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Current switching effects induced by electric and magnetic fields
in Sr-substituted Pry Cag sMNO 5 films
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Measurements of electric- and magnetic-field-induced changes in electrical conduction indicate the coexist-
ence of charge-ordered and ferromagnetically ordered regions in the Sr-substiy#€d, EMnO; epitaxial
films. Percolative, metal-like channels open up in this topologically inhomogeneous medium on the application
of these fields, and a technologically promising orders-of-magnitude drop in resistance ensues. Measurements
of current-voltage characteristics and the temperature dependence of resistivity show hysteretic and history
effects, which are intimately linked to the relative stability of the two phases.

The physics of the phase transition from a charge-orderednd/or strips separated by thin charge-ordered regions which
(CO) antiferromagnetic to a charge-delocaliz&D) ferro-  melt under the action of a strong electric field.
magnetic state in Rr,CaMnO; and related compounds is  Thin films of Pg/Ca) iMnO5 and Pg ,Ca) 275t gMNO;

of much current interest.® It has been observed that the CO were deposited of001) cut strontium titanate substrates us-
state is unstable under a variety of external perturbafiolfs. ing the technique of pulsed laser deposition. Standard
Asamitsuet al!! argued that the real-space ordering of the—26 x-ray diffraction and Rutherford backscatteritRBS)
planes containing Mt and Mrf* ions in a charge-ordered techniques were used to establish the crystallographic struc-
manganite can be broken if holes are forced to move betweetre and chemical composition of the films, respectively. For
them through the application of a strong electric field. Theirthe measurements of resistivity and current-voltage/)
measurements on £Ca, sMnO; bulk crystals at low fields characteristics, large area silver pads were evaporated on
showed a strongly insulating behavior below the charge2.5X8 mnt films through two shadow masks of width 50
ordering transition temperatur€.o. The application of and 150um. The silver-coated films were subsequently an-
moderate to high electric fieldsE¢10° V/icm), however, nealed at 400 °C in flowing oxygen. The measurements have
led to a precipitous drop in resistance at temperature beloleen done in constant voltage as well as constant current
the Neel temperatur€y . Similar results have also been re- modes. In the first case, a fixed or variable voltage was im-
ported recently by Stankiewia al}? in ceramic samples of Pressed on the sample and the current flow monitored by
Pr,_,CaMnO; with x=0.33 and 0.4. Interestingly, this drop Measuring the voltage drop across a metal film resistor. The
in resistance is much larger than the well-known colossafonstant current mode measurements of magnetoresistance
magnetoresistance effect seen in ferromagnetic manganit¥ére carried out in the temperature range of 4.2 to 300 K and
near their Curie temperatut®* The possibility of using a With magnetic-field strength up to 4 Tesla. ,

wide range of perturbations to realize this effect increases its. 1€ compound BrCg MnOs in its bulk ceramic and
technological potential considerably. Since miniaturization isSindle-crystal forms undergoes a robust charge-ordering tran-

" 6,17 Thic ; :
a key requirement in all technologies, it is desirable to have'tion near 205 K>*"This is followed by antiferromagnetic

these compounds in the form of thin films. Furthermore, the(AFM) ordering at~140 K, and f|_nally_a f.erromagnetlc mo
. o . R ment develops below 120 K. While thin films of ferromag-
high-electric-field effects can be realized in thin-film samples_ ". ; ,
netic hole-doped manganites have been studied

at easily manageable voltages if a suitable constriction Oéxtensivelyl“'la not much is known about the films of this

heterostructure geometry is used. This has been demo ompound. We have measured the temperature dependence

§trated for th(—}lSCharge-ordered manganites of the exactly halfs;  {he  electrical resistivity of a large number of
filled eq band:> . o . Pry/Ca MnO; films. The functional form of the resistivity
Notwithstanding the technological significance of this pejow ~210 K is thermally activated with a barrier height of
spectacular increase in electrical conductivity, the phenom=_q 16 ev. ForT<70K the sample resistance becomes so
enon raises many fundamental questions about the stabilityigh that no current flows even at a field as high as 1
of the CO state and the dynamics of the CO to CD transitionx 10° \//em. In the inset of Fig. 1 we show thevs T curve
under strong driving forces. In this paper we report our studof a Py, ;Ca, MNnO; film. A small but distinct change in the
ies of electrical switching effects in epitaxial thin films of sjope of the curve aT~205K can be associated with the
Py Cay 2SI 0MNO;. We observe similar effects of electric onset of the CO state. Unlike the case of single crystals
and magnetic fields on charge transport in a temperature revhere a distinct conducting state develops BEt>1
gime where the system is magnetically ordered. In this rex 10° V/cm,'! the persistence of a highly resistive state in
gime the voltage response is hysteretic and history deperthese films even at much higher fields in perhaps due to a
dent. The behavior of the system suggests a percolativeubstrate-induced strain, which may pin the CO state. Some
transport through regions of magnetically ordered dropletshick films (~1 um) of this compound when annealed &t
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. 2. Electrical resistivity of a BrCay 5751 odMNO; film in
O 50 100 150 200 the presence of a magnetic fieldurves 2—25 r:r?d in zaero field
(curve ) conditions. The zero-field measurement was done in a
Temperature ( K ) constant voltage mode.

FIG. 1. Electrical resistivity of a BrCa »7SodMnO; film . ' . . L
measured as a function of increasing temperature at three values Tg}e next higher field show that the metal-like regime is wider

e - g and the resistance at; is considerably lower. At tempera-
the electric field. The inset shows the resistivity of g B, ;MnO. 3 . } S
film. Y Ol 8=R NS tures above 100 K, the behavior pfat all fields is similar.

In Fig. 2 we show the resistivity of an identical sample
measured in the presence of a magnetic field applied parallel
>900°C, switched to a low resistivity state at high voltages.o the direction of current. These are constant current mea-
But the behavior was highly sample dependent. surements in which the electric field was kept bele\200
The charge-ordering phenomenon is a consequence of thgecm. Further, the maximum resistance measured in these
reduction in the overlap integral betwedgp orbitals of the experiments is 1% of the input impedend® G() of the
neighboring M and Mrf* ions through the bridging oxy- voltmeter used. In order to highlight the drastic effects of a
genpo orbitals? The loss of the kinetic energy @ elec-  magnetic field on the resistivity, Fig. 2 also shows the zero-
trons due to a decreaseg band width is, however, recov- field data for the same sample. This measurement, however,
ered by the formation of two interpenetrating pseudocubithad to be done in the constant voltage modE (
sublattices of MA* and Mrf* ions. The sublattice structure ~4 KV/cm) because of the impedence-related limitations of
precludes a charge transfer as it would be self-destructivehe constant current method. In zero magnetic field, the re-
The robustness of the charge-ordered state can be marginalstivity of the sample is thermally activated over the entire
ized, however, by reducing the inward tilt of the range of temperature. At the 1 Tesla field it shows a plateau
Mn®*—0O—Mn** bonds through an increase in the pelow ~50 K. On increasing the field further, a metal-like
d,2-po-d,2 overlap. This has been achieved through substibehavior is observed over a limited temperature range be-
tution at the divalent or trivalent cation sites without chang-tween ~35 to ~75 K. There is a striking similarity in the
ing the M?*/Mn*" ratio>"?*?! In the present study, we data shown in Figs. 1 and 2. The effects of electric and
have substituted some of the Lasites in the compound magnetic fields on charge transport are complimentary.
PryCay MNO; with SP*, which has a much larger ionic In the regime of temperatures below the shouldepin
radius. The fully substituted compoundyP8r, sMnO3 is a  which is marked byT, the resistivity shows a highly nonlin-
ferromagnetic metdi’ Figure 1 shows the resistivity of a ear behavior. In Fig. 3 we show a seriesl 6¥ curves taken
~5000-A-thick film of the compound BrCa, /St 0dMNO;  at several temperatures. For each of these measurements, the
measured as a function of increasing temperature in the cosample was first cooled in zero electric field to the desired
stant voltage mode. Two distinct regimes of behavior can bgemperature, and then the field was scanned at a constant rate
identified in the data taken at the lowest field. Between 25 Kfrom zero to a maximum value followed by a reverse scan to
andT,, the resistivity shows a slow drop with temperature zero field. As evident in the figure, the sample shows a re-
followed by a marked thermally activated conduction be-markable switching to a low resistance state when a critical
tweenT, andT;. A distinct change in the slope of the curve value of the electric field is reached. This is highlighted by
at T, suggests transition from the charge-ordered to chargehe logarithmic scale used for theaxis. On field reversal,
localized paramagnetic state as seen in the caskowever, the behavior is hysteretic with the current follow-
Pry/Ca aMnO; film. When the electric field is increased by a ing the Ohm’s law. This point has been emphasized by plot-
factor of 2, a considerably lower value pfis seen at 25 K. ting the 25-K data on a linear scale as well. Subsequent field
The resistivity drops with increasing temperature till a mini- scans at the same temperature and also at higher tempera-
mum is reached af;, and then a metal-like behavior fol- tures do not reveal the hysteresis. The behavior remains
lows over a small range of temperatures. Measurements &hmic in both directions of the field scan. The high resistiv-
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FIG. 4. History effects in the resistivity of a
Pry Cay 2751 0dMNO; film. The resistivity was measured at a con-
5 stant electric field2 KV/cm) in four successive cycles covering the
10 temperature ranges 25-50 K, 25-100 K, 25-200 K, and 25—100 K.

85K and magnetic fields on the current transport in this system is
0t a result of a delicate interplay between the spin and charge-
ordering effects. The c?arge-ordered state is the most robust
e at half filling (x=3) in the manganite system
Electric Field (KV/em ) Pr,_,CaMn0;.822 At x=0.3, however, the number of
FIG. 3.  Curentvoltage  characterisics  of Mn3+.ions exceeds the number of Kfhions and a topologi-
Pry -Cay 2751 sMNOs film at several temperatures. The data taken atc@l hindrance in the formation of a CO state ensues. The
25 K are shown in linear as well as logarithmic scafsp two  incorporation of Sr further weakens the formation of the
panels. charge-ordered state because of its larger ionic radius. Based
on the reported structural and magnetic measurements on
ity state, the off state, is, however, recovered if the sample i®1p L& ;MnO;, 18 it can be argued that the evolution of the
warmed up to temperatures abclg. Thel-V curves show system on cooling follows the following sequence of events.
three characteristic features on increasing the temperdture: On cooling belowT g the system goes to a disordered CO
the switching field to the low resistivity state decreagi#$, state comprised of inclusions where f#rand Mr?* ions are
the area under the hysteresis shrinks, @ingat temperatures distributed randomly. At lower temperatures T,) an AFM
above~85 K the behavior is fully reversible. An additional ordering develops and at a still lowdr, a ferromagnetic
feature of the data shown in Fig. 3 is the steplike increase itomponent evolves primarily from the ordering of spins in
current at certain values of the electric field. In semiconducthe inclusions. Such regions where the conductivity is con-
tor physics, such steps are associated with the emptying dfolled by the double-exchange mechanism have been var-
the midgap traps by the electric field. In the present casdgedly called as clusters or droplets or strips. The presence of
however, the value of the electric field at which the stepssuch magnetic inhomogenity in doped manganites has been
occur is sample and history dependent. In the present scestablished through neutron scattertfig®”23-%electron
nario, the steps presumably correspond to the opening up dfiffraction®?’ nuclear magnetic resonanteand scanning
percolative paths in the sample in which the conductivity isprobe microscopie%.?® Preliminary measurements of mag-
metal-like. The dynamics of the system is such that the chametization of our films reveal magnetic ordering belext00
nels remain open in the reverse branch of the field scan. K.?° These transport data suggest that at the lowest tempera-
An interesting aspect of the metastability and consequerture of measurement, the ferromagnetic strips do not form a
history effects is revealed if the resistance of the samples ipercolative channel through the sample. The behavior is
measured in a cyclic manner. Figure 4 shows the behavior ahore like that of a system consisting of ferromagnetic clus-
resistivity at a fixed electric field over four regimes coveringters in a dielectric matrix’ Strong electric field seems to
the temperature ranges 25-50 K, 25—-100 K, 25—-200 K, anthelt the thinnest CO regions separating the droplets and/or
25-100 K. The procedure involved measuremeni(d) up  strips, causing a surge of current through the sample. Clear
to the highest temperature of the first range, followed byevidence of this is seen in theV curves. The observation of
cooling to 25 K in the zero electric field and then measure-an increase in magnetization when the sample switches to the
ment up to the highest temperature of the next range. In theonducting state supports this argument. The conducting
first regime, while a large irreversibility is seen in the resis-channels remain open even after the electric field is removed.
tivity, the behavior is nearly reversible in the subsequent twaorhis is why the reverse branch of theV curves is Ohmic.
regimes. In the last regime, however, the pristine state of th&vidence for the occurence of such permanent changes even
sample is recovered on cooling. The critical temperaturafter the driving force is removed is also seen in experiments
above which a full recovery takes place is higher than thevhere the CO to CD transition is induced by irradiation with
charge-ordering temperatufe-175 K) of the system. electrong x ray,}**%and visible photon8 The observed hys-
The observed similarity between the effects of the electrideresis is a manifestation of the melting of the CO regions.
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Once a conducting channel is opened up, the resistivitpf the manganite BrCa ,7SK 0:dMNO5. This sharp decrease
shows a metal-like behavior up to a temperature where thg, the resistivity triggered by the electric and magnetic fields
internal Weiss field is strong enough to maintain ferromagis restricted to a regime of temperature where théMand
netic ordering in the clusters and also suppress CO in the thigy4+ spins are ordered. The observation of hysteresis in the
regions of film separating the clusters. The role of electri_\/ curves and the history effects seen in the measurements
and magnetic fields is alike in this regard. At higher temperay p(T) suggest an inhomogeneous medium where charge-

tures, the CO state gains strength at the expense of a wealrdered and ferromagnetically ordered regions grow at the
ening Weiss field and charge ordering is reestablished in théxpense of each other and lead to a percolative transport.
thin regions. This blocks the metal-like percolative channels.

The thermally activated resistivity beyond temperatiite This research has been supported by Grant No. SP/S2/
clearly supports this viewpoint. M53/94 from the Science and Engineering Research Council

In summary, we have observed electric-field-inducedof the Department of Science and Technology, Government
switching from a high to a low resistivity state in thin films of India.
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