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We report studies on a magnetic glass formed by the arrest of the ferromagnetic-metallic to
antiferromagnetic-insulating transition in a manganite around half doping, La0.5Ca0.5MnO3. The observed
glass-to-crystal conversion rate varies drastically and nonmonotonically with temperature; this variation is
qualitatively consistent with what we predict by phenomenology. We also show that both homogeneous and
heterogeneous nucleation can be obtained in the same sample under different annealing conditions. This gives
rise to a gigantic change in resistivity without application of any magnetic field.
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Glasses form when kinetics is arrested below a tempera-
ture Tg, preserving the high-temperature structure while
avoiding the first-order liquid-solid transformation at TC. The
inequality between the free energies of the two phases
changes sign at TC, but because of the free energy barrier
separating the two phases, the low-temperature ordered
phase may actually form only when the fluctuation energy in
the disordered phase is sufficient to overcome this free en-
ergy barrier.1 If heterogeneous nucleation is inhibited by the
absence of seeds for nucleation, then the supercooled state
persists below TC, and homogeneous nucleation takes place
only when the free energy barrier reduces to �kT in the
neighborhood of the supercooling limit T*. The kinetics of
this transformation process can get arrested for Tg�T* when
the liquid is metastable �see the schematic in Fig. 1�. Then,
the supercooling of the high-temperature phase can seam-
lessly lead to the kinetically arrested glass phase if heteroge-
neous nucleation is prevented. Such systems where slow
cooling of samples free of nucleating sites produces glass is
known in glass formers such as ortho-terphenyl.2 Further
cooling will retain the kinetically arrested glass state even
while lowering the temperature below T*, where the free
energy barrier has disappeared �see the schematic in Fig. 1�.
The lack of dynamics in this kinetically arrested state helps
retain the liquid structure in a temperature regime where its
free energy is unstable and prevails over thermodynamics. In
such cases, splat cooling or even rapid cooling is not needed
for glass formation. The unstable glass retaining the liquid
structure can also be obtained when Tg is lower than T*, but
rapid cooling is necessary with the time for cooling being
much shorter than the finite time required for the structural
rearrangement accompanying crystallization. Such behavior
with Tg�T* is noted in metallic glasses.3

We now consider what happens as the glass is warmed
from well below Tg to just above Tg in these two cases, i.e.,
for Tg�T* and Tg�T*. In the case where Tg�T�T*, ki-
netics is restored to a state that is unstable in that there is no
barrier in free energy, and the “glass” rapidly converts to the
crystalline solid. The conversion rate is dictated by the kinet-
ics and will be faster as temperature is raised since kinetics is
faster at higher temperatures. If the temperature T is raised
above T* before devitrification is complete �this applies also
in the case where Tg�T*�, kinetics is restored to a state that
is now metastable. No devitrification or rapid conversion to
the crystalline solid would occur because there is now a bar-

rier in free energy. A slow conversion would be seen due to
thermal activation over the barrier, and the conversion rate is
dictated by the height of this free energy barrier, the conver-
sion is now slower at higher T since the barrier rises rapidly
with rising T.1,4 We shall show later from time decay mea-
surements these contrasting temperature dependences, but
the glass we study belongs to the recently discovered family
of “magnetic glasses”5 described below.

Arrest of kinetics can also inhibit a first-order field �H�
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FIG. 1. �Color online� Evolution of free energy as a function of
T and the heuristic H-T diagram for a first-order FMM to AFI
transition below the TC. �a� shows the free-energy landscapes for
T�T*, and its evolution with increasing T is shown from 1 to 3. In
a situation when T�T*�Tg, the high-temperature phase �FMM� is
frozen as glass in an unstable state �without a barrier�. �b� shows the
situation above T*. The energy barrier separating the metastable
state from the equilibrium state increases with T, as shown for cases
4 and 5. �c� The anticorrelated broadened �H*,T*� and �Hg ,Tg�
bands are represented by four regions, viz., W, X, Y, and Z. While
cooling, if a region encounter the corresponding �Hg ,Tg� before it
crosses the respective �H*,T*�, then it will get arrested in the high-
T FMM phase and remain as a glassy phase down to the lowest T.
The overlap of the bands at H=0 indicates that there is some ar-
rested FMM phase even when the system is cooled in H=0. Cool-
ing in higher field will render larger fractions as an arrested FMM
phase. The significance of points A, B, and C are discussed in the
text.
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and temperature induced transition where both the phases on
either side of the transition have a long-range structure, in-
cluding magnetic order. It has been shown recently that
many disorder-broadened first-order magnetic transforma-
tions are interrupted by a glasslike arrest of kinetics. These
materials range from collosal magnetoresistance �CMR�
manganites,6–10 to magnetocaloric materials11–13 and other
intermetallics,5,14,15 and offer advantages in studying the be-
havior of glasses. Here, TC and T* vary rapidly with H, and
relative positions of Tg and T* can be changed by cooling in
one value of H and warming in another value of H. By slow
cooling the sample in a value of H where Tg�T*, and then
isothermally varying H at T well below Tg, we can have a
glass at any other field H† �including that for which Tg
�T*� without having to take recourse to rapid cooling.
Through this protocol, a glass can form during slow cooling
when Tg�T*, but devitrifies when Tg�T* on heating.9,12

Further, the broad transition presents a situation where a
glasslike unstable or metastable state �Fig. 1� coexists with a
crystallinelike equilibrium state.5–12

The first-order transition temperature �TC� in such systems
will, because of the intrinsic disorder, have a distribution of
values over regions having a dimension of the order of cor-
relation length. The first-order field and temperature induced
transitions are broadened with respect to the control vari-
ables like H and T resulting in the �HC ,TC� line being broad-
ened into a band.16,17 The spinodal lines corresponding to the
limit of supercooling �H* ,T*� and corresponding to the limit
of superheating �H** ,T**� would also be broadened into
bands.6 Each of these bands corresponds to a quasicontinuum
of lines; each line corresponds to a region of the disordered
sample with a length scale of the order of the correlation
length. If kinetic arrest were to occur below a �Hg ,Tg� line in
the pure system, the disordered system would have a �Hg ,Tg�
band formed out of the quasicontinuum of �Hg ,Tg� lines.
Each line would again correspond to a local region of the
sample. If the lines in each of these bands correspond to
different regions of the sample, one can seek a correlation
between the position of a line in the �Hg ,Tg� band and the
position of the corresponding �i.e., from the same region�
line in the �H* ,T*� band. An anticorrelation has been pro-
posed between Tg and T*,18 which is experimentally verified
in many such magnetic transitions6,8–10,12,14 where regions
with higher Tg have lower T*.

Another advantage in studying these materials to under-
stand metastable behavior arises from Tg being different �just
like TC or T*� for different regions of the sample. This
“broadening” of Tg offers a situation where Tg�T* for some
regions �at a given H� but not for other regions. In the sche-
matic in Fig. 1�c�, the anticorrelation reported earlier be-
tween Tg and T* bands is invoked and we show a case where
the highest Tg is above the homogeneous nucleation T*. The
regions with higher Tg are arrested when we cool because
homogeneous nucleation has not yet taken place at Tg and
remain in the high-T “liquid” phase, while the regions with
lower Tg transform to the equilibrium phase before their ki-
netics is arrested because their Tg is below their T*. If this
“coexisting phase” is now warmed above Tg �but below TC�,
the fraction of the coexisting phases is maintained. On a

second cooldown from this intermediate annealing tempera-
ture Ta�TC, the already transformed phase acts like nucle-
ating seeds. The regions that did not undergo homogeneous
nucleation during the first cooldown can now undergo het-
erogeneous nucleation well above T* and, thus, above their
Tg. We shall show later that both homogeneous and hetero-
geneous nucleation can be obtained in the same sample un-
der different annealing conditions.

A polycrystalline La0.5Ca0.5MnO3 sample has been pre-
pared through a well-established chemical route known as
“pyrophoric method.” High purity ��99.9% � La2O3,
CaCO3, and C4H6MnO4.H2O are taken in stoichiometric
quantities as starting materials. These materials are dissolved
in aqueous nitric acid, and the resulting solutions are mixed
together with triethanolamine. The complex solution is
heated to dehydrate and decompose, leaving behind organic-
based, black fluffy precursor powder. This dried mass is then
grounded to fine powder, pelletized, and then calcined at
1000 °C for 3 h in oxygen atmosphere. The powder x-ray
diffraction �XRD� was carried out using an 18 kW Rigaku
Rotaflex RTC 300 RC diffractometer with Cu K� radiation. A
Rietveld profile refinement of XRD pattern confirms that the
sample is in single phase without any detectable impurity
and crystallizes in orthorhombic structure with a pnma space
group. The resistivity and magnetic measurements are per-
formed using commercial setups �14 T physical property
measurement system vibrating sample magnetometer
�PPMS-VSM�, M/s Quantum Design, USA�. All the tem-
perature variations are done at the fixed rate of 1.5 K /min.

Figure 2�a� shows the magnetization as a function of tem-
perature measured in 1 T field under various protocols. The
hysteresis between field-cooled cooling �FCC� and field-
cooled warming �FCW� paths indicates a disorder-broadened
first-order transition from ferromagnetic-metallic �FMM� to
antiferromagnetic-insulating �AFI� with reducing tempera-
ture. However, a substantial magnetization in the low-
temperature antiferromagnetic phase, similar to Ref. 19, sug-
gests the persistence of ferromagnetic phase. Based on the
measurements similar to those reported earlier in the glass-
like kinetically arrested magnetic systems,6,8–12 we propose
that the AFI state is in equilibrium at low temperature and
the FMM phase fraction exists as the nonergodic kinetically
arrested glassy state.20 We can collect larger fractions of a
glasslike arrested FMM phase at 5 K by cooling in a 6 T
field and then reducing the field to 1 T.6,9,10 This glasslike
arrested FMM state devitrifies on heating, as depicted in Fig.
2 by the rapid fall in magnetization �of the 6 T cooled state�,
which approaches the equilibrium AFI phase while warming.
This half-doped manganite should have the spin-aligned
value of 3.5� /Mn accompanied by metallic conductivity.19

The observed 1 T fcc magnetization of 0.61�B /Mn at 5 K
can be attributed to a frozen FMM phase fraction of about
17%, which is close to the percolation threshold for electrical
conductivity. Hence, around this FMM phase fraction, the
drastic resistivity �R� changes are a more sensitive tool, com-
pared to the magnetization, to probe small changes in the
phase fractions. Figure 2�b� shows the heating and cooling
cycles of the zero-field resistivity. Apart from the expected
thermal hysteresis, the decrease in resistivity with the de-
crease in temperature below 70 K �this is clearer in Fig. 4�
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reflects the presence of the FMM phase fraction in the AFI
matrix. Similar to magnetization, the zero-field resistivity
also shows a larger fraction of FMM phase when the sample
is cooled in 6 T �Fig. 2�b��. Different values of magnetiza-
tion and resistivity in the same measurement temperature
�5 K� and field �1 T for magnetization and zero for resistiv-
ity� indicate the presence of nonergodic states. The concomi-
tant sharp decrease in magnetization and the increase in re-
sistivity of the 6 T cooled state around 20 K, as shown in
Figs. 2�a� and 2�b�, result when this arrested nonergodic
FMM phase devitrifies to the AFI phase on warming.9

To study the evolution of this FMM glass, we measured
resistivity as a function of time at different temperatures.
During cooldown from 320 to 5 K in 1 T, �17% of the
sample has a frozen metallic fraction, whose Tg�T*. This
glassy fraction remains invariant when the field is isother-
mally reduced to zero at 5 K. The sample is then heated to
the measurement temperature, and resistivity is measured as
a function of time for 2 h. Following this procedure, the time
dependence of resistivity is measured at different tempera-
tures, but in Fig. 3, we show only a few of them for clarity.
Resistance rises more rapidly with time as the measurement
temperature is increased from 60 to 80 K. This is consistent
with the kinetics being faster at higher temperature and the
above phenomenology of free energy barrier being negligible
at both temperatures �see Fig. 1�a��. The time evolution of
resistance at 100 K is much slower and decreases further as
the temperature is raised to 110 K and higher. This is con-
sistent with the above phenomenology that at 100 K and
above, the FMM glass fraction is left in a local minimum of
free energy, and excitation over the free energy barrier is
required to convert it to the equilibrium AFI phase �see Fig.
1�b��. The barrier rises sharply1,4 as temperature is raised
above 100 K, and the increased barrier dictates a slower con-
version even though the thermal energy is more. Thus, we

infer that 80 K�T*�100 K in zero field, which is consis-
tent with the data shown in Fig. 2 and also reported
elsewhere.20 We may note that the actual starting values of
resistivity at 100 K lies between those at 60 and 80 K �inset
of Fig. 3�, ruling out any artifacts having dominated the
time-evolution measurements.

Figure 4 shows the resistivity measurement in zero field.
The inset shows the thermal hysteresis across the first-order
FMM to AFI phase while cooling from 320 to 5 K and again
heating from 5 K. However, in this cooling process, the com-
plete transformation to the AFI state has not taken place even
after approaching the lowest temperature. This is evident
from the main panel of Fig. 4 where instead of heating all the
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FIG. 2. �Color online� Temperature dependence of magnetiza-
tion in 1 T field and resistivity in zero field of La0.5Ca0.5MnO3

measured under different protocols. �a� M vs T while cooling �FCC�
in a 1 T field from 320 to 5 K and again while warming �FCW�
from 5 K shows the thermal hysteresis accompanying the first-order
ferromagnetic to antiferromagnetic transition. After cooling the
sample in a 6 T field, the field is reduced isothermally to 1 T at 5 K
and M is measured while warming. The large value of M at 5 K
reflects a dominant arrested ferromagnetic phase, and its devitrifi-
cation starts at around 20 K. �b� R vs T while cooling in a zero field
from 320 to 5 K and again while warming from 5 K shows the
thermal hysteresis accompanying the first-order metallic to insulat-
ing transition. After cooling the sample in the 6 T field, the field is
reduced isothermally to zero at 5 K and R is measured while warm-
ing. The low value of R at 5 K reflects a large fraction of arrested
metallic phase, and its devitrification starts at around 20 K.
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FIG. 3. �Color online� Time dependence of resistivity at differ-
ent temperatures for the La0.5Ca0.5MnO3 sample. For measurement
at each temperature, the sample is cooled in a 1 T field from
320 to 5 K Then, the field isothermally reduces to zero, and the
sample is warmed to the respective T. The main panel shows the
evolution of R after it is normalized to the respective values of R at
t=0. The inset shows the evolution of R in absolute units.
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FIG. 4. �Color online� Resistivity of La0.5Ca0.5MnO3 in zero
field while cooling from 320 K �path 1�. Then, R is measured while
warming to 130 K �path 2� and cooling to 5 K �path 3� followed by
warming all the way to 320 K �path 4�. The sharply rising resistiv-
ity after warming to 130 K is a consequence of the additional AFI
phase formed by heterogeneous nucleation. The inset shows com-
plete thermal cycling between 320 and 5 K measured after comple-
tion of the four paths shown in the main panel, bringing out the
first-order transition.
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way from 5 to 320 K the sample is heated up to 130 K and
cooled back again to 5 K. A spectacular increase in resistiv-
ity takes place, giving rise to about four times increase in
resistivity at the lowest temperature. We understand this as
follows. As shown in Fig. 1�c�, when the sample is cooled in
zero H toward point A, we have a homogeneous FMM phase
even though it is metastable. At point A, the entire sample is
above the supercooling spinodal and no homogeneous nucle-
ation takes place during the first cooling. Since regions cor-
responding to the W band get kinetically arrested at point B,
before there is any homogeneous nucleation, these regions
remain FMM at the lowest temperature of point C. However,
regions corresponding to bands X, Y, and Z have been con-
verted to AFI at point C since their respective spinodal T* is
higher than their corresponding Tg. We now warm the
sample toward point B. We retain regions corresponding to
X, Y, and Z bands in the AFI phase, but the region corre-
sponding to the W band is kinetically arrested in the FMM
phase. Lowering the temperature from 60 K, for example,
just retraces the resistivity measured during the first
cooldown from 320 K. We now warm toward point A. The
region corresponding to the W band is no longer kinetically
arrested, and as evident from the data and the earlier discus-
sion, at 130 K it is above its supercooling spinodal and is in
a metastable state �corresponding to the situation of Fig.
1�b��. It is, however, now sitting in an environment where
many nuclei of the AFI phase exist corresponding to bands
X, Y, and Z. There is now a possibility for the FMM phase of
band W to undergo heterogeneous nucleation and convert to
the AFI phase. This is what we observe during the second
cooling from 130 K when we observe a drastic enhancement
of resistivity, and thus of the AFI fraction, at 5 K. It is clear
that this heterogeneous nucleation required seed nuclei of the
AFI phase, and these AFI nuclei convert back to FMM and

disappear if we heat the sample to 320 K. Cooling again
from 320 K �inset of Fig. 4� reproduces the lower resistance
of the first cooling corresponding to homogeneous nucleation
and also ruling out microcracks as the cause of increased
resistance observed in the previous cycle.

In this Rapid Communication, we have studied one ex-
ample of the recently discovered magnetic glasses to estab-
lish two experimental features. We have shown that devitri-
fication occurring when Tg�T�T* is more rapid as T rises,
consistent with there being no free-energy barrier surround-
ing the glass state and the kinetics dictating the conversion
rate. If, however, Tg�T*, then the glass state has a free-
energy barrier surrounding it. Conversion to the equilibrium
state is now slower as T is raised because the barrier height
dictates the conversion rate. Thus, we clearly show that the
La-Ca-Mn-O around half-doping contains a glasslike FMM
phase coexisting with the equilibrium AFI phase at low tem-
perature even when cooled in zero field. Moreover, this
glasslike FMM phase can covert to the equilibrium AFI
phase both by the processes of devitrification or recrystalli-
zation. Furthermore, we have also shown that both homoge-
neous and heterogeneous nucleations can be obtained in the
same sample under different annealing conditions. This gives
rise to a gigantic change in resistivity even in zero field for a
CMR manganite, La0.5Ca0.5MnO3, sample. The functionality
of CMR manganite arises from a considerable change in re-
sistivity at the same temperature when a magnetic field is
applied. In the present system, gigantic change in resistivity
arises from only thermal cycling without any magnetic field.
Thus, only temporary heating to two different temperatures
can give rise to a big change in resistivity. As a first step, it
can act as a thermal switch.
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