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Transport, magnetic, and thermal properties of phase-separage@d,aMnO; crystal were studied in a
wide temperature range down to 10 K. At low temperatures below the Curie Pgmi84 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 > T~ 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 temperaturesTabnag be considered an indirect proof
for the existence of one more temperature scale in disordered manganites.
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. INTRODUCTION of the *%.a NMR signal upon heatinty!! and reduction of
the orthorhombicity at temperatures below the critical
Manganite perovskites LaCaMnO; (LCMO) are char-  point!® An ensemble of these features is considered to be a
acterized by a complex phase diagram containing a rich vafingerprint of the cluster spin-glass transition specific for dis-
riety of magnetic and electronic phases. The ground state afrdered manganite’st®
low Ca-dopedx<0.07, LCMO is canted antiferromagnetic = However, the most prominent feature, which is likely re-
(AFM) insulator. For a doping level contained within the sponsible for most of the peculiar properties of perovskite
0.07<x<0.22 range, a dominant ferromagnetic insulatingmanganites, including the colossal magnetoresist€ObR)
(FMI) ground state appears. For 028<0.5 the ground effect, is the pronounced phase separaiiB in a wide
state becomes a ferromagnetic metalfié/) state! Double  temperature range, leading to a dynamic coexistence of vari-
exchange(DE) interaction is claimed to be responsible for ous phases with different propertie&Competition between
establishing ferromagnetism in LCMO through a strongmagnetic and orbital ordering of coexisting phases may re-
Hund'’s coupling between hoppirg electrons at neighbor- sult in the appearance of metastable states manifesting them-
ing Mn®* and Mrf* sites. However, for low doping levels, selves in metastable conductad®é’ nonequilibrium and
below the percolation threshofdk<x-~0.22, an additional nonstationary magnetization slowly relaxing after changes in
FMI phase, incompatible with the DE mechanism has beeithe applied magnetic fieRf;18 or two-level noise and resis-
observed® tance memory effects:*®20The overwhelming majority of
According to recent theoreticadl and experiment4t®®  experimental evidence of the relaxation processes and meta-
studies, the superexchan@®E) interactions and orbital or- stable states is based on the effects related to changes in the
dering(O0) may govern the transport and magnetic proper-applied magnetic fiel#21-22We have previously reported
ties of low-doped manganites along with the DE interactionson the appearance of a rich variety of metastable states in-
Neutron diffractiont® NMR,*>! magnetizatiodt?*® and  duced by means of electric-field and current procedures in
Mossbauél* data indicated that LCMO samples with 0.125 La, gCa, ,;MnO; single-crystalline samplé<. Specific elec-
=<x=<0.2 undergo an additional phase transition &t tric bias procedures generally caused a reduction of the pris-
~70-80 K well below the para-to-ferromagnetic transitiontine resistivity and resulted in the appearance of reproducible
at Curie temperatur@.. The additional phase transition is structures in the-V curves.
accompanied by a number of peculiar features, such as In this paper we report on experimental investigations of
strong frequency dependence of the ac susceptiMitfre-  current-induced and spontaneously created metastable and
markable rotation of the easy magnetization dXigjpeout  nonequilibrium states in l@aCa, ;MnO; single crystals in
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which the metastable resistance significantly exceeds the | ____. : .
. . -- N higher resistance
pristine state one. In particular, we concentrate on slow re- " metastable stato
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sistivity relaxation at low temperatures and resistance 104

memory effects. To get a deeper insight into physics associ- %

ated with metastable resistivity we have also performed ad- £

ditional magnetic and calorimetric measurements. % B SRV
X 14 pristine state H=0

pristine state H=14.5 kOe \

Il. EXPERIMENTAL DETAILS T T . T T
50 100 150 200 250 300
The experiments were performed with Jg€& -,MnO; Temperature (K)
single crystals grown by a floating zone method, as described
elsewheré* As-grown crystals were cut into individual ~ FIG. 1. Temperature dependence of the resistance of
samples for resistive and magnetization measurements.6C&.2MnO; crystal measured with 100A dc current. Solid
Samples for the resistivity measurements were prepared jipe: pristine r(_a3|st|ve state &=0, dotted line: _prlst_lne state at
the form of 8< 3x 1.6 mn bars, having the longest dimen- 4.5 kOe applied parallel to the current flow direction aldtige
sion along the(110 crystallographic direction. Current and (110 crystallographic axis, dashed line: higher-resistivity meta-
voltage leads were indium soldered to the pre-evaporatetaetitble state created by current procedures at low temperatures, see
gold contacts. '
Measurements of current-voltage characterisitsV) — mum located alf~70 K, after which the resistivity slowly
and differential resistancéRy=dV/dl) were made at zero grops to the low temperature finite value.
applied magnetic field in a standard four-point arrangement. The LCMO sample may spontaneously jump to a higher
The separation between the voltage contacts was of the ordgssistivity metastable state when maintained for a long time
of 1 mm. We have used 10A at 613 Hz current modulation  at Jow temperatures close to the low temperature resistivity
for the phase sensitive lock-iRy measurementsX(T) char-  maximum. The probability of such a transition is strongly
acteristics were measured in a dc mode using 204480 enhanced by extensive bias current and/or magnetic field
current flow. The resistance measurements in applied magweeping, as well as by repeated thermal cycling between
netic field were performed for the field directed parallel tojow and room temperatures.
the current direction. A freshly established metastable state exhibits strong in-
In addition to the transport measurements, series of magstabilities and resistivity jumps as shown in Fig. 2. Some-
netic and calorimetric measurements have been performe@imes it may even spontaneously return to a pristine state. An
Magnetization measurements have been performed in théxample of such a reentrant transition recorded during
temperature range 4.2-220 K by means of a vibratingsweeping of the magnetic field is presented in the inset to
sample magnetometer. The specific heat was measured Byg. 2. With continuing thermal or bias cycling, the resistiv-
means of the relaxation method, using a specific heat optiofly jumps and reentrant transitions became more rare and
of the Quantum Design physical property measuring systeraventually disappear after a few cycles, leaving the sample in
(PPMS. the long-lifetime higher-resistivity metastable state.
Metastable resistivity in LgCa) ,MnO; samples can be

spontaneously established during thermal or bias cycling.
IIl. RESULTS AND ANALYSIS

Low temperature resistivity of lgCa  ,MnOs single 7R, T=60K e
crystals, like that of other lightly Ca-doped LaCaMnO; 3017 -1
compounds, strongly depends on magnetic, thermal, and cur-
rent bias history of the sample. Moreover, similar to a previ-
ously reported case of bkafa,Mn0Oz% the

Lay Caq MnO; 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 ofylg@a, ,MnO; crys- 0 . . ; ; .
tal recorded at zero applied magnetic field and Hat 0 5 100 150 200 250
=14.5 kOe. The lower resistivity curves were recorded dur- Tomperaturs {K)

mg Cooll_ng F’OW“ the sample in the prlgtlne state, while the FIG. 2. Pristine state resistan@®lid line) and evolution in time

high resistivity curve fOHOWS the .eVOIUI'on, Qf one of meta- of the freshly established higher resistivity metastable state during

stable states. Zero field recordings exhibit a pronounced,psequent thermal cycles marked with dashed, dotted, and dashed-
maximum at temperature coinciding within the experimentalotted lines. Note the extended instabilities and resistance jumps.

error, with the Curie temperature evaluated from independenthe inset shows an example of a spontaneous transition from a

magnetization datdc=184 K3 All R(T) curves exhibit @ freshly established higher-resistive state to a pristine state. The

minimum atT= 140 K, followed by a subsequent resistivity points labeled 1 and 2 mark the start and the end of the magnetic-

upturn at low temperatures. The upturn ends in a broad maxfield cycle. The arrow indicates a jump in the dynamic resistance.
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FIG. 3. Pulse enforced transition to high resistivity stateT at FIG. 4. D . ist f th isti tat ti
=10 K. Dashed line: cooling down of the sample in the pristine - 4. bynamic resistance of the pristine state vs magnetic

state. Application of 10 V, 10 ms voltage pulse to the sample at thé"alOl at various temperatures.

point (a) rises the resistance to the level labeledt®s The subse- The open MR hysteresis loop recorded at 7%/g. 4)
quent two pulses increase further the resistance to the levels markeqyicates that the observed hysteresis is not due to a real
(©) and(d). The maximum current in each voltage pulse has beennagnetic hysteresis, but is rather caused by nonstationary
limited to 40 mA. The pulse-treated sample has been brought fronﬂesistivity, which relaxes following changes in the applied
low to the room temperature along the dotted curve. The pulse: agnetic field. In fact, in the same temperature range we

induced metastable state has a strong memory of its state as inqg, o \poened hysteretic behavior of the resistivity, as illus-
cated by the solid curve recorded after storing the previously pUIsefrated in Fia. 5. showina the dvnamic resistance of a pristine
treated sample at room temperatures for more than 48 h. 9.2, 9 y P

state sample during several consecutive slow current cycles
However, it turned out that an even more pronounced highbetween the maximum positive and negative values. After
resistivity metastable state can be enforced by biasing theringing the current back to zero the resistance slowly re-
sample with a series of voltage/current pulses at low tembaxes to an equilibrium value of the starting point, as indi-
peratures. An example in which a metastable state has beeated by a double arrow in Fig. 5.
induced by a pulse treatment is illustrated in Fig. 3. Here, we Resistivity relaxation has been seen directly after an
have applied three subsequent voltage pulses with 10 V anabrupt turning on and off of dc current of relatively low
plitude and 10 ms length to the sample cooled down to 10 Kdensity, as illustrated in the inset to Fig. 6. The relaxation
in the pristine state. The maximum current within each pulsegate of the resistivity depends on the height of the current
was power supply limited to a maximum of 40 mA. As seenstep, temperature, and the state at which the relaxation is
in Fig. 3, this treatment causes a progressive increase of th@served. In general, the relaxation rates in more resistive
resistance from the initial pristine 1@ range to 2.5 R, i.e.,  states are slower. It is apparent that the relaxation rates ob-
by three orders of magnitude. served in a given state after turning on and off the same
The metastable states are characterized by a relativelyurrent are identical.
long lifetime, significantly exceeding the time scale of an Low-temperature nonstationary processes, in the form of
experiment. In practice, only heating of the sample aboveslow relaxation of the magnetization and resistivity after
T=T.,~350 K can erase the memory and rejuvenate the resteplike changes of the magnetic field, were widely reported
sistance to the pristine state. The strength of the memorin the literature®®25-28To describe the resistance relaxation
effect is illustrated by a solid line in Fig. 3, showing the we have used the same stretched exponential formula that
temperature evolution of the resistance of a sample that hagas commonly employed to describe the magnetization and
been pulse treated at low temperature, brought to the roomesistivity relaxation processes in manganites after steplike
temperature, and maintained for more than two days athanges of the applied magnetic field
300 K.
MagnetoresistancéMR) of Lag {Cé& ,MnO; strongly de- 11.44
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-insulat@vil) transi-

11.2

dvidi (Q)
P

tion, see Fig. 1. At low temperatures beldw the MR is 10.8

negligible to reappear again only as weak reentrant negative

MR effect around the resistivity maximum at 10.6+

35 K<T< 120 K. In this temperature range we also observe 5 3 0 3 6
a significant magnetic hysteresis that is absent at other tem- Current (mA)

peratures, as illustrated in Fig. 4. Eventually, at low tempera-

tures, below 35 K, the magnetization and resistance are al- F|G. 5. Evolution of the pristine state dynamic resistance during
most constant and MR does not exceed 1% for magnetigycling of the bias current at 80 K. Current sweep starts at point 1.
fields up to 15 kOe, the maximum field available in this ex-After stopping the sweep at point 2 the resistance slowly relaxes
perimental setup. back to initial point 1, as marked by a double arrow.
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FIG. 6. Temperature dependence of the characteristic relaxation )
time 7 for a pristine, and one of the higher resistivity metastable G- 7. Heat capacity of the kaCa MnOs crystal as a func-

states. The line is a guide to the eye. Inset: exponential relaxation d_fon of temperature in zero magnetic fieldquares and inH
the dynamic resistance after turning on and off 10 mA dc current 70 kOe(triangles. The inset shows the excess part of the specific

step at 40 K. The instants of turning on and off the current ar eat, obtained by subtracting the smooth background contribution
marked with dotted lines. from the specific heat in the vicinity of the paramagnetic-to-

ferromagnetic phase transition. Note the pronouncstiape of the

zero-field curve.
R(t) = Ry[1 + exp— #/t)A™], (1)

where #(T) is a characteristic temperature-dependent relax- Specific heat data obtained during cooling and heating
ation time and 6< <1 is a dispersion parameter accounting"uns practically coincide, both foH=0 and 70 kOe. The
for a distribution of the involved energy barriers, which lack of thermal hysteresis aroufi¢ may be seen as signa-
causes the distribution of relaxation times in the systemfure of the second-order type of FM to paramagnefit/)
Typically, «(T) decreases exponentially agg{T) increases Phase transition. To get a better insight into the character of
linearly with increasing temperatur&s25-28 In our case, this phase transition we have subtracted the smooth back-
however, we have found th@~1 and the current-induced 9round, obtained by polynomial fitting, from the data around
relaxation process can be well described by a single relaxh€ peak. The remaining excess part of the heat cap&zity,
ation rate. The experimentally determined temperature de1as @ well-pronounced-shaped form, see inset to Fig. 7,
pendence of(T), as observed in the pristine and one of theconfirming that the discussed phase transition is of the sec-
higher resistivity metastable states, is shown in Fig. 6. Not@nd order. -
that the relaxation time reaches the maximum between 75 The proportionality of the specific heat to the temperature
and 85 K. coefficient of the resistivitd R/dT in the vicinity of T, see
Surprisingly, no relaxation of resistance has been obfid- 8, proves the magnetic character of the specific heat
served when the sample was directly immersed into th®€ak as expected for a Fisher-Langer—type anomaly associ-

liquid-nitrogen bath. This fact suggests that heat dissipate@®d With a decrease in spin disorder scattering below the
by current flow may be responsible for the observed resistransition temperaturé Applied magnetic field orders spins
in the transition zone, resulting in the disappearance of the

tance relaxation. If this is indeed the case, then one would! 1€ : e
expect that either the heat capacity of our sample follows thePecific heat peak and smoothing of ) characteristics.

temperature evolution of the relaxation rate and exhibits Vith decreasing temperature t&/dT characteristics show
maximum at temperatures for which the time required to? r!ch structure, whl_ch is not repeated in the specific he_at,
reach the thermal equilibrium in our samples reaches thildicating that the Fisher-Langer scenario cannot be applied
maximum, or the heat conductivity of the sample should ex!" the temperature range of the resistivity relaxation.

hibit a minimum in the temperature range coinciding with

the maximum of the relaxation time. To enlighten this prob- 0.4 100
lem we have performed calorimetric measurements in the ” -
temperature range 2—300 K in zero applied magnetic field go.z- P ;
and inH=70 kOe. The results presented in Fig. 7 show a g E
singularity at the temperature of the paramagnetic-to- % 0.04-& gl . 3’
ferromagnetic phase transition. The peak position corre- 180
sponds to the Curie temperatufg and MI transition at the 0.2
resistivity peak in Fig. 1. However, our data do not show any — —

0 50 100 150 200 250

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, gig. 8. specific heat measured at zero magnetic field is propor-
nevertheless, any anomaly in the heat conductivity should bgonal to dR/dT in the vicinity of the para-to-ferromagnetic phase
also reflected in the relaxation time of the thermal exchang@ansition. Characteristic temperatufg at whichdR/dT=0 marks
between the sample and calorimeter. This quantity has be&Re inflexion point of the low temperature reentrant part of RGE)
carefully measured and did not show any anomaly in theharacteristics. The dotted line is placedlatT. determined from
investigated temperature range. the magnetization measurements.

Temperature (K)
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FIG. 9. (@) Dynamic resistance vs current of a pristine state . i
sample subjected to different cooling procedures and pulsed current FIG. 10. The difference between FC and ZFC low-field magne-
treatments. Curve 1—after quick coolitidirect immersion in lig- tization as a function of temperature. A broad step at low tempera-
uid N,); curve 2—after relatively slow cooling to 100 K with the tures is enlarged in the inset. The inflexion point of the experimen-
rate of about 3 K/min and subsequent immersion into liquid N & AM(T)=Mgc=Mzec curve is at 68.2 K.

bath; curve 3—after a quick cooling and subsequent application 0?‘ : : : P ;
. . ncreasing current, while th i havior i nin th
a train of current pulse$+40 to —40 mA; curve 4—obtained 9 e the opposite behavior is see the

from curve 3 after application of an additional current pulse slowly cooled sample. Application of two subsequent 40 mA
: ) amplitude, ith di iti -
(+40 to —40 mA at H=5 kOe.(b) Dynamic resistance vs current P 10 ms current pulses with different polarities re

: o _ duces the resistivity of the quenched pristine state and con-
for high-resistivity metastable state obtained by means of pulse CUlerts it to a lower resistivity metastable state, see curve 3
rent treatment at 10 K. Curve 1—after sldvate~3 K/min) cool- ' ’

ing to 100 K followed by a direct immersion in liquid Ncurve 2 similar to what has been previously observed in
\ 17 o g
— obtained from curve 1 after application of a current puIseLaO'Bzcao'lgMnos' Additional current pulses applied in the

) . . ~~presence of 5 kOe magnetic field further reduces the resis-
'E;)‘rlnooft%n_e‘lr?wclxg ;:ﬁlrjrrc;/r?tiaszbtamed from curve 2 after applica- tiyit_y,_see curve 4. I_n a _marked difference, the dynamic re-
' sistivity of high resistivity metastable stai@.5 k() at T
The final blow to the heating scenario came from the ob=10 K) created by means of pulse treatmentTat10 K
servation that resistance was decreasing after a steplike igtrongly decreases with increasing current. Moreover, appli-
crease of the dc current, not only in the temperature range afation of analogous current pulse procedures to the sample in
the resistivity upturn, wherelp(T)/dT<0 and a small in- very high resistivity metastable state leads to subsequent de-
crease of the sample temperature due to the heat dissipatertases of the resistance, see Fig).9
by current flow could explain slow resistivity decrease, but It is worth underlining that metastable states in our ex-
also at temperatures below the low temperature resistivitperiments could be created and modified only at low tem-
peak, wherealp(T)/dT>0. We have observed a reduction of peratures below the onset of the resistivity relaxation. The
the resistance after turning on the current also at the temperanset temperature coincides roughly with the temperature of
tures below the low temperature resistivity peak. A simplethe broad resistivity minimum. The following low tempera-
heating mechanism should result in an increase of the samptare resistivity reentrance is accompanied by peculiar fea-
resistance with increasing temperature, contrary to the exures reminiscent of glassy freezing, such as a remarkable
perimental reality. Consequently, the lack of resistivity relax-difference between field-coole@dC) and zero-field-cooled
ation in samples immersed directly into liquid-nitrogen bath(ZFC) dc magnetization at low fields, and a steep decrease
cannot be explained by a high efficiency of cooling throughand frequency dependence of the ac susceptiBitify.
a direct contact with a liquid cryogen. This effect should be Magnetization measurements show that in
rather attributed to the very high cooling rate in the finalLag {Ca -,MnO; samples ZFC magnetization starts to deviate
stage of cooling at which samples reach the liquid-nitrogerfrom the FC value immediately beloW.** However, within
temperature. a narrow temperature range, which roughly coincides with
It has been already demonstrated that the sample resistithe appearance of the maximum in relaxation times, there is
ity strongly depends on the cooling rate with which the phasein additional slow increase of FC magnetization with de-
transition has been crosst®21-22The underlying physical creasing temperature accompanied by a slow decrease of
reason is the degree of phase separation that depends on #eC magnetization. The resulting broad smeared steplike
cooling rate. We have found that in § &Ca, ;MnO; crystals  feature is shown in Fig. 10, in which the difference between
it is not only the resistivity, but also the shape of the current-ZFC and FC magnetization measured at 100 Oe is plotted as
voltage characteristic$-V, that strongly depends on the a function of temperature. The first sharp and narrow feature
cooling rate and specific bias procedures. Figus Shows on theAM(T) curve in Fig. 10 coincides with the Ml transi-
R4(1) characteristics recorded after dropping a pristine statéion at Te. A significant difference between ZFC and FC
sample directly into the liquid nitrogen, curve 1. The charac-magnetization just below the magnetic ordering transition
teristics of the same sample immersed into the cryogen batmay be related to changes in the magnetic anisotropy and
after relatively slow precooling with the rate of 3 K/min is coercive fiel3 An additional broad increase of the magne-
shown in curve 2. The difference between bByfil) charac- tization difference at low temperature is centered Tat
teristics is particularly pronounced in the vicinity of zero =68.2 K, as determined as the inflexion point of thiel(T)
bias. In the quenched sample the resistivity decreases witturve.
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As shown in our previous repofi the real and imaginary g 3

part of ac magnetic susceptibility became frequency depen- ]
£
dent at temperatures beloW.. The y’ curves show pro- s 9
nounced cusps that move to higher temperatures with in- é
creasing frequency. The cuspsyif{T) are accompanied by a O
sharp drop iny'(T) characteristics occurring at the same ’8‘ 02
temperature. The onset of decrease of the real part of ac o 6400
susceptibility also moves to higher temperatures with in- S
creasing frequency. This frequency-dependent temperature ol M @ ' .
shift can be attributed to relaxation phenomena in the spin 0 50 100 150 200 250 300
system and characterized by a factor Temperature (K)
K = ATCUSE ) FIG. 11. The difference between specific heat measurdd at
- TcusrA(lgw), =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
where T, refers to the temperature of the maximum in dashed ellipsoid, from which the background contribution has been
x(T) curve andAT, to the cusp position difference ob- subtracted.
served at a given frequency difference. The calculated value

of the K factor for our Lg¢Cé&MnO; sample is 0.035, iy an expanded scale. The revealed exck8sat the spin-
which falls in the range typical for spin glassés. _glass transition is 0.23 J/n#6] which is indeed very small

In conventional spin glasses the critical slowing down isas compared to the analogous specific heat difference peak
characterized by a relaxation time which diverges at the  Ac=7 J/molK at the para-to-ferromagnetic transition, see
critical freezing point a8 Fig. 7. Most likely it is unfreezing of the spin-glass state that

T —T.\2 provides an additional small contribution to the zero field

f G) , ©)] specific heat at this transition point.
Ts We want to stress that it is very difficult to separate mag-
where, is the shortest relaxation time available in the sys-netic contribution to specific heat in spin-glass systems from
tem, z is the dynamic exponent; is spin-correlation length overwhelmmg phonon and electron contributions at ter'n.pera—
exponent]T is the glass transition temperature, aids the ~ tures exceeding the level of a few kelVinOnly the specific
freezing temperature. The typical valuesgfare of the or- differential procedure p_resented abo_v_e er_1abled us to reveal
der of the time of a flip of a single spin atomic magneticthe presence of the spin-glass transition in the specific heat
moment and lie between 16-10*s. By identifying 7,,,,, 92t at higher temperatures.
with the inverse of the measuring frequency and the cusp
temperature of the frequency dependent susceptibility curves
with freezing temperaturd;, we have obtained from the
nonlinear fit to Eq(3) 70=10"'2s,zv=12, and the transition The ensemble of experimental results univocally indicates
temperaturelg=66.7 K. It is interesting to note that similar that the system undergoes glassy freezing at temperatures
fitting procedures performed with the susceptibility data ob-close to experimentally determine@i;. Manganites are
tained with L@ gfCay 1gMINO; single crystald? rendered the known not to behave like canonical spin glas$eJhe
same values ofy and zv parameters. The only difference glassy behavior in manganites is strongly related to phase
between these two systems was a highgr 71.8 K param-  separation and dynamic coexistence of magnetically distinct
eter for La gCa 1gMN05. phase£:?® Phase separation and associated randomness in

Although the presumed spin-glass-like transition does noposition of the spins, together with competing or mixed in-
manifest itself as a singularity on the temperature depenteractions, causes frustration, thus providing the most impor-
dence of the heat capacity, the difference between specifiant prerequisite for the spin-glass-like behavior. Since the
heat measured in zero magnetic field and in the field otlominant interactions leading to frustration occur between
70 kOe, plotted in Fig. 11, supplies a more direct indicationnanoscopic phase-separated clusters, the glassy state in man-
of the presence of a transition in the vicinity of the spin-glassganites is referred to as a cluster spin glass, see Ref. 2 and
freezing temperature. The large, high-temperature anomalyeferences therein.
in AC=C(H)-C(H=0) is associated with the ferromagnetic =~ Resistance metastability, memory, relaxation, and spin-
transition atT=T.. At lower temperaturedC seems to de- glass-like freezing are apparently interconnected. One can
crease to zero monotonically, as expected for systems witbreate and modify metastable states only at temperatures be-
just one paramagnetic-ferromagnetic phase transifion. low the onset of observable resistance relaxation and appear-
However, a more detailed analysis of the spin glass freezingnce of the spin-glass freezing hallmarks. Moreover, spin-
temperature range reveals the presence of an anomaly andjass transition temperaturé;=66.7 K, determined from
significant difference in the behavior afC at temperatures the susceptibility data, coincides with the maximum of the
below and abovél;. The inset showalC from which the relaxation timeTg is very close to the characteristic magne-
background contribution, obtained by a polynomial fit to thetization temperaturel,=68.2 K, marking the center of a
low temperature part of the dependence, has been subtractbbad steplike increase of the magnetization difference be-

Tmax= TO(

IV. DISCUSSION
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tween ZFC and FC processes, see Fig. 10, and to the char- Phase separation and coexistence of two phases with dif-
acteristic resistance temperatufg=62.8 of the center of ferent conductivity is a key element for understanding the
low-temperature resistivity reentrance determined in Fig. 8experimental results. The resistivity of the PS system does
The temperature range of the pronounced resistivity relaxnot depend solely on the ratio of the volumes of coexisting
ation contains, as well, the temperatures at which the temphases, but also in a crucial way depends on the distribution
perature dependence of the difference between specific heaft the conductive domains and their size and siapd.the
measured in the presence of magnetic field and in zero fieldarious stages of the percolation of conductive domains the
changes character amdC goes through a local maximum. system could be “more insulating” or “more metallic,” as is
The transition alg can be interpreted in two complemen- illustrated by a difference in behavior of pristine, low-
tar}sl ways. Pafavassilioet al® concluded from the analysis resistivity, and highly-resistive metastable states upon appli-
of ®*Mn and **®La NMR data that freezing into inhomoge- cation of current scans.
neous OO state constituted by FM insulating domains, sepa- The dependence of the resistive state on cooling condi-
rated by FM metallic walls, occurs &=T,,, which is very tions follows in a natural way from the properties of the PS
close to oufTg. From a structural point of view, the orbitally state. Previously reported FM Bragg peak interiS8itgf
ordered(O’) and orbitally disorderedO*) phases coexist in Lagy ¢Ca, MnO; crystal at low temperatures has been attrib-
a wide temperature range, starting from the ordering temuted to the nucleation or rearrangement of orbital domains,
peratureTo o+ Up to the temperatures much higher than thewhich depends on the cooling rét&hen FM metallic and
Curie temperatur@c. This coexistence may be characterizedcharge ordered insulating phases coexist, as in the case of
by the Q2 orthorhombic distortion, with in-plane bonds dif- Lag sCa gMnO3, slow cooling through¢ favors the conduc-
ferentiating in long and short one, namely the changes itive phase and results in a lower resistance of the satfiple.
structure due to OO are described using the Q2 distoftion.In our case, slow cooling of laCa, ;MnO; throughTc also
Careful x-ray diffraction analysis has shown that the Q2 disfavors a more conductive phase. The lack of observable re-
tortion is constant belowlo _o« and decreases smoothly sistivity relaxation and different form of-V curves in
above To_o« both in paramagnetic and ferromagnetic samples directly immersed into liquid nitrogen can be also
phases. Comparing Ca-doping dependencd@fo.° with related to the cooling rate. Although there was no significant
that of dependence df,*° one may conclude that the tem- difference between slowly cooled and rapidly cooled
peraturesTo/_o+, Ty, and T relate to the very same transi- samples it should be underlined that the major influence of
tion seen through different experimental results. the cooling rate is related to the speed of crossing the phase-
The low-doped LCMO system is unique among othertransition temperature. The “slow cooled” samples were
manganite systems because its phase-separated ground s&tavly cooled to 100 K and then abruptly brought into con-
contains two phases with the same magnetic, but differertact with the liquid cryogen at 77 K. Therefore, even if the
orbital order. Effective Hamiltonian including orbital, spin, magnetic ordering phase transition has been crossed slowly,
and charge degrees of freedom provides a phase-separatbeé samples were rapidly quenched through the first stage of
state constituted by two ferromagnetic phasés.the first  the freezing spin-glass transition. Unfortunately, technical
phase an antiferrodistorsive-type OO is favored by FM sudifficulties prevented us from performing an experiment in
perexchange interactions through coupling between spin anghich samples would be cooled slowly, with the same speed,
orbital degrees of freedom @ electrong For the second down to the immersion in a liquid-nitrogen bath.
FM phase the ferrodistorsive-type OO promotes double ex- Electric field may directly affect the directional order of
change interactions by gaining in the kinetic energy. Recentrbitals and thus alter the magnetic state, when the com-
NMR*% and structurdl investigations of low-doped LCMO pound is insulating enoughAnother way in which electric
samples have confirmed the above model. Therefore, it isurrent may influence the magnetic order and conductivity is
now a well-established fact that two FM phases with distinctoy direct injection of spin-ordered electrons to specific phase
OO and different conductivity coexist in a wide temperatureseparated domains by means of spin-polarized current. It has
range?4:5:9.10.35 been shown that effects of weak and strong magnetic fields
There are several repolg1-2325-28gn relaxation phe- upon the PS state are related to two different relaxation
nomena in manganites observed after changes in the appliedechanisms. Weak magnetic fields cause reorientation of fer-
magnetic field. These procedures affect directly the magnetimomagnetic domains, while strong fields change the topology
order of the sample. Both magnetization and resistance resf the PS staté> By analogy, we propose to distinguish the
laxation have been observed. Our experimental results deneffects of weak and strong currents. The dominant effect of
onstrate resistivity relaxation, metastability, and long-termweak currents likely consist in reversible injection of the
resistance memory due to electric-figlllas currentproce-  spin-polarized carriers into specific ferromagnetic domains,
dures, and are complementary to previously reported effecthius increasing the volume of one phase on the expense of
of abrupt and slow changes of applied magnetic field. Thehe other, while the strong current will act by means of the
similarity between the effects of low-density currents andassociated strong electric field capable of inducing local
relatively strong magnetic fields upon the resistivity of changes to the orbital order in the less conducting phase
lightly Ca-doped manganites have already been described and/or electric field enforced changes of the topology of the
us for the stationary casé.Current experiments extend the phase coexistence. Namely, for this reason, the effects of the
equivalence between the effects of strong magnetic fields anelectric field and current became pronounced only at low
weak electric currents and fields to nonstationary processdemperatures, where the conductivity of distinct ferromag-
as well. netic phases becomes sufficiently different to allow for a
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selective interaction between electric field and PS clusters.Lay {Ca ,MNnOs single crystals. Current pulses applied at low
Experiments with various manganite systems have provetemperatures induce metastable resistivity states character-
that electric field and current can destabilize or even comized by higher resistivity, with respect to the pristine state.
pletely destruct a charge or orbitally ordered st.In Phase separation has been found crucial to understanding
general, the orbital ordering and metalliclike conductivity aréy, o eynerimental data. Electric current/field influence the to-

mutually exclusive. Therefore, transport properties of thepology and the relative volume occupied by two coexisting

La,,CaMnO; system are strongly influenced by nucleation o gnetic phases with different conductivity, due to dif-
and rearrangement of orbitally ordered domains, eSpeC'a”Yerences in their orbital order

in the vicinity of the orbital order-disorder transition, when . S - . .
energies of ordered and disordered phases are comparal IeThe behavior of &}” distinct resistive states is s_trongly In-
and spontaneous transitions between them are possiblienced by the cooling rate and previous magnetic and elec-

Then, moderate electric current and field easily induces reaftic Pias history of the sample. Pronounced exponential re-
rangements of orbital domains and domain walls either bypiStivity relaxation following changes in the applied current
means of spin-polarized current flow or by direct interactionflow has been observed in the temperature range coinciding
with elastic forces. This process is obviously not instantaWith the low-temperature resistivity upturn. Several con-
neous and the relevant time delays will manifest themselvegomitant phenomena enabled us to identify a cluster spin-
in the relaxation of the resistivity. The strong dependence oglass transition aflg, which was found to coincide with
the resistivity on the cooling procedu(Eig. 9) is in agree- several magnetic and resistive characteristic temperatures.
ment with the results of neuron measurements, which reWe associate the glassy transition to the low-temperature or-
vealed metastabilty in both magnetic and structural charadital order-disorder transition.
teristics for low-doped La,CaMnO,.1° Signatures of two phase transitions have been found in
The orbital distortion is stabilized by strong magnetoelas4 a, {Ca, ;MnO5 specific-heat data. The magnetic ordering
tic forces and can be eliminated from the system only byransition turned out to be of the second order, where the
completely removing all nuclei of the influenced phase. Inexcess specific heat follows the Fisher-Langer scenario. The
Lag §Ca MnO; this occurs only when the sample is heatedmagnetic contribution to the specific heat at the glassy tran-

above the memory erasing temperatiig~350 K. This  sjtion has been evidenced in the difference between ZFC and
temperature coincides with the upper limit of the orbitally EC behavior.

ordered-disordered phase coexistence as determined from the |, rent-induced metastable resistivity states are charac-

structural measuremefitas well as with the upper limit of terized by a long-term memory, surviving heating above Cu-

L stence o the bronie conducily proposed bYre temperaturc and ongerm storage at room tempera
polarons progressively condense on cooling as a result Oftgres. The system memory can be erased only by heating the

spinodal phase segregation into hole-rich ferromagnetic Vi§ample above the temperatufg which was found to coin-

bronic(FV) clusters within paramagnetic orbitally ordered or (_:'d.e with the.expenmentally.deteymmed upper t'empe'rqture

disordered matrix. The concentration of hole-rich clusters in/imit of the existence of Q2 distortion and theoretical critical

creases with increasing doping levelnd with decreasing tem_peratureTsp of t_he transition to the vibronic ferromag- _

temperature. Below a critical temperatuFg,> T they be- netic state. We believe that all these temperatures are mani-

come superparamagnetic ferromagnetic vibronic conductiviestations of a temperature scale in doped manganites, which

ity clusters® Even, if T(x) has not been systematically can be identified as a Griffiths temperature in a general sce-

mapped by experiment, for haCaMnO; T, coincides ~ Nario of clustered states in solid-state systems.

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 ACKNOWLEDGMENTS
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