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Large magnetocaloric effect in manganites with charge order
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In this work, we report the magnetocaloric effect (uDSMu), around the charge/orbital ordering
transition in the mixed valent manganite Nd0.5Sr0.5MnO3. The magnitude ofuDSMu around this
first-order transition is around three times larger than that obtained around the second-order
transition~ferromagnetic-metallic-to-paramagnetic-insulator! in the same compound. Actually, the
magnetocaloric response around the charge-order transition is comparable to pure Gd, the rare earth
with the highest magnetocaloric effect. The possibility of an easy tuning of the charge-order
transition temperatures in doped manganites opens a way of investigation materials usable in
magnetic refrigerators. ©2001 American Institute of Physics.@DOI: 10.1063/1.1403317#
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The conventional thermomechanical cooling techniqu
through expansion and gas liquefaction, can be improved
magnetic techniques, which reduce the size of the refrig
tors, making them more efficient and more ecologica
clean. The magnetic refrigerators are based on the magn
caloric effect ~MCE!,1,2 i.e., the magnetic entropy chang
(DSM) produced by changes in the magnetic field applied
the system. If this change of magnetic entropy is made un
adiabatic conditions it is compensated by an equal but op
site change in the entropy of the lattice, which produce
variation in the temperature of the material. The MCE h
been used for many years to achieve low temperatures~of the
order of milikelvins! through adiabatic demagnetization
paramagnetic salts.3 However, above;20 K, their magneto-
caloric response is not large enough to provide efficient co
ing, and it is necessary to find materials with higher worki
temperatures. In the last few years a largeuDSMu has been
discovered in ceramic manganites~A12xAx8MnO3 with
A5La and A85Ca, Sr, Gd, etc.!,4–7 associated with the
ferromagnetic-to-paramagnetic~FM-to-PM! transition at Cu-
rie temperature (TC) ~which usually coincides with a maxi
mum in the colossal magnetoresistance associated with
metal-to-insulator transition!. The possibility of fine tuning
of their transition temperatures make manganites exce
candidates for working materials in magnetic refrigeratio
covering a wide range of temperatures.4

Charge/orbital ordering~CO/OO! states, due to inter
atomic Coulomb and spin-lattice interactions, are commo
perovskites. A typical example of a CO state is that stabiliz
belowTCO;155 K in Nd0.5Sr0.5MnO3.

8 At TCO, a first-order
transition occurs from a FM-metallic state towards a lo
temperature antiferromagnetic~AF! insulator ~CE-type!
phase. In this low-temperature AF state, there is a real sp
order of Mn31/Mn41 ions on the~001! plane of the orthor-
rombic lattice, while the 3x22r 2/3y22r 2-type orbitals lie
along theb axis of the plane.9 In this situation only the su-
perexchange interaction is active, leading to FM zig-z
chains in the~001! plane, this plane being AF coupled in th
2040003-6951/2001/79(13)/2040/3/$18.00
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c axis.10 The transition temperature can be fine tuned throu
the control of the size of theA-site cation (̂ r A&) due to the
wide range of̂ r A& compatible with the perovskite structure
In this letter, we focus our attention on the MCE from 100
to room temperature for Nd0.5Sr0.5MnO3. The large value of
magnetization in this compound, and its abrupt drop at
first-order transition atTCO, makes Nd0.5Sr0.5MnO3 an ideal
candidate for showing a large MCE around this CO/OO tr
sition.

The uDSMu can be measured through either the adiaba
change of temperature (DTad) by the application of a mag
netic field, or through the measurement of classicalM (H)
isotherms at different temperatures.11 We employed the sec
ond method to avoid the difficulty of adiabatic measu
ments. The variation of magnetic entropy andM (H) iso-
therms are related by the thermodynamic Maxwell relatio2

S ]S

]H D
T

5S ]M

]T D
H

. ~1!

From Eq.~1!, the isothermal entropy change can be c
culated by means of magnetic measurements:

DSM~T,H !5SM~T,H !2SM~T,0!5E
0

HS ]M

]T D
H8

dH8.

~2!

For magnetization measurements made at discrete
and different temperatures, Eq.~2! can be approximated by11

uDSu5(
~Mn2Mn11!H

Tn112Tn
DHn , ~3!

whereMn andMn11 are the magnetization values measur
in a field H at temperaturesTn andTn11 , respectively.

The sample used in our experiment was prepared by
ceramic method. Stoichiometric mixtures of Nd2O3, SrCO3,
MnO, and MnO2 ~at least 99.99% purity! were ground,
pressed, and heated in air several times with intermed
grinding. The final sintering treatment was at 1300 °C
100 h. It resulted in a polycrystalline sample
0 © 2001 American Institute of Physics
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



o-

ns
he
cy
ai
r
e

ag

-
ith

-
ra-

rval

e

in
se
to

tic
f
t
e

n

ith
oni-
her

of
ite
od

the
rs.

2041Appl. Phys. Lett., Vol. 79, No. 13, 24 September 2001 Sande et al.
Nd0.5Sr0.5MnO31d . Oxygen content was determined by i
dometric analysis, with a result ofd50.034. Careful
Rietveld analysis of the x-ray powder diffraction patter
confirm the formation of the perovskite phase without t
presence of any other secondary phase within an accura
99%. Lattice parameters coincide quite well with those av
able in the literature.8 A vibrating-sample magnetomete
~VSM! was used for magnetic measurements. The fi
change in the VSM was slow enough~;100 Oe/s! to con-
sider all magnetization processes as isothermal.

Figure 1~a! shows the temperature dependence of m

FIG. 1. ~a! Temperature-dependent magnetization and~b! magnetic entropy
variation with temperature for different applied fields, for Nd0.5Sr0.5MnO3.
The two maxima ofuDSMu coincide withTCO andTC .

FIG. 2. M (H) isotherms at different temperatures, for Nd0.5Sr0.5MnO3. ~a!
Around the CO/OO transition and~b! aroundTC .
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netization of Nd0.5Sr0.5MnO3. Two magnetic transitions are
clear from this curve: the PM-to-FM transition atTC

;240 K, and the FM-to-AF transition atTN;155 K. Asso-
ciated with this last magnetic transition atTN was a jump in
the resistivity~not shown!, associated with the transition to
wards the low-temperature CO/OO state, in agreement w
previous results of other groups.8 Figure 2 shows the mag
netization versus applied field obtained at different tempe
tures for Nd0.5Sr0.5MnO3 and in Fig. 1~b! is shown the mag-
netic entropy change over the whole temperature inte
@ uDSM(T)u#, for different external fields, calculated from
M (H) isotherms @Eq. ~3!#. There is a sharp peak in
uDSM(T)u, with a maximum value of 2.8 J/kg K, at th
charge-order temperature (TCO) with an external field of
only 10 kOe. This is the one of highest values of MCE
manganites reported to date for similar fields. It is very clo
to the value for pure Gd, and has a comparable value
garnets, which are commonly used as magne
refrigerators12 ~see Table I!. On the other hand, the value o
uDSMu aroundTC ~;240 K! is of the same order as tha
for similar compounds studied by others, lik
La0.67Ca0.33MnO3,

4 but much lower thanuDSMu nearTCO in
Nd0.5Sr0.5MnO3. Szewczyket al. have measured the MCE i
a manganite with CO,7 but they did not study the effect in
TCO aroundTC .

Figure 3 shows the behavior of the entropy change w
applied field for several temperatures. It increases monot
cally as the field increases, and it is expected to obtain hig
values for the MCE for higher fields.

In summary, we have obtained a very large value
uDSMu associated with the CO transition of a mangan
(Nd0.5Sr0.5MnO3), comparable to materials considered go
for magnetic refrigerators~see Table I!. A large MCE was
measured at a charge-order transition, opening a way for
investigation of materials useful for magnetic refrigerato

FIG. 3. Field dependence ofuDSMu at different temperatures aroundTCO for
Nd0.5Sr0.5MnO3.

TABLE I. Maxima values of the entropy change atH510 kOe (* H
59 kOe) for several materials considered for magnetic refrigeration.

Material Tmax ~K! uDSMu ~J/kg K! Source of data

Nd0.5Sr0.5MnO3 155 2.8 This work
La0.67Ca0.33MnO3 260 ;1 Ref. 4
La0.87Sr0.13MnO3 195 ;2 Ref. 7

Gd 293 3.25 Ref. 10
* Gd3Ga2.5Fe2.5O12 ;10 ;2 Ref. 11
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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This promises to be very rich due to the variety ofTCO in
different perovskites, their different temperatures of tran
tion, chemical stability, and low cost.
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