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Abstract

We have investigated the current-induced nonlinear conduction in a charge-ordered phase of
two-electron doped manganites Ca;_,Ce, MnO3 (x = 0.1 and 0.167). The substitution of Ce*t
ion for Ca”*site of the parent matrix causes two-electron doping with the chemical formula
Caﬁx Cei*Mn‘l‘tZX Mn%;03. Seebeck coefficient data of CagyCen1MnOs5 are, in both its
temperature dependence and its magnitude, very similar to those of CaygSmg,MnO3, leading
to further evidence for two-electron doping. The VI characteristics measured using a long
pulsed current show a negative differential resistance and its associated giant electroresistance
effect. It is demonstrated that a temperature rise across the samples due to Joule heating is not

responsible for a huge decrease in resistance observed here.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Perovskite manganites show a large variety of fascinating
properties such as the colossal magnetoresistance (CMR)
effect and the charge—orbital ordered (CO) insulating phase [1].
The most interesting one is the existence of a phase-
separated state, the coexistence of antiferromagnetic (AFM)
CO insulating and ferromagnetic metal (FMM) regions [2].
The phenomenon of microscopic phase separation into two
competing ordered phases on various length scales has a close
relation to quenched disorder existing in doped manganites.
Recently, it has been reported that the resistance of CO
manganites exhibits a significant change when a strong electric
field or current is applied [3,4]. The electric current induced
resistance change results in switching from the charge-ordered
insulating to ferromagnetic metallic state. This phenomenon
is called the colossal electroresistance (CER) effect, which
is analogous to the term of the CMR effect. The effect of
electric fields on the CO state of the manganites is an issue
of considerable interest not only on the basis of physical
phenomena but also from the viewpoint of technological
applications. There have been extensive studies on the effect
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of an applied electric current/voltage on the resistance of hole
doped manganites causing a huge negative ER effect so far
[3-13]. However, they have paid little attention to electron
doped manganite systems with a high concentration of Mn**
ions [14, 15].

In this paper, we demonstrate current-induced nonlinear
conduction in a charge-ordered phase of two-electron doped
manganites Ca;_,Ce,MnO3 (x = 0.1 and 0.167). The
substitution of Ce** ion for Ca’*site produces a two-
electron doped manganite system with the chemical formula
Cal* Ce**Mnj", Mn3*O;. For a single electron doped
system, we have Caﬁy R;*Mn‘l":yMnfng (R = trivalent
rare-earth ions). It is well known that for Ca;_, Ry;MnO3
(R = Sm, Pr, Nd, Eu, etc) the CMR effect appears in a very
narrow range of carrier contents [16]. Zeng et al showed that
Ca;_,Ce,MnOsj is a two-electron doped CMR system through
a scaling (x = 2y) of magnetic properties with respect to a
single electron doped system [17]. Furthermore, the x-ray
absorption spectroscopy result reveals that the formal valence
of Ce ion is 4+. In particular, at the x = 0.167 composition
with the concentration of Mn** = 1 /3, the CO state is more
stabilized.
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2. Experiment

Polycrystalline Ca;_,Ce,MnOs (x = 0.1 and 0.167) were
synthesized by a standard solid-state reaction method. The
starting materials CaO, CeO, and Mn3;O,4 with high purities
were mixed, and the formed powders were annealed at 1000—
1200°C for 24 h with several grindings. The products were
finally pressed into pellets, and they were sintered in air at
1450°C for 24h. Powder x-ray diffraction patterns showed
the samples are almost single phase with an orthorhombic
structure (Pnma space group). The lattice parameters of
the x = 0.1 sample are a = 5.3261 A, b = 7.4863 A and
¢ = 5.2961 A, which is fairly in agreement with a previous
work [18]. The cell parameters and the unit cell volume
are elongated upon increasing the Ce doping although the
jon radius of Ce** (1.14 A) is smaller than the value of Ca®*
(1.34 A). The Mn** ions (0.53 A) are replaced by Mn** ions
(0.645 A) with one extra electron, which contributes to the
enhanced cell volume. The temperature variation of electrical
resistivity was measured with a standard four-probe method.
Electrical contacts were prepared with silver paste on a bar-
shaped sample (typical dimension ~8 x 2 x 2mm?). Seebeck
coefficient was determined from both a temperature gradient
and its associated thermal voltage across the sample when a
thermal current is supplied along its longitudinal direction.
The VI characteristics measurement was performed with a
two-probe method using a Keithley KE2400 source meter,
which enables us to monitor voltage on current contact. The
sample was mounted on the cold head of a closed type helium
cryocooler surrounded by a vacuum cryostat. Measurement of
magnetization was carried out by a superconducting quantum
interference device magnetometer. A pulsed current with a
time duration of 10 ms was applied from 1 up to 50 mA in steps
of Al = 1 mA to reduce the Joule heating effect. The applied
current was switched off for about 10 ms between successive
current steps. The temperature gradient generated across the
samples was monitored using a differential-type thermocouple
of Au+0.07%Fe alloy versus chromel when the applied current
was supplied. One junction of the thermocouple lead was set
on the top surface of the sample with a GE7031 varnish and the
other one was attached at its bottom on the cold end. Under
adiabatic conditions, heat flux generated flows from the hot
surface at the top of the sample towards its cold end when the
applied current is parallel to both surfaces. For comparison,
the VI data of the x = 0.1 and 0.167 samples dipped in liquid
nitrogen were taken using a stationary current.

3. Results and discussion

First of all, we present in figure 1(a) the temperature variation
of electrical resistivity p of polycrystalline Ca;_,Ce,MnO3
(x = 0.1 and 0.167). The p value of the x = 0.1 sample
remains nearly constant at high temperatures and it then
exhibits a rapid increase below 170K upon decreasing T,
suggesting the weakly metallic to charge-ordered insulator
transition. The resistivity of the x = 0.167 sample also
shows a semiconducting behaviour over a wide range of
temperatures and a further increase in p appears below
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Figure 1. (a) Temperature variation of resistivity p of
polycrystalline Ca;_,Ce,MnO3 (x = 0.1 and 0.167) measured at a
small current of 0.01 mA. Arrows denote the charge-ordered
transition temperatures. (b) Temperature variation of zero field
cooled (ZFC) magnetization of Ca;_,Ce,MnO; (x = 0.1 and 0.167)
measured under an applied field of 10 mT.

240 K. The magnetization data of the x = 0.1 sample, as
depicted in figure 1(b), reveal a pronounced peak around 170 K
indicating the paramagnetic to AFM transition accompanied by
a transition into a charge-ordered insulating state. A similar
behaviour on the ZFC run is obtained at x = 0.167. Here, we
define the charge-ordered insulator transition temperature as
Tco. Next, we examine the Seebeck coefficient S of x = 0.1
(figure 2), in order to check an electron-doped system of our
samples. The value of S shows a monotonic increase down
to Tco = 170K upon cooling the x = 0.1 sample and then
rapidly starts to drop below Tco. After the value of S reaches
a broad minimum around ~100K, at lower temperatures it
again begins to exhibit a stable increase crossing the horizontal
axis. The Seebeck coefficient is a sensitive probe to examine
electronic states of dirty materials since it is less affected by
grain boundaries of polycrystalline samples than the resistivity
measurement. We note that the S data of Cag ¢Cey 1 MnOQO3 are,
in both its temperature dependence and its magnitude, very
similar to those of CaggSmg,MnQOj3, indicating an additional
evidence for two-electron doping [19].

Now, let us show the voltage versus current (V1)
characteristics of Ca;_,Ce,MnO3 (x = 0.1) at selected
temperatures (figure 3(a)). Upon increasing the applied
current, at smaller currents the 7V data of the x = 0.1 sample
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Figure 2. (a) Temperature variation of Seebeck coefficient S of
Cay9Cep1MnO;. The arrow denotes the CO transition temperature.
(b) The temperature gradient AT generated across the x = 0.1 and
0.167 samples at selected temperatures. AT is monitored at

I = 50 mA. For comparison, the temperature rise of the x = 0.167
sample dipped in liquid N, is given.

follow the Ohmic characteristics and then tend to saturate. As
T is lowered below 70K, a negative differential resistance
(NDR) feature occurs at higher currents above a threshold
value ranging from 35 mA at 70 K down to 16 mA at 50 K. The
current dependence of the corresponding resistance R = V /I
follows a strong nonlinearity and the magnitude of R rapidly
drops by more than one order of magnitude at higher currents.
Figure 3(b) represents the electroresistance ratio (ER) of the
x = 0.1 sample as a function of applied current. Here, the ER
is defined as [R(1) — R(Liow)1/ R (Liow) x 100, where Iy, is the
lowest current value (1 mA). A giant electroresistance effect
reaching ER-—90% at I = 50 mA for x = 0.1 is achieved
at 50 K. Our findings are in good agreement with a previous
work on the IV data of Ca;_,Ce,MnO3 (x = 0.1) except for
the data at LN, temperature [14].

To examine the influence of Joule heating on the nonlinear
1V characteristics, we check simultaneously a temperature rise
of samples studied using differential thermocouples as shown
in figure 2. For x = 0.1, we obtain AT = ~4K (I = 50mA)
at 50 K, which never reproduces a huge decrease in R by one
order of magnitude. In a similar way, we display in figure 4
the IV characteristics and the ER ratio in the charge-ordered
state of Ca;_,Ce,MnO; (x = 0.167) at selected temperatures.
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Figure 3. (a) Voltage versus current (V I) characteristics of
Ca;_,Ce,MnO; (x = 0.1) at selected temperatures under a vacuum
cryostat. For comparison, we add the IV curve recorded for the
sample dipped in liquid nitrogen bath. The arrows indicate threshold
currents. A negative differential resistance (dV /dI < 0) is observed
when the applied current exceeds the threshold value. (b) ER of the
x = 0.1 sample as a function of applied current.

At the lowest temperature of 70 K, a strong NDR appears even
at low currents applied over a threshold value of S mA and the
application of the high currents up to 50 mA results in a very
huge decrease in R by more than one order of magnitude. The
corresponding ER attains —98% at I = 50 mA. Forx = 0.167,
we obtain AT = ~8K (I = 50mA) at 70K but it does not
explain such a huge decrease in R. We expect from figure 1(a)
that a temperature rise due to Joule heating suppresses the value
of p from 840 €2 cm at 70 K down to 260 €2 cm at 78 K, giving
a gradual drop in R by a factor of about one-third. To examine
the difference in the thermal environment of the sample in a
vacuum cryostat and a liquid N, bath, the / V data of the sample
immersed in liquid N, are given in figure 4(a). In the liquid
N bath, we have both a negative differential resistance and its
associated huge decrease in R, giving a CER effect achieving
ER = —85% at I = 50mA. The corresponding temperature
riseis AT = ~3K at I = 50mA for x = 0.167 (for x = 0.1,
AT is negligible). It is evident that the effect of Joule heating
is not responsible for the huge decrease in R.
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Figure 4. (a) Voltage versus current (V I') characteristics and (b) ER
ratio of Ca;_,Ce, MnO; (x = 0.167) at selected temperatures.

It has been reported that the CO state of the x = 0.167
sample is stable in comparison with that of x = 0.1 because
the concentration of magnetic frustrated bonds decreases with
increasing Mn* ions [20]. In addition, the fraction of CO
phase in the x = 0.1 sample is estimated to be at most 30%
with a majority (70%) of the C-type AFM phase at 12 K, while
for the x = 0.167 sample it reaches about 80%, suggesting
a major fraction of the CO phase. We thus believe that the
application of a stronger electric field is needed to transform
the stable CO phase into a low resistive state.

Here, we assume that CO clusters are pinned to the lattice
through the Jahn—Teller effect of Mn** ions as pointed out
in [21]. We then understand that they are depinned by the
application of a strong electric field, resulting in the nonlinear
ER effect. Moreover, upon increasing 7', a thermally activated
depinning becomes more dominant, leading to a smaller ER
effect [4]. This pinning model qualitatively describes the
giant ER effect enhanced at low 7. As for the ER effect in
the ferromagnetic insulating phase of Lag g,Cag ;sMnOs, the
authors argue that the electric current enhances transfer integral
between e, orbitals of neighbouring Mn sites, i.e. increases
the e, bandwidth, which results in a resistance drop [6]. To

our knowledge, we have no experimental evidence for the
enhanced bandwidth effect due to the application of a strong
electric field on manganites.

4. Summary

We have investigated the nonlinear VI characteristics in
a charge-ordered phase of two-electron doped manganites
Ca;_,Ce,MnO3 (x = 0.1 and 0.167). The substitution of
Ce** ion for Ca?*site produces two-electron doping with the
chemical formula Ca3* Ce**Mn}*, Mn3*0;. It is pointed
out that the Seebeck coefficient data of Cay9Cey;MnOj3 are
very similar to those of Cay gSmg ,MnOj3, indicating additional
evidence for the two-electron doping. We demonstrate that a
temperature rise across the samples is not responsible for the
huge decrease in R. The VI characteristics measured using
a long pulsed current show a negative differential resistance
and concomitant giant electroresistance effect. The larger ER
effectenhanced for the x = 0.167 sample is probably attributed
to its stable CO state.
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