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Much attention has been focused on perovskite oxide ow-
ing to its nearly 100% spin polarization in ferromagnetic state
and therefore, the perovskite oxide is a good candidate for de-
vices using spin polarized charge transport [ 1-7]. Furthermore, in
perovskite oxides the interface effect can cause polarization en-
hancement [8], superconductivity [9], a high-mobility electron
gas [10] and positive magnetoresistance [11]. In spite of the
multiple couplings among charge, spin and orbital degrees of
freedom in the perovskite oxide, the transport behavior in per-
ovskite oxide p-n junctions can be explained as the drift-diffusion
mechanism in the positive bias and tunneling mechanism in the
reverse bias condition with the consideration of oxide vacan-
cies [12-14]. Positive magnetoresistance is found in many het-
erostructures with different materials [15-20]. In the perovskite
oxide p-n junction composed of hole doped Lag 9Srg.1MnO3 (LSMO)
with negative magnetoresistance and electron doped nonmagnetic
SrNbg.01Tig.9903 (SNTO) the positive colossal magnetoresistance
(CMR) effect is found [21,22]. The combination of all these issues
is what makes oxide heterostructures so interesting: This area of
research is located at the intersection between fundamental sci-
ence investigations and technological applications [23]. Although
the positive CMR effect is found in LSMO/SNTO heterojunction in
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the experiment and the origin of the positive CMR effect is pro-
posed [11], the theoretical proof on the mechanism of positive MR
and a quantitative calculation is still absent so far.

In this work, spin polarization is first employed in the transport
calculation of perovskite oxide p-n junctions. Calculations for
the tunneling spin currents are carried out at reverse bias by
solving Schrodinger equation. The good agreement between the
experimental and calculated results proves that the employment
of spin current is valid to reveal the mechanism of positive MR
behavior in the perovskite oxide p—n junctions. Furthermore, this
method should be useful for designing MR-dependent devices in
perovskite oxides.

Based on the drift-diffusion model, the energy band dia-
gram, which is the basis for calculating tunneling current, is ob-
tained [12-14]. Fig. 1 shows the calculated band structure around
the interface regions of LSMO and SNTO p-n heterostructures at
bias —0.5 V. Moreover, the schematic DOS (density of states) of
the p-n junction is also plotted in Fig. 1. The tunneling current
is calculated as follows: in the energy range from Ep, (the Fermi
level in the SNTO) to E,, (the top of the valence band in the left
boundary of LSMO), the electron in the valence band of bulk LSMO
region can tunnel to the conduction band in the space charge
region of LSMO and SNTO. The wave function is obtained by solv-
ing Schrodinger equation in one dimension which is expressed as

2 dow 4y = here f is reduced Planck’
—mal X)p(x) = E@(x), where h is reduced Planck’s con-

stant, m is effective mass of electron, ¢ (x) is wave function, V (x) is




C.-l. Hu et al. / Solid State Communications 149 (2009) 334-336 335

2.0 - z
e ]
st S ket > AE} 5
3.0 ¥ H
L - “o.0
s L - i
_ 40F \
< (et
L 45k 9
> 3
o
g 5.0pF
= 5.5 i tQQt
I C 991 T
6.0
bl [ oy !
.?‘0 =
sl L .
190 200 210
X (nm)

Fig. 1. The energy band structure at —0.5 V bias with the electron and hole
doping concentration 2.0 x 10% cm~3 for SNTO and 4.0 x 10'® cm~3 for LSMO
respectively at 255 K in LSMO/SNTO junction and the corresponding schematic DOS
of the junction. The inset shows the energy barrier at the space charge region of
LSMO/SNTO junction.

the energy barrier, which is shown in the inset of Fig. 1, has been
obtained by solving Poisson equation and the carrier continuity
equations self-consistently, E is the energy of electron at a given
energy. The Schrodinger equation is calculated by the finite differ-
ence discrete method. The free electron wave function is used as in-
cident wave function, the wave function before entering the energy
barrier is the sum of the incident and reflective wave function and
after tunneling through the energy barrier, the wave function is the
transmission wave function. And then the current density of a sin-
gle electron jo(E) = %(go(x)% - go*(x)%) can be obtained.
The total current density is calculated using the expression in the
following J(0) = fEE””f(E)N(E)jO (E)dE, with f(E) = %

fn 1+exp< kB{”)
being Fermi distribution function, N(E) being the energy density
of states of electrons taken as three-dimensional one, E, and E,,
being taken from our previous calculations [12-14], kz and T be-
ing Boltzmann constant and temperature, respectively. The current
density in the forward is two orders of magnitude larger than that
in the reverse. Therefore, the current density in the reverse is omit-
ted in our work.

At a given negative bias, if the energy difference between E;,
(the bottom of conduction band of LSMO at the interface) and E,p is
less than AE (the energy difference shown in Fig. 1), the expression
for spin-dependent tunneling current density under magnetic field

can be written as: J; | (P) = fEf:P 0.5(1 — P)f(E)N(E)jo(E)dE,
Ny—N

N1+Ni’ No (o =
1, J) are spin-dependent density of states for electrons with spin
o. When the energy difference between Ej and E,, is larger
than AE, the expressions for spin-dependent tunneling current
densities under magnetic field are:

where P is the spin polarization defined as P =

Ey
Jroy(P) = f " 0.5(1 = P EIN(E)jo(E)IE, and
Ej

Evp

Jror(P) = / 0.5(1 + P)f (E)N(E)jo (E)dE.
Eip+AE

J4+—, and J4_, 4 denote spin-related tunneling current densities
of electrons in e} 1 band to t,; | band and to e; 1 band,
respectively. The total tunneling spin current can be expressed as:

JP) = Jnon +J4= | (P) + J1—1(P), (1)
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Fig. 2. (a) The calculated results of MR value dependent on negative bias at spin
polarization 0.3, 0.5, 0.6, and 0.7 at the temperature of 255 K in LSMO/SNTO
junction. (b) The experimental data of MR value dependence on negative bias under
the magnetic field of 5 Oe, 10 Oe, 100 Oe and 1000 Oe at 255 K in LSMO/SNTO
junction.

where J,on = f;;" f(E)N(E)jo(E)dE, for clearly analyzing our later
results of MR variation, the current for P = 0, J(0) can be further

written as J(0) = J(P) + J»(P), where ,(P) = fEf;p 0.5(1 +

. Eip+AE .

P)f (E)N(E)jo(E)AE, orJo(P) = [, 0.5(1+P)f (E)N(E)jo(E)dE,

for the energy difference between Ej, and E,, being less or more

than AE, respectively. The MR is defined as MR = (Ry — Rg)/Ro,
\'4

with the resistances under applied magnetic field Ry = ™

and zero magnetic field Ry = % calculated with the calculated
tunneling currents and applied bias, so that the expression for MR

can be written as:

P
_Ja( )’ 2)

J(P)

Fig. 2(a) shows the calculated MR value dependence on negative
bias for spin polarization of 0.3, 0.5, 0.6, and 0.7, respectively,
at the temperature of 255 K in LSMO/SNTO p-n junction. The
corresponding experimental results are shown in Fig. 2(b) [11].
From the dependence of MR value with reverse bias with various
spin polarization, it can be seen that with the increase of reverse
bias, the value of MR increases to a maximum and then decreases
swiftly. Furthermore, it increases with spin polarization at a given
negative bias. From the comparison of Fig. 2(a) with (b), it can
be seen that spin polarization of the structure increases with
magnetic field and the calculated results are in good agreement
with experimental data. At a small negative bias under magnetic

MR




336 C.-l. Hu et al. / Solid State Communications 149 (2009) 334-336

08" —— Na=4.0e19

| —@— Na=2.0e20

07 —m— Na=4.0e20

06

05

(Ry-Ro) /Ry

04

03

02

0_1 A 1 A 1 A 1 A 1 A 1 L 1 i 1 i 1 i 1
22 -20 -18 -16 -14 -12 -10 -08 -06 -04
Voltage (V)

Fig. 3. The dependence of MR value with negative bias at the electron doping
concentration being 2.0 x 10%° cm~3 for SNTO and various hole concentrations for
LSMO in the LSMO/SNTO junction at 255 K with spin polarization of 0.6.

field, electrons in e; 1 band in the homogeneous region of LSMO

can only tunnel to t,; | band which is partly lower than e§ 0
band in the space charge region of LSMO. With the increase of
negative bias, E,, can equal or even exceed the bottom of e§ 0
band. From the energy band structure shown in Fig. 1, it can be

seen that the electrons in eg1 1 band have the probability tunneling

to both t; | band and eﬁ 4 band under magnetic field. The spin
anti-parallel tunneling causes a decrease of current, while the spin
parallel tunneling causes an increase of current. At first, the current
tunneling to t; | band is larger than that to eé 1 band, so that
the value of positive MR increases with bias. When the tunneling
current of electrons from e;, 41 band to t, | band is equal to that

to efg 4 band, the positive MR value reaches a maximum. With

further increase of negative bias, the current tunneling to e§ 0
band increases more rapidly than the increase of that to t, |,
so that the positive MR starts to decrease with bias. Therefore we
can conclude that the competition between the current tunneling
to the t, | band and to e§ 1 band leads to the variation of
positive MR value under applied negative bias. We can understand
that the spin polarization of electron increases with magnetic field,
which leads to the increase of MR value with magnetic field. From
the comparison of calculated MR and experimental data shown in
Fig. 2, we can see a dependence of spin polarization of the system
on magnetic field.

Fig. 3 shows the MR value dependence on hole doping
concentration of 4.0 x 10", 2.0 x 10%°, and 4.0 x 10*° cm™3 for
LSMO, respectively, and electron doping concentration of 2.0 x
10%° cm—3 for SNTO in the LSMO/SNTO junction. It can be seen
clearly that higher hole doping concentration leads to a smaller
positive MR value. With the increase of hole doping concentration,
although the tunneling current increases due to the decrease of the
width of the space charge region, the increase of the calculated
Jo(P) is smaller than J(P). Therefore, J(P) has more important
influence on MR value at a given negative bias than J,(P) with
different hole doping concentration. From the definition of the
MR in Eq. (2), the larger tunneling spin current J(P) will lead to a
smaller MR value at a given negative bias under magnetic field with
different doping concentration. Therefore, the positive MR value

should decrease with increasing hole doping concentration. Our
calculation result predicts that the magnetoresistance decreases
with the increase of doping concentration of p region. We can
conclude that lower doping density (like 0.1) causes larger positive
MR, although higher doping density (like 0.3) of LSMO causes larger
negative MR for LSMO bulk for LSMO/SNTO heterostructures.

In summary, the values of MR with negative bias and hole
doping concentration with various spin polarization are obtained
by theoretical calculation. The theoretical calculation shows that
the variation of MR value with bias agrees well with experimental
results. The mechanism of the variation of MR value with negative
bias is proposed and verified to be due to the competition between
the tunneling rate of electrons in e; 1 band to t,; | band and

that to eé 4 band at the interface region of Lag ¢Srg.1MnOs. The
mechanism of a lower doping of LSMO causing a larger positive
MR of LSMO/SNTO is also revealed. In this letter, a valid model has
been presented, by which a complicated CMR problem in oxide
heterostructure can be treated, and this model should be applicable
for almost all kind of oxide p-n junctions. We believe that the
employment of spin current has potential application for designing
MR-related devices in perovskite oxides.
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