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The tunnel magnetoresistan(BMR) of F/O/F magnetic junctionsK’s are ferromagnetic layers ar@is
an oxide spacerin the presence of magnetic impurities within the barrier, is investigated. We assume that
magnetic couplings exist both between the spin of the impurity and the bulk magnetization of the neighboring
magnetic electrode, and between the spin of the impurity and the spin of the tunneling electron. Consequently,
the resonant levels of the system formed by a tunneling electron and a paramagnetic impurity wih spin
=1 are a sextet, and the resonant tunneling depends on the direction of the tunneling electron spin. At low
temperatures and zero bias voltage, the TMR of the considered system may be larger than that of the same
structure without paramagnetic impurities. It is calculated that an increase in temperature leads to a decrease in
the TMR amplitude due to excitation of spin-flip processes resulting in mixing of spin-up and down channels.
It is also shown that asymmetry in the location of the impurities within the barrier can lead to asymmetry in
I (V) characteristic of impurity-assisted current. Two mechanisms responsible for the origin of this effect are
identified. The first one is due to the excitation of spin-flip processes at low voltages and the second one arises
from the shift of resonant levels inside the insulator layer under high applied voltages.
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[. INTRODUCTION ing in tunnel magnetic junctions was investigated recently in
Ref. 12, but two essential physical features have not been
The observation of the large tunneling magnetoresistanceeated properly in this work. First, only one resonance chan-
effect at room temperature in tunnel junctions of the formnel, corresponding to the highest spin state of the impurity,
M/O/M’ (whereM andM' are magnetic metals ar@@dis an  has been considered as an additional contribution of impurity
oxide tunnel barrierhas stimulated a renewed interest for scattering to the tunnel current. The possible inelastic nature
these systems:3 In addition to the fundamental interest for of such a spin-flip process has not been taken into account
spin-polarized transport, these structures are also foreseen @sd as a result the so-called zero-bias anomaly is not traced
potential candidates for sensitive magnetic sensors anid the obtained temperature dependence of magnetoresis-
memory cells in random access memory devices. The firgance. Secondly, the linewidths of impurity levels have not
model of spin-dependent tunneling in the framework of clasbeen considered, but as it will be shown below they do de-
sical quantum mechanics was proposed by Stonczetvskipend on the position of the impurity atom inside the barrier
However, in this approach no scattering of electrons in theas well as on the magnetic configuration of the magnetic
magnetic metallic electrodes was taken into account. Thitayers. Moreover, these linewidths actually define the value
model has been subsequently developed in Refs. 5,6 by usimgj the tunneling conductance and the amplitude of the TMR
the Kubo formalism of linear response. The effects of elastidor spin-conserving and spin-flip resonant tunneling. An at-
impurity scattering inside the metallic layers and at inter-tempt at an analysis of the same problem has also been un-
faces between the dielectric and conductive layers could thedertaken in Refs. 13,14, but the microscopic mechanism of
be incorporated in the model. On the other hand, it is wellelectron scattering on the paramagnetic impurity was also
known' that the presence of impurities inside the potentialnot taken into account.
barrier can lead to the mechanism of resonant tunneling In this paper, we propose a renewed study of the problem
when the localized electronic states within the gap of theof impurity-assisted tunneling in spin-valve junctions of the
insulator formed by embedded atoms lie close to the chemiform F,/O/F3, whereF’s are ferromagnetic electrodes and
cal potential of the system. This situation was qualitativelyO is an insulating barrier with embedded paramagnetic im-
studied in a mesoscopic semiconductor sy§tenthe case of  purities that incorporates the effect of both elastic and non-
one- and two-impurity resonant channels by means of a claglastic spin-flip scattering due to the exchange interaction
sical quantum-mechanical treatment. The same approach hbastween the itinerant electrons forming the tunneling current
been used in Ref. 9 and applied to impurity-assisted tunneland the localized spins of impurities. It will be shown that
ing magnetoresistanc@ MR). The numerical analysis of this nonelastic scattering has an essential impact not only on the
problem which was carried out in Refs. 10,11 should also béemperature variation of the TMRwhich is a well-
mentioned. In Ref. 9 only the case of spinless impurities wagstablished resdf) but also on thé -V characteristics of the
considered, and the author came to the conclusion that theonsidered structures. The latter effect was predicted in Ref.
TMR amplitude decreases due to impurity-assisted tunneli5, where the TMR dependence on the electron scattering by
ing. The problem of paramagnetic impurity-assisted tunnelinterfacial magnons was investigated.
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Il. MODEL &

A. Kubo formula and general expression for the conductivity [
of the system e

The following simplified model is adopted throughout the = ceeee-t - e EEE
paper. First of all, the thickness of an oxide layer is supposed :
to be much smaller than its in-plane dimension and the in- eV I
terfaces are assumed to be flat, so that they may be consid- A\ kY :

|
c

1
ered as homogeneous in tkg plane (parallel to the inter-

faces. We also denote the axis perpendicular toxlyeplane a
as thez axis. Within each layer, the electrons are described

as a free-electron gas and they undergo scattering on th
g y 9 g tﬁrough theF/O/F junction comprising impurity defect inside the

three-dimensional3D) ¢ function impurity potential within oxide spacerk’, K, q, are the momenta inside the magnetic

the insulating barrier. In the present article we have no in d oxide barri VelvA®) d h ,
tention of incorporating the features of the possible interfa-o) o> and oxide barmer, respectively;(s) denotes the spin-

ial h Il which al tak | d .t.dependent conduction band bottothjs a level of the barrier, and
clal rougnness as well, which always takes place and cri "sF is Fermi energy. The paramagnetic impurity is located at point

,Ca”y depends on the conditions of a preparetion C?f the‘I'he variation of the potential profile under high bias voltage is
insulator layer. We only note that from a theoretical point of;jicated by the dashed line.

view, the influence of electron scattering at the metal/oxide

interface due to interfacial roughness was investigated in ouf,e impurity ion and a hopping electron form the intermedi-
earlier work? It was shown that two contributions to the 4te resonance quantum state with the finite but long enough
tunnel current exist, one is due to a specular transmissiof¥e_time and with total sping+9). It is possible due to the
through the barrietballistic conductandeand the other one  gychange interaction between the spin of electron and the
is due to tunneling assisted by interfacial scatteriddfu-  gpin of impurity, which is characterized by the parameter
sive conductandeln the present article we focus our atten- gyt in addition to this interaction, the weaker one exists be-

tion on the_ resonant impurit_y scattering_and_ will not take intoyyeen the total sping+ ) and itinerant electrons in the bulk
consideration the contribution of the diffusive conductance ¢ ferromagnet which is included in the Hamiltonia)

Nevertheless, this i_n no way affec.ts the qualitative conclu;milar to the term proportional ta¢f(z). Since we suppose
sions made further in the text and if necessary, both mechgpat impurity ions are located at the distance of the order of 2
nisms of interfacial and impurity-assisted scattering can beomic |ayers from the interface this interaction can be real-
treated s_lmu!taneously. Thus, within these approximationSzeq via atoms of oxygerisuperexchangeand cannot be
the Hamiltonian of the system has the form considered as negligibly small. We suppose #&f(z) de-
B=f-+0. creases exponentielly with the distance from the interface in
07 Hint» the depth of the oxide layer. In the case when the embedded
where impurity ion has, e.g., spi8=1, the total system of resonant
levels will form a multiplet: one doublet and one quartet.
Next,m(z) corresponds to the effective electron mass that
we suppose is equal to in the ferromagnetic layers and to
mg in the insulator. Throughout the paper, it is expressed in
- 3 ; units of bare electron mass,. We also assume that the
Him:zi: (1 —ci){eo=I(sS)}. (D) mass of freelike electrons in the ferromagnet only slightly
o ] ) differs fromm,, i.e.,m~1 and we will eliminate it from all
Here the summation is performed over the location of ImpU-sypsequent expressions.

rities ¢; inside the barriera, is the lattice constan, de- We start from the Keldysh technique for Green functions
notes the scattering potential amplitude on the impudtis,  together with Kubo exact formula of linear response theory
the amplitude of the-d-type exchange interaction between aor the static conductivity which relates its real part with the

conduction electron spisand the impurity spirS, U(z) is  current-current correlation function and may be written in
a model steplike potential seen by the conduction electron ae formté

represented in Fig. 1. The potential profile is assumed to

depend on the orientation of magnetizations of ferromagnetic 1 (+= _

layers. We take into account the exchange splitting ofdthe Tup(1 1) =50 = (Jp(r',t)ju(r,p)d(t—t")
band by introducing different valugs;* for the position of S

FIG. 1. The potential profile seen by electron propagating

ﬁZ

2m(z)

the bottom of the conduction band iy andF3, depending 1 [eh\? [+ - TP
on the mutual orientation of magnetization in the layers and = 2keT | 2m J_m (G, (rtr t")V,Vy,
the spinu=1,] of the conduction electron.

HE"(2) represents the effective field acting on impurity X G, (r',t,r,))d(t—t"), 2
and electron spins inside the barrier. The origin of this field o _
is the superexchange between the spins in the bulk of ferrg¥here x, p denote the projections of the spin of the elec-
magnetic layer and in the insulating layer. We suppose thatons, V,=(V,—V,) is the asymmetric gradient operator,
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Keldysh formalism17 (---) represents the quantum statisti-
cal averaging over the distribution of impurities and degrees
of freedom of the impurity spin. This expression is most j

and Glfp and G>M are corresponding Green functions in the % 8)
oo(T)=5 = E ds

16ppEm2ge 292w
general and holds both for the elastic impurity and defect K xdx P1Ps Mol

scattering or inelastic, including magnon and phonon, scat-
tering. Furthermore, in this work we restricted ourselves to
the case of a low concentration of impurities and conside
the regime of only one-channel resonant tunneling throug
the impurity levels(For the case when the current may pas
through channels with two resonant impurities see, e.g.,

8.) In view of this, we calculated, first of all, the conductivity
of an “imaginary” auxiliary system, comprising only one
impurity located at t_he given p_oirtt A_fter this was done, _ o™P(T )= a_lmp(-l— C)+a_lmp(-|— o),

averaging over distribution of impurities was performed in

obtained expressions and the details of this averaging procerhere the first term corresponds to the conductivity due to
dure are presented below in the text in Secs. II B and Il C. Teelastic spin-conserving processes of electron scattering at the
evaluate the conductivity2) we exploit the perturbation impurity site and the second one summarizes all other events
theory by the impurity potentidH;,; in Eq. (1) with the use involving a change in the spin of the electron during the
of the Keldysh diagrammatic technique. It may be effectedunneling through the barrier. We have derived the analytical
rather straightforwardly if one knows the initial four- expressions for these two terms, which are valid under two
component Keldysh electron Green function of the unperassumptions(i) domination of single electron scattering on
turbed systentfor more details see Appendix)AAll these  impurities over multiple scattering of two and more electrons
components can easily be expressed via the retarded Green the same center artiil) absence of polarization of impu-
function GR corresponding to the Hamiltoniad,. In our  rity spin induced by the ejection of spin-polarized electrons.
particular case it refers to the system which is homogeneoughen the final result for these terms is written(tee details

in thexy plane and is inhomogeneous only in théirection.  of its derivation are outlined further

Therefore it can be found by solving the following differen-

0 27 (mipiZ+aR)(mapsZ+a3) ©
here x4 =min{ki/qo,Ks/ae}, f(e)=[1+ePf A1 1 is the
ermi function, andv=Db—a is the width of the insulating
spacer. This represents the well-known result for the pure
ofunneling conductanck The second termv'™P(T,c) is di-
rectly related to the impurity assisted tunneling. It is conve-
nient to write it down as a sum of two contributions

ff
tial equation: (T )= 2_e2) ermds[ ~ ofy(e—pgHZ)
mh) ) _w de
ﬁZ 0—,2 K2 ~ ~
R ' _ ’ T 31 L R
et g—ﬁ—u(z) Gy ,(2,2',k,8)=6,,82-2') X{(t,(e)) t;(e))Pr(c)Pi(C)
in the mixed real-space momentum representatfowhere N Je

k= (kx,ky) is the component of the electron momentum in
thexy plane of the layers anzlis the coordinate perpendicu- 2 - L R
lar to thexy plane. We should note that by definition the X((t;(8))"t;(e)) P ()P (C) (4)
conductivity (2) is defined as a linear response on the exter-
nally applied electric field and does not dependzaamnd z’ 1
because of the obvious conditiaf(z)/9z=0. o (T,0)= ( ﬁ)ﬁf de{f (e —ugHs"

Let us now denotdt = \2(e — V&), k=2(s— V&) as B
the momenta of electrons with energyand spinu in the %[1— + M1t (&)1
ferromagnetic layers andy= v2my(U —¢), the imaginary [Ty (e + paHD - (o) o))
momentum inside the barrier. By introducing the functions +f (e+ugHIM[1—f (e — ugHEM]
on x=k/qq

- - 1
X (t, (e)t_ —{dL(c)dR
Pr(X)=VKiP—qgx?,  ph(x)= VK5 —ggx?, (el TP

X®L()dT(0)}.

02(X)=GoV1+x7, Here A is the junction area(,I)T(l)(c) and (I)m)(c) are the
robabilities of tunneling of the electron from the left or
rom the right electrode to impurity, located at pomtOmit-

ting the exponentially small terms, the expression for these

probabilities can be written as

the final expression for the conductance of the system, co
prising only one impurity located at poicf at a given tem-
peratureT, is written as

o(T.0)= oo+ ™(T.0) O L -
The first term is given by a o 27 (mipi®+a)
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P22
q);e(c)zf%axﬂx 22p3r20q02 o 20z(b—c).

o 27 (mgps’+a3)
The brackets(---) in Eq. (4) denote thermodynamic
averaging over degrees of freedom of the impurity spin
and they imply the trace with the density
matrix  po=Z ‘exp{2ugHS'S, /kgT}, Qe (t,t,)(e)
=Sp[f)0fﬂ(s)fp(g)}, Z being the partition function. The
quantities ((t}(V)Tt]M)(e) and (t_t,)(e), (1.1 )(e) in
Eq. (4) represent the scattering amplitudes of electron on the (b) ,[, "S\
impurity center for the case of spin conservingn(l)
—lout,1)) or |in,|)—|out,])) and spin-flip (in,T)
—out,]) or|in,|Y—|out,1)) transitions averaged over the
distribution of paramagnetic impurity spin. Hef@) and
|out) denote the initial and final states of impurity. Operators .
t1) andt.. are matrices acting in the subspace of impurity &+ pgH 3, & — pgH
spin of a general dimension §*-1). They form a one-
center scattering matrix

FIG. 2. Two diagrams that make contribution to the conductiv-
R ( fl f_) ity in the second order of the perturbation theory. Here the full lines
t= correspond to the electron Green functions and wavy lines denote
the asymmetric gradient operator of the veIoﬁWwith respect to

in the direct product of the linear subspaces of electron’s anditesr andr’ of the diagram. The dashed and zig-zag lines repre-
impurity’s spins and are expressed as sent the equilibrium spin-spin correlation functions. The former one
correspond to the elastic spin-conserving prod¢essind the latter

to the nonelastic spin-flip procefls). (See details in Appendix A.

t,

N 1 -
(o) =3 ViW(s),
1_VZ (S)GT(U(S) . . . .
projection of the Brillouin zone onto thex(,«,) plane by

1 R the circle of radiuscy,, Of the same square in the pland.

to(e)=— TG The real and imaginary part &% (e,c) (u is the spin index
1=V ()G (py(e) in the leading order of magnitude are given by
3
x aim , 5 ReG (e,0)= — 0
1-a| eo+ 595, Gy (e) 42
ImG#(e,0)=—[DL(0)+DN(0)]. (6)

where effective potential¥} (") are given by _ o .
Let us now explain the derivation of expressi@h and

R 1. clarify the two assumptions under which this formula is
VIW(g)=a3 £07 535, valid. To derive(4) from the starting point2) one can first

of all examine two diagrams$a) and (b) (see Fig. 2 that
contribute to the spin-conserving and spin-flip parts of
o"P(T,c) at second order af, respectively. One may easily

3 2
1. 4G, (1)(e)J s verify that the general structure of these diagrams is the same

+ —

+

+1 - a as the final result in fornt4) with the mere difference that
SO—EJSZ Gi(e) the one-centet matrix is reduced at first order af to the
. ) i initial potential
These expression are general for an arbitrary spin nui@ber
of the impurity, but further in this work we examined in
details only the case &=1. Then matrices are reduced to
the dimension (¥X3) and the partition functionZ
=2 cosh(2gH kg T)+1. In Eq. (5) Gi()(¢) denote the
electron Green function at poiit

=

3

ASZ A 2 )

S+ _Sz

Moreover, diagrantb) contains both direct and indirect pro-

cesses in equal proportion with common factor 1/2 for any of

the possible channelgn,)—|out,|) or |in,|)—|out,T).
Kimax wdx The thermodynamic averagidg- - ) in the second-order ex-

Gﬂ(s,c)zf GMK(s,c)Z—, pansion is simply reduced to the averaging over the Boltz-
0 ™ man distribution of the impurity spin in the “external” ef-

where k ,0,=2+/7/a, is a cutoff of in-plane momentum that fective magnetic 1‘ield—|§eff wpich was introduced in Eq1),
stems from the finite size of Brillouin zoree substitute the i.e., with the density matriy, as it was described above in

eo—(J/2)
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the text. After that, it is easy to check that the total probabili-current at low bias voltage. Therefore, it is possible to ex-
ties (with account taken of Fermi factors of electron states pand the denominator i{!)(¢) in powers of &;—¢). If we

of direct and inverse processes are equal which means thabw introduce the position-dependent linewidths

the principle of detailed equilibrium holds. In particular it

leads to the vanishing of spin-flip processes in a system atl';(c)=®}(c)/ReG’ (), T'h(c)=®}(c)/ReG(sf),

zero temperature and vanishing voltage bias. (7)

After that preliminary discussion two assumptions must , _ . i
be made to justify the result). where Re5 (sF)—(&/ﬁs)ReG(s)lg:aF is the energy de

(i) We assume that the occupation electrons rare everivative of the electron Green function at the Fermi level,
thus we exclude the double occupancy at an impurity site iﬁhen we 0bt§1|n the gengral formula for the resonant case of
our model. It may be justified bya) the strong Coulomb IMpurity assisted tunneling
electron-electron interaction that make unprofitable their ar-

rangement at the same site of a lattice dhyl the large ()= 2¢? J” (9T ot d
number of impurity centers that provides a sufficiently large ThAJ - il (ep—e,)2+T2(c) ge|
number of one-step channels. . (8)

(i) We also neglect the influence of the electron current
on the statistical distribution of paramagnetic spins inside thavhereT' ,(9)=T",(c) +T';(c), A'is a junction area, and the
oxide barrier. This assumption is valid for a practical inten-summation ori is performed over all resonant levels. For the
sity of tunneling current which is low enough not to producequalitative analysis, one may evaluate expressiahsfor
a spin polarization of impurities by the injection of spin- I'X”(c) approximately by considering the cage=0 which
polarized charge carriers. So we will consider the case of & valid if e 2%¥<1. In this approximation
small deviation of the electron’s distribution function from

its equilibrium value. However, even for that case it is justi- ) 2KE,my [ qf | e 2%0(c~a)
fiable to calculate the nonline&#V characteristic in the way Fo=— 1 - 2 — :
; mgk;4+qggl¢Mo/ C—a
done in Sec. ll0see Eq(17)]. 0% 1p = H0
Under these assumptions, expressidncan b(? obtained KE m o | e 2000-0)
by a simple substitution of the scattering potenliigl; at the rR(c)= 3p 0 0 ) , (9)
site ¢ in Fig. 2 by the corresponding one-centanatrix in ® mak52+qg2mo/  b—c

accordance with Eq(5) and assuming that averaging over

the degrees of freedoms of the impurity is carried out bya”d expressiorie) rt_-:-produces the result O.f Ref. 8. To pro-
. A ceed further, we discuss some assumptions concerning the
means of the unperturbed density matrixpg

parameters of the model. We consider the case of Co elec-

=Z"exp2ugHs"S, /kgT}. In this form, the structure of the  trodes and AIO; as the tunnel barrier and take typical values
result(4) is similar to the one obtained in Ref. 15, where the of k?=1.09 Al kF=0.42 A~ m~1 for itinerant elec-

spin-flip scattering of electrons at interfaces of tunnel juncyons in Co and a typical barrier height for &, (measured
tions was investigated in the framework of a tunnelingsom the Fermi levele) Ug—ep=3 eV with an effective
Hamiltonian and the second order perturbation theory. massm,=0.4 (Ref. 9, that givesq,=0.56 A~ 1. Assuming

the thickness of the barriev=20 A, one may estimate the
B. Resonant tunneling in the case of nonmagnetic impurities  conductancer, of the system without impurity from Eq3)

To extract the physical nature of resonant tunneling®’ Means of the approximate formula

through the impurity states contained in expressin we )
proceed as follows. For the sake of clarity and simplicity we O 2(%)
consider first the case of zero-spin impurity. Then only one o 2p\w
element oft matrix at sitec remains

FLF 2.2 —2qow
k?,.Ks,domge <90

, (10
¥ i
which leads to TMR=16%. To estimate the value of the
linewidth (9) we consider impurities located close to the left
. interface at a distance of, say, two atomic layers which cor-
1—agsoGT(l)(s) responds to ¢—a)=4 A. For spin up electrons, this gives
I';(c)=0.02 eV. Further in this paper we restrict ourselves
It defines the position of a resonant level inside the gap ofo the case of temperature interval from 4.200 K (0.025
the dielectric band structure by finding the root of the equaeV). We assume that the impurity leveds in the band gap
tion ageoReGT(l)(si)=1. From expressiori6), it follows  of the insulator form a narrow impurity band of widthe
that the real part of the Green function 8¢(e,c) is inde-  which spreads symmetrically with respect to Fermi leyel
pendent ofc and spinu up to exponentially small terms. Furthermore, following Ref. 8, we introduce its density of
Therefore, the position of level; is weakly dependent both statesv(e) per unit area and unit energy interval. We assume
on the position of impurity inside the barrier and on thethat Ae is of the order of 0.1 to 0.2 eV, i.e., an order of
direction of the spin of the tunneling electron. Evidently, magnitude greater that the above estimated linewidth. In this
only those impurities for whiclz; is close to the chemical context, with a good accuracy, the impurity conducta(®e
potential e contribute to a significant extent to the total can be rewritten as

3
p€o
to(e)=
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o ™P(G) = 2e2,;i(sp) s fﬂ( _%) A.ye)=[1-a3G (e)(eo— 2 [1—a3G;(e)(go+I)]
po S +a3d[G;(e)—G, ()]
F;(C)Fz(c) p(e,0)de (12) As can be seen, two poles of thenatrix defined from equa-
r,.(c B tions aSReG(eq) (eo—J/2)=1 and a3ReG(ey)(eo+J)
where the factor =1 correspond to two multiplets;, and g4, with a total

angular momentunj=3/2 and j=1/2, respectively. IfJ
>0, thenegp<eqpn, ie., the multiplet withj=3/2 has a
p(s,c)zgarctaré 21“—(0)) lower energy than the one with=1/2. As for nonmagnetic
a impurity, we restrict ourselves by considering the regime of
arises from the integration of E¢8) over impurity levelss;  only one-channel resonant tunneling. We assume Ibed
in the range of impurity band. Due to the abovementionedyng the lowest impurity levels;= e, corresponding to the
estimations, equality(e,c)=1 holds with a good degree of mytiplet with j = 3/2 lie close toer. We note that the typi-
accuracy. In this case E€LD) is in agreement with Refs. 8,9. 3| value of exchange couplirjis of order 1 eV and due to
this fact we may eliminate the resonant leg), from fur-
C. Resonant tunneling in the case of paramagnetic impurities  ther consideration. Then, as in the previous analysis for a

To investigate the general case of paramagnetic impuritynponmagnetic impurity, only the resonant part of theatrix
we follow the same procedure as in the previous section. L&f12), (13) at energies close to chosep, is essential for the
J=s+S be the total magnetic moment of the system. Wesubsequent calculations. Expressi¢h®), (13) can be easily
may state thafH,J,]=0 and, therefore}, is a good quan- written as
tum number. We regard tHematrix (5) as an operator acting
on the spinor subspacgr,m), where o==*3 and m= MUY 1 1
N s iz '(8)= o :
+1,0 correspond to the projection of taeomponent of the G'(e) e—&itil(o)
electron and impurity spin, respectivelye consider the

caseS=1). As long as its total magnetic moment along the 1 2
z axis J,=s,+S, is conserved, the matrix elements 1 1 3 3
(o1my|t|o,m,) are nonzero only ifm;+o;=my+o,. tys(e)= . ,
L . . VGO ' —g;+I c
Therefore, it is convenient to introduce the notatl(ﬁﬁ 2 G'(e) e~ eitin(0) ‘/?E ;
]
=(oymy|t|o,my), wherem;=m;+o3=m,+o,. These el-
ement_s are simply calculated from E§). The nonzero ones 2 2
are written as X 1 1 3 3 y
t— = - 1
= 33(80_3/2) vA€) G'(g) e—&itiy|(c) V2 1 4
¥ 1-a¥(eo—J12)G/(s)’ 3 3
oy where ,(0)=3T () +3T(9), ¥,(9=3T(9)+3T(0)
o — ay(e0—J/2) (12) are the inverse lifetimes of the resonant states with-
—8r 1-a3(so—3/2)G (&)’ +1/2. This result allows simple qualitative interpretation.
Let us look, for example, at quantum states with= 1/2.
and From elementary quantum-mechanical theory, one may con-
¢l £ clude that
i :< *1/2 +1/2)
=2\ th, th, ol=[1.m=0)= \F 3 . _1>
corresponding to the subspagg=*} with vz 3! 2™
TPRS) a3 + \/I =L 1>
tip(tly ) =——{ep+J/2 1= M=/,
1Atlyp) A:llz(s){ 0 3" 271 2
3
—a,Gy((e)(eo—I2)(go+ )}, 1 3 1
¢i/2:|llmszl>: _J:_rmj:_
3 32 2
t](th )=L{s —a3G, () (89— I12) (o+ )}
V2512 TN () 0™ o I(1) 0 0 ! \/5 1 1 1
, 3117 E,mj—z . (15
thl =til = % J 13)  As we have assumed, onlly=3,m;=3) gets into resonance
x12= L= — J2A ) (13 »ony=2.mj=3)49
£12 and, therefore, e.gt),~(¢l,lt| b1~ v2/3 in agreement
where the denominators are with Eq. (14). On the other hand,
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3 1 2 1 spin in the right one after or before scattering. From this
‘j = Eamj:§> = §|T,ms=0)+ §|l,mS= 1) general concept, one may conclude that this contribution to
the current can be written as
and, hence, its inverse lifetime is given by;=57"

— 2 +
SR A V)= 2 Zi)f de () PF(0){(-(e)Ti(e))
We substitute alt-matrix elements in Eq4) by its reso- S\ah /)=
nance expansiofl4). To proceed further, one has to perform _ eff _ _ eff
in Eq. (4) the configuration averaging over all impurity cen- *{fi(e= ety — eV (e + neHz )]
ters and thermodynamic one over all possible channels. Sup- —<f+(s)f,(s)>fl(s+,uBH9ﬁ)
pose, that the impurities are distributed uniformly in the z
space in the intervalzy—A,zo+A] along thez direction x[l—fT(s—,uBHgﬁ—e\/)]}, (17

with the width of 2A and centeg, which we have chosen to

be close to left(L) ferromagnetic contact. After that, it is Where it is assumed that the voltage bias is applied from the
possible, first of all, to average the Lorentzian peaks over théft to right direction. It is important to notice that inelastic
distribution of impurity levels by averaging them owerin  Spin-flip processes of the electron scattering on the impurity
the range of impurity band with factor(e¢) and to perform ~ Were taken into account in derivation of the E#j7) but they

the thermodynamic averaging by integrating oweand ne- ~ Were omitted in Ref. 12. Analogous expressions can be V\{rit-
glecting the dependencies &(®(c) on energy. On the ten for all other channels. In the case under consideration,
third step, the averaging over the space distribution of impu€Xpression17) contains two regimes of nonlinear behavior
rities along thez direction should be made. Following the Of the I(V) characteristic. The first one reproduces a zero
outlined procedure, the total conductaridpas a function of ~bias anomaly due to excitation of spin-flip processes at low
temperature is written as a sum of factorized terms over alpias voltages of order of magnitugesHS™ (we believe that
possible scattering channels it is of order 5 mV. In this range, as before, one may assume

that the resonance amplitudég () T(t1()) and (t_t,)

2¢? u ,uBH§ff p are nearly independent of the energy after averaging over all
o(T)=—>- Em Pm, “keT | oM, (20,A)v(eE) + 00, possible configurations of impurities. As a result, the voltage
#e T (16) dependence of total current are given by formulas similar to
Eq. (16):
where
2e off
1 rzen (V,T)=— Em 2V HED oht (20, ) v(p) + oV
_ mpm;
om(20,4)= 5% JZOA o (C)p(eg,c)dc. : (18)

The origin of p(ef ,c) is the same as in Eq11) and the The expressions fdr’,ﬁf(V,Hgﬁ) for parallel and antiparallel
explicit form of functionsP“’(h) and ¢*(c) for parallel ~ configurations are given in Appendix C. The voltage depen-

! _dent conductance(V,T) can be obtained from Eq17) by
flerivation with respect t&/. The detailed analysis of this
physical situation is presented in the next section.

and antiparallel alignments of magnetization of the ferro
magnetic layers is given in Appendix B. We have also use

the same notation of matrix indexes as was previously intro . ;
duced fort i el is th | q ¢ The second source of the possible nonlinear character of
uced fort-matrix elementso Is the tunnel conductance o I (V) dependence is the variation of potential profiéz)

the pure system in accordance with E8). FactorsPy" and  (see Fig. 1 under applied bias voltage. The latter indeed
oh? represent the thermodynamic and quantum-mechanicéhtroduces corrections to Eq$9) and (10) which can be

J . . .
probabilities of the given process, respectively. Expressiongalculated with the use of Wentzel-Kramers-Brillouin

(16) are the final results of this section and their analysis i§WKB) approximation’® assuming that the applied voltage
presented belowsee Sec. ). produces a uniform electrical field inside the insulating layer.

In the case of pure tunnel conductance, it is knbthat
both conductances for parallel and antiparallel configurations
increase with the increasing applied voltage so that the TMR

We are also interested in tH¢V) characteristics of the as a function ofV, defined as[I1”(V)—I14P(V)]/14P(V),
considered system. To derive the general formula for thelrops significantly at voltages of order 1 eV. The contribu-
current, one may simply extend expressi¢f)sto the case of tion of impurity assisted tunneling may change considerably
finite applied bias voltage. Consider, for example, the contrithis situation in the case of the nonuniform spatial distribu-
bution to the total currenit, coming from all possible chan- tion of impurities, e.g., when they are distributed in the vi-
nels of the formlin,1)— |out,|) for tunnel electrons moving cinity of only one electrode. In this particular situation, as we
from the left electrode to the right electrode and of the formwill show, the essential variation of TMR amplitude in the
lin,|)—]out,T) for electrons moving from right to left, re- case of magnetic impuritieéin contrast to nonmagnetic
spectively, i.e., in both cases an electron has an “up” pro-ones takes place at bias voltages comparable with impurity
jection of spin in the left contact and a “down” projection of band widthAe.

D. Dependence of conductivity on bias-voltage

064429-7
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+]

which shows thaf ?(c) ~exp(—S,/4) is an increasing func-
962 e tion of V in the vicinity of V=0. Hence, it leads to an in-
jimP(c) = TV(SF)E f de{f(e—eV)—f(e)} crease in differential conductivity(V) = dl/dV under direct
u J—o bias voltage, applied to the barrier from the left to the right
direction, and to a decreasedr{V) under reverse bias volt-
age. The physical meaning of such a behavior is rather ob-
vious. From the expression f&; it follows that due to reso-
nant levels lying close toe, electrons tunneling under
where forward bias propagate through a potential barrier the effec-
tive height of which is lower than for those electrons propa-
F 1 gating under reverse bias.
It (c)= K1,daMoTa ~S, /. The expression for the paramagnetic impurity assisted
© (g;)%+ kfimg ' current at finite voltages has a structure similar to @@®)
with Fermi distribution factors written in accordance with
F = the general formul&l7) and the integrand expression has the
K3, oMo 7y —Sy /i (20 form given in Appendix B, where linewidthk,, have to
(g7)%+ kgﬁmé ' be substituted by WKB approximatiof20). In the case of
magnetic impurities the above outlined mechanism of asym-
Hereqg?=qg2=2mo(U—¢), g2=q+2m, eV are imaginary Metry in1(V) characteristics due to the shift of resonance

momenta of electron with energyin the vicinity of the right ~ |€vels essentially contributes to the voltage dependence of
and left eIectrodesqi(b)=q0+ %(eEﬁb/qz(b)) Eis the TMR amplitude in question, as discussed in the next section.
al - al l

electric field in the barrier. We also introduag.=qq
+2mg eV(b—c)/w, the imaginary momentum of electron [ll. RESULTS AND DISCUSSION
on the impurity center. TherS,=(q2—q2)/3meeE, S,

For the sake of simplicity, we consider, first, the case of
non-magnetic impurities. In the WKB approximation, the szqo(b—c)[l—
contribution from all impurities, located at given poitto
the total current(V) has a form similar t@9) and Eqs(11):

2
0 w

moev(b—c

B CINE)

T (8,V), 19
b+’ ) 5

o=

— (23— a®)/3m.eE t the classcal acti | th In this section we consider the temperature and bias volt-
N (ﬂcf ) hmoleﬁ represen he classica r?c |t())ns_ a ongd eage dependencies of the conductances and TMR effect of the
path from the left contact to the poietin the barrier and, . ,nqigered structures. We investigate the case of a

afterwards, from this point to the right contact, respectiveIy,CO/A|203/CO junction with the typical parameters that were
7a=(0a—dc)/€E and 7,=(q.—qp)/eE denote the passage jqced in Sec. kT =1.09 A%, kT=0.42 A" are the

times associated with these paths. The factor Fermi momenta of itinerant electrons in @p=0.56 A 'is
the imaginary momentum in the barrieng=0.4 is the ef-

e—sc—eV E f fective mass in the insulator, amd=20 A is its thickness.

F 2 We focus on the most interesting situation when impurities

p(e,V)= - | arcta o+’ are introduced in the vicinity of the left electrode at a depth

m ® w, inside the insulator layer. We chose a width,

b—c\| Ae =4.06 A which corresponds to two atomic monolayers. The

e—eg—eV T) 7 essential parameter of the model which must be defined is
—arcta T = , the effective molecular fieldl-l§ff acting on impurity spins.

I (0)+T"(c) One may suppose that it should exponentially decay in the

(21) depth of the barrier. We have, therefore, set it;ul:gHﬁff
=5 meV (58 K) which is two orders less than the critical

as before, arises from the summation over all impurity levelsemperature in bulk Co.
g; and gives the relative weight of all resonant channels with Consider, first, the casé=0. It is possible to estimate
energye. To clarify the situation, it is sufficient to consider the concentration of impurity atoms so that its contribution to
the most resonant channel with energy=er+eV(b  the resonance conductivity is comparable with the ordinary
—c)/w at which p(e,V) reaches its maximum. One may tunnel conductance of the system. One can write that the
note thate, corresponds to the resonant impurity level thatimpurity density of states [see Eq. (11)] v(ef)
exactly coincides with Fermi energy at vanishing voltage and=N;/A(Ae), whereN; is a total number of impurities and
it shifts linearly with the increase of applied bias dependingAe is the width of its energy distribution. On the other hand,
on the positionc of impurity inside the barrier. As stated N;=xN and N=Aw, /a3 where N is the total number of
earlier, the most interesting case takes place when the pointatoms in the layer which contains the impuritiesijs the
is situated close to the left contact. Then one can see th#tcal concentration of impurities in this volume, aaglis the
I't(c)>TR(c) and, thus,j™(c)~TR(c)p(e,,V). At bias lattice constant. This yields(sg) =x(w; /ao)(1/a3As). We
voltages much lower than the height of the barger (U introduce the characteristic concentratiqndefined so that
—eg), Sy can be expanded in powers ¢f in the case of nonmagnetic impurity, the impurity conduc-
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tance(1l) is equal to the tunnel conductand@®) of the spin 80 [T 1
1 channel in the parallel magnetic configuration of the fer-
romagnetic layers. Such a definition leads to
60 [
Ae(2mead\ [ w i
XO_? #2 W— Wy § 40 F
F = _
g KidoMo  (Qowq)exp(—2qow,) (22 E
Wy k?2m3+ g2 l1—exp(—2qowy) 20
If we chooseAe =0.2 eV, therx,=6.5x 10 °. The conduc-
tance of the system dt=0 can be extracted from the gen- 0 [
eral expressiori14). We suppose that for both parallel and R
antiparallel configurations, the left electrode has “up” mag- 06  -04 -0.2 0 02 04 06
netization and, hencej™ is positive in both cases. At zero Polarization

temperature, all spin-flip processes are frozen and due to the
above assumption, only the configuration of impurity spin
with mg=1 is possible. As a result, only two resonance
channels from many possible ones have nonzero contributi
to conductivity, namely|T,mg=1)«|7,mg=1) and||,mg
=1)~||,ms=1) with m;=3/2 and 1/2, respectively. From
Eg. (B1) (see Appendix B it follows that the channel with . N
m;=3/2 gives the main contribution into the conductivity at in the plane of impurities and, as a result, leads to the pref-
low temperatures afid,~T, and\Po},~T| . So these €rence of impurity spin to be found in the quantum state with
contributions depend on the mutual orientation of the magmMs=1.

netization of the ferromagnetic layers, therefore they increase The temperature dependencies of resonant conductances
the total amplitude of the TMR. The total expression forfor parallel and antiparallel configurations in the interval
TMR= (¢F— 6”P)/a*P including all possible channels may from 4.2-300 K are presented in Fig. 4. In the case of par-
be written as allel alignment,oiﬁ’np(T) is nearly independent on the tem-
perature, but in the antiparallel situation, there is a 50% in-
crease in impurity conductancef,(T). This originates
from the thermal excitation of both spin-flip and spin-

FIG. 3. Tunnel magnetoresistanceTat 0 as a function of po-

larizationP = (kf —kT)/(kf +k{) under fixedk} =1.09 A~*. Other

parameters arg,=0.56 A~!, my=0.4. Solid line corresponds to

e case of impurity concentration=8x 10"°, dashed line repre-
sents the case of absence of impurities.

X 1

TMR= X 1 ' conserving processes which are frozen at zero temperature.
r,r, 2+—(1+—FT/7/T” For AP configuration, the proceg$,ms=0)—||,ms=1)
Xo 9 . o o .
was forbidden at 0° K but now, it is allowed and gives a
(23 IR . g >
large contribution into the current since it is proportional to
where x is concentrationx, is defined by Eq.(22), vy,
— _F 2 F2 2 2
—%_Fﬁ%Fl.andl“m)—kT(l)qO/(kT.(l)mOJrqO) are the tun- 40 e e
neling density of states fof(|) spin electrons. The depen- X 7107 . -

dence of TMR effect versus the polarizatioﬁ=(k?

35 )
—KkF)/(kF +kT) is shown in Fig. 3 in comparison with the A ER Parallel ]
nonresonant tunnel conductancexat0. The total TMR am- 30 C g 610" E
plitude is larger than the TMR due to direct tunneling, in X g T ]
Antiparallel

accordance with considerations written above. For a given
polarizationP=0.44 in case of chosen parameters, the con-
tribution of the impurity assisted tunneling leads to a strong -
enhancement in TMR amplitudéypically by a factor 2, see 20 -
Fig. 3. X
We note, that in the case of nonmagnetic impurities dis- 15F
tributed in the vicinity of only one contact, the resonant im- i
purity conductancer™~I",+I"| is equal for both parallel ot e
and antiparallel configurations and, therefore, in this case, 0 50 100 150 200 250 300

the mechanism of impurity-assisted tunneling is not able to T(K)

enhance the TMR effect. The enhancement of TMR ampli-

tude in the case of paramagnetic impurities is essentially due FIG. 4. Tunnel magnetoresistance as a function of the tempera-
to the presence of a ferromagnetic exchange coupling beure. (Inset: conductance for the parallel and antiparallel configu-
tween the magnetization in ferromagnetic electrode and theations) The parameters ar&’=1.09 A%, k=042 A%, q
impurity spins which tends to induce a ferromagnetic order=0.56 A=, my=0.4. Concentration of impurities=8x10"°.

TMR(%)
b
1

100 200
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710" g 56 107 perature. An electron undergoing spin-flip scattering, may
""""" transfer an amount of energyozz,uBHgff to the impurity
spin thus exiting it at an higher energy level or on the con-
trary may acquire this quantum of energy from it. The latter

52107 process is impossible at low temperature. The former one is
possible only if an electron moving, say, from the left con-
tact possesses an excess energy of at tegstith respect to
Fermi level in the right contact. The only one process that
contributes to this anomaly at low temperature ds,,
— ¢, [see Eq(15)]. For antiparallel alignment of the mag-
netization, its quantum-mechanical probability is propor-
Voltage(mV) tional to APoj),~ 3%y, for electrons moving from the left

AP ferromagnetic layer into the right one and is proportional
7 107 ss10m 10°Talp~§T%y; in the case of electrons moving from the
UL R L B right to the left. For parallel configuration of magnetizations,
these probabilities are equal in both directions and are pro-
portional t6'oi),= Polj,~ 5 ' /y,. As a result, the zero
1 bias anomaly aff =4.2 K looks asymmetric in the case of

3310 antiparallel configuration and is symmetric in the case of
parallel alignment of magnetizations.

The differential conductances as a functions of the bias
voltage atT =77 K have been calculated using two different

T=4.2K

6,25]0-13|||||||||||||||||||
-20 -10 0 10

by
(=

Conductivity (arb.units)

6.75 107"

3

sl | , 5.25 107 approximations. Thick dashed and solid lines correspond to
6.5 10 A the conductances in the parallel and antiparallel configura-
-40 -20 0 20 40 . :
tions, respectively, that have been calculated by means of
Voltage(mV) WKB approximation in accordance with expressiois)

and (19). For the sake of comparison, the same dependen-
FIG. 5. Differential conductance as a function of the bias VOlt'CieS indicated by thin lines. have been calculated by using
= — -1 | F ! A ,
age atT=4.2 and 77 K. The parameters &k&=1.09 A™%, k| {he approximate formulagl8), where the dependence of

=0.42 A™1, g,=0.56 A~!, my=0.4. Thick dashed and solid lines . .
[-matrix elements on the applied voltage has been neglected.

correspond to the conductance in the parallel and antiparallel co -
figurations, respectively, calculated in the WKB approximation. For 1 N€ latter curves demonstrate the only zero bias anomaly

comparison, the same dependencie3 af77 K, calculated by ap- discussed above, which is substantially smoothed, compared
proximate formulas, are indicated by thin lines. The concentratiowith the case ofT=4.2 K. On the contrary, the WKB
of impurities isx=8x10"5. scheme of calculation takes into account the variation of the
potential profile inside the insulating barrier under applied
the product of the largest density of stated™; . As a con-  bias voltage. In view of this, the differential conductances
sequence, the TMR effect decreases with increasing of thealculated by this scheme exhibit a tendency to increase at
temperature. the direct bias voltage and to decrease at the reverse one. As
We have also calculated the dependence of the differentialas shown abovésee Sec. Il ), this behavior originates
conductance on bias voltage according to Ef8) and(19). from the shift of the resonant levels inside the insulator due
These dependencies Bt=4.2 K andT=77 K are presented to externally applied electric field. This second mechanism in
in Fig. 5. A new effect is predicted: the voltage dependencehe origin of nonlinear voltage dependence of impurity-
of the conductance in the antiparallel alignment of magnetiassisted conductance does not relate with the excitation of
zation in ferromagnetic layers is asymmetric under forwardspin-flip processes. It becomes apparent at voltages of the
and reverse bias voltage when the paramagnetic impuritiesrder of 50 mV and leads to asymmetric voltage bias depen-
inside the insulator layer are distributed close to only one oflencies in both cases of parallel and antiparallel configura-
the interfaces and are bound by exchange interaction witkions.
magnetization of the nearest ferromagnetic layer. Finally, the TMR amplitude as a function of bias voltage
One can distinguish two different mechanisms that giveis shown in Fig. 6 for a broad range of applied voltage. Its
rise to this asymmetrical behavior with respect to inversiomonlinear and asymmetric behavior in the range of 0.2 V
of bias voltage. The first one, which we refer as zero biaoriginates from the asymmetry of the shifts of resonant im-
anomaly, manifests itself at low voltages of the order of 10purity levels with respect to forward and inverse bias. The
mV (for particular chosen parameters in our mgdmid is low bias voltage anomaly at 10 mV is also strongly pro-
strongly pronounced only at low temperatu¢sse Fig. 5, the nounced at the curve corresponding to 4.2 K. The relative
case ofT=4.2 K). It originates from the excitations of spin- contribution of the impurity-assisted conductance to the total
flip processes at the impurity sites. One may look at thecurrent of electrons decreases when the value of applied bias
general expressiofil8) and consider the case of low tem- voltage exceeds the half width of impurity bankle/2
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40:""""""""" G()(G#(s) G;*(s) G;(s) G,f(s)
; #2665t leie) Gle)

35 (A1)
- [ is introduced into consideratiditwo equivalent forms of no-
X 30 tation are presentedlt is remarkable that initial equilibrium
~ i Green functions of the unperturbed system for the given
= i chemical potentiakr can be expressed in terms of only re-
= 25 ! tarded and advanced propagat®¥(e) and G”(¢)

20 B G,(e)=f(e—ep)Gp(e) +[1—f(e —er)IGL(e),

[ ] TN Tl Al N g R

N G(s)=—[1-f(s=2p)]Gp(e) ~F(e—sr)Gli(e),

0402 0020 G, (2)=T(c~ep)[Gh(s) - Gi(2)],
Voltage (V)

> _ A R
FIG. 6. Tunnel magnetoresistance as a function of the bias volt- Gule)=—[1-T(e—ep)]lCLle)~Gule)].  (A2)
age. Solid lineT=4.2 K, dashed lineT=77 K. The parameters Wwhere f(e—¢gg) is the Fermi distribution function. In the
arek"=1.09 A%, kf=042 A%, ;=056 A1, my=0.4. The same way the set of possible spin-spin correlation functions
concentration of impurities is=8x10"°. in the energy representation of the types,|S_)), and

((S,]S,))., we denote as matricds,,(w) andD, ) which
=0.1 eV. Therefore, the TMR amplitude drops to valuenave the same structure as the matid). In the case of
~20% at 0.5 V corresponding primarily to the pure tunnelnPnintéracting system corresponding to the “isolated” im-
conductance. purity spin in the “external” magnetic fieltH" the explicit

form of, e.g.,D, () is written as
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APPENDIX A Dio(@)=—2mi 8(w—2ugHS"(S, S_),
In this appendix we briefly demonstrate the details of the ny(w): —2i 5(w—2,uBH§”)<S,S+>. (A3)

derivation Eq.(4) for the impurity conductance in the second
order of the perturbation theory. In the Kubo formalism of a The construction of diagrams in the framework of the
linear response the real part of a frequency-dependent coikeldysh approach include the additional symbelsand —
ductivity is given by the expressith in all vertex points of the graph so that each line is associated
with the corresponding component of the electron or spin
1—e Bo Green function. In this sense the current-current correlation
(r,r’,w)zz—l“”p(r,r’,w). funcyon I, (r.,r' o) is related Wlth_ the series o_f diagrams
starting from the symbot- at the pointr’ and ending by the
symbol— at the pointr. This fact is schematically presented
Here3=1/kgT; u, p denote electron spins ag, ,(r,r',w) in Eq. (2) in the form of a product of two corresponding
is a Fourier transform of the current-current correlation func-electron Green functions. Actually, substituting them by
tion zero-order Green function§A2) one will obtain the
“bubble” part of the current-current correlator correspond-
- ing to the nonresonant part of the conductangéT) [Eq.
Fﬂp(r,r’,w)=J (o(r" )] u(r,0)e = d(t—t), (3)]. The rest of the series, known as the “vertex” correc-
— tion, determines the impurity-assisted conductamge(T).

In the second order of perturbation theory there exist four
where(- - -) denote the quantum statistical averaging. Fordifferent diagrams contributing to it. Two of them are shown
our purposes we have calculated the static conductivityn Fig. 2 and other ones can be obtained from the former by
0 ,,(rr")=(BI2)T ,,(r,r",w)|,-o by means of the Keldysh substituting spin up () by spin down () and vice versa.
method of nonequilibrium Green functiohS.In this ap-  The explicit analytical expression, for example, for the dia-
proach a four-component matrix Green function gram in Fig. Zb), is written as follows

Reo,,

+
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E) %GT B(I’,C,S—E),
where the sum ovex and g takes into account four possible
Keldysh diagrams corresponding to this graph. But one can
easy see that two terms, containidg, () and D;’yJ“(w),

are not essential since they cancel due to the asymmetric
gradient operatiorﬁ and Vﬂ, , respectively. The other two
terms after substituting Eq$A2) and (A3) and integrating
over  may be rewritten as

xG?(c,r,s—

2J2%e?
wh

+ode

0 27T

I ,0= S—P5(c,e)PT(ce){fi(e

— ugHEN[1—f (e + ugHEN (S S, ) +f (e

+ugHEN[1—F, (e — ugHEM (S, S.)}.
(A4)

Here we suppose that<c<r’ and introduce the hopping
probabilities of an electron from the bulk itinerant state to
the impurity level

D(ce)= G(Ciﬁ) G(rCSHra,

DR(ce)= "8)|rr=p-

_G?(r"c,s)Af—'IGf\(c,r .
Straightforward calculations show that these quantities do
not explicitly depend om andr’ and hencd™{?(r,r’,0) is
determined only by the position ofthe impurlty We also
note that two terms in EqA4), corresponding to the direct
and inverse process, respectively, in fact are equal to each
other after performing the thermodynamic averaging that ex-
presses the principle of the detailed equilibrium in the sys-
tem. The structure of the expressi@) is similar to that of

Eq. (4). Equation(A4) will reproduce this final result if one
substitutes the scattering amplitud€s, S_) and (S_S,)
calculated in the second order by the average product of
corresponding matrices(t, (¢)t_(g)) and(t_(g)t,(¢)).

The validity of this approximation is discussed in the main
text and it is justified in case of neglecting of a double oc-
cupancy of electrons with different spins at the same impu-
rity center.

APPENDIX B

Let w;=c—a andw,=b—c be the position of impurity
with respect to the left and right interfaces, respectively, and
w=b—a be the width of the insulator layer. We introduce
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tunnehng densities of states for spir(]) electronsl“m)

T(l)%/(km)mo+%) and denoteyT— FT+ r, v
the position-dependent quantum-
mechanical probab|I|t|es~’,;f(c) can be found as follows.

311. Then,

In the case of parallel configuration
2 —
L%y 290 (wyw,)

e 20oW1 @ 20wy’
RO v

g \Is;z((l—l%/z)( c)=

Loy

2 -2
L5pe %% (wywy)
e 20oW1 e 20wy’

Wy

g Uz((l—li/z)(c) -9

Y1) Ty

Wa

2 —2QoW
N oo = Liwe 0 (wawy)
071/2(1/2)((3)— 9 e 2001 e 20oW2!
Y +y
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"1 w, V1 W,
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In the case of antiparallel configuration
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+ )
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e 200wz’
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Y1) Ty

Wq W
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e~ 2doW1 e 24wy’
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O =

Y T

Wy W

2 I? e 2%0% (wwy)
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-2
2 Fm)e oW/ (w4 w5)
e~ 2doW1 e 2dowz

o HbD(z)=

(B2)
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Wq Wa

The statistical probab|I|t|e§’”P(h) are independent of the

configuration of the system. We dendie ,uBHeﬁ/kT and
Z=2 cosh(d)+1, then

PLyh)=Pi(h)=2"1e®" Pl (h)=P'(h)=2"2,
Pl s(h) =Py (h)=2"te 2",

h

sinh(h)’

l/Z(h) 1/2(h) Z '

—h

sinh(h)

Pl (=P (hy=2"1 (B3)
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APPENDIX C

The nontrivial functiond ’nﬁjp are written as

(eV—2ugHZ" (eV T—1)
(e(eV—ZMBHgﬁ)/kT_ 1)z

LV, HET =

(ev+ ZMBHsff)(eeV/kT_ 1)62;/,BH/kT

1 effy _
IUZ(V’HZ ) (e(eV+2MBH§ﬁ)/kT_ 1)2

(eV+2ugHs" (e - 1)

Tl effy _
1AV H) (e(eV+2ugHENKT_1)7

(eV— ZMBHEﬁ)(eeV’kT— l)e*Z/.LBH/kT

(e(eV— ZMBHgﬁ)/kT_ 1)2

It 1/2(V’H§ﬁ):

All the other ones, not written above, are equal €¥
><P¢;}”“(h).
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