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Different from the negative colossal magnetoresistancesCMRd of the LaMnO3 compound family, a positive
CMR has been discovered at low applied magnetic field and high temperature in the epitaxialp-n heterostruc-
ture we fabricated with Sr-doped LaMnO3 and Nb-doped SrTiO3 by laser molecular-beam epitaxy. The mecha-
nism causing the unusual positive CMR is proposed as a interface effect, i.e., the creation of a space charge
region at the interface with different electron filling in bands comparing to that in the homogeneous region in
Sr-doped LaMnO3. Other puzzling CMR features with bias voltage, temperature, and even composition are
well explained by the present scenario.
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The hole doped manganese oxides of general formula
La1−xBxMnO3 sB=Ca, Sr, Ba, Pbd have remarkable interre-
lated structural, magnetic, and transport properties. In par-
ticular, they exhibit very large negative magnetoresistance
sMRd, called colossal magnetoresistancesCMRd which value
is defined asMR=sRH−R0d /R0, with RH denoting the resis-
tance under applied magnetic fieldH andR0 being the resis-
tance without a magnetic field. The phenomenon of CMR is
currently of considerable interest because of their value in
fundamental physics and their potential applications.1,2 The
understanding of the microscopic physics underlying the
CMR properties is therefore fundamentally important.
Though good results of negative MR have been reported in
some magnetic tunnel junctionssMTJd,1–4 positive MR was
found in very few systems.5–8 Although wide and intense
studies on the spin polarization, transport property and pho-
toelectron spectra of La0.7Sr0.3MnO3 have been carried out,
little has been done for lower doped material such as
La0.9Sr0.1MnO3 due to its properties being similar with but
less remarkable than those of La0.7Sr0.3MnO3 for bulk or thin
film. However, by depositing hole doped La0.9Sr0.1MnO3
sLSMOd on electron doped SrNb0.01Ti0.99O3 sSNTOd as we
will show later in this Letter, a property of positive CMR is
created in the system at low magnetic field and high tem-
perature. Our most recent results for positive CMR in a
multilayer heterostructure have been reported.7 Although
substantial values of magnetoresistancesMRd are found for a
variety of materials at low temperatures, and in high mag-
netic fields, useful devices must operate at higher tempera-
ture even near room temperature, and in modest fields of H
being less than 0.1 T. Thus, it is highly desirable to find new
materials and structures with a large MR ratio at high tem-
perature and a low applied magnetic field. Positive CMR
values of 10.6% in 5 Oe, 23.2% in 100 Oe at 290 K, 53.0%
in 5 Oe, 80.0% in 100 Oe at 255 K was found in the
LSMO/SNTO p-n junction we fabricated, which are the
largest in all CMR values for high temperature reported pre-
viously, including those absolute values for negative CMR in
a low field and high temperature for perovskite oxide as far
as we know. On the other hand, it is understandable for cer-
tain MTJ to be with a positive MR property, if the tunnelling

occurs between two magnetic materials with different spin
carriers.5 However, it is amazing and even seems incredible
for a system with the structure consisting of a nonmagnetic
material sSNTOd and a negative CMR materialsLSMOd to
arise as a positive CMR property. The physics origin causing
this unusual phenomenon is proposed as the creation of the
space-charge region where thet2g spin-downst2g↓ d band is
partially filled by electrons in LSMO. According to this sce-
nario, the CMR dependence on the bias voltage, composi-
tion, and the temperature can also be explained qualitatively.

In order to fabricate a better oxidep-n interface, a
computer-controlled laser molecular-beam epitaxyslaser
MBEd9 was used to deposit the LSMO/SNTOp-n junctions.
The p-n junction was made by depositing 0.1 Sr-doped
LaMnO3 with the thickness of 4000 Å directly on 0.01 Nb-
doped SrTiO3 s001d, as shown in the inset of Fig. 1. The
fabrication was done under the following condition: laser
swith wavelength of 308 nm, repetition rate of 2 Hz, and
duration of 20 nsd energy density approximately being
1 J/cm2, the substrate temperature of 630 °C, and oxygen
pressure of 2310−3 Pa being maintained during the deposi-
tion. The growth rate was,13 Å/min for LSMO. An in situ
reflection high-energy electron diffractionsRHEEDd pro-
vided useful information on surface structure, morphology,

FIG. 1. TheI-V curves of the La0.9Sr0.1MnO3/SrNb0.01Ti0.99O3

p-n junction without an applied magnetic field at various tempera-
tures. Inset: schematic illustration of thep-n junction and the cross-
sectional HRTEM image of the interface of thep-n junction.
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and growth mode, and the oscillation of RHEED intensity
was used to control the exact number of the deposited mo-
lecular layers. Our XRD u−2u scan curve of the
LSMO/SNTO p-n heterostructure shows that there exist
only LSMO s00ld and SNTOs00ld peaks without any trace
of other diffraction peak from impurity phase or randomly
oriented grain, which means that the thin films of hetero-
structure are in single phase withc axis orientation. The
cross-sectional high-resolution transmission electron micro-
scopicsHRTEMd image in the inset of Fig. 1 also shows that
the interface is perfectly oriented, and the epitaxial crystal-
line structure shows the axis of SNTOs001d being parallel to
LSMOs001d, and SNTOf100g being parallel to LSMOf100g.

The current versus voltagessI-Vdd characteristics of the
LSMO/SNTO junction without an applied magnetic field,
measured with a pulse-modulated current source, showing
the typical rectifying property of ap-n junction are shown in
Fig. 1. The Ohmic contact between electrodes and the thin
films was demonstrated by linearI-V curves, measured be-
tween the two electrodes on LSMO or SNTO thin film. The
measurement was taken by a constant current with a step of
0.01 mA. TheI-V behaviors of the LSMO/SNTOp-n junc-
tion in the magnetic field was measured in the temperature
range of 190 to 290 K by a superconducting quantum inter-
ference devicesSQUID, Quantum Design MPMS 5.5 Td. A
magnetic field perpendicular to thep-n interface and parallel
to the current was applied. The influences of the magnetic
field on the voltage of thep-n junction are more obvious
with the negative bias than that with the positive bias, be-
cause the resistance at negative bias is larger than that at
positive bias for thep-n junction. Figures 2sad–2scd show the
dependence of the positive CMR as a function of negative
bias voltage for the LSMO/SNTOp-n junction under an
applied magnetic field varying from 5 to 1000 Oe at 190 K,
255 K, and 290 K, respectively. The character of increased
MR with the increased magnetic field for various tempera-
ture in the high-temperature range in Fig. 2 clearly demon-
strates a positive CMR feature of this structure. The maxi-
mum CMR value of each curve in Fig. 2 occurs at the
voltageuVu being in the range of 0.6 V to 0.8 V. Comparing
Figs. 2sad–2scd plotted at different temperatures, we can see
that for a constant magnetic field and a constant bias, most of
the MR values increase with the temperature for 190 K and
255 K but decrease with the temperature for 255 K and 290
K. For example, with a magnetic field of 1000 Oe and a
voltage of −0.8 V, the CMR value being 0.37 at 190 K is
lower than that of 0.89 at 255 K, but the CMR value of 0.89
at 255 K is higher than that of 0.26 at 290 K. To see the
doping dependence of the positive CMR, we elaborated the
p-n junction with La0.8Sr0.2MnO3 replacing La0.9Sr0.1MnO3
in the same condition. The CMR measurement shows that
the positive CMR of the La0.8Sr0.2MnO3/SrNb0.01Ti0.99O3
p-n junction is much lower than that of the
La0.9Sr0.1MnO3/SrNb0.01Ti0.99O3 structure. These abnormal
features are indeed puzzling.

To understand the physics inducing the abnormal positive
CMR property of thisp-n junction structure consisting of a
nonmagnetic materialsSNTOd and a negative CMR material
sLSMOd, we present our theoretical calculation for the band
diagram of the interface region based on the band structures

of LSMO and SNTO. In hole-doped manganistes LSMO,
The fived orbitals are split by a cubic crystal field into three
t2g bands and twoeg bands. The degeneracy of theeg band is
further lifted by Jahn-Teller distortion into theeg

1 band and
theeg

2 band. Furthermore, Hund’s rule coupling removes the
spin degeneracy in a magnetic state, as shown in the first
region of Fig. 3. If SNTO is connected with LSMO in an
applied magnetic field, the electrons fromn-type SNTO will
leak out into the adjacentp-type LSMO, even partially fill
the t2g spin-downst2g↓ d band after filling up theeg

1 spin-up
sseg

1↑ dd band of LSMO near the interface, then the Schottky
barrier will be built up around the interface to stop the fur-
ther leaking of electrons. On the LSMO side close to the

FIG. 2. The variation of MR values of the system with the
negative bias voltage under several values of the applied magnetic
field at the temperatures of 190 Ksad, 255 K sbd, and 290 Kscd.
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interface, a space-charge region where the electron density of
statessDOSd is larger than that of the homogeneous regions
of LSMO is created, as shown in Fig. 3. Therefore, thet2g↓
band edge is closer to the Fermi level in the space-charge
region near the interface than that in the homogeneous region
far from the interface. The existence of minority spin carriers
in the hole-doped compound La0.7Sr0.3MnO3 and in the MTJ
system has been proposed.5,10 Similar to previous work,5

weak Hund’s rule couplingsthe splitting of t2g↑ and t2g↓
being smaller than the sum of the crystal field splitting en-
ergy betweeneg and t2g bands and Jahn-Teller splitting en-
ergy between twoeg bandsd is proposed here as a hypothesis
on which the existence of the minority spin carriers in the
system is founded. For a system with a positive CMR, the
t2g↓ band of the space-charge region has to be filled by some
electrons. In other words, the creation of the space-charge
region with electron filling in thet2g↓ band in LSMO is the
origin causing the positive CMR in the heterostructure.

In order to show different regions in the structure in an
applied magnetic filed, we plot Fig. 3sad schematically and
Fig. 3sbd resulting from our calculation for the system in
equilibrium. In our calculation, Poisson’s equation and the
Boltzmann equation as follows was solved self-consistently
for the equilibrium carrier densitiesspsxd for holes andnsxd
for electronsd and the electrostatic potentialfsxd,

−
d2fsxd

dx2 =
e

«
fpsxd − nsxd − NA + NDg,

nsxd = NsTdexpS−
Ec − efsxd − EF

kBT
D ,

psxd = PsTdexpS−
EF − Ev + efsxd

kBT
D , s1d

whereNa and Nd denote the concentrations of the acceptor
and the donor, which are taken from the Hall effect measure-
ment as 1.031018 and 1.1631019 cm−3, respectively;NsTd
andPsTd are effective densities for carriers that are the func-
tion of the effective mass and the temperature of materials.
The effective masses for LSMO and SNTO are taken from
Refs. 11 and 12.« in the previous equation being a dielectric
constant for LSMO or SNTO is taken from Refs. 11 and 13,
and Ev and Ec denote the energies of the valence band and
the conduction band, respectively. Region I in Fig. 3 denotes
the LSMO homogeneous region far away from the interface,
region II denotes the LSMO space-charge region close to the
interface, region III is the SNTO space-charge region close
to the interface, and region IV is the SNTO homogeneous
region far away from the interface. In Fig. 3,EF denotes the
Fermi level in the system,Eg denotes the band gap between
t2g↓ and eg

1↑, and DE is the energy deference between the
eg

2↑ band edge and thet2g↓ band edge in LSMO.Eg is
smaller than the band gap between the two bands ofeg

↑ seg
1↑

and eg
2↑d s<1.0 eVd due to the weak Hund’s rule coupling

and the Fermi level locates slightly above the valence
band.5,15–17The Fermi level of homogeneous SNTO locates
slightly above the bottom of Ti 3d conduction band being
consistent with its metallic behavior concluded from our re-

sistant versus temperature measurement, and the band gap of
SNTO is taken as 2.8 eV, which is smaller than SrTiO3

18–22

due to Nb doping.14 The electrons in thet2g↓ band where the
magnetization is antiparallel to the spin are minority spin
carriers, and the electronssor holesd in theeg

1↑ and theeg
2↑

band where the magnetization is parallel to the spin are ma-
jority spin carriers. The MR across such ap-n junction of the
magnetic and a nonmagnetic compound depends on the rela-
tive spin orientation of electrons around the Fermi level in
each region where the spin polarized carriers pass through.

Now we focus on the positive CMR dependence on the
applied negative bias V under which the Fermi level of re-
gion I sp sided is raised with respect to that of region IVsn
sided. We can approximately present the current decreasing
partDI+ scausing the positive MRd with the magnetic field H
and the current increasing partDI− scausing the negative
MRd with H in the following way:

DI+ = I+
0 − I+

H ~ DOSIsEe1↑d p DOSIIsEt↓d, s2d

DI− = I−
H − I−

0 ~ DOSIsEe1↑d p DOSIIsEe2↑d, s3d

where DOSIsEe1↑d denotes the DOS at the electron filling
level of theeg

1↑ band in region I, DOSIIsEe2↑d denotes the
DOS of carries involved in the current in theeg

2↑ band in
region II, and DOSIIsEt↓ d denotes the DOS of carriers in-
volved in the current in thet2g↓ band in region II under the
bias V. Only if DI+.DI−, the system can show a positive
MR property. From above equations, it can be clearly seen
that the electron filling in thet2g↓ band in region II is the
origin causing the positive MR, and the competition between

FIG. 3. The schematic DOS of thep-n junctionsad, and the band
diagram for each regionsbd obtained by solving Eq.s1d.
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two sources of currentssEq. s2d ands3dd plays a crucial role
in the MR evolution with various measuring conditions of
the system. At a very small biasuVu, the electrons in the
region I hardly tunnel the barrierEg to flow to the region II,
thus almost no current flow in the system. This corresponds
to what we observed at small negative bias voltage in Fig. 1.
With the biasuVu larger than a certain value, the electrons in
the valence band of region I tunnel to the conduction band of
region I, and current starts to flow in the system. But in this
case, the majority channel ofeg

1↑ has states available for
most parts of the transport in region I, whereas the minority
channel oft2g↓ dominates the transport in region II. With the
increase of a magnetic field applied to the system, the spin
polarization of the majority carrier in region I and the spin
polarization of minority carrier in region II are both in-
creased, thus less and less current can be carried from region
I to region II due to the scattering between carriers with
antiparallel spins; in other words, larger and larger resistance
is caused in the system. Therefore, the positive MR is created
at this bias voltage. WithuVu being larger than a certain
value, the Fermi level of region I shifted up enough to reach
the bottom of theeg

2↑ band of region II, so that the majority
channel ofeg

2↑ in region II starts to be available for trans-
port, and thus the CMR value starts to decrease with the
increase ofuVu. This behavior of MR depending on the bias
voltage agrees well with the phenomenon shown in Fig. 2.
Furthermore, the maxima of CMR values in Fig. 2 occurring
around the value ofEg verify our present scenario.

Comparing the two junctions of one with La0.8Sr0.2MnO3
and the other one with La0.9Sr0.1MnO3, the one with higher
s0.2d Sr hole doping is with lower Fermi level. As the energy
differenceDE between the edges ofeg

2↑ and t2g↓ bands is
very small, the electrons in region II are mostly at the bottom
of the t2g↓ band. Thus, the lowing of the Fermi level might
cause great decreasing of the average DOS in thet2g↓ band
of region II, as well as the positive CMR.

Now, Let us focus on the temperature dependence of the
positive CMR. With the increased temperature, the electron
filling of the t2g↓ band in region II increases, as well as the
positive CMR in the systems190 K–255 Kd. If we keep
increasing the temperature over a certain value, the filling of

electrons in region II could reach the band edge ofeg
2↑ and

the majority channel starts to be available, too, for the cur-
rent. Therefore, with the increasing of temperature, the posi-
tive CMR decreasess255 K–290 Kd. In this scenario we can
understand the positive CMR dependence on the temperature
in Fig. 2.

The dependence of the resistance of the LSMO/SNTO
heterostructure on the temperature between 90 K and 300 K
we measured is plotted in Fig. 4, and the temperature depen-
dence of the magnetoresistance ratio is shown in Fig. 5. The
magnetization of the heterostructure for parallel and perpen-
dicular fields, respectively, is plotted in Figs. 6sad and 6sbd.
The corresponding magnetization for the substrate SNTO
was also measured, and the results show that the magnetic
momentum is two orders smaller than that of LSMO/SNTO
heterostructure and almost keeps a constant for various tem-
perature up to 300 K. Actually these values are comparable
with the measuring background, which demonstrates that

FIG. 4. The temperature dependence of the resistance for the
heterostructure of La0.9Sr0.1MnO3 and SrNb0.01Ti0.99O3.

FIG. 5. The temperature dependence of the magnetoresistance
ratio in the heterostructure of LSMO/SNTO.

FIG. 6. The magnetic momentum of the heterostructure versus
temperature.
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SNTO can be taken as a nonmagnetic material. Figure 6
shows that there is no magnetic transition around 250 K,
although the positive MR is the largest around 250 K. We
can understand it in the following way. Although the density
of states in thet2g spin-down band in the interface region
swhich is sensitively dependent on temperatured plays a cru-
cial role for the positive MR property in transport, it affects
little the magnetization of the system that is contributed by
the sum of contributions from the interface region and from
the homogenous region of LSMO, as the depletion layersthe
interface regiond s20 nm thicknessd is much thinner than the
homogenous regions400 nm thicknessd of LSMO, as shown
in Fig. 3sbd.

Furthermore, the resistance measurements used in-plane
currents and the four-point geometry also have been carried
out to clear out the properties of both components of the
heterostructure. The results shown in Fig. 7 clearly demon-
strate that the positive MR property indeed comes from the

interface effect, as the LSMO film remains a negative CMR
and SNTO is almost without any MR property in the system.
Of course, the interface effect might also remain a little in
the in-plane current measurement.

In the realistic system, the four regions are not clearly
divided as to what are shown in Fig. 3sad, but merge one to
the next smoothly from region I to IV. Thus, sharp interfaces
between different regionssI and II, or III and IVd do not
exist, but the origin of the positive CMR is in principle the
same as we have presented above.

In summary, positive CMR properties of the
LSMO/SNTO p-n junction have been reported and the ori-
gin of the puzzling phenomena has been proposed by the
electron filling in the spin-down band in the space-charge
region of LSMO close to the interface. Meanwhile, spin-up
seg

2↑ d carriers of region II in transport plays a crucial role in
the MR evolution at various measuring conditions. More-
over, the large sensitivity of the resistance to the magnetic
field of the present structure in this Letter meets the high
desire for the application of a large MR ratio in a low mag-
netic field and near room temperature. We believe the results
and their physics origin we present in this Letter are impor-
tant, not only from a practical viewpoint, but also as a po-
tential of a new insight into the microscopic physics of the
p-n junction consisting of the magnetic and nonmagnetic
materials, since the value of the CMR is extremely sensitive
to the band structure of the system. We hope the creation of
the region with minority spin carriers in this structure can
motivate studies on new structures of heterostructuressuch
as a junction consisting of a magnetic material and a semi-
conductord and their amazing properties.
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