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Nonlinear electrical response in a non-charge-ordered manganite: RgCag, ,MnO,
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Up to now, electric-field-induced nonlinear conduction in the_ R€aMnO; system(PCMO) has been
ascribed to a current-induced destabilization of the charge ordered phase. Howexet0fab, a ferromag-
netic insulator state is observed, and charge ordei@®@ is absent whatever the temperature. A systematic
investigation of nonlinear transport in the ferromagnetic insulatgg®a ,MnO; shows rather similar results
to those obtained in charge-ordered systems. However, the experimental features obserygtiayNtnOg
are distinct in that the collapse of the CO energy gap cannot be invoked as is usually done in the other members
of the PCMO system. We propose interpretations in which the effectiveness of the double exchange is restored
upon application of an electric field.
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Hole-doped perovskite manganese oxid®s ,A,MnO;  claimed, in a low doped La,CaMnO; (LCMO) system,
(R andA being trivalent rare-earth and divalent ions, respecthat the influence of light, x ray, and current may be inter-
tively) are associated with a wide variety of electronic andpreted in terms of spin-polarized tunnel conduction mecha-
magnetic properties depending on the valuexofind the nism modifying phase separation conditions along the perco-
averagedA-site cation radius(r,).> These materials have lation path.
recently been the subject of intense studies due to intriguing Up to now, all experiments investigating the effect of
phenomena such as Charge/orbita| Ordefm@)z or colossal electric field on the Conduc_ting behavior of the PCMO Sys-
magnetoresistance.The latter is usually interpreted by f€m have_mostly be_en carried out on CO_ candidates. _Conse-
means of the double-exchangBE) interaction scenarfo quently, interpretations based on mult|phase coexistence
which gives an interesting qualitative interpretation of (AF-COIl'and FMM phases whose respective volumes in the
coupled ferromagnetic ordering and metallicity. Within suchPulk _are_ modified under perturbationsis often

17,18,20-23 . .
a framework, the ferromagnet{€M) ordering is related to a ralste?ﬁ has n ;I'Ee \;]er{( I(I)V\; (zjoplr:gﬁr;gén;(; of 1t‘hr6r '?;:aM_O
large electronic itinerancy, i.e., a metallic behavior. AmongSyS em has not been explored yet. -2, 8 lerromag

the various mixed-valent manganites studied so far, th netic insulator(FMI) state is found, and charge ordering is

. . ot observed whatever the temperature. Moreover, a metallic
Prl,XCa(MnO_g) system(PCMO) is pgrhaps the most interest- state is never realized, even upon application of a magnetic
ing because it shows a great variety of ordered phases th

> ) 3 £ 17 fikld. This can be understood as follows: on the one hand, for
are very sensitive to cation/anion dopifig: For 0.3<X  tnjs system we have an important inward tilt of the
<0.8, charge ordering of Mii and Mrf* (CO) is found and  \n3+.0-Mn** bounds which results in a decrease of the
an antiferromagneti¢AF) ordering can be observed with ¢, ps—d,. overlaps. This produces a decrease of the
Neel temperatures ranging from 100 to 170 Kfor0.8 and  magnitude of thes, bandwidth and, consequently, a reduc-
0.3, respectively. Due to its low tolerance factor, this systenion in the effectiveness of the double exchange. On the other
happens to remain insulating, giving rise, under zero field, tthand, forx<0.25 we deal with a very low hole concentration
a charge-ordered insulating stat@Ol). It has been widely which does not favor a delocalized electronic state.
shown that this COI state in the PCMO system can be melted The aim of our experience was to investigate whether a
into a metallic ferromagnetFMM) upon application of a current-induced metal-insulator transition can be observed in
magnetic field of sufficient amplitude 2~ Within the  a non-CO manganite of the PCMO system. For this purpose,
doping range 0.8x=<0.5, in addition to the magnetic field, a crystal of P§¢Ca, ,MnO3, not so far from the CO region,
such a destabilization of the COI state can also be induced hbiyas been chosen. Although a metal-insulator transition has
external perturbations such as irradiation by x'fagr  not been clearly observed, the resistance for increasing bias
light,*"*® and application of pressureor electric field?®=>>  current is drastically reduced. Moreover, a strong nonlinear
Those optical or irradiation induced transitions are usuallyelectrical conduction is found with a NDR developing for
argued to be a result of classical percolation transport in §<T,. This behavior is not sensitive to the application of a
nonhomogeneous medium; however, the role of the applicamagnetic field. Compared to already reported results, the ex-
tion of an electric field is not so clear. perimental features observed here are distinct in that the col-
For instance, Guha and co-work&®® found that the lapse of the CO energy gap can not be invoke as is usually
current-induced  destabilization of the COIl state indone in the other members of the PCMO systénf:?0-2
Pry.efCa 3MNO; leads to a regime of negative differential  Using the floating-zone method with a feeding rod of
resistivity (NDR) (dV/d1<0) with a concomitant enhance- nominal composition RBrCa MnO;, a several-cm-long
ment of magnetization. The authors invoke a the creation o§ingle crystal was grown in a mirror furnace. Two samples
low-resistivity conducting paths made up of FM phaseswere cut out of the central part of this crystal, one of them
along the current flow. Very recently, Yuzhelevskial?®  for resistivity measurements and the other for magnetization
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FIG. 1. 1.5-K neutron diffraction patterns: continuous line for ~ FIG. 2. Temperature dependence of resistance for a

calculated plot, stars for experimental data; the upper Bragg striker, (Ca, ;MnOj; crystal with various bias currents.
correspond to thé®nma crystallographic structure and the lower

one to the magnetic phase. The main indexations are also givesample in linear four-probe configuratiol-l data were
Inset: 020 FM peak intensity vs temperature. taken with current biasingKeithley 236 and with a tem-
perature control of 100 mK. The measurements under mag-

and specific-heat measurements. X-ray-diffraction andetic field were done using a superconducting magnet ca-
electron-diffraction studies, which were performed on piecegable of producing 9 T.
coming from the same part of the crystal, attested that the In Fig. 2, we show the temperature variation of the resis-
samples are single phased, and well crystallized. The cell igaince R=V/I) of a Pp ¢Ca ;MnO; crystal for various bias
orthorhombic with aPnmaspace group, in agreement with currentR,(T) under zero field. When the current is small
previously reported structural data. The energy dispersiv€10 3 mA and 1 mA, the sample shows an insulating be-
spectroscopy analyses confirm that the composition is homdiavior and, at low temperature, the large resistance increase
geneous and close to the nominal one, in the limit of theoverloads our current source. Our current source overloads
accuracy of the technique. The electron-diffraction characterfor 100 V, thus the maximum resistance that we can measure
ization was also carried out versus temperature, from roorfor 10 3 is around 100 M). For higher current$10 and 50
temperature to 90 K. The reconstruction of the reciprocamA), the resistance is strongly depressed with a trend to
space showed that the cell parameters and symmetry remasaturation when the temperature is lowered. We do not see a
unchanged in the whole domain of temperature and, morelear metal-like decrease in resistance beldw and the
especially, no extra reflections have been detected. Thigbserved behavior is rather similar to that of,@0a sMnO3
electron-diffraction observation, coupled with lattice imag-and N sCa sMnO; films deposited on L#; (LAO) (Ref.
ing, shows that, in our sample, there is no charge ordering4) and PCMO crystalé>?® The latter papers report that
effect, even at short-range distances. All x-ray- and electronelectrical current triggers the collapse of the low-temperature
diffraction observations agree with previous published re-<lectrically insulating CO state to a FMM state. Measure-
sults for compounds of the same syst&m. ments of R|(T) have been carried out upon cooling and

In order to characterize the magnetic structure of thewarming, and no hysteresis was observed. Around 50 K, a
sample, we have performed a temperature dependence of telight anomaly can be observed on ev&yT); this can be
diffraction patterns on thé&s4.1 neutron spectrometen (  linked to the Pr magnetic ordering as observed by neutron
=0.2426 nm) on the Orphee sour@d B-Saclay, France experiments.
in the 2.00-81.90 & angular range. The sample was first Figure 3 showd/-I characteristics in a semi-log scale for
powdered, and the diffracted spectra were recorded as fun@-<T, (80, 90, and 100 Kunder zero field. Th&-I charac-
tion of temperature from 300 K down to 1.5 K. F@r teristics for temperatures above the Curie temperatlir@
<T., the data were fitted with &nma structure with a and 300 K are displayed in Fig. 4. Far=300 K, an Ohmic
ferromagnetic order with the Mn spins aligned along &éhe conduction is observed on the whole current range. As one
axis with a resolution-limited correlation lengtmore than  approache3 ., nonlinear conduction sets in. Asis lowered
100 nm. The saturated moment is 3.46¢4)/Mn at 1.5 K below T, the nonlinearity increases and tkel curves ex-
and the Curie temperature is around 135 K. No evidence dhibit a negative differential resistance. The region of NDR is
any antiferromagnetic peak was observed in this samplebserved when the bias current attains a current threshold
down to 1.5 K. The 1.5 K experimental and calculated pat{l,,). The latter is higher when the temperature is clos€. o
terns given in Fig. 1 test the validity of the fit. The 020 peakfrom below, 0.4 mA at 80 K up to 2.5 mA at 100 K; the
intensity versus temperatufgee the inse¢tshows the FM  corresponding current densities are 0.02 and 0.19 A%m
component evolution and allows a determinationTef. A respectively. The data displayed in Figs. 3 and 4 are highly
magnetic contribution was also added for Pr in the calculareproducible and do not show any significant hysteretic be-
tion at lower temperatures. havior when the bias current is cycl€s at its maximum

Four linear contact pads of In were soldered onto the We have carefully checked that the Joule heating is irrel-
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FIG. 3. V-I characteristics under zero field for temperatures be-  FIG. 5. V-I characteristics foT=90 K under 0 and 8 T.
low T, (80, 90, and 100 K

) . duction as one approachds, leading to NDR when the
evant to account for this current-induced effect. The temperat‘emperature is lowered well belo¥ . (i) Nonhysteretio/-I
ture rise of the sample with respe_ct to the sample holdegnaracteristics upon cycling the bias curreiit) No modi-
(AT) has been measured by attaching a thermometer on theaiion of the above features when a magnetic field is ap-
top of the sample itself. We have obtaina@<25 K at the plied.
Iovv_est temperatu_réSO K) and for the highest power disgi- _ The zero-field data shown for PiCa, MNnO5 are reminis-
pation level. In this low-temperature range, the power dissizent of metal-insulator transition and nonlinear conduction
pation level where the NDR sets in leadsAd<3 K. For  jyquced by an electric field in the CO compounds of the
higher temperature of measuremenssT becomes negli- pcMO system (0.83x<0.8) 225 1n the latter experiments,
gible. Moreover, for these temperatures, the heat dissipatiog meliing of the CO state is usually invoked to account for
is low which may induce high Joule heating and possiblepis phenomenon. In the case of a current-induced transition,
nonlinearV-I characteristics. However, at 300 K, thel t js proposed that a breakdown of the CO state locally leads
curve is Ilnt_ear over the whole current range. Finally, all thesgg, the creation of metallic filaments made up of a FM phase
points confirm that the phenomenons observed above are N@hen 4 current threshold is passing through the sample. The
triggered by simple thermal effects or by heating of the crysyegistance drop and, concomitantly, the occurrence of NDR,
tal. o - are results of the current being drawn into the metallic con-
The V-1 characteristics are not strongly modified underqycting path forming a parallel circuit. Within such a sce-
magnetic field. As an example, Fig. 5 shows measuremenigyrio the experimentally observed disappearance of the
at 90 K with and Wlthout magnetic field. It can be observedypr upon application of magnetic field is explained by con-
that the NDR region sets in for rather close values of thesijering the magnetic-field-induced transformation of AF-
current threshold.. The variation is not substantial enough t@0) state into EMM. The coexistence of a CO phase and a
invoke a magnetic-field effect. To sum up, the main results=pj phase would prevent the nucleation of metallic filaments
are as follows(i) The occurrence of a strong nonlinear con- needed for the occurrence of NIFR?2
Let us now turn to the data obtained for our weakly doped
: ' T " ' ' : ' FMI Pry {Ca ;MnO; crystal. As developed in Ref. 11 and on
rlTsT I ) the basis of our neutron-diffraction data, charge ordering is
o - . | never observed in BCa MnO;. Thus one can hardly in-
' — voke the electric-field-induced destabilization of the CO state
| / 1 to understand our experimental data. Our results suggest that
e ;ggi for a sufficient bias current, a conduction path is opened.
This conduction path is closely linked to the FM ground state
of the sample, and the magnetic field does not trigger or limit
this phenomenon. Moreover, the nonhysteretic nature of the
V-l characteristics is not in favor of an electric-field-induced
metastable state.
Although a theoretical understanding of the mechanisms
0.0 . . . at work in mixed-valent manganites is still incomplete, DE is
0.00 0.1 ez (A)°-°3 0.04 0.05 commonly adopted as a main ingredient. In the completely
ferromagnetic phase, electrons of MA* can hop coher-
FIG. 4. V- characteristics under zero field for temperaturesently without magnetic scattering by, spins, while they
aboveT, (170 and 300 K become strongly incoherent if thg, spins are disordered.
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However, for ferromagnetic mixed manganites, localizationrial, magnetically speaking. In this scenario, due to the ran-
effects can arise due to spatial fluctuations of structural andom distribution of the MA" and Mrf" ions, the long-range
spin-dependent pote_ntials, as discusseq by Gfﬂe;l_.” As  FM ordering may appear in spatially distinct, strongly topo-
emphasized fbove, in F¥Ca MnO;, the important inward  |ogically, disordered regions of the sample. In these regions
tilt of the Mn**-O-Mn** bonds results in a decrease of the the DE would be locally at work; however, metallicity could
eg bandwidth. An electric field may induce a local electrical not be macroscopica”y observed because these region-
moment in the Mn@ octahedra by modifying the spatial swhere the carriers are mobile, would be interrupted by
distribution of the charges. This leads to an increase of th@,nnel-type weak links whose nature remains unclear. Twin-
d,2-po-d,2 Overlaps i.e., an increase of tagbandwidth. AS  ning might be a clue; such disorder effects are unavoidable in
a consequence, the hopping probability and the mobility ofystals and could play the role of tunneling junctions be-
the carriers would be greatly enhanced. The magnetic grou een highly ferromagnetic domains. Thus the peculiar be-

state of PggCa MnO; is definitely ferromagnetic; thus havior observed in BEC :
: : - o S ) kCa& MnO; can be tentatively under-
there is no need of a magnetic field to initiate a DE—med|ate%tood by considering a spin-polarized current flowing across

hopping. The slight modification between thel curves . . ) ) . . )
with and without magnetic field could be explained as a fieldtWIn bOL_mdary tF‘””e' junctions separating neighboring ferro
magnetic domains.

induced suppression of the deviation from perfect collinear . . .
In summary, we have carried out a systematic investiga-

ferromagnetism which implies a spin-only moment Oftion of the nonlinear transport in the FMI @Ca MnOs.

gj‘éa;ﬁn /Mn[fno ?u;rzrgd%ra&g?goveret);]ﬁ)sers'?eenn;zo is Slljve_ Experimental data are rather similar to those obtained in
j B ) ' P charge-ordered systems. However, the ground state of

ported by the temperature dependenciypf Indeed, the FM Pfo_gC%zMﬂOg prevents us from invoking a current-induced

E(;Icr)(\e/\lla_\lflo;rs] da;?nZ“gfgfaesdcisrrtehrft tﬁ?;gﬁﬁ;urrﬁz;s Loewrire&r\g%estabilization of the charge-ordered phase to account for
c y q xperimental data. We propose interpretations in which the

to induce de_Iocallzatlon via DE. : effectiveness of the DE is restored upon application of elec-
The nonlinear conduction, and more particularly thetric field

NDR, can also arise as a result of inelastic tunneling. One

can start off from this point by proposing another kind of The authors thank L. Herviar crystal growth, G. Andre
process which could be at work in such a low-doped systemand N. Guiblin for preliminary neutron-diffraction results,
To do so, one could imagine a rather inhomogeneous matend M. Hervieu for electron-diffraction characterization.
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