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Current-assisted annealing effect in Nd  5(Ca,Sr)gsMnO4
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Current—voltage(l-V) relations of NgsCa,Sy,sMnO; are investigated near its percolation
threshold. Resistivity ant-V relations reveal the unstable nature ofyN&a,Si, sMnO;. A large

slope change in the-V curve is observable for lowl <15 mA) applied current by manipulating

the applied magnetic field at 85 K. Our results indicate that the external applied current can assist
not only an insulator to metal transition but also a metal to insulator transitior20@2 American
Institute of Physics.[DOI: 10.1063/1.1433939

I. INTRODUCTION Guhaet al*'? investigated the current—voltage—V)
relation of N¢ sCa, sMnO3 and Pg 54Ca 93MNO5; and found
Colossal magnetoresistance manganites with general fothat both compounds exhibit nonlineb+V relation below
mula Rg_,A,MnO; (Re=rare-earth elements and=Ca, T, which suggests a current-induced depinning effdct.
Sr, and Ba exhibit complicated competition among ferro- Furthermore, the magnetic field enhancedV hysteresis
magnetism, antiferromagnetism, charge/orbital ordering foas interpreted as the coexistence of different magnetic
x=0.5! By changing the average ionic size of A, the phases. It was also found that the current-induced destabili-
strength of various interactions can be manipulated, resultingation of the charge ordering state leads to the formation of
in the changes in ferromagnetic transition temperatiigg,(  ferromagnetic domains.
charge ordering temperaturgé,), and metal—insulator tran- Our previous observation of a jump in theV relation
sition temperaturéT,,).>® Consequently, some phenomenafor Pr,sSt, sCa,MnO; below 100 K indicates a new
occur such as strong thermal hysteresis of resistivity andurrent-induced charge ordering breakdo(@OB) effect!*
thermopower, anomalous A-size dependence of low-field Based on the enhanced low-field magnetoresistance, this par-
magnetoresistandeand a large shift off ., with A size or ticular jump was interpreted as the existence of an interme-
under high pressur® It has been shown that the system diate state between the charge ordering state and the COB
with Re=Nd exhibits unusual A-size effects compared with state. In this article, we present current-assisted annealing
other systems like ReLa or Pr! These unusual features for effect of Nd, 5(Sr,Ca sMNOs.
Re=Nd can be summarized as follows.

(1) Ndy5(Ca,ShysMnO; system does not show a charge or- Il. EXPERIMENTAL DETAILS
dering state for small A size, instead, the ferromagnetic ~ Samples of Ng<Ca s ,Sr,MnO; were synthesized by
metallic state persists at low temperattfe. the standard solid-state reaction method using high purity
(2) High pressure studies oriNd,SmgsSlhsMNO; and  powders of NgOs, SrCQ,, CaCQ and MnCQ. Nd,O; pow-
Ndy sSth sMnO; reveal that pressure dependencelgf  der was first dried at 900 °C fdl h prior to the preparation
is opposite to that of other systems like of the stoichiometric mixture of the constituents. Thoroughly
Pry Ca MnO,.>~7 mixed powders were calcined at ambient pressure at 1200 °C
(3) Instead of the coexistence of two phases, three differerfor 16 h with a heating rate of 5 °C/min. Material was cooled
magnetic phases with different orbital ordering has beeno 150 °C with same rate as used for the heating schedule.
observed in NglsSty MnO;.8 Thoroughly grinded calcined material was pressed into pel-
(4) A large positive magnetoresistance at low temperatur¢ets and sintered at 1400 °C for 16 h with the same heating/
has been reported for ygCaq sMNO; with slightly dif-  cooling rate as used for calcination. X-ray diffractiotRD)
ferent synthesis conditions from outts. data had confirmed that all compounds were single phase.
(5) Large thermal instability is observed in Sintered pellets were cut into rectangular shapes with typical
Ndo 5(Sr,Cap sMnO; for cyclic runs between low tem- dimension 0f(8.0x2.0x 1.0 mn?) by a diamond wheel. Four
perature and room temperature by adjusting the A size tgontact pads of indium were soldered on to the sample and
the percolation threshofd. resistivity of the samples were measured using a helium cry-
ostat(average cooling rate-—2.2 K/min) by the standard dc
INew address: Department of Physics, University of California at Berkeley,fc'ur'probe technique with a computer controlled program.
Berkeley, California 94720. Low temperaturd —V measurements were taken cooling the
PPermanent address: Technical Physics and Prototype Engineering Divisiosamples by liquid nitrogen passing through a setup attached
c)Bhabha Atomic Research Centre, Trombay, Mumbai-400 085,.India. with an alternating gradient magnetome(rAppIied Magnet-
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FIG. 1. Insets are the-V relations forx=0 (left-hand side top corngand

0.07 (right-hand side bottom cornerCompared are the-V relation forx
=0.07 under zero fieldthin lines and 1.5 T(bold lines.

FIG. 2. 1=V relations forx=0.1 at different temperatures. TheV relation

for T=85 K (dot line) shows pronounced difference from those abdyge
~110 K. Inset shows the resistivity changearming curve for successive
eight cyclic runs between 295 and 10 K,, (slightly shifts for cyclic rung

is determined as peak position of the resistivity warming curve shown in the

. . inset.
slowly sweeping the dc current and simultaneously measur-

ing the voltage across the sample with temperature variation

less than 0.1 K. In—V measurements, the current step was ) )

200 A and we obtained 499 voltage values 1or 0 to 50 result_s are also consistent with Gudai_aal.where phase seg-
mA and back td =0 (Fig. 3 and 4. To calculate théeffec- regation rllas been correlated with the enhanded/
tive) resistance, we divided each voltage value by the correhyStereS'§'

sponding current value. To eliminate the memory effect, the The inset of F.'g' 2 shows the resistivity pIots>of:.0.1
§8r eight successive cyclic runs measured by a helium cry-

sample was always heated to room temperature before ne . .
|-V measurement. ostat (only the warming curves are shown for clajity~or
x=0.1, the Sr concentration exceeds the percolation thresh-
old of x=0.08, and it shows ferromagnetic metallic behavior
1. RESULTS AND DISCUSSION at low temperature witi,,~110 K. The increase of resis-
tivity with cyclic runs observed in Ngi(Sr,CaysMnO; was
The insets of Fig. 1 display the temperature dependencattributed to the thermal instability. Details of the thermal
of the |-V relation at zero field fox=0 and 0.07. AtT instability were discussed elsewhéfdn Fig. 2, the unusual
<150 K, thel -V relation shows apparent nonlinear behav-behavior of the ReNd system is more pronounced in the
ior accompanied by hysteresis for bote=0 and 0.07. For |-V relation belowT,,. At 85 K, initially the sample is in
x=0, the charge order state appears at 250R¢r x=0.07,  the metallic state, as reflected in theV slope which is
although the magnetization data indicates a small fraction o$§maller than that of =100 K. While decreasing the current
ferromagnetic domain®, the resistivity data shows insulat- (in backward scan the | -V hysteresis behaves differently
ing behavior below room temperature which suggests thafrom those ofT>100 K. Further sweeping of the current to
the charge ordering state still dominates the low temperatureegative direction does not show a corresponding dramatic
behavior and, as a result, theV relations are similar to that slope change, which suggests that the current-assisted transi-
of x=0. Figure 1 displays the-V relation forx=0.07 un-  tion is irreversible in character. Actually, after a complete
der 1.5 T. The magnetic field of 1.5 T has a negligible effectscan, we have found that resistivity of the sample increases
on thel-V relations ofx=0 (not shown, however, forx by 13 times of its initial value.
=0.07, the magnetic field not only shifts the position of the Figure 3 displays the resistivity, voltage, and differential
-V curves but also enhances theV hysteresis. Consider- resistance versus the applied current at 85 K. In this case, the
ing the percolation concentrationxat 0.082°it is natural to  sample was zero-field coold@FC) to 85 K and before per-
attribute the magnetic field effect ox=0.07 to a field- forming thel—V experiment at 1.5 T applied field sample
induced percolative transition, i.e., more ferromagneticivas kept at that temperature for half an hour to reach an
metallic domains are connected under magnetic field. Ouequilibrium. It took about a half an hour for a compléteV
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FIG. 3. Resistivity(upper pane| voltage (middle pane)l, and differential FIG. 4. Resistivity(upper paneg| voltage (middle pane)l, and differential

resistancébottom panelvs applied current fok=0.1 at 85 K under 1.5 T.  resistancgbottom panelvs applied current fok=0.1 at 85 K under zero

Sample was ZFC to 85 K before performing theV experiment under 1.5 field. Sample was FC to 85 K under 1.5 T before performing Ith&/

T. Inset displays the relaxation effect after applying the magnetic field. =~ experiment. Inset displays the relaxation effect after switching off the mag-
netic field.

scan froml =0 to 50 mA and back to=0. Comparing the the upper panel of Fig. 4 with the inset, the increment of

upper panel to the inset of Fig. 3, it is seen that the change c;]esistivit.y can be attriputeq to the current—assi;ted anneal.ing
resistivity for a complete scan is much higher than that op&ffect since the contribution from the relaxation effect is
tained for half an hour to reach at equilibrium. From thefognd negligible. In the middle and bottom papels of Fig. 4,
middle and the bottom panels of Fig. 3, it is observed that thd IS clearly seen that the-V slope changes in a forward
slope changes in the backward sa@ecreasing), which scan(increasing), which indicates a metal to insulator tran-
implies the sample undergoes a current-assisted insulat§fion- The irrelevance of the Joule heating can be clearly

metal transition at 0—20 mA applied current range. OverallS€€N in the low current rang®—5 mA). Here, for a given
the sample resistivity reduces to about 1/2.5 of its initigicurrent in the backward scan, resistivity is found higher than
value after a complete scan. that of the forward scan, which is opposite to the Joule heat-

In order to investigate the—V relation below the tran- ing gﬁegt. I_t is therefore reasonable to assume thz_at t_he Joule
sition temperature and to eliminate the effect of the thermaf!€&ting is irrelevant to our transport results, qualitatively at
instability, the following procedure has been carried out:  1€@st. Forl>20 mA, the sample resistance decreases similar

) : to the common current-induced COB. While reducing the

(i) the sample was field cool¢&C) to 85 K under 1.5 T gnpjied current, the sample goes from a COB state to a CO
to assure the reappearance of transition-a10 K, state as indicated by the final high resistance value. These

(if) applied magnetic field was then switched off at 85 K, yramatic behaviors of the sample resistivity with the applied
and the sample was kept at same temperature for half an hOf,rrent not only reflects the unstable naturexef0.1, but
and, , o also indicates the current-assisted annealing effect. Similarly,

(i) during that half hour, the resistivity increment re- yno «magnetic annealing” effect has been observed in other
sulting from the relaxation effect is recordédset of Fig. 4 systems like RysSt sMnOs and La £Ca, MnO;.156In both

(iv) before performing thé—-V measurement. cases, the present current-assisted metal to insulator transi-

In spite of the reappearance Bf, at 110 K under 1.5 T, tion and the reported magnetic annealing effect, the resis-
the initial value of sample resistivitysee Fig. 4 is found tance increases after a complete scan of current/magnetic
higher than those of Figs. 2 and 3. However, the main feafield, suggesting that a more perfect charge ordering state is
tures of Fig. 2 are also found in Fig. 4. The final values of theenergetically favorable.
sample resistivity became eight times higher than its initial ~ Considering evidences of the coexistence of ferromag-
value as displayed in the upper panel of Fig. 4. Comparingietidmetallic and antiferromagnetimsulating domains>!!
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