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In this paper, we present a microscopic study of impurity resonance and tunneling magnetoresistance (TMR)
for nanojunctions. We employ the Green’s-function method to derive the tunneling wave functions and TMR
from the spintronic model with nonmagnetic impurities and at a finite bias voltage. The analytical expressions
for both direct and impurity-resonance tunnelings are obtained, where the lateral effect has been included.
Within this framework, the TMR can be determined directly by the basic quantities of the junction, e.g., the
position and the energy level of the impurity, the height and width of the barrier, the Fermi level and polar-
ization of the electrodes, as well as the applied voltage. If the cross sectional area of the junction gets very
small, we find that it is the impurity resonance and the quantum-coherence effect that control the bias depen-
dence of TMR: the impurity resonance makes the TMR change from positive to negative, and the quantum-
coherence effect decreases the TMR as the bias voltage increases. The experimental results of TMR for the
junctions with the area smaller than 0.01 um? can then be explained naturally. We also find that the direct and
impurity-resonance tunnelings will compete with each other when the area of the junction is enlarged. Taking
into account both the contributions of direct tunneling and impurity-resonance tunneling, the total TMR agrees

quite well with the more recent experiments on the larger-area nanojunctions.
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I. INTRODUCTION

The tunneling magnetoresistance (TMR) occurring in
magnetic tunnel junctions has attracted intensive attention
since it was observed and studied by Julli¢re.! According to
Julliere theory, the TMR is positive and independent of the
barrier parameters. However, in 1999 Fert’s group found that
even though the electrodes are kept the same, when the
Al,Oj barrier is replaced by the SrTiO; barrier, the TMR will
change from positive to negative,> which indicates that the
TMR depends explicitly on the insulating barrier. They inter-
preted these results in terms of interface chemical bonding
proposed earlier by Tsymbal et al.> The details and the re-
lated references up to 2003 can be found in a recent compre-
hensive review.* Furthermore, Sharma et al.’ revealed that
the TMR in the Ta,Os-barrier junction can change from posi-
tive to negative when the bias voltage increases above sev-
eral hundreds of millivolts. To explain this sign change of
TMR under applied voltage, Li et al.® extended the Slon-
czewski model’ from the zero-bias case to the finite bias case
and found that there exists a bias-dependent quantum-
coherence factor controlling the sign of the TMR. With this
theory, the sign change of TMR can be explained qualita-
tively.

The magnetic tunnel junctions mentioned above belong to
the common case, where the cross sections of junction are
typically a fraction of mm? and the sign-change behaviors
are produced by the direct tunneling and its quantum
coherence.®® If the cross section of the junction is reduced to
the nanoscale, there can arise another type of sign-change
behavior of TMR. By fabricating the junctions with cross
sections smaller than 0.01 wm?, Tsymbal et al.® found that
TMR can be inverted at a very low bias voltage (about tens
of millivolts) or even under the zero bias case. This inversion
of TMR is ascribed to the scattering of the impurities local-
ized in the barrier region. According to Ref. 9, three different
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kinds of bias dependence of TMR are observed when the
energy of the localized state E; varies. First, if E; lies at the
Fermi level Ef, the scattering resonance occurs and the TMR
becomes negative near zero bias. Second, if E; lies above and
close to the Eg, but not close enough to invert the TMR at
zero bias, the inversion can occur at a finite but small bias.
Third, if E; lies above and far from Ep, there is no TMR
inversion, the TMR decreases with bias but remains positive
within the measurable range of the applied voltage. Within a
simple one-dimensional picture of impurity-resonance tun-
neling, they tried to simulate the experimental results using a
phenomenological Breit-Wigner formula,'?

_ 2_62 1_‘Lo'LFRa'R
- Th (E - Ei)2 + (FLO'L + FRU'R)2 '

G, o (E) (1.1)

where FLUL and FRUR correspond respectively to left and
right half linewidths of the impurity resonance, and are taken
as phenomenologically adjustable parameters in the simula-
tion. It is found that the first case can be simulated quite well
by Eq. (1.1).° As to the second case, Eq. (1.1) fails to repro-
duce the drop of TMR occurring at negative bias voltage. For
the third case, no simulation has been given.

Following Tsymbal et al., experiments are also performed
with large-area nanojunctions, where the cross sections of
the junction range from several um?” to hundreds of um?.'"!2
The results indicate that the TMRs show similar but different
behaviors, in comparison to those of Ref. 9. However, the
authors still simulate their experimental data with the one-
dimensional phenomenological formula of Eq. (1.1), but pay
no attention to the influence of enlarging on the cross
section.'!> Obviously, owing to the scattering of impurity,
the tunneling itself becomes three dimensional. The one-
dimensional formula is insufficient and not suitable for the
interpretation of TMR. Therefore a three-dimensional theory
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must be proposed to include the lateral effect of cross section
and the competition of direct and indirect tunnelings.

Theoretically, Vedyayev and co-workers'>!4 and Sheng et
al. have studied the impurity resonance and TMR in mag-
netic nanojunctions. However, in Ref. 15, only the zero-bias
case was considered, therefore the result cannot account for
the bias effect of impurity-resonant tunneling. The /-V char-
acteristics and the diode effect were considered in Ref. 14.
As to Ref. 13, the impurity-resonant tunneling result for the
finite-bias case, i.e., Eq. (20) of Ref. 13, is conspicuously
questionable. Therefore a microscopic theory suitable for the
finite bias case is still needed.

The purpose of this paper is to present a microscopic
theory to account for the impurity-resonant tunneling at finite
bias, by using the method of Airy functions. The theory will
itself be three dimensional, the lateral effect of the junction
being included. It is shown that the direct tunneling and the
indirect tunneling via impurity scattering will compete with
each other if the cross section changes. Different from Refs.
9, 11, and 12 where the linewidths I' Lo, and FRUR are treated
as constant parameters, the resonance linewidths in this pa-
per will be derived from the basic quantities of the magnetic
tunnel junction. We find that recent experiments®'"12 on
impurity-assisted TMR can be explained naturally within this
theory.

The rest of this paper is organized as follows. In Sec. II,
we shall first present the spintronic tunneling model for the
TMR of magnetic tunnel junctions, and then study the propa-
gation of the tunneling electrons via Green’s functions. In
Sec. III, we explore for the direct and the indirect tunnelings,
and concentrate mainly on their competition when the cross
section of the junction is changed. In Sec. IV, we present our
numerical results, and discuss in detail the impurity reso-
nance and the lateral effect on TMR. Finally, we shall sum-
marize our results briefly in Sec. V.

II. SPINTRONIC TUNNELING MODEL

In this paper, we shall consider a tunnel junction that con-
sists of two identical FM electrodes and an insulating barrier.
Within the barrier, random nonmagnetic impurities are dis-
tributed. As in Refs. 6 and 8, the ferromagnetic (FM) elec-
trodes will be described using the single electron model with
two parabolic spin bands. The Hamiltonian of the system has
the form

H=H0+Himp’ (21)
where
ﬁ2
Hy=-—V"+¢(2), (2.2)
2m
Hipp= 2 v(r-r)) (2.3)

1

with ¢(z) the longitudinal potential,
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- (TLA, << O,
Z
d(z) = do— EeV, 0<z<d, (2.4)

—ogA-¢eV, z>d.

Here m is the effective mass of a tunneling electron, v(r
—r;) is the scattering potential of the impurity at site r;, V is
the applied voltage, d is the barrier width, ¢, is the barrier
height, A is the half exchange splitting between the two spin
bands of the FM electrodes. The oy (o =+1) and oy (oy
==1) denote the spin states of the electron in the left and
right FM electrodes, respectively. In order to get a qualitative
explanation on the bias-dependent TMR more directly, we
simply adopt the potential profile within the barrier under
bias to be a linear function of z (i.e., the trapezoidal shape)®®
instead of performing the exactly self-consistent calculations
based on the nonequilibrium Green’s-function formalism.'®

To calculate the tunneling magnetoresistance, we employ
the retarded Green’s function (GF) to study the propagation
of the electrons. For an incident electron from the left elec-
trode, its transmission state in the right electrode can be
given via GF as follows:!”

dE
¢’RUR(r)=inr,J2 GO.LO.R(E;I',I',)IJILU.L(I'I),
o

(z' <0, z=d), (2.5)

where ¢, (r') is the initial stationary state of the incident
electron with spin o7, 1//R(,R(r) is the final (i.e., transmission)
state of the electron with spin oy, and G, , (E;r,r’) is the
retarded Green’s function in energy space. Equations (2.3)
and (2.4) show that the scattering is elastic therefore the
energy is conserved with respect to the initial and final states
in Eq. (2.5).

We shall treat the impurity scattering Hjy,, as a perturba-
tion to the basic Hamiltonian Hy. As a result, G, . (E;r,r’)
can be obtained from the Dyson equation,

GULUR(E;r,r’)=GE;)L)UR(E;r,r')+jdrng)L)UR(E;r,rl)

XHimp(rl)Go'Lo'R(E;rhr,)’ (26)

where fo) (E;r,r’') represents the unperturbed Green’s
LR
function, it is given by

(E-Hy)GY), (Esx,r')=hdr—r'). (2.7)

To solve Eq. (2.7), we can expand the unperturbed GF

0 . .
© (E;r,r’) in the mixed real-space momentum represen-
ILIR

tation,

(E,p;z,2)e ™) (2.8)

IL9R IL9R

1
Gy, (Eirx)=—2G
A%
where y(y’) denotes the coordinate in the xy plane with p the
corresponding lateral momentum, A is the cross-sectional
area of the junction, and G, , (E,p;z,z’) is the z component
of GE?L)”R(E ;r,r’) at the p point.
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Substituting Eq. (2.8) into Eq. (2.7), one has

ﬁzf h’p?
T oam o __TZ"¢&) Gor o (Eop32,2") =hdz—2).

(2.9)

The above equation can be solved by connecting
Go o (E-P32,2") at the two interfaces, z=0 and z=d, and

also at z=z'. It should be noted that the rigorous solution of

‘TLUR(E P;z.z') in the barrier will be a linear combination
of the Airy functions Ai(z) and Bi(z) since the potential ¢(z)
within the barrier is trapezoidal.®!® With the help of Airy
functions, the QULUR(E p;z.7), G(O) (E;r,r’) and

Gy, o (E;T.1") Obtained above are rlgorous and thus is a fea-
sible scheme for investigating the properties of TMR at an
arbitrary bias voltage.

After obtaining G, 5 (E;r.r’"), one will get the transmis-
sion wave function g, (r) via Eq. (2.5). From ¢, (r), the
tunneling current dens1ty Jo o CAN be calculated as
follows: '

‘I(TLO'R(V) = ﬁz f dE TO'L(TR(E’p)[f(E) _f(E+ EV)],
P

(2.10)
where E=E,+E_ is the total energy of the tunneling electron,
with E,= h2 2/ (2m) and E. hsz(, /(2m) being the lateral

and longitudinal energies; and T‘TLUR(E ,Pp) is the transmis-
sion coefficient which is defined as

_ l kR(J'R )
T(J'L(rR(Esp) - A dy kLU-L | 'ﬂRo’R(r)| (2 1 1)
with
2m 172 thz
kLoL= (?) E - E+0'LA (2.12)
kry. = zm 1/2\/E—@+€V+O'A (2.13)
Rop =\ 42 2m R ’

Here, we note that the lateral effect of the impurity scattering
has been included in 7, (E,p). Finally, the tunneling mag-

netoresistance can be expressed in terms of J,, Lo 20

T (V) +J,(V) =T (V) = (V)
T W)+ (V) +d (V) + 1 (V)

TMR(V) = (2.14)
This formula will be used to study the properties of the TMR
at a finite applied voltage.

III. DIRECT TUNNELING AND IMPURITY
RESONANCE TUNNELING

In this paper, we shall confine our consideration within
the case of dilute doping. For simplicity, the scattering effect
in dilute doping will be approximated to the single-impurity
problem, that is,
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¢(2)
Po

FIG. 1. A schematic potential for the ferromagnetic junction
with nonmagnetic impurity locating inside the barrier at zero bias.

Himp(r) = 85(1‘ - rc) = 8§(y - yc) 5(2 - 6)9 (31)

where ¢ is the scattering potential amplitude; y,. and ¢ are
coordinates of impurity in the xy plane and z axis, respec-
tively. Figure 1 shows the spintronic model with a nonmag-
netic impurity localized in the barrier at zero bias.

With Eq. (3.1), Eq. (2.6) can be simplified, and thus the
transmission wave function of Eq. (2.5) becomes

'//RUR(I') fdr f GE?Z,,R(E r r’)lﬂLaL(I")

(0)
fdr f G(,LUR(E r,r )tl, o (E;c)

0 . ’ ’
XGyy (Esr Yy, (1), (3.2)
where the t matrix is just the function of c,
L €
a'Lo'R(E c)= U'L()'R(E’rc‘) 1 SG(O) (Eiror )
U'LU'R TR
(3.3)

On the right-hand side of Eq. (3.2), the first term represents
the direct propagation of the electrons from the left electrode
to the right electrode, and the second is the indirect propa-
gation via the impurity scattering.

Due to the separation of i, (r) into the two parts, the
transmission coefficient 7, . deﬁned in Eq. (2.11) will
break into three parts: T"L‘TR TflrLaR+ T‘;HL%R+ T;rf;‘ As a re-
sult, the tunneling current density S o becomes

J — jd + Jlmp Jcross

(TLU'R (TLU'R U'L(TR (TL(T >

(3.4)

where J‘;LUR stands for the direct-tunneling current density,
o, 18 the indirect-tunneling current density, and Jg°2 is
the crossing term of direct and indirect tunnelings. As men-
tioned in the preceding section, for the finite bias case J‘;LUR,
JMPand JT must be expressed in terms of Airy func-

tions Ai(z) and Bi(z). It is thus inconvenient for analytical
discussions. On the other hand, the experiments up to
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now”!"12 are confined only within the low bias region.

Therefore we will concentrate ourselves on the low bias case,
and employ the Wentzel-Kramers-Brillouin (WKB) approxi-
mation to treat the Airy functions.®?! We thus find

d,
Sn= 57 f dE | SLE) = f(E+eV)]

16kL"LkRUR‘1Lf]R€_2f 44(2)dz .
’ 3.5
(L g, + 1) (ko + GR)
12
imp _ L %€
oog = Avrh dEf[f(E) HE+eV)]
oy B2l (B30} Py (Er.V) P (Esc. V).
(3.6)
GO f dE [ 22 05(E) - 5+ V)]
) 27 - e
o’LG'R A 7Tﬁ2 277
d
16k1 o kg qrqre”/070%
X Re[ty, 4, (E5C)] LRy LR -
qc(kLO'L + qL)(kRUR + qR)
(3.7)
where (I)LO'L’ q’RaR, and ¢(z) are defined as follows:
dn 2mki g q; )
b= f Y “2loadz - (3.8)
27T qc'(kLg'L + qL)
1 ( pdp 2mkr, g
PN f PR 2l (3.9)
h 2 qC(kR(rR + qR)

q(z) = <ﬁ2> \/qbo E+——§eV (3.10)

with ¢; =¢(0), g.=¢q(c), and ggr=¢(d). In arriving at Egs.
(3.5)—(3.9), we have assumed that the summation over p can
be turned into integral, which is proved to be true for a
nanojunction with a cross section about 0.01 xm?°

Equations (3.5)—(3.9) demonstrate that the direct-
tunneling current density J‘;LUR is irrelevant to the cross sec-
tion of the junction A, whereas the indirect-tunneling current
density ;% and the cross-tunneling current density J;°>
are both inversely proportional to A. The factor 1/A appear-
ing in Jl(f"er and J‘ffrf;; results from the integration over y.
Physically, it reflects that the scattering cross section of im-
purity is directly proportional to the lateral concentration of
the impurity. Owing to the inverse proportionality of th;‘;
and Jf,‘fffk to A, the larger the junction area is, the weaker the
effects of the impurity scattering will be. The effect of the
cross section will be discussed in detail in the next section.
As will be seen later, by taking into account the effect of the
cross section, the experiment results on TMR can be ex-
plained in a unified manner.
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For the impurity scattering, the most interesting effect is
the resonance tunneling. From Eq. (3.3), one can find that the
resonance will happen at the condition

l-¢ Re{fo)(, <E,»— EeV;c,c)} =0.  (3.11)
LYR d

Following Ref. 13, Re[Gf?L)UR(E ;¢,c)] can be expanded in
powers of [E—E;+(c/d)eV]. As a result, near the resonance,
the indirect-tunneling current density Jlmp becomes

it = <22 | aELf(E) - (E + V)]

FL(r (E c, V)FRO' (E c, V)
[E E,+eV(cld)] + [T, (Ese,V) +Tro (Ese, 2]

(3.12)
where Upg (Esc,V)==®y, (E;c,V)/ RCGSJ)(; (E),
Ty (E3c,V) ==®g, (Eic,V)/ReGY! (E), and
ReGY" (E)=(3/IE)RAGY, (E~(c/d)eVic.o)].  Note

that the second factor within the integrand of Eq. (3.12) rep-
resents the well-known Breit-Wigner resonance factor, where
the resonance peak locates at the energy E;—eV(c/d) with
FL,,L and FR,,R being its left and the right half widths, respec-

tively.
As for J;%. Eq. (37) indicates that J %
“Relt, ;. (E; c)] Because Re[?, , (E;c)]is a small quantlty

near the resonance, Jcro“ is much less than Jd and J”‘“p

in this region. Therefore we can neglect the contrlbutlon of
J°r°ss in the neighborhood of resonance,'> and rewrite Eq.

(3. 4) as
S

‘TL‘TR ‘TLUR OLOR’

(3.13)

At first glance, the resonance factor within Eq. (3.12) is
similar to Eq. (1.1). But essentially, Eq. (1.1) is just a simple
one-dimensional tunneling theory that does not take into ac-
count the lateral effects. When it is applied to simulate ex-
perimental data,”!!!2 I, and g, are just taken phenom-
enologically as two different constants, and thus exclude the
influences of physical variables, such as the tunneling en-
ergy, the impurity position, and the bias voltage. Due to this
exclusion and the one-dimensionality of Eq. (1.1), experi-
mental data cannot be well described. In the present theory,
we have adopted a three-dimensional picture of tunneling
and impurity resonance. The lateral effect of impurity scat-
tering and the influence of relevant physical variables can be
easily included in this theory. Therefore it will be more suit-
able for studying the TMR of nanojunctions.

IV. NUMERICAL RESULTS AND DISCUSSIONS

Because two half linewidths I'y , and Ty, are both the
exponential function of ¢, they are more likely to be of dif-
ferent orders of magnitude. Therefore we will henceforth
consider only the asymmetric case, that is, FLUL>FRUR if ¢
<d/2 or FL0L<FR(,R if ¢>d/2. The numerical calculations
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Normalized TMR
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FIG. 2. The curve of normalized TMR vs bias voltage for nano-
junctions with (a) ¢=21 A and E;=0 meV, (b) c¢=22 A and E;
=30 meV, and (c) c=14 A and E;=150 meV.

are performed rigorously according to Egs. (2.14), (3.5), and
(3.6). The numerical results are shown in Figs. 2 and 3. Here,
the parameters are chosen as follows: the Fermi level Eg
=2.5 eV,? and the exchange splitting for the FM electrodes
A=2.1 eV,22 the barrier width d=25 A, the barrier height
¢o—Er=1.4 eV, and the energy of impurity state E;—Ep=0
~ 150 meV.

A. Indirect tunneling via impurity scattering

In this subsection, we focus on the case where the cross
section of junction is so small that the direct tunneling is
negligible. The tunneling is now indirect, it comes from the
impurity scattering. The numerical results are plotted in Fig.
2 where the impurity level varies relative to the Fermi level
of the electrode. In Fig. 2(a), the impurity level lies almost at
the Fermi level, the scattering resonance happens near the
zero bias, and it results in the inversion of TMR. In Fig. 2(b),
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FIG. 3. The curve of normalized TMR vs bias voltage for large-
area nanojunctions with (a) ¢=21 A and E;=0 meV, and (b) ¢
=2.5 A and E;=30 meV. The inset of (b) shows the curve of nor-
malized TMR only considering the indirect tunneling through im-
purity states. The lateral area density of impurity x=5 X 107 corre-
sponds to 2 X 10* impurities doping in the junction of A=10 um?.

the impurity level lies above but not far from the Fermi level,
it leads to the resonance and inversion at a finite bias. In
contrast to Figs. 2(a) and 2(b), when the impurity level goes
far away from the Fermi level, there is no resonance and
inversion, TMR decreases with bias but still remains posi-
tive, as shown in Fig. 2(c).

Those effects of the impurity level on TMR can be under-
stood qualitatively as follows.

As can be seen from Egs. (3.8) and (3.9), for the junction
with a thick barrier, the main contributions to CIDL,,L and CDRUR
will come from the channel of p=0. We thus approximate
FLUL and FRUR as in Ref. 13,

¢ v
e VkLaLC]Le_ZIqu”

(kf o, + 1) (gL~ g)d”

FL(J’L(E;C, V) = (4— 1 )

d
EVkRURQRe_2qudZ

Irg(Esc,V) = (4.2)

(kg + 4R)(qe = qR)d

Without loss of generality, we assume hereafter I‘L(,L
<FR"R’ i.e., c>d/2, the impurity lies closer to the right FM
electrode. Substituting Egs. (4.1), (4.2), and (3.12) into Egq.
(2.14) and using the Fermi-level approximation,’” we obtain
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TMR(V) = &;(c,V) X CLCr(V) X PLPR(V), (4.3)
where
6( V) [Ei—EF—eV(C/d)]2—FRT(EF;C,V)FRL(EF;C,V)
(c,V)= i
1 [E; - Ep.— eV(c/d) ] + Try(Eg;c, V)Tg | (Egsc, V)
(4.4)
— kg k
C = ‘IFL FL1XFL| >0, 4.5)
qFL + kgpyker |
2
V) = kprr (V)kgr (V
CR(V)=q§R( ) FRT( )FRl( ) 0. (4.6)
qrr(V) + kgt (V) kgg (V)
kgp .+ — kg
pL =L S (4.7)
kppy + ke
ket (V) = kgg (V.
Pu(V) = rr1(V) = kgr (V) 48)

kFRT(V) +kgg (V)

and the subscript F means that the associated variables take
their value at the Fermi level Eg. Here Py and Pg(V) are the
spin polarizations for the left and right electrodes, C; and
Cgr(V) are the quantum-coherence factors, and &;(c, V) is the
scattering factor representing the effects of impurity reso-
nance. Hereafter, the factors Py, Pr(V), and Cy are all cho-
sen to be positive, as is the usual case.® It should be pointed
out that Pg(V) is a slowly varying function of the bias volt-
age as compared to Cr(V), hence the bias dependence of
TMR will be determined mainly by the quantum-coherence
factor Cx(V) and the impurity-scattering factor S;(c,V). On
the other hand, Cx(V) does not change sign within the mea-
surable range of a few tens of millivolts for impurity-assisted
tunneling. Therefore Cr(V) only makes the drop of TMR
with increasing bias, whereas &;(c,V) controls the sign
change of TMR. It is worth mentioning that besides inverting
the sign of the TMR, the localized impurity states in the
barrier can also dramatically affect the interlayer exchange
coupling, making the coupling much stronger than that in the
absence of impurities.>> However, in this paper we shall con-
centrate on the sign-change behavior of TMR, and study
three tunneling cases according to the impurity energy rela-
tive to the Fermi level.’

First, when the energy of impurity state matches the
Fermi level of the FM electrodes, i.e., E; = Ef, the scattering
factor &;(V=0)=-1, therefore TMR(V=0)=-P; C; PrCk,
i.e., the TMR becomes negative at zero bias. Near V=0, the
scattering factor &;(V) will remain negative and increase
with V. As a result, the TMR will show a sharp dip within a
narrow region near zero bias. This property is clearly shown
in Fig. 2(a), it agrees well with the experimental curve
shown in Fig. 2(c) of Ref. 9.

Second, when the impurity level E; lies above the Fermi
level E but not far away from Ep: E;—Ex=\T';T'g |, TMR
displays a sign change at positive bias whereas for the nega-
tive bias only the drop of TMR can be observed
experimentally.” To explain this phenomenon, we should
start from the scattering factor of Eq. (4.4), which shows that
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the inversion of TMR upon positive and negative biases will
happen respectively at positive critical voltage V; and nega-
tive critical voltage V/,

{TMR(V) >0, VI<V<YV,

, (4.9)
TMR(V) <0, V<V orV>V,
where
d _—
= ;(Ei —Ep—\I'giI'r)) >0, (4.10)
’ d [
Vi== (B~ Ee=\TeTr) <0. (4.11)

If the impurity locates more closely to the right electrode,
ie., ¢>d-c (¢>d/2), Egs. (4.10) and (4.11) show that
is the reason why TMR changes in sign in the
positive bias case whereas it does not within the measurable
range of bias for the negative case. Furthermore, as was
shown in Refs. 6 and 8, the quantum-coherence factor
Cr(V) % pg—(eV+EL) =\ (EL+eV)?=A%, it is a rapid de-
creasing function of V, and will also cause TMR to decrease
with the bias voltage. As a result, both &;(V) and Cg(V) are
the originations for the decrease of TMR with the bias volt-
age. Those analyses are in good agreement with the experi-
mental data of Fig. 2(b) in Ref. 9, within both the positive
and negative bias regions. Therefore the present theory over-
comes the difficulty of the one-dimensional formula (1.1),
which cannot reproduce the drop of TMR occurring at the
negative bias voltage.’

Third, when the impurity level lies far away from the
Fermi level, E;—Er> \“‘TRTFR |» the impurity resonance can-
not take place, the scattering factor S;(c,V)=1. As a result,

TMR(V) = C; Cr(V) X P, Pp(V). (4.12)

It implies that the TMR will remain positive. Nevertheless, it
will decrease significantly as the bias voltage increases, that
is because Cg(V) is a rapidly decreasing function of V.53 The
above theoretical analyses are in accordance with the nu-
merical results shown in Fig. 2(c), and also agrees quite well
with the experimental result of Fig. 2(a) in Ref. 9. Therefore
in the case without resonance, the decrease of TMR with bias
can be ascribed physically to the quantum-coherence factor
of the tunneling electron under the trapezoidal barrier. How-
ever, this important factor is absent in Eq. (1.1), that is the
reason why it is difficult to reproduce the rapld decrease of
TMR with the increasing bias when E;—Ep> \FRTFR I

To summarize this subsection, TMR is controlled mainly
by the impurity-scattering factor if the impurity level
matches the Fermi level. It is determined by both the
impurity-scattering factor and the quantum-coherence factor
if the impurity level lies above but not far away from the
Fermi level. It is almost determined by the quantum-
coherence factor when the impurity level goes far away from
the Fermi level. In short, the present theory can provide a
unified explanation to all three different cases of the
experiment.’
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B. Effect of cross section

As stated in Sec. III, the direct-tunneling current density
JdL is irrelevant to the cross section of the junction A,

gy O,
whereas the indirect-tunneling current density J;T%R is in-
versely proportional to A. If the junction has a very small
cross section, the indirect tunneling will dominate the direct
tunneling, and the direct one can be neglected, as has been
discussed in the previous subsection. On the contrary, if the
junction area A is large enough, the scattering effects of the
impurity become negligible, there is only the contribution
from the direct tunneling, which corresponds to the common
junctions and has been studied in Refs. 6 and 8. When the
cross section A of the junction is moderate, the contributions
from the direct and indirect tunneling are both nonnegligible,
they should be taken into account simultaneously. In this
case, the total current density must be written as
JS o+ N

J"L”R =Yooy OLIR’ (4.13)

where N; is the number of impurities in the layer z=c. Note
that we consider only the dilute limit of impurity doping,
which corresponds to a very low lateral area concentration of
impurities, i.e., x<<1 (x=N,;/N with N being the number of
atoms in the layer z=c). As will be seen later, it is sufficient
for explaining the experiments of Refs. 11 and 12.

First, let us consider the case of E;=Ef. If the contribu-
tion of direct tunneling is omitted, the curve of TMR vs bias
voltage has been shown in Fig. 2(a). This curve is different
from that in Fig. 4(b) of Ref. 11 when bias voltage increases
above 0.2 V. If both the direct and indirect tunneling are
taken into account, the numerical results are presented in Fig.
3(a) where the lateral area density of impurity x=5X 107, It
indicates that the TMR is negative near zero bias due to the
resonant tunneling through impurity states, and then be-
comes positive and decreases with the increasing bias be-
cause the resonant tunneling vanishes and the direct tunnel-
ing dominates the indirect tunneling when the bias voltage is
sufficiently high. Obviously, the TMR curve in Fig. 3(a) re-
produces the experimental results in Fig. 4(b) of Ref. 11,
especially, the two small peaks around V=+0.2 V. This
demonstrates that the indirect and direct tunnelings will com-
pete and cooperate to determine the behavior of TMR if the
cross section of the nanojunction gets larger.

Second, in the case of E;j—Ep=\I'g;['g, if the contribu-
tion of direct tunneling is neglected, the TMR will change
sign at finite bias voltage, as has already shown in Fig. 2(b).
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If the impurities are doped near the left electrode, this sign-
change behavior would be observed at the negative bias volt-
age, as shown in the inset of Fig. 3(b). It can be easily found
that the inset of Fig. 3(b) and the experimental data in Fig.
3(a) of Ref. 12 are similar but somewhat different. To over-
come the difference, we calculate the contributions of both
indirect tunneling and direct tunneling, and present the nu-
merical results in Fig. 3(b). Clearly, due to the influence of
direct tunneling, the TMR increases rapidly with the increas-
ing negative bias voltage and even changes to a positive
value at a large voltage, which agrees with Fig. 3(a) of Ref.
12. Therefore the experimental results on MnAs/
GaAs(AlAs)/MnAs large-area nanojunctions'? can also be
naturally explained as the combining effect of direct tunnel-
ing and indirect tunneling via impurity states.

To sum up, we have provided a straightforward explana-
tion to the recent experiments on large-area nanojunctions by
taking into account the contributions of both the impurity-
assisted indirect tunneling and direct tunneling.'!"!?

V. CONCLUSIONS

We have performed a microscopic study of impurity reso-
nance and TMR for magnetic nanojunctions with nonmag-
netic impurities in the barrier. The analytical expressions for
both the direct and indirect tunnelings are obtained. Within
this framework, the lateral effect has been included, and also
the TMR can be straightforwardly calculated from the basic
physical parameters. It is found that the contributions of di-
rect and indirect tunnelings are controlled by the cross sec-
tion of the junction. If the cross section is very small, the
indirect tunneling will dominate the direct one and the latter
is negligible. In this case, the bias dependence of TMR is
generally controlled by the impurity-scattering factor &; and
quantum-coherence factor Cy. If the junction area gets larger,
the direct tunneling is nonnegligible and will compete with
the indirect tunneling to determine the behavior of TMR.
With the above theoretical results, the experiments of nano-
junctions are explained in a unified manner.
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