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Abstract

We experimentally studied the transport properties and magnetoresistance behavior of a Lag7Cen3MnO3/SrTiO3 (doped by 1 wt% Nb)
junction. Based on the analyses of the current—voltage relations and the depletion width, we conclude that the dominant transport mechanism of
the junction is tunneling. The magnetoresistance of the junction is negative throughout the whole bias voltage range (from —1 V to 0.4 V) and the
whole temperature range (below 300 K). It is believed that the magnetic field depresses the junction resistance by reducing the depletion width of

the junction.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The successful fabrication of p-n junctions based on
colossal magnetoresistive (CMR) manganites, Rj_yA;MnO3
(R is a trivalent rare-earth ion and A is a divalent dopant),
has evoked tremendous interest for its potential in applications
[1-5]. By changing the doping concentration, doping type,
and/or oxygen content, the physical properties of manganites
exhibit a surprisingly wide variety, from being completely
insulating for Prp7Cap3MnO3 to completely metallic (below
room temperature) for Lag ¢7Sr9.33MnO3 [6]. Many of these
manganites are sensitive to external perturbations, such as
magnetic field and light. Utilizing these manganites, it is
promising to be able to obtain multi-functional junctions that
can be controlled simultaneously by electric bias, magnetic
field, and light.

Such multi-functions have been partly realized in a
Lag 7Cep.3MnOs3-based junction. Recently, Sun et al. found
a significant photovoltaic effect in a junction composed of
Lag7Cep.3MnO3 and Nb-doped SrTiO3z [4], and subsequent
research by Sheng et al. showed that the photovoltaic effect
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can be effectively modulated by an external magnetic field [7].
To explain these interesting observations, understanding the
fundamental transport mechanism of the junction is necessary.

Although there is a lot of work on manganite junctions,
researches on the transport mechanisms are still scarce.
Based on the conventional semiconductor theory [8,9], the
transport mechanism of a junction can be derived from
its current-voltage (/-V) relations. Postma et al. [10]
may be the first researchers who undertook a quantitative
analysis on the current—voltage characteristics of manganite
junctions, and they found that the transport behavior of
Lag ¢7S19.33MnO3/SrTiO3:Nb (0.1 wt% and 0.01 wt% Nb) can
be well described by the thermionic emission model. For a
similar junction, Pry7Cap3MnO3/StTig 9998Nbg 000203, Sawa
et al. [11] concluded that the thermal diffusion process was
dominative. However, it seems that not all of the transport
behaviors of the manganite junctions can be explained based
on these models. In fact, the depletion width in heavily doped
junctions is thin, and thus a tunneling mechanism is also
possible.

In this work, we studied the transport properties and magne-
toresistance (MR) of a junction composed of a Lag 7Cep.3MnO3
film (LCMO) and a 1 wt% Nb-doped SrTiO3 (STON) sub-
strate. The two-probe method was adopted to measure its -V
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relations [12]. The most important results of the present work
are the discovery of a tunneling-dominated mechanism and
the striking and negative MR throughout the whole bias range
(from —1 V to 0.4 V) and the whole temperature range (below
300 K). It is believed that a magnetic field depresses the junc-
tion resistance by reducing the depletion width.

2. Experimental

The LCMO/STON junction was fabricated by growing the
LCMO film on a (001) STON substrate by the pulsed laser
ablation technique. During the deposition, the substrate was
kept at ~720 °C, and the O, pressure was kept at ~100 Pa. The
film thickness is ~100 nm, controlled by the deposition time.
The size of the junction area is 1 x 1 mm?; it is fabricated by the
conventional photolithography and chemical etching technique.
The contact resistance between Ag and STON is smaller than
10 €2 [13]; and the contact resistance between Ag and LCMO,
evaluated by comparing the results of four- and two-probe
measurements, is less than 50 2. These resistances are small
compared with the resistance of the junction, as will be seen
below, and would not affect the quantitative analysis of the
transport properties.

3. Results and discussion

In previous research we have examined the quality of an
LCMO film and its interface with a SrTiOsz substrate by
X-ray diffraction and cross-sectional high-resolution transmis-
sion electron microscopy [14,15]. Epitaxial growth with c-axis
orientation and sharp interface were confirmed. Ce-rich nan-
oclusters, which also grew epitaxially, were also observed in
the film. Though earlier work reported that the major carri-
ers in LCMO are electrons, more and more studies revealed
that its major carriers are actually holes, which are introduced
by the formation of Ce-rich nanoclusters and the excess of
oxygen content [14,16,17]. Thus the LCMO/STON junction
is of p—n type. Considering that the LCMO film is inhomo-
geneous in structure, in an LCMO/STON junction, there are
cation-deficient regions and Ce-rich regions in contact with
STON, respectively. Since the Ce-rich regions are of bad con-
duction, the transport behavior of the junction is mainly deter-
mined by the cation-deficient regions in the LCMO film to form
many p—n junctions in parallel. In this case, the behavior of the
LCMO/STON junction is similar to that of a junction based on
typical manganites.

Fig. 1 shows the temperature dependence of the in-plane
resistivity and MR, for the LCMO film. An insulator-to-metal
transition occurs, at Tp = 233 K. Below Tp, the resistivity
increases again with the decrease of temperature at ~140 K,
which is a common phenomenon in oxygen-deficient or under-
doped manganites [18]. A 5 T magnetic field shifts the Tp to
higher temperature, and meanwhile decreases the resistivity of
the film, producing an MR [p(5 T)/p(0 T) — 1] which can be
as high as —75%. These characteristics are similar to those of
typical CMR manganites.

Fig. 2(a) shows the selected I-V relations for the
LCMO/STON junction, at various temperatures, and a
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Fig. 1. Temperature dependence of the in-plane resistivities for a Lag 7Ceq 3
MnOg3film, measured with H = 0 and H = 5 T field. In the inset is the
temperature dependence of MR [p(5 T)/p (0 T) — 1] for the film.

300, 250, 200, 150, 100, 50K
0.94 (a) 0.0 e et icazsscase et
-0.1

0.6 1

I (mA)

-0.2

0.31 -0.3!
0 100 200 300
T(K)

0.0 1

09 At V] g0y ]

-0.6 1

Current (mA)

-0.9 1 1

T
40 08 06 -04 -02 00 02 04 06
Voltage (V)
100

10
102 4

1034-" 7

Current (mA)

- . .
0.0 0.2 0.4
Voltage (V)

Fig. 2. (a) Selected current—voltage relations for a Lag 7Cep3MnO3/1 wt%
Nb-doped SrTiOsjunction. The interval of temperature is 50 K. The upper inset
shows the temperature dependence of current at a constant voltage, —0.6 V. The
lower inset shows a schematic view of the junction. (b) Forward characteristics
plotted in semi-logarithm coordinates. The dashed lines are guides for the eye.
The excellent linear relation of log /-V curves indicates the good quality of the
junction.

schematic view for the configuration is given in the lower
inset. The junction exhibits fairly good rectifying behaviors,
characterized by the strongly asymmetric /-V curves. The
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forward-bias characteristics can be described by a shift to lower
voltage with increasing temperature, while the reverse-bias
characteristics vary complexly with temperature. To give an
intuitionistic impression, in the upper inset of Fig. 2(a) we show
the temperature dependence of current at —0.6 V; an evident
transition at ~220 K is observed. This transition temperature
is consistent with the Tp of the LCMO film, indicating their
inherent correlation. It is possible that the resistive transition
in the bulk LCMO film, due to the proximity effect, induces a
transition in the depleted LCMO layer near the interface.

To obtain information on the transport mechanism of the
junction, the I-V curves were further analyzed. Fig. 2(b)
depicts the forward characteristics in a semi-logarithmic plot.
An excellent linear relation between log / and V is observed
above 100 K, which is a phenomenon hardly observed in a
pT-nT diode, which usually suffers from significant creepage
(at low bias a typical pt—n™ diode has large current density and
shows no rectifying behavior) [8]. The excellent linear relation
confirms that the junction is of good quality, and also confirms
that the contact resistances/barriers have negligible effect on the
transport properties, as stated above.

According to the semiconductor theory [8,9], the forward
current can be either thermal (diffusion, thermal emission) or
non-thermal (tunneling). To produce thermal current, charge
carriers have to surmount the potential barrier to cross the
junction. In this case, the /-V relation can be written in
empirical form as

I =Iyexp(qV/nkpT) (D

where Iy = Aexp(—qVpo/nkpT), A is a parameter weakly
depending on temperature, Vpq is the barrier at zero applied
voltage, g is the unit charge carrier, kg is the Boltzmann
constant, and n is the ideality factor, which has a value between
1 and 2. Charge carriers can also tunnel through the potential
barrier. If the tunneling occurs predominantly at the base of the
potential barrier, the current is non-thermal in nature, and can
be described by the Newman equation

I = I;exp(aT)exp(BV) ()

where I, @, and 8 are parameters weakly depending on V.
Although both Egs. (1) and (2) predict a linear relation between
In/ and V, from Eq. (1) the slope of In/-V is expected to
vary with 1/T, and the temperature plays an important role in
activating charge carriers; in contrast, from Eq. (2) the slope of
In I-V is expected to be independent of temperature.

In order to distinguish the dominant transport mechanism,
in Fig. 3(a) we compare the slope of In /-V observed for the
LCMO/STON junction with those expected from the thermal
and non-thermal processes. The temperature dependence of
the observed slope of In/-V is quite weak, much closer
to that of the non-thermal one. Eq. (2) also predicted an
exponential growth of the current with temperature under a
constant voltage. This dependence was also confirmed by the
experimental results (Fig. 3(b)). Based on above analyses, we
strongly suggest that the dominant transport mechanism of
LCMO/STON is tunneling.
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Fig. 3. (a) Temperature dependence of the slopes of In/-V curves for
the thermal and non-thermal processes. Experimental results are shown for
comparison. (b) Temperature dependence of current at different bias voltages.
Solid lines are guides for the eye.

At low temperatures, the dominant mechanism should still
be tunneling. A typical tunneling current is independent of
temperature. The weak temperature dependence of current,
predicted by Eq. (2), comes from the possible band change
with temperature [19]. From Fig. 3(b) we can find that, at
low temperatures, log I has a much weaker dependence on
temperature, which may indicate that the band structure of
LCMO has a weaker dependence on temperature, and is still
consistent with the tunneling mechanism.

To justify tunneling as the dominant transport mechanism,
we have analyzed the depletion width of the junction. The
depletion width can be estimated based on the formulae [8,9]

11 = [2616aNp2Vp/qNa1(e1Nay + e2Np2)1'/?
and
t = [26162Na1Vp/qNp2(e1Na1 + e2Np2)1'/2,

where t1, €1, N4 and fp, €3, Npy are the depletion width,
dielectric constant and carrier concentration of LCMO and
STON respectively, and Vp is the potential barrier. As
a manganite, LCMO is very different from conventional
semiconductors since its electrons are strongly correlated.
Although a simple estimation from doping concentration shows
~0.3 holes/Mn, the real hole concentration in LCMO could
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Fig. 4. Depletion width as a function of mobile hole content in the LCMO film.
The inset shows the depletion widths of LCMO and STON, respectively.

be much smaller, owing to the strong localization by the
Jahn-Teller effect, strain, etc. Fig. 4 illustrates the depletion
width as a function of the hole concentration (x) of LCMO,
adopting the parameters of &1 = 10gg (gp is the permittivity
in vacuum) [20], &2 = 300gg [21], Np> = 1.98 x 10?°/m3,
and Vp = 0.4 eV [22] for the calculation. When varying
x in an extremely large range, from 0.3 to 0.001, we found
the total width of the depletion layer is in a narrow range,
about several nanometers. The minimum thickness is ~4.9 nm,
appearing at x ~ 0.0145 holes/Mn (N4; ~ 2.5 x 10%0/m?).
This result showed that the depletion layer of the LCMO/STON
junction is relatively thin, and thus the tunneling effect should
be important, consistent with the analysis based on the -V
relations.

The junction exhibits striking MR [R(5 T)/R(0 T) — 1]. In
Fig. 5 we show the bias voltage dependence of the MR, which
is negative in all the bias range. At each temperature the largest
MR appears near the zero bias. In the forward bias region the
MR decreases sharply with increasing voltage, while in the re-
verse bias region the MR retains a large value, which only de-
creases slightly with increasing voltage. In the inset of Fig. 5 we
give the temperature dependence of the maximal MR at each
temperature. The MR is negative throughout the whole tem-
perature range, and has a largest value, ~—45%, at ~190 K, a
temperature smaller than the Tp of LCMO. It is obvious that the
LCMO layer near the interface has a determinative role on the
properties of the junction. This layer is mostly strained by the
lattice mismatch, which will cause a decrease of magnetic order
and thus of Tp. The bias and temperature dependence of MR of
the present junction is different from the previous result [23],
which may originate from the different measuring configura-
tions used in the present and the previous studies [12].

The observed MR behaviors can be explained using the
tunneling model. In a tunneling model, the resistance is
proportional to the depletion width. Applying a magnetic
field will delocalize the holes by rearranging local spins and
depressing the Jahn—Teller effect [6], and thus will increase the
hole concentration. From Fig. 4 we can see that the increase
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Fig. 5. Bias dependence of MR [R(5 T)/R(0 T)—1] for the Lag 7Ce 3MnO3/
1 wt% Nb-doped SrTiO3 junction at various temperatures. At each temperature,
the maximal value of MR appears near 0 V bias. In the inset is the temperature
dependence of the maximal MR for the junction.

of hole concentration can either increase or decrease the
depletion width, depending on the starting hole concentration
and the extent of the increase. If the starting concentration
is small, the increase of the hole concentration will decrease
the depletion width, and thus decrease the resistance of the
junction, producing a negative MR. The fact that the MR is
negative implies that the free hole concentration of LCMO
is less than 0.0145 holes/Mn (Fig. 4), much smaller than
that estimated from the doping concentration. However, our
estimation is consistent with the previous results on under-
doped manganites studied by angle-resolved photoemission
spectroscopy and X-ray absorption spectroscopy [6].

4. Conclusions

We experimentally studied the transport properties and MR
behavior of a LCMO/STON junction. Based on the analyses
of the /-V relations and the depletion width, we found that
tunneling is the dominant transport mechanism of the junction.
The MR of the junction is negative throughout the whole bias
range and the whole temperature range. We believe that the
origin of the MR is the modulation of depletion width by
applying a magnetic field. Further, our results indicate that the
analyses of the transport properties and MR of a manganite
junction can be an effective way to estimate the free carrier
concentration of the manganite.
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