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Transport, magnetic, and thermal properties of phase-separated La0.8Ca0.2MnO3 crystal were studied in a
wide temperature range down to 10 K. At low temperatures below the Curie pointTC=184 K, the sample
resistance is characterized by spontaneous transitions to higher resistivity metastable states. Metastability
becomes more pronounced when enforced by the application of current pulses at low temperatures. Metastable
states are characterized by long-term memory surviving even thermal cycling to room temperatures. Only
heating toT.Te<350 K erases the previously imprinted state of the system. At temperatures close to the low
temperature resistivity maximum, a slow relaxation of the resistance has been observed following changes in
the bias current. Ac susceptibility, low-field magnetization, and specific heat data indicate that there is a
spin-cluster glass-like transition at temperatures corresponding to the maximum of the relaxation time. Phase
separation and coexistence of metallic and insulating ferromagnetic phases with different orbital order at a
wide temperature range are claimed to be responsible for the observed electric-field and current effects. The
disappearance of the resistance memory effects at temperatures aboveTe may be considered an indirect proof
for the existence of one more temperature scale in disordered manganites.
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I. INTRODUCTION

Manganite perovskites La1−xCaxMnO3 (LCMO) are char-
acterized by a complex phase diagram containing a rich va-
riety of magnetic and electronic phases. The ground state of
low Ca-doped,x,0.07, LCMO is canted antiferromagnetic
(AFM) insulator. For a doping level contained within the
0.07,x,0.22 range, a dominant ferromagnetic insulating
(FMI) ground state appears. For 0.22,x,0.5 the ground
state becomes a ferromagnetic metallic(FM) state.1 Double
exchange(DE) interaction is claimed to be responsible for
establishing ferromagnetism in LCMO through a strong
Hund’s coupling between hoppingeg electrons at neighbor-
ing Mn3+ and Mn4+ sites. However, for low doping levels,
below the percolation threshold,3 x,xC<0.22, an additional
FMI phase, incompatible with the DE mechanism has been
observed.3–6

According to recent theoretical7,8 and experimental4–6,9

studies, the superexchange(SE) interactions and orbital or-
dering (OO) may govern the transport and magnetic proper-
ties of low-doped manganites along with the DE interactions.
Neutron diffraction,10 NMR,4,5,11 magnetization,12,13 and
Mössbauer14 data indicated that LCMO samples with 0.125
øxø0.2 undergo an additional phase transition atT
<70–80 K well below the para-to-ferromagnetic transition
at Curie temperatureTC. The additional phase transition is
accompanied by a number of peculiar features, such as
strong frequency dependence of the ac susceptibility,12,13 re-
markable rotation of the easy magnetization axis,13 wipeout

of the 139La NMR signal upon heating,4,11 and reduction of
the orthorhombicity at temperatures below the critical
point.10 An ensemble of these features is considered to be a
fingerprint of the cluster spin-glass transition specific for dis-
ordered manganites.2,15

However, the most prominent feature, which is likely re-
sponsible for most of the peculiar properties of perovskite
manganites, including the colossal magnetoresistance(CMR)
effect, is the pronounced phase separation(PS) in a wide
temperature range, leading to a dynamic coexistence of vari-
ous phases with different properties.1,2 Competition between
magnetic and orbital ordering of coexisting phases may re-
sult in the appearance of metastable states manifesting them-
selves in metastable conductance,16,17 nonequilibrium and
nonstationary magnetization slowly relaxing after changes in
the applied magnetic field,16,18 or two-level noise and resis-
tance memory effects.17,19,20The overwhelming majority of
experimental evidence of the relaxation processes and meta-
stable states is based on the effects related to changes in the
applied magnetic field.18,21–23 We have previously reported
on the appearance of a rich variety of metastable states in-
duced by means of electric-field and current procedures in
La0.8Ca0.2MnO3 single-crystalline samples.17 Specific elec-
tric bias procedures generally caused a reduction of the pris-
tine resistivity and resulted in the appearance of reproducible
structures in theI -V curves.

In this paper we report on experimental investigations of
current-induced and spontaneously created metastable and
nonequilibrium states in La0.8Ca0.2MnO3 single crystals in

PHYSICAL REVIEW B 70, 064414(2004)

1098-0121/2004/70(6)/064414(9)/$22.50 ©2004 The American Physical Society70 064414-1



which the metastable resistance significantly exceeds the
pristine state one. In particular, we concentrate on slow re-
sistivity relaxation at low temperatures and resistance
memory effects. To get a deeper insight into physics associ-
ated with metastable resistivity we have also performed ad-
ditional magnetic and calorimetric measurements.

II. EXPERIMENTAL DETAILS

The experiments were performed with La0.8Ca0.2MnO3
single crystals grown by a floating zone method, as described
elsewhere.24 As-grown crystals were cut into individual
samples for resistive and magnetization measurements.
Samples for the resistivity measurements were prepared in
the form of 83331.6 mm3 bars, having the longest dimen-
sion along thek110l crystallographic direction. Current and
voltage leads were indium soldered to the pre-evaporated
gold contacts.

Measurements of current-voltage characteristicssI -Vd
and differential resistancesRd=dV/dId were made at zero
applied magnetic field in a standard four-point arrangement.
The separation between the voltage contacts was of the order
of 1 mm. We have used 10mA at 613 Hz current modulation
for the phase sensitive lock-inRd measurements.RsTd char-
acteristics were measured in a dc mode using 20–100mA
current flow. The resistance measurements in applied mag-
netic field were performed for the field directed parallel to
the current direction.

In addition to the transport measurements, series of mag-
netic and calorimetric measurements have been performed.
Magnetization measurements have been performed in the
temperature range 4.2–220 K by means of a vibrating
sample magnetometer. The specific heat was measured by
means of the relaxation method, using a specific heat option
of the Quantum Design physical property measuring system
(PPMS).

III. RESULTS AND ANALYSIS

Low temperature resistivity of La0.8Ca0.2MnO3 single
crystals, like that of other lightly Ca-doped La1−xCaxMnO3
compounds, strongly depends on magnetic, thermal, and cur-
rent bias history of the sample. Moreover, similar to a previ-
ously reported case of La0.82Ca0.18MnO3,

17 the
La0.8Ca0.2MnO3 samples undergo spontaneous or external
stimuli enforced transitions to metastable states characterized
by markedly different resistivity. Figure 1 illustrates the tem-
perature evolution of the resistance of La0.8Ca0.2MnO3 crys-
tal recorded at zero applied magnetic field and atH
=14.5 kOe. The lower resistivity curves were recorded dur-
ing cooling down the sample in the pristine state, while the
high resistivity curve follows the evolution of one of meta-
stable states. Zero field recordings exhibit a pronounced
maximum at temperature coinciding within the experimental
error, with the Curie temperature evaluated from independent
magnetization dataTC=184 K.13 All RsTd curves exhibit a
minimum atT<140 K, followed by a subsequent resistivity
upturn at low temperatures. The upturn ends in a broad maxi-

mum located atT<70 K, after which the resistivity slowly
drops to the low temperature finite value.

The LCMO sample may spontaneously jump to a higher
resistivity metastable state when maintained for a long time
at low temperatures close to the low temperature resistivity
maximum. The probability of such a transition is strongly
enhanced by extensive bias current and/or magnetic field
sweeping, as well as by repeated thermal cycling between
low and room temperatures.

A freshly established metastable state exhibits strong in-
stabilities and resistivity jumps as shown in Fig. 2. Some-
times it may even spontaneously return to a pristine state. An
example of such a reentrant transition recorded during
sweeping of the magnetic field is presented in the inset to
Fig. 2. With continuing thermal or bias cycling, the resistiv-
ity jumps and reentrant transitions became more rare and
eventually disappear after a few cycles, leaving the sample in
the long-lifetime higher-resistivity metastable state.

Metastable resistivity in La0.8Ca0.2MnO3 samples can be
spontaneously established during thermal or bias cycling.

FIG. 1. Temperature dependence of the resistance of
La0.8Ca0.2MnO3 crystal measured with 100mA dc current. Solid
line: pristine resistive state atH=0, dotted line: pristine state at
14.5 kOe applied parallel to the current flow direction alongkthe
k110l crystallographic axis, dashed line: higher-resistivity meta-
stable state created by current procedures at low temperatures, see
text.

FIG. 2. Pristine state resistance(solid line) and evolution in time
of the freshly established higher resistivity metastable state during
subsequent thermal cycles marked with dashed, dotted, and dashed-
dotted lines. Note the extended instabilities and resistance jumps.
The inset shows an example of a spontaneous transition from a
freshly established higher-resistive state to a pristine state. The
points labeled 1 and 2 mark the start and the end of the magnetic-
field cycle. The arrow indicates a jump in the dynamic resistance.
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However, it turned out that an even more pronounced high
resistivity metastable state can be enforced by biasing the
sample with a series of voltage/current pulses at low tem-
peratures. An example in which a metastable state has been
induced by a pulse treatment is illustrated in Fig. 3. Here, we
have applied three subsequent voltage pulses with 10 V am-
plitude and 10 ms length to the sample cooled down to 10 K
in the pristine state. The maximum current within each pulse
was power supply limited to a maximum of 40 mA. As seen
in Fig. 3, this treatment causes a progressive increase of the
resistance from the initial pristine 10V range to 2.5 kV, i.e.,
by three orders of magnitude.

The metastable states are characterized by a relatively
long lifetime, significantly exceeding the time scale of an
experiment. In practice, only heating of the sample above
T=Te<350 K can erase the memory and rejuvenate the re-
sistance to the pristine state. The strength of the memory
effect is illustrated by a solid line in Fig. 3, showing the
temperature evolution of the resistance of a sample that has
been pulse treated at low temperature, brought to the room
temperature, and maintained for more than two days at
300 K.

Magnetoresistance(MR) of La0.8Ca0.2MnO3 strongly de-
pends on temperature, see Fig. 4. At temperatures well above
TC, when the sample is in the paramagnetic state, MR is
practically absent. The most pronounced MR is observed, as
expected, in the vicinity of the metal-insulator(MI ) transi-
tion, see Fig. 1. At low temperatures belowTC the MR is
negligible to reappear again only as weak reentrant negative
MR effect around the resistivity maximum at
35 K,T,120 K. In this temperature range we also observe
a significant magnetic hysteresis that is absent at other tem-
peratures, as illustrated in Fig. 4. Eventually, at low tempera-
tures, below 35 K, the magnetization and resistance are al-
most constant and MR does not exceed 1% for magnetic
fields up to 15 kOe, the maximum field available in this ex-
perimental setup.

The open MR hysteresis loop recorded at 75 K(Fig. 4)
indicates that the observed hysteresis is not due to a real
magnetic hysteresis, but is rather caused by nonstationary
resistivity, which relaxes following changes in the applied
magnetic field. In fact, in the same temperature range we
have observed hysteretic behavior of the resistivity, as illus-
trated in Fig. 5, showing the dynamic resistance of a pristine
state sample during several consecutive slow current cycles
between the maximum positive and negative values. After
bringing the current back to zero the resistance slowly re-
laxes to an equilibrium value of the starting point, as indi-
cated by a double arrow in Fig. 5.

Resistivity relaxation has been seen directly after an
abrupt turning on and off of dc current of relatively low
density, as illustrated in the inset to Fig. 6. The relaxation
rate of the resistivity depends on the height of the current
step, temperature, and the state at which the relaxation is
observed. In general, the relaxation rates in more resistive
states are slower. It is apparent that the relaxation rates ob-
served in a given state after turning on and off the same
current are identical.

Low-temperature nonstationary processes, in the form of
slow relaxation of the magnetization and resistivity after
steplike changes of the magnetic field, were widely reported
in the literature.18,25–28To describe the resistance relaxation
we have used the same stretched exponential formula that
was commonly employed to describe the magnetization and
resistivity relaxation processes in manganites after steplike
changes of the applied magnetic field

FIG. 3. Pulse enforced transition to high resistivity state atT
=10 K. Dashed line: cooling down of the sample in the pristine
state. Application of 10 V, 10 ms voltage pulse to the sample at the
point (a) rises the resistance to the level labeled as(b). The subse-
quent two pulses increase further the resistance to the levels marked
(c) and (d). The maximum current in each voltage pulse has been
limited to 40 mA. The pulse-treated sample has been brought from
low to the room temperature along the dotted curve. The pulse-
induced metastable state has a strong memory of its state as indi-
cated by the solid curve recorded after storing the previously pulse-
treated sample at room temperatures for more than 48 h.

FIG. 4. Dynamic resistance of the pristine state vs magnetic
field at various temperatures.

FIG. 5. Evolution of the pristine state dynamic resistance during
cycling of the bias current at 80 K. Current sweep starts at point 1.
After stopping the sweep at point 2 the resistance slowly relaxes
back to initial point 1, as marked by a double arrow.
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Rstd = R0f1 ± exps− t/tdbsTdg, s1d

wheretsTd is a characteristic temperature-dependent relax-
ation time and 0,b,1 is a dispersion parameter accounting
for a distribution of the involved energy barriers, which
causes the distribution of relaxation times in the system.
Typically, tsTd decreases exponentially andbsTd increases
linearly with increasing temperatures.18,25–28 In our case,
however, we have found thatb<1 and the current-induced
relaxation process can be well described by a single relax-
ation rate. The experimentally determined temperature de-
pendence oftsTd, as observed in the pristine and one of the
higher resistivity metastable states, is shown in Fig. 6. Note
that the relaxation time reaches the maximum between 75
and 85 K.

Surprisingly, no relaxation of resistance has been ob-
served when the sample was directly immersed into the
liquid-nitrogen bath. This fact suggests that heat dissipated
by current flow may be responsible for the observed resis-
tance relaxation. If this is indeed the case, then one would
expect that either the heat capacity of our sample follows the
temperature evolution of the relaxation rate and exhibits a
maximum at temperatures for which the time required to
reach the thermal equilibrium in our samples reaches the
maximum, or the heat conductivity of the sample should ex-
hibit a minimum in the temperature range coinciding with
the maximum of the relaxation time. To enlighten this prob-
lem we have performed calorimetric measurements in the
temperature range 2–300 K in zero applied magnetic field
and in H=70 kOe. The results presented in Fig. 7 show a
singularity at the temperature of the paramagnetic-to-
ferromagnetic phase transition. The peak position corre-
sponds to the Curie temperatureTC and MI transition at the
resistivity peak in Fig. 1. However, our data do not show any
anomaly in the temperature range, where the maximum in
the relaxation time has been observed. Although we could
not measure directly the heat conductivity of our sample,
nevertheless, any anomaly in the heat conductivity should be
also reflected in the relaxation time of the thermal exchange
between the sample and calorimeter. This quantity has been
carefully measured and did not show any anomaly in the
investigated temperature range.

Specific heat data obtained during cooling and heating
runs practically coincide, both forH=0 and 70 kOe. The
lack of thermal hysteresis aroundTC may be seen as signa-
ture of the second-order type of FM to paramagnetic(PM)
phase transition. To get a better insight into the character of
this phase transition we have subtracted the smooth back-
ground, obtained by polynomial fitting, from the data around
the peak. The remaining excess part of the heat capacity,C*,
has a well-pronouncedl-shaped form, see inset to Fig. 7,
confirming that the discussed phase transition is of the sec-
ond order.

The proportionality of the specific heat to the temperature
coefficient of the resistivitydR/dT in the vicinity of TC, see
Fig. 8, proves the magnetic character of the specific heat
peak as expected for a Fisher-Langer–type anomaly associ-
ated with a decrease in spin disorder scattering below the
transition temperature.29 Applied magnetic field orders spins
in the transition zone, resulting in the disappearance of the
specific heat peak and smoothing of theRsTd characteristics.
With decreasing temperature thedR/dT characteristics show
a rich structure, which is not repeated in the specific heat,
indicating that the Fisher-Langer scenario cannot be applied
in the temperature range of the resistivity relaxation.

FIG. 6. Temperature dependence of the characteristic relaxation
time t for a pristine, and one of the higher resistivity metastable
states. The line is a guide to the eye. Inset: exponential relaxation of
the dynamic resistance after turning on and off 10 mA dc current
step at 40 K. The instants of turning on and off the current are
marked with dotted lines.

FIG. 7. Heat capacity of the La0.8Ca0.2MnO3 crystal as a func-
tion of temperature in zero magnetic field(squares) and in H
=70 kOe(triangles). The inset shows the excess part of the specific
heat, obtained by subtracting the smooth background contribution
from the specific heat in the vicinity of the paramagnetic-to-
ferromagnetic phase transition. Note the pronouncedl shape of the
zero-field curve.

FIG. 8. Specific heat measured at zero magnetic field is propor-
tional to dR/dT in the vicinity of the para-to-ferromagnetic phase
transition. Characteristic temperatureTR at whichdR/dT=0 marks
the inflexion point of the low temperature reentrant part of theRsTd
characteristics. The dotted line is placed atT=TC determined from
the magnetization measurements.
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The final blow to the heating scenario came from the ob-
servation that resistance was decreasing after a steplike in-
crease of the dc current, not only in the temperature range of
the resistivity upturn, wheredrsTd /dT,0 and a small in-
crease of the sample temperature due to the heat dissipated
by current flow could explain slow resistivity decrease, but
also at temperatures below the low temperature resistivity
peak, wheredrsTd /dT.0. We have observed a reduction of
the resistance after turning on the current also at the tempera-
tures below the low temperature resistivity peak. A simple
heating mechanism should result in an increase of the sample
resistance with increasing temperature, contrary to the ex-
perimental reality. Consequently, the lack of resistivity relax-
ation in samples immersed directly into liquid-nitrogen bath
cannot be explained by a high efficiency of cooling through
a direct contact with a liquid cryogen. This effect should be
rather attributed to the very high cooling rate in the final
stage of cooling at which samples reach the liquid-nitrogen
temperature.

It has been already demonstrated that the sample resistiv-
ity strongly depends on the cooling rate with which the phase
transition has been crossed.16,18,21,22The underlying physical
reason is the degree of phase separation that depends on the
cooling rate. We have found that in La0.8Ca0.2MnO3 crystals
it is not only the resistivity, but also the shape of the current-
voltage characteristicsI -V, that strongly depends on the
cooling rate and specific bias procedures. Figure 9(a) shows
RdsId characteristics recorded after dropping a pristine state
sample directly into the liquid nitrogen, curve 1. The charac-
teristics of the same sample immersed into the cryogen bath
after relatively slow precooling with the rate of 3 K/min is
shown in curve 2. The difference between bothRdsId charac-
teristics is particularly pronounced in the vicinity of zero
bias. In the quenched sample the resistivity decreases with

increasing current, while the opposite behavior is seen in the
slowly cooled sample. Application of two subsequent 40 mA
amplitude, 10 ms current pulses with different polarities re-
duces the resistivity of the quenched pristine state and con-
verts it to a lower resistivity metastable state, see curve 3,
similar to what has been previously observed in
La0.82Ca0.18MnO3.

17 Additional current pulses applied in the
presence of 5 kOe magnetic field further reduces the resis-
tivity, see curve 4. In a marked difference, the dynamic re-
sistivity of high resistivity metastable state(2.5 kV at T
=10 K) created by means of pulse treatment atT=10 K
strongly decreases with increasing current. Moreover, appli-
cation of analogous current pulse procedures to the sample in
very high resistivity metastable state leads to subsequent de-
creases of the resistance, see Fig. 9(b).

It is worth underlining that metastable states in our ex-
periments could be created and modified only at low tem-
peratures below the onset of the resistivity relaxation. The
onset temperature coincides roughly with the temperature of
the broad resistivity minimum. The following low tempera-
ture resistivity reentrance is accompanied by peculiar fea-
tures reminiscent of glassy freezing, such as a remarkable
difference between field-cooled(FC) and zero-field-cooled
(ZFC) dc magnetization at low fields, and a steep decrease
and frequency dependence of the ac susceptibility.30–32

Magnetization measurements show that in
La0.8Ca0.2MnO3 samples ZFC magnetization starts to deviate
from the FC value immediately belowTC.13 However, within
a narrow temperature range, which roughly coincides with
the appearance of the maximum in relaxation times, there is
an additional slow increase of FC magnetization with de-
creasing temperature accompanied by a slow decrease of
ZFC magnetization. The resulting broad smeared steplike
feature is shown in Fig. 10, in which the difference between
ZFC and FC magnetization measured at 100 Oe is plotted as
a function of temperature. The first sharp and narrow feature
on theDMsTd curve in Fig. 10 coincides with the MI transi-
tion at TC. A significant difference between ZFC and FC
magnetization just below the magnetic ordering transition
may be related to changes in the magnetic anisotropy and
coercive field.33 An additional broad increase of the magne-
tization difference at low temperature is centered atT
=68.2 K, as determined as the inflexion point of theDMsTd
curve.

FIG. 9. (a) Dynamic resistance vs current of a pristine state
sample subjected to different cooling procedures and pulsed current
treatments. Curve 1—after quick cooling(direct immersion in liq-
uid N2); curve 2—after relatively slow cooling to 100 K with the
rate of about 3 K/min and subsequent immersion into liquid N2

bath; curve 3—after a quick cooling and subsequent application of
a train of current pulsess+40 to −40 mAd; curve 4—obtained
from curve 3 after application of an additional current pulse
s+40 to −40 mAd at H=5 kOe.(b) Dynamic resistance vs current
for high-resistivity metastable state obtained by means of pulse cur-
rent treatment at 10 K. Curve 1—after slowsrate<3 K/mind cool-
ing to 100 K followed by a direct immersion in liquid N2; curve 2
— obtained from curve 1 after application of a current pulse
s+40 to −40 mAd; curve 3— obtained from curve 2 after applica-
tion of one more current pulse.

FIG. 10. The difference between FC and ZFC low-field magne-
tization as a function of temperature. A broad step at low tempera-
tures is enlarged in the inset. The inflexion point of the experimen-
tal DMsTd=MFC−MZFC curve is at 68.2 K.
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As shown in our previous report,13 the real and imaginary
part of ac magnetic susceptibility became frequency depen-
dent at temperatures belowTC. The x8 curves show pro-
nounced cusps that move to higher temperatures with in-
creasing frequency. The cusps inx9sTd are accompanied by a
sharp drop inx8sTd characteristics occurring at the same
temperature. The onset of decrease of the real part of ac
susceptibility also moves to higher temperatures with in-
creasing frequency. This frequency-dependent temperature
shift can be attributed to relaxation phenomena in the spin
system and characterized by a factor

K =
DTcusp

TcuspDslgvd
, s2d

where Tcusp refers to the temperature of the maximum in
xsTd curve andDTcusp to the cusp position difference ob-
served at a given frequency difference. The calculated value
of the K factor for our La0.8Ca0.2MnO3 sample is 0.035,
which falls in the range typical for spin glasses.15

In conventional spin glasses the critical slowing down is
characterized by a relaxation timet, which diverges at the
critical freezing point as15

tmax= t0STf − TG

TG
D−zn

, s3d

wheret0 is the shortest relaxation time available in the sys-
tem, z is the dynamic exponent,n is spin-correlation length
exponent,TG is the glass transition temperature, andTf is the
freezing temperature. The typical values oft0 are of the or-
der of the time of a flip of a single spin atomic magnetic
moment and lie between 10−12–10−14 s. By identifyingtmax
with the inverse of the measuring frequency and the cusp
temperature of the frequency dependent susceptibility curves
with freezing temperatureTf, we have obtained from the
nonlinear fit to Eq.(3) t0=10−12 s, zn=12, and the transition
temperatureTG=66.7 K. It is interesting to note that similar
fitting procedures performed with the susceptibility data ob-
tained with La0.82Ca0.18MnO3 single crystals,12 rendered the
same values oft0 and zn parameters. The only difference
between these two systems was a higherTG=71.8 K param-
eter for La0.82Ca0.18MnO3.

Although the presumed spin-glass-like transition does not
manifest itself as a singularity on the temperature depen-
dence of the heat capacity, the difference between specific
heat measured in zero magnetic field and in the field of
70 kOe, plotted in Fig. 11, supplies a more direct indication
of the presence of a transition in the vicinity of the spin-glass
freezing temperature. The large, high-temperature anomaly
in DC=CsHd−CsH=0d is associated with the ferromagnetic
transition atT=TC. At lower temperaturesDC seems to de-
crease to zero monotonically, as expected for systems with
just one paramagnetic-ferromagnetic phase transition.34

However, a more detailed analysis of the spin glass freezing
temperature range reveals the presence of an anomaly and a
significant difference in the behavior ofDC at temperatures
below and aboveTG. The inset showsDC from which the
background contribution, obtained by a polynomial fit to the
low temperature part of the dependence, has been subtracted

in an expanded scale. The revealed excessDC at the spin-
glass transition is 0.23 J/molK, which is indeed very small
as compared to the analogous specific heat difference peak
DC=7 J/molK at the para-to-ferromagnetic transition, see
Fig. 7. Most likely it is unfreezing of the spin-glass state that
provides an additional small contribution to the zero field
specific heat at this transition point.

We want to stress that it is very difficult to separate mag-
netic contribution to specific heat in spin-glass systems from
overwhelming phonon and electron contributions at tempera-
tures exceeding the level of a few kelvin.15 Only the specific
differential procedure presented above enabled us to reveal
the presence of the spin-glass transition in the specific heat
data at higher temperatures.

IV. DISCUSSION

The ensemble of experimental results univocally indicates
that the system undergoes glassy freezing at temperatures
close to experimentally determinedTG. Manganites are
known not to behave like canonical spin glasses.15 The
glassy behavior in manganites is strongly related to phase
separation and dynamic coexistence of magnetically distinct
phases.2,25 Phase separation and associated randomness in
position of the spins, together with competing or mixed in-
teractions, causes frustration, thus providing the most impor-
tant prerequisite for the spin-glass-like behavior. Since the
dominant interactions leading to frustration occur between
nanoscopic phase-separated clusters, the glassy state in man-
ganites is referred to as a cluster spin glass, see Ref. 2 and
references therein.

Resistance metastability, memory, relaxation, and spin-
glass-like freezing are apparently interconnected. One can
create and modify metastable states only at temperatures be-
low the onset of observable resistance relaxation and appear-
ance of the spin-glass freezing hallmarks. Moreover, spin-
glass transition temperatureTG=66.7 K, determined from
the susceptibility data, coincides with the maximum of the
relaxation time.TG is very close to the characteristic magne-
tization temperatureTM =68.2 K, marking the center of a
broad steplike increase of the magnetization difference be-

FIG. 11. The difference between specific heat measured atH
=70 kOe and at zero magnetic field as a function of temperature.
The inset shows an enlarged part of the main graph, enclosed by the
dashed ellipsoid, from which the background contribution has been
subtracted.
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tween ZFC and FC processes, see Fig. 10, and to the char-
acteristic resistance temperatureTR=62.8 of the center of
low-temperature resistivity reentrance determined in Fig. 8.
The temperature range of the pronounced resistivity relax-
ation contains, as well, the temperatures at which the tem-
perature dependence of the difference between specific heat
measured in the presence of magnetic field and in zero field
changes character andDC goes through a local maximum.

The transition atTG can be interpreted in two complemen-
tary ways. Papavassiliouet al.5 concluded from the analysis
of 55Mn and 139La NMR data that freezing into inhomoge-
neous OO state constituted by FM insulating domains, sepa-
rated by FM metallic walls, occurs atT=Ttr, which is very
close to ourTG. From a structural point of view, the orbitally
orderedsO8d and orbitally disorderedsO* d phases coexist in
a wide temperature range, starting from the ordering tem-
peratureTO8−O* up to the temperatures much higher than the
Curie temperatureTC. This coexistence may be characterized
by the Q2 orthorhombic distortion, with in-plane bonds dif-
ferentiating in long and short one, namely the changes in
structure due to OO are described using the Q2 distortion.9

Careful x-ray diffraction analysis has shown that the Q2 dis-
tortion is constant belowTO8−O* and decreases smoothly
above TO8−O* both in paramagnetic and ferromagnetic
phases. Comparing Ca-doping dependence ofTO8−O*

9 with
that of dependence ofTtr

4,5 one may conclude that the tem-
peraturesTO8−O* , Ttr, andTG relate to the very same transi-
tion seen through different experimental results.

The low-doped LCMO system is unique among other
manganite systems because its phase-separated ground state
contains two phases with the same magnetic, but different
orbital order. Effective Hamiltonian including orbital, spin,
and charge degrees of freedom provides a phase-separated
state constituted by two ferromagnetic phases.8 In the first
phase an antiferrodistorsive-type OO is favored by FM su-
perexchange interactions through coupling between spin and
orbital degrees of freedom ofeg electrons.8 For the second
FM phase the ferrodistorsive-type OO promotes double ex-
change interactions by gaining in the kinetic energy. Recent
NMR4,5 and structural9 investigations of low-doped LCMO
samples have confirmed the above model. Therefore, it is
now a well-established fact that two FM phases with distinct
OO and different conductivity coexist in a wide temperature
range.2,4,5,9,10,35

There are several reports18,21–23,25–28on relaxation phe-
nomena in manganites observed after changes in the applied
magnetic field. These procedures affect directly the magnetic
order of the sample. Both magnetization and resistance re-
laxation have been observed. Our experimental results dem-
onstrate resistivity relaxation, metastability, and long-term
resistance memory due to electric-field(bias current) proce-
dures, and are complementary to previously reported effects
of abrupt and slow changes of applied magnetic field. The
similarity between the effects of low-density currents and
relatively strong magnetic fields upon the resistivity of
lightly Ca-doped manganites have already been described by
us for the stationary case.36 Current experiments extend the
equivalence between the effects of strong magnetic fields and
weak electric currents and fields to nonstationary processes
as well.

Phase separation and coexistence of two phases with dif-
ferent conductivity is a key element for understanding the
experimental results. The resistivity of the PS system does
not depend solely on the ratio of the volumes of coexisting
phases, but also in a crucial way depends on the distribution
of the conductive domains and their size and shape.37 At the
various stages of the percolation of conductive domains the
system could be “more insulating” or “more metallic,” as is
illustrated by a difference in behavior of pristine, low-
resistivity, and highly-resistive metastable states upon appli-
cation of current scans.

The dependence of the resistive state on cooling condi-
tions follows in a natural way from the properties of the PS
state. Previously reported FM Bragg peak intensity10 of
La0.8Ca0.2MnO3 crystal at low temperatures has been attrib-
uted to the nucleation or rearrangement of orbital domains,
which depends on the cooling rate.9 When FM metallic and
charge ordered insulating phases coexist, as in the case of
La0.5Ca0.5MnO3, slow cooling throughTC favors the conduc-
tive phase and results in a lower resistance of the sample.16

In our case, slow cooling of La0.8Ca0.2MnO3 throughTC also
favors a more conductive phase. The lack of observable re-
sistivity relaxation and different form ofI -V curves in
samples directly immersed into liquid nitrogen can be also
related to the cooling rate. Although there was no significant
difference between slowly cooled and rapidly cooled
samples it should be underlined that the major influence of
the cooling rate is related to the speed of crossing the phase-
transition temperature. The “slow cooled” samples were
slowly cooled to 100 K and then abruptly brought into con-
tact with the liquid cryogen at 77 K. Therefore, even if the
magnetic ordering phase transition has been crossed slowly,
the samples were rapidly quenched through the first stage of
the freezing spin-glass transition. Unfortunately, technical
difficulties prevented us from performing an experiment in
which samples would be cooled slowly, with the same speed,
down to the immersion in a liquid-nitrogen bath.

Electric field may directly affect the directional order of
orbitals and thus alter the magnetic state, when the com-
pound is insulating enough.7 Another way in which electric
current may influence the magnetic order and conductivity is
by direct injection of spin-ordered electrons to specific phase
separated domains by means of spin-polarized current. It has
been shown that effects of weak and strong magnetic fields
upon the PS state are related to two different relaxation
mechanisms. Weak magnetic fields cause reorientation of fer-
romagnetic domains, while strong fields change the topology
of the PS state.25 By analogy, we propose to distinguish the
effects of weak and strong currents. The dominant effect of
weak currents likely consist in reversible injection of the
spin-polarized carriers into specific ferromagnetic domains,
thus increasing the volume of one phase on the expense of
the other, while the strong current will act by means of the
associated strong electric field capable of inducing local
changes to the orbital order in the less conducting phase
and/or electric field enforced changes of the topology of the
phase coexistence. Namely, for this reason, the effects of the
electric field and current became pronounced only at low
temperatures, where the conductivity of distinct ferromag-
netic phases becomes sufficiently different to allow for a
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selective interaction between electric field and PS clusters.
Experiments with various manganite systems have proved

that electric field and current can destabilize or even com-
pletely destruct a charge or orbitally ordered state.38,39 In
general, the orbital ordering and metalliclike conductivity are
mutually exclusive. Therefore, transport properties of the
La1−xCaxMnO3 system are strongly influenced by nucleation
and rearrangement of orbitally ordered domains, especially
in the vicinity of the orbital order-disorder transition, when
energies of ordered and disordered phases are comparable
and spontaneous transitions between them are possible.
Then, moderate electric current and field easily induces rear-
rangements of orbital domains and domain walls either by
means of spin-polarized current flow or by direct interaction
with elastic forces. This process is obviously not instanta-
neous and the relevant time delays will manifest themselves
in the relaxation of the resistivity. The strong dependence of
the resistivity on the cooling procedure(Fig. 9) is in agree-
ment with the results of neuron measurements, which re-
vealed metastabilty in both magnetic and structural charac-
teristics for low-doped La1−xCaxMnO3.

10

The orbital distortion is stabilized by strong magnetoelas-
tic forces and can be eliminated from the system only by
completely removing all nuclei of the influenced phase. In
La0.8Ca0.2MnO3 this occurs only when the sample is heated
above the memory erasing temperatureTe,350 K. This
temperature coincides with the upper limit of the orbitally
ordered-disordered phase coexistence as determined from the
structural measurements9 as well as with the upper limit of
the existence of the vibronic conductivity proposed by
Goodenough.35 In the latter scenario two-manganese Zener
polarons progressively condense on cooling as a result of a
spinodal phase segregation into hole-rich ferromagnetic vi-
bronic(FV) clusters within paramagnetic orbitally ordered or
disordered matrix. The concentration of hole-rich clusters in-
creases with increasing doping levelx and with decreasing
temperature. Below a critical temperatureTsp.TC they be-
come superparamagnetic ferromagnetic vibronic conductiv-
ity clusters.35 Even, if Tspsxd has not been systematically
mapped by experiment, for La0.8Ca0.2MnO3 Tsp coincides
with the temperature of disappearance of the Q2 distortion,
compare the phase diagrams published in Refs. 35 and 9. The
existence of yet another temperature scale follows also in a
natural way from a general model of a clustered states in
disordered solids.2 This upper temperature limit can be iden-
tified as the Griffiths temperatureT*, which in our case co-
incides withTe.

V. CONCLUSIONS

We have shown that even relatively weak electrical cur-
rents can induce strong changes in the resistivity of

La0.8Ca0.2MnO3 single crystals. Current pulses applied at low
temperatures induce metastable resistivity states character-
ized by higher resistivity, with respect to the pristine state.

Phase separation has been found crucial to understanding
the experimental data. Electric current/field influence the to-
pology and the relative volume occupied by two coexisting
ferromagnetic phases with different conductivity, due to dif-
ferences in their orbital order.

The behavior of all distinct resistive states is strongly in-
fluenced by the cooling rate and previous magnetic and elec-
tric bias history of the sample. Pronounced exponential re-
sistivity relaxation following changes in the applied current
flow has been observed in the temperature range coinciding
with the low-temperature resistivity upturn. Several con-
comitant phenomena enabled us to identify a cluster spin-
glass transition atTG, which was found to coincide with
several magnetic and resistive characteristic temperatures.
We associate the glassy transition to the low-temperature or-
bital order-disorder transition.

Signatures of two phase transitions have been found in
La0.8Ca0.2MnO3 specific-heat data. The magnetic ordering
transition turned out to be of the second order, where the
excess specific heat follows the Fisher-Langer scenario. The
magnetic contribution to the specific heat at the glassy tran-
sition has been evidenced in the difference between ZFC and
FC behavior.

Current-induced metastable resistivity states are charac-
terized by a long-term memory, surviving heating above Cu-
rie temperatureTC and long-term storage at room tempera-
tures. The system memory can be erased only by heating the
sample above the temperatureTe, which was found to coin-
cide with the experimentally determined upper temperature
limit of the existence of Q2 distortion and theoretical critical
temperatureTsp of the transition to the vibronic ferromag-
netic state. We believe that all these temperatures are mani-
festations of a temperature scale in doped manganites, which
can be identified as a Griffiths temperature in a general sce-
nario of clustered states in solid-state systems.
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