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heating and nonlinear conduction mechanisms
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Thin films of Pg sCa sMNO; manganites exhibiting charge/orbital-ordered properties with colossal magne-
toresistance have been synthesized by the pulsed laser deposition techniqgue ddOBpR®ITIO; and
(100-LaAlO5 substrates. The effects of current-induced metallic-behavior of the films are investigated as a
function of the temperature and the magnetic field. Calculations based on a heat transfer model across the
substrate, and our resistivity measurements reveal effects of Joule heating on charge transport over certain
ranges of temperatures and magnetic fields. Our results also indicate that a nonlinear conduction, which cannot
be explained by homogeneous Joule heating of the film, is observed when the material is less resistive
(<1072 Q.cm). The origin of this behavior is explained with a model based on local thermal instabilities
associated with phase-separation mechanism and a change in the long range charge-ordered state.
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Mixed valence manganites exhibit several fascinatinghese materials. Thus, we have performed detailed measure-
phenomena such as colossal magnetoresist@@id®), spin  ments of resistivity as a function of current and temperature
polarization, ordering of charge, orbital and spin ofland  in the presence or absence of a magnetic field. Our data
Mn“** ions, and electronic phase separafidiCharge/orbital- reveal that Joule heating effects and nonlinear conduction of
ordering(CO/0O0O phenomena in particular have been seema fundamental nature are observed depending on temperature
when the dopant concentratigr) is close to the commen- and the value of the resistivity. The origin of this behavior is
surate valuex=0.5 in the reduced bandwidth systems. Theexplained with a model based on a phase separated medium.
charge-ordering gap in these systems collapses upon applica- Thin films (~800 A) of PCMO are grown on(100-
tion of external perturbation like magnetic field, electric oriented SrTiQ (STO) and LaAlO; (LAO) substrates using
field, high pressure, optical radiation and electronpulsed laser deposition technique. More details of deposition,
irradiation® This results in a metal-like transport below the X-ray diffraction, and magnetotransport studies on PCMO are
charge-ordering transition temperatuffo). For example, —described elsewheré:? The epitaxy and texture of these
electric field leads to a nonlinear transport with hysteresidims were confirmed by x-ray diffraction using Seifert XRD
and switching depending on current, temperature and magt000P and Philips MRD X'pert. The four-probe resistivity
netic field history. These effects observed in different chargel?) Mmeasurements were performed using nanovoltmeter
ordered manganite systems, are attributed to the formation ¢Keithley 183, current sourcgKeithley 236 source measure
conducting ferromagnetic regions within the antiferromag-Unit) in the cryostat of a Physical Properties Measurement
netic mediunf-1! In fact, the transport in these systems is SyStem(PPMS supplied by Quantum Design USA as a
often interpreted in terms of spin polarized tunneling con-function of the temperatur€l) and magnetic fieldH). For
duction across the insulating phase and a percolative condufagnetization measurements, we have used the Quantum
tion mechanism. However, other explanations can be foun&esign SQUID magnetometer. The sample was cooled to a
in the literature, and some of them are listed below. Foidesired temperature from room temperature in the absence of
example, Guh&t al5 have attributed their observations of a €lectric and magnetic fields to perform transport measure-
nonlinear transport in NgiCa, ;MnO; thin films to depin- Ments. The magnetic field was applied parallel to the sub-
ning of the charge/orbital-ordered state. In contrast, Tokur&trate plane. . . _
et al® have suggested that the electric field may directly The pseudocubic lattice parameter of bulk PCMO is
influence the direction of the orbital ordering in the highly ~3.802 Al® which is larger than the lattice parameter of
insulating state and alter the magnetic state. Moreover StankAO (3.79 A) and smaller than the lattice parameter of STO
iewicz et al7 have suggested the formation of a mixed state(3.905 A. These lattice parameters indicate that these
that is less resistive and highly magnetized than the initiaPCMO films on LAO will be under in-plane compression
charge-order state. Furthermore, Markovieh all® have Wwhereas on STO the in-plane stress will be expansive. Also,
suggested the condensate effect of charge density waves e lattice mismatch of PCMO with STE.77 A) is larger
spin density waves to the increase in nonlinear conductioas compared to that with LACB.839 A). The different state
observed in RygCa ,MnOs. of stress in the 800 A thick films of PCMO on STO and

In this article, we report the effects of electric current onLAO is not distinctive in the zero-field temperature-
the transport properties of £CaMnO; (PCMO) thin  dependent resistivity shown in Figs(al and Ib). For ex-
films. The objective of this paper is to develop an under-ample, the zero-field coole@FC) resistivity of PCMO on
standing of the current-induced decrease of the resistivity irsTO below room temperature shows thermally activated be-
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10° deposited on LAO is seen. Denoted by a kink in the
temperature-dependence of the magnetic moment, the Néel
temperaturgTy) of the PCMO films on LAO and STO is
170 K and 190 K, respectivelgsee Fig. L This is close to

the value for bulk samplegTy ~175 K).}* These results
indicate that there are some significant differences in both
the magnetotransport and magnetization data of PCMO on
STO and LAO(Fig. 1) as a result of the substrate-induced
strains.

Though the transport measurements in thin films show
melting of the charge-ordered state at a lower magnetic field
as compared to that of the buffor details, see Refs. 11 and
12), this is not an artifact of the Joule heating as these mea-
surements have been performed at a very low current
(10 nA). Different approaches have been used in the litera-
5 130 300 0 %5 300 ture to minimize Joule heating in such measurements. Some
of these are:

(i) Limit the width and thickness of the samples to a few

e ... microns. This approach can give erroneous results as the
of llzlrf_ ;clai),(sanzggrodf;)lgs(i:tzzlegnt(%gf)egartizrrﬁecéefpgegtt rgsfﬂg'tychara_cteristic Correlgtion_ Iength of tfge ordered/disordered
9 Tesla magnetic field at 1@A current.(b) Zero-field-cooled and Stat? in CO manganites is .qU|te-IarJgr’é-. . i
field-cooled temperature dependent resistivity of PCMO deposited (i) An external load resistor in series with the sample is
on (001) oriented LAO at 0 and 7 Tesla magnetic field atga ~ US€d as a current limiting devicé>™'" This arrangement
current. Panelb) and (c) show the field-cooled magnetization of limits the maximum electric field that can be applied across
PCMO on STO and LAO, respectively, at 1.5 Tesla magnetic fieldthe sample with a power supply of moderate voltage output
at various temperature. (~100 V).

(i) A pulsed (~1 s current technique has also been
havior down to~100 K with an activation energyE,) of  used to reduce Joule heating. However, the pulsed mode is
0.29 eV, which is slightly larger than its bulk val(i@.2 eV  not suitable to study hysteretic behavior. Since the electrical
(Ref. 14]. Similar values are found for LAQ0.31 eV} in conduction in these systems depends strongly on the current
agreement with the zero-field dependence of the resistivitjistory, the hysteretic behavior may change if the current is
reported in Figs. @) and Xb). Note that upon cooling below Switched on and off during cycling. In order to avoid some of
100 K, the resistance of the samptes STO and on LAQ  these complications, we have first reduced the strength of the
is not measurable due to the limitation of the voltmeter. TheCO state through application of a magnetic field and then
charge-ordering temperatut@-o~ 270 K) is characterized mea_sured the charge transport at moderate electric fi_elq..
by a kink in resistivity and appears to be same for both types Figure 2a) shows the temperature dependent resistivity
of films. The opposite nature of stress in the films of PCMOP(T) of a ~800 A thick PCMO film on LAO measured at
on STO and LAO is clearly observed in the magnetic-field10 nA for different values of the in-plane magnetic field. In
dependence of the resistivity vs temperature. For exampldéhe presence of a 5 Tesla magnetic field, the resistivity of the
the ZFC resistivity of the PCMO/STO sample at 9 Teslasample upon cooling below room temperature shows ther-
[Fig. 1(a)] is thermally activated on cooling below room mally activated behavior down to 120 K and then becomes
temperature down to 120 K. A metallic-like behavior is ob- metal-like in the temperature window of 65 K to 120 K. Be-
served in the temperature range of 120 K to 65 K and belovlow 65 K the resistivity is again thermally activated. A quali-
65 K, the thermally activated behavior reappears. As previtatively similar behavior with a wider metal-like window and
ously stated, the situatiqin the presence of an applied mag- lower magnitude of resistivity is seen at higher magnetic
netic field is different for PCMO/LAO. The resistivity of fields (>5 Tesla. Such features are typical of a CO system
this sample on cooling in 7 Tesla magnetic field below roomwhere an external magnetic field destroys the CO state and
temperature shows thermally activated behavior down tdénduces a metallic behaviband have already been observed
~160 K with E,~0.31 eV, and then below 160 K the resis- in thin films of PCMO12
tivity is metal-like down to 10 K. Similar major differences A difficult problem one faces inevitably when measuring
have already been observed in these compositions of thivioltage-current characteristics is the Joule heating of the
films and explained by the difference in the orientation of thesamples® Thus, prior to performing these current-voltage
thin films with respect to the substrdfel2 Another differ-  (I-V) measurements, we have estimated the suitable limit
ence between both substrates is observed in magnetic mefar the electric field from a simple calculation of the increase
surementgFigs. Xc) and Xd)]. The magnetic momerEC  in the sample temperature due to Joule heating. The increase
and ZFGQ of PCMO on STO decreases slowly on heatingin sample temperatuf@T) when the current flows through
from 10 K to 190 K. The magnetic moment then decreased was estimated by taking into account the heat dissipation
slowly above 220 K up to room temperature. A qualitativelyin the sample and heat conduction by the substrate. Assum-
similar behavior of the magnetization of the PCMO filmsing the substrate is anchored to the isothermal base of the

(a) PCMO/STO (b) PCMO/LAO
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FIG. 2. Panel(a) shows the zero-field-cooled temperature de-
pendent resistivity of PCMO deposited ¢d01) oriented LAO at FIG. 3. Panela) shows the zero-field-cooled resistivity of the
various magnetic field with 1@A driving current. Lower panels  same sample at various current as the magnetic field increases from
(b) and(c) show the estimated change in the resistivity while panelg to 7 Tesla and then decreases from 7 Tesla to 0. Péngel&),
(d) and (e) show the estimated change in the sample temperaturgngd (d) show the zero-field-cooled temperature dependent resistiv-

due to the driving current in the sample at different temperature aﬁy of PCMO on LAO at 0, 5, and 7 Tesla magnetic field at 10, 100,
5 Tesla and 9 Tesla magnetic field, respectively. and 1000xA driving current.

PPMS, the increase in temperature can be approximated &yen under the application of a 9 Tesla figdete Fig. 1a)].
AT ~2P,/ kg, Where P, is the power dissipated per unit FOr this reason, we focus our study only on the sample
length of the sample andk,, is the thermal conductivity of 9rown on LAO. _ o
the substrate. The increase in temperature of the sample at a 10 understand the collective effect of magnetic field and
constant thermal base temperat(fe can be expressed as Sectric field on transport properties, we have measured the
o2 : resistivity of a PCMO film on LAO at 100 K for different

AT(T,1)=(21°p(T+AT)/ Ske, T+AT)), whereS is the cross o : o

: values of magnetic fieldfrom O to 9 T) and various driving
section of the_slarrlrl)ljé*.The Ksup Of LAO at_177 K and 197 E'f currents(from 1 uA to 2000 uA). The magnetic field depen-
is 0.186 W cm' K™ and 0.143 W e K™, respectively®  jonce of resistivity at 100 K for 1, 10, 1000, and 2QoA
Even though the thermal conductivity of LAO varies with -, irents is shown in Fig.(8). The resistivity measured at
temperature_,l we, have assumed an average values@f 1 A first decreases slowly as the magnetic field is increased
=0.15 W cm* K™%, in the temperature range of 10-170 K. tom zero to a critical valudd* ~3.5 Tesla, and then drops
Using the —experimental valuesp(T) and s  rapidly until reaching the maximum field of 7 Tesla. As the
=0.15W cm* K™, the calculated temperature ri$&T) at  magnetic field is reduced from 7 Tesla, the resistivity is ir-
different temperatures for the sample(0.5X0.1  reversible up to the fieldd,, ~ 1.5 Tesla and then becomes
X8.10°°) cm® on LAO at 5 Tesla and 7 Tesla is shown in reversible. This hysteretic behavior is typical of a first order
Figs. 2b) and Zc), respectively. The corresponding increasetransition as previously observed from CO compouhBsr
in resistivity inferred from Fig. 1[panel(a)] is shown in  higher values of current, the zero-field and field dependent
panels d and e, respectively. WhieT(T, 1) is quadratic in  resistivity shows the following four characteristics:
current, its value remains smal(<2 K) even when (i) Below 150 K, the resistivity in zero-field is lower for
~3000uA current passes through the sample. The correhigher currentgup to 1000uA; see Fig. 8b)];
sponding changes in the resistivity are also srflas than (i) The magnitude of resistivity is lower;
0.2Q.cm under a magnetic field of 5 T at 170 K; see Fig. (iii) Hy, shifted to the higher fields;
2(d)]. Similar calculations were performed for PCMO films  (iv) The MR at 2000uA current is less than the MR with
on STO. In this case, however, the calculated increase ia current below 200@.A.
temperature is much larger. This is due to the high resistivity The combined effect of electric field and magnetic field
of PCMO on STO(10°* Q.cm) in the range of 100-150 K on ZFC resistivity of PCMO as a function of temperature is
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Tiee ferent. Here the resistivity goes through a minimum at a
critical current(lc~1000uA) and then increases rapidly
with the increase in current up to 25@Q\. The resistivity-

1100 current decreasing of the branpkl) is lower than the for-
ward branch over the entire range of current. The hysteretic
behavior ofp(l) at 7 Tesla is qualitatively similar, with a
higher I (~1500u«A). However, at 9 Tesla the resistivity
continues to drop with current without any signatured ©f
9.05x10 until reaching the maximum current of 25@@\. The p(1) of

the same sample at 10, 50, 100, and 130 K and 7 Tesla field
is shown in the right-hand panel of Fig. 4. The hysteretic
behavior of resistivity as the current is swept from 0 to
2500 A and back to zero, is seen at all temperatures with
some subtle differences.

The observed behavior of resistivity of PCMO films as a
function of temperature, current and strength of magnetic
field can be understood as follows. The thermally activated
behavior at the lowest temperature in the ZRCT) at
7 Tesla as seen in Fig.(d) indicates the presence of a
charge-order gap. However, a long range CO state does not
form when we cool the sample in the 7 Tesla field. While the
magnetic field promotes the growth of ferromagnetic clusters
% 4320107 and reduces spin dependent intercluster scattering, the elec-
tric field increases the ferromagnetic fraction as shown by
the increase oH;,, H" and the reduction of resistivity with
increasing current as seen in Figag

FIG. 4. Left-hand panel shows the zero-field-cooled resistivity ~11€Se nonlinear behaviors of the resistivity with current
of PCMO on LAO at 75 K at various magnetic field as the currentSuggest the presence of other mechanisms. To understand
increases from JuA to 2500 1A followed by a decrease to gA.  this nonlinear transport in PCMO, we have measuregthe
Right-hand panel show the zero-field-cooled resistivity of the samén different regions of temperature in the presence of a mag-
sample at 7 Tesla magnetic field at 10, 50, 100, and 130 K, respeaetic field. The isothermap(l) shows hysteretic behavior
tively, as the current increases fromu#A to 2500uA and then  and it is symmetric with current provided the sample is
decreases from 2500A to 1 uA. cooled from the room temperature to the desired temperature

to measure both the directions of current. In the paramag-
shown in Figs. &) and 3d). In fact, three regimes are ob- netic and insulating stategy(l) decreases slowly with tem-
served(, Il, and Ill). At 5 Tesla and 1Q:A current, thep(T)  perature and is reversible with current. The hysteretic behav-
below room temperature is thermally activated down toior of p(l) at T<T. (Fig. 4) distinguished three zones in the
125 K(regime ), and in the temperature window of 65 K to p(T) curve, the temperature zone close to the metal-to-
125 K, it has metal-like behaviaregime I). Below 65 K, insulator (M-I) transition, metal-likep(T) zone, and low
the p(T) is increasing upon coolingegime Ill). However, a  temperature insulating zone. These three zones have been
large drop inp(T) is seen with the increasing current in this marked as regioril), region (I1), and region(lll), respec-
temperature rangel0—-65 K). A qualitatively similar behav- tively, and are shown in Fig. 3. In Fig. 4, regigh is ob-
ior of resistivity with the increasing current is seen in 7 Teslaserved at 130 K and 7 T whereas regidih) corresponds to
magnetic field[Fig. 3(d)]. Although the CO phase in these 10 K and 50 K at 7 T. Regioill) is seen at 75 K with a
systems phase is destroyed by the magnetic field, the effeatagnetic field from 5 to 9 T. On reducing current, the resis-
of electric current on the resistivity at low temperatures istivity stays relatively constant. Note that at zero current, the
still prominent. resistivity is always lower than the initial one.

In order to address this nonlinear transport, we have car- These data can be explained using the phase-separation
ried out isothermal measurement of resistivity as a functiofPS scenario, which consists of a fine mixture of the two
of current. The current-dependence of resistivityf) of  competing ground states, the ferromagngfdl) metallic
PCMO on LAO at 75K in the presence of 5, 6, 7, andstate and the charge/orbital-ordered insulator Bre. The
9 Tesla is shown in the left-hand panel of Fig. 4. The resiscompetition between the FM metallic state due to the double-
tivity at 5 Tesla first decreases slowly up to 1008 and exchange and the antiferromagnet{@FM) nonmetallic
then decreases much more rapidly. On decreasing the currestate, due to the 1:1 ordering of BfiiMn“*, has been seen in
below 2500uA, the p(lI) goes through a peak at 950A  RE;,CaMnO; (RE=Pr, Nd.?* Thus, we have assumed that
where the resistivity is higher than the value seen in theur PCMO film is a PS system. This is reasonable based both
current increasing branch. On lowering the current, the resisan our previous experiments using electron spin resonance
tivity decreases and crosses the current increasing branch mede on the same film compositiérand also on the mag-
300 pA. The behavior ofp(l) at 6 Tesla is significantly dif- netotransport measurements of films which indicate that the
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resistivity value as one can see in Fig. 1. This explains why
the resistance decreases as the current is reduced. Using this
model, the current-dependence of the resistivity in the three
different regions can now be explained.
0—0-00CmIPH In region(l), the sample is mostly metallic, but the insu-
0—0-0OCITI lating regions are growing due to the applied magnetic field
—— and the value of temperatuf&30 K, which is just below the
- insulator-to-metal transition in Fig.(8]. Below 1000uA,
O—0-0comuRilE the hysteretic behavior and the decrease of resistivity are
9— Q-0 QCrp N , . observed, indicating a melting of the CO state. However, the
1 10 100 1000 changes are very small confirming that the CO state is almost
completely melted with an applied magnetic field of 7 T.

Current (RA) Above 1000uA, the reversal resistivity drops are due to the
homogeneous Joule heating.

In region (Il), the resistivity increases as temperature in-
creasegunder applied magnetic fieldin addition, the me-
tallic phase is growing as the magnetic field increases, a
signature of the melting of the CO stat@/hen the current is
below 1000uA, most of the CO has been melted although
the value of the magnetic field is not sufficient to melt it
completely(at least below 9 T. Thus, the applied current
will melt the regions that were still CO. Since the fraction of
these regions is very small, the decrease is very small. On the
contrary, with a magnetic field of 9 T, the resisitivity is con-
stant under applied current up to 5@ confirming that the
6'0 9‘0 lﬁO CO is completely melted in accordance with previous

reportstt12 Surprisingly above 100@A, the resistivity in-

Temperature (K) creases as the current increases. This increase can be ex-

plained with thermal instabilities because in this region,

FIG. 5. Panel(a) shows the zero-field-cooled resistivity of when the temperature increases, the resisitivity increases as
PCMO on LAO at 7 Tesla magnetic field at 100 K as the currentyel]l.
increases from LA to a different higher value followed by a de- In region (lll), most of the sample is insulating because
crease to JuA. Panel(b) shows the critical current at 7 Tesla mag- the magnetic field is not sufficient to completely melt the CO
netic field at different temperatures. The critical current at di_ff_erentstatep,lz When the current is applielp to 1000uA), it
magnetic field at 75 K is shown in the inset of padtl The criti- 5,54 modifies the charge distribution of the CO state, increas-
cal currentl ¢ is the excitation current at which the MR starts to be ing the metallic region& However, the magnetic field will
nonhysteretic in Fig. 4. induce some metallic regions that, as seen previously, will

metal-like regions are growing and that the insulator-like re-heat locally.

gions are, simultaneously, shrinking in the presence of an The situation of they(l) at 75 K-and 5 T is more compli-
applied magnetic fielflsee Figs. @a), 1(b), and 2a)]. If one  cated because it is just at the boarder between the two re-
compares the three different regiods, (1), and(lll), the  gions(I) and (ll). On increasing the current, there is a de-
situation of the ground states is different, due to the presencgrease and then a jump at 108 due to Joule heating. In

of magnetic field and the different temperatures ranffiss  fact, the heating is so important, that the sample is crossing
is observed in the value of resistivity in Figgcgand 3d)].  the metal-to-insulator regiofsee Fig. 2a)]. On decreasing
For example, from the magnetic point of view, in regidp  the current, it will follow that curve and this results in the
the film is in the PM state with a short range ordefihg peak in thep(l).

whereas in regioqll ), the AFM (COI) regions are present in In fact, in the different regions the resistivity decreases as
the FM (meta) matrix. In region(lll ), the AFM (COI) state  the current increases up to critical valiig), and then either

is partially ordered. The picture of the mechanism of currentincreases or decreases rapidtiepending on the values of
induced is as follows. When current is applied in the sampleresistivity). The behavior can thus be separated into two
it drives the electrons towards the lower potential energyzones, below and abovie which can be considered as a
which changes the effective electron-electron interaction anthreshold. In Fig. &), we have reported this critical current
modifies the charge distribution in the metal-like stripe re-which separates the two behavigteermal instabilities and
gions that stays when the current is reducing @A Thisis  nonlinear conduction This limit is an image of the shape of
evidenced in Fig. &), where the resistivity shows a hyster- the temperature and magnetic field dependence of the resis-
estic behavior as a function of the applied current. Dependtivity.

ing on the values of the resistance, i.e., the portion of metal- We also have noted that the effect of current-induced de-
lic phase with respect to the insulating one, the current willcrease of resistivity in manganite-based compounds is not a
stabilize local thermal regions. When the current is reducedparticular case of the thin films and has already been studied
the sample igmagnetig field cooled and remains in its small in bulk sample€®-28 However, in some cases, the values of
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current-inducing a metallic behavior were much higfem  ture and the value of the resistivity. The origin of this behav-
the order of mA or aboveand the real effects are probably ior is explained with a model based on local thermal insta-
obscured by Joule heatif§28In other case&’ the values of  bilities in the metallic percolation regions resulting from the
the current are lower compared to our val(es the order of phase-separation system and a modification in the long range
nA) which makes the comparison difficult. In this latter case,charge-ordered state.

they clearly observed a first order transition from a charge-

ordered state to a metallic state.

In conclusion, we have studied the effects of currents on We gratefully acknowledge the financial support of Centre
the transport properties of £Ca) sMnO;5 thin films grown  Franco-Indien pour la Promotion de la Recherche Avancée/
on LaAlO; and SrTiQ substrates. We have performed de-Indo-French Centre for the Promotion of Advance Research
tailed measurements of the resistivity as a function of currentCEFIPRA/IFCPAR under Project No. 2808-1. We also
and temperature in the presence or absence of a magnetitank Dr. H. Eng, Dr. A. Wahl, and Dr. A. Maignan for
field. Our data reveal that two mechanisms, local heating andareful reading of the article and helpful discussions during
nonlinear conduction, are observed depending on temperdhis work.
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