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Abstract

We report a low-temperature specific heat study of Pr0:5ðSr1�yCayÞ0:5MnO3 (0oyo1) as it changes from charge-

ordered insulator (y ¼ 1) to AFM 2D metal (y ¼ 0). A two-phase coexistence for the intermediate compositions is

found. The effect of magnetic field on the specific heat of Pr0:5Sr0:5MnO3 is also presented and discussed.

r 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Doped rare-earth manganites R1�xAxMnO3;
(R being a trivalent rare earth and A being a
divalent alkaline-earth ion) exhibit a large diver-
sity in electronic, magnetic, and orbital states due
to the complex interplay of the corresponding
degrees of freedom. One of the most intriguing
properties of manganites is charge ordering (CO),
where holes are localized at fixed positions of
the Mn4þ ions. At x ¼ 0:5 several compounds,
such as La0:5Ca0:5MnO3; Nd0:5Sr0:5MnO3;

Pr0:5Ca0:5MnO3; exhibit the so-called CE-type
CO. Here the Mn4þ and Mn3þ ions order,
with d3x2�r2 and d3y2�r2 orbitals of Mn3þ alterna-
tively arranged, and spins ordered in a CE antiferro-
magnetic (AFM) structure [1,2]. As the one-electron
bandwidth increases, manganites of x ¼ 0:5 compo-
sition (Pr0:5Sr0:5MnO3; Nd0:45Sr0:55MnO3) become
charge disordered, have dx2�y2 orbital state and have
A-type AFM spin ordering along the z direction.
The spins are ferromagnetically ordered in the x–y

plane [2–4]. This orbital orientation and ferromag-
netic (FM) ordering within the x–y planes promotes
conduction in these planes via the double-exchange
mechanism, while in the z direction electronic
transport is prohibited, which makes these materials
two-dimensional (2D) metals [2,3].

To better understand the physics of x ¼ 0:5
manganites, it is important to know the ground
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state of these materials as a function of the one-
electron bandwidth. The low-temperature specific
heat, carrying information about principal excita-
tions, in combination with resistivity and magne-
tization data is an appropriate tool for such study.

In this paper, we report a specific heat study of
Pr0:5ðSr1�yCayÞ0:5MnO3 (0oyo1) as it changes
from CO insulator (Pr0:5Ca0:5MnO3) through 2D
AFM metal (Pr0:5Sr0:5MnO3) to 3D metal
(Pr0:5Sr0:5MnO3 in magnetic field). The evolution
of the specific heat with compositional change
shows two phase coexistence in these materials. In
Pr0:5Sr0:5MnO3; the field-induced transition from
2D to 3D metal leads to a large increase of the
density of states at the Fermi level.

2. Experimental details

Ceramic samples of Pr0:5ðSr1�yCayÞ0:5MnO3

(0oyo1) were prepared by a standard solid-
state-reaction technique. X-ray powder diffraction
showed that all samples are single phase and good
quality. The specific heat was measured in the
temperature range 2–22K by relaxation calorime-
try [6]. The specific heat measurements have an
absolute accuracy of72%: The magnetization was
measured with a commercial SQUID magnet-
ometer. Resistivity was measured by a standard
four-probe technique.

3. Results and discussion

The temperature dependence of the resistivity
and magnetization of Pr0:5ðSr1�yCayÞ0:5MnO3

(0oyo1) is shown in Fig. 1. The y ¼ 1 (Pr0:5Ca0:5-
MnO3) composition is insulating and AFM at low
temperatures. The y ¼ 0 (Pr0:5Sr0:5MnO3) sample
is FM and metallic above 120K and becomes
AFM at lower temperatures. The A-type AFM
allows 2D transport within the FM layers, making
the resistivity of the y ¼ 0 sample significantly
lower than the resistivity of y ¼ 1 charge-ordered
sample with CE-type AFM, but higher than its
resistivity in the FM phase. These data are
consistent with previous experimental results
[2,7]. As the concentration of Ca increases, the

temperature interval in which the FM phase
occurs becomes narrower and the magnetization
value of this phase at a given temperature
decreases. This suggests a coexistence of FM
and AFM phases in this temperature region, as
was reported in Ref. [8]. At low temperature
all compositions are AFM. The low-tempera-
ture (T ¼ 80 K) resistivity values are plotted in
Fig. 2a. As the concentration of Ca, y; decreases
below y ¼ 0:3; the low-temperature resistivity
value decreases. The resistivity of the y ¼ 0:2
sample is significantly lower than the higher y

samples, which suggests that a highly resistive CE-
type AFM CO phase coexists with a conductive
A-type AFM phase at low temperatures. The
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Fig. 1. Temperature dependence of the resistivity (a) and

magnetization in 1T magnetic field (b) of Pr0:5ðSr1�yCayÞ0:5-
MnO3 (0oyo1). Arrows denote the cooling and warming

directions.
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phase diagram of Pr0:5ðSr1�yCayÞ0:5MnO3 is shown
in Fig. 2b. The CO temperature (for compositions
with high Ca content) and the transition from FM
3D metallic state to more resistive AFM 2D
metallic state (for low Ca compositions) was
determined as the maximum of dR=dT on cooling.
The transition temperature for intermediate com-
positions, determined also as the maximum of
dR=dT on cooling, is most likely due to the
transition to coexisting CO and AFM 2D metallic
phases.

Fig. 3a shows the low-temperature specific heat
of Pr0:5ðSr1�yCayÞ0:5MnO3 (0oyo1) plotted as
C=T vs. T2 in the temperature range from 2 to
22K. The specific heat of the samples with higher
concentration of Ca (y ¼ 1; 0.8, and 0.6) have
anomalous excess specific heat, which manifest

itself as an upward curvature in the C=T vs. T2

plot. This excess specific heat appears to be similar
to what we found in CO manganites of different
compositions [9–11]. We express the low-tempera-
ture specific heat of these compounds in the
following form [9,10]:

C ¼ a=T2 þ gT þ bT3 þ C0ðTÞ: ð1Þ

The first term in Eq. (1) is the hyperfine contribu-
tion caused by splitting of nuclear magnetic levels
of Mn and Pr ions in the field of unpaired
electrons, which was observed previously in the
manganites [13]. The second term in these elec-
trically insulating samples originates from spin and
charge disorder. A disordered system, which has
multiple ground states, can behave as two-
level systems (TLS) resulting in a specific heat
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Fig. 2. (a) Resistivity value of Pr0:5ðSr1�yCayÞ0:5MnO3 at T ¼
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Fig. 3. Low-temperature specific heat of Pr0:5ðSr1�yCayÞ0:5-
MnO3 (0oyo1) plotted as C=T vs. T2: (a) solid lines are fits to

Eqs. (1) and (2); (b) dashed lines are fits to two-phase model.

Fits are described in text.
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contribution proportional to the temperature [14].
A large gT term in the insulating state was found
previously in CO manganites [10,15]. The third
term represents the lattice and the AFM spin-wave
contribution to the specific heat (The AFM spin-
wave contribution to the specific heat was calcu-
lated for different magnetic structures typically
resulting in a T3 temperature dependence. This
temperature dependence of AFM spin-waves was
used in our fitting, since there is no other specific
predictions for the CE AFM structure [16]). The
last term C0 is an anomalous contribution, of
unknown origin, found only in the CO state in
manganites with CE type of CO [9–11]. The
temperature dependence of this contribution has
the form of the specific heat due to nonmagnetic
excitations with the dispersion relation e ¼ Dþ
Bq2; where D is an energy gap and q is a
wave vector: C0 ¼ kBV ðkBT=4pBÞ3=2 15

4
F5=2ðxÞþ

�
3xF3=2ðxÞ þ x2F1=2ðxÞÞ; where x ¼ D0=kBT and
FpðxÞ is given by FpðxÞ ¼

P
N

n¼1
e�nx

np :
Using Eq. (1) we find good fits for y ¼ 1; 0.8,

and 0.6 compositions as shown in Fig. 3a. The
fitting parameters are given in Table 1. The values
of the hyperfine contribution a; are close to those
found in other manganites [12,13]. However, for
better accuracy in the determination of a; lower
temperature measurements are required. Asso-
ciated with disorder, the g value of the insulating
y ¼ 1 sample is larger than what we observed in a
single crystal of the same composition. The b
values are typical for manganites [9,13,17,18]. The
values of D and B; the parameters of anomalous
contribution C0; are similar to those found
previously in other materials [10,11]. The value
of D (the gap value in the excitation spectrum)
increases with increase of Sr content. We observed
a similar increase of D for phase separated
(PryLa1�yÞ0:67Ca0:33MnO3 [11] when the volume
fraction of the CO phase decreased and also upon
application of a magnetic field [10,11]. Although
the values of D are somewhat higher than the
temperature range of our study (D ¼ 24–48K,
Table 1), C0 term give a significant contribution to
our specific heat: 32%; 27%; and 5% of total
specific heat at T ¼ 8 K for y ¼ 1; 0.8, and 0.6
samples, respectively, and even higher contribu-
tion at higher temperatures.

The anomalous contribution C0 decreases as Sr
content increases. For specific heat of Sr-rich
samples, y ¼ 0:3 and 0, fit to Eq. (1) requires C0

term to be set to zero. The neutron diffraction
study on low Ca content sample, Pr0:5Sr0:41-
Ca0:09MnO3; showed that the superlattice reflec-
tion corresponding to the CO is very weak or
negligible [19], which could correspond to a
presence of only a very small fraction of charge-
ordered material. This is in agreement with the
absence of the C0 contribution, since this con-
tribution is present only in the CO state [9–11].
Therefore, we fit the CðTÞ of these compositions to
the form

C ¼ a=T2 þ gT þ AT2 þ bT3 þ b5T5; ð2Þ

where the last term is a higher-order lattice
contribution. The third term is an AFM spin-
wave contribution found in some A-type AFM
[12]. However, our best fit gives A=0 even for the
y ¼ 0 sample. Apparently, the spin-wave contribu-
tion to the specific heat of this A-type antiferro-
magnet does not have a T2 dependence. In the case
of the y ¼ 0 sample (Pr0:5Sr0:5MnO3), the gT term
could originate from an electronic charge carrier
contribution, because in an A-type antiferromag-
net the hopping conduction is allowed in the FM
plane via the double exchange mechanism. How-
ever, even though there is no apparent source of
disorder (magnetic or charge), we cannot comple-
tely rule out the contribution of disorder to the gT

term. The fitting results for g and b are listed in
Table 1, and the b5 values are 0.00028 and
0:00025 mJ=mol K4 for y ¼ 0 and 0.3, respectively.
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Table 1

Summary of the fitting results for the specific heat data

y a g b D B

(Pr0:5ðSr1�yCayÞ0:5MnO3)

1 9.9 11.4 0.121 2.06 9.52

0.8 9.9 9.7 0.159 2.59 9.36

0.6 9.9 6.8 0.170 4.15 5.79

0.3 4.4 4.5 0.159

0 8.7 3.3 0.18

0 (m0H ¼ 8:5 T) 8.7 7.3 0.154

The units of different quantities are: a (mJK/mol), g (mJ/

molK2), b (mJ/molK4), D (meV), and B ðmeV (A
2
Þ:
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The absence of a C0 contribution in the low-
temperature specific heat of the AFM 2D metal
Pr0:5Sr0:5MnO3 confirms that this anomalous
contribution is not of magnetic (AFM) origin
and is present only in the CO state, in agreement
with our previous findings [9–11]. Other experi-
ments will be required to determine the origin of
the excitations producing the C0 contribution to
the specific heat of charge-ordered material.

As the concentration of the Ca increases, the
specific heat becomes larger (Fig. 3a). As suggested
by the resistivity data (Fig. 1a), this can be an
indication for two-phase coexistence in this
system. If we express the specific heat of the inter-
mediate compositions as CtpðTÞ ¼ fCOCPCMOþ
ð1� fCOÞCPSMO; where fCO is the volume fraction
of the CO phase, CPCMO is the specific heat of the
charge-ordered Pr0:5Ca0:5MnO3; and CPSMO is the
specific heat of AFM 2D metal Pr0:5Sr0:5MnO3; we
find a reasonable quantitative fit to the experi-
mental data (the dashed lines in Fig. 3b). The
volume fractions of the CO phase, fCOðy ¼ 0:8Þ ¼
0:8; fCOðy ¼ 0:6Þ ¼ 0:48; and fCOðy ¼ 0:3Þ ¼ 0:25;
appear to be close to the Ca content y: This
demonstrates plausibility for two-phase coexis-
tence. However, as seen in Fig. 3b, CtpðTÞ does not
give an exact agreement with the experimentally
observed specific heat. This is not unexpected,
since the nature of phase separation in this
compound is electronic (not chemical), and the
presence of the Sr ion modifies the CO phase,
while the presence of the Ca ion modifies the
charge disordered phase (AFM 2D metal). We
have observed similar behavior of the specific heat
in the phase separated (La1�yPryÞ0:67Ca0:33MnO3

system [11].
Now we discuss the effect of a magnetic field

on the low-temperature specific heat of Pr0:5Sr0:5-
MnO3 (y ¼ 0). If y ¼ 0 sample is cooled in a
magnetic field of 7T, which stabilizes the FM
phase, the material remains in the FM metallic
state [20], and the transition to the less conductive
AFM state does not occur. We measured the
specific heat of this field induced metallic state
after the sample was cooled in the presence of a
magnetic field of 8.5 T (Fig. 4). The specific heat in
the magnetic field is significantly larger than the
zero field specific heat. The increase of the specific

heat of Pr0:5Sr0:5MnO3 in a magnetic field at a
fixed temperature of 5K was observed previously
[21]. Since the sample is in the FM state at this
magnetic field, we should include in Eq. (2) the
FM spin-wave contribution

CFMðT ;HÞ ¼ kBðkBTÞ3=2

4p2D3=2

�
Z

N

gmBH=kBT

x2ex

ðex�1Þ2
ðx � gmBH

kBT
Þ1=2 dx;

where D is the spin-wave stiffness [22]. The best fit
to our data requires CFMðT ;HÞ ¼ 0: However, as
was noted in previous work [17,23], it is difficult to
resolve the FM spin-wave contribution to the
specific heat in FM metallic manganites due to its
small value and the presence of the gT contribu-
tion. To estimate the spin-wave contribution to the
specific heat the value of the spin-wave stiffness D

is required. We are not aware of experimental data
or theoretical calculations giving the value of D for
Pr0:5Sr0:5MnO3 in magnetic field. Therefore, we
calculate CFMðT ;HÞ using the spin-wave stiffness
value D ¼ 170 meV (A

2
obtained from neutron

scattering [24] for another manganite, La0:7Ca0:3
MnO3: Using this assumption, the estimated value
of the spin-wave contribution in magnetic field of
8.5 T was found to be less than 1:5% of total
specific heat for all temperatures in a magnetic
field of 8.5 T. This is smaller than the resolution
limit of our experiment. Therefore, we do not
include CFMðT ;HÞ in our fit to the data of Fig. 4.
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The fit parameters for the data of Fig. 4 are
given in Table 1. We find the 8.5 T value of g to be
4 mJ=mol K2 larger than zero field value. This
increase of g; and therefore the density of states at
the Fermi level NðEFÞ; can be attributed to a
transition from a 2D metallic state in zero field to a
field induced 3D metallic state. This dimensional
crossover was observed in an optical conductivity
study of Pr0:5Sr0:5MnO3 [5]. An increase of g due
to a 2D–3D transition in the magnetic field was
also observed in the A-type antiferromagnet
La0:51Sr0:49MnO3 [18]. The density of states
increases in magnetic field by the factor of 1.4 in
the case of La0:51Sr0:49MnO3; while we observed an
increase by a factor of 2.2 in Pr0:5Sr0:5MnO3: In
zero magnetic field the La0:51Sr0:49MnO3 is on the
compositional boundary between the 3D and 2D
metallic states. Perhaps a fraction of the 3D
metallic phase exists in this material even in zero
field, which increases zero-field value of g; and
makes the field induced enhancement of g smaller
than what we found for Pr0:5Sr0:5MnO3:

4. Conclusions

We have studied the resistivity, magnetiza-
tion, and low-temperature specific heat of
Pr0:5ðSr1�yCayÞ0:5MnO3 (0oyo1), which trans-
forms from CO insulator to AFM 2D metal as y

decreases. The compositions with low Ca content
exhibit a specific heat consistent with their metallic
nature, while compositions with higher Ca content
have an anomalous excess specific heat present in
CO state. For the concentration region between
0 and 1, we have found the evidence of the CO
and AFM 2D metallic phase coexistence in
Pr0:5ðSr1�yCayÞ0:5MnO3: For Pr0:5Sr0:5MnO3; we
have found a large increase of the density of states
at the Fermi level due to a crossover from 2D to
3D metal in an external magnetic field.
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