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A systemic study of magnetoresistance (MR) in manganite perovskite oxide p-n junction is performed
with experiment and theoretical calculation. The spin-dependent tunneling current is calculated with
a model of double-band barrier and MR with reverse bias is explained as a result of competition
between tunneling currents with different spins. The reduction of recombination rate at the interface
of heterojunction with magnetic field is proposed to explain positive MR at forward bias. Furthermore,
negative MR is predicted to be observed in oxide heterostructure without electron filling in t2¢| band of
manganite at the interface region with both forward and reverse bias.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The magnetoresistance (MR) in the low-dimensional system of
the manganite oxide including films [1,2], p-n junctions [3-11],
magnetic tunnel junctions [12,13], and superlattices [14,15] has at-
tracted great attention since the colossal magnetoresistance (CMR)
effect has been observed in Lagg7Cap33MnOs film in the last
decade [16]. In these oxide microstructures, huge positive and neg-
ative MR rates have been measured with both forward (a positive
voltage applied to the p-region with respect to the n-region) and
reverse (a positive voltage applied to the n-region with respect
to the p-region) bias [3-11], respectively. Comparing to the huge
progress in the experiment, the theoretical study on the mecha-
nism of CMR is more complicated due to the interplay of spin,
charge, orbital, and the competition of this closely related energy
scaled. In the early stage, the double-exchange (DE) model was
proposed by Zener to explain the mechanism of MR [17,18]. Fur-
thermore, a strong electron-phonon interaction arising from the
Jahn-Teller distortion has been supplied to the DE model [19]. In
contrast to the DE model, an alternative idea was proposed on the
fact that the holes are located in the oxygen orbital of the charge-
transfer materials [20-24]. In that model, the doped holes mainly
reside on the oxygen orbital and interact with Mn ions by a d-p
exchange interaction. Due to the negative integral of the d-p ex-
change, these holes are linked antiferromagnetically with the spins
of the adjacent Mn ions [17,20-24]. By applying a magnetic field,
the movement of the holes would be improved with all the Mn
spins are aligned. In addition to the complicated origin of CMR
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in manganite materials, the mechanism of the novel MR behav-
iors in the manganite oxide heterostructures remains controversy.
To explore the physical mechanism of positive MR in the mangan-
ite heterojunction at reverse bias, a phenomenological model has
been proposed [25] based on the band structures of hole-doped
manganite material at the interface region of the heterojunction.
With this model, the positive MR properties in various mangan-
ite heterostructure systems [25-27] have been explained. However,
a self-consistent calculation of this phenomenological model and
the comparison between the calculated results with experimental
data are still lacking. In addition, neither experimental nor theoret-
ical study for heterostructures at forward bias has been reported
yet.

In this Letter, we report a systemic study of the spin-polarized
transport process in LaggSrg1MnO3/SrNbg o1 Tig.g903 (LSMO/SNTO)
p-n junction based on both experimental and theoretical results.
The theoretical spin-polarized currents are calculated with a model
of double-band barrier for tunneling and with spin-dependent
drift-diffusion model. Within our phenomenological model, the
spin-dependent drift-diffusion current with forward bias is a func-
tion of the recombination rate between the spin-polarized elec-
trons and holes at the interface of the heterojunction. At re-
verse bias, the spin-polarized tunneling current is determined by
the bias-dependent band structure, filling of t¢ spin-down (¢ )
band, and the alignment of e} spin-up (eyt) band with tyg)
and e spin-up (e31) bands in the p-LSMO region. Based on the
calculated spin-dependent currents, the MR rate with a certain
spin-polarization rate P is defined as MR = (R(P) — R(0))/R(0) =
J(©)/J(P) — 1, where R(P) and J(P) are spin-dependent resis-
tance and current density, respectively. As indicated in this defi-
nition, a positive MR will be obtained when the current density
decreases with the increase of spin-polarization rate. The positive
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MR effect observed in the LSMO/SNTO heterojunction with forward
bias is concluded to be the reduction of recombination rate be-
tween electrons in the ¢ band and holes in the e}gT band in the
p-LSMO region with the increase of applied magnetic field. With
the reverse bias, the theoretical MR curves are obtained by com-
puting the spin-dependent tunneling currents from e}gT to tagl

band and from eg to e2t band with the model of double-band
barrier for tunneling. Comparing with the calculated and the mea-
sured MR curves, the positive MR at reverse bias can be explained
with the variation of tunneling rates for spin up and down elec-
trons and the strong scattering between electrons with different
spins in the tyg| band of manganite at the interface region. In
addition, the negative MR is predicted to be measured in the het-
erojunctions without electron filling in the t2¢| band of manganite
material at the interface region with both forward and reverse bias,
respectively.

2. Experiment

The experimental setup, the measurement method, and the
data analysis have been given in details in Refs. [6,7,9,10,25,26].
Here, we only outline them briefly. The LSMO/SNTO heterojunction
was fabricated by using the laser molecular-beam epitaxy (laser
MBE). The 0.1 Sr-doped LaMnOs with thickness of 400 nm was
deposited directly on the 0.01 Nb-doped SrTiOs; at the substrate
temperature as 630°C with the oxygen pressure as 2 x 103 Pa.
With the laser wavelength of 308 nm, repetition rate of 2 Hz, and
duration as 20 ns, the growth rate of LSMO was about 1.3 nm/min.
The XRD 6-20 scan curve and the cross-section high-resolution
transmission electron microscopic (HRTEM) image show that good
interface between LSMO and SNTO was obtained.

The temperature-dependent resistance measurements were per-
formed on the LSMO and SNTO films by using the in-plane
currents and the four-point geometry method. The measured
temperature-dependent resistance curves, which are given in
Ref. [25], indicated a negative CMR property of the LSMO film
and the semiconducting transport characteristics of both LSMO and
SNTO films in the temperature range from 75 to 345 K. The [-V
characteristics of the LSMO/SNTO heterojunction without the ap-
plied magnetic field were measured by using a pulse-modulated
current source with the step of 0.01 mA. The I-V behaviors of
the LSMO/SNTO heterojunction under the magnetic field were
measured by using the superconducting quantum interference de-
vice (SQUID) at the temperature 190 and 255 K, respectively.
The magnetic field was applied perpendicular to the heterojunc-
tion interface and parallel to the current in the range from 5 to
1000 Oe. The measured MR curves as the functions of the posi-
tive and negative bias voltages are plotted in Figs. 1(a) and 2(a),
respectively. As shown in these figures, the magnetic resistance
MR = (Ryg — Ro)/Rp increases with the increased applied magnetic
field, which shows the positive MR phenomenon.

3. Theoretical model

In the bulk hole-doped LSMO, three of the Mn-3d electrons
form the lower energy tp; band and the remaining two electrons
occupy the higher energy eg band in the cubic crystal field. Due to
the Jahn-Teller distortion, the eg band splits further to the e; and
eé bands. Furthermore, the spin degeneracy is removed into the
magnetic states by Hund’s rule coupling. Based on the hypothesis
of weak Hund’s rule coupling [13,25], the t¢] band is energet-
ically higher than the e}t band and lower than the ezt band.
When the p-LSMO film is deposited on the n-SNTO film, the elec-
trons in the n-SNTO film and holes in the p-LSMO film will diffuse
into the p-LSMO and n-SNTO regions, respectively. Due to the band
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Fig. 1. (Color online.) The measured (a) and calculated (b) MR curves with various
applied magnetic fields (or spin polarization rates) under forward bias voltage at
T =255K.
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Fig. 2. (Color online.) The measured (a) and calculated (b) MR curves with various
applied magnetic fields (or spin polarization rates) under reverse bias voltage at
T =190 K.

structure of the p-LSMO, the t»¢| band will be partially filled after
the filling of the e}gT band at the interface region of the p-LSMO.
Then the build-in electric field will be built up to balance the ef-
fect of drift and diffusion, and the p-LSMO/n-SNTO heterojunction
is formed.

Based on the study of spin-independent transport process in
the perovskite heterojunction [28], Poisson equation and the spin-
dependent drift-diffusion equations are employed to describe the
behavior of electrostatic potential ¢(x), the spin polarized elec-
trons ns(x) and holes ps(x) (0 = 1,| for spin up and down
state, respectively) with a certain value of P. Here, P =(Ny —N)/
(N4 + N,) is defined as spin polarization rate with N and N,
denoting the density of states with majority and minority spins,
respectively. Without considering the flipping of spin state during
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the transport process, the spin-dependent continuity equations are
written as,

d n,o ’ P

% :qRa(X)s
X

W = —qRs (%), W
X

where Ry (x) denotes the spin-dependent recombination rate of
the Shockley-Read-Hall recombination processes [29-31], and q is
the electron charge. The spin-dependent drift-diffusion current is

Jno (%, P) =~y [qna (00X | dno (x)]’

dx B dx
d dps
Jpo (. P>=—up[qpa(x> PO ey dx(")], 2)

where kg denotes the Boltzmann’s constant, T is the temperature,
Wy and wp represent the mobilities of electrons and holes, respec-
tively. Due to the strong scattering between carriers with different
spins, we only consider the recombination process between carri-
ers with the same spin orientation. Thus the spin-dependent re-
combination rate is written as,

Po (X)ng (X) —nZ

Ro = s
« Tnlpo (X) +ni o]+ Tp [ng (%) +ni o]

(3)

where n; , denotes the spin-polarized intrinsic carrier concentra-
tion, 7, and 7, describe the lifetime for electron and hole, respec-
tively.

In the LSMO/SNTO heterojunction, the band structure of LSMO
is hypothesized as weak Hund’s rule coupling. With this hypothe-
sis, tzg band is energetically lower than eéT band and the former
is partially filled at the interface of the heterojunction [13,25].
Thus trg| and eéT band are the conduction and valence band of
p-LSMO, respectively. The spin-polarized electron and hole con-
centrations at x =0 are p4(0) = EENg, p;(0) = 15BN, ny(0) =
1=2n2(0)/Nqg, and ny (0) = ELn?(0)/N, respectively. n;(0) and N,
denote the concentrations of non-spin polarized intrinsic carrier
and the ionized acceptor at the p-region, respectively. For the non-
magnetic SNTO, the boundary conditions of carriers are py(L) =
py(L) = in}(L)/Ng and ny(L) =ny (L) = Ng, respectively. Here,
n;(L) and N4 denote the concentrations of intrinsic carrier and the
ionized donor at the n-region, respectively. The electrostatic poten-
tials at two sides of the heterojunction are ¢(0) =0 and ¢ (L) =
V4 — Vpigs with Vg is the build-in potential. With these boundary
conditions, the total forward current Jg(P) = Zazm Jno(x, P)+
Jp.o(x, P) is obtained self-consistently. The calculated band struc-
tures of LSMO/SNTO heterojunction with +0.5 V and —1.0 V bias
are plotted in Figs. 3 and 4, respectively.

In the case of reverse bias, the spin-dependent interband and
trap assisted tunneling processes are analyzed with the hypoth-
esis of weak Hund’s rule coupling and the free electron model
is introduced to calculate the electron tunneling current. As plot-
ted in Fig. 4, the potential barrier for tunneling between e}gT band

into tpg| (or eéT) band Vi, (x) (or Veé (x)) is determined by the

top of e;t band and the bottom of tag| (or e21) band, respec-
tively. Thus, a double-band barrier for tunneling is constructed.
With this double-band barrier, the spin up and down electrons
tunnel through various potential barriers. Therefore, the tunneling
rate for spin down electrons is greater than that for spin up ones.

The wave functions of electrons with Kkinetic energy E,
YE 151 (X) (or ¥E 4 (%)) satisfy the stationary effective-mass
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Fig. 3. (Color online.) The band-energy profile of the LaggSrg1MnO3/SrNbg o1 Tig.9903
heterojunction with +0.5 V bias applied across the entire system.
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Fig. 4. (Color online.) The band-energy profile of the LaggSrg1MnO3/SrNbg g1 Tig.9903
heterojunction with —1.0 V bias applied across the entire system.

Schrodinger equation with the double-band barrier as follows,

n® d*yg 4
TV gy e g1 00 = Eve gy ),

2m* dx?
W d?Pe 1o (%)
T T R —qVi, O VE A (%) = EVE 1 (%), (4)

where h represents the reduced Planck constant and m* is the
effective mass of electron. We should point out here that the po-
tential barrier for tunneling is assumed to be constant during the
tunneling process. Or in other words, the variation of the distri-
bution of charge density caused by tunneling process is ignored
in the calculation. This assumption is a reasonable approximation
for treating the tunneling process in p-n junction. Thus, the wave
functions are time independent in this work. Based on the free
electron model of the conduction electrons [32,33], the solutions
of Eq. (4) are plane waves in the intervals 0 <x <a and b <x <L,
where a and b are the boundaries of tunneling barrier, respectively.
The wave functions are written as,

VEno () =V EM L (B)e” VIR (x < a),

VE A0 (X) =tyoo (E)eV2ME/R (x5 by, (5)

where r4_5(E) and ty_s(E) denote the reflection and trans-
mission amplitudes, respectively. Solving Egs. (4) and (5) with
the finite difference discrete formulation and the open bound-
ary conditions [33], the spin-dependent tunneling rate T4_, 5 (E) =

ﬁlm [1//;T%0(x)%¢/54_m(x)] is obtained with “Im” denot-
ing the imaginary part of a complex number. Because the wave

functions are treated as time independent in our work, the expres-
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sion of Im [lpzf,,r_)a (x);—xx//Eﬁﬁg (x)] is spatial independent, and the
tunneling rate can be written as T4_.4 (E).

By solving the spin-dependent tunneling Hamiltonian, the di-
rect tunneling current densities Jpr4—4(P) and Jpr4— | (P) are
written as

Eq
1+ P
JDMM(P):q%[/N(E)f(E)TT»T(E)dE
Ern

Eup
+f N(E)f(E)TTQT(E)dE],

Ey
Evp
1-P
Ipri= () =q—— / NE) f (E)T4— | (E) dE, (6)
Efpn

where Epp is the Fermi level in the homogeneous region of the n
side and Eyp denotes the top of valence band in the homogeneous
region of p side, respectively. E; and E; are the bottom of tpg]
and e;gT band at the interface of the heterojunction as indicated

in Fig. 4, respectively. N(E) denotes the density of state in the e}gT
band and f(E) represents the Fermi distribution function.

Besides the direct tunneling current, the spin-dependent trap
assisted tunneling current caused by the states induced by the
oxygen vacancies is also considered in the spin polarized trans-
port process. The spin-dependent trap assisted tunneling currents
are written as [28,34]

Eq

+PNIO}|:/ N(E) F(E)T1(E)T2,4 -1 (E) dE
E

1
Jraty—1(P)=¢q T (E) + Ta1o1 (E)

Fn

Ey
/pN(E)f(E)T1(E)T2,¢_>T(E) "
T1(E) 4+ T2,4—+(E) '

Ey
Ey
1-p /pN(E)f(Em(E)Tz,M(E)
tOt
2 T1(E) + T2 4 (E)

Jraty—(P)=q dE,

Efn
(7)

where N; represents the density of traps and o; denotes the effec-
tive capture cross section. The value of N;o; is estimated as 0.15
in the calculation [28]. T1(E) and T3 y_ | (E) (or T2 44 (E)) are
the tunneling rate of electrons tunnel from e;T band into traps
and from traps into the tpg| (or eéT) band, respectively. Combin-
ing the direct and trap assisted tunneling current, the total reverse
current Jr(P) is obtained.

4. Results and discussion

With above formulas, the spin-dependent I-V characteristics
are calculated self-consistently over a wide range of bias volt-
ages. The concentrations of the acceptor and the donor are N =
8.0 x 10" cm™3 and Ng = 5.0 x 102° cm~3 in our calculation,
respectively. It should be pointed out here that the hole concen-
tration used in the present work is much less than the reported
value. The low measured carrier concentration may come from the
inhomogeneity of the LSMO film. The other necessary parameters
are taken the same values as those used in our previous works
[25,28]. In addition, the band gap between e}),T and tpg] is set as

0.8 eV, while that for e;+ and ez is set as 0.9 eV [35]. To ana-
lyze the MR rate with a given spin polarization rate P, we define
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Fig. 5. (Color online.) The calculated hole current density (solid curve) and electron
current density (dotted curve) with 0.35 V bias (a) and 0.45 V bias (b).

the forward MR rate as MRg(P) = [Rr(P) — Rr(0)]/Rr(0) = Jr(0)/
Jr(P) — 1 and reverse MR rate as MRr(P) = [Rr(P) — Rr(0)]/
Rr(0) = Jr(0)/Jr(P) — 1, respectively. Here, Rp(g)(P) is the re-
sistance of LSMO/SNTO heterojunction at forward (reverse) bias
with spin polarization rate P under the applied magnetic field and
RE(r)(0) is the one without magnetic field, respectively. The val-
ues of MRg(P) and MRg(P) are calculated by solving Eqs. (1)-(7),
respectively.

The measured and the calculated MR curves with forward bias
on the heterojunction at T =255 K are given in Figs. 1(a) and 1(b),
respectively. Comparing with the experimental data, the theoreti-
cal curves have the same trend with the increase of bias voltage
and the spin polarization rate. As shown in these figures, the value
of MR curves increases with the increase of applied magnetic field
(or the spin polarization rate) as the behavior of positive MR and
decreases with the increase of bias voltage. These properties can
be explained as follows. Based on the hypothesis of weak Hund’s
rule coupling, the e;,T band and the t;g] band are the valence
and conduction band of the p-LSMO, respectively. The concentra-
tions of spin up hole and spin down electron increase with the
applied magnetic field. Due to the strong scattering between car-
riers with different spins, only the recombination process between
carriers with the same spins is considered. Therefore, the recom-
bination current decreases with the increase of magnetic field and
the positive MR is obtained in the LSMO/SNTO heterojunction. To
understand the decrease of MR value with the increase of bias
voltage, the comparison between electron and hole current with
bias voltage as 0.35 and 0.45 V with P =0 is plotted in Figs. 5(a)
and 5(b), respectively. As indicated in these figures, the effect of re-
combination on the transport current decreases with the increase
of bias voltage, and therefore the effect of spin polarization on the
transport of carriers decreases.

Based on this understanding, the strong scattering between
electrons with down spins in t¢] band and holes with up spins
in e}gT band at the interface region is crucial for the positive MR
with forward bias. Therefore, the positive MR should not be ob-
served in the heterojunction without electron filling in the tag]
band of manganite material at the interface region. In this case,
the heterojunction will present the negative CMR property of the
manganite material at forward bias.

In the case of reverse bias, the comparison between the exper-
imental and calculated MR curves with various applied magnetic
fields (or the spin polarization rates) at T = 190 K are illustrated
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in Figs. 2(a) and 2(b), respectively. The experimental data are ob-
tained from the previous work of our group [25]. As indicated in
these figures, the MR value increases with the increase of reverse
bias and obtains its peak value at about —0.5 V, and then de-
creases with the further increase of reverse bias. In addition, the
MR value increases with the applied magnetic field as the behav-
ior of positive MR. The properties of MR with reverse bias can be
understood from the following two aspects. Firstly, as indicated in
the model of double-band barrier, the tunneling rate for spin down
electrons is greater than that for spin up ones. With the increase
of applied magnetic field, the concentration of spin up electrons
increases and that for spin down ones decreases in the eng band
of the LSMO region. Thus the total tunneling current density de-
creases with the increase of applied magnetic field. Besides the
variation of barrier width for tunneling, the strong scattering be-
tween electrons with different spins in the tpg| band at the in-
terface region also plays a very important role for the positive MR
in the LSMO/SNTO heterojunction. At very small reverse bias, the
energy of E,, is lower than that of E; and electrons with both
spin up and down states can transport from the e}gT band of p
side into the conduction band of n side by direct and trap assisted
tunneling processes without contributions to the MR effect. With
the increase of revers bias, the energy of E; and E, decreases and
electrons in the eng band of p side not only tunnel into the con-
duction band of n side but also tunnel into the conduction band of
the space charge region in p side, as shown in Fig. 4. In the con-
dition of E1 < Eyp < E3, electrons in the e}T band of p side can
tunnel into the t,g| band in the space charge region and the con-
duction band of n side. With the increase of applied magnetic field,
the concentrations of spin up and down electrons increase in the
e}gT and tp¢| band, respectively. The tunneling current decreases
due to the increase of scattering between electrons with two spin
states in the tpg| band. Thus, the value of MR rate increases and
the property of positive MR is obtained. With the further increase
of bias, Eyp is higher than E; and electrons in the e}gT band of

p side can tunnel into the eéT band in the space charge region.
Therefore, the majority channel of spin up electrons is available
for the transport and the MR value decreases with the further in-
crease of reverse bias voltage.

As indicated in the spin-dependent tunneling process in the
LSMO/SNTO heterojunction, the electron filling in the t;g] band
of LSMO material at the interface region also plays a very impor-
tant role for the positive MR at reverse bias. Without the electron
filling in the t;¢] band, electrons with both spins can tunnel into
the tyg| band and eéT band without strong scattering. Thus, the
negative MR phenomenon caused by the negative CMR property of
LSMO material will be measured in the heterojunction.

5. Summary

In summary, the spin polarization transport processes of the p-
manganite/n-titanate heterostructure have been systemically stud-
ied in this work. The spin-polarized current densities at forward
and reverse bias are calculated self-consistently based on the spin-
dependent drift-diffusion model and the direct and trap assisted
tunneling theory with the double-band barrier model, respectively.
The agreement between the experimental data and the theoretical
results reveals that the decrease of recombination rate of electrons
in the tpg| band and holes in the e}gT band with the increase of
applied magnetic field is the physical mechanism of positive MR

in LSMO/SNTO heterojunction with forward bias. Based on the cal-
culation with the model of double-band barrier for tunneling, the
characteristics of MR curves at reverse bias are concluded to be
the results of the competition between tunneling currents from
eyt to tyg] band and from eyt to ezt band with the increase
of bias voltage and applied magnetic field. In addition, based on
our calculation, negative MR effect is predicted to be measured in
the perovskite oxide heterojunctions without electron filling in the
trg| band at the interface region of the manganite material.
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