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A stud y of t he magneto calor i c prop erties of La 1 À x À y Y y C ax Mn O 3 ,
La 1 À x Cd x MnO 3 , and Pr 1 À x C ax MnO 3 manganites w ith ferromagnetic and
charge -ordered states is presented . The ferromagnetic lanthanum manganites
show a negati ve entropy change p eak Â S under the applica tion of a magnetic

Ùeld at the C urie temp erature. H owever, the magneto elastic couplin g e˜ects
lead to a Ùrst- order paramagnetic- ferromag neti c transition and an increased
Â S compared to simple ferromagnets. T his e˜ect is analy zed in the frame-

w ork of the Landau theory of phase transitions w hich show s a compara ble
in Ûuence of the magneto elastic couplin gs and the ordinary magnetic order-
ing e˜ect. T he Pr 1 À x C ax MnO 3 system show s a rich electric and magnetic
phase diagram, w ith a ferromagnetic insulator phase for 0 : 15 < x < 0: 30

and coexisting charge- ordering and antif erromagnetic insula tor behavior for
0 :30 < x < 0 : 85 . T he magneto caloric e˜ect results for x = 0: 25 and 0. 30 show
a simple ferromagnetic phase transition e˜ect. For the samples above the on-

set concentration for the charge ordering ( ¤ 0 :30 ) an anomalous magnetic en-
tropy change is observed below the charge- ordering temp erature ( T ). T his
e˜ect is associated w ith a positive contribution from the magnetic entropy
change due to charge ordering, superimp osed to the negative contribution

due to spin ordering.
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1. I n t rod uct io n

In a t ypi cal paramagneti c or ferrom agneti c materi al , t he appl icati on of a
m agneti c Ùeld leads to an al ignm ent of the m agneti c moments. Starti ng from a
zero m agneti c Ùeld state wi th rando mly ori ented magneti c m oments, the increase
in the m agneti c Ùeld leads to a decrease in the m agneti c part of the entro py (S M ),
as thi s therm odyna mic functi on is associ ated wi th the degree of m agneti c order.
If thi s process is perform ed adiabati cal ly, wi tho ut heat tra nsfer to the exteri or,
the m ateri al tem perature wi l l increase, as the latti ce entro py increases. W hen the
m agneti c Ùeld is turned o˜, random izi ng again the m agneti c mom ents, the op-
posite situa ti on occurs, and the m ateri al tem perature decreases. Thi s adiabati c
tem perature change induced by a m agneti c Ùeld vari ati on is cal led m agneto calori c
e˜ect (MCE). A m agneti c cycl e refri gerati on system is obta ined by al lowing the
m agneti c materi al to expel heat to an exteri or heat sink after appl icati on of the
m agneti c Ùeld, reduce the Ùeld adi abati cal ly and subsequentl y extra ct heat f rom
the system to be cooled. Thi s techni que has been used for m any years to obta in
ul tra - low tem peratures by adi abati c dem agneti zati on cool ing and m ore recentl y,
has found appl icati on in cryo genic engineering to ra isethe e£ ci ency of gas l iquefac-
ti on system s. In general , considerable MCE e˜ects are expected in connecti on wi th
the large entro py change associated wi th the ferrom agneti c to param agneti c phase
tra nsiti on in the vi ci ni ty of the Curi e tem perature T c . In recent years the interest
on the research of magneto caloric cool ing system s starti ng from room tempera-
ture has ra ised consi derabl y due to i ts potenti al im pact on envi ronm enta l concerns
and energy savi ng. In fact, thi s technology does not requi re any ozone-depleti ng
nor hazardous chemicals and the therm al e£ ciency is hi gher tha n gas-com pression
ref rigerators. Gadolinium is a good candi date for magneti c refri gerati on system s
near room tem perature (T c = 294 K), wi th 2.8 J/ (kg K) and 2.6 K of m agneti c
entro py and tem perature changes, respecti vely, under 10 kOe of m agneti c Ùeld vari -
ati on [1]. In the last decade, an increased research e˜o rt on m agneto calori c studi es
has revealed new materi als wi th large m agneti c entro py changes under an ap-
pl ied m agneti c Ùeld near magneti c phase tra nsiti ons, such as Gd 5 (Si 2 À x Ge2 + x ) [2],
MnF eP1 x Asx [3], La Fe x Six [4 ], and mangani tes R x D x MnO (R = rare-earth
La , Pr and D = divalent Ca, Sr) [5]. One of the most interesti ng features of these
new m ateri als is the possibi l i ty of tuni ng the operati on range (the Curi e tem -
perature) by a suita bl e chemical compositi on adjustm ent. In thi s wo rk we report
m agneto calori c studi es on som e polycrysta l l ine sam ples of the m angani te system s
La x y Y y Cax MnO , La x Cd x MnO , and Pr x Cax MnO , wi th Mn m ixed va-
lence ions (Mn , Mn ) presenti ng ferro magneti c and charge-ordered states due
to the interpl ay between charge, spin, and latti ce degrees of freedom [6, 7].

Exp erim ental ly, a conveni ent pro cedure for the search of suita ble m ateri -
als for MCE appl icati ons is the determ inati on of the magneti c entro py change
Â ( Â ), whi ch is a f uncti on of the tem perature and the m agneti c Ùeld
changeÂ = . A typi cal representati on is the entro py changewi th = 0,
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as a functi on of T , wi th constant Â H = H F . The magneti c entro py dependence
wi th the m agneti c Ùeld H i s related to the magneti zati on M vi a the therm ody-
nam ic Ma xwel l relati on [8]:
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Hence Â ( Â ) can be determ ined from m agneti zati on measurements, m ore
conveni ently tha n from calori metri c m easurements. General ly, since tem perature
stabi l izati on is the longest step in the process of m agneti zati on data col lection, the
m easurements are usual ly carri ed out isotherm ical ly by varyi ng the magneti c Ùeld,
for a range of temperature values. Sui ta ble num erical pro cedures are then used for
deri vati on wi th respect to temperature of interp olated ( ) data points and
Ùnal magneti c Ùeld integrati on.

Ma ngani te sam ples were prepa red by the ceram ic route, starti ng f rom sto-
ichi ometri c amounts of Pr O , La O , Y O , Ca CO , CdCO , and MnO , and
heati ng in ai r, wi th 3{ 5 interm ediate crushi ng pressing steps unti l a ll raw m ateri -
als reacted to form perovski te. The La -m angani te powders were sintered in ai r at
1 3 0 0 C for 50 h and slowl y cooled to room tem perature. The Pr- mangani tes were
sintered in air at 1 3 5 0 C f or 45 h, wi th a subsequent fast freezing of the sam ples.
The LaCd- m angani te sam ple requi red lower sinteri ng tem peratures [9]. The sam -
pl esstudi ed have com positi ons La : Cd : MnO (La Cd), La : Y : Ca : MnO
(La YCa ) and Pr x Cax MnO ( = 0 2 5 , 0.30, 0.32, 0.35, and 0.40). From X- ray
di ˜ra cti on we Ùnd tha t all the sampl es are pure phase. The tem perature and m ag-
neti c Ùeld dependences of the m agneti zati on ( ) were determ ined using a
comm ercial superconducti ng quantum interf erence devi ce (SQUID ) magneto me-
ter (Qua ntum D esign).

The studi ed La : Y : Ca : MnO and La : Cd : MnO mangani tes are
both ferrom agneti c wi th very closeCuri e tem peratures, 150 K. Ho wever, thei r
electri c properti es are very di ˜erent: the LaYCa sam ple is m etal l ic below and
presents large m agneto resistance, whi le the La Cd sampl e is insul ati ng wi th small
m agneto resistance [9]. In addi ti on, the La Cd sampl e does not show any anom aly
in the therm al expansi on at the tra nsiti on and i ts m agnetostri cti on is very smal l,
in strong contra st to the LaYCa sampl e [10]. These contra sti ng pro perti es were
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interpreted [10{ 12] using the La ndau theory of pha setra nsiti ons [13] and related to
the addi ti onal contri buti on of m agneto elasti c coupl ings and electro n condensati on
energy (m eta l{ insul ator tra nsiti on) on the coe£ cient B in the Landau theory
m agneti c energy expansion [14]:

G ( T ; M ) = G 0 ( T ) +
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T o account for 1st (f or 0 ) and 2nd order (f or 0 ) pha se tra nsi ti ons
the expansion incl udes term s up to the 6th power in . The coe£ ci ents ,
and depend on temperature. The addi ti onal intera cti ons decrease from the
regular positi ve values f ound in norm al ferro magnets to negati ve values, changing
the order of the phase tra nsiti on.

From energy m inimi zati on, a m agneti c equati on of state is deri ved wi thi n
thi s theory

= + + (4)

whi ch leads di rectl y to the well kno wn Arro tt plots and the correspondi ng m agneti c
entro py is obta ined from di˜erenti ati on of the m agneti c part of the free energy
(Eq. (3)) wi th respect to tem perature
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( ) ( ) , and ( ) are the tem perature deri vati ves of the expansion co-
e£ cients. Thi s rel ati on between magneti c entro py ( ) and m agneti zati on
could also be obta ined using Eq. (2) and the equati on of state (Eq. (4)), noti ng
tha t wi thi n the Landa u theo ry = 0 for = 0 .

For both sam ples, the expa nsion coe£ cients were determ ined by Ùtti ng the
m easured m agneti zati on to the equati on of state (Eq. (4)) [10{ 12]. For the LaYCa
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Fig. 2. Variation of magnetic entropy , Â S M ( T ; H ) for di˜erent values of applie d mag-

netic Ùeld for samples La 0: 60 Y0 : 0 7 C a0 : 33 MnO 3 (lef t) and La : C d : MnO (right).

Fig. 3. Mo delin g of the magnetic entropy S ( T ; H ) using the Landau expansion near

the phase transition . Lef t: Â S temp erature dep endence for constant B coe£cient.

Right: Â S temp erature dep endence for p ositive and negative deriv ative of B over

temp erature. Â B is the variation in the temp erature interv al displayed.

sam ple, is negati ve wi th a m inimum at 200 K, 50 K above . In contra st,
for the LaCd sampl e, is positi ve and alm ost constant. The correspondi ng Ar-
ro tt pl ots wi th representa ti ve data in the param agneti c phase range are shown in
Fi g. 1. Using the tem perature dependence of the coe£ cients the m agneti c entro py
Â ( ) was calcul ated and is shown in Fi g. 2. A larger magneti c entro py
change is obta ined in the LaYCa sam ple, wi th a well deÙned m aximum above .
The analysis of the contri buti ons in Eq. (5) shows tha t thi s results from the larger
m agneto elasti c coupl ing and the Ùrst- order tra nsi ti on e˜ects. In fact, for a simpl e
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ferrom agnet, wi th B and C constant and positi ve, Â S M ( T ; H ) woul d present a
narro w peak at T c . T o clari fy the e˜ect of the addi ti onal intera cti ons on the m ag-
neti c entro py thro ugh the B coe£ cient S M ( T ; H ) was m odeled usi ng the Landau
expansi on. Representati ve resul ts are shown in Fi g. 3 for constant B (left) or con-
stant B (in the case wi th = 0 at ) (ri ght). ( ) wa s ta ken l inear vs. ,
wi th slope 67 gOe/ emu. wa s m ade constant: 5 10 g Oe emu . values
shown are in g Oe/ emu . The di rect e˜ect of on Â i s evi denced in Fi g. 3
(ri ght): positi ve leads to hi gher Â peak values. These dependences (parti c-
ul arly when is negati ve above ), are in close agreement wi th exp erimenta l
resul ts in many system s besides m angani tes, where a bro ad region of f airl y high
values is f ound: R Co [15] and LaFeSi meta magnets [4, 16], MnAs based system s
[3]. Addi ti onal ly, we m entio n tha t the Landau equati on of state (4) pro vi des a
conveni ent num erical interp olati on scheme to trea t magneti zati on data in order to
determ ine the entro py change.

The Pr Ca MnO system shows a ri ch electri c and magneti c phase di -
agram [17, 18]. At hi gh tem peratures the system is paramagneti c and insul ato r
(PMI). For 0 1 5 a canted m agneti c insul ato r (CI) phase arises, wherea s for
0 1 5 0 3 0 a ferrom agneti c insulati ng (FMI) phase is establ ished. A m ore
compl ex electri c-magneti c phase diagram is found for 0 3 0 0 8 5 , where the
charge-orderi ng (CO) e˜ect coexists wi th an anti ferromagneti c insul ato r (AFMI).
The charge-ordered state is characteri zed by the exi stence of a regul ar arra y of
Mn and Mn ions in the latti ce. In addi ti on, thi s insulati ng state can be
swi tched to m etal l ic by an appl ied m agneti c Ùeld.

The isotherm al magneti zati on ( ) data were pro cessed accordi ng to
Eq. (2) to determ ine the m agneti c entro py change Â ( Â ) as a functi on of
tem perature, for a m agneti c Ùeld change Â = . The m agneti c entro py
change Â for the m agneti c Ùeld interv al 0 to 40 kOe in the tem perature range
50{ 300 K is presented in Fi g. 4. The results for 0 3 0 show a regular ferro-
m agneti c phase tra nsiti on e˜ect wi th a negati ve peak at 130 K. Ho wever,
for the sampl es above the onset concentra ti on for the charge orderi ng ( 0 3 0 )
an anom alous magneti c entro py change is observed just below the charge-orderi ng
tem perature ( 200 K). A positi ve Â peak develops, increasing in am -
pl i tude wi th Ca content (hi gher ). Thi s increase in the magneti c entro py is
associ ated wi th the pro gressive suppression of charge orderi ng, leadi ng to an in-
crease in accessibl e states due to the enhancement of electro n m obi l it y, under an
appl ied m agneti c Ùeld. Interesti ng ly, thi s e˜ect is superim posed to the negati ve
contri buti on due to spin orderi ng in the param agneti c phase: above , Â i s
very sim i lar for a ll the sam ples, and the charge-orderi ng e˜ect leads to the positi ve
contri buti on onset. Thus, consideri ng tha t the spi n contri buti on to the to tal m ag-
neti c entro py change of 0 3 0 i s almost sim i lar to the purel y spi n contri buti on
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Fig. 4. Measured magnetic entropy change for the studied Pr 1 À x C ax MnO 3 samples

w ith H = 40 kO e. T he FM I samples show the usual negative contribution, w hereas for

the C O samples this phase transition is signall ed by an increase in the magnetic entropy

on cooling.

Fig. 5. For sample Pr 1 À x C ax MnO 3 where x = 0 :32 : temp erature dependence of the

(a) charge- ordering Â S co and (c) spin, Â S sp in , contributions , (b) total magnetic entropy

change Â S M under several values of Ùeld.
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of x = 0 : 3 0 , shif ted to i ts T N , we can sati sfactori ly estim ate the charge-orderi ng
contri buti on. Thi s separati on of the CO and spin contri buti on to the to ta l m ag-
neti c entro py change is shown in Fi g. 5 for x = 0 : 3 2 , f or several m agneti c Ùeld
values.

The behavi or of the positi ve charge-orderi ng contri buti on, tha t peaks at TN ,
can be understo od as fol lows. For T N < T < T co , i .e., sti l l in the param agneti c
phase, the appl ied m agneti c Ùeld force a rude al ignm ent of the spins, increasing the
Mn 3 { Mn electron hoppi ng and decreasing the concentra ti on of Mn { Mn
charge-ordered, when com pared wi th the zero Ùeld case. Consequentl y, the en-
tro py due the CO increase under an externa l appl ied magneti c Ùeld, al lowi ng a
positi ve CO entro py change. Ho wever, for tem peratures im mediatel y below ,
the appl ied magneti c Ùeld favo rs the increase in the anti ferromagneti c spi n ar-
rangement, com pari ng to the case wi tho ut Ùeld, and, consequentl y, the decrease
in the Mn Mn electron m obil i ty. Thus, the concentra ti on of Mn Mn
charge-ordered increases, impl ying in the decrease in the entro py change due the
charge order, under an appl ied magneti c Ùeld.

The positi ve contri buti on of the charge orderi ng to the m agneti c entro py
has been reported in some m angani te materi als [19, 20] f or whi ch the CO anti f er-
rom agneti c insulato r phase app ears at lower tem peratures tha n a ferrom agneti c
m etal l ic phase, and the positi ve entro py peak signals thi s order{ order tra nsiti on.
In our case, in contra st the CO e˜ect mani fests in a order{ disorder tra nsiti on, and
the positi ve peak can be shifted to much below .

The present work reports studi es of the m agneto calori c pro perti es of
La Y Ca MnO , La Cd MnO , and Pr Ca MnO m angani tes wi th fer-
rom agneti c and charge-ordered states. The lantha num m anganites show a nega-
ti ve entro py change peak Â under the appl icati on of a magneti c Ùeld at the
Curi e tem perature. The m agneto elasti c coupl ing e˜ects whi ch lead to a Ùrst- order
paramagneti c-ferrom agneti c tra nsiti on and an increased Â compared to simpl e
ferrom agnets are analysed in the framework of the Landau theo ry of phase tra nsi-
ti ons. In the Pr Ca MnO system the magneto caloric e˜ect results for = 0 2 5

and 0.30show a sim plef erromagneti c phase tra nsi ti on e˜ect. For the sampl esabove
the onset concentra ti on for the charge orderi ng ( 0 3 0 ) an anom alous m agneti c
entro py change is observed below the charge-orderi ng tem perature ( ). Thi s ef-
fect is associ ated wi th a positi ve contri buti on from the magneti c entro py change
due to charge orderi ng, superimposed to the negati ve contri buti on due to spin
orderi ng. Such positi ve entro py contri buti on can be understo od as the increase in
accessible states due to the increase in electron m obil i ty, under an appl ied m agneti c
Ùeld.
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