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Abstract

We report a large resistance drop induced by Dc electrical currents in charge-ordered Cag 9Cep ;MnOj3. A giant electroresistance (ER) of ~90%
at 100 mA current below charge ordering (CO) transition temperature (7o) is found. Nonlinear conduction, which starts above a threshold
current, gives rise to a region of negative differential resistance (NDR). The nonlinear conduction cannot be explained by homogeneous Joule
heating of the sample. The origin of these phenomena is discussed in view of current induced collapse of CO state associated with phase-

separation mechanism. This work can be useful for the potential applications of ER such as nonvolatile memory elements.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The phenomena of colossal magnetoresistance (CMR) in
mixed-valent manganites have attracted considerable attention
in recent years due to the related physics and potential
applications [1-3]. One particular interest is the study of the
behavior of the ordered state in these compounds. Charge
ordering (CO) is a common characteristic of transition metal
oxides with perovskite structure. In CMR manganites, the
formation of a Mn® " :Mn* " ordered phase is the most obvious
manifestation of the e, electrons localization. The competition
between the CO insulating state and the charge delocalized
(CD) state which presents a metallic conductivity, is of a
great attention [4,5]. Moreover, many experiments have shown
that the CO state is unstable under a variety of external
perturbations including magnetic field [6], electric field [7-9],
and optical radiation [10]. Application of an electric field
(current) also gives rise to nonlinear conduction. Many of these
nonlinear effects have often been attributed to depinning
transitions or to melting of CO state. In addition, Palanisami
et al. [11] suggested that the nonuniform Joule heating should
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be considered as a possible cause or contributor to the
formation of nonlinear effects under strong current bias.

Recently, a quite large resistance change by an external
electric field, i.e. giant electroresistance (ER) was observed in
Pr_,CaMnO5; and triggered a surge of research on its
potential for practical applications such as nonvolatile memory
elements [12,13]. The system behaves in such a way that the
bias current may generate metallic path giving rise to resistivity
drop. On the other hand, a giant ER near the 7 in thin film of
ferromagnetic Lag;Cap3;MnO3 and PrggCag,MnO;5 has also
been reported [14,18]. Current induced metastable resistive
states have been also observed in manganites [15,16]. We
notice that the majority of studies of ER effects were performed
mainly on the hole-doped (p-type) manganites. In the present
paper, we study the current-induced effect on the electron-
doped (n-type) manganite Cago¢Cep MnOj3. Such a study in
n-type manganite may be useful for the future applications of
ER in p-n junction, combined with the studies in p-type
manganites.

Zeng et al. [17] have reported that CagyoCeyMnOj
undergoes a CO transition at around Tco (Tco=170 K), at
which an antiferromagnetic (AFM) ordering appears. In this
paper, we study the giant ER and the nonlinear conduction in
this sample. A negative differential resistance (NDR) is
observed when the bias current / exceeds a current threshold
(I;n). Under an applied magnetic filed of 8 T, the I, value has
no obvious change. The typical current-switching effect has
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also been observed. These phenomena have been interpreted in
terms of current induced collapse of CO state associated with
phase-separation mechanism.

2. Experimental details

Polycrystalline Cag oCeg ;MnO3 sample was synthesized by
the standard solid-state reaction. Stoichiometric precursor
powders CaCOj3, CeO,, and MnO, were mixed and ground,
then fired in air several times at 1050, 1200, and 1300 °C for
24 h with intermediate grinding. After the final grinding, the
powder was pressed into small pellets, sintered at 1350 °C for
24 h and slow-cooled to room temperature.

The room temperature X-ray diffraction (XRD) measure-
ment was taken by Philips X’pert PRO X-ray diffractometer
with Cu K, radiation. The resistivity p was measured by
means of a quantum design physical property measurements
system (PPMS) using the standard four-probe method. The
measurements of voltage—current (V-I) were taken with
current biasing. The Dc currents in the PPMS are selected
in our measurements.

3. Results and discussion

The room temperature XRD results show that the sample is
single phase with monoclinic structure (P2;/m space group).
The measurements of electrical transport (see the inset of
Fig. 1) indicate the CO state appears below Tco (=170 K),
which has been reported in recent paper [17]. Fig. 1 shows the
temperature dependence of resistivity of CagoCeg MnOj3
under different Dc currents. Fig. 1 clearly shows that
the resistivity decreases with increasing the applied currents
(I=0.01-100 mA). For higher currents (50 and 100 mA), the
resistivity is strongly depressed especially at low temperatures.
Under 100 mA current, the resistivity drops abruptly by over
two orders of magnitude. The observed behavior is rather
similar to that of Prye¢3Cag37MnO;5 crystal, for which the
electrical current triggers the collapse of the low-temperature
electrically insulating CO state to a ferromagnetic metal
(FMM) state [8].
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Fig. 1. Temperature dependence of resistivity p under different measuring
currents (0.01-100 mA). The inset shows the In p(7) curve under measuring
current 0.01 mA. Tco is the charge ordering temperature.
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Fig. 2. Temperature dependence of electroresistance (ER) with different
applied currents. The ER is defined as [p(1) — p(0.01 mA)]/p(0.01 mA).

Fig. 2 describes the temperature dependence of ER under
different currents. The ER, defined as [p(I)—p(0.01 mA)]/
p(0.01 mA), is negative because the current reduces the
resistance. For /=1 mA, the ER is about 10% and almost
temperature-independent. The ER increases abruptly as
measuring current exceeds 10 mA. For the highest current
(100 mA), the ER is near 99.5% at 50 K. The giant ER
decreases with increasing temperature. At around 7o, the ER
drops abruptly with increasing temperature. Although the
heating can have some influence on the value of p at the highest
measuring current, the simple Joule heating cannot account for
the observed giant ER, considering such a large change of
resistivity. The giant ER effects in charge-ordered samples can
be explained by the model that current injects into highly
conducting filamentary paths [7,19]. The bias current may
generate metallic path and break the CO state giving rise to
resistivity drop.

The V-I characteristics at different temperatures under zero
magnetic field are shown in Fig. 3. Above Tco, an Ohmic
conduction is observed in the whole current range. The V-1
characteristics for temperatures (200 and 300 K) are displayed
in the inset of Fig. 3. Below T, nonlinear conduction was
observed. As bias current exceeds a threshold value I, the
behavior of NDR (dV/dI <0) appears. For instance, at 50 K an
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Fig. 3. VI characteristics under zero magnetic field for temperatures below
Tco- The inset shows the V-I curves for temperatures above Tco.
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Fig. 4. V-I characteristics under zero and 8 T magnetic field at 50 K. The inset
shows the temperature dependence of threshold current 7y, determined from V-1
curves.

increase of the current breaks Ohmic relation at 10 mA and
causes a decrease in voltage. A symmetric V-I curve indicates
the reproducibility of the V-I characteristics. In the region
of NDR, it is found that VI curves follow the relationship of
V-I"", where 0<n<1, which has been observed in charge-
ordered Prg 3Cag 37MnO; [8]. The temperature dependence of
Iy, are shown in the inset of Fig. 4. The I, is 10 mA at 50 K up
to 50 mA at 100 K. The threshold current I, increases with
increasing temperature, which is consistent with that observed
in Pry¢3Cag37MnOj3 sample by other authors [8,20]. At lower
temperatures, the smaller I, may imply that the CO state is
more instable due to the competition between the CO and CD
phases.

We have also measured V-I curves at different temperatures
under applied magnetic fields of 3, 5, and 8 T. The
experimental results indicate that the V-I characteristics are
not strongly modified under magnetic field. As an example,
Fig. 4 shows measurements at 50 K under zero and 8 T
magnetic field. It can be observed that the NDR region sets in
for rather close values of the current threshold. The results
suggest that for a sufficient bias current, a conduction path is
opened and the magnetic field does not trigger or limit this
phenomenon. If it is assumed that a magnetic-field-induced
transformation of AFM CO insulating state into FMM appears,
the disappearance of the NDR upon application of
magnetic field should be observed like in the charge-ordered
Pr,_,CaMnO5; (x=0.3) system [7,8]. However, the NDR
effect in Cag oCeq 1MnOjs is hardly affected by the 8 T magnetic
field. The facts shows that the CO state in Cag oCey ;MnO5; may
be much stable and it needs higher magnetic field to melt the
CO state.

In order to minimize the heating effect, we put the probe into
liquid N, instead of the cryostat, as in other authors design [21].
In Fig. 5, the V-I characteristics performed under liquid N,
bath are compared with those performed in the PPMS. It is
found that the nonlinear conduction and NDR are still observed
in the V-I characteristics performed under liquid N, bath,
which cannot possibly be explained by simple Joule heating.
Although the heating effect is not a major contribution to the
nonlinear conduction and NDR, the Joule heating is still be
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Fig. 5. V-I characteristics performed under liquid N, bath (solid line) and in the
PPMS (dotted line). The arrows indicate the threshold current Iy,. The inset
shows the time dependence of resistivity measured using the alternately varied
currents 0.01 and 50 mA under liquid N, bath. The times, at which the applied
current is changed, are marked with dotted lines.

probably considered to have some influence on the V-1
characteristics performed in the PPMS. In fact, one can see
that the V-I curves performed under liquid N, bath and in the
PPMS do not overlap in the whole measuring current range,
especially for the larger currents (/> 10 mA). For a constant /,
the measured value of V in the PPMS is smaller than that under
liquid N, bath. This difference of the values of V should be
attributed to the heating effect. Unlike the measurements under
the liquid N, bath where the heating effect is almost eliminated,
the measurements in the PPMS can be affected by the heating
effect in a certain extent, especially for the larger measuring
currents. The resistance of the sample decreases due to the
Joule heating, consequently the value of V in the PPMS is
smaller than that under liquid N, bath. In addition, the heating
effect can have little influence on the value of the threshold
current I,. The values of the threshold current 7, measured in
the PPMS and under liquid N, bath are 28 and 31 mA,
respectively.

At the liquid-nitrogen temperature (77 K), we have also
measured the resistance by the alternately varied currents
(0.01-50 mA). The time dependence of resistivity is shown in
the inset of Fig. 5. Initially, the resistivity is about 2.8  cm as
the 0.01 mA current is applied. Then, the current rapidly
changes to 50 mA and accordingly the resistivity drops to
around 0.5 Q cm. The switch between the higher-resistivity
and lower-resistivity states is the typical current-switching
effect. In addition, there is no hysteresis in the current-
switching, which indicates the measurements should be less
affected by the heating effect. The change of the resistivity is
much larger, which is reversible and nonvolatile. Such a
behavior can be useful for the potential applications in
nonvolatile memory elements [22]. The ON- and OFF- states
could be written to the elements by applying appropriate
voltages (currents) to the gate. The current-switching phenom-
ena reported here may involve dielectric breakdown of the
charge-ordered state, in which the charge carriers are initially
localized. The dielectric breakdown of such states should
immediately lead to the appearance of a metallic state
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accompanied by a large number of mobile charge carriers, and
hence is intrinsically different from conventional semiconduc-
tors or band insulators [7].

The observed nonlinear conduction, and more particularly
the NDR, can be explained using the phase-separation (PS)
scenario [23], which consists of a fine mixture of the two
competing ground states, the FMM state and the charge/orbital-
ordered insulator one. The resistivity of the PS system does not
depend solely on the ratio of the volumes of coexisting phases,
but also in a crucial way depends on the distribution of the
conductive domains and their size and shape. The strong
current will inject to the PS system and enforce changes of the
topology of the phase coexistence. For I>1I, metallic
filaments open up, which will provide parallel paths of
conduction. Nonlinear conduction can also occur due to
depinning of CO domains above a threshold applied field as
has been reported earlier [24]. Other mechanisms of current-
induced effect such as the charge density wave (CDW) scenario
has also been proposed by Mercone et al. [20]. In this scenario,
if an electric field strong enough to overcome the pinning
energy is applied, the CDW can be depinned and carries a
current. Although a theoretical understanding of the mechan-
isms in current-induced effects is still incomplete, the PS
scenario is commonly adopted as a main ingredient.

4. Conclusion

In summary, we have carried out a systematic investigation
of the nonlinear transport in the electron-doped CagoCeg ;-
MnOj;. A giant ER is observed, which is not interpreted by the
simple Joule heat. We find that a NDR region shows up below
Tco, as applied current exceeds a threshold value. These
phenomena have been explained in terms of PS scenario. The
current-switching effect is useful for the potential applications
in nonvolatile memory elements.
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