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Electron-doped wide-band-gap dilute magnetic semiconductor Ti0.93Co0.07O2−� and TiO2−� were
grown on a hole-doped La0.69Ca0.31MnO3 single crystal to form heterojunctions. These junctions
exhibit good rectifying properties and magnetoresistance effect over a relatively wide temperature
range. The results for TiO2−� were similar to that of Ti0.93Co0.07O2−� in all respects. A schematic
band structure of the junction was proposed to account for the results. This work indicates that
manganite single crystals can be used as substrates for integration with other materials, which may
open an alternative avenue for the exploitation of the manganite-based devices. © 2006 American
Institute of Physics. �DOI: 10.1063/1.2357036�

Recently manganite-based p-n or p-i-n junctions have
attracted much attention1–9 because these junctions show di-
odelike rectifying behavior and magnetic tunability, which is
promising for applications in spintronics. To date, most of
the manganite p-n or p-i-n junctions were based on the man-
ganite films grown on Sr�Ti,Nb�O3 substrate. For hetero-
junctions composed of manganite and other materials, one
needs to grow two layers consisting of manganite and an-
other material on the substrate. In this case, interdiffusion
between manganite and other materials tends to degrade or
destroy the rectifying property of the junctions fabricated by
pulsed laser deposition, and complicated processing is also
needed for the electric contacts. Nowadays, high-quality
single crystals of some manganites are available. This pro-
vides an opportunity to use them as substrates, as well as a
functional part in constructing heterojunctions, which are
different from the usual substrates. Moreover, manganite
single crystals show superior properties in the spin polariza-
tion, the sharpness of the metal-insulator transition compared
to the thin films because the properties of the films are influ-
enced more or less by the surface roughness and the strain
imposed by the substrate, etc. By using manganite single
crystal as substrates, the quality of the interface between
manganites and other materials is expected to be improved,
and the number of materials that can be integrated with man-
ganites also increases. Therefore, junctions based on manga-
nite single crystals are important for both basic research and
applications.

In this work, we constructed a diode by growing
Ti0.93Co0.07O2−� �TCO� on a hole-doped La0.69Ca0.31MnO3
�LCMO� single crystal. TCO was chosen as one polar of the
LCMO/TCO junction because it is a n-type dilute magnetic
oxide semiconductor,10–12 which belongs to a group of ap-

pealing materials emerging in the recent years for spintron-
ics. Moreover, TCO is an attractive material for the magneto-
optical application since it has many unique electric and
optical properties associated with its wide band gap
��3.2 eV�.11 For comparison, a diode was also fabricated
using TiO2−� and LCMO single crystal.

LCMO single crystal was grown by the floating zone
method.13 The �001� surface of this single crystal was single-
side polished carefully. The morphology of the polished sur-
face of LCMO was studied by atomic force microscopy
�AFM�, as shown in Fig. 1�a�. It reveals an atomic-scale
smooth surface on LCMO with a root-mean-square rough-
ness of only 1.2 Å, which is a prerequisite for a good epi-
taxial film. Then, TCO or TiO2−� films were grown on the
LCMO �001� �LCMO/TCO� and SrTiO3 �001� �TCO/STO�
substrates, respectively, using pulsed laser deposition. Dur-
ing the deposition, the temperature of the substrate was kept
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FIG. 1. �Color online� �a� AFM image of the single-side polished LCMO.
�b� X-ray diffraction pattern of LCMO/TCO. �c� Cross-sectional high-
resolution TEM image of LCMO/TCO. Interface is indicated by arrows. �d�
Temperature-resistivity ��� relation of LCMO, measured by the four probes
on the back side after fabrication of TCO on LCMO.
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at 750 °C and the oxygen pressure at 10−4 Pa. The laser
energy density was approximately 2 J /cm2 with a repetition
rate of 2 Hz. These conditions guarantee the synthesis of
TCO.12 After deposition, the film was furnace cooled to
room temperature in an oxygen atmosphere of 0.8 atm,
which is favorable for reducing the oxygen deficiencies and
maintaining the ferromagnetic order in LCMO. To avoid the
interface diffusion between LCMO and films, short deposi-
tion time is preferred. The film thickness is about 20 nm.
Figure 1�b� shows the x-ray diffraction data from a TCO
film, illustrating that the prepared film is well crystallized in
the single phase of TCO with �001� orientation. In order to
have a better and clearer view of the interfacial atomic struc-
ture features, we have also performed the cross-sectional
high-resolution transmission electron microscopy �TEM� ob-
servations on certain samples. Figure 1�c� shows a typical
TEM image taken from an interface region, which directly
demonstrates that our films in general have the good inter-
face quality without apparent interface diffusion and Co clus-
ters as well.

Resistance of TCO/STO was measured by the standard
four-probe method, and it reveals a semiconducting behavior
with resistivity above 103 � cm. Considering the carrier type
of the Co-doped TiO2 and its large resistivity,10–12 this TCO
film is expected to be a nearly degenerate n-type semicon-
ductor. The resistance of the LCMO substrate was measured
with four gold electrodes deposited on the back side of
LCMO, as shown in Fig. 1�d�. It is consistent with the as-
prepared LCMO single crystal �TP�230 K, not shown�.

Current to voltage �I-V� curves of LCMO/TCO at vari-
ous temperatures are shown in Fig. 2. The electrode settings
are also illustrated schematically in the left top inset of Fig.
2. The forward bias is defined as the current flows from the
LCMO film to TCO. This junction exhibits good rectifying
property from 25 to 225 K. The current for V�0 grows
gradually with increasing reverse voltage, while it shows a
rapid increase at a characteristic voltage Vd in the forward
bias region. As the temperature increases from 25 to 225 K,
Vd decreases from 1.4 to 0.8 V. In addition, the reverse cur-
rent increases with increasing temperature. In contrast, the
slope of the forward current-voltage curve at the same V
increases firstly from 25 to 200 K and then decreases for fur-
ther increasing temperature. As a result, at the same value of
�V�, the reverse current at 300 K could be even larger than
the forward one, manifesting a backward diodelike behavior.
These different behaviors of the I-V curves below TP and

above TP imply that the electronic transport mechanisms are
different in these two temperature ranges, which will be dis-
cussed later.

The LCMO/TCO junction exhibits a remarkable nega-
tive magnetoresistance �MR� effect under a magnetic field of
5 T. As shown in the inset of Fig. 3�a�, when a magnetic field
of 5 T is applied, the current increases, indicating a reduction
of junction resistance �defined as Rjun=V / I�. The voltage de-
pendences of MR at different temperatures are displayed in
Fig. 3�a�, where MR is defined by �Rjun�H=5 T�−Rjun�H
=0 T�� /Rjun�H=0 T�. It is found that MR increases with in-
creasing reverse voltage, while it shows a peak at a certain
voltage in the forward bias region. Figure 3�b� shows the
temperature dependence of MR of the junction under differ-
ent bias voltages. It is noted that MR exists over a wide
temperature range and a maximum appears around TP, which
implies that MR of this junction is related to that of LCMO.

According to the variation of resistivity of LCMO with
temperature, LCMO can be regarded as a degenerate p+-type
conductor below TP, while a nearly degenerate p-type one
above TP. It has been well established that, when two semi-
conductors are brought into contact with each other, the dif-
fusion potential appears, which corresponds to the work
function difference between the two materials. Obviously, Vd
can be a measure of the diffusion potential, and its value is
comparable to those in the literatures.1–9 In addition, it is
noted that the forward current shows a steeper increase with
increasing voltage at 200 K than that at lower temperatures.
The degradation of I-V curves with lowering temperature
below 200 K can be attributed to the carrier trapping in the
insulating layer near the interface.1 In fact, the insulating
layer was usually found on the surface and interface of man-
ganite films or manganite granular samples due to the pres-
ence of oxygen deficiency, geometry asymmetry, or strain in
these regions.14,15 Therefore, at low temperatures, the carri-
ers could be trapped in this insulating layer, causing the re-
duction of carrier concentrations. When the number of de-
fects in the insulating layer is large enough, it can even

FIG. 2. I-V curves at different temperatures for LCMO/TCO. The upper
inset shows the scheme of the I-V measurements. The left bottom inset is the
plot of I1/2 vs V at 25 K. The bottom inset shows the I-V curves at 225, 250,
and 300 K.

FIG. 3. �a� Voltage dependence of MR for LCMO/TCO. The inset shows the
I-V curve measured at T=200 K with and without applying field. �b� Tem-
perature dependences of MR at various voltages.
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produce a space-charge-limited-current behavior at high volt-
ages, as characterized by the linear relation between I and V2

at 25 K shown in the left bottom inset of Fig. 2. The notable
increase of the reverse current with increasing temperature
above TP can be attributed to the thermal diffusion.

To understand the I-V curves of the junction, the band
diagram of the junction and its variation with temperature
should be considered. Considering the presence of the insu-
lating layer near the interface, we proposed the schematic
band diagram of LCMO/TCO for T�TP in Fig. 4 as an
example. In this band diagram, the Fermi level of LCMO is
in the valence band; it is a typical feature of a degenerated p+

semiconductor. In this case, there are some vacant states in
the valence band. But for T�TP, the band structure of
LCMO changes and its Fermi level is near the upper edge of
the valence band �nearly degenerate�, and there is a few va-
cant states in the valence band, which can be attributed to the
strong localization of the electrons due to electron repulsion
and the dynamic Jahn-Teller effect when temperature is
above TP. Therefore, the backward diodelike behavior of the
junction above TP can be understood by considering the
nearly degenerate band structure of LCMO. For small re-
verse bias voltages, the electrons can tunnel from the valence
band of LCMO into the conduction band of TCO, while for
forward bias voltages, the current flowing through the junc-
tion is very small because no vacant states are available for
the electrons to tunnel from TCO conduction band into the
valence band of LCMO, and the current is thus determined
by the energy barrier formed in the junction. Backward di-
odelike behavior was also observed in the LCMO/STO/Nb-
STO p-i-n junction.16

According to the band diagram in Fig. 4, the junction
resistance of LCMO/TCO is mainly determined by three
parts: resistance of the LCMO depletion layer, the insulating
layer near the interface, and the depletion layer of TCO. It
has been illustrated that,10,12 even in a field of 8 T, the MR of
TCO is perceptible only at low temperatures below 5 K.
Therefore, the LCMO part near the interface plays a key role
in the MR of LCMO/TCO. With a reverse voltage, the width
of the LCMO depletion layer increases. Thereby, the weight
of the LCMO depletion in the junction resistance enhances.
It is the reason for the increase of MR with the reverse volt-
age. As for V�0, there are two different mechanisms ac-
counting for the variation of MR. �I� With increasing forward
voltage, the width of the depletion layer reduces, as well as
the concentration of Mn3+ ion �Jahn-Teller ion�.1–9 This will

lead to the corruption of the charge localized state near the
interface, thus favoring the enhancement of MR. �II� Accom-
panied with the decrease of the width of LCMO depletion
layer, the resistance of LCMO depletion layer decreases and,
then, the weight of the LCMO depletion layer in the junction
resistance decreases, resulting in the reduction of the MR.
Thus, the first factor may be dominant when the for-
ward voltage is small, which accounts for the initial
increase of MR with V. However, when V is large
enough, the influence of the second factor could
enhance, which causes the decrease of MR at high V. Inter-
estingly, a similar voltage dependence of MR was also
found in the La0.67Ca0.33MnO3/yttrium-stabilized zirconia/Si
heterojunction.9 The results for TiO2−� were similar to that of
TCO in all respects �not shown�. The similarity between
LCMO/TCO and LCMO/TiO2−� implies that the main fea-
tures of the electronic structure of LCMO/TCO are similar to
that of LCMO/TiO2−�. This is consistent with the diluted
doping of Co in TCO, because the MR of TCO, even in a
field of 8 T, is perceptible only below 5 K.10,12 So it can be
understood that the magnitude of MR of LCMO/TiO2 and
its variation with temperature �above 25 K� and bias voltage
are also comparable to that of LCMO/TCO.

This work was supported by the National Science Foun-
dation of China, 973 project �No. 2002CB613505�, Special-
ized Research for the Doctoral Program of Higher Education,
and National Center for Nanoscience and Technology of
China.

1M. Sugira, K. Uragou, M. Noda, M. Tachiki, and T. Kobayashi, Jpn. J.
Appl. Phys., Part 1 38, 2675 �1999�.

2H. Tanaka, J. Zhang, and T. Kawai, Phys. Rev. Lett. 88, 027204 �2002�; J.
Zhang, H. Tanaka, and T. Kawai, Appl. Phys. Lett. 80, 4378 �2002�.

3A. Tiwari, C. Jin, D. Kumar, and J. Narayan, Appl. Phys. Lett. 83, 1773
�2003�.

4H. B. Lu, S. Y. Dai, Z. H. Chen, L. Yan, Y. L. Zhou, and G. Z. Yang, Chin.
Sci. Bull. 48, 1328 �2003�; K. J. Jin, H. B. Lu, Q. L. Zhou, K. Zhao, B. L.
Cheng, Z. H. Chen, Y. L. Zhou, and G. Z. Yang, Phys. Rev. B 71, 184428
�2005�.

5F. X. Hu, J. Gao, J. R. Sun, and B. G. Shen, Appl. Phys. Lett. 83, 1869
�2003�.

6J. R. Sun, C. M. Xiong, T. Y. Zhao, S. Y. Zhang, Y. F. Chen, and B. G.
Shen, Appl. Phys. Lett. 84, 1528 �2004�.

7N. Nakagawa, M. Asai, Y. Mukunoki, T. Susaki, and H. Y. Hwang, Appl.
Phys. Lett. 86, 082504 �2005�.

8A. Sawa, T. Fujii, M. Kawasaki, and Y. Tokura, Appl. Phys. Lett. 86,
112508 �2005�.

9P. L. Lang, Y. G. Zhao, B. Yang, X. L. Zhang, J. Li, P. Wang, and D. N.
Zheng, Appl. Phys. Lett. 87, 053502 �2005�; C. M. Xiong, Y. G. Zhao, B.
T. Xie, P. L. Lang, and K. J. Jin, ibid. 88, 193507 �2006�.

10Y. Matsumoto, M. Murakami, T. Shon, T. Hasegawa, T. Fukumura, M.
Kawasaki, P. Ahmet, T. Chikyow, S. Koshihara, and H. Koinuma, Science
291, 854 �2001�.

11A. Fujishima and K. Honda, Nature �London� 238, 37 �1972�; R. Asahi, T.
Morikawa, T. Ohwaki, K. Aoki, and Y. Taga, Science 293, 269 �2001�.

12S. R. Shinde, S. B. Ogale, S. Das Sarma, J. R. Simpson, H. D. Drew, S. E.
Lofland, C. Lanci, J. P. Buban, N. D. Browning, V. N. Kulkarni, J. Hig-
gins, R. P. Sharma, R. L. Green, and T. Venkatesan, Phys. Rev. B 67,
115211 �2003�.

13Z. Q. Kou, N. L. Di, X. Ma, Q. A. Li, and Z. H. Cheng, Chin. Phys. 14,
1653 �2005�.

14L. Abad, B. Martinez, and L. Balcells, Appl. Phys. Lett. 87, 212502
�2003�.

15J. Z. Sun, D. W. Abraham, R. A. Rao, and C. B. Eom, Appl. Phys. Lett.
74, 3017 �1999�.

16Y. S. Xiao, X. P. Zhang, and Y. G. Zhao, Appl. Phys. Lett. 88, 213501
�2006�.

FIG. 4. Schematic band diagram of the LCMO/TCO junction for T�TP.

143510-3 Xiong et al. Appl. Phys. Lett. 89, 143510 �2006�

Downloaded 04 Oct 2006 to 159.226.36.156. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp


