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Colossal resistive relaxation effects in a RygCa 3dVInO 3 single crystal
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We report here on an experimental study of slow thermal relaxation effects from the metastable metallic-
ferromagnetic phase to the insulating one in a charge-ordered manganese ¢#ea,R$MnO;. The metal-
insulator transition is evidenced by an abrupt jump of the resistivity by several orders of magnitude at a
well-defined timer while there is no apparent singularity in the magnetization relaxation. This supports the
view of a percolative behavior of current transport. The magnetic relaxation is discussed in terms of a two-level
phenomenological model with a distribution of energy barriers.
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Since the observation of the so-called phenomenon of co+4 is highly favorable for the establishment of the CO state.
lossal magnetoresistand€MR) in thin films of mixed- However, in manganites with a still smaller tolerance factor,
valence Mn perovskites? the interest in these compounds, t<0.91, the CO state occurs in a relatively wide range of
already studied in the 1956shas been strongly renewed. concentrations. In Rr,CaMnO; (t=0.89), the CO phase
Indeed, the manganites of general formia ,M,MnO;  takes place in the range 8sX<0.5 with Tco~220-240 K
(R=rare earthM = alkaline earth exhibit a remarkable be- and a relatively complex magnetic phase including antiferro-
havior in which structural, transport, and magnetic propertiesnagnetism and/or canted antiferromagnetism has been
are closely and intricately relatéd. observed!!? At low temperature, the application of a mag-

Whereas LaMn@is an insulating antiferromagnet with netic field induces a transition from insulating to metallic
orbital order between the M ions, the substituted com- phase resulting from the forced alignment of the Mn spins.
pounds La_,M,MnO; (M=Ca,Sr,Ba, with x~0.2-0.4, This phase transition is of first order and the corresponding
are metallic ferromagnets which undergo a metal-insulato(T,H) phase diagram displays a strong hysteresis. This hys-
transition around their Curie temperatullg,. The CMR ef-  teresis is especially striking at~0.3 where the field-
fect is simply related to the forced alignment of the Mn mag-induced metallic phase is maintained in a metastable state
netic moments by the external field, which allows the easywvhen suppressing the field &< 50 K.
hopping of carriers between neighboring Mn sites. It is quali- In this paper, we report the first experimental observation
tatively explained by the double-exchange mecharidmt  of slow dynamical effects at the transition from the meta-
the coupling of charge carriers to phonons is likely to be ofstable metallic phase to the stable insulating CO phase. The
importance for quantitative interpretation of the transportexperiments were performed on a single crystalline sample
properties. This is supported by the large isotopic effect of Pr,sCay2MnO; cut from a several-cm-long crystal
recently evidenced by the shift of . in '®0-enriched grown in an image furnace by the floating-zone mettiod.
La;_,CaMnOs.’ All the measurements were carried out on a parallelepiped of

In the RMnO; perovskites, the double-exchange interac-size 2x2x8 mm. The relative Ca/Pr concentration was
tion is mediated by the overlap of thegarbitals of O and checked by energy dispersive x-ray analysis in a scanning
the g4 orbitals of Mn ions that is strongly dependent on theelectron microscope. Four small gold contacts were sputtered
tolerance factot (wheret=dg.o/v2dy,.0 andd denotes an on the sample. Electrical resistivity measurements were car-
interatomic distange Decreasind leads to an increasing de- ried out by the standard four-probe technique, in a variable
parture from 180° of the Mn-O-Mn angle value, leading to atemperature cryostdfL.4—320 K equipped with a 10-T su-
reduction of the double-exchange transfer integral. This faperconducting coil. The magnetization of the same sample
vors the occurrence of an insulating noncollinear Mn spinavas measured by superconducting quantum interference de-
phase at low temperature with localized carriers. Furthervice (SQUID) magnetometry.
more, at certain concentrations, this charge localization can Resistivity measurements were performed either in fixed
be achieved in an orderly way leading to a charge-orderedpplied field versus temperature, or at fixed temperature ver-
(CO) phase. sus field. In these latter experiments, the sample was first

Such a CO phase, originally observed in oxides belongingooled in zero field from room temperature down to the
to high-T, superconductor famili€bwas at first proposed to working temperaturd,. The sample is then set in the insu-
explain the lowT behavior of PgsSrsMnO; (Ref. 9 and  lating antiferromagneti€AF) phase. At increasing magnetic
studied in detail in LgsCaysMnO.1° In these manganites, field up to 10 T, the transition from the insulating AF phase
the equal number of Mn ions in the valence stat€sand to the metallic ferromagneti@M) phase occurs at a well-
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FIG. 1. Resistivity vs magnetic field afT=40K in FIG. 2. (a) Logarithmic plot of resistance vs time in zero field

Pro.67Ca 3MNO; cooled from 300 to 40 K in zero field. The phase and at various temperatures ingRCa, 3qMnO;. The sample was
diagram in the(H,T) plane is shown in inset. Notice the large hys- initially driven into the metastable metallic state by a 10-T applied
teresis regior(the hatched argdn which the insulating antiferro-  field (as indicated in the tekt(b) Characteristic time- of the metal-
magnetic and the metallic ferromagnetic phases can coexist. insulator transition in a logarithmic scale as a function of 1T00/
The straight line is a fit to the activation lawr=2.1
X 10~ Mexp(13807).

defined field at which the resistivity drops by several orders
of magnitude. This metallic phase is maintained when re-
moving the field atTy<45 K (Fig. 1). From these experi-
ments, a phase diagram in tkid,T) plane, consistent with Wherem~330ug andE,/kg=1380 K. ug is the Bohr mag-
that previously establish&twas obtainedFig. 1). It shows  neton.
three distinct regions: a first one at high fields and [ow  The time dependence of magnetization was investigated
where the FM phase sets in, a second one at low fields ar@n the same sample following a similar procedure. Starting
high T corresponding to the CO phase, and a hysteresis rétom the metallic phase established at low temperature and
gion limited by two H(T) borderlines, where both phases high field, here 5.5 T, the sample is quickly driven to a
can be encountered depending on Ther H variation pro-  To,Ho point inside the hysteresis region of the phase dia-
cedure. gram and the magnetizatianis recorded versus time. Most

Inside the hysteresis region, striking time aftereffects aréneasurements were carried out at a low-field vajughl,
observed close to the borderlines. These effects were syster-0.003 T, and at various temperatures ranging from 35 to
atically studied at the upper borderline by using the follow-44 K. In addition, a measurement was performedugti,
ing procedure: after cooling in zero field to a fixed tempera-=0.5 T andT,=45 K in order to provide a direct compari-
ture Ty, the crystal is driven into the metallic state by a 10-T son with the time dependence of resistivity. In all cases, the
applied field; then the field is quickly decreag@dT/min) to magnetization was found to decrease slowly with increasing
zero or to a final fieldH, and the resistand@ is recorded as time, the long-time behavior being consistent with a pg(
a function of timet. Typical R(t) curves, taken either in zero linear dependence, often observed in soft ferromaghats
field and at various temperatur@s or in various fieldsH,  SPin glasses® The absolute value of the slope e@fvs log¢)
and atTo=45K, are shown in Figs. 2 and 3. The mostincreases withT but the number of data is insufficient to
salient feature is a sudden jump of the resistance by severéptermine this variation precisely.
orders of magnitude at a well-defined timeThis transition The most striking feature is revealed by the comparison of
time from a metallic to an insulating phase exhibits a strongR(t) and o(t) at uoHe=0.5T; To=45K. At the time
dependence offi, andH,. The experimental zero-field data WhereR(t) changes abruptly by several orders of magnitude,
are well described by the activation law= roexpEy/ksT) there is no apparent singularity in the magnetization curve
wherekg is the Boltzmann constant, with,=2.1x 10 *s  (Fig. 4. This strongly suggests that the metastable phase
andE,/kg=1380 K (inset of Fig. 2. The field dependence obtained by demagnetizing the crystal at IGws spatially
is also consistent with an exgfmH/ksT) activation law(in- ~ inhomogeneous. It is likely to be composed of a mixture of
set of Fig. 3. Finally, all experimental data can be fitted by metallic and insulating regions that may lead to a high elec-

the following equatior{Eq. (1)], which includes both tem- trical conductivity providing that the proportion of ferromag-
perature and field dependences: netic metallic state is large enough to ensure percolation

across the sample. Upon increasing time, the proportion of
7= 10X (oMmH+Eg)/kgT], (1) the metallic ferromagnetic phase slowly decreases as shown
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FIG. 3. (a) Logarithmic plot of resistance vs time @t=45K
and in various applied fields in £§Ca, 3MnO;. The sample was
initially driven into the metastable metallic state by a 10-T applied
field (as indicated in the text(b) Characteristic time of the metal-

insulator transition in a logarithmic scale vs applied field The . L ) . . .
straight line is a fit to the activation lawr=roexd (uomH higher. This is consistent with the continuous slow time de-

+1380)/T]. crease of the magnetization. A characteristic size of these
subsystems at the percolation threshold could be deduced
from the effective magnetic moment involved in Eq.(1).

o . . Expressing it as
by the magnetization measurements. When this proportion

falls below the percolation threshold, the continuous metallic
paths connecting the ends of the sample are suppressed and
the resistivity drastically increases. M= NG up(S), )

The temperature dependence of Ef).can be interpreted
by a phenomenological model of thermally activated two-
level systems, as was previously proposed for thavhere(S) is the average spin of the Mn io{%)=2—x/2
Nd, St MnO; systemt’ In this model, the metallic phase =1.83) andg=2; the experimentaim value leads tong
and the insulating phase each occupy a minimum in ar=90, which might be interpreted as the number of Mn ions,
asymmetrical double well, the lowest minimum being herethe transition of which breaks a percolation path at the per-
occupied by the insulating phase. Obviously, only a nonvacolation threshold.
nishing interaction with the thermal bath enables the system In the present study, the energy barriers are overcome by
to climb up the energy barriéf.In Eq. (1), the r, coefficient ~ thermal activation. Recent experiments have evidenced a
is expected to be related to the microscopic mechanism infansition from the insulating to the metallic phase by illumi-
volved in the metal-insulator transition, and therefore should@tion with x rays at low temperatuf@The stabilization of

contain the electron-phonon coupling. Recently, the essentidi® Metallic phase is somewhat unexpected since its energy
role played by the electron-phonon interaction in determin-S hlgher than that of the insulating phase in zero field. How-
ver, in the frame of the two-level model, a subsystem can

ing the transport properties of these materials has beeR . - )
clearly evidenced by a huge isotope effitt. overcome the energy barrier by absorption of a high-energy

The effect of an applied magnetic field is to lower the photon and the populations of the two levels tend to equalize

) : by this process. It results that the final proportion of the
energy of the ferromagnetic metallic phase and, at least f°ﬁ1etallic phase in the sample could reach about one half
small field values, to increase the height of the energy barri '

o A& hich is likely above the percolation threshold and large
between the two minima of the well. Clearly, the transition enough to achieve a low resistivity state.

from the metal_lic to the insulating pha_se cannot take place_ in n summary, we report here the first experimental study of
a single step in the whole sample since this would requirgjow thermal relaxation effects at the metal-insulator transi-
overcoming a rather high barrier. More likely, one has totjon of a charge-ordered manganite. The experimental results
consider a collection of a large number of small two-levelsypport the view of the coexistence of metallic and insulating
subsystems with a distribution of energy barriers. The therphases in Br ,CaMnO;. The time variation of the resistiv-
mally activated transition for a given subsystem should takety provides evidence for a percolative behavior of current
place at a time longer and longer as the energy barrier igansport. The experimental data are consistent with a simple
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