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Nonlinear conduction in charge-ordered Pr0.63Ca0.37MnO3: Effect of magnetic fields
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Nonlinear conduction in a single crystal of charge-ordered Pr0.63Ca0.37MnO3 has been investigated in an
applied magnetic field. In zero field, the nonlinear conduction, which starts atT,TCO, can give rise to a region
of negative differential resistance~NDR! which shows up below the Ne´el temperature. Application of a
magnetic field inhibits the appearance of NDR and makes the nonlinear conduction strongly hysteritic on
cycling of the bias current. This is most severe in the temperature range where the charge-ordered state melts
in an applied magnetic field. Our experiment strongly suggests that application of a magnetic field in the
charge-ordering regime causes a coexistence of two phases.
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Rare-earth manganites with general chemical form
R12xAxMnO3 have attracted current interest because of r
variety of phenomena like colossal magnetoresista
~CMR! and charge ordering~CO!.1,2 For certain values ofx,
close to 0.5, these compounds undergo a first-order cha
ordering~CO! transition where the Mn31 and Mn41 species
arrange themselves alternately in the lattice. This transi
leading to charge localization occurs on cooling below
temperatureTCO , refrerred to as the charge-ordering tem
perature. Orbital ordering also accompanies the charge or
ing and a long-range antiferromagnetic~AFM! order sets in
at lower temperature (TN,TCO). ~For some systems, like
Nd0.5Sr0.5MnO3, TN5TCO .1! The system studied by us
Pr12xCaxMnO3 (x50.37), happens to be a unique charg
ordered system in which the charge-ordered state rem
insulating for all values ofx due to its low tolerance factor. I
shows both charge and orbital order belowTCO5240 K and
the AFM order occurs atTN5175 K.

A fascinating aspect of the charge-ordered/orbital orde
state is that the charge-ordered insulator~COI! phase is un-
stable to a number of external perturbations~like magnetic
field,1 electric field,3,4 optical radiation,5,6 etc.! and can be
melted by them. An application of the magnetic field leads
a collapse of the charge-ordering gap (DCO) and there is an
insulator-metal transition~melting! of the COI state to a fer-
romagnetic~FM! state.7,8 Optical radiation seems to crea
conducting filaments which at low temperatures leads
nonlinear transport and even at much lower temperatur
region of negative differential resistance~with V;I 2n with
0,n,1).5,6 Application of an electric field also gives rise t
nonlinear conduction, which seems to have a threshold fi
associated with it and a broad band noise of substantial m
nitude with a power spectrum;1/frequency.9

A schematic of the phase diagram of the material in
H-T plane studied is shown in the inset of Fig. 1. In a giv
field H, the COI state melts into the FM phase at the melt
temperatureTMH ~marked in the figure!. We designate the
region TMH,T,TCO with HÞ0 ~shaded in inset! as the
‘‘mixed charge-ordered’’~MCO! region to distinguish it
PRB 620163-1829/2000/62~9!/5320~4!/$15.00
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from the COI (H50,T,TCO) state as well as from the FM
state (HÞ0,T,TMH). We call it the MCO region becaus
we will show below that the region has co-existence of t
phases. In this paper we address the specific question o
nature of nonlinear electronic transport in the COI as well
MCO region forT,TMH . We have performed experimen
along a constantH line. In particular, we observe that in th
COI state, transport is strongly nonlinear with a negat
differential resistance~NDR! developing forT,TN while in
the MCO state, the NDR is strongly inhibited. In addition,
the MCO state there is a large hysteresis in theI -V charac-
teristics seen on cycling of the bias current. We ascribe
to creation of a co-existing two phase region in the mix
state.~Hysteresis seen in theI -V curve on cycling the bias
current is distinct from the hysteresis in resistivity seen onH
field cycling in most past experiments.!

Our sample was a (43230.3 mm3) single crystal of
Pr0.63Ca0.37MnO3 grown by the floating-zone technique. Fo
linear contact pads of Ag-In alloy was soldered on to t
sample in linear four-probe configuration with separati
'0.25 mm. I -V data were taken with current biasing an
with a temperature control better than 10 mK. To avoid a
memory effects, the sample was heated well aboveTCO ,
before recording theI -V data at each temperature and ma
netic field. We have also measured electrical noise by d
tizing the voltage across the sample voltage probes.
power spectrum was obtained by Fourier transform of
time autocorrelation function of the voltage after subtract
out the mean. The magnetic-field measurements were d
using cryogen-free superconducting magnet capable of
ducing field up to 15 T. In this paper, to limit the scope
data being presented, we report data only for a field of 8
which in the temparature range of investigation encompas
all the phases that we need to study.

Figure 1 shows the resistivity (r) as a function of tem-
perature for various magnetic fields. ForH50, TCO
'240 K. In a field of 8 T, theTCO'210 K and the CO state
completely melts to the FM state at 80 K. We identify th
temperature asTMH for the 8-T field. A magnetic field of 12
5320 ©2000 The American Physical Society
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T arrests the formation of CO state and the sample rem
metallic at all temperatures. The observed data are in ag
ment with previous studies done on the Pr12xCaxMnO3
system.7 ~Note that magnetic susceptibility shows a tran
tion nearT'240 K, TN'175 K.!

Figure 2 shows theI -V characteristics at different tem
peratures in zero magnetic field. TheI -V characteristics are

FIG. 1. Resistivity as a function ofT in different magnetic fields
for the sample Pr0.63Ca0.37MnO3. The inset shows the schemat
phase diagram.

FIG. 2. TheI -V curves showing nonlinear conduction and neg
tive differential resistance. The inset shows the appearance of
noise at the onset of nonlinear conduction.
ns
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linear for T.260 K(.TCO) and at allT,TCO ~i.e., in the
COI state!, nonlinear conduction is observed. One can ide
tify a threshold electric field or a current density beyo
which the conduction is strongly nonlinear as reported ear
in films of Nd0.5Ca0.5MnO3.9 In the inset of Fig. 2, we show
the noise power measured at 6 Hz as a function of bias
currentI. At the onset of the nonlinear conduction the noi
increases rather rapidly. The noise has a 1/f character for
0.02 Hz, f ,20 Hz. Appearance of a strong noise comp
nent is a characteristics of the melting process.

At T,170 K, a new component gets added to the non
earity and a region of negative differential resistan
(dV/dI,0) is observed when the bias currentI exceeds a
current threshold (I TH). I TH decreases asT decreases and a
T585 K, I TH'1.2 mA corresponding to a current densi
'0.5 A/cm2. In the region of negative differential resistanc
~NDR!, for I .I TH , V}I 2n, where 0,n,1. The I -V char-
acteristics are symmetric and exhibit no hysteresis on cur
cycling except forT close toTCO. The observed data ar
highly reproducible. Interestingly, there are several simila
ties of NDR state created by current and that created
optical radiation using a laser.5 We find that the exponentn,
which is a measure of the NDR (dlnV/dlnI52n), has a
strong temperature dependence. In Fig. 3 we shown as a
function of temperatureT scaled byTN . We find thatn
→0 asT/TN→1 and forT/TN@1, n→constant ('0.5). A
likely explanation for occurence of NDR can be that forI
.I TH metallic filaments open up. These filaments being
lower resistance will provide parallel paths of conductio
This extra current path will decrease the voltage drop acr
the sample for a given current. As the current increases
sumably more such channels open up leading up to a fur
decrease inV. This will manifest itself in theI -V curve with
a region of NDR. Nonlinear conduction can also occur due
depinning of CO domains above a threshold applied field
has been reported earlier.9 But in the region of NDR, we
assume conduction through metallic filaments to be
dominant mechanism for nonlinear conduction. The form
tion of the conducting filament is not a breakdown as theI -V
curve is reproducible on cycling. A similar mechanism

-
ge

FIG. 3. Temperature dependence of the exponentn. The line
shows the temperature dependence of the intensity of
(1/2,0/1/2) line obtained from the neutron experiment~Ref. 10!.
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proposed for optically produced NDR.6 In an optically
melted CO state in the NDR regime,I}V2n with n'2/3 at
T510 K.6 Given the similarity, it is expected that both hav
the same origin.

We have measured the temperature rise of the sam
with respect to the base (DT) by attaching directly a ther
mometer to the sample.DT<20 K at the lowest temperatur
('80 K) and at the highest power dissipation level~0.1 W!.
At 150 K, D,10 K and it is negligible forT>180 K. The
power dissipation level where the NDR sets in at the low
temperature leads to aDT'5 K. We also investigated
whether the NDR is caused by this heating effect and r
out heating as the cause for the NDR. However, the hea
can have some influence on the value ofn at the highest
measuring current.

It appears that a strong correlation exists between the
set of the NDR regime and the magnetic order atTN . We
illustrate this in Fig. 3 where we plot the temperature dep
dence of the intensity of the~0.5.0.5.0! line as obtained from
the neutron diffraction10 in a sample of Pr0.65Ca0.35MnO3.
The temperature dependence of the intensity of this line
measure of the growth of the AFM order belowTN . It is
clearly seen from the figure that not only doesn→0 at T
5TN , it also follows a temperature dependence wh
closely matches that of the growth of the AFM order
observed through neutron diffraction. There may be t
likely reasons for the appearance of NDR belowTN . One
reason can be that forT,TN there may be incommensura
to commensurate transition of the CO or orbital order as
been reported in a closely related compositi
Pr0.5Ca0.5MnO3.11 The incommensuration which is due
disorder in orbital ordering can inhibit formatiom of suc
conducting filaments as are needed for the NDR. Alter
tively, the AFM order in these materials being of pseud
charge exchange~CE! type,12 there is a FM coupling be

FIG. 4. The nonlinear transport in a magnetic field of 8 T. T
inset shows a comparison of theI -V data atT590 K in zero field
and inH58 T.
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tween the planes which contain zigzag AFM chains. It m
be that belowTN this interplane FM coupling enhances th
formation of the metallic filaments which can be made up
FM phases. If the later hypothesis is true we will not s
formation of NDR region in CO systems with CE-type AFM
order which has only AFM coupling between planes.

Figure 4 shows theI -V characteristics at different tem
peratures in an 8-T magnetic field. In the MCO state,
nonlinear conduction persists and is qualitatively similar
that found in COI. For bothT.TCO and T,TMH the I -V
behavior is linear, but the two states haver differing by two
orders of magnitude.@All the data were taken after field coo
ing ~FC! in H58 T from T5300 K. At each temperature
the sample was freshly prepared as a FC sample after w
ing it up to room temperature to avoid any memory effec#
There is a distinct memory of the previously applied fie
when the field is changed in the COI state and on warm
up beyondTCO one can erase the memory. Experiments w
also carried out under zero-field-cooled~ZFC! conditions.
The I -V characteristics for both FC and ZFC are quali
tively similar, and the ZFC curve consistently shows high
V ~for a givenI ) than the corresponding FC curve at eachT.
Given the limited scope of this paper we do not discuss
details here.

The inset of Fig. 4 shows a comparison of theI -V curves
of the COI and the MCO states at a representative temp
ture. The COI and the MCO state differ significantly in tw
aspects, there is no NDR at any temperature in the M
state at 8 T and there is strong hysteresis in theI -V curve in
the MCO region.

An important observation of this investigation is that t
melting of the CO state either by temperature (T'TCO) or
by a magnetic field is accompanied by strong hysteresis
havior in theI -V curve ~i.e., the I -V curves do not follow
each other during current ramping up and down the cy

FIG. 5. Hysteresis observed in theI -V curves on cycling of the
bias current. The inset~a! shows the temperature dependence of
area under hysteresis close toTCO . The inset~b! shows the hyster-
esis inI -V curve in a magnetic field.
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This is different from the hysteresis seen onH cycling!. This
can be seen in Figs. 4 and 5. The hysteresis does not de
on the speed with which the current is ramped up and do
Typically in our experiment one cycle is taken over 40 m
The area under the hysteresis curve is defined as the ha
region in Fig. 5. We plot the area under the hysteresis cu
as a function ofT in the inset of Fig. 5. It is clearly seen tha
in the COI state, the hysteresis is observed only forDT
'10 K belowTCO . In contrast, in the MCO state, hysteres
persists over an extensive temperature range aboveTMH . In
the inset of Fig. 5~b!, we show an example of the hysteres
in the MCO state asT→TMH from above.

The appearance of hysteresis in theI -V curves can be
interpreted as due to the co-existance of two phases in
MCO region. There is evidence of such co-existing phase
the TEM data taken nearTCO in (La,Ca)MnO3 and
(Pr,Ca)MnO3 systems near the melting transition (T
'TCO).13 In this material under study, it has been seen t
the ferromagnetic spin correlations persist belowTCO .10
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This is stabilized by the applied field and thus can be
nucleus of the FM phase. In the MCO state these nuclei
stabilized on cooling and then grow as the second ph
Eventually asT→TMH , the MCO state collapses to the FM
phase. Existence of such co-existing phases will prevent
formation of the metallic filaments needed for the occuren
of NDR. As a result the NDR will be strongly suppressed
this region.

To summarize, we have carried out a systematic inve
gation of nonlinear transport in a CO system in a magne
field. We find that a negative differential resistance reg
shows up belowTN which is inhibited by application of a
magnetic field. In the regionTCO,T,TMH , application of a
magnetic field creates a region of co-existing phases lea
to a strong hystereticI -V curve which become substantial i
the temperature regions close toTCO andTMH .
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