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We show that specific heat Cp has non-Debye behavior for glassy states in half-doped mangan-
ites. Irrespective of the magnetic order or electronic states, these magnetic glasses have higher Cp

compared to their equilibrium counterparts. The excess Cp contributed by the glassy state varies
linearly with temperature similar to conventional glasses indicating tunneling in the two-level sys-
tems. These glassy states show signature of zero point entropy. Magnetic glasses can be produced
simply by different field cooling protocols and may be considered ideal magnetic counterpart of the
conventional glass.

PACS numbers: 65.40.-b, 64.70.P-, 75.40.Cx, 75.47.Lx

The nature of glass transition remains one of the most
challenging problem in physics [1, 2, 3, 4]. A conventional
glass (CG) is viewed as a liquid with ‘time held still’,
where high temperature (T) phase is preserved at low-T
in a non-ergodic state [5]. Vitrification is considered as an
outcome of a dynamic singularity upon deep supercooling
below glass transition temperature, Tg [6]. Formation of
glass depends on the efficiency with which kinetics of the
first-order transformation process is arrested by crossing
Tg, avoiding crystallization at the supercooling spinodal
at T∗. This is evident in the orders of magnitude dif-
ference in the required cooling rates for system ranging
from metallic glass to glass formers like ortho-terphenyl
[5]. Such wide variation is justified on the basis of rela-
tive values of Tg vis-à-vis T∗ and brings in the important
role of other control variables which can tune these char-
acteristic temperatures [7]. This tunablity is represented
by lines of the characteristic temperatures (T∗ and Tg) in
the pressure (P) vs. T phase diagram and led to achieve
a significant milestone when monatomic Ge could be vit-
rified under high pressure [8]. In this context, recently
discovered glass-like arrested state established in variety
of magnetic systems and termed as ‘magnetic glass’ opens
up new possibilities [9, 10, 11, 12, 13, 14, 15, 16, 17, 18].
Akin to the CG, magnetic glass form on crossing the
Tg line without completing the first-order transforma-
tion process at T∗, however, the second control variable
used for this case is the magnetic field (H). In this sce-
nario, for CG it is the high-T phase that is arrested
below Tg avoiding crystallization, whereas in magnetic
glass high-T magnetic phase shows non-thermodynamic
behavior below certain temperature but is completely dif-
ferent from spin-glass [19], re-entrant spin-glass or cluster
glass [20]. In the real systems, magnetic first-order tran-
sitions are broadened by disorder, naturally making it
possible to cause fractional transformation of the high-T
phase upon cooling and the remaining fraction falls out
of equilibrium but persists down to lowest temperature
as glass-like arrested state having contrasting magnetic
order [11, 12, 16]. The coexisting phase fractions of the

glass-like phase can be tuned by the cooling H, which per-
sist even when the H is isothermally changed to zero at
the lowest-T and is shown to have serious consequences
on both physics and functionality [9].

The term magnetic glass describes a spatially ordered
state where a first order magnetic transition is inhib-
ited by lack of kinetics, and one obtains a glass-like ar-
rested state. This arrested state is the high-T phase
that exists at a low-T where a state with competing
order has a lower free energy. Being the high-T equi-
librium state, this arrested state has higher entropy
and must be ‘disordered’ as compared to the equilib-
rium state. The disorder causing this higher entropy
is not always apparent, reminding us of solid 3He, of
solid 4He, and of their mixtures. In half-doped mangan-
ites like Pr0.5Sr0.5MnO3 (PSMO), the low-T state is an
antiferromagnetic-insulating (AFI), whereas the arrested
state is ferromagnetic-metallic (FMM) [13, 16]. The dis-
order in the arrested state can be understood as that
of the charge liquid. For some substitutions on B-site
as in Pr0.5Ca0.5Mn0.975Al0.025O3 (PCMAO), the low-T
state becomes FM-M and the arrested state is AF-I. Un-
derstanding the ‘disorder’ in these magnetic glasses is
not straightforward and would also probably involve the
same detailed understanding of various contributions to
entropy as was necessary to understand the melting of
solid heliums (albeit in a restricted pressure window) on
cooling. The glass-like phase fraction in these manganites
around half doping shows devitrification on heating and
recrystallization to low-T equilibrium phase upon cooling
after annealing [9, 15], similar to glass ceramics [7]. Here

we show from the calorimetric study that the glass-like

state mimics the specific heat behavior observed in struc-

tural glass and has excess entropy. Significantly, similar
to the orientational glass (OG), the magnetic glasses also
show linear contribution to specific heat (Cp) character-
istic of the tunneling in two level systems (TLS) though
both have translational periodicity [21, 22]. Moreover,
the advantage of the magnetic glass is the tunablity of
glass-like phase fraction at the same T and H, which can
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be achieved with relative ease, only by cooling in different
H but at the same cooling rate [16].

To make an ideal trial ground from the thermodynamic
viewpoint, we study two systems with contrasting ground
state, PCMAO and PSMO. Consequently, their glass-like
states are also contrasting, both in terms of magnetic or-
der and electrical conductivity, which is significant since
each has a characteristic contribution to the measured
Cp. Though the ground state of PCMAO is FMM, it is
masked by hindered kinetics of the first order transfor-
mation process when cooled in H=0 and exist in glass-
like AFI state [13, 16]. Cooling in higher H, increas-
ing amount of equilibrium FMM phase can be produced
which coexist with remaining non-equilibrium AFI phase
fraction at low-T when the H is reduced to zero. Contrary
to this, zero field cooled (ZFC) state of PSMO is mostly
AFI and it is in equilibrium at low-T [16]. However, in-
creasing amount of glass like FMM phase fraction can be
accrued by cooling in higher H and substantial fraction
of them remain even when the H is reduced to zero at
low-T and coexist with the remaining equilibrium AFI
phase fraction.

The PCMAO and PSMO samples are the same used in
Ref.[13, 16]. The Cp measurements are carried out using
semi-adiabatic heat pulse [23, 24] technique with abso-
lute accuracy ≈ 0.5% in an 8 Tesla cryostat. For this
study, Cp is measured while warming after cooling the
samples in different fields. For PCMAO, Cp as a func-
tion of T is measured while warming in H=0 after cooling
the sample in 0, 5 and 8 Tesla and are denoted as (0, 0),
(5, 0) and (8, 0) respectively. The ZFC state of PCMAO
is glassy AFI, whereas, 5 and 8T cooled states have re-
spectively about 65% and 89% equilibrium FMM phase
fraction at low-T in H=0 coexisting with the remaining
glassy AFI phase fractions. For PSMO, the Cp vs. T is
measured while warming in H=0, after cooling the sam-
ple in 0 and 5 Tesla, and are denoted as (0, 0) and (5,
0) respectively. Along with these, Cp vs. T is measured
while warming PSMO in 5 Tesla after cooling in same
H denoted as (5, 5) state. For PSMO, the ZFC state is
also predominantly AFI but contrary to PCMAO, it is
in equilibrium. The 5T cooled states have large fraction
of glass-like FMM phase at low-T which coexist with the
remaining equilibrium AFI phase fractions. When the
field is isothermally reduced to zero at low-T, a fraction of
glass-like FMM (accrued while cooling in 5T) converts to
equilibrium AFI phase. However, a significant fraction,
much more than the ZFC state, persist in glass-like FMM
phase and coexist with remaining equilibrium AFI phase.
This is justified from the heuristic phase diagram made
from phenomenology [16]. Thus, Cp is measured in two
samples after creating different fractions of glassy phases
having contrasting magnetic long-range order with struc-
tural periodicity.

The measured Cp of PCMAO and PSMO clearly show
strong deviation from the expected Debye T3 dependence
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FIG. 1: Low-temperature specific heat Cp/T
3 vs. T under

different experimental protocols (mentioned in the text). (a)
for the PCMAO sample (b) for PSMO sample.

at low-T when Cp/T3 is plotted as a function of T in Fig.
1(a) and 1(b) respectively. Cp/T3 vs. T show qualita-
tively similar signatures to that of structural glass or the
OG which has long range structural order [21, 22]. At
low-T a clear upturn is seen which is an unambiguous in-
dication of the presence of glassy phase. Such upturn is
related to the presence of TLS excitation and is in con-
trast to the typical Debye behavior observed in crystal
(which does not shows an upturn at low temperatures).
It is rather remarkable that, Cp shows progressive in-
crease at the same T as the glassy phase fraction is in-
creased by different field cooling protocols in both the
samples. The glass-like AFI phase fraction in PCMAO
varies in states as (0, 0) > (5, 0) > (8, 0). On the con-
trary, in PSMO the glass-like FMM phase fraction varies
as (0, 0) < (5, 0) < (5, 5). To confirm the presence of
glass-like phase fractions in both the samples Cp/T vs
T2 plots are given in Figs. 2(a) and 2(b). All the plots
exhibit good linear fit with positive intercepts on y-axis
at T=0, indicating that Cp is essentially made of linear
and cubic terms. The data in Fig. 2 are fitted with an
expression of the form

Cp = γT +βT3............(1)
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FIG. 2: Specific heat (Cp) plotted as C/T vs T2 under dif-
ferent experimental protocols (mentioned in the text). (a) for
PCMAO sample and (b) for PSMO sample. The solid lines
are fits to equation (1).
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TABLE I: Summary of the fitting results for the Cp vs temper-
ature data shown in Fig. 1 and inset of Fig 1 for PCMAO and
PSMO samples respectively. The definition of the co-efficient
are given in the text

Sample PCMAO

Protocols (0T, 0T) (5T, 0T) (8T, 0T)

γ (mJ/molK2) 40.7 16.5 8.7
β(mJ/molK4) 0.319 0.302 0.301

θD (K) 294 299 300

Sample PSMO

Protocols (0T, 0T) (5T, 0T) (5T, 5T)

γ (mJ/molK2) 3.18 4.6 7.5
β(mJ/molK4) 0.132 0.135 0.153

θD (K) 393 391 375

where γ and β are fitting constants. In the fitting equa-
tion a T5 term, which is a standard correction in the
lattice contribution is not added as satisfactory fits were
obtained using equation (1) and no other additional cor-
rection term improve the fitting significantly with phys-
ically significant constants. The values of γ and β for
both PCMAO and PSMO, each prepared in states with
three different fractions of glassy phases by different
field cooling protocols are given in the Table 1. Same
table also contains the corresponding Debye tempera-
tures (θD) obtained from the standard expression θD =
(12π4pR/5β)1/3, where R is the ideal gas constant and p
is the number of atoms per formula units. The values of
γ and β for both the samples are in general agreements
with those observed in manganites [25, 26].

However, unlike metallic systems, the linear term does
not arise entirely from the standard free carriers con-
tribution. This is clear from the γ values of PCMAO
given in Table 1. In PCMAO, the FMM phase fractions
increase with the cooling H i.e. the metallic phase frac-
tion progressively increases from (0,0) < (5,0) < (8,0)
states whereas γ values decreases from 40.7 to 16.5 to
7.9 mJ/molK2 respectively. However, neither β nor θD

show similar drastic change in this same sample. More-
over, the value of γ in (0, 0) state (AFI) for PCMAO
sample is a bit high. Such linear term found in insulat-
ing manganites is generally related to disorder affecting
the spin, charge and orbital degrees of freedoms. Another
manifestation of disorder is the appearance of downward
curvature below 9K (Fig. 2a). This is not uncommon
and has already been observed in half doped mangan-
ites [25]. This is attributed to the fact that the charge-
ordered state in Pr0.5Ca0.5MnO3 is destabilized without
being completely destroyed by 2.5% Al substitution [27].
In PCMAO sample cooling in a high field destroys the
AFM phase [13] and hence there is no sudden increase in
Cp, leading to a linear Cp/T vs. T2 behavior. Hence, two
half-doped manganites (with contrasting first-order tran-
sition) shows most genuine fingerprints of glassy proper-

ties and the behavior of this phase is similar to that of
CG.

We reconfirm that the signature of the glassy phase is
devoid of any artifact arising because of the two struc-
tures associated with distinct magnetic orders in the co-
existing phases. To isolate the contribution to Cp arising
from glassy feature, the difference between the specific
heats (∆Cp) of the phases consisting of maximum glassy
fraction to those of lesser fractions of glass are plotted
in Fig. 3 as a function of T. Hence, for PCMAO, the
difference between Cps of (0,0) - (5,0) as well as (0,0) -
(8,0) are plotted in Fig. 3(a). Similarly, for PSMO the
difference between Cps of (5,5) - (5,0) and (5,5) - (0,0)
states are plotted as function of T Fig. 3(b). It is rather
significant that for both the samples ∆Cp varies linearly
with T. Moreover, the excess specific heat, ∆Cp, is di-
rectly related to the fraction of the glassy phase but does
not arise from the linear contribution of the electronic
Cp, as it is not related to conductivity behavior which is
opposite in these two samples. Further, ∆Cp does not fit
to equation (1) with physically acceptable coefficient for
T3 term (β), which imply that the excess specific heat
has insignificant contribution from the underlying struc-
ture and arise from the non-Debye like contribution of
the magnetic glassy state.
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FIG. 3: Difference in Specific heat (see text) plotted as a func-
tion of T (a) for PCMAO sample and (b) for PSMO sample.
Solid lines are linear fit to the data.

Thus there is clear indication that the magnetic glasses
are like CG as linear Cp vs. T is a universal feature
of glassy systems at low-T [28]. This also signifies that
like CG or OG, magnetic glass also has degenerate states
and Cp shows signature of tunneling between such states
[29]. Hence, it appears that the magnetic glass pos-
sess tunneling states or is a TLS and are similar to CG.
It may be noted that the signature of TLS in CG ap-
pears at very low-T (≤ 1K) and is related to the energy
scale of the atomic motion within the degenerate states
[28, 29]. Whereas, in OG linear Cp is observed up to rel-
atively higher-T ( a few Kelvin) because of the higher en-
ergy scales involved in rotational motion of the molecules
[21, 22]. We venture to suggest that the observation of
linear Cp vs. T behavior in these magnetic glasses up
to fairly higher-T can be attributed to the higher energy
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scales of their degenerate magnetic states. In these man-
ganites around half doping, this energy scale is possibly
related to the barrier between the AFI and FMM states.
Magnetic fields of the order of a few Tesla are required to
cause the field-induced transition and this energy scale is
probably linked with the TLS type behavior resulting in
observation of linear Cp up to significantly higher-T. It
is important to note that evidence of TLS type behavior
with similar energy scale in other manganite was given
by Raychaudhuri et al.[24].

Now we calculate the entropy of the glassy phase frac-
tion (SG) from the excess specific heat ( ∆Cp), integrat-
ing ∆Cp/T. In Fig. 4 we plot SG vs. T only for the
maximum ∆Cp case. Assumes Ising like states, entropy
at high-T should extrapolate to S = Rln2 when all pos-
sible states are explored [30]. In this context, it is to
be noted that the difference between the integrated en-
tropy and Rln2 is known as zero point entropy [31]. In
our case, the value of entropy as observed from Fig. 4
is less than the ideal value because all the states in the
system are not available. This gives a clear indication of
the presence of zero point entropy for these systems and
specific evidence about the presence of the glassy phase.
The situation develops in-order to avoid the entropy cri-
sis (Kauzmann paradox) which may arise while cooling, if
the entropy of a supercooled liquid become smaller than
that of a crystal. It results in the formation of a glassy
state with higher entropy than that of a crystalline solid.
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FIG. 4: Entropy of the glassy phase plotted as a function of
T (a) for PCMAO and (b) for PSMO sample

In summary, we show from calorimetry the presence
of glass-like states but in two manganites around half-
doping with contrasting ground states. In both the sys-
tems, Cp increases with the glass-like phase fraction in
spite of their contrasting order. For the same sample,
the difference in Cp between states created with largest
fraction of glass to the smaller fractions of glass is at-
tributed as the excess specific heat (∆Cp) arising from
glassy phase. Similar to other glasses, ∆Cp increases
linearly with T and is considered to be related to the
tunneling in a TLS. The calculated contribution to en-
tropy of these magnetic glassy states show signatures of
zero point entropy. Thus it will be interesting to look

for other universal features observed in glasses like bo-
son peak observed in inelastic scattering of neutrons or
photons[32].
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