconducting barrier. The direct .

tunneling Hamiltonian, which is the same as the usual one W (r-Ri)

accountable for metal-insulator-superconductor tunneling - )
. |

junction, is non-spin-flip and produces FM coupling. The
Coulomb interaction results in both the indirect tunneling o ) ) )
assisted by spin-flip scattering of tunneling electrons with the F!G- 2. Tunneling junction with two FM electrodes sandwiched
magnetic moments of the electrons in the localized state® @ @morphous semiconductor. Separate wave functes)

which produces AF coupling between the two FM elec- JnlCh T SRR, FOR T e T
trodes, and the indirect tunneling assisted by the transition Qfg ) : Y €Xp y
eyond into the opposite electrode(r —R;) represents the local-

eleptrqn from one Io'call'zed state to another loca.hzed Statfied defect states in the barrier regidh.represents the height of
which is also non-spin-flip and produces FM coupling acrosgye potential in the barrier, artdthe barrier thickness
the barrier. Apparently, our theory can account the influence ' '
of the defect states in the amorphous barrier on the exchange
coupling by a natural method. It depends upon the concen- w(r)ZZ dka¢|k(f)770+2 faobrq(r) 7,
tration of the defect states whether the coupling across the ko do
barrier oscillates.

Initially, let us consider a tunneling system consisting of +> CioW(r—R) 7, (3
two semi-infinite metallic ferromagnets sandwiched with an io
amorphous semiconductor, as depicted in Fig. 2. Accordin
to the transfer Hamiltonian approaththe Hamiltonian for
the system takes the following form:

Yhere 7, denotes the spin wave functiod,, destroys an
electron of wave vectok and spin projectiorr on the left,
f4. destroys an electron of wave vectpand spin projection
o on the right, and;,, destroys a localized state of spinat

p? 1 site R; in the barrier. Inserting E(3) into Eq.(2), one finds
H=2> ﬁ+z u(ri)+ 5 > u(r=r)), (1) that the Hamiltoniar(2) can be grouped into the terms de-
' ' . scribing the electrodes separately and those describing the
. ) tunneling:
where v(r;—r;) represents the Coulomb interaction, and
u(r;) the single-electron potential. Here, we would like to H=Hg+H;+H,+H3+H,+Hg, (4)

emphasize that the heigbk of the potentialu(r) in the bar- o ]
rier region originates in the difference of the energy gap ofn€ rest terms of the Hamiltonian being neglected because
the semiconducting barrier and the Fermi level of the electhey have less effect on the tunneling. The first term in Eq.
trodes, the smaller the gap is, the lower the helghs, and
the weaker the attenuations of the wave functions are in the
barrier region(see Fig. 2 = T T

In the second-quantized representation, the Hamiltonian Ho kzo €kgdk”dka+§ asfasf s ©

(1) Is reformulated as represents the energies of the electrons on the left and right

FM electrodes where the splittings of energy bands arising

from the Coulomb interaction have been included. We cau-
¢(r) tion that each of the two FM electrodes may, now, have the
magnetic quantization axis of itself and differ from each
other by an angle. The second term

2
sz drz//T[;—eru(r)

1
+§ J Jdrldrzl//T(rl)lﬂT(rz)U(rl_rz)l//(rz)'ﬁ(rl),
2 H1=k2q ; (Td},f g+ H.C) (6)

where ¢Ar) stands for electron field operator, it can be ex-is the tunneling Hamiltonian usually used, it describes direct
panded in terms of statag(r), ¢.4(r), andw(r—R;), as  or nonassisted tunneling processes where the tunneling elec-
described in Fig. 32 they represent, respectively, complete trons do not interact with the localized states in the barrier
sets of states on the left and right sides of the junction anevhen they transfer from one FM electrode to the other. The
overlap in the barrier region itself, and the localized defectrest of the parts of Eq4), which come from the Coulomb
states near the Fermi energy in the amorphous barrier. Thusyteraction between the tunneling electrons and the localized



3324 MING-WEN XIAO AND ZHENG-ZHONG LI 54

states in the barrier, describe the indirect or assisted tunnethe thickness of the barrier:

ing processes where the tunneling electrons interact with the L R p?
localized states in the barrier when they transfer from one kq):f dr i (n)| 5 FU(r) | drg(1), 13
FM electrode to the other. The third term
1
H2:; E 2 Ti(lfc)q_ETEE&)ni(dlofqo"‘fladqo) (7 Ti(lfé:J Jdrldrzﬁbrk(rl)WT(rz_Ri)U(rl_rz)
q o i

stands for the interaction between the charge of the tunneling X rg(r2)W(ri—Ry), (14
electrons and the charges of the localized states in the barrier

where nizE(,ciT(,ci(,, this charge-charge interaction should Ti(j“lngztijj fdfldfz¢|Tk(f1)WT(fz—Ri)v(fl—fz)

be compensated by the contribution from the positive back-

ground because the whole barrier is neutral, so we omit it in X rg(r)W(r,—R;), (15
the following. The fourth term

Tiia=ti f f drydro i (r)W'(r,=R)o(ry=r7)
H3:_% Z Tika{ST(dl oy =i, fq))

><()Zsrq(r2)w(rl_Rj)- (16)

(i de—frd.)1+s(df f..+ffd They are evidently determined by the wave functions
(Fhylar = fly dap) 1+ 57 (A Ty + Fiy day) D1k(r), érg(r), andw(r —R;). As is well known, ¢y (r) and
+S7(df o+l dgp)} (8)  yq(r), respectively, attenuate as** ande™ =% (x<t, x

along the direction of the junctigorin the barrier regiot?
describes the assisted tunneling processes through the scatheret is the thickness of the barrier andthe decay con-
tering of the tunneling electrons with the localized stant which is determined by the heidhtof the potential in
moment$® whereslx'y1=2&ﬁc?ag§/j Cip (0yy, denote the the barrier region and decreases with the decreask ahd
Pauli matricesrepresent the moments of localized states. AsV(r —R;) attenuates as™ "Rl where a is the localization
is well known, this term can result in spin-flip scattering coefficient of the amorphous barriéz™* is the localization
processes, in which the spin projection of one tunneling elecength. With those one can easily find from E@.3) to Eq.
tron increases and that of one localized electron decreases, G/
vice versa. The last two terms are given by

Tigxe (17)
(3) —(1/2)(k+a)t
Ha= 2 3 3 {TijldioCly CiorfaotHEh (9 Thige™ M2, (19
'fi(flzqoce_(K+2a)t’ (19)
_ ) 4f ot o f o, e .
Hs ; qu% (oGl Ciofqor +H.CY. (10) T(E ce e, 20)

in obtaining T andT®),, we have used the fact that the

. . : ijkq ijkq
They describe the scattering processes where one tunneliRgain contributions taH, and Hs come from the localized

electron transfer from one FM side to the other accompaniediates near the two faces of the barrier. It is worthy of noting

by the hoping of one localized electron from one site to,, ..=(4) ;
. . thatT;;), attenuates so fast tht, can play a role only in the
another, the difference between them is analogous to that, . lika . play Y

: . . of a very thin barrier. Now that we mainly concern the
gtra]gween the direct Coulomb interaction and the eXChangSttenuation behavior of the exchange coupling in the case of

As a simple approximation, we treat,Hand H with quite a thick barrier, it is rational to neglet, hereafter, so
) 4

! . + : we arrive at our working Hamiltonian
mean-field theory, that is to say, we replaggc;,., with
their mean-field valuescc;rgciw:tij é,, . Here, we have H=Hy+H;+H3+Hs, (21
not taken into account the polarization effect of the barrier .
by the magnetic electrodes becausésklmauer spectroscopy whereH, describes the two FM electrodds, andH; rep-

indicates that the barrier is nonmagnétithus, one gets resent direct and assisted non-spin-flip tunneling, respec-
tively, andH5 represents assisted spin-flip tunneling.

Let us suppose that the spin quantization axes of the two
H,= T@ §f f 1Hcl 11 FM electrode_s differ byg a_Iong they dlr_ectlon and that the
! kzq ; ;J (TijkateoTar ) A3 spin vectors in the tunneling Hamiltoniaks,, H;, andHs
are all projected with respect to the axis of the left FM elec-
trode, Therefore, the destruction operattgyin H,, H;, and
HS:E 2 2 {T<5) dlgfq;r H.cl, (12) Hs should transform as

’ ijkq
kg o i#]j
for= UM 0)fqss (22
T(4) _ 4 F(5) _ 5
where T, = 2t; Tiil, and T =t T, - , , where
Now, we turn to analyze the attenuation behaviors of the

tunneling matrix elements{y), T&), T, , and T, with U(g)=el’2oy?, (23
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On the left-hand side of Eq22), the spin vector is projected same form as a Heisenberg exchange energy, it is this term
with respect to the spin quantization axis of the left FMthat represents the exchange interaction between the two FM
electrode, and on the right-hand side of EB2), the spin electrodes. In accordance with the experiments, the exchange
vector is projected with respect to the spin quantization axigoupling strengtid can be defined as

of the right FM electrode. With Eq(22) the Hamiltonian

(21) can be rewritten as J=HEn(0)—Ein(m}={3|A(t) +C(1)|?

H= 2 Ek)\dk)\dk)\"'z gqs gs
. ~HBOPAY 00 X0y 3D

+ Tie UMS(0)d], fgst+ H.C
kzq % [T (6)dyy fgs ] Equation (31) indicates that] is the times of the two

terms, the one in the braces and the one followingathtihne

_2 2 2 [T(E)S MU 0)dle +H.C] former, as a function of the thickness of the bartieorigi-
ka hos T 014 a nates from the tunneling matrix elements so that it reflects
the effects of the intrinsic properties of the barrier on the
+2 3 D [TE Urs(9)d!, f oo+ H.Cl. (24)  coupling, the latter results from both of the energy bands of
ka As i ka e the left and right FM electrodes so that it reflects the effects

of the intrinsic properties of the electrodes on the coupling.
According to the definition, the two FM electrodes are
antiferromagnetic coupled whed>0, and ferromagnetic

What faces us now is to calculate, from the Hamiltonian
(24), the exchange coupling which is contained in the whole
interaction between the two FM electrodes. The whole 'ntercoupled whenJ<0. The sign of] is determined by the co-

action energyE;,(¢) reads operating result of the two terms on the right-hand side of
_ Eq. (31). In order to analyze the sign af in detail, we
in(@)=(Hp)+(H3)+(Hs). 25 . -
in(0)=(H1)+(Hs)*(Hs) @9 assume, for simplicity, the two FM electrodes are made of
TreatingH;+H3;+Hs as a perturbation tdd,, expanding the same material such that the dispersion relations, pf
E;.(0) to the second order of the perturbation and averagingind {4, are the same. Under those considerations, one has
it with respect to the randomness of the localized spins, we

obtain f(e)—1({)
1 3 Xo’o”:f f dedgga(e)go’(g) e_g
Ein(e): ‘A(t)+c(t) - ]2, Xoa! ( )_ (g)
z ~0,(09,'0) [ [ deas =2 @2
1 1
+1 = [A( -
2 ’ 8 ) where g(€) represents the density of states of the energy
band with spino, and g,(0) its value at the Fermi level.
X D 50" Xy COD, (26)  From Eq.(32), one can easily find
oo’ f(E) f({)
2
where E 70" X =[8/(0) =0, (0)] f f dedf —_—7—=0.
(33
A =T =A™, (27)

Equation(33) indicates the contribution td from the elec-
trodes is never greater than zero because the integral is al-
|B(t)|2—2 |T|Ec)1 2= |B,|2e(kt et (28)  ways negative. Pgrticularly, Wheg}(O)zg_l(O), J=0, i.e,,
there does not exist any exchange coupling between the two
electrodes when they are paramagnetic. This term does not

= T —at change its sign and value with the barrier thickness so that
C(t)_; Tijka=Coe %, 9 hether the exchange coupling oscillates depends only on
|A(t)+C(t)|2/2—LB(t)|2/8. There are two contributions to
f(exe) = F(Lgor) this term,—|B(t)|“/8 comes from the spin-flip tunneling pro-
Xoo' =2 (300 duced by the Hamiltoniam,, it favors antiferromagnetic

kq €koLqor L 2 .
coupling;|A(t) + C(t)|“/2 comes from the non-spin-flip tun-

where the moment dependencies of the tunneling matrix elreling produced by the Hamiltoniat$, and Hs, it favors
ements are neglected aridw) is the Fermi function. We ferromagnetic coupling. The net coupling is determined by
note that the minus sign befofB(t)|%8 in the second brace the competition between the non-spin-flip tunneling and the
pair of Eq.(26) arises from the spin-flip scattering between spin-flip tunneling: in the region where the non-spin-flip tun-
the tunneling electrons and the localized states in theeling dominates, i.elA(t) + C(t)|?>|B(t)|?/4, the net cou-
amorphous-semiconducting barrier. pling is of ferromagnetic type; in the region where the spin-
Obviously, the first term in Eq(26) has nothing to do flip tunneling dominates, i.e|A(t) + C(t)|?<|B(t)|?/4, the
with the exchange coupling because it is independen, of net coupling is of antiferromagnetic type.
the angle between the magnetization axes of the two FM The tunneling matrix element(t), B(t), andC(t) are
electrodes. The second term is a functionépfand has the determined by the detailed properties of the barrier, there-
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fore, in order to discuss the competition between the spin-flip 0.2
tunneling and the non-spin-flip tunneling, it is necessary for

us to investigate in detail which properties of the amorphous-
insulating barrier influence them. Equatidgd7) indicates

A(t) is a reflection of the height of the potential in the barrier 0.1
region which is, as emphasized before, proportional to the

gap of the barrier, thus, the lower the gap is, the smaller the

k is1120n the other hand, from Eg29) we see thaC(t)

reflects both the extent of the localization which is measured _e 0.0
by « and the concentrations of the localized electrons and
holes through the sum ovérandj, Cyxpcp,, Wherep, and

pn, are the concentration of the localized electrons and that of
the localized holes, respectivelB(t) reflects all the effects -041
of the gap, localization, and concentration of the localized
electrons[see Eq.(28)], |Bo|?>pe. In a word, the gap and
localization of the barrier control the attenuation behaviors

1/3

of the tunneling matrix element(t), B(t), andC(t), and -0.2 oo — L — L |
the concentrations of the localized electrons and holes 0 10 20 30 40 50
change the amplitudes &(t) and C(t), but have no influ- t(A)

ence on the amplitude @(t).

For amorphous semiconductoescan be evaluated from
the density of states at the Fermi levéand « can be esti- FIG. 3. The exchange coupling vs the barrier thickness. Here
mated approximately from the formule= 2m.U which is  Jo=ICol? 0" Xso/2, Co/Ag=3.0, k=8 A, o =20 A, and the
the result of Schidinger equation in the barrier regigeee  curvesa, b, c, d, ande correspond toB,/A;=0.65, 0.68, 0.70,
Fig. 2, For a-Si, a-Ge, anda-SiO, o '=3~12 A and 0.72,and 0.73.
E4=0.8~1.3 eV which leads t&J =0.4-0.65 eV and further o ) )
to kK 1=15-25 A. That meana>« for a-Si anda-Ge, so  Non-spin-flip tunneling attenuates most fast and is account-
C(t) attenuates more quickly tha(t), andB(t) attenuates able fc_Jr the short-range _ferromagnetic coupling, th_e spin-flip
more quickly thamA(t). Therefore, ifB(t) is large enough, tunneling attenuates neither fast nor slowly and is respon-
there will appear an antiferromagnetic region in the middleSPle for the antiferromagnetic coupling possibly emerging in
range of the barrier thickness, the ferromagnetic regions odhe middle range. The coupling is oscillatory with the thick-
cupying the two sides of it, in other words, the exchange€SS of the barrier if the §p!n-fl|p tunne!mg is strong enough,
coupling will oscillate from ferromagnetic type to antiferro- @nd always ferromagnetic if the spin-flip is weak. Those in-
magnetic one and back to ferromagnetic one with the inlerpretations are qualitatively in agreement with the experi-
creasing of the barrier thickness. The antiferromagnetic reMents. _ . _
gion shrinks gradually with the decreasing Bft), when The above discussions are restricted to the zero tempera-
B(t) becomes very small it will disappear so that there will ture. As for finite temperatures, the increase of the coupling
exist only ferromagnetic region in the whole range of theWith temperature becomes an important characteristic of the
barrier thickness. SinciB,|2 is proportional to the concen- amorphous semiconducting barrier. It reminds us of the con-
tration of the localized electrong,, in the barrier, the pre-
vious analysis means that the amorphous barrier with a high

concentration of localized defects favors the occurrence of a 0.2 mT = 7 A
oscillating exchange coupling. That is why the experimental I zfg‘g
observations show that the coupling is oscillatory in Fe/Si/Fe FM 0:1 '5
but always ferromagnetic in Fe/Ge/Fe because the concentra- 0.1} d'-z'o .
tion of the localized defects ia-Si is higher than tha-Ge® o

As an illustration of those interpretations, we have shown _—
our numerical results of Eq31) in Figs. 3 and 4. From them >o,o

one can easily see that the exchange coupling oscillates when
B(t) is large enough, with the decreasingRift), the oscil-
latory strength gets weaker and weaker and disappears in the —0.1
end such that the coupling becomes always ferromagnetic.
In summary, we have developed a tunneling model for the
exchange coupling between the two FM electrodes separated

-0.2 . 1 . 1 . 1 N 1

by an amorphous-semiconducting barrier. The tunneling 0 10 20 30 40 ' 50
Hamiltonian consists of two kinds of processes: the spin-flip ;
tunneling and the non-spin-flip tunneling, the non-spin-flip t(A)

Hamiltonian has two pieces, one is the direct tunneling term,

the other is the assisted term. The direct tunneling attenuates FIG. 4. The exchange coupling vs the barrier thickness. Here
most slowly and is responsible for the ferromagnetic cou-J,=|Cy|? 2, Xoo'!2, Col Ag=—2.0,k =8 A, &« 1=20 A, and the
pling in the long range of the barrier thickness, the assistedurvesa, b, ¢, andd correspond td,/A,=0.0, 1.0, 1.5, and 2.0.
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ductivity present in the amorphous semiconducidfett’s barrier. Therefore, we believe it is the electron-phonon inter-
T4 Jaw) and the phonon-assisted tunneling conductance ofction that is accountable for the increase of the exchange
the junction with an insulating barrier, they both increasecoupling across an amorphous spacer with increasing tem-
with the increasing of temperature, too. The main physicaPerature. The corresponding finite-temperature theory con-
reason for them is considered to be the electron-phonon if2iNing the effects of the phonons in the amorphous spacers
teraction which leads to phonon-assisted hopping of the eled® being under working and will be published elsewhere.
trons in the localized states of the amorphous semiconductor This work was supported by the Ke-Li Fellowship of
and phonon-assisted tunneling of the tunneling electrons, resanzhu Co. Ltd. in Shandong, the Doctoral Program Foun-
spectively. Those jointly mean that the electron-phonon indation of High Education and the National Natural Science
teraction will play a central role in an amorphous tunnelingFoundation of China.
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