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We demonstrate the possibility of enhancing both the magnetocaloric effect (MCE) and refrigerant
capacity (RC) in nanostructured mixed phase manganites. A comparative study of the magnetic and
magnetocaloric properties of LagssPr,75Cag37,sMnO5 in single crystalline and nanocrystalline
forms is presented. While the conventional trend is reduction of magnetization and MCE with
nanostructuring, we show that the opposite is true in the case of mixed phase manganites. The
charge-ordered state is largely suppressed and ferromagnetic order is established in the
nanocrystalline sample with an average particle size of 50 nm. Consequently, a strong enhancement
of MCE and RC and a strong reduction of thermal and field hysteresis losses are achieved in the
nanocrystalline sample. This finding opens up a way of exploring magnetic refrigerant materials at
the nanometer scale for active magnetic refrigerators. © 2010 American Institute of Physics.

[doi:10.1063/1.3526380]

Magnetic refrigeration is a cooling technology based on
the magnetocaloric effect (MCE)." It has several advantages
(e.g., higher efficiency, compactness, and environmental
safety) over conventional gas compression techniques. Cur-
rent research is focused on seeking materials that are cost-
effective and exhibit large refrigerant capacity (RC), which is
a measure of the amount of heat transfer between the cold
and hot sinks in an ideal refrigeration cycle.zf4 The RC de-
pends not only on the magnitude of magnetic entropy change
(ASy), but also on its temperature dependence [e.g., the full
width at half maximum of the ASy,(T) peak].S’6 In this con-
text, magnetic nanoparticles are more desirable than their
bulk counterparts, because the particle size distribution and
interparticle interactions have been shown to broaden
AS\(T) over a wide temperature range thus enhancing
RC.” In addition, magnetic nanoparticles can easily be as-
sembled as thin films through self-assembly, which are es-
sential for applications of a cooling device for microelectro-
mechanical systems (MEMS) and nanoelectromechanical
systems (NEMS).*? However, a significant reduction in ASy;
is often obtained in the nanoparticle sample,7’9 resulting
mainly from the significant reduction of the magnetization
on size reduction, due to the loss of long-range ferromag-
netic order and the large local magnetic disorder on surface
of the nanoparticles. This tends to negate the promise of
enhanced RC due to the broad MCE over a large temperature
range. Thus it continues to remain challenging to enhance
both the ASy; and RC in magnetic nanoparticle systems in
spite of their desired properties.

In this letter, we demonstrate the strong enhancement of
ASy; and RC and the strong reduction of hysteretic losses in
charge-ordered Lag 35Prj,75Cag 37sMnO5 upon size reduction
to the nanometer scale (50 nm). This finding provides an
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opportunity for developing nanoscale magnetic refrigerant
materials for active magnetic refrigerators.
Lasg_yPr,CazsMnO; with y=0.275 was chosen for the
purpose of this study, since it possesses coexisting low tem-
perature ferromagnetic (FM) and high-temperature charge
ordering (CO) states that could vary on size reduction.'” The
single crystalline samples (referred to as bulk henceforth in
the paper) were synthesized in an optical floating-zone fur-
nace. The nanocrystalline samples (referred to as nano) were
prepared by sol-gel method. Lanthanum, praseodymium, cal-
cium, and manganese nitrate as raw materials were of ana-
Iytical grade and were used as starting materials without fur-
ther purification. These solutions were mixed and citric acid
was used as a complex activity with these metal cations. Gel
was get at 100 °C and drying at 120 °C. This gel was heated
at 500 °C for 3 h in oxygen flow in order to decompose and
burn the almost organic compounds. Finally, the nanocrystal-
line samples were obtained after annealing at 850 °C for 7 h
in a flow of oxygen gas. The x-ray diffraction (XRD) con-
firmed the phase purity of the samples. The particle size of

FIG. 1. A SEM image of nanocrystalline La, 35Pr( ,75Ca 37sMnO5. The inset
is a TEM image of this sample.
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FIG. 2. (Color online) ZFC and FC magnetization data taken at a 10 mT
applied field for the bulk and nanocrystalline Lag35Pr),;5Cag375MnO5
samples.

the nanocrystalline sample was determined to be about
505 nm by XRD, scanning electron microscopy (SEM),
and transmission electron microscopy (TEM). A typical SEM
image along with TEM for the nanocrystalline sample is
shown in Fig. 1. Magnetic and magnetocaloric measurements
were conducted using a commercial physical property mea-
surement system from Quantum Design with a temperature
range of 5-300 K and applied fields up to 7 T.

Figure 2 and its inset display the temperature depen-
dence of zero-field-cooled (ZFC) and field-cooled (FC) mag-
netization taken at a field of 10 mT for the bulk sample and
for the nanocrystalline sample, respectively. Clearly, the bulk
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FIG. 3. (Color online) The hysteresis loops taken at 200 and 75 K for the
bulk (a) and nano (b) samples. The inset shows a family of isothermal
magnetization curves taken at different fixed temperatures between 10 and
300 K for the nanocrystalline sample.
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FIG. 4. (Color online) Temperature dependence of magnetic entropy change
—ASy; at different applied fields up to 5 T for the nanocrystalline sample.
The inset shows the temperature dependence of —ASy, for AugH=5 T for
the bulk and nano samples.

sample undergoes multiple magnetic transitions. A peak at
Tco~210 K is due to the CO transition, and a shoulder at a
lower temperature, Ty~ 175 K, arises from the antiferro-
magnetic (AFM) order. As T is further decreased, the mag-
netization sharply increases and an FM transition is observed
at Tc~75 K. 1on However, the case is very different for the
nano sample, which undergoes a paramagnetic to ferromag-
netic (PM-FM) transition at T-~215 K followed by a small
jump in the magnetization at a low temperature of ~45 K
(see inset of Fig. 2). This implies that the CO state is largely
suppressed and the FM order is established in the nano
sample.lz_14 To check for the presence of any thermal hys-
teresis in the PM-FM transition region for the nano sample,
we measured the FC magnetization both while heating and
cooling the specimen. As one can see clearly in inset of Fig.
2, the nano sample possesses relatively small thermal hyster-
esis (below 1 K), which is desirable for active magnetic re-
frigeration (AMR).

Figures 3(a) and 3(b) show the M-H loops that illustrate
the field hysteresis losses of the bulk and nano samples. The
hysteretic losses are determined by computing the hatched
area inside each M-H curve. It is observed in Fig. 3(a) that
just below the Tg the bulk sample exhibits relatively large
field hysteresis losses, which become more pronounced with
lowering temperature. This may be reconciled with the fact
that below the Tcg both CO/AFM and FM phases coexist
and that the FM phase develops with lowering temperature.10
The largest hysteretic losses observed around the first-order
FM transition (T¢~75 K) arise mainly from the strongest
phase separation that occurs at this temperatulre.lo’]1 The field
hysteresis losses of the bulk sample are greatly reduced in
the nano sample [Fig. 3(b)], which is desirable for AMR.>®
Another remarkable feature in Fig. 3 is that at 200 K (which
is just below the Tq for the bulk sample and just below the
T for the nano sample), the low-field magnetization (below
2.5 T) is much larger for the nano sample than for the bulk
sample. This clearly indicates the enhancement of the mag-
netization in the nano sample.

Further evidence is seen in the inset of Fig. 3(b) from the
isothermal M-H curves for the nano sample. Clearly, the
large variations in the magnetization are achieved around the
Tc at low magnetic fields (<2 T). This is desirable for do-
mestic applications of magnetic refrigerators, where, instead
of using “expensive” superconducting magnets, “inexpen-
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TABLE I. Maximum entropy change, |[AS}"|, and refrigerant capacity at the peak temperature, T, for the bulk and nanocrystalline Lay 35Pry »75Cag 37sMnOs

and other magnetocaloric materials, within the similar temperature range.

T, ApoH |ASH| RC

Material (K) (T) (J/kg K) (I7kg) Reference
Lay 35Pr(75Cag 37sMn0O5 (bulk) 210 5 4.5 34.64 Present
La()_35pr04275ca()_375Mn03 (50 nm) 215 5 6.2 225.6 Present
Lag 15Prg 41Cag 375MnO5 (bulk) 210 5 5.3 143.1* 11
Na, sCaysMnO; (bulk) 225 6 3.45 86.3° 15

Pr 65(Cag 7510 3)0.3sMnO; (bulk) 215 7 7.8 273* 12
Pry 65(Cag 7810 3)93sMnO; (67 nm) 225 5 6.0 180% 13
Lay ¢;Cag 33MnO; (bulk) 250 1 5.1 56.2° 7
Lag,Cay 33MnO5 (60 nm) 250 1 1.75 33.5% 7
La()_35Pr0_275ca()_375Mn03 (50 nm) 215 1 2.94 37.2 Present

*The RC calculated without subtracting hysteretic losses. The RC values of these bulk samples will be significantly reduced after subtracting hysteretic losses,

as they undergo a first-order magnetic transition.

sive” permanent magnets can be used as a magnetic field
source." Remarkably, around the T the nano sample shows
S-shape magnetization, which is typical for metamagnetic
materials.® This feature, coupled with the M-T (Fig. 2) and
M-H (Fig. 3) data, clearly suggests that the CO volume frac-
tion is much smaller in the nano sample relative to its bulk
counterpart, and as a result, a low magnetic field is sufficient
to melt the CO and convert it into the FM state.'"
Finally, the ASy; of the bulk and nano samples was
calculated from a family of the isotherms [see inset of Fig.
3(b), for example] using the Maxwell relation, ASy
=uof(M/JT)ydH, where M is the magnetization, H is the
magnetic field, and T is the temperature.1 The temperature
dependence of —AS,; at different magnetic field changes up
to 5 T for the nano sample is plotted in Fig. 4. For compari-
son, the temperature dependence of —ASy; for AyyH=5 T
for the bulk and nano samples is shown in inset of Fig. 4.
Interestingly, the large —ASy; is sustained over a wide tem-
perature range around the T. for the nano sample. In com-
parison with the bulk sample within the same temperature
range (around 210 K), the magnitude of —ASy, is larger and
the —ASy;(T) curve is much broader for the nano sample (see
inset of Fig. 4). Therefore, a much larger RC is expected for
the nano sample. To confirm this, the RC of both the bulk
and nano samples was calculated as RC= ASM(T)dT.6 For
AuoH=5 T, the RC calculated for the nano sample for the
case around the T (~215 K) is 225.06 J/kg, while for the
bulk sample they are 61.28 J/kg for the case around the T
(~210 K) and 187.96 J/kg for the case around the Tc
(~75 K). As noted in previous studies,™® because the field
hysteresis losses are the costs in energy to make one cycle of
the magnetic field, they must be considered when calculating
the RC of a magnetic refrigerant material being subjected to
field cycling. Therefore, we have subtracted the average
hysteretic losses from the RC values calculated without ac-
counting for the hysteretic losses (Fig. 3). The RC after sub-
tracting the average hysteretic losses for the nano sample
(225.06 J/kg) is about seven times and three times larger than
for the bulk sample for the cases around the T (34.64 J/kg)
around the T (77.43 J/kg), respectively. The noted drop of
the RC after subtracting the average hysteretic losses for the
bulk sample for the case around the T (decreases from
187.96 to 77.43 J/kg) is the result of the large field hysteresis
losses. To put our results in perspective, we summarize in
Table I the values of —AS,™ and RC of the present
Lag35Pry,75Cag 37sMnO5; materials and some other known

magnetocaloric materials from the literature, within the simi-
lar temperature range. Clearly, the —AS™* and RC values
of nanocrystalline Lag35Prj,75Cag37,5sMn0O5 are significantly
larger than those of the other candidates. The excellent mag-
netocaloric properties of this sample, in addition to its cost
effectiveness, make it an attractive candidate material for use
in MEMS and NEMS.

In summary, we have demonstrated the strong enhance-
ment of the magnetocaloric effect and refrigerant capacity
and the strong reduction of hysteretic losses in charge-
ordered Lay 35Pr(»75Cag 37sMnO; at the nanometer scale. The
origin of the large magnetocaloric effect is attributed to the
collapse of charge ordering and the establishment of ferro-
magnetic tendency at the surface of the nanoparticles. Our
studies open up an opportunity for developing nanoscale
magnetic materials for active magnetic refrigerators.
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