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The antiferromagnetic, charge and orbitally ordef@d~COO) ground state of some manganites like
Pry sCa sMnO; can be efficiently destabilized by slight Mn-site substitutions. Such a weakened AFCOO state
and related disorder effects were investigated ipsCa, sMng ¢£Ga 003 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 low. 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.
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I. INTRODUCTION (PrCa50Ga5% remains in this F state when the field is sub-
sequently decreased to zero. These features allowed us to
Mixed-valent perovskite manganites of formulation investigate(PrCa50Ga5% in two very different magneto-
R;_,AMnO; (R and A being a trivalent rare-earth and a electronic states: namely, the disordered AFCOO state and
divalent alkaline-earth ion, respectivglyave attracted con- the F state.
siderable interest in the recent years owing to the great vari- The paper is organized as follows. Experimental details
ety of fascinating properties they can exhibin particular, —are given in Sec. II. In Sec. lII, the nature of the disordered
for x values around 0.5, a charge and orbital orde(®@@0O  AFCOO ground state ofPrCa50Ga5% is discussed by
can take place among the ¥ (tigeé) and |v|rf‘+(t§ge8) comparing specific heat and magnetization measurements to
species, accompanied by an antiferromagn@tfe) ordering  those recorded in the pure AFCOO state of PrCa50. Section
of CE type?® This AFCOO magnetoelectronic state is par-1V reports on the installation and properties of the field-
ticularly robust in the compound P4Ca sMnOs, owing to induced F state ifPrCa50Ga5%, on the basis of magneti-
its small averagé\-site cationic radius. At low temperatures, zation measurements. Section V is devoted to the analysis of
very high magnetic fields larger than 20 T are required tdhe specific-heat data in the highrange. This part is fo-
collapse this state via a metamagnetic transitidbn the cused on the entropy change found at the Curie temperature
other hand, small substitution levels on the Mn site wereof the F state under high field. The relevance of the Clausius-
shown to be very efficient to destabilize this AFCOO state. Clapeyron equation to this transition is investigated by com-
While the Mrft/Mn3* ratio remains close to 1 in such bining specific-heat and magnetization measurements. Sec-
ProsCaysMn;_yM,O; (M being the substituting element tion VI is devoted to_the specif_ic-_heat data in the ldw-
the AFCOO state is drastically weakened. In addition, theange. A comprehensive analysis is presented for a set of
metamagnetic transition at very low temperatures in suctineasurements recorded in PrCa50 &RdCa50Ga5%, cor-
materials was found to develop in a very peculiar way. In-responding to various magnetoelectronic stadsCOO,
deed, for a great variety ofl cations and over a rather large disordered AFCOO, and)FThe question of the excess spe-
y range around 0.03, the magnetization, resistivity, and specific heat found in some AFCOO manganites is addressed.
cific heat curves at lowl display a succession of abrupt Section VIl is a summary of the main results, with some
jumps as a function of magnetic figfd. concluding remarks.
The aim of the present work is to investigate in more
details this peculiar magnetoelectronic state,_by ;tudying th.e Il. EXPERIMENTAL DETAILS
T dependence of specific heat and magnetization. For this
purpose, we chose the composition #ra, sMng 9=Gay 9=05 Ceramic samples were prepared according to standard
which combines two particular characteristi@s:there is no procedure$.Both specific-heat and magnetization measure-
detectable ferromagnetic component in the ground state olmments were carried out in a Physical Properties Measurement
tained after zero-field cooling;(ii) full Mn-spin po-  System(Quantum Design with magnetic fields up to 9 T
larization can be reached under our maximum magand temperatures down to 2.2 K. Specific-heat measurements
netic field (9 T). All the properties of the weak- are derived from a relaxation method with a twanalysis,
ened AFCOO Ry:Ca, sMng o:Gay 05 [hereafter denoted as while magnetization measurements are performed with an
(PrCa50Ga5%] were systematically compared to those of extraction method. liPrCa50Ga5%, specific-heat and mag-
the pure, strong AFCOO P#Ca, sMnO; [hereafter denoted netization curves versus temperature were recorded in three
as PrCa50 In (PrCa50Ga5%, the metamagnetic transition different conditions: under zero or low field, after a zero-field
resulting from application of 9 T at lowW was shown to lead cooling (hereafter denoted d¥FC-0T]); under 9 T, after
to the ferromagnetic(F) state. It was also found that zero-field cooling and field application at low temperature
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T T Ty on theC(T) curve. On theM(T) curve, however, one
can still observe a spreading kink around 220 K, indicative
of a smooth setting up of COO. This result is consistent with
electron microscopy investigations at 1ow(92 K), which
attested to the establishment of short-range COO in this
compound A neutron diffraction study in a related com-
pound [(PrCa50AI5%], which exhibits the same macro-
scopic features, also revealed the persistence of a bulk AF
order of CE type in such compountfsLike for COO, a
more progressive and short-range character of the magnetic
ordering might explain the absence of visible signature on
0 L C(T). The most striking feature ifPrCa50Ga5% is the
0 50 100 150 200 250 300 existence of a prominent peak centeredl g¢&=45 K on the
e M(T) curve. As previously reported, this cusp is a common
property of PgsCa sMn;_yM,0O3; compounds, which indi-
T[K] cates a spin-glass or cluster-glass-like behavibrdeed,
there is a pronounced divergence between low-field ZFC and
FIG. 1. Specific heat of BECaMnO; (open squargsand  FCC (field-cooled-cooling curves belowT, in dc measure-
Pro sC&) sMno 955, 0605 (solid circles, recorded upon warming un- ments, while T, clearly increases with frequency in ac
der O T after zero-field coolin¢ZFC). The inset shows magnetiza- measurementsin the case of(PrCa50Ga5%, the relative
tion recorded upon warming under 0.01 T after ZFC, in the samg, 4 iation of T, per frequency decade is equal to 0.017, a
compounds. value consistent with spin- or cluster-glass behavidrl-
though this peak must be related to some disorder among the
(hereafter denoted gFC-9T]); under zero or low field, spin interactions, a precise microscopic description is still
after zero-field cooling and field cycling 0 T-9 T-0 T at low |acking. Similar problems also exist in some manganites
temperaturdhereafter denoted dREM-0T]). In each case, \ithout Mn-site substitution&1®
the measurements were collected upon Warming. Curves la- Turning back to the main pane] of F|g 1, one can see that
beled[ZFC-0T] and[REM-OT] were recorded under O T in the C(T) curves of PrCa50 anfPrCa50Ga5% are never
the case of SpeCiﬁC'heat data., while they were recorded Urguperimposed onto each other, in any temperature range. Ac-
der 0.01 T in the case of magnetization data. This small ﬁequa”y’ there is a Crossing between these curves around 90 K.
was applied to the remanent magnetizatipREM-OT]) in  The upper location of théPrCa50Ga5% curve at lowT
order to favor the alignments of the F domains and to beorresponds to an easier entropy release, a behavior qualita-
directly comparable withZFC-O0T]. In the compounds of the  tively consistent with the whole disorder affecting all degrees
present study, we emphasize that such a small f@IfL ) of freedom in this Mn-site-substituted sample. Accordingly,
does not affect at all the magnetoelectronic state, which ighe curve o PrCa50Ga5% can be expected to lie below that
still the same as under O T. of PrCa50 in the intermediafe-range containing th&@ oo
and Ty of the latter compound. More surprising is the per-
sistence of a shift between the two curves up to 300 K, i.e.,
in a regime where both samples are supposed to be in a
similar paramagnetic, charge-disordered state. The Mn-
The main panel of Fig. 1 display®/T-vs-T curves under sublattice disordering may affect the phonon spectrum and
zero field in PrCa50 andPrCa50Ga5%. The inset shows thus the lattice contribution, but more subtle effects can also
M(T) curves in the same samples, recorded under a smable in play, such as the existence of large polaronic excita-
field (0.01 T) after zero-field coolingZFC). TheC/T(T) of  tions in the case of the “pure” PrCa50.
PrCa50 exhibits two peaks @izco=235 K (setting up of
the charge and orbital orderingnd Ty=150 K (setting up IV. FERROMAGNETIC STATE INDUCED BY FIELD
of the antiferromagnetic spin orderingvalues in good APPLICATION AT LOW T
agreement with those previously obtained by other
techniques:*8° With a phenomenological background line
consisting of a polynomial fitting of th€/T(T) curve well
away from the peaks, one can get a rough estimate of the The above-mentioned peculiar metamagnetic behavior of
entropy changes at each transition. This yieldS(T¢q0) the Pp sCa gMn; M, O3 compounds is illustrated in the in-
=1.4JK *mol ! and AS(Ty)=0.8 JK mol™!, values set of Fig. 2 by theM (H) curve of (PrCa50Ga5% recorded
in line with previous results in close compourtds! While  at 5 K after ZFC. Following a low-field linear regime con-
Ty is hardly visible on theM(T) curve of PrCa50T-00  sistent with AF ordering, the metamagnetic transition devel-
manifests itself as a prominent peak. There is very gooaps through a salient succession of three abrupt steps. Under
accordance between the temperature of highest slope & T, the magnetization is that expected for full Mn-spin
M(T) and the temperature of the peak@{T). polarization'® As the field is decreased, the curve exhibits a
In (PrCa50Ga5%, there is no clear evidence oo Or  nearly flat shape, revealing a strongly irreversible behavior.
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I1l. DISORDERED AFCOO STATE INDUCED BY Mn-SITE
SUBSTITUTIONS

A. Field-driven transformation from the disordered AFCOO
state to the F state
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state. Accordingly, the temperature of the fall in magnetiza-
tion can be regarded as thdrinsic Curie temperaturef the
field-induced ferromagnetism ifPrCa50Ga5%. We specu-
late that thisT =40 K is a characteristic of the Mn sublattice
in half-doped (Pr,Ca)Mn@compounds; i.e., the Ga substi-
tution just comes into play to reveal this underlying interac-
tion usually hidden by COO in the “pure” Mn compounds.
One can also note that thig. has a value very close to that
of T, seen in thé ZFC-0T] curve. This is consistent with the
fact that the development of F interactions competing with
the weak AF “background” is at the origin of the glasslike
behavior found ifZFC-0T].
i , The magnetization diZFC-9T] remains very close to the
0 25 50 75 100 125 150 175 200 225 250 275 300 saturation value over a wide temperature range, before un-
T[K] dergoing a sizable decrease around 110 K. As those recorded
under 0.01 T, the curve under 9 T then exhibits a smooth
FIG. 2. Magnetization curves of PCaysMngoGay 05, re- kink around 220 K related to COO. Consistently with our
corded upon warming under three different conditiéfnem bottom  analysis of REM-0T], the temperature of 110 K can be seen
to top): under 0.01 T after ZFQ[ZFC-0T] state, under 0.01 T after as the Curie temperature under 9 T. Owing to an additional
a 0-T-9-T-0-T cycling at 5 K[REM-0T] statg, and under 9 T Zeeman energy under 9 T, the ferromagnetic ordering can
after ZFC([ZFC-9T] statg. Note the logarithmic scale of the ver- indeed be sustained up to larger temperatures. It must be
tical axis. The inset shows the hysteresis loop recordé&dkaafter pointed out, however, that the present influence of the mag-
ZFC in this compound. netic field noticeably differs from what is observed in most
standard ferromagnets, in that one observes a strong shift of
The magnetization decrease when approaching zero field cdr Without significant broadening of the transition. Similar
be ascribed to a standard effect of disorientation betweefield effects were found in some intrinsically ferromagnetic
ferromagnetic domains. If the field is reincreased from zeromanganites such as La,CaMnO; with x close to 0.3
one gets a curve perfectly superimposed on the reverse leg dhis peculiarity was recently ascribed to the unusual first-
the first loop(not shown here for the sake of clajityrhis ~ order character of the ferromagnetic transition in some man-
whole behavior indicates that we are dealing with a totallyganites, a feature which might itself be related to low values
irreversible transition, which was also supported by the perof the tolerance factdf’
fectly horizontal shape of the reverse leg ®H) loops®
One can thus state that, once 9 T has been applied at low
(PrCa50Ga5% is irreversibly switched to a ferromagnetic V. ANALYSIS OF SPECIFIC-HEAT DATA
state(F state. As long as the temperature is not increased, IN THE HIGH- T RANGE
the sample remains in this F state whatever the field value, in
particular even under zero field.

M [pg/f.u.]

Specific-heat measuremer@$T) were carried out in the
same three statg§ZFC-0T], [REM-0T], and[ZFC-9T]) as
those previously investigated B (T) curves. At lowT, the
B. Temperature dependence of the magnetization three curves exhibit a complex behavior detailed in Sec. VI.

in the disordered AFCOO and the F states Above about 130 K, all three curves are well superimposed

The above-discussed metamagnetic properties @ p to 300 K. Actually, the most striking feature is found in

(PrCa50Ga5% offer the interesting opportunity to study a (e intermediate-temperature range, when compaatg-

same sample in very different magnetoelectronic states. Acg-)T:| to both[ZFC-0T] and[REM-OT].

cordingly, M(T) curves were recorded in the three different

conditions described in Sec. I[ZFC-0T] (disordered AF-

COO state without field [ZFC-9T], and[REM-0T] (field-

induced ferromagnetic state, under field or not, respectively  Figure 3a) shows an enlargement of this region in a

These three curves are shown in Fig. 2 in a semilogarithmi€/T-vs-T plot. A clear peak emerges from tH&FC-9T]

plot. curve around 110 K, which can be related to the thermally
A striking point emerging from this figure is the great induced collapse of the ferromagnetic order. The effective

difference between the two curves recorded under the samweidth of this peak(75-130 K can be directly estimated

low field (0.01 T). At low T, the magnetization dREM-0T]  from the merging points on both “O T” curves. The super-

is rather constant and it is more than two orders of magnitudémposition of the[ZFC-0T] and [REM-0T] curves in thisT

larger than that ofZFC-0T] (this latter curve being the one range also allows us to use them as a relevant background

displayed in the inset of Fig.)1Then, thefREM-0T] curve line to estimate the entropy change arodnRd9 T). Integra-

exhibits a steep fall around 40 K, before smoothly mergingtion of the difference of C/T between [ZFC-9T]

on the[ZFC-0T] curve above 75 K. Such an overall behavior and both other curves in the range 75-130 K yieldS

is consistent with the ferromagnetic nature of [REM-0T]  =0.9 JK *mol 2.

A. Temperature-driven collapse of the F state under high field
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L Actually, even in the simplest ferromagnetic transitions in
manganites, the experimentalS are always found to be
much lower than the theoretical ones. For instance,
AS values close to 1.5JKmol"! were found in
Pry «(Ca, Sry,MnO; and AS close to 1.9 JKmol ™! in
Lag g Ca3dMN0O;, i.e., less than 15% of the expected
valuest®?! Such discrepancies, quantitatively in line with
our result, are generally ascribed to substantial entropy re-
lease out of thé, region®

Beyond this quantitative aspect, it must be pointed out
that the[ZFC-9T] curve in Fig. 3a) clearly displays an en-
tropy change associated with the collapse of a field-induced
ferromagnetic order. This question was recently investigated
by Raychaudhuret al!* in Pry ¢Ca, 3MnO; by measuring
C(T) under a field of 8 T, for which there is a ferromagnetic,
conducting state at low. Around the metal-insulator transi-
tion corresponding to the collapse of the ferromagnetic order,
these authors observed on tl&T) curve two diplike
anomalies well separated in temperature. It must be empha-
sized that these features are qualitatively very different from
40 50 60 70 80 90 100 110 120 130 140 150 160 170 our observations.

T[K]

FIG. 3. Specificcheat and magnetization curves in
Pro.sCay.sMNo.9:Gay 003 The upper panel) displays specific-heat Figure 3 displays a clear correlation between @)
data measured upon warming in three different stésee text  andM(T) curves of[ZFC-9T], the temperature of the peak
[ZFC-0T] (circles, [REM-OT] (triangles, and [ZFC-9T] (dia-  jn C(T) well coinciding with the temperature of the highest
monds. Th_e Iower_pane(b) displays magnetiza_tion .data measured slope inM(T). As previously discussed, this characteristic
under 9 T in two different modes: ZFC mode, i.e., in ([BEC-9T] o nerature£110 K) corresponds to the Curie temperature
state(diamonds, and in the field-coolingFC) mode (solid line). of the F phase ofPrCa50Ga5% under 9 T. Magnetization
Also shown in(b) the construction used to derive the magnetizationcurves under 9 T were recorded upon heati#§C) and
jump AM. upon cooling(FC). As shown in Fig. &), both curves ex-

) . . hibit a clear step arount,(9T). There is a shift between the
~ The expected\ S at a ferromagnetic-paramagnetic transi-yq cyrves, the midpoint of the transition for decreasing tem-
tion under zero field iR In(2S+1), S being the spin value. perature(FC) lying abou 7 K below the one obtained when
Under large magnetic fields, the entropy of the paramagnetiﬁ]creasing temperatut@FC). However, it must also be no-
state is decreased, but this effect is negligibly small hergj.qq that the ZFC and FC curves are well superimposed on
because of the high temperature (RrCa50Gas%, the frac-  g4ch other, apart from this transition reginie<(50 K and
tions of_MrF*(S=2_) and M " (S= 3/2) are 0.47 and 0.53, T 140 K), indicating that the transition takes place within a
respecnwlaly, |§f‘d'”g to a theoreticalS value equal t0 reyersible regime. Thus, thermodynamic relationships can be
12.4 JK “mol~*, much larger than the experimental one. gynected to be reasonably valid for such a transition.

It must be kept in mind, however, that the interplay be- A first-order transition is characterized by discontinuities
tween various degrees of freedom which takes place in mang the first derivatives of the free energijke magnetization
ganites can make the situation more complex. In partlcularand entropy. In “real” samples, some inhomogeneities can
because of the double-exchange me_char’t?smere IS an  transform such discontinuities into more or less rounded
intimate relationship between magnetic and electronic propgteps; as those presently found. The shift observed between
erties. As a matter of fact, the magnetic transitionTat  the ZFC and FC curves is also consistent with an underlying
=110K also separates a charge-delocalized regimie (first-order transition, since a thermal hysteresis is generally
<Tc) from a partly charge-ordered statd*T.). This  gpserved in such transitiorfas a consequence of the meta-
means that the electronic entropggcreasessT is increased stability of the domain of coexistence between the two
acrossT.. This contribution, opposite to that coming from phases?
the magnetic entropy, results in a decrease of the effective |, 5 first-order transition, there is an expected correlation
AS measured by the specific heat. The order of magnitude dhetween the entropic and magnetic jumps, given by the
this effect can be approximated BS(Tcoo) in PrCa50 or  Clausius-Clapeyron equation. In practical units, this relation
by the integraleC(yT / T)dT, taking for the electronic lin- can be written as
ear term some values typical of metallic manganites (

B. Relationship between specific-heat and magnetization
measurements

~4 mJK ?2mol™1).% It turns out that such corrections AS(JK 1 mo|—1):_5_585w_ 1)
(<2 JK mol 1) are not large enough to account for the di (K /T)
low experimentalAS value. dB
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L L B B A B TABLE |. Best parameters obtained from the fitting of the
0.08 || PrCas50)Gas5% ] curves in Fig._ gf by %g(.Z) o_rlEq.(3) (see te_x} Th? ?ssogilated units
e geee | ey (03KCTmory, By (103K tmol, e
. (100" JK®°mol™*), 6§ (10 © JK “mol™7), andA (K).
-,s [ v [REM-0T] i
“.‘E 006 - ¢ [ZFC-9T] ] Compound State y  Bs  PBs 5 A
ﬁ r 7 PrCa50 [ZFC-0T] 9.84 257 1.76 - -
; 0.04 | ] Prca50Ga5% [ZFC-9T] 8.30 1.81 4.44 - -
- L J PrCa50Ga5% [REM-0T] 8.30 1.89 5.78 - -
@) i 1 PrCa50Ga5% [ZFC-0T] 8.30 1.89 5.76 6.32 4.06
0.02 - . Prca50Ga5% [ZFC-0T] 0 1.89 6.76 6.66 3.01
i & [ZFC-OT] ] PrCa50Ga5% [ZFC-0T] 8.30 257 264 563 3.79
000 et et PrCas0Gas% [ZFC-0T] 0 257 347 6.06 277

(o]
n
o
S
(o]

60 80 100 120

T? [K?] moderate influence whehis not too low. Instead of includ-
ing in the fitting procedure this contribution whose influence
FIG. 4. C/T-vsT? plots of the lowT specific heat in s weak and whose determination would be unreliable in our
Pry.sCa sMnO; (PrCa50  and  PpsCaMnoosCaos  case(since T>2.2 K), we preferred to deliberately neglect
[(PrCa50Ga594. The measurements i(PrCas0Gas% were re- i \wg made the same approximation for all curves of Fig. 4.
corded upon warming under three different conditions: under O TAccounting for the slight upward curvature EEFC-0T] in

after ZFC([ZFC-0T] state, under O T after a 0-T—9-T—0-T cycling 5 . .
PrCa50, ar- term (standard correction to the cubic term to
at 2.2 K ([REM-OT] statg, and under 9 T after ZFQZFC-9T] account for the lattice contributipnvas also included in the

statg. The lines are fitting curves corresponding to the parameter?tt. - leading t
given in Table | (first set of parameters in the case of iting expression, leading to
0, -
(PrCa50Ga5%[ZFC-0T)). c— yT+,83T3+ ,85T5. @
The T, values under 9 T, 8 T, and 7 T were derived from
the point of highest slope iM(T) curves(ZFC). Using a ~_ ne best parameters found foFC-0T] of PrCas0 are
phenomenological quadratic fitting, the derivativg, / dB  9iven in Table 1. Theg; value is a little bit larger than
around the point9 T, 110 K) was estimated to be 9.61 K/T. gxpected for the'Iattlce contnpunon in pe4rovsk|te mf/l?gan—
As illustrated in Fig. 8), the magnetization jumpM was ~ iteS. Indeed, using the relatiod,=(127"pR/ 585)™,
approximated by the difference between linear, parallel exWhereR is the gas constant argthe number of atoms per
trapolations of theM (T) curve below and above the transi- Mmolecule, one finds a Debye temperature equal to 335 K,
tion regime <60 K and T>130 K), leading toAM  Whereas the usual values in manganites rather lie in the range
~2.07ug / f.u. Using Eq.(1), one obtains an equivalent en- 3°0—450 K. Actually, a part of thg; value mllggt_(z)srlgmate
tropy jumpAS=1.2 JK *mol~?, in reasonable agreement fTOM spin-wave excitations in the AF ordj_é’r.1 23-2\While
with the valueAS=0.9 JK mol ! directly derived from there are not_yet }heoretlcal pre_d|ct|ons in th_e case of _CE—
calorimetric measurements. type AF ordering, it is well established that spin waves yield
a T3 contribution in the more standar@-type AF. Since
PrCa50 is strongly insulating, theT term can hardly be
related to a standard free-carrier contribution. Actually, such
a linear term was often found in insulating manganites, and it
Let us now turn to the very low- regime (T<12 K).  was generally attributed to some disordering effects affecting
Figure 4 displays the specific heat @rCa50Ga5% in the the spin, charge, or orbital degrees of freedom. Jhealue
states| ZFC-0T], [REM-0T], and[ZFC-9T], along with that we found is consistent with those previously reported in in-
of PrCas0 recorded under O T after ZRIZFC-0T] state.  sulating manganite¥: >4
All fits to data were performed over the range 2.2-12 K,

with a weighting inversely proportional 16(T). B. PrysCapMn g 0sGag 0:05: F state unde 9 Tand 0 T

. Let us now tackle the case OPrCa50Ga5%, for which
A ProsCapMnO5: AFCOO state under 0 T one is facing two very different statd&FC-0T] corresponds

Let us start the analysis with theZFC-OT] curve of to a weak AFCOO state with effects of disorder leading to
PrCa50, which can be regarded as typical of a pure AFCOQpin-glass-like features, whereREM-0T] and [ZFC-9T]
state under zero field. One observes that@heT-vs-T? plot  correspond to a bulk F state. Instead of fitting independently
of this curve exhibits a remarkably good linear shape, whicteach of these curves with a lot of free parameters, we pro-
indicates thatC(T) is essentially made of linear and cubic pose to analyze the whole set of data in a consistent way,
terms. Furthermore, there is no clear indication of a hyperfollowing a step-by-step approach.
fine term C>T~2) in the C(T) curve. Such a term, related Let us start witH ZFC-9T], which has a well-known mag-
to Zeeman splitting of the Mn and Pr nuclear levels, has aetoelectronic staterromagnetic, conductingin addition,

VI. ANALYSIS OF SPECIFIC-HEAT DATAIN THE LOW- T
RANGE
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one can assume that the spin-wave contribution is essentiallyetoelectronic statesee Table)l, such a possibility cannot be
quenched under 9 %.Thus, consistently with the slight up- ruled out. Finally, the fitting of th€ZFC-0T] curve was thus
ward curvature seen in Fig. 4, thBFC-9T] curve was just carried out by the following expression:

fitted by Eq.(2). The derived parameters are given in Table I.

Since[ZFC-9T] is a conducting state, the linear term could C=yT+ B3T3+ BT+ 6T exp(— A/T). 3)
be ascribed to an electronic contribution, though one obtains

a y value very close to that of PrCa50. This is a striking 1t is opviously difficult to get reliable values with so many
coincidence since the two states are totally different, ongree parameters. Actually, the analysis of the other curves in
being ferromagnetic, conducting and the other insulating, angijg 4 can allow us to put some reasonable constraints on
tiferromagnetic. This result emphasizes the questionable orfyo of these parameters: first, we considered that ge
gin of some linear terms in manganitésin other respects, yajye should be in between that found fREM-0T], which

Bs in [ZFC-9T] is smaller than in PrCa50, which is consis- j representative of the lattice contribution only, and that of
tent with the implication of AF spin waves in the latter case.p;cas50, which includes an additional contribution from AF
Actually, 85 in [ZFC-9T] has a value expected for the lattice spin waves; second, we considered thashould lie in be-

contribution in manganitesfg =375 K). tween 0 and the value found in the other states
The curve of REM-0T] is very close to that ofZFC-9T], 8.3 mJK 2mol™1). This gives rise to four different sets of
consistently with the fact that they correspond to the samgyeq parameters, leading to differefi &, andA values(see

f_erromagnetic state. At first glar_uce, the slightly higher loca-5p)e ) when fitting[ZFC-0T] with Eq. (3). One can notice
tion of [REM-0T] could be ascribed to the development of y4¢ the free parameters get rather close values in all cases.
the ferromagnetic spin-wave contribution, a term impeded by

the large field ifZFC-9T]. Nevertheless, the difference be- ) . _
tween these two curves does not displa73é2 dependence D. “Excess term” in the specific heat of AFCOO manganites
(typical of ferromagnetic spin wavgsbut rather a cubic one. In previous studies, the existence of a large specific heat
It has also been checked out that the inclusion faterm,  at low T with a downward curvature in & / T-vs-T2 plot
beside or instead of the linear term, did not improve thewas claimed to be an intrinsic property of the charge and
fitting quality in the case ofREM-OT]. Thus the curve of orbital ordering?>?>2°Our observation of such features in a
[REM-0T] was just fitted by the same expression as used fofeak, disordered COO, and not in the strong, pure COO
[ZFC-9T], yielding they, B3, andBs parameters gathered in (PrCa50, puts in doubt this idea. In a previous study, the
Table I. COO origin of the anomalous specific heat was supported by
a comparison between PrCa50 a(frCa50Cr3%, which
. showed a lower location of th€(T) with no more down-
C. ProsCaosMno.96G80,0605: Disordered AFCOO state ward curvature in the latter cad&lt must be realized, how-
under 0 T ever, that Cr is very efficient to destroy COO and that 3% is

The [ZFC-0T] curve exhibits a pronounced downward enough to induce a large ferromagnetic compoRéht’The
curvature, reminiscent of previously reported results in[ZFC-0T] curve of (PrCa50Cr3% in Ref. 23 appears to be
strongly AFCOO compounds:®>26 Nevertheless, it seems very close to oufREM-0T] curve in (PrCa50Ga5%, in
difficult to ascribe this special shape to a characteristic conagreement with the ferromagnetic nature of both states. Ac-
tribution of COO since it is not observed in the much-better-tually, our investigation of the[ZFC-0T] state in
established, long-range COO of PrCas@ee Fig. 4 Let us  (PrCa50Ga5% demonstrates that when AFCOO is just de-
also note that th€ZFC-0T] curve of (PrCa50Ga5% cannot stabilized without being destroyed, the specific haat
be accounted for by any combination of the PrC4BBC-  creasesand the downward curvatuggppears We thus con-
0T] curve (AFCOO state¢ and (PrCa50Ga5% [REM-0T]  clude that the excess specific heat showing a downward
curve (F staté. Actually, there is rather a specific term re- curvature(in C/T vs T2) is not intrinsically related to AF-
lated to disorder in thEZFC-0T] curve of (PrCa50Ga5%, a COO, but rather to the introduction of disorder in AFCOO.
feature that can be well consistent with the prominent glassy
behavior displayed iryq4o(T) (inset of Fig. 1.

In the simplest cases, a spin-glass-like behavior is re-
flected by a linear term i€(T),2 which is clearly not the In conclusion, this study shows that slight substitutions on
case here. Deviations from this simple law, however, werghe Mn sublattice in a strongly AFCOO compound totally
often observed even in canonical spin glasses. For instancmodify the magnetoelectronic ground state. The setting up of
linear extrapolations o / T-vs-T? plots were found to yield COO and ARCE type at highT is no longer reflected in the
negative ordinate¥, a behavior that can be accounted for by specific-heat curve. The remaining AFCOO becomes short
attributing adT exp(—A / T) law to the spin-glass contribu- range and coexists with a disordered magnetic phase display-
tion. Such a phenomenological expression leads to dowring spin-glass-like features. Application of high enough mag-
ward curvature as that displayed PREM-0T].?¢ Further-  netic field at lowT can switch such a compound to a bulk
more, one has to face the question to know whether a simplerromagnetic state. The intrinsic Curie temperature of this
linear term—as found in the previous states of Fig. 4—musfield-induced ferromagnetism is close to 40 K under zero
also be included in the case EFC-0T]. Since the occur- field, and it increases up to about 110 K under 9 T, without
rence of this term seems to be quite independent of the magubstantial broadening of the transition. The first-order char-

VIlI. CONCLUSION
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acter of the temperature-induced transition under 9 T, fronnetoelectronic states are very contrasted. In the disordered
ferromagnetic to a weak AFCOO state, is supported by @FCOO state of the substituted compound, the specific heat
close connection between specific heat and magnetizatiors much larger than in the other cases, with a very different
obeying the Clausius-Clapeyron relationship. temperature dependence. The whole set of results suggests

All encountered magnetoelectronic states were investithat this extra specific heat is actually related to the disor-
gated by analyzing the temperature dependence of specifiered character of the AFCOO rather than to the AFCOO
heat in the very-lowr regime. Surprisingly, th€(T) curves itself. Investigations of Mn-site substitutions in manganites
of the substituted sample in the ferromagnetic state are rathélisplaying various magnetoelectronic ground states deserve
close to that of the unsubstituted compound, while their magto be carried out to go further into this issue.
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