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Low-temperature specific heat in Pr0.63Ca0.37MnO3:
Phase separation and metamagnetic transition

V. Hardy, A. Wahl, C. Martin, and Ch. Simon
Laboratoire CRISMAT, Unite´ Mixte de Recherches 6508, Institut des Sciences de la Matie`re et du Rayonnement–Universitéde Caen,

6 Boulevard du Mare´chal Juin, 14050 Caen Cedex, France
~Received 21 December 2000; published 8 May 2001!

The application of a sufficiently large magnetic field in Pr0.63Ca0.37MnO3 can enforce a ferromagnetic state,
resulting in an ‘‘insulator-metal’’ transition owing to both actuation of double-exchange mechanism and
charge-order melting. In the present study, the low-temperature magnetoelectronic state of this compound has
been investigated by specific-heat measurements. It was shown that the metamagnetic transition has clear
signatures in specific-heat data. Combination of specific heat, magnetization, and resistivity measurements
allowed us to propose a comprehensive picture of the hysteretic features around this transition in the frame of
a field-dependent phase-separation scenario. A more quantitative analysis also gave strong support to the
percolative nature of the magnetoresistive transition in this compound.

DOI: 10.1103/PhysRevB.63.224403 PACS number~s!: 75.30.Vn, 65.40.Ba, 75.30.Ds
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I. INTRODUCTION

The existence of electronic phase separation1,2 in manga-
nites is a feature that strongly influences most of their pr
erties. Owing to various phenomena such as dou
exchange3 and charge ordering,4,5 the electronic and mag
netic properties are strongly correlated to each other in th
materials.6,7 Most often, the ferromagnetic~FM! and antifer-
romagnetic~AFM! states are associated with highly condu
tive and insulating behaviors, respectively. Subdivision
domains of both of these states can make the overall be
ior particularly sensitive to the application of a magne
field. By promoting spin alignment, an external magne
field indeed affects directly the energy balance between b
states, and can thus modify their volumic ratio. There
phase-separation phenomena8,9 are deeply involved in meta
magnetic transitions leading to colossal magnetoresisti
~CMR! in manganese oxides.10

Compounds of the system Pr12xCaxMnO3 with x close to
0.4 are known to exhibit such a metamagnetic transition
der not too high magnetic fields.11–14 Furthermore,
Pr0.6Ca0.4MnO3 is a well-documented material on which e
tensive investigations have been carried out by magnetic
resistivity measurements,15–17 as well as by neutron
diffraction experiments.5,9,18

The present study is focused on the low-temperat
range where CMR occurs, combining specific-heat meas
ments under magnetic fieldsC(T,H) with more standard
magnetizationM (T,H) and resistivity r(T,H) measure-
ments. Specific heat is a thermodynamic quantity, which
complementary to magnetization and resistivity in many
pects. It is indeed a bulk property~unlike resistivity for
which percolation can be dominant!,2,8,19 which has not the
‘‘vectorial’’ character of magnetization~in which, what is
actually measured is the average projection of the magn
moments along one direction!.

The paper is organized as follows. In Sec. II, some
perimental details are given about the samples and the m
suring techniques. Section III contains a brief overview
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the main properties of the studied compound. Section IV
devoted to the analysis of the low-temperature specific-h
data under zero field, while Sec. V addressesC-vs-T curves
recorded under field. Section VI reports an experimental
vestigation and a comparative study of the metamagn
transition on the basis of magnetization, resistivity, a
specific-heat measurements. Section VII is focused on
analysis of the hysteretic behaviors around this transition
the frame of a phase-separation scenario. In Sec. VII
quantitative analysis ofC-vs-H and M -vs-H curves is pro-
posed to account for the critical field value observ
in r-vs-H. Section IX points out the main results and the
implications.

II. EXPERIMENTAL DETAILS

Using the floating-zone method with a feeding rod
nominal composition Pr0.6Ca0.4MnO3, a several-cm-long
single crystal was grown in a mirror furnace. Two samp
were cut out of the central part of this crystal, one of the
for resistivity measurements and the other for magnetiza
and specific-heat measurements. X-ray diffraction and e
tron diffraction ~ED! studies, which were performed o
pieces coming from the same part of the crystal, attested
the samples are single phased, homogeneous, and well
tallized. The reconstruction of the reciprocal space confirm
the expectedPnma-type orthorhombic cell at room tempera
ture, with a0.apA2, b0.2 ap , and c0.apA2 (ap is the
parameter of the cubic perovskite cell!. The ED investigation
also showed the existence of twinning domains, which re
from the reversible phase transitions~from cubic to ortho-
rhombic! undergone by the crystals upon cooling. Therefo
all physical measurements performed on such samples
averaged over the six oriented domains coexisting in
Pnma phases. The cationic composition derived fro
energy-dispersive x-ray microanalyses leads to the form
Pr0.63Ca0.37MnO3.

Specific-heat measurements were carried out by mean
a commercial set up~quantum design! using the two-t relax-
©2001 The American Physical Society03-1
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ation method, at temperatures from 2.2 to 300 K and un
magnetic fields up to 9 T. The sample mass was 0.041
The background signal, including the exact amount
Apiezon N used to paste the sample on the platform, w
recorded in a first run and it was then subtracted from
total heat capacity. The absence of any significant field
pendence of this background signal was carefully checke
the low-temperature range~2.2–15 K!. The accuracy of the
specific-heat data in this temperature range was also ver
by measuring a 99.999% pure copper sample.

Resistivity measurements were performed by the stand
four-probes technique, at temperatures from 5 to 300 K
fields up to 9 T. Magnetization measurements were recor
by using a superconducting quantum interference de
magnetometer at temperatures from 5 to 300 K and fie
limited to 5 T.

III. BASIC FEATURES

The temperature dependence of the specific heatC, the
magnetizationM and the resistivityr, up to 300 K and under
zero ~or low! field, is shown in Fig. 1. These results are
remarkable agreement with previous studies carried ou
Pr0.6Ca0.4MnO3.15,16,18,20

The M (T) curve measured under 100 G after zero-fie
cooling exhibits three peaks. According to neutro
diffraction studies,5,11,18the two peaks around 230 and 160
correspond to the establishment of a charge ordering (TCO)
and to an antiferromagnetic-spin ordering (TN), respectively.
In compounds close to ours, this antiferromagnetic or
among the Mn spins was found to be of the pseudo-
~charge exchange!-type.21,22As the temperature is further de
creased, one observes that the magnetization starts incre
below 100 K, then it exhibits a peak around 30 K and
finally decreases as approaching 5 K. We observed tha
fall in magnetization below 30 K is much less pronounced

FIG. 1. Temperature dependence of specific heat under
field in Pr0.63Ca0.37MnO3 ~main panel!, together with magnetization
~upper inset! and resistivity~lower inset! under 100 G and 0 G
respectively.
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the sample is cooled under field, a behavior that suggests
existence of magnetic frustration in this very low
temperature range. In some previous studies on related c
pounds, the increase in magnetization that takes place be
about 100 K was ascribed to the development of a spin c
ing in the antiferromagnetic structure.11,18 In terms of phase
separation, this behavior can alternatively be accounted
by the appearance of a small amount of ferromagnetic
mains dispersed in a collinear antiferromagnetic matrix.22 It
must be emphasized that the low-temperature value ofM,
which is presently observed~some 1023mB /f.u.), remains
very small as compared to those encountered in compou
of slightly different compositions, which are known to b
have as bulk ferromagnets17 ~e.g., some 1021mB /f.u. in
Pr0.8Ca0.2MnO3 under 100 G!. Such a result is consisten
with the fact that the AFM order remains largely predom
nant in our Pr0.63Ca0.37MnO3 samples at low temperature
Ther(T) curve in zero field displays a pronounced semico
ductinglike behavior, leading to an insulating state at lo
temperature. One can also denote a clear kink around 23
which is related to the charge-ordering phenomenon.

The most salient feature of theC(T) curve under zero
field is a prominent peak aroundTCO . It must be pointed out
that the large amplitude of this peak is not only related to
entropy change associated with charge and orbital order
but also to the related structural distortion.22 There is a re-
markable quantitative agreement about theTCO values, if
one compares the peak temperature inC(T) at 229 K with
the midpoints of the jumps observed inr(T) and M (T), at
227 and 228 K, respectively. TheC(T) curve also displays a
knee around 150 K that can be correlated toTN.160 K
shown in M (T). It was found that both peaks observed
C(T) are shifted to lower temperatures upon application o
large magnetic field~e.g., by 10 and 15 K under 9 T, forTCO
and TN , respectively!. The high-temperature regime i
C(T,H) will be addressed elsewhere. Let us here focus
the low-T range where CMR effects take place.

IV. SPECIFIC HEAT IN ZERO FIELD

Figure 2 shows an enlargement of theC(T) curve below
15 K under zero field. Relevant contributions to specific h
in this low-T range are~i! a phononic termClat related to
lattice vibrations,~ii ! a hyperfine termChyp related to level
splitting induced by large local magnetic fields at the Mn a
Pr nuclear spins,~iii ! a linear in temperature termCg related
to free charge carriers or to disorder effects, and~iv! a mag-
netic termCmag related to spin waves. As mentioned abov
the volumic fraction of the FM phase in zero field is so sm
that its contribution to specific heat can be neglected. At v
low temperatures, i.e.,T,10 K, Clat can be fairly approxi-
mated by aT3 term. For extensions of the low-T range up to
15 K, it is generally required to add a correction in the for
of a T5 term. In the absence of an upturn inC(T) at lowest
temperatures,Chyp can be approximated by the high-T tail of
a Schottky function, leading to aT22 term.23 Owing to the
strong insulating character observed at low temperatures
der zero field, one can assume there is no electronic t
related to free charge carriers. On the other hand, recent s
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ies on insulating manganites have reported the occurrenc
largeg values related to disorder effects that can affect s
and/or charge degrees of freedom.24,25As for Cmag, the case
of spin-wave excitations in a pseudo-CE-type antiferrom
net has not yet been theoretically investigated. Predicti
are just available for more standard magnetic structures, s
as ferromagnetic, isotropic antiferromagnetic, and laye
antiferromagnetic states, for whichCmag varies asT3/2, T3,
and T2, respectively.23,26 We have chosen forCmag an ap-
proximation in the formdTn, n.0 being an undefined pa
rameter. Adding these various contributions, the tempera
dependence of the specific heat in Pr0.63Ca0.37MnO3 at low T
can be expressed in the form

C5aT221gT1b3T31b5T51dTn. ~4.1!

Reliable results cannot be expected by directly using s
an expression with six free parameters. In a first step,
can limit the temperature range investigated in order to
duce the number of parameters. In the range 5–10 K,
influences of both hyperfine term andb5T5 correction can
fairly be neglected, leading to the simplified expressionC
5b3T31gT1dTn. Even doing so, the fitting process do
not converge to a unique set of parameters. Accordingly,
have first considered the extreme situations correspondin
either d50 or g50. A very good fit is obtained in the
former case with b350.54 mJ/K4 mol and g
511 mJ/K2 mol. In this temperature range, aC/T versusT2

plot clearly appears as a straight line that does not extra
late to zero. However, it must be noticed that the ‘‘bac
ground’’ curve (b3T31gT), obtained by applying the abov
parameters over the entire temperature range, strongly
parts from the data in the high-T side ~10–15 K!, a feature
that implies the existence of a particularly largeb5T5 cor-
rection ~see below!. The fits obtained with the alternativ
approach (b3T31dTn) are a little less good in the 5–10 K

FIG. 2. Low-temperature enlargement of theC-vs-T curve un-
der zero field. Solid line is a fit to the data with Eq.~4.1! when
consideringg50 andn52 ~see text!. Inset shows the same resul
in semilogarithmic scales. Note that a fitting curve of compara
quality is also found when choosingd50 andgÞ0 ~see text!.
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range. On the other hand, they are much less sensitiv
moderate extensions of the fitting range. As a matter of f
if one considers the range 5–12 K, a better fit is obtain
with b3T31dT2 than withb3T31gT. Actually, the best re-
sults involve combinations ofgT and dTn terms, the best
values ofn lying in the range 1.5–2~for g50) and 2–2.5
~for gÞ0). At this step, one can already state that no una
biguous conclusion can be drawn about the exact value
these parameters. Let us proceed with the analysis of
‘‘boundary’’ situations:gÞ0 with d50, or g50 with d
Þ0. We chosen52 in the latter case to be comparable wi
the previous study of Leeset al.20 Using the ‘‘background’’
functions derived from the analysis of the intermediateT
range, we address the residual dataCres5C2(b3T31gT
1dTn) calculated over the whole temperature range. T
residual data is fitted to the remaining terms of Eq.~4.1!,
Cres5aT221b5T5. Both a and b5 can be unambiguously
determined since they are associated with very contra
temperature dependences. As in the first step, the fits w
performed with a data weighting equal to 1/C, consistent
with the experimental uncertainty. In the caseg50 with n
52, the best set of parameters isb350.34 mJ/K4 mol, b5

520.01 mJ/K6 mol, d53.1 mJ/K3 mol, and a570
mJ K/mol. In the case d50, one finds b350.54
mJ/K4 mol, b5520.2 mJ/K6 mol, g511 mJ/K2 mol, and
a54 mJ K/mol. The mean errors (DC/C) over the whole
temperature range are 1.6% and 1.4% for the former
latter cases, respectively. These results are illustrated in
2 by the fitting curve corresponding tog50, shown in linear
and semilogarithmic scales~note that both fitting curves de
scribed above would appear to be nearly superimpose
such plots!. In both cases, theb3 parameters are significantl
larger than those usually associated with lattice contribut
(0.1—0.2 mJ/K4 mol).24,26–29 It is likely that a part of the
cubic term originates from spin-wave excitations~pseudo-
CE-type AFM!.20 This excess inb3 is more pronounced
when fitting without a T2 term. The d value
(3.1 mJ/K3 mol) found withg50 is comparable to that re
ported by Leeset al. in Pr0.6Ca0.4MnO3 with the same analy-
sis (d51.89 mJ/K3 mol).20 Furthermore, the rather largeg
value (11 mJ/K2 mol) found with d50 is consistent with
values found in insulating manganites, includin
Pr0.65Ca0.35MnO3.24,25 The b5 term is particularly large for
d50, more than one order of magnitude larger than forg
50. The most surprising point is the very low valuea
54 mJ K/mol associated withd50. The hyperfine term re-
lated to Mn only yieldsa values larger than 8 mJ K/mol.26

Furthermore, large values ranging between 30 and 60 m
mol have been previously reported for Pr12xCaxMnO3 with x
close to 0.4.20,25 Thea value found withg50 is more com-
patible with these results.

We have mainly discussed above the boundary caseg
50 or d50. Actually, all intermediate situations lead t
satisfying fits to the data. In this case, all paramet
a,b3 ,b5 ,g, andd take intermediate values. The value ofn
can vary between about 1.5 and 2.5. It is obvious that
present low-T specific-heat measurements cannot allow us

e
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determine a unique set of values for all parameters invol
in Eq. ~4.1!. In insulating AFM compounds like
Pr12xCaxMnO3 with x;0.4, the occurrence ofgT and/or
dTn terms is a point of active debate. Relevant pieces
information that can be drawn from the present study are~i!
we observed that the data can be reasonably fitted with e
g50 or d50, but the most plausible solution is a combin
tion of both contributions;~ii ! the upper limit for theg value,
which is related to disorder effects in the present case
11 mJ/K2 mol; ~iii ! the bestn values ranges between 1.5 an
2.5., withn52, the upper limit ford is 3.1 mJ/K3 mol; and
~iv! the magnetic contribution associated with spin-wave
citations in a pseudo-CE-type AFM has a temperature dep
dence that may be accounted for by a combination ofT3 and
Tn terms, withn close to 2.

V. SPECIFIC HEAT UNDER FIELD

Let us now investigate the influence of magnetic field
C-vs-T curves at low temperatures. Figure 3 shows su
curves for five fields between 0 and 9 T. These data w
registered upon warming the sample that was previou
cooled under field~FC mode!. One observes that the curve
for fields up to 3 T remain almost superimposed to the one
zero field. For 5 T, a noticeable downward shift of theC(T)
curve takes place. This field effect is further pronounced
7 T, before showing a trend to saturation under 9 T. T
overall behavior is a bit more complex at very low tempe
tures (T,5 K) owing to the enhancement of the hyperfi
contribution with magnetic field. Apart from this very low-T
range, the field effect is qualitatively the same in the ran
5—15 K.

Let us choose for instance T510 K to investigate more
precisely the magnetic field influence. The inset of Fig
shows C-vs-H plots at T510 K derived from C-vs-T
curves under field. Together with data extracted from

FIG. 3. C-vs-T curves under various fields, recorded in the F
mode @0 T (s); 3 T (¹); 5 T (h); 7 T (D); 9 T (L)#. Inset
displays specific-heat values at 10 K, inferred fromC-vs-T scans:
FC mode (s) and ZFC mode (d).
22440
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curves~like those of the main panel!, we have also plotted
data taken from curves recorded after zero-field cool
down to 2 K~ZFC mode!. The most salient feature emergin
from these plots is a pronounced step located around 5
The curves are nearly flat below 4 T, and they also tend
saturate on a plateau above 7 T. In other respects, one
serves a small shift~by about 10%! between the ZFC and FC
curves in the transition regime.30

Two recent studies in related compounds reported sim
field effects onC-vs-T curves. In Pr0.65Ca0.35MnO3, Smolya-
ninovaet al.25 observed that the curve under 8.5 T lies mu
below the one under zero field, while Royet al.31 reported a
progressive downward shift of the curves for fields equa
3, 6, and 9 T in Pr0.7Ca0.3MnO3.

VI. METAMAGNETIC TRANSITION

The existence of a metamagnetic transition around 5 T in
compounds close to Pr0.6Ca0.4MnO3 has already been re
vealed by several techniques other than specific heat.15 Fig-
ure 4 displays resistivity and magnetization measureme
recorded in the FC mode. Among ther(T) curves of the
main panel, one observes a striking contrast between
curves form0H<3 T ~which keep the insulating characte
previously shown in zero field! and those form0H>5 T
~which display a high conductive state below a fiel
dependent temperature!. Under 5 T, this characteristic tem
perature is around 90 K and the transition is quite sharp.
the field is increased, this transition broadens while shift
to higher temperatures. ForT,50 K, the field effect on re-
sistivity is so large that one can talk about ‘‘colossal’’ ma
netoresistance.

The inset showsM (T) curves for different fields up to 5 T
~the highest available field in our magnetometer!. For T
>100 K, one observes that the magnetization is roug
proportional to the field. This property persists at low te
peratures form0H<3 T. Under larger fields, the situatio
drastically changes. For 5 T, one observes a sudden incr

FIG. 4. Temperature dependence of resistivity~main panel! and
magnetization~inset!, under various magnetic-field values~FC
mode!.
3-4
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in magnetization atT<90 K, i.e., the same temperature
the one marking the drop in resistivity. The magnetization
low temperatures under 5 T reaches a rather large va
which represents a substantial fraction of the expected v
for a full polarization of the Mn spins (.3.63mB /f.u.). It
must be also noted that one observes a downward ste
about 0.1mB /f.u. below 20 K, which may be related to mag
netic ordering in the Pr sublattice. Only neutron-diffracti
studies could clearly answer this question. Beyond this
culiarity, the most important point emerging from the ins
of Fig. 4 is that a substantial ferromagnetic component
pears at low temperatures in Pr0.63Ca0.37MnO3 for m0H
>5 T.

This metamagnetic transition can be more suitably inv
tigated on the basis ofr-vs-H and M -vs-H measurements
Let us consider the case ofT510 K as previously done fo
specific heat. Figure 5 showsr(H) at 10 K, starting from a
ZFC state. Two field scans have been recorded: 0 T→9 T
→0 T and 0 T→5 T→0 T. In accordance with the be
havior displayed in Fig. 4, the resistivity is so high at lo
fields that it cannot be measured. Approaching 5 T, b
curves exhibit a steep fall inr. The slight shift between them
can be ascribed to the larger time constant used in the
→5 T→0 T scan~e.g., at 10 K and under 5 T after a zero-
field cooling, r is divided by a factor 3 between 1 and 1
min!. As the field approaches 9 T, one observes in our se
logarithmic plot that the decrease in resistivity seems to s
rate. This behavior indicates that the metamagnetic trans
that starts around 5 T isessentially achieved under 9 T. Th
transition is found to be highly irreversible.15 The reverse
branches ofr(H) are nearly flat as the field is turned back
zero. This results in a giant hysteresis at low fields, down
H50. This behavior is qualitatively the same in both sca
though the metamagnetic transition in the minor loop is
from being completed. The inset shows a crossover in

FIG. 5. Resistivity at 10 K recorded in two field sweeps@0 T
→5 T→0 T (s) and 0 T→9 T→0 T (d)#, after a zero-field
cooling. Inset shows the derivative ofr-vs-H along the reverse
branch 9 T→0 T. The dashed line denotes the change of reg
around 2.5 T~see text!.
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resistivity variation as the field is decreased from 9 to 0
which will be discussed in the next section. Theser(H)
curves show that the application of a high enough field
low temperatures leads to a state of strongly reduced re
tivity that behaves as adeeply frozen metastable state, nearly
insensitive to a subsequent field nulling.

Figure 6 showsM -vs-H measurements at 10 K recorde
after a zero-field cooling. Along the virgin magnetizatio
branch,M first increases smoothly up to 4 T. Then, a mu
more pronounced increase takes place between 4 and 5
crossover that reveals the starting of the metamagnetic t
sition. In a closer inspection of the low-field range (m0H
<4 T), one can also detect a rounding ofM vs H below
about 1 T. The overall shape of the first magnetizat
branch below 4 T can thus be seen as the superimposition
a ferromagnetic component~yielding the rounding of the
curve at low fields! and of an antiferromagnetic compone
~associated with the linear inH dependence at intermedia
fields!. The relevancy of such a scheme was recently s
ported by combined nuclear magnetic resonance and ma
tization measurements in (La0.25Pr0.75)0.7Ca0.3MnO3.32 The
inset shows the data after subtraction of the antiferrom
netic contribution, inferred from the slope ofM (H) around 3
T. The ferromagnetic part ofM obtained in this way (DM
displayed in the inset of Fig. 6! appears as the sum of
zero-field component, whose saturation value is ab
0.09mB /f.u., and of a field-induced component rising fo
m0H.4 T. As the field is reduced from 5 T, the magne
zation exhibits a strong hysteretic behavior in the largest p
of the field range. However, below about 0.5 T,M starts
decreasing more rapidly and it goes to zero forH50. This
behavior cannot be related to the partial character of the t
sition induced by a maximum field of 5 T. Indeed Le
et al.15 also noted this behavior in their study o
Pr0.6Ca0.4MnO3 up to 12 T at 10 K. This feature observed

e

FIG. 6. Magnetization loop (0 T→5 T→0 T) at 10 K, re-
corded after zero-field cooling. Various characteristic values
magnetization under 5 T are also shown~see text!. Inset shows the
‘‘ferromagnetic part’’ of the virgin magnetization branch~see text!.
3-5
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magnetic measurements is in sharp contrast with the g
hysteresis observed down to 0 inr vs H.

Actually, it is well known that resistivity and magnetiza
tion measurements probe the sample state in different w
In particular, resistivity is very sensitive to percolation,
phenomenon of great importance in materials able to
dergo electronic phase separation.2 In contrast, magnetiza
tion is really a bulk quantity, averaging the local propert
over the whole sample volume. It must be pointed out, ho
ever, that what is averaged is the projection of the lo
moments onto one particular direction~most often the direc-
tion of the applied field as in our case!. As a consequence,
is in principle impossible to distinguish, at low fields, a pe
fect antiferromagnet from a ferromagnet consisting of co
pletely disoriented domains. Specific heat is also a bulk,
eraged quantity, but it does not have the above-mentio
vectorial character of magnetization. In specific-heat m
surements, the contributions of all the regions or doma
simply add to each other. Such measurements can thu
complementary to resistive and magnetic studies.

VII. HYSTERESIS IN C-versus-H

We carried outC-vs-H measurements at T510 K. Two
scans were recorded: 0 T→9 T→0 T and 0 T→5 T
→0 T. In both cases, the measurements were started af
zero-field cooling procedure. The results are shown in Fig
Along the scan 0 T→9 T, C-vs-H exhibits a striking step-
like shape,33 which is very similar to the reconstructio
shown in the inset of Fig. 3. The transition starts for fie
larger than 4 T and saturates approaching 9 T. According
theM (H) measurements at 10 K recorded by Leeset al. in a
very close compound,15 our sample is expected to be tran
formed into a completely ferromagnetic state under 9 T. T
reversibility observed in Fig. 7 between 8 and 9 T lends
further support to the fact that the transition is nearly co

FIG. 7. Specific heat at 10 K as a function of magnetic fie
Two runs have been registered after zero-field cooling: 0
→5 T→0 T (s) and 0 T→9 T→0 T (d). The field sweep
directions are indicated by arrows. Various characteristic values
also shown~see text!.
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plete in this field range. In contrast, the transition is clea
incomplete in the minor loop up to 5 T. In both cases, ho
ever, very pronounced hysteretic behaviors are observed

The reverse branch 5 T→0 T exhibits a remarkable fla
aspect. In terms of field-induced transformation from antif
romagnetic to ferromagnetic order, this means that all
FM domains created by the application of 5 T persist when
the field is turned back to zero. Such a proof of compl
hysteresis down to zero in the 0 T→5 T→0 T scan dem-
onstrates that the observed absence of remanent magn
tion actually results from a complete disorientation betwe
the FM domains. It is worth noticing that this disorientatio
has no drastic effect on resistivity. Actually, we are just de
ing here with a disorientation between domains, each
them being ferromagnetically well ordered. In addition, th
disorientation may be small between adjacent doma
which limits the effects on resistivity via the double
exchange mechanism.

The down-sweep process in the scan 0 T→9 T→0 T is
more complex than in the previous case. Two regimes h
to be distinguished:~i! asH is decreased from 9 T down to
about 2.5 T,C smoothly increases;~ii ! then, below 2.5 T
down to 0 T, a much larger slope is observed. One rema
that this crossover value of 2.5 T is close to the field at wh
the magnetization starts to drop from its saturated value
the M (H) measurements up to 12 T carried out by Le
et al.15 In their experiment, this first drop is followed by
steeper regime at low fields, which can be ascribed to a
orientation effect as discussed above. The combination
those magnetization data with our specific-heat meas
ments leads us to propose the following scenario:

~1! After application of 9 T, the sample becomes com
pletely ferromagnetic. AsH is reduced down to about 2.5 T
the reverse leg ofM (H) is essentially flat,15 showing that the
sample remains in a complete ferromagnetic state. As for
weak field dependence ofC which is observed above 2.5 T
it can be accounted for by the standard influence ofH on the
spin-wave contribution in ferromagnets. The magnitude
this field-induced stiffening of the spin waves (.21.8%
T21) is indeed consistent with what we observed in fer
magnetic compounds such as Pr0.8Ca0.2MnO3 (.22.1%
T21). Such a field effect is not observed on the reverse leg
the scan 0 T→5 T→0 T. In this case, just a part of th
sample has been driven in the ferromagnetic state. As sh
by the r(H) curve, the volumic fraction of conductive FM
phase under 5 T is just at the percolation threshold. One ca
thus assume the presence of small FM domains only pa
connected to each other. This granular FM structure inhi
the development of low-energy~long-wavelength! spin
waves, contrary to the case of the bulk ferromagnet indu
by 9 T. Therefore the contribution of ferromagnetic sp
waves may be negligible along the scan 0 T→5 T→0 T.

~2! Below 2.5 T, the magnetization significantly decreas
~under fields that are not small enough to invoke disorien
tion effects!, while the specific heat increases much mo
rapidly than can be accounted for by the spin-wave fi
dependence. Therefore one has to consider that, in this
gime, a part of the sample is progressively turned back i
the AFM state. Since the volumic fraction of FM phase r

.
T
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3-6
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mains well above the percolation threshold, resistivity is
drastically affected. One can denote, however, a larger s
dr/dH around 2.5 T on the branch 9 T→0 T ~see inset of
Fig. 5!.

~3! Below about 0.5 T, the magnetization vectors of t
FM domains that are still present are no longer aligned
each other. The macroscopic magnetization progressi
vanishes as the field is reduced to zero, while there is
spectacular change in specific heat.

In conclusion, one can remark that the metamagn
transformation between AFM and FM ordering is totally
reversible when it is incomplete (0 T→5 T→0 T),
whereas it is only partly irreversible when it is comple
(0 T→9 T→0 T). It looks like there was a limit value fo
the remanent ferromagnetic fraction.

VIII. PERCOLATION THRESHOLD

One can estimate the volumic fraction~x! of ferromag-
netic phase induced by the application of 5 T on thebasis of
magnetization and specific-heat measurements. For
quantities, the mixed state that takes place under 5 T allows
us to write

Mm5~12x!MAFM1x MFM , ~8.1!

Cm5~12x!CAFM1x CFM , ~8.2!

whereMm andCm are the measured values under 5 T;MFM
and CFM are the magnetization and specific-heat values
the complete ferromagnetic state, respectively;MAFM and
CAFM are the magnetization and specific-heat values in
complete antiferromagnetic state, respectively.

It must be noted that the above relation about magnet
tion involves the reasonable assumption that all ferrom
netic domains are aligned with the external field under 5
For CFM , let us consider the value toward which tends t
specific heat at 9 T~see Fig. 7!, while MFM is taken as the
expected value for a fully Mn spin-polarized phase, i.
about 3.63mB /f.u.. The situation is more complex forCAFM
andMAFM because of the small ferromagnetic fraction (x0)
already present in zero field, which requires to be correc
for the low-field valuesC0 and M0 ~see Figs. 6 and 7!.
MAFM is the magnetization under 5 T if the whole sample
was in the AFM state. It can thus be inferred from the e
trapolation at 5 T of the low-field range (M0
.0.79mB /f.u.) after subtraction of the magnetization asso
ated with the zero-field ferromagnetic component~see Fig.
6!. One estimatesx0.(M02MAFM)/MFM.0.02. This
value can then be used to evaluateCAFM from a relation
similar to Eq.~8.2!:

C05~12x0!CAFM1x0CFM . ~8.3!

Finally, the volumic fraction of ferromagnetic phase at
T can be derived in two ways: first, from magnetization v
the relation

xM5
Mm2MAFM

MFM2MAFM
, ~8.4!
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second, from specific heat via the relation

xC5
~C02Cm!1x0~Cm2CFM !

~C02CFM !
. ~8.5!

With Mm.1.22mB /f.u., MAFM.0.72mB /f.u., MFM

.3.63mB /f.u., Cm.0.630 J K21 mol21, CF.0.355
J K21 mol21, C0.0.685 J K21 mol21 and x0.0.02, one
obtainsxM.0.17 andxC.0.18. There is a remarkable qua
titative agreement between both values, even though they
derived from essentially independent measurements. If
neglects the small ferromagnetic component in the low-fi
state~i.e., assumingMAFM'M0 and CAFM'C0), one ob-
tains similar results:xM.0.15 andxC.0.17.

In Pr0.63Ca0.37MnO3, the AFM matrix is highly insulating
~charge-ordered!, while the FM domains have a rather lo
resistivity related to double exchange. Ther(H) curves at 10
K display a percolationlike transition around 5 T~see Fig. 5!.
Whatever the details of the analysis, the volumic fraction
conducting domains under 5 T is always found to be in re-
markable accord with the theoretical predictions for a thr
dimensional~3D! percolation threshold (.17%).34 Closely
related results have been recently reported in the sys
La5/82xPrxCa3/8MnO3, by varying the FM fraction via the P
content.8 Such behaviors are strong supports to the releva
of percolation effects connected to a field-dependent ph
separation in manganese oxides exhibiting colos
magnetoresistivity.19

IX. CONCLUSION

In Pr0.63Ca0.37MnO3, a real-space charge-ordering fo
lowed by an AFM spin ordering~pseudo-CE-type! takes
place below about 230 and 160 K, respectively. Both ch
acteristic temperatures can be detected in magnetization
sistivity, and specific-heat curves. Upon further cooling b
low 100 K, a tiny ferromagnetic component appears, wh
can be related to an incipient-phase-separation phenome
In addition to lattice and hyperfine terms, the low-T depen-
dence of specific heat in zero field can be well accounted
by considering either a largegT term related to disorder, a
dTn term (n close to 2! possibly related to spin-wave exc
tations in a pseudo-CE-type AFM, or most likely a comb
nation of both contributions.

Pr0.63Ca0.37MnO3 undergoes a metamagnetic transform
tion around 5 T at low temperature, yielding a marked in
crease in magnetization accompanied by a steep fall in re
tivity. We have shown that this transition also manifes
itself as a sudden decrease inC(H) around 5 T. In a zero-
field-cooling curve, specific heat is nearly unchanged up t
T ~essentially AFM state!, while it tends to saturate under
T ~fully FM state!, giving rise to an amazing steplike shap
of C-vs-H. Specific heat can also provide us with addition
information about irreversibility effects in the metamagne
transition. For instance, one can easily distinguish a dis
3-7
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entation among FM domains from a reverse transforma
back to the AFM state. The combination ofC(H), M (H),
andr(H) data allowed us to propose an overall descript
of the various hysteretic behaviors observed by these dif
ent techniques, pointing out the determinant influence of
maximum field applied to the system.
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