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Magnetic entropy change of Py_,Ca,MnO ;3 manganites(0.2<x=0.99
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In the present work we analyze the magnetic entropy chage of the Py_,CaMnO; manganites, for a
wide range of Ca concentratiof8.20< x<0.95. The results for the samples with 0.2&=<0.30 present the
usual behavior expected for ferromagnetic systems, peaking at the Curie temp@&gatireontrast, for the
charge-ordered antiferromagnetic sampl@s30<x<0.90, an anomalous magnetic entropy change starts
around the charge-ordering temperatligg, persisting for lower values of temperature. This effect is associ-
ated to a positive contribution to the magnetic entropy change due to the charge-owigkiggwhich is
superimposed to the negative contribution from the spin-ordeXi8g;, that is described using a mean-field
approximation. Supposing these contributions, we could also appf&& as a function of Ca content, which
vanishes for the limitsx~0.30 and 0.90 and presents a deep minimum arocun@.50, with two maxima at
x~0.35 and 0.65. We conclude that fer~0.65 only the magnetic order governs the charge ordering, con-
trarily to x<<0.65, where there are more than one mechanism ruling the charge ordering. Moreover, for the
samples with phase coexisten@30<x<0.40), we found extremely large values for the magnetic entropy
change at low temperatures. Finally, for-0.90, we found usual magnetic entropy change curves, peaking at
the Néel temperaturgy.
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. INTRODUCTION He He [ oM(T,H)
a8 mar= [ Tas,mHy= [ MEE ) gy
The magnetocaloric effe€MCE) is intrinsic to magnetic H H H
materials and is induced via coupling of the magnetic sub- (2)

lattice with the magnetic field, which alters the magnetic part
of the total entropy due to a corresponding change of the4ence,AS,(T,AH) can be numerically calculated using Eq.
magnetic field. The MCE can be estimated via the magneti@z) and the measured magnetization as a function of mag-
entropy change&\S,(T,AH) and is a function of both tem- petic field and temperature.
peratureT and magnetic-field changkH, being usually re- Several authors through many decades have studied the
corded as a function of temperature, at a constfit In  magnetocaloric effect in a large variety of magnetic materi-
addition, the MCE has a significant technological impor-als. However, more recently, a large amount of wotkwas
tance, since magnetic materials with large values oblevoted to explore the MCE in the mixed-valency mangan-
ASy(T,AH) can be employed in various thermal deviées. ites AMNO,, whereA is a trivalent rare-earth mixed with a
The magnetic entropy is related to the magnetizabbn  divalent alkaline earth. Among these referred works, some of
magnetic field strengthH, and absolute temperatur€  them worked out the MCE around the charge-ordering tem-
through the Maxwell relatioh peraturelco, however, only for systems in which the charge-
ordered state arises below the Curie temperaftige> Tco),
as the case of Pr-8rand Nd-St manganites. On the other

ISu(T,H) | _ | IM(T,H) B hand, the magnetic properties are very different for systems
oH T_ aT " in which the charge-ordered phase arises in the paramagnetic
regime (Ty<Tcp), as the case of Pr-Ca, Nd-Ca and
Sm-Ca manganite®;?! and, from the best of our knowl-
which after integration yields edge, the MCE was never reported in this case, although
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300 : Il. EXPERIMENTAL PROCEDURE
Pr, Ca MnO,
PRGN The samples witkx<<0.50 were prepared by the ceramic
//-” \, route, starting from the stoichiometric amount of,@y
200 ] / \\ (99.999, CaCQ (>99% and MnCQ (>99%), and heated
PMI \ in air, with five intermediate crushinfpressing steps. On
g / "'C'(S:A;M'I """ ! the other hand, fox=0.50, we used the sol-gel method with
- iy \ urea, following the procedure described in Ref. 45. The final
1004 pMI /FM; / . L crushed powders were compressed and sintered in air at
‘(“-.‘./ / L AEMI / 1350 °C during 45 hfor the ceramic routeand 1300 °C
o SO /// / —— + FMI\/E during 60 h(for the sol-gel techniqye with a subsequent
< / Teo 8T, < fast freezing of the samples. X-ray diffraction patterns con-
o] "’“asef““‘encel % firmed that the samples lie in tiRbnmspace group, without
0.0 0.2 0.4 0.6 0.8 1.0 vestige of spurious phases.
(PrMnO,) x (CaMn0O,) The temperature and external magnetic field dependence

) ) ) of the magnetization were carried out using a commercial

FIG. 1. Magnetic and electric phase diagram foy f8aMnO;  gQUID and PPMS magnetometers. The data were acquired
manganites. PMI-paramagnetic insulator; SCI-spin-canted msmaéfter the sample had been zero-field cooled, under the iso-
tor; FMI-ferromagnetic insulator; CO-AFMI-charge-ordered anti- thermal regime(M versusH curves, varying the applied
ferromagnetic insulator; AFMI-non-charge-ordered antiferromag-m(,:lgnetic field from zero up to 4 T,and temperature ranges
netic insulator. Open and closed circles represent Priiatd from 10 K up to 300 K. After eaciM versusH curve, the
CaMnQ‘ respectively. Different lines denote different types of sample was heated to Ithe next temperature desirea without
fransitions. the influence of the external magnetic field. For the dc sus-

ceptibility y4c (=M/H at low field), the measurements were

there are several specific heat studfes? In addition to the performed at a fixed magnetic field, sweeping the tempera-
' ture.

charge-ordering phenomena, several interesting features
emerge for the Rr,CaMnO5; manganites, series in which
we will focus our attention. _ o Il RESULTS

Pure PrMnQ has anA-type antiferromagnetic-insulator
AFMI arrangement, changing discontinuously to a spin- In this section we will describe the field and temperature
canted-insulator SCI structure with small amounts of‘fn dependence of the magnetizatib{T,H), since it is one of
dopant?® This SCI phase remains up x&0.20, whereas for the best experimental tools to understand the magnetocaloric
0.20<x=<0.30 a ferromagnetic-insulator FMI phase arises effect of the system under study. The zero-field-coQEHC)
with Curie temperature around 120%K2° Between x  and field-cooledFC) dc susceptibilitiesyq,, Were measured
=0.15 and 0.20, a phase coexistence takes place with SEr all samples availabléx=0.20, 0.25, 0.30, 0.32, 0.35,
and FMI phases. For 0.30x<0.90, an AFMI phase estab- 0.40, 0.45, 0.50, 0.55, 0.65, 0.70, 0.75 and D.9%e ob-
lishes for temperatures typically below 170?%&273coexist-  served a similar behavior for those below the onset concen-
ing with a charge-ordered CO state with onset temperaturtfation for charge orderingx~0.30, with a well-defined
Tco between 210 K, fox~0.30, and 110 K, fox=0.85%6 transition from the paramagnetic to the ferromagnetic phase.
For 0.30<x=0.40 a remarkable phase coexisteidé3> Although the dc susceptibilityg., after field cooling in-
with FMI and CO-AFMI phases can be found. It is well creases with decreasing temperature, after the sample had
establishe?f32-33that the clusters embedded in the antiferro-been zero-field-cooled, it keeps an almost temperature-
magnetic matrix achieve the ferromagnetic order aroundndependent feature. Additionally, from the quantityxdJ
110 K forx~0.30, and 42 K fox~ 0.4027 In this direction, we could observe the usual Curie-Weiss law, allowing one to
our work using NMR?! gives the ferromagnetic fraction estimate the value of the paramagnetic effective mormgnt
within the antiferromagnetic matrix, as a function of Ca con-and the paramagnetic Curie temperatége Thus, Fig. 2a)
tent, x. For the Ca-rich samplex=0.90, another strong presents the behavior described above, representative for all
phase coexistence arises, with ferromagnetic domains ensamplesx=0.30. On the other hand, for 0.80x<<0.90, the
bedded in a non-charge-ordered AFMI matrix. Fer0.90  dc susceptibility presents a maximum arodigh and a well-
the ferromagnetic phase is stable, decreasing its volume fragefined transition from the paramagnetic to the antiferromag-
tion as the Ca contentincreasing toward the unity, reaching netic phase. For the samples with phase coexist¢d&d
the well-known G-type antiferromagnetic CaMn@3® The  <x=<0.40, the maximum amount of FMI phase allowed to
phase diagram presented in Fig. 1 is slightly dependent ohe in the system occurs @, also observefisee Fig. 2b)].
the sample preparation procedure. Discrepancies found in lith our recent publicatiof® we discuss in details the meaning
erature can be attributed to differences in grain si2€§%°  of T,, as well as the influence of the phase coexistence on the
oxygen contentd?-43 vacancies on the latticé,etc. Addi- magnetic entropy change. Finally, the charge-ordering fea-
tionally, the phase diagram presented here is not completelyire completely disappears fae>0.90, as presented in Fig.
established, since the magnetic structure for several values &tc). The quantities obtained from the analysis of the dc
Ca concentratio is still a matter of discussiof#:26-29:32-35  gysceptibility are summarized in Table I. In addition, note the
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4 6 TABLE |. Values obtained for:T,, related to the maximum
9 x=0.30 . .
© FMI s & amount of FMI phase allowed to be in the phase coexistent system
% 3] Fe y (0.30<x=<0.40;%6 Tco, charge-ordering temperature; the critical
'r: — 4 7 temperaturel;;, obtained from the maximum afyq/dT; 6,, the
_o 2 paramagnetic Curie temperature; and, finaly;, the paramagnetic
& 2] r3 < effective moment.
g 2 8
2& 14 . B X To(K)  Teo(K)  Teie (K2 0, (K)  Pesr (1)
I ©
= o @; 0.20 94 110 7.0
0 50 100 150 200 250 300 0.25 119 137 5.6
o T " 0.30 125 143 5.0
. [T x=0.40 - 0.32 26 210 113 180 4.9
S 6 CO AFMI N 0.35 19 222 178 211 4.3
% 6 + FMI F— 9 &
~ ~ 0.40 11 239 176 215 4.3
S . P E. 0.45 244 165 270 4.2
& "8 0.50 242 140 266 4.2
z 5. 3 8 0.55 252 145 262 4.2
2 X 0.65 274 150 254 4.0
Q
R o w, 0.70 256 94 191 3.9
] 100 200 300 400 0.75 205 104 141 4.1
T 0.95 108 52 4.0
. 31 x:::ls -25 I aT for x<0.30 andTy, for x>0.30.
e + FMI L20 §°
;.‘, 2] i~ <x=0.40, different features emerge. Far=0.40, for in-
'g r15 3 stance, we found two humps, around 239 and 176 K, corre-
o 10 @ sponding to the establishment of the charge ordering and the
3 11 g antiferromagnetic spin ordering, respectively, in accordance
§ 5 X with several workg/?® including those using neutron
3 (©) R diffraction30:324748As the temperature is further decreased,
= (= ; 4 LO . . . . .
0 50 100 150 200 250 300 we can verify a remarkgble increasing of the magnetization
T (K) also below 100 K, peaking at aroufig=11 K, with a sub-

sequent loss of magnetic moment. This peak at low tempera-

FIG. 2. Left axis: zero-field-cooletZFC) and field-cooledFC) tures is also related to the phase coexistence present in this
dc susceptibilityyy. (=M/H at low field) as a function of tempera- range of Ca concentratiéh(see Fig. L A similar behavior
ture, for (a) x=0.30, (b) x=0.40, and(c) x=0.95. Right axis: tem- had been found for all samples with 083&=0.40. This
perature dependence of the inverse of the dc susceptibility. feature, which can be seen in Fig(bB and its inset, was

. . . .already observed fax=0.3722 On the other hand, for 0.40
ferromagnetic fluctuations that arise in the paramagnetiC

phase of the CO-AFMI samplé®.30< x<0.90), since their <x<0.90[inset on Fig. &)], we still found the charge or-
i . ) L dering and Néel temperature, however, without the metamag-
paramagnetic Curie temperatur@sare positive. Neverthe-

less, the asymptotic paramagnetic Curie temperature Shifpetlc transition at low temperatures, since there is no more

gradually toward negative temperatures, reaching -52 K foF?hase coexistence. Far=0.95[Fig. 3c)], a well-behaved

h : . curve arises with a defined transition from the paramagnetic
x=0.95, even with the small amount of ferromagnetic phas 5 the non-charae-ordered AEMI phase
(expected to be found for>0.90.%° g P :

. . Finally, Fig. 4 present$1(H) curves at 4.2 K and(T)
The temperature and field dependence of the magnetiza- ~
tion M(T,H) were also measured for all samples. From thecurves at4 T, fox=0.20, 0.25, 0.30, and 0.32. These curves

data analysis of severall versusH isotherms, we could confirm the phase diagram, which establishes a pure ferro-

build the curves for the thermal dependence of the magnenr-n"’lgneuC phase for the samples with 0:20<0.30.

zation, at a fixed magnetic field. Fr0.20, decreasing tem- IV. THE MAGNETOCALORIC EFFECT

perature, one observes that the magnetization starts to in-

crease faster below 100 K, peaking at around 35 K, as In the previous sections, we provided detailed information
displayed in Fig. 89). It is related to the coexistence of SCI referring to the magnetic properties of the; REaMnO;

and FMI phases, for 0.55x=<0.20 (see Fig. 12>?7220n  manganites. The aim of the present section is the discussion
the other hand, fok=0.25 and 0.30 an usual ferromagnetic of the magnetocaloric effect of these manganites obtained
behavior for the thermal dependence of magnetization ifrom the previously presented magnetic data.

found, as presented in the inset of Figa)3However, for Ca Figure 5 presents the magnetic entropy chaA&g(T)
concentrationsx within the phase coexistence regi0®.30  for all samples studietk=0.20, 0.25, 0.30, 0.32, 0.35, 0.40,
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FIG. 3. Temperature dependence of the magnetization data for a i
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magnetic-field change. Fo=0.20[Fig. 5@)], the magnetic

entropy change has an usual behavior for temperatures abof
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FIG. 5. Temperature dependence of the magnetic entropy
change under 4 T of magnetic-field change for all samples available
ad covering all different magnetic phases of this_faMnO;
series: FMI-ferromagnetic insulator; CO AFMI-charge-ordered an-
tiferromagnetic insulator; AFMI-non-charge-ordered antiferromag-
netic insulator.

well-shaped feature. However, below 100 K, the magnetiza-
tion starts to increase faster as the temperature is further
decreased, due to a SCI and FMI phase coexistence, as al-
ready discussed in the previous section. On the other hand,
for x=0.25 and 0.30, concentrations completely embedded
within the ferromagnetic region, we found an usual behavior
for ASy, as sketched in Fig.(8). We consider, in the case of
x=0.25 and 0.30, that the contribution to the magnetic en-
tropy change is purely due to the spin magnetic moments of
the sample, since these concentrations have pure ferromag-
netic phasegsee Fig. 4. However, for the samples with
0.30<x<0.90, the charge-ordering arrangement plays a de-
cisive role. When the temperature is further decreased, the
magnetic entropy chang&S,, follows an usual shape until

the charge-ordering temperaturgg, below which such be-

FIG. 4. Magnetization as a function of magnetic field, at 4.2 K, havior is completely broken, as can be observed in Figs. 5
and temperature, at 4 T, for=0.20 (SCI+FMI), 0.25 and 0.30
(FMI), and 0.32(CO AFMI+EMI).

and Fc). Finally, for x=0.95, the magnetic entropy change
recovers the usual shape, as sketched in Kid). 5
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‘To analyze this intriguing and anomalous feature, which AH: 0> 4T ‘ AS,=AS_ +AS_
arises for 0.38:x<<0.90, some aspects should be taken into 1.0 -
account. First of all, we consider two different contributions 3

{,AS

to the total magnetic entropy chang&,,: one refers to the ~ ) /
spin rearrangememtS; i, and the other concerns the charge- ¢ °-°1 ;
ordering rearrangemetS-, as follows: '.*m
X
AS\/I = Asspin"' ASCO- (3) 3 0.0
For Ty\<T<Tco, i.€., in the paramagnetic phase, an ap- 2
plied magnetic-field forces a rude alignment of the spins, -0.5-

increasing the M# -Mn** electron hopping and decreasing :
the concentration of Mti-Mn*" charge ordering, when 5/ o x=0.70
compared to the zero-field case. Consequently, the entropy  -1.0 - - L s
because of the CO increases under an external applied mag- 200 225 Tzsi)( 275 300
netic field, allowing a positive CO entropy change. On the (K)

other hand, fofT>Tco, there is no charge ordering, imply- ki 6. Estimative of the charge-ordering contributideo to
ing, of course, in a null CO entropy change. In addition, aspe total magnetic entropy changeS,. See text for details con-
described above, the paramagnetic phase of these sampl&sning the spin contributioA Syyin [EQ. (8)]-

has ferromagnetic fluctuatiorig,> 0, see Table)l Thus, we

considered, as a first approximation, th&;;, arises froma  already found for several manganit€s®! Thus, using the
simple ferromagnetic mean-field interaction, at least arouneéneasured\ andJ, we estimated\Sy;;, [Eq. (8)], which ex-
Tco(>Ty), i-€., in the paramagnetic phase. In this direction,actly matchesAS,, at high temperatures. Consequently, we
the effective field can be written as could apprais&dSLg", the value of charge-ordering contribu-
tion slightly belowTcg, i.e., around the maximum &Sy, as

Hett = Hext+ AgJugBy(x) @ grawn in Fig. 6, forx=0.70.
where Hg, stands for the external magnetic field, the Following the procedure described above the concentra-
mean-field parameteB,(x) the Brillouin function, and tion dependence cASZE could be built, vanishing for the
limits x~0.30 and 0.90 and presenting a deep minimum for
XZQJMBHeff (5 X050, with two maxima aroun&~0.35 and 0.65, as
ksT shown in Fig. 7. These values are of the same order of those
. obtained for Nd—Sr manganite$, around the charge-
Thus, from the Gibbs-Von Neumann entropy ordering temperature.
S=—kgTr{pIn p} (6) For Pr_,CaMnO3; manganites the charge-ordering en-

. _ . _ “tropy arises from the excess of #fror Mn**, depending on
is possible to obtain the magnetic entropy due to the spifyhetherx<0.50 or x>0.50, respectively. Since there are

ordering, inkg units: (1—2x) Mn3* unpaired(for x<0.50, for exampleand such
1 excess vanishes at=0.50, it is expected thahSg* has a

sinh{x(l + —)} deep minimum aroung=0.50. On the other hand, the maxi-
2J mum atx~ 0.65 can be understood via the analysi\&,

(T,Ho) =1In - XB4(X), 7
Sspl T:Hex) sinh‘ X ) ) and AS,, as a function of the magnetic-field changél, as
2J 6 280

wherep is the density operator corresponding to a Hamil-
tonian H=-4-H. Finally, the magnetic entropy change due ~ > [ e0
to spin ordering can be written as ¥ 4]
ASSpin(TyAH) = Sspin(Ta Hexd — Sspin(TrO)- (8) g 3 240 <
n N B ~
We know, from the high-temperature magnetic measure- EVS 3
ments, the paramagnetic Curie temperaty@nd the para- @ 24 =
magnetic effective momerd.; (see Table), and from the 220
well-known relationships 14
Perr=g\J(I+ 1) ©) 0 ot 200
0.2 1.0
3kgb,
_ BYp
A= P2 (10 FIG. 7. Left axesASa as a function of Ca contentfor AH
e

=2 T, 4 T (estimated using experimental datnd « [Eq. (14)].
that we can obtain the mean-field parameteand the total ~ See text for the meaning cASLg" Right axes: charge-ordering
angular momend. We considered =2, since this value was temperature as a function of Ca contentppen circleg
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FIG. 8. Total magnetic entropy changes,, and the spin con- o
tribution AS,;, as a function of the magnetic-field changei, for 2‘ 0.04
(@ x>0.65 and(b) x<0.65. Results obtained for temperatures
around the maximum odSy,, analogously tAASTE"

175 200 225 250 275

. . . T (K)
shown in Fig. 8. These results were obtained for tempera-

tures around the maximum &S, analogously toAS'&* FIG. 9. Magnetic entropy change as a function of temperature,
Forx>0.65[Fig. 8a)], the spin contributiol S, [Eq. (8)]  for several values of magnetic-field change &adx=0.35, (b) x

has exactly the same tendency of the total magnetic entropy0.40, and(c) x=0.70.

changeASy, when analyzed as a function of magnetic-field

changeAH, with the following relations: ing. Thus, the number of accessible states for both cases are,
ASy=-20S,, x=0.70 respectively,
N-n)!
1 0 ==t 12
ASy=-7ASpn X=0.75, (11 Co= (N =201 (12
Contrarily, for x<0.65[Fig. 8b)], AS,, increases with a NI
different rate, comparing t&S,,. These interesting results o= ———, (13)
lead us to conclude that for< 0.65 there is more than one nt(N—-n)!

mechanism governing the charge ordering, including the )
magnetic order. On the other hand, for0.65, only the wheren=N(1-x), for x>0.5, andN is the total number of
alignment of the magnetic moments controls the charge oMn ions in the system. Thus, from the Boltzmann entropy we
dering. This fact also explains the maximum Tg(x),  could evaluateA S5 =Seo(Q50) ~Scol2eo), yielding
aroundx~0.65, shown in Fig. Apresent dataand Fig. 1 _
(literature data Another work also analyzed the charge- ASLG=N[(2x - 1)In(2x - 1) - 2xIn X] (14)
ordering phase in terms of a interplay between the Jahn-
Teller effect and magnetic orderitfg (and references The above resultdrawn in Fig. 7, is in agreement with the
therein. previously presented estimate.
An interesting aspect concerning the total magnetic en- Another interesting aspect is referred to as the low tem-
tropy change, for several values of magnetic-field change, igerature of the samples with phase coexiste(@80<x
the fact that it vanishes at the same temperature ardggd =< 0.40. Curiously,AS, vanishes exactly af, being highly
for any value ofAH, as displayed in Fig. 9. negative(positive for higher(lower) values of temperature.
A2 can also be estimated, for>0.65, counting the For x=0.32, for instanceAS,, reaches -19.4 JkgK™ at
number of accessible stat€k of the Mrt*-Mn** ions, for 32 K, and -13.4 JkgK ™! at 14 K. Figure 10 shows these
two extreme cases: under zero field, i.e., with the maximunfeatures forx=0.32, 0.35, and 0.40, under 4 T of magnetic
of charge ordering, since the nonaligned magnetic momentiield change. Finally, the temperature dependence of the
(paramagnetic phasdo not destroy the charge ordering; and magnetic entropy change has a usual tendency with respect
under infinite field, i.e., with null charge ordering, since to several values of magnetic field change, as presented in
a completely aligned magnetic moments maximize thghe inset of Fig. 10, fox=0.32 andA H:0—1, 2, 3, and
Mn3*-Mn** electron hopping, destroying the charge order-4 T. Note thatAS, vanish atT, for any value ofAH. Re-
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x=0.30 andx>0.90 we found an usual behavior fAS,
since these samples have no charge-ordering. On the con-
trary, we found an anomalous magnetic entropy change for
0.30<x<0.90 (concentrations exhibiting charge-ordering
phenomenoh and the results could be explained considering
a spin and charge-ordering contributions. In addition, taking
some considerations into account, we could evalueggd*

as a function of Ca content From the analyzes of the mag-
netic entropy change as a function of the magnetic-field
changeAH, we could conclude that fok<<0.65 there is
more than one mechanism governing the charge ordering,
including the magnetic order, whereas for 0.65 only the
alignment of the magnetic moments controls the charge or-
dering. Moreover, we found an extremely large value for the

FIG. 10. Temperature dependence of the magnetic entropNtropy variation at low temperaturdaround To). Other
change aroundT,, for x=0.32, 0.35, and 0.40, under 4 T of Manganites showing this characteristic temperature can also
magnetic-field change. Inset: Idem, however, for several values dpresent a large magnetic entropy change, and, consequently,

magnetic-field change and=0.32.

cently, we published a detailed study of the low-temperature

magnetic entropy change of these compouri@s30<x
<0.40.46

V. CONCLUSION

a great potential to be employed in various thermal devices.
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