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Calorimetric and magnetic investigations of the metamagnet Pr0.5Ca0.5Mn0.95Ga0.05O3
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The antiferromagnetic, charge and orbitally ordered~AFCOO! ground state of some manganites like
Pr0.5Ca0.5MnO3 can be efficiently destabilized by slight Mn-site substitutions. Such a weakened AFCOO state
and related disorder effects were investigated in Pr0.5Ca0.5Mn0.95Ga0.05O3 by combining specific-heat and
magnetization measurements. The study was extended to the ferromagnetic state which can be installed in this
compound by field application at lowT. Under a large field, the temperature-driven collapse of this ferromag-
netic state was found to be consistent with the Clausius-Clapeyron relation typical of first-order transitions. A
comparative study of the various magnetoelectronic states encountered in the substituted and unsubstituted
compounds was also carried out by investigating the low-temperature dependence of specific heat.

DOI: 10.1103/PhysRevB.67.024401 PACS number~s!: 75.30.Kz, 75.47.Gk
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I. INTRODUCTION

Mixed-valent perovskite manganites of formulatio
R12xAxMnO3 (R and A being a trivalent rare-earth and
divalent alkaline-earth ion, respectively! have attracted con
siderable interest in the recent years owing to the great v
ety of fascinating properties they can exhibit.1 In particular,
for x values around 0.5, a charge and orbital ordering~COO!
can take place among the Mn31 (t2g

3 eg
1) and Mn41(t2g

3 eg
0)

species, accompanied by an antiferromagnetic~AF! ordering
of CE type.2,3 This AFCOO magnetoelectronic state is pa
ticularly robust in the compound Pr0.5Ca0.5MnO3, owing to
its small averageA-site cationic radius. At low temperature
very high magnetic fields larger than 20 T are required
collapse this state via a metamagnetic transition.4 On the
other hand, small substitution levels on the Mn site w
shown to be very efficient to destabilize this AFCOO stat5

While the Mn41/Mn31 ratio remains close to 1 in suc
Pr0.5Ca0.5Mn12yM yO3 (M being the substituting element!,
the AFCOO state is drastically weakened. In addition,
metamagnetic transition at very low temperatures in s
materials was found to develop in a very peculiar way.
deed, for a great variety ofM cations and over a rather larg
y range around 0.03, the magnetization, resistivity, and s
cific heat curves at lowT display a succession of abrup
jumps as a function of magnetic field.6,7

The aim of the present work is to investigate in mo
details this peculiar magnetoelectronic state, by studying
T dependence of specific heat and magnetization. For
purpose, we chose the composition Pr0.5Ca0.5Mn0.95Ga0.05O3
which combines two particular characteristics:~i! there is no
detectable ferromagnetic component in the ground state
tained after zero-field cooling;~ii ! full Mn-spin po-
larization can be reached under our maximum m
netic field ~9 T!. All the properties of the weak
ened AFCOO Pr0.5Ca0.5Mn0.95Ga0.05O3 @hereafter denoted a
~PrCa50!Ga5%# were systematically compared to those
the pure, strong AFCOO Pr0.5Ca0.5MnO3 @hereafter denoted
as PrCa50#. In ~PrCa50!Ga5%, the metamagnetic transitio
resulting from application of 9 T at lowT was shown to lead
to the ferromagnetic~F! state. It was also found tha
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~PrCa50!Ga5% remains in this F state when the field is su
sequently decreased to zero. These features allowed u
investigate~PrCa50!Ga5% in two very different magneto
electronic states: namely, the disordered AFCOO state
the F state.

The paper is organized as follows. Experimental deta
are given in Sec. II. In Sec. III, the nature of the disorder
AFCOO ground state of~PrCa50!Ga5% is discussed by
comparing specific heat and magnetization measuremen
those recorded in the pure AFCOO state of PrCa50. Sec
IV reports on the installation and properties of the fie
induced F state in~PrCa50!Ga5%, on the basis of magnet
zation measurements. Section V is devoted to the analys
the specific-heat data in the high-T range. This part is fo-
cused on the entropy change found at the Curie tempera
of the F state under high field. The relevance of the Claus
Clapeyron equation to this transition is investigated by co
bining specific-heat and magnetization measurements.
tion VI is devoted to the specific-heat data in the lowT
range. A comprehensive analysis is presented for a se
measurements recorded in PrCa50 and~PrCa50!Ga5%, cor-
responding to various magnetoelectronic states~AFCOO,
disordered AFCOO, and F!. The question of the excess sp
cific heat found in some AFCOO manganites is address
Section VII is a summary of the main results, with som
concluding remarks.

II. EXPERIMENTAL DETAILS

Ceramic samples were prepared according to stand
procedures.6 Both specific-heat and magnetization measu
ments were carried out in a Physical Properties Measurem
System~Quantum Design!, with magnetic fields up to 9 T
and temperatures down to 2.2 K. Specific-heat measurem
are derived from a relaxation method with a two-t analysis,
while magnetization measurements are performed with
extraction method. In~PrCa50!Ga5%, specific-heat and mag
netization curves versus temperature were recorded in t
different conditions: under zero or low field, after a zero-fie
cooling ~hereafter denoted as@ZFC-0T#!; under 9 T, after
zero-field cooling and field application at low temperatu
©2003 The American Physical Society01-1
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~hereafter denoted as@ZFC-9T#!; under zero or low field,
after zero-field cooling and field cycling 0 T–9 T–0 T at lo
temperature~hereafter denoted as@REM-0T#!. In each case
the measurements were collected upon warming. Curve
beled@ZFC-0T# and @REM-0T# were recorded under 0 T in
the case of specific-heat data, while they were recorded
der 0.01 T in the case of magnetization data. This small fi
was applied to the remanent magnetization~@REM-0T#! in
order to favor the alignments of the F domains and to
directly comparable with@ZFC-0T#. In the compounds of the
present study, we emphasize that such a small field~0.01 T!
does not affect at all the magnetoelectronic state, whic
still the same as under 0 T.

III. DISORDERED AFCOO STATE INDUCED BY Mn-SITE
SUBSTITUTIONS

The main panel of Fig. 1 displaysC/T-vs-T curves under
zero field in PrCa50 and~PrCa50!Ga5%. The inset show
M (T) curves in the same samples, recorded under a s
field ~0.01 T! after zero-field cooling~ZFC!. TheC/T(T) of
PrCa50 exhibits two peaks atTCOO.235 K ~setting up of
the charge and orbital ordering! andTN.150 K ~setting up
of the antiferromagnetic spin ordering!, values in good
agreement with those previously obtained by oth
techniques.3,4,8,9 With a phenomenological background lin
consisting of a polynomial fitting of theC/T(T) curve well
away from the peaks, one can get a rough estimate of
entropy changes at each transition. This yieldsDS(TCOO)
.1.4 J K21 mol21 and DS(TN).0.8 J K21 mol21, values
in line with previous results in close compounds.10,11 While
TN is hardly visible on theM (T) curve of PrCa50,TCOO
manifests itself as a prominent peak. There is very go
accordance between the temperature of highest slop
M (T) and the temperature of the peak inC(T).

In ~PrCa50!Ga5%, there is no clear evidence ofTCOO or

FIG. 1. Specific heat of Pr0.5Ca0.5MnO3 ~open squares! and
Pr0.5Ca0.5Mn0.95Ga0.05O3 ~solid circles!, recorded upon warming un
der 0 T after zero-field cooling~ZFC!. The inset shows magnetiza
tion recorded upon warming under 0.01 T after ZFC, in the sa
compounds.
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TN on theC(T) curve. On theM (T) curve, however, one
can still observe a spreading kink around 220 K, indicat
of a smooth setting up of COO. This result is consistent w
electron microscopy investigations at lowT ~92 K!, which
attested to the establishment of short-range COO in
compound.6 A neutron diffraction study in a related com
pound @~PrCa50!Al5%#, which exhibits the same macro
scopic features, also revealed the persistence of a bulk
order of CE type in such compounds.12 Like for COO, a
more progressive and short-range character of the magn
ordering might explain the absence of visible signature
C(T). The most striking feature in~PrCa50!Ga5% is the
existence of a prominent peak centered atTp.45 K on the
M (T) curve. As previously reported, this cusp is a comm
property of Pr0.5Ca0.5Mn12yM yO3 compounds, which indi-
cates a spin-glass or cluster-glass-like behavior.7 Indeed,
there is a pronounced divergence between low-field ZFC
FCC ~field-cooled-cooling! curves belowTp in dc measure-
ments, while Tp clearly increases with frequency in a
measurements.7 In the case of~PrCa50!Ga5%, the relative
variation of Tp per frequency decade is equal to 0.017
value consistent with spin- or cluster-glass behaviors.13 Al-
though this peak must be related to some disorder among
spin interactions, a precise microscopic description is s
lacking. Similar problems also exist in some mangani
without Mn-site substitutions.14,15

Turning back to the main panel of Fig. 1, one can see t
the C(T) curves of PrCa50 and~PrCa50!Ga5% are never
superimposed onto each other, in any temperature range
tually, there is a crossing between these curves around 9
The upper location of the~PrCa50!Ga5% curve at lowT
corresponds to an easier entropy release, a behavior qu
tively consistent with the whole disorder affecting all degre
of freedom in this Mn-site-substituted sample. According
the curve of~PrCa50!Ga5% can be expected to lie below th
of PrCa50 in the intermediate-T range containing theTCOO
and TN of the latter compound. More surprising is the pe
sistence of a shift between the two curves up to 300 K, i
in a regime where both samples are supposed to be
similar paramagnetic, charge-disordered state. The M
sublattice disordering may affect the phonon spectrum
thus the lattice contribution, but more subtle effects can a
be in play, such as the existence of large polaronic exc
tions in the case of the ‘‘pure’’ PrCa50.

IV. FERROMAGNETIC STATE INDUCED BY FIELD
APPLICATION AT LOW T

A. Field-driven transformation from the disordered AFCOO
state to the F state

The above-mentioned peculiar metamagnetic behavio
the Pr0.5Ca0.5Mn12yMyO3 compounds is illustrated in the in
set of Fig. 2 by theM (H) curve of~PrCa50!Ga5% recorded
at 5 K after ZFC. Following a low-field linear regime con
sistent with AF ordering, the metamagnetic transition dev
ops through a salient succession of three abrupt steps. U
9 T, the magnetization is that expected for full Mn-sp
polarization.16 As the field is decreased, the curve exhibits
nearly flat shape, revealing a strongly irreversible behav

e
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CALORIMETRIC AND MAGNETIC INVESTIGATIONS OF . . . PHYSICAL REVIEW B 67, 024401 ~2003!
The magnetization decrease when approaching zero field
be ascribed to a standard effect of disorientation betw
ferromagnetic domains. If the field is reincreased from ze
one gets a curve perfectly superimposed on the reverse le
the first loop~not shown here for the sake of clarity!. This
whole behavior indicates that we are dealing with a tota
irreversible transition, which was also supported by the p
fectly horizontal shape of the reverse leg ofC(H) loops.6

One can thus state that, once 9 T has been applied at loT,
~PrCa50!Ga5% is irreversibly switched to a ferromagne
state~F state!. As long as the temperature is not increas
the sample remains in this F state whatever the field value
particular even under zero field.

B. Temperature dependence of the magnetization
in the disordered AFCOO and the F states

The above-discussed metamagnetic properties
~PrCa50!Ga5% offer the interesting opportunity to study
same sample in very different magnetoelectronic states.
cordingly, M (T) curves were recorded in the three differe
conditions described in Sec. II:@ZFC-0T# ~disordered AF-
COO state without field!, @ZFC-9T#, and @REM-0T# ~field-
induced ferromagnetic state, under field or not, respective!.
These three curves are shown in Fig. 2 in a semilogarith
plot.

A striking point emerging from this figure is the gre
difference between the two curves recorded under the s
low field ~0.01 T!. At low T, the magnetization of@REM-0T#
is rather constant and it is more than two orders of magnit
larger than that of@ZFC-0T# ~this latter curve being the on
displayed in the inset of Fig. 1!. Then, the@REM-0T# curve
exhibits a steep fall around 40 K, before smoothly merg
on the@ZFC-0T# curve above 75 K. Such an overall behavi
is consistent with the ferromagnetic nature of the@REM-0T#

FIG. 2. Magnetization curves of Pr0.5Ca0.5Mn0.95Ga0.05O3, re-
corded upon warming under three different conditions~from bottom
to top!: under 0.01 T after ZFC~@ZFC-0T# state!, under 0.01 T after
a 0-T–9-T–0-T cycling at 5 K~@REM-0T# state!, and under 9 T
after ZFC~@ZFC-9T# state!. Note the logarithmic scale of the ve
tical axis. The inset shows the hysteresis loop recorded at 5 K after
ZFC in this compound.
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state. Accordingly, the temperature of the fall in magneti
tion can be regarded as theintrinsic Curie temperatureof the
field-induced ferromagnetism in~PrCa50!Ga5%. We specu-
late that thisTc.40 K is a characteristic of the Mn sublattic
in half-doped (Pr,Ca)MnO3 compounds; i.e., the Ga subst
tution just comes into play to reveal this underlying intera
tion usually hidden by COO in the ‘‘pure’’ Mn compounds7

One can also note that thisTc has a value very close to tha
of Tp seen in the@ZFC-0T# curve. This is consistent with the
fact that the development of F interactions competing w
the weak AF ‘‘background’’ is at the origin of the glasslik
behavior found in@ZFC-0T#.

The magnetization of@ZFC-9T# remains very close to the
saturation value over a wide temperature range, before
dergoing a sizable decrease around 110 K. As those reco
under 0.01 T, the curve under 9 T then exhibits a smo
kink around 220 K related to COO. Consistently with o
analysis of@REM-0T#, the temperature of 110 K can be se
as the Curie temperature under 9 T. Owing to an additio
Zeeman energy under 9 T, the ferromagnetic ordering
indeed be sustained up to larger temperatures. It mus
pointed out, however, that the present influence of the m
netic field noticeably differs from what is observed in mo
standard ferromagnets, in that one observes a strong sh
Tc without significant broadening of the transition. Simil
field effects were found in some intrinsically ferromagne
manganites such as La12xCaxMnO3 with x close to 0.3.17

This peculiarity was recently ascribed to the unusual fir
order character of the ferromagnetic transition in some m
ganites, a feature which might itself be related to low valu
of the tolerance factor.18

V. ANALYSIS OF SPECIFIC-HEAT DATA
IN THE HIGH- T RANGE

Specific-heat measurementsC(T) were carried out in the
same three states~@ZFC-0T#, @REM-0T#, and @ZFC-9T#! as
those previously investigated byM (T) curves. At lowT, the
three curves exhibit a complex behavior detailed in Sec.
Above about 130 K, all three curves are well superimpos
up to 300 K. Actually, the most striking feature is found
the intermediate-temperature range, when comparing@ZFC-
9T# to both @ZFC-0T# and @REM-0T#.

A. Temperature-driven collapse of the F state under high field

Figure 3~a! shows an enlargement of this region in
C/T-vs-T plot. A clear peak emerges from the@ZFC-9T#
curve around 110 K, which can be related to the therma
induced collapse of the ferromagnetic order. The effect
width of this peak~75–130 K! can be directly estimated
from the merging points on both ‘‘0 T’’ curves. The supe
imposition of the@ZFC-0T# and @REM-0T# curves in thisT
range also allows us to use them as a relevant backgro
line to estimate the entropy change aroundTc ~9 T!. Integra-
tion of the difference of C/T between @ZFC-9T#
and both other curves in the range 75–130 K yieldsDS
.0.9 J K21 mol21.
1-3
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The expectedDS at a ferromagnetic-paramagnetic tran
tion under zero field isR ln(2S11), S being the spin value
Under large magnetic fields, the entropy of the paramagn
state is decreased, but this effect is negligibly small h
because of the high temperature. In~PrCa50!Ga5%, the frac-
tions of Mn31(S52) and Mn41(S53/2) are 0.47 and 0.53
respectively, leading to a theoreticalDS value equal to
12.4 J K21 mol21, much larger than the experimental one

It must be kept in mind, however, that the interplay b
tween various degrees of freedom which takes place in m
ganites can make the situation more complex. In particu
because of the double-exchange mechanism,19 there is an
intimate relationship between magnetic and electronic pr
erties. As a matter of fact, the magnetic transition atTc
5110 K also separates a charge-delocalized regimeT
,Tc) from a partly charge-ordered state (T.Tc). This
means that the electronic entropydecreasesasT is increased
acrossTc . This contribution, opposite to that coming fro
the magnetic entropy, results in a decrease of the effec
DS measured by the specific heat. The order of magnitud
this effect can be approximated byDS(TCOO) in PrCa50 or
by the integral*0

Tc(gT / T)dT, taking for the electronic lin-
ear term some values typical of metallic manganitesg
;4 mJ K22 mol21).20 It turns out that such corrections
(,2 J K21 mol21) are not large enough to account for th
low experimentalDS value.

FIG. 3. Specific-heat and magnetization curves
Pr0.5Ca0.5Mn0.95Ga0.05O3. The upper panel~a! displays specific-hea
data measured upon warming in three different states~see text!:
@ZFC-0T# ~circles!, @REM-0T# ~triangles!, and @ZFC-9T# ~dia-
monds!. The lower panel~b! displays magnetization data measur
under 9 T in two different modes: ZFC mode, i.e., in the@ZFC-9T#
state~diamonds!, and in the field-cooling~FC! mode ~solid line!.
Also shown in~b! the construction used to derive the magnetizat
jump DM .
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Actually, even in the simplest ferromagnetic transitions
manganites, the experimentalDS are always found to be
much lower than the theoretical ones. For instan
DS values close to 1.5 J K21 mol21 were found in
Pr0.6(Ca,Sr)0.4MnO3 and DS close to 1.9 J K21 mol21 in
La0.67Ca0.33MnO3, i.e., less than 15% of the expecte
values.10,21 Such discrepancies, quantitatively in line wi
our result, are generally ascribed to substantial entropy
lease out of theTc region.10

Beyond this quantitative aspect, it must be pointed
that the@ZFC-9T# curve in Fig. 3~a! clearly displays an en-
tropy change associated with the collapse of a field-indu
ferromagnetic order. This question was recently investiga
by Raychaudhuriet al.11 in Pr0.63Ca0.37MnO3 by measuring
C(T) under a field of 8 T, for which there is a ferromagnet
conducting state at lowT. Around the metal-insulator transi
tion corresponding to the collapse of the ferromagnetic ord
these authors observed on theC(T) curve two diplike
anomalies well separated in temperature. It must be emp
sized that these features are qualitatively very different fr
our observations.

B. Relationship between specific-heat and magnetization
measurements

Figure 3 displays a clear correlation between theC(T)
and M (T) curves of@ZFC-9T#, the temperature of the pea
in C(T) well coinciding with the temperature of the highe
slope inM (T). As previously discussed, this characteris
temperature (.110 K) corresponds to the Curie temperatu
of the F phase of~PrCa50!Ga5% under 9 T. Magnetization
curves under 9 T were recorded upon heating~ZFC! and
upon cooling~FC!. As shown in Fig. 3~b!, both curves ex-
hibit a clear step aroundTc(9T). There is a shift between th
two curves, the midpoint of the transition for decreasing te
perature~FC! lying about 7 K below the one obtained whe
increasing temperature~ZFC!. However, it must also be no
ticed that the ZFC and FC curves are well superimposed
each other, apart from this transition regime (T,50 K and
T.140 K), indicating that the transition takes place within
reversible regime. Thus, thermodynamic relationships can
expected to be reasonably valid for such a transition.

A first-order transition is characterized by discontinuiti
in the first derivatives of the free energy~like magnetization
and entropy!. In ‘‘real’’ samples, some inhomogeneities ca
transform such discontinuities into more or less round
steps, as those presently found. The shift observed betw
the ZFC and FC curves is also consistent with an underly
first-order transition, since a thermal hysteresis is gener
observed in such transitions~as a consequence of the met
stability of the domain of coexistence between the t
phases!.22

In a first-order transition, there is an expected correlat
between the entropic and magnetic jumps, given by
Clausius-Clapeyron equation. In practical units, this relat
can be written as

DS~J K21 mol21!.25.585
DM ~mB / f.u.!

dTc

dB
~K / T!

. ~1!
1-4
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The Tc values under 9 T, 8 T, and 7 T were derived fro
the point of highest slope inM (T) curves~ZFC!. Using a
phenomenological quadratic fitting, the derivativedTc / dB
around the point~9 T, 110 K! was estimated to be 9.61 K/T
As illustrated in Fig. 3~b!, the magnetization jumpDM was
approximated by the difference between linear, parallel
trapolations of theM (T) curve below and above the trans
tion regime (T,60 K and T.130 K), leading to DM
.2.07mB / f.u. Using Eq.~1!, one obtains an equivalent en
tropy jump DS.1.2 J K21 mol21, in reasonable agreemen
with the valueDS.0.9 J K21 mol21 directly derived from
calorimetric measurements.

VI. ANALYSIS OF SPECIFIC-HEAT DATA IN THE LOW- T
RANGE

Let us now turn to the very low-T regime (T,12 K).
Figure 4 displays the specific heat of~PrCa50!Ga5% in the
states@ZFC-0T#, @REM-0T#, and @ZFC-9T#, along with that
of PrCa50 recorded under 0 T after ZFC~@ZFC-0T# state!.
All fits to data were performed over the range 2.2–12
with a weighting inversely proportional toC(T).

A. Pr0.5Ca0.5MnO3: AFCOO state under 0 T

Let us start the analysis with the@ZFC-0T# curve of
PrCa50, which can be regarded as typical of a pure AFC
state under zero field. One observes that theC / T-vs-T2 plot
of this curve exhibits a remarkably good linear shape, wh
indicates thatC(T) is essentially made of linear and cub
terms. Furthermore, there is no clear indication of a hyp
fine term (C}T22) in the C(T) curve. Such a term, relate
to Zeeman splitting of the Mn and Pr nuclear levels, ha

FIG. 4. C / T-vs-T2 plots of the low-T specific heat in
Pr0.5Ca0.5MnO3 ~PrCa50! and Pr0.5Ca0.5Mn0.95Ga0.05O3

@~PrCa50!Ga5%#. The measurements in~PrCa50!Ga5% were re-
corded upon warming under three different conditions: under
after ZFC~@ZFC-0T# state!, under 0 T after a 0-T–9-T–0-T cycling
at 2.2 K ~@REM-0T# state!, and under 9 T after ZFC~@ZFC-9T#
state!. The lines are fitting curves corresponding to the parame
given in Table I „first set of parameters in the case
~PrCa50!Ga5%@ZFC-0T#….
02440
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moderate influence whenT is not too low. Instead of includ-
ing in the fitting procedure this contribution whose influen
is weak and whose determination would be unreliable in
case~sinceT.2.2 K), we preferred to deliberately negle
it. We made the same approximation for all curves of Fig.
Accounting for the slight upward curvature of@ZFC-0T# in
PrCa50, aT5 term ~standard correction to the cubic term
account for the lattice contribution! was also included in the
fitting expression, leading to

C5gT1b3T31b5T5. ~2!

The best parameters found for@ZFC-0T# of PrCa50 are
given in Table I. Theb3 value is a little bit larger than
expected for the lattice contribution in perovskite manga
ites. Indeed, using the relationuD5(12p4pR / 5b3)1/3,
whereR is the gas constant andp the number of atoms pe
molecule, one finds a Debye temperature equal to 335
whereas the usual values in manganites rather lie in the ra
350–450 K. Actually, a part of theb3 value might originate
from spin-wave excitations in the AF order.10,11,23–25While
there are not yet theoretical predictions in the case of C
type AF ordering, it is well established that spin waves yie
a T3 contribution in the more standardG-type AF. Since
PrCa50 is strongly insulating, thegT term can hardly be
related to a standard free-carrier contribution. Actually, su
a linear term was often found in insulating manganites, an
was generally attributed to some disordering effects affec
the spin, charge, or orbital degrees of freedom. Theg value
we found is consistent with those previously reported in
sulating manganites.14,23,24

B. Pr0.5Ca0.5Mn0.95Ga0.05O3: F state under 9 T and 0 T

Let us now tackle the case of~PrCa50!Ga5%, for which
one is facing two very different states:@ZFC-0T# corresponds
to a weak AFCOO state with effects of disorder leading
spin-glass-like features, whereas@REM-0T# and @ZFC-9T#
correspond to a bulk F state. Instead of fitting independe
each of these curves with a lot of free parameters, we p
pose to analyze the whole set of data in a consistent w
following a step-by-step approach.

Let us start with@ZFC-9T#, which has a well-known mag
netoelectronic state~ferromagnetic, conducting!. In addition,

T

rs

TABLE I. Best parameters obtained from the fitting of th
curves in Fig. 4 by Eq.~2! or Eq.~3! ~see text!. The associated units
are g (1023 J K22 mol21), b3 (1024 J K24 mol21), b5

(1027 J K26 mol21), d (1022 J K22 mol21), andD ~K!.

Compound State g b3 b5 d D

PrCa50 @ZFC-0T# 9.84 2.57 1.76 - -
PrCa50Ga5% @ZFC-9T# 8.30 1.81 4.44 - -
PrCa50Ga5% @REM-0T# 8.30 1.89 5.78 - -
PrCa50Ga5% @ZFC-0T# 8.30 1.89 5.76 6.32 4.06
PrCa50Ga5% @ZFC-0T# 0 1.89 6.76 6.66 3.01
PrCa50Ga5% @ZFC-0T# 8.30 2.57 2.64 5.63 3.79
PrCa50Ga5% @ZFC-0T# 0 2.57 3.47 6.06 2.77
1-5
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one can assume that the spin-wave contribution is essen
quenched under 9 T.20 Thus, consistently with the slight up
ward curvature seen in Fig. 4, the@ZFC-9T# curve was just
fitted by Eq.~2!. The derived parameters are given in Table
Since@ZFC-9T# is a conducting state, the linear term cou
be ascribed to an electronic contribution, though one obta
a g value very close to that of PrCa50. This is a striki
coincidence since the two states are totally different, o
being ferromagnetic, conducting and the other insulating,
tiferromagnetic. This result emphasizes the questionable
gin of some linear terms in manganites.11 In other respects
b3 in @ZFC-9T# is smaller than in PrCa50, which is consi
tent with the implication of AF spin waves in the latter cas
Actually, b3 in @ZFC-9T# has a value expected for the lattic
contribution in manganites (uD.375 K).

The curve of@REM-0T# is very close to that of@ZFC-9T#,
consistently with the fact that they correspond to the sa
ferromagnetic state. At first glance, the slightly higher loc
tion of @REM-0T# could be ascribed to the development
the ferromagnetic spin-wave contribution, a term impeded
the large field in@ZFC-9T#. Nevertheless, the difference b
tween these two curves does not display aT3/2 dependence
~typical of ferromagnetic spin waves!, but rather a cubic one
It has also been checked out that the inclusion of aT3/2 term,
beside or instead of the linear term, did not improve
fitting quality in the case of@REM-0T#. Thus the curve of
@REM-0T# was just fitted by the same expression as used
@ZFC-9T#, yielding theg, b3, andb5 parameters gathered i
Table I.

C. Pr0.5Ca0.5Mn0.95Ga0.05O3: Disordered AFCOO state
under 0 T

The @ZFC-0T# curve exhibits a pronounced downwa
curvature, reminiscent of previously reported results
strongly AFCOO compounds.23,25,26 Nevertheless, it seem
difficult to ascribe this special shape to a characteristic c
tribution of COO since it is not observed in the much-bett
established, long-range COO of PrCa50~see Fig. 4!. Let us
also note that the@ZFC-0T# curve of ~PrCa50!Ga5% cannot
be accounted for by any combination of the PrCa50@ZFC-
0T# curve ~AFCOO state! and ~PrCa50!Ga5% @REM-0T#
curve ~F state!. Actually, there is rather a specific term r
lated to disorder in the@ZFC-0T# curve of~PrCa50!Ga5%, a
feature that can be well consistent with the prominent gla
behavior displayed inxdc(T) ~inset of Fig. 1!.

In the simplest cases, a spin-glass-like behavior is
flected by a linear term inC(T),13 which is clearly not the
case here. Deviations from this simple law, however, w
often observed even in canonical spin glasses. For insta
linear extrapolations ofC / T-vs-T2 plots were found to yield
negative ordinates,27 a behavior that can be accounted for
attributing adT exp(2D / T) law to the spin-glass contribu
tion. Such a phenomenological expression leads to do
ward curvature as that displayed by@REM-0T#.28 Further-
more, one has to face the question to know whether a sim
linear term—as found in the previous states of Fig. 4—m
also be included in the case of@ZFC-0T#. Since the occur-
rence of this term seems to be quite independent of the m
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netoelectronic state~see Table I!, such a possibility cannot be
ruled out. Finally, the fitting of the@ZFC-0T# curve was thus
carried out by the following expression:

C5gT1b3T31b5T51dT exp~2D/T!. ~3!

It is obviously difficult to get reliable values with so man
free parameters. Actually, the analysis of the other curve
Fig. 4 can allow us to put some reasonable constraints
two of these parameters: first, we considered that theb3
value should be in between that found for@REM-0T#, which
is representative of the lattice contribution only, and that
PrCa50, which includes an additional contribution from A
spin waves; second, we considered thatg should lie in be-
tween 0 and the value found in the other sta
(8.3 mJ K22 mol21). This gives rise to four different sets o
fixed parameters, leading to differentb, d, andD values~see
Table I! when fitting@ZFC-0T# with Eq. ~3!. One can notice
that the free parameters get rather close values in all ca

D. ‘‘Excess term’’ in the specific heat of AFCOO manganites

In previous studies, the existence of a large specific h
at low T with a downward curvature in aC / T-vs-T2 plot
was claimed to be an intrinsic property of the charge a
orbital ordering.23,25,26Our observation of such features in
weak, disordered COO, and not in the strong, pure C
~PrCa50!, puts in doubt this idea. In a previous study, t
COO origin of the anomalous specific heat was supported
a comparison between PrCa50 and~PrCa50!Cr3%, which
showed a lower location of theC(T) with no more down-
ward curvature in the latter case.23 It must be realized, how-
ever, that Cr is very efficient to destroy COO and that 3%
enough to induce a large ferromagnetic component.5,29,30The
@ZFC-0T# curve of ~PrCa50!Cr3% in Ref. 23 appears to b
very close to our@REM-0T# curve in ~PrCa50!Ga5%, in
agreement with the ferromagnetic nature of both states.
tually, our investigation of the @ZFC-0T# state in
~PrCa50!Ga5% demonstrates that when AFCOO is just d
stabilized without being destroyed, the specific heatin-
creasesand the downward curvatureappears. We thus con-
clude that the excess specific heat showing a downw
curvature~in C/T vs T2) is not intrinsically related to AF-
COO, but rather to the introduction of disorder in AFCOO

VII. CONCLUSION

In conclusion, this study shows that slight substitutions
the Mn sublattice in a strongly AFCOO compound tota
modify the magnetoelectronic ground state. The setting up
COO and AF~CE type! at highT is no longer reflected in the
specific-heat curve. The remaining AFCOO becomes sh
range and coexists with a disordered magnetic phase disp
ing spin-glass-like features. Application of high enough ma
netic field at lowT can switch such a compound to a bu
ferromagnetic state. The intrinsic Curie temperature of t
field-induced ferromagnetism is close to 40 K under ze
field, and it increases up to about 110 K under 9 T, witho
substantial broadening of the transition. The first-order ch
1-6
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acter of the temperature-induced transition under 9 T, fr
ferromagnetic to a weak AFCOO state, is supported b
close connection between specific heat and magnetiza
obeying the Clausius-Clapeyron relationship.

All encountered magnetoelectronic states were inve
gated by analyzing the temperature dependence of spe
heat in the very-low-T regime. Surprisingly, theC(T) curves
of the substituted sample in the ferromagnetic state are ra
close to that of the unsubstituted compound, while their m
g
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netoelectronic states are very contrasted. In the disord
AFCOO state of the substituted compound, the specific h
is much larger than in the other cases, with a very differ
temperature dependence. The whole set of results sugg
that this extra specific heat is actually related to the dis
dered character of the AFCOO rather than to the AFCO
itself. Investigations of Mn-site substitutions in manganit
displaying various magnetoelectronic ground states des
to be carried out to go further into this issue.
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