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Anomalous field-dependent specific heat in charge-ordered Pr1ÀxCaxMnO3 and La0.5Ca0.5MnO3
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We report low temperature specific heat measurements of Pr12xCaxMnO3 (0.3<x<0.5) and
La0.5Ca0.5MnO3 with and without applied magnetic field. An excess specific heat,C8(T), of nonmagnetic
origin associated with charge ordering is found for all the samples. A magnetic field sufficient to induce the
transition from the charge-ordered state to the ferromagnetic metallic state does not completely remove theC8
contribution. This suggests that the charge ordering is not completely destroyed by a ‘‘melting’’ magnetic field.
In addition, the specific heat of the Pr12xCaxMnO3 compounds exhibit a large contribution linear in tempera-
ture (gT) originating from magnetic and charge disorder.
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Charge ordering~CO!, i.e., the real space ordering o
Mn31 and Mn41 ions, is one of the most intriguing prope
ties observed in hole-doped manganites. These compo
with the generalized formulaR12xMxMnO3 (R being a
trivalent rare-earth andM being a divalent alkaline earth e
ement occupying theA site in theAMnO3 perovskite struc-
ture! undergo a charge-ordering transition for certain valu
of x and the averageA-site cation radiuŝr A&. Remarkably, a
modest external magnetic field can destroy the insulating
state and produce a metallic ferromagnetic state~FMM!. The
^r A& determines the one-electron bandwidthW in these ma-
terials and charge ordering is observed in materials witx
50.5 with small^r A&;1.23 Å ~and consequently smallW).

Among these, Pr12xCaxMnO3 (^r A&;1.18 Å! is espe-
cially interesting. This compound is a paramagnetic insula
at high temperature which undergoes a CO transition
TCO;230 K for the composition range 0.3<x<0.5. An an-
tiferromagnetic~AFM! ordering occurs belowTCO with Néel
temperature (TN) changing from;180 K (x50.5) to;140
K (x50.3).1–3 The AFM ordering for charge-ordere
Pr12xCaxMnO3 is CE type forx'0.5,1 and pseudo-CE type
for x'0.3.1,2,4 Although the FMM state is never realized fo
Pr12xCaxMnO3 in zero magnetic field, a competition be
tween the ferromagnetic~FM! metallic and AFM charge-
ordered ground states leads to an increase of FM tenden
as x decreases below 0.5. The magnitude of the magn
field required to induce a transition to the FMM state d
creases from 24 T forx50.5,5 to 4 T for x50.3.2 The charge
ordering has been detected as a superlattice reflectio
synchrotron,4 neutron,1,2 and electron diffraction6 experi-
ments for 0.3<x<0.5. They show that the charge modul
tion for these compositions in the CO state is 1:1 as obse
in La0.5Ca0.5MnO3 ~Refs. 7 and 8! and Pr0.5Ca0.5MnO3.6

These observations illustrate the very sensitive balance
tween the CO and FMM phases asx→0.3 for materials with
small ^r A& as in Pr12xCaxMnO3. This was clearly demon
strated in the recent work on La5/82xPrxCa3/8MnO3.9 These
authors showed that by changingx, i.e., the relative amount
of La and Pr, the ground state could be changed from
FMM state~for x50) to the CO state~for x5 5

8 ). For inter-
mediate values ofx, the Curie temperature (TC) was lowered
PRB 620163-1829/2000/62~10!/6093~4!/$15.00
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on increasingx. In fact, for a range of temperatures, a micro
scale phase separation between FMM and CO phases
observed.9 The small magnetic fields~;4 T! needed to melt
the CO state in Pr0.7Ca0.3MnO3 also brings out the delicate
balance between the FMM and CO phases asx→0.3. There-
fore, the pertinent questions are:~i! What is the nature of the
metallic state obtained on melting the CO state by a m
netic field?~ii ! Is it different from the low temperature FMM
state in other manganites like La0.67Ca0.33MnO3? We expect
that low temperature specific heat experiments, carrying
information about principal excitations, might provide an a
swer to these questions.

In this paper we report a specific heat study of the C
state in Pr12xCaxMnO3 (0.5>x>0.3) and the FMM state
obtained on ‘‘melting’’ this CO state with a magnetic field
Previously, we found an anomalous excess specific heaC8
of nonmagnetic origin in the CO state of La0.5Ca0.5MnO3.
Here we find that this anomalous contribution is also pres
in Pr12xCaxMnO3 (0.3<x<0.5), even in a magnetic field
sufficient to induce a CO insulator to FMM transition. Th
indicates the coexistence of metallic and CO regions~i.e.,
electronic phase separation!. We also found that
Pr12xCaxMnO3 (0.3<x<0.5) exhibits a large linear in tem
perature contribution to the specific heat due to charge
magnetic disorder. This linear term is significantly reduc
upon the application of the magnetic field due to reduction
the disorder.

For this study we used ceramic samples
Pr12xCaxMnO3 (x50.3, 0.35, and 0.45!,
Pr0.5Ca0.5Mn0.97Cr0.03O3 and La0.5Ca0.5MnO3, and a single
crystal of Pr0.5Ca0.5MnO3. Ceramic samples were prepare
by a standard solid state reaction technique~details are de-
scribed in Ref. 10!. X-ray powder diffraction showed that a
samples are single phase and good quality. The single cry
was grown by the floating zone technique. The specific h
was measured in the temperature range 2–17 K and mag
field range 0–8.5 T by relaxation calorimetry. This meth
has a relative accuracy of63%. Magnetization was mea
sured with a commercial SQUID magnetometer, and re
tivity was measured by a standard four-probe technique.

Figure 1 shows the low temperature specific heat of
Pr12xCaxMnO3 system plotted asC/T vs T2, for different
R6093 ©2000 The American Physical Society
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values ofx in the temperature range from 2 to 16 K. Tw
anomalous contributions are evident from these data: an
cess specific heat~indicated by the nonlinearity of theC/T
vs T2 plot! and the presence of a largegT term in insulating
x50.3 and 0.35 compositions. The low temperature spec
heatC(T) of an AFM insulator should bebT3, because both
lattice and AFM spin-wave contributions are proportional
T3,11 which should be a straight line passing through
origin in theC/T vs T2 plot. This is not the case for any o
our samples. Therefore, we express the low temperature
cific heat of our samples in the following form:

C5aT221gT1bT31C8~T!. ~1!

The first term in Eq.~1! is the hyperfine contribution cause
by splitting of nuclear magnetic levels of Mn and Pr ions
the field of unpaired electrons, which was observed pre
ously in the manganites.12,13 The origin of thegT for these
electrically insulating samples will be discussed later. W
discovered the anomalous contributionC8(T) previously in
charge-ordered La12xCaxMnO3 (x'0.5).14 The temperature
dependence of this contribution corresponds to nonmagn
excitations with dispersion relatione5D1Bq2, whereD is
an energy gap andq is a wave vector.14 Since
Pr12xCaxMnO3 (0.3<x<0.5) has the same charge modu
tion as in La0.5Ca0.5MnO3 and Pr0.5Ca0.5MnO3,1,2,4,6one pos-
sible origin of theC8(T) contribution is the presence of low
frequency optical phonons14 corresponding to an out o
phase motion of Mn31 and Mn41 ions in their respective
planes in the structure. Another possible origin is orb
excitations,14 since the CO in manganites is accompanied
an orientational ordering of thedz2 orbitals of Mn31.
Clearly, other experiments are needed to determine the o
of the C8(T) term.

The results of fitting the data to Eq.~1! are shown in
Table I. Fits corresponding to values listed in Table I a
shown in Fig. 1 as solid lines. The value ofa is larger than
that reported in Ref. 12 for the Mn hyperfine term and
decreases withx. This suggests that the hyperfine term is
result of contributions from Mn and Pr nuclei. Howeve
lower temperature measurements are needed to deter
more precisely the hyperfine contribution of these materi
The bT3 term is larger for Pr12xCaxMnO3 than for charge-

FIG. 1. Specific heat of Pr12xCaxMnO3 samples plotted asC/T
vs T2. Lines are fits described in text. Inset showsg values for
different concentrationsx ~solid line is a guide to the eye!.
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ordered La12xCaxMnO3 (x'0.5),14 which indicates a
smaller Debye temperature and/or a larger antiferromagn
spin-wave contribution (}T3) in Pr12xCaxMnO3. The data
for all these charge-ordered samples can be best fit with
the higher-order lattice term,b5T5. We note that values ofD
which differ from those listed in Table I by60.2 meV also
give a good fit with a change of the other parameters
10–15 %. This is the error limit for the fit.

To confirm that theC8 contribution is present only in the
CO state, we compare the specific heat of Pr0.5Ca0.5MnO3
and Pr0.5Ca0.5Mn0.97Cr0.03O3 ~Fig. 2!. Doping of Cr at the Mn
site destroys the CO in this compound and results in a
metallic state at low temperature.10 We fit the
Pr0.5Ca0.5Mn0.97Cr0.03O3 data to the formC5aT221gT
1bT31b5T51dT3/2, wheregT is a charge carrier contribu
tion and dT3/2 is a ferromagnetic spin-wave contribution
Values of the fitting parameters are listed in Table I. The b
fit also requiresb5T5 with b550.4661 mJ/mole K6 and d
50. As was noted in previous work,16,15,17 it is difficult to
resolve the ferromagnetic spin-wave contribution to the s
cific heat in FMM manganites due to its small value and
presence of thegT contribution. The charge carrier contr
bution is close to that found in other FMM manganites.15,16

The large excess specific heat in the charge-orde

TABLE I. Summary of the fitting results for the specific he
data. The units of different quantities area ~mJ K/mole!, g
(mJ/mole K2), b (mJ/mole K4), D ~meV!, andB (meV Å 2).

x
(Pr12xCaxMnO3) a g b D B

0.3 63 30.6 0.30 1.73 12.2
0.35 56 15.7 0.39 1.15 20.7
0.45 28 3.1 0.31 1.15 24.2

0.5 ~0% Cr! 22 2.4 0.26 1.15 23.7
0.5 ~3% Cr! 26 6.5 0.22

0.35 (m0H58.5 T! 66 7.0 0.12 3.46 7.6
La0.5Ca0.5MnO3

(m0H50) 0.14 0.72 17
La0.5Ca0.5MnO3

(m0H514 T! 2.2 0.11 0.72 16.9

FIG. 2. Specific heat of charge-ordered Pr0.5Ca0.5MnO3 and fer-
romagnetic metallic Pr0.5Ca0.5Mn0.97Cr0.03O3 samples plotted as
C/T vs T2. Line is fit described in text.
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Pr0.5Ca0.5MnO3 sample compared to the FMM
Pr0.5Ca0.5Mn0.97Cr0.03O3, is very evident in Fig. 2.

We now return to the unexpectedgT term in the specific
heat of these electrically insulating samples. The inset in
1 shows a plot ofg values for the differentx. As x ap-
proaches 0.3, the values ofg become increasingly large. I
fact, theg values are much larger than those observed
metallic manganites,12,15–17whereg values were found to be
in the range 3–7 mJ/mole K2. As x changes from 0.5 to 0.3
the magnetic ordering at low temperatures changes from
type to pseudo-CE type magnetic ordering and FM corre
tions increase in the system.1,2 This leads to frustration in the
spin system and to a spin-glass behavior, which was
served in neutron scattering2 and ac susceptibility
measurements.18 This spin glass behavior is a possible cau
for the large values ofg for x50.3 andx50.35 samples. A
large linear in temperature contribution to the specific h
was observed in many spin glasses previously.19 Recently, a
largegT term associated with spin disorder was also fou
in insulating LaMnO31d .20

Another possible cause for the presence of the largegT
term is charge disorder. The charge modulation
Pr12xCaxMnO3 (0.3<x,0.5) is the same as forx50.5,2 but
for x,0.5 there are not enough Mn41 ions to provide a
perfect 1:1 charge ordering of Mn41 and Mn31, resulting in
charge disorder forx,0.5. The two level states of differen
charge configurations would also have a linear in tempe
ture specific heat similar to spin glasses~or glasses21!. We
believe that the spin and charge disorder is responsible
the large values ofg for x50.3 andx50.35 samples.

Next we discuss the effect of a magnetic field. Figure 3~a!
showsC/T vs T2 for the x50.35 sample at different field
and different thermal and magnetic history. Resistivity m
surements@Fig. 3~a!, inset# show that in a magnetic field o
8.5 T the material is in the metallic state. Magnetizati
measurements show that a magnetic field of 6 T is sufficient
to induce a transition from the AFM CO insulating state
the FM metallic state for ourx50.35 sample. We find tha
the specific heat of the Pr0.65Ca0.35MnO3 sample decrease
dramatically in a magnetic field of 8.5 T@Fig. 3~a!#. More-
over, the specific heat exhibits a memory effect character
of the CO manganites.22 After reducing the magnetic field
from 8.5 T to 2 T~while not increasingT above 20 K!, the
sample tends to retain its smaller specific heat, while if a 2 T
magnetic field is applied to the zero field cooled~ZFC!
sample~not subjected previously to a magnetic field suf
cient to ‘‘melt’’ the charge ordering!, the specific heat is
exactly the same as for zero field@Fig. 3~a!#. This behavior
indicates that the decrease of the specific heat in 8.5
associated with the ‘‘melting’’ of the charge ordering in th
system.

A comparison of specific heat of Pr0.65Ca0.35MnO3
in a magnetic field of 8.5 T and the FMM
Pr0.5Ca0.5Mn0.97Cr0.03O3 sample shows that the excess sp
cific heat, C8, does not disappear completely in a 8.5
Rather, it appears to move to a higher temperature@Fig.
3~a!#. Since theC8 contribution is found only in the CO
state, our data suggest that charge ordering is not destr
completely by a 8.5 T magnetic field. This result is surpr
ing, since the resistivity and magnetization indicate that
CO is ‘‘melted,’’ yielding a metallic FM state. However, ou
g.
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results agree with neutron scattering studies2 that suggest
coexistence of metallic and CO phases in a magnetic fi
Our results are even more striking for La0.5Ca0.5MnO3 in a
‘‘melting’’ magnetic field of 14 T @Fig. 3~b! and Table I#.
Although a smallgT term appears in this field, indicating th
presence of charge carriers, theC8 term remains essentially
the same. These results indicate a coexistence of FMM
CO phases, an electronic phase separation, in a field a
the ‘‘melting’’ magnetic field. In addition, since
Pr0.65Ca0.35MnO3 is in the FM state at 8.5 T, the presence
theC8 contribution in our 8.5 T data confirms thatC8 is not
of AFM origin, as proposed in Ref. 15.

The lattice, charge carrier, hyperfine, FM spin wave, a
C8 terms were included in the fit of the magnetic field da
The fitting results are listed in Table I. The variation of th
fitting parameters within 5% of the cited values could s
lead to a reasonable fit, but larger variations of these par
eters lead to considerable deviations from the experime
data.

FIG. 3. ~a! Specific heat of charge-ordered Pr0.65Ca0.35MnO3

sample in different magnetic fields:~1! diamonds:m0H50; ~2!
open squares:m0H58.5 T; ~3! filled circles:m0H52 T ~field was
reduced to 2 T after application of 8.5 T field!; ~4! open circles:
m0H52 T ~zero field cooled sample!. Dashed line~5! representing
specific heat data of FMM Pr0.5Ca0.5Mn0.97Cr0.03O3 sample is
shown for comparison. Solid line is fit tom0H58.5 T data~de-
scribed in text!. The inset shows the temperature dependence of
resistivity of Pr0.65Ca0.35MnO3 in zero and 8.5 T magnetic field.~b!
Specific heat of charge-ordered La0.5Ca0.5MnO3 with and without
magnetic field. Lines are fits described in text.
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As we discussed above, the magnetic state
Pr12xCaxMnO3 becomes more disordered asx decreases to
wards 0.3 and exhibits spin glass behavior. We expect
magnetic disorder to be reduced when a magnetic field
duces a transition to the FMM~well ordered! state. Indeed,
we observe a large decrease ofg in a magnetic field of 8.5 T
~Fig. 3, Table I! to a value found for metallic
manganites.12,16,15,17The change in magnetic state appears
have removed~at least partially! the magnetic disorder re
sponsible for the anomalously largegT term in insulating
Pr0.65Ca0.35MnO3. However, it is not possible to determin
what part of thegT term found at 8.5 T corresponds to th
charge carrier contribution since some magnetic disor
may remain.

The b value, 0.1260.01 mJ/mole K4, is close to theb
value found in metallic manganites. This decrease ofb in
magnetic field is likely due to two effects: the absence of
AFM spin-wave contributionbAFMT3 at this magnetic field
and the decrease of the lattice contributionb lattT

3 due to the
decrease of the unit cell volume at the ‘‘melting’’ field.23

The 8.5 T data fit well without including a FM spin-wav
contribution. The change of the specific heat in the FM
state@difference between data sets~3! and~2! in Fig. 3# does
not correspond to a temperature and magnetic field de
dence of FM spin waves, indicating that other contributio
to C are also changing in the magnetic field. This does
permit us to resolve a FM spin-wave contribution from o
data.

We have shown that an anomalousC8 term is observed
for the composition range studied (0.3,x,0.5). These re-
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sults support our view that this contribution is caused by l
frequency excitations due to the arrangement of the Mn13

and Mn41 ions in separate sublattices in the CO state. TE
studies have shown that the charge modulation in the
state for 0.3,x,0.5 is 1:1, i.e., the same as in thex50.5
compound. This is supported by the observation that the
value in theC8 excitation spectrum is similar for all the
compounds studied here.

In conclusion, we have found a large linear inT term in
the low temperature specific heat of Pr12xCaxMnO3 as x
approaches the AFM-FM boundary of the phase diagra
This contribution is most likely associated with spin a
charge disorder. In the FM state induced by a magnetic fi
the gT contribution decreases to the typical value for met
lic manganites. We found that Pr12xCaxMnO3 (0.3<x
<0.5) compounds, which have the same type of the cha
ordering as La12xCaxMnO3 (x'0.5), have an excess spe
cific heat,C8, of nonmagnetic origin. A magnetic field su
ficient to induce the transition from the insulating AFM
the metallic FM state in the Pr0.65Ca0.35MnO3 and
La0.5Ca0.5MnO3 compounds modifies, but does not elimina
theC8 contribution. This suggests that charge ordering is
completely destroyed by the ‘‘melting’’ magnetic field, an
CO and metallic regions coexist in the sample.
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