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Specific heat of Pr0.6„Ca12xSrx…0.4MnO3 „0<x<1…

M. R. Lees, O. A. Petrenko, G. Balakrishnan, and D. McK. Paul
Department of Physics, University of Warwick, Coventry CV4 7AL, United Kingdom

~Received 14 August 1998!

We present the results of a specific heat study of the Pr0.6(Ca12xSrx)0.4MnO3 (0<x<1) manganite system
as a function of doping concentrationx and temperature. The low-temperature specific heat data indicate that
these materials have Debye temperatures of 333–344 K and reveal the presence of a 1/T2 hyperfine term. For
x>0.25 the samples are metallic ferromagnets at low temperature withg values of 4.5–5.7 mJ/mol K2.
However, noT3/2 term associated with the presence of ferromagnetic spin waves can be resolved in the data.
As x decreases belowx50.25, the materials become increasingly insulating in character and antiferromagnetic
order is preferred. Thex50.0 sample is an antiferromagnetic charge ordered insulator. In this doping regime,
the low-temperature specific heat contains an additional contribution which is attributed to the presence of
antiferromagnetic spin waves. The high-temperature specific heat data clearly show the onset of the charge and
magnetic ordering. The entropy loss accompanying the magnetic transition in each of these materials is much
smaller than expected. This discrepancy is attributed to a combination of factors, including the localization of
charge carriers around the metal-insulator transition which occurs at the Curie temperatureTC in the x
>0.25 ferromagnetic materials and the presence of short range magnetic correlations, well above the magnetic
ordering temperature.@S0163-1829~99!16001-6#
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I. INTRODUCTION

Distorted manganese perovskites with the composi
R12xAxMnO3, whereR is a trivalent rare earth andA is a
divalent alkali earth, have recently been the focus of a la
number of experimental and theoretical studies because
exhibit a range of extraordinary magnetic, electronic, a
structural properties including colossal negati
magnetoresistance,1 charge ordering,2 and magnetic field in-
duced changes in structure.3 Despite the surge of interest i
these materials there have been relatively few reports on
specific heat of the doped manganites. There have been s
high-temperature specific heat measurements
La12xCaxMnO3 ~Refs. 4–6! and Nd12xSrxMnO3 ~Ref. 7!
around the ferromagnetic and charge ordering transitio
Some data have also been presented on studies of the
temperature specific heat of Nd12xSrxMnO3,7

La12xSrxMnO3,8 La12xAxMnO3 with A5Ba atx50.33 and
A5Ca atx50.2 ~Ref. 9! andA5Ca, Sr, and Ba withx fixed
at 0.3.10

In this paper we examine the temperature dependenc
the specific heatC(T) of some Pr0.6(Ca12xSrx)0.4MnO3

(0<x<1) samples. Although the level of alkaline earth do
ing remains constant throughout this series, the two
compounds show very different properties. Pr0.6Ca0.4MnO3
undergoes a charge ordering~CO! transition at 250 K and
orders antiferromagnetically~AFM! at 160 K. In zero mag-
netic field the resistivityr of this material increases with
decreasing temperature; at low temperature the compo
becomes an insulator. The application of a sufficiently
tense magnetic field at temperatures below 250 K produc
metamagnetic transition into a ferromagnetically orde
state. This transition is accompanied by a switch to a h
conductivity state. At low temperature the field induced d
crease in r can be described as an insulator-me
PRB 590163-1829/99/59~2!/1298~6!/$15.00
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transition.11–14 Replacement of Ca with Sr changes the d
gree of distortion present within the structure and drives
system towards a ferromagnetically ordered state. For 0
<x<0.25 there is a coexistence of AFM and ferromagne
~FM! ordering. For 0.25<x<1.0 the system is FM and ther
is a rapid increase in the Curie temperatureTC with x.15 The
end compound Pr0.6Sr0.4MnO3 has a Curie temperatureTC of
305 K. Above TC ,r has an activated temperature depe
dence, while belowTC , the resistivity falls with decreasing
temperature. A large negative magnetoresistance is obse
at temperatures aroundTC .15,16 At 105 K, Pr0.6Sr0.4MnO3
undergoes a distortion from a high-temperature orthorho
bic Pnmato a low-temperature monoclinicI2/a structure.17

This means that measuring the specific heat capacity of
Pr0.6(Ca12xSrx)0.4MnO3 system provides us with a good op
portunity to study a number of the phenomena exhibited
manganite materials, while minimizing the changes in
lattice contribution to the specific heat, which in turn shou
make the interpretation of the data more straightforward.

II. EXPERIMENTAL DETAILS

Polycrystalline samples of Pr0.6(Ca12xSrx)0.4MnO3 (0
<x<1) were prepared from stoichiometric quantities
Pr6O11, CaCO3, SrCO3, and MnO2. The starting materials
were mixed and fired for 12 h at 1200 °C, then regrou
compressed into pellets and heated to 1350 °C for 24
X-ray analysis revealed all the samples to be single pha

The specific heat measurements were made in the t
perature range 2 to 20 K using a standard heat pu
relaxation method and from 20 to 305 K using an adiaba
technique. In both experimental set ups, the data were
lected while warming the sample. Magnetization versus te
perature (M v T) and magnetization versus applied field (M
v H) curves were obtained using a Quantum Design MPM
SQUID magnetometer.
1298 ©1999 The American Physical Society
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PRB 59 1299SPECIFIC HEAT OF Pr0.6(Ca12xSrx)0.4MnO3 (0<x<1)
III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Low-temperature specific heat data

We discuss first the low-temperature specific heat
sponse of the Pr0.6(Ca12xSrx)0.4MnO3 materials. We have
attempted to model this data by assuming that the total
cific heatCtotal is made up four distinct contributions

Ctotal5Clat1Celec1Chyp1Cmag. ~1!

The lattice contribution Clat5b3T31b5T5 arises from
phonons. The electronic termCelec5gT is due to free charge
carriers.Chyp is the hyperfine contribution to the specific he
caused by the local magnetic field at the Mn nucleus du
electrons in unfilled shells.Chyp has been modeled usin
Chyp5a/T2. Finally Cmag is the spin wave contribution to
the specific heat.Cmag5dTn where the value of the exponen
n depends on the nature of the magnetic excitations. We
that the specific heat may also include a contribution from
crystalline electric field~CEF! splitting of the Pr31 energy
levels. These CEF modes may also couple to, for exam
the magnetic excitations. However, there are no featu
which can be attributed unambiguously to the population
these CEF levels. Thus the data has been fitted using

C~T!5
a

T2
1gT1b3T31b5T51dTn. ~2!

We consider first the samples which show purely ferrom
netic behavior and are metallic at low temperatures,
samples withx>0.25. PlottingC/T versusT2 for the mate-
rials in this composition range~see Fig. 1! suggests that the
expression given in Eq.~2! should represent the temperatu
dependence of the data reasonably well. The data were fi
from base temperature to 10 K. The values obtained for
fitting parametersa,g,b3 ,b5 ,d are given in Table I. There
are several points to note.

First, even for data sets which only extend down to te
peratures between 2 and 3 K, reasonable fits to the data
only be obtained if we include a hyperfine term. This h
previously been noted by Woodfieldet al.8 who measured

FIG. 1. Low-temperature specific heat from 2 to 15 K plotted
C/T versusT2. Inset shows the variation in the magnitude of t
specific heatC as a function of Sr dopingx at a temperatureT
515 K.
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the specific heat of samples of La12xSrxMnO3 down to 300
mK and observed a clear increase inC(T) at low tempera-
ture. Writing

a5
R

3S I 11

I D S m IHhyp

kB
D 2

where I is the nuclear spin5 5/2 for Mn55 and m I is the
nuclear magneton we can calculate the field strengthHhyp at
the Mn site.18 We obtain values of around 73107 A/m ~see
Table II!. The hyperfine term decreases only slightly as
Sr contentx increases. In these materials the shifting of t
nuclear Schottky anomaly to reasonably high temperatu
by the Hund’s rules alignment of electron spins, coup
with the fact that 16O carries no nuclear moment, shou
allow the determination of the local magnetic field at the M
sites and provides a means of discerning where the do
carriers are residing.8 In this case, the small variations i
Hhyp indicate a nearly constant number of holes at the
sites, which is consistent with the constant level of alk
earth doping in these materials.

Secondly we find that theg values all lie in the range
4.5–5.7 mJ/mol K2 ~see Table I!. These values are in line
with previous work on similar materials. For example,g
values from 4.4–6.1 mJ/mol K2 have been reported fo
La0.7Ba0.3MnO3, 5.2–7.8 mJ/mol K2 for La12xCaxMnO3
with 0.2,x,0.33, and 6.0 mJ/mol K2 for
La0.7Sr0.3MnO3.5,9,10 In another study of La12xSrxMnO3,
the inclusion of a hyperfine andT3/2 magnetic term in the
fitting process produced slightly lowerg values of 3–3.5

s

TABLE I. Summary of the fitting results for the specific he
versus temperature data shown Fig. 1 for samples with the com
sition Pr0.6(Ca12xSrx)0.4MnO3 (0<x<1). The definitions of the
coefficients are given in the text. The units are all mJ/mol Kn11

wheren is the subscript given next to the fitting coefficient.

x a22 g3103 b33104 b53107 d3103

0.0 28.0 5.50 0.84 1.89 (n52)
0.25 59.1 4.72 2.38 11.54
0.5 57.34 4.51 2.41 10.06
0.75 40.82 5.77 2.62 6.76
1.0 33.3 5.40 2.50 2.29

TABLE II. Physical parameters for samples of compositi
Pr0.6(Ca12xSrx)0.4MnO3 (0<x<1) extracted from both the low-
and the high-temperature heat capacity data.

TC
a Hhyp uD

b uD
c

x ~K! (3107A/m! ~K! ~K!

0.0 TN5160 K 5.34 433
TCO5230 K

0.25 196 7.76 344 432
0.5 235 7.64 342 426
0.75 262 6.45 333 429
1.0 305 5.82 339 432

aSee Ref. 15.
bCalculated fromb3 .
cCalculated from high-temperature data.
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1300 PRB 59LEES, PETRENKO, BALAKRISHNAN, AND PAUL
mJ/mole K2.8 TC increases with Sr content from 196 to 30
K but there is no clear correlation between the value ofg and
TC . Note that in the double exchange~DE! model,19 TC is
proportional to the effective transfer integralt for electrons
hopping between Mn ions. In the tight binding approxim
tion N(EF), the density of states at the Fermi energy,
inversely proportional tot. So we may expectg to decrease
with TC . All the Sr rich samples in this study (x>0.25)
exhibit a low-temperature resistivity which decreases w
decreasing temperature. Assuming a linear term in the
cific heat arises solely from charge carriers, we useg
5(p2/3)kB

2N(EF) to calculateN(EF). We find N(EF) lies
between 1.1531024 eV21 mol21 and 1.4731024 eV21

mol21. These values are in good order of magnitude agr
ment with band structure calculations, which gaveN(EF)
;5.131023 eV21 mol21 for La0.67Ca0.33MnO3,20 especially
given the increased doping level in our materials.

Thirdly, we note that the use of ab5T5 term in the lattice
contribution is required to adequately fit the data, ev
though the upper temperature limit used in the fitting proc
was only 10 K. Fits from base temperature to 20 K were a
performed and also required the inclusion of ab5T5 term.
Fitting over this broader temperature range produces slig
lower values forb3 . However, the agreement between t
fits and the low-temperature portion of the data when fitt
over this more extended temperature range was significa
poorer. Fromb3 we calculate the Debye temperatureuD us-
ing uD5(12p4pR/5b3)1/3 whereR is the gas constant andp
is the number of atoms in each molecule. For all the samp
uD lies between 333 and 344 K. These values are at
lower end of the range of Debye temperatures observed
the La based manganites for which values between 360–
K have been reported.5–9 For 0.25<x<0.75 the data curves
lie very close to one another indicating there are only sm
variations in electronic and lattice contributions to the s
cific heat as a function of increasingx over this concentration
range. Forx51.0 the specific heat capacity at temperatu
of 5 K and above is clearly much smaller than for the oth
ferromagnetic samples in the series~see inset of Fig. 1!. This
is probably due to a decrease in the lattice contribution to
total specific heat, which results from the change in crys
structure of Pr0.6Sr0.4MnO3 mentioned above.17 This de-
crease in the lattice specific heat is reflected in the decr
in the b5 fitting coefficient.

Finally, we note that the data can best be fitted with
including a magnetic term in the total specific heat. Fits
ing dTn with n53/2 or n52 produce values ford which at
best make only a negligible contribution to the specific h
over the temperature regime investigated and in the w
cases result in unphysical values for some parameters;
negative values ford and g. In a previous study of ferro-
magnetic La12xBaxMnO3 and La12xCaxMnO3 materials,
Hamiltonet al.9 were unable to resolve a magnetic contrib
tion in their specific heat data. In contrast, Woodfieldet al.8

have included a magneticT3/2 term in the fits to their specific
heat data for ferromagnetic samples of La12xSrxMnO3.
There have been a number of neutron scattering meas
ments on manganites in which the spin waves have b
directly measured so there seems little doubt that spin wa
are present in this class of materials.21,22 Given a dispersion
-
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relation for ferromagnetic spin waves of the formE5Dq2

1D, whereD is the spin wave stiffness constant andD is the
spin wave energy gap, ifD is zero, the magnetic contributio
to specific heat per unit volumeCmag should be equal to
cfkB(kBT/D)3/2 wherecf is a constant whose value depen
on the lattice type.23 The absence of aT3/2 term may be due
to a non zero gap. An inelastic neutron scattering study
La0.7Ba0.3MnO3 revealed the existence of a gap of 2.560.5
meV. A gap of similar magnitude in these materials wou
be sufficient to prevent the observation of a spin wave te
at low temperatures. Alternatively, the spin waves may
extremely stiff. Values forD of up to 170 meV Å2 have been
reported.22 This should give a contribution toC of around
0.2–0.25 J/mol K at 8 K which is ;7210 % of the total
signal at this temperature for our FM samples. Although
resolution of the magneticT3/2 contribution is always experi-
mentally difficult, given the presence of the linear electron
term, we feel that a contribution of this magnitude, if prese
should be revealed by the fitting procedures adopted her

For x,0.25, the analysis of the low temperature spec
heat data presents a different set of problems. It is clear f
Fig. 1 that there is an additional contribution to heat capac
at low temperatures in these samples when compared
the x>0.25 materials. The magnitude of this extra contrib
tion increases montonically with decreasing Sr content an
most pronounced for the Pr0.6Ca0.4MnO3 end compound.
Note that a similar trend is seen in the data f
La12xSrxMnO3 where the undoped end compound is also
antiferromagnetic insulator.8 Since Pr0.6Ca0.4MnO3 is an in-
sulator at low temperatures it is difficult to justify the inclu
sion of a linear term in the expression used to fit the data.
a consequence we have attempted to fit the data to

C~T!5
a

T2
1b3T31b5T51dTn. ~3!

The values of the free parameters obtained by fitting the d
up to 10 K can also be found in Table I.

As expected, the values fora, the coefficient in the hy-
perfine term, are similar to those obtained for the Sr r
samples. As regards the lattice contribution to the spec
heat, we find that thatb5 is much smaller than the value
obtained for thex>0.25 samples. Reasonably good fits
the data can even be obtained without the inclusion of aT5

term. Whatever fitting strategy is used we see a steady
crease in the magnitude of theb3 coefficient as the Sr con
tent is reduced. Atx50.0,b3 is more than twice the value
seen for thex50.25 compound. This seems unusual as
would suggest that moving from a Sr doping level ofx
50.25 tox50.0 decreases the Debye temperature from 3
to 263 K. It is hard to imagine how such a small change
doping concentration could soften the lattice so dramatica
This leads us to conclude that theT3 term probably includes
an additional antiferromagnetic spin wave contribution. No
that for an antiferromagnetic spin wave spectrum whereE
5Dq, the magnetic contribution to specific heat per u
volumeCmag is given bycakB(kBT/D)3 whereca is a con-
stant whose value depends on the lattice type.23 There is also
the significant addition of aT2 term. A previous study of the
temperature dependence of the specific heat of p
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PRB 59 1301SPECIFIC HEAT OF Pr0.6(Ca12xSrx)0.4MnO3 (0<x<1)
LaMnO3, which is also an antiferromagnetic insulator, r
ported a best fit to the data fit which included aT2 term.8 In
this case a dispersion relation with both ferromagnetic
antiferromagnetic character was invoked to explain theT2

contribution. For Pr0.6Ca0.4MnO3, we suggest that given th
CE magnetic structure,12 the proximity of this material to a
FM ordered state and the evolution of the magnetic orde
the temperature increases, it is not surprising that the m
netic contribution to the specific heat data does not follow
simpleT2 or T3 temperature dependence.

B. High-temperature specific heat data

We now discuss the high-temperature specific heat d
In Fig. 2 we show specific heat capacity versus tempera
curves for samples withx51.0, 0.75, 0.5, 0.25, and 0.0. A
room temperature the heat capacity for all samples is 1
106 J/mol K. which is 4.2R. These values agree well with th
previous high-temperature specific heat measurements
formed on this class of materials6,7 and with Dulong and
Petit’s law for a system made up of molecules contain
five atoms including three ‘‘light’’ oxygen atoms.23 The De-
bye temperature of each sample can also be extracted
the high-temperature specific heat data. Unfortunately,
data cannot be fitted using a Debye function over the en
temperature range studied asuD appears to be weakly tem
perature dependent. However, fits over a more restricted
perature range, or the calculation ofuD at a single tempera

FIG. 2. Temperature dependence of the specific heat capacC
for samples of Pr0.6(Ca12xSrx)0.4MnO3 for ferromagnetic~upper
panel! and antiferromagnetically ordered~lower panel! samples. For
clarity, the curves for thex50.5, x50.75, andx51.0 samples have
been offset by 20, 40, and 60 J/mol K, respectively.
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ture, give values foruD of between 426 and 433 K. Thes
numbers are consistent with the values calculated from
low-temperature data, given the temperature dependenc
uD , and are also in line with previously published values
uD for similar materials.

Again we first consider thex>0.25 materials which orde
ferromagnetically. For each sample, we observe a c
anomaly in the specific heat versus temperature curve w
marks the onset of long range magnetic order. The temp
tures at which these peaks occur agree well with the crit
temperatures determined from the magnetization data. S
tracting off a smooth background as a lattice contributio24

we can see more clearly the contribution to the data due
these transitions~see Fig. 3!. Each transition is marked by
peak in C(T) around 50 K wide. For the samples withx
>0.5 these peaks appear to be asymmetric with an additi
contribution on the low-temperature side of the transitio
The magnitude of the jump seen in the specific heatDC at
TC varies from 15–34 mJ/ mol K which is 1.8–4.1R. This
compares with a value of 2.3R expected from a simple mo
lecular field approximation25 for S51.85 ~assuming a 60/40
ratio of Mn31/Mn41) and aDC of 4.8R given by the double
exchange model.19 The magnitude ofDC seems to depend
on the homogeneity of the sample. If we assume that it is
most homogeneous samples with the largestDC which re-

FIG. 3. High-temperatureC versusT curves for several sample
of Pr0.6(Ca12xSrx)0.4MnO3 after subtracting off a smooth back
ground. These curves highlight the contributions to the specific h
due to the phase transitions for both ferromagnetic~upper panel!
and antiferromagnetic~lower panel! samples.
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1302 PRB 59LEES, PETRENKO, BALAKRISHNAN, AND PAUL
flect the true nature of the materials, then the large value
DC can be explained by reference to the DE model. Ther
no apparent discontinuity between the lattice heat capa
above and belowTC . Similarly there is no hysteresis seen
the magnetization versus temperature curves on warming
cooling the sample~see the inset of Fig. 4!. This indicates the
magnetic transitions are second order.

The entropy associated with the transition in each com
sition, which can be obtained fromDStrans5*(C/T)dT, lies
between 1.4 and 1.5 J/mol K. This is true both for sample
which the transition is sharp, with a largeDC, and for
samples in which the transition takes place over a more
tended temperature range. These entropy values are m
smaller than theR ln 4.7512.7 J/mol K expected from anS
51.85 spin system. Similar low values have been repo
by Ramirezet al.4 There are several possible ways to a
count for this ‘‘missing’’ entropy.

The first approach is to assume the transition to a fu
ordered ferromagnetic state is only complete well belowTC
and then try to estimate the magnetic contribution to the t
heat capacity below the transition temperature using a sim
theory such as a mean field model. This requires a kno
edge of the exchange constantJ. It is possible to estimateJ
from the jump in specific heat data at the transition.6,25 How-
ever, in this system we have seen that the magnitude of
jump depends on extrinsic factors such as the homogen
of the sample. So here we follow Gordonet al.7 who applied
a mean field model to their magnetization data, usingTC to
determineJ, and calculate the magnitude of the magne
contribution to the data. We useCmag52@3SRTC/2(S
11)#d(M /M0)2/dT where M is the measured saturatio
magnetization at a temperature T andM0 is the saturation
magnetization atT510 K. In this way we find, for example
that for thex50.5 sample over the temperature interval b
tween 30 and 300 K, the total magnetic contribution to
entropySmag is equal to 12.8 J/mol K~see Fig. 4!. Similar

FIG. 4. Magnetic contribution to the specific heat for anx
50.5 sample of Pr0.6(Ca12xSrx)0.4MnO3 ~closed symbols! and the
magnetic contribution to the specific heat data calculated from
saturation magnetization versus temperature data using a si
mean field model withTC5235 K ~open symbols!. Inset shows the
magnetzation versus temperature curves for the samex50.5 sample
collected in a field of 2.233106 A/m during field cooling and field
warming. The absence of any hysteresis indicates the FM trans
is of second order.
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values are obtained for the other FM samples. Although
C(T) curves calculated in this way have the same form
the actual experimental data and give a reasonable value
the total magnetic entropy associated with the transition,
mean field theory clearly over estimates the magnitude of
specific heat close toTC . This is not totally unexpected, as
is not clear that a simple mean field model with a sing
exchange constant, is appropriate for this class of mater

A better solution to the problem of the missing entro
would be to correctly identify the phonon contribution to th
specific heat, subtract this term from the data, and then
amine the remainder. Unfortunately, there are no ‘‘nonm
netic’’ analogs of Pr0.6(Ca12xSrx)0.4MnO3. One potential so-
lution is to choose a ferromagnetic sample
Pr0.6(Ca12xSrx)0.4MnO3 for which TC is lowest~in this case
x50.25) and use the data at temperatures well aboveTC as
being representative of the nonmagnetic contribution. Si
larly we could choose a sample for whichTC is high and use
the data at temperatures well belowTC to estimate the
nonmagnetic phonon contribution at lower temperatures
this way, we can estimate a non magnetic background for
entire temperature range of interest. This approach pre
poses that there are no short range magnetic correlat
aboveTC and that well belowTC there is no magnetic con
tribution to the data. For thex>0.25 compounds, if we ex
clude the regions around theTC of each sample, we find tha
all the specific heat versus temperature curves coincide.
viations for x51.0 at 100 K are due to a structural pha
transition. This suggests that either there is no contributio
C(T) with a magnetic origin at temperatures well away fro
the transition temperature of each individual material, or t
the magnitude of this magnetic contribution is more or le
constant, irrespective of the value ofTC . It is certainly pos-
sible for a system in which there are two or more exchan
constants, that the magnetic contribution to the specific h
can be made to be nearly independent of the value of
transition temperature at temperatures well away fromTC .
Alternatively, it maybe that there really is very little mag
netic contribution to the specific heat within the temperat
range studied. One possible explanation for this is tha
considerable amount of entropy is given up at temperatu
much higher thanTC , due to the presence of short rang
correlations. There is experimental evidence that magn
excitations persist at temperatures well aboveTC in this class
of materials.26 We have also noted clear deviations fro
Curie-Weiss behavior in our magnetic susceptibility data
the paramagnetic state of these materials. These short r
correlations may take the form of magnetic clusters of M
ions or may be related to the presence of Jahn-Teller
larons which form at much higher temperatures. We a
note that forx>0.25, the Pr0.6(Ca12xSrx)0.4MnO3 materials
have an insulator-metal transition atTC . We may therefore
expect a reduction in the change in entropy associated
this transition, due to a localization of the charge carriers
the systems is warmed throughTC . However, an estimate o
DSel5*(gT/T)dT using g values extracted from the low
temperature data shows that this mechanism can accoun
no more than 1.7 J/mol K of the missing entropy.

Finally, we discuss the high-temperature specific heat d
of the charge ordered, AFMx50.0 sample. In this case ther
are two clear anomalies in the data. There is broad p
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PRB 59 1303SPECIFIC HEAT OF Pr0.6(Ca12xSrx)0.4MnO3 (0<x<1)
centered around 160 K. This marks the onset of antife
magnetic order. There is a much larger peak at 230 K wh
corresponds to the charge ordering transition in the syst
Once again, both these features can be made more app
if we subtract off a smooth background from the data~see
Fig. 3!. At the charge ordering transition, which involves
localization of mobile charge carriers with the formation o
well defined Mn31/Mn41 sublattice, there is also a lowerin
of the crystallographic symmetry from an orthorhomb
Pnma to a monoclinicP21/m structure.17 This structural
phase transition is accompanied by rapid changes in the
tice parameters and bond lengths. As a result, it is not un
pected that this feature is particularly distinct in the spec
heat versus temperature data. The entropy associated
this transition amounts to nearly 2 J/mol K. In contrast
lower bound on the entropy developed at the AFM transit
is only 0.6 J/mol K. This small value27 again suggests tha
either a sizable fraction of the spin entropy is given up
lower temperatures, as the system evolves from a canted
structure with two magnetically ordered Mn sublattice
through a collinear structure at 150 K and finally into a pa
sh
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magnetic state at 160 K,15 or that short range magnetic co
relations persist to temperatures well aboveTN .

In conclusion, we have measured the specific heat o
number of Pr0.6(Ca12xSrx)0.4MnO3 (0<x<1) manganite
samples. Our measurements indicate that forx>0.25, the
samples are well behaved metallic ferromagnets with smag
values. Previously observed enhancements ing are probably
due to a low-temperature hyperfine contribution to the da
However, noT3/2 spin wave term can be resolved in th
C(T) data. In contrast, the low-temperature specific heat d
of the x<0.25 AFM, charge ordered materials contain
additional contribution which can be attributed to magne
order. In the high-temperature data, there is clear evide
for the magnetic, structural and charge ordering transiti
which occur at various different temperatures and dop
levels in these materials.
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