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Improvement of refrigerant capacity of La0.67Ca0.33MnO3 
single crystal with a few percent Fe doping 
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Large low-field-induced magnetic entropy changes, ΔSM, are observed in La0.67Ca0.33MnO3 and La0.67-                 
 Ca0.33Mn0.96Fe0.04O3 single crystals. The peaks of ΔSM broadened asymmetrically to high temperatures 
under higher magnetic fields for two materials should be attributed to the first-order magnetic phase 
transition at Tc. A small amount of iron doping results in an increase in the refrigerant capacity of the 
material though the magnetic entropy change decreases. The discovery of excellent magnetocaloric 
features of these single crystals in the low magnetic field can provide some ideas for exploring novel 
magnetic refrigerants operating under permanent magnet rather than superconducting one as mag-
netic field source. 
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The magnetocaloric effect (MCE), i.e. temperature 
change of a magnetic material associated with an exter-
nal magnetic field change in an adiabatic process, has 
currently attracted considerable interest from both fun-
damental and practical points of view. Up to date, the 
highest magnetocaloric effect for a second-order mag-
netic phase transition is produced by the rare-earth ele-
ment Gd and its ferromagnetic alloys of diverse struc-
ture of composition[1－3]. The discovery of a giant or 
large magnetocaloric effect in Gd5(SixGe1−x)4

[4], Ni-Mn- 
Ga alloys[5], MnFeP0.45As0.55P

[6], as well as LaFe (Al, 
Si)

13−x

x
[7,8] gives rise to interest in searching for materials 

with a first-order magnetic phase transition for use as 
magnetic refrigerants. It was observed that a large mag-
netic entropy change was achieved in La Ca MnO  
polycrystalline and single crystals

0.67 0.33 3
[9－11]. The possibility 

of easy tuning of their transition temperature makes the 
manganites excellent candidates for the magnetic refrig-
erants working in a quite large temperature span. Be-
cause of the absence of grain boundary and the sharp 
drop in magnetization at Curie temperature T , single 
crystalline manganites show a uniform ΔS  distribution, 

which is desirable for an Ericsson-cycle magnetic re-
frigerator, and a larger MCE than that of polycrystalline 
counterparts

c

M

[11]. The addition of iron in the magnetic 
refrigerant Gd Ge Si  was found to reduce the hysteresis 
losses and achieve a much better magnetic refrigerant 
with a higher refrigerant capacity value

5 2 2

[12]. In this work, 
we present a study of the MCE in Fe-doped La Ca -          
MnO  single crystal with the first-order-like magnetic 

phase transition around T . A large low-field-induced 
magnetic entropy change was achieved. 

0.67 0.33
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c

1  Experimental  

Single crystals with nominal composition of La0.67Ca0.33-          
 MnO3 and La0.67Ca0.33Mn0.96Fe0.04O3 were successfully 
grown by the floating zone method with four ellipsoidal 
mirrors (Crystal Systems Inc, FZ-T-10000-H-VI-VP). 
Back-reflection Laue X-ray diffraction (XRD) experi-          
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ment was carried out to check the single crystallinity and 
determine the crystallographic direction. The composi-
tions of La0.69Ca0.31MnO3 (LCMO) and La0.68Ca0.32-                            
 Mn0.96Fe0.04O3 (LCMFO) for two single crystals were 
determined by inductively coupled plasma analysis (ICP 
method), which are consistent well with the nominal 
ones. Magnetization measurements were performed by a 
commercial superconducting quantum interference de-
vice (SQUID) magnetometer. Magnetic field is parallel 
to the longitudinal axis of the sample. The magnetic en-
tropy change was derived from isothermal M − H curves. 

2  Results and discussion 

Figure 1(a) shows the isothermal magnetization curves 
at various temperatures in the vicinity of Tc for LCMFO. 
In order to better understand the nature of magnetic 
phase transition around Tc, the measured data are trans-
formed into H/M versus M 2 plots, as shown in Figure 
1(b). According to the Banerjee criterion[13], the negative 
slopes in H/M versus M 2 plots around Tc in the lower M 2 
region suggest that magnetic phase transition of LCMFO  
 

 
 

Figure 1  Isothermal magnetization versus applied field curves at various 
temperatures in the vicinity of Tc for LCMFO (a), and H/M versus M 2 
plots (b).  

single crystal is of the first-order nature from the ferro-
magnetic state to paramagnetic one. 

MCE can be either measured directly or calculated 
indirectly from the experimentally heat capacity and/or 
magnetization data. It was proved that accurate values 
for the magnetic entropy change can be obtained from 
the isothermal magnetization curves if one can carefully 
select the magnetic field and temperature interval. Ac-
cording to the classical thermodynamical theory, the 
magnetic entropy change, ΔSM induced by the variation 
of a magnetic field from 0 to H is given by  

M M M 0
T

( , ) ( , ) ( ,0) d .
H SS T H S T H S T H

H
∂⎛ ⎞Δ = − = ⎜ ⎟∂⎝ ⎠∫  (1) 

By using the Maxwell’s relation: 
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one can obtain the following expression: 
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For isothermal magnetization measured at discrete field 
and temperature intervals, the magnetic entropy change 
ΔSM can be approximately obtained by 

 1
M

1
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−
Δ = Δ
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where Mi and Mi+1 are the experimental values of the 
magnetization in a field Hi at temperatures Ti and Ti+1, 
respectively. Therefore, a large magnetic entropy change 
requires a magnetic material to possess a large sponta-
neous magnetization and a sharp drop in magnetization 
around Tc.  

The magnetic entropy change, calculated from iso-
thermal M − H curves by eq. (4), as a function of tem-
perature for LCMFO and LCMO at the external mag-
netic fields of 10－50 kOe (1 Oe = 79.5775 A/m) is 
plotted in Figure 2. Obviously, the peaks of the magnetic 
entropy changes occur for each H value around each 
Curie temperature Tc, where the variation of magnetiza-
tion with temperature is the fastest. The maximum val-
ues of ΔSM corresponding to an external field of 50 kOe 
for LCMO and LCMFO reach about 8.5 and 6.6 J/kg·K 
around 218 and 174 K, respectively. The effect of Fe on 
the temperature shift of ΔSM to low temperature is due to 
the decrease of Tc. In La1−xCaxMnO3 perovskite, the Cu-
rie temperature is determined by the double exchange 
interaction between Mn3+ and Mn4+ ions. The substitu-
tion of Fe weakens the double exchange interaction be-         
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Figure 2  Magnetic entropy change ΔSM as a function of temperature in 
various field for LCMFO (a) and LCMO (b) single crystal around Tc. 
 
tween Mn3+ and Mn4+ ions and consequently decreases 
the Curie temperature[14]. In contrary to La0.6Ca0.4MnO3 
polycrystalline sample[15], the peaks of ΔSM broaden 
asymmetrically to high temperatures with increasing 
magnetic field in both LCMO and LCMFO single crys-
tals. The same behavior happened between LaFe11.7Si1.3 
and LaFe11.0Si2.0 compounds[16]. The result of H/M ver-
sus M 2 plots and other earlier papers suggest that the 
nature of the magnetic transition in LCMO and LCMFO 
single crystals is likely related to the first-order mag-
netic phase transition. On the other hand, La0.6Ca0.4-                   

                          

 MnO3 displays a second-order magnetic phase transition 
at Tc. Therefore, the different types of magnetic phase 
transformation in LCMFO single crystal and La0.6Ca0.4-    
 MnO3 determine the different MCE behaviors in re-
sponse to temperature and magnetic field. 

The giant or very large magnetic entropy changes in 
these magnetic materials suggest that they are expected 
to be potential candidates for magnetic refrigerants. 
However, before magnetic refrigeration becomes a vi-
able cooling technology, one must reduce applied mag-
netic field so as to allow the use of permanent magnet 
instead of superconducting magnet as magnetic-field 

source. Therefore, a very important task is to search for 
novel magnetic materials possessing giant low-field- 
induced MCEs. Figure 3 illustrates the field dependence 
of the magnetic entropy changes of LCMO and LCMFO 
around Tc. The field dependence of magnetic entropy 
changes for Gd and LaFe11.8Al1.2 is also plotted for 
comparison[8]. Although the absolute values of magnetic 
entropy change at high magnetic field are comparable 
with those of Gd and LaFe11.8Al1.2, the magnetic entropy 
changes of LCMO and LCMFO single crystals are larger 
in magnetic fields lower than 20 kOe. Our results pro-
vide a possibility for the development of magnetic re-
frigerant substances that are operable with a permanent 
magnet rather than a superconducting one as magnetic 
field source. 
 

 
 

Figure 3  Field dependence of the maximum magnetic entropy change 
|ΔSM|max of LCMFO and LCMO single crystal around Tc compared with 
Gd and LaFe11.8Al1.2. 
 

Although the maximum value of ΔSM in LCMFO de-
crease slightly compared with that of LCMO, the half- 
height width of the peak of ΔSM increases from 30.5 to 
42.5 K under the magnetic field of 50 kOe by Fe doping. 
It is proved that the refrigerant capacity, RC, is related to 
not only ΔSM but also ΔSM peak width[12]. RC values can 
be obtained by numerically integrating the area under 
the ΔSM versus T curves, using the temperatures at half- 
maximum of the ΔSM peak as the integration limits. Fig-
ure 4 demonstrates the values of RC as a function of 
applied field. It is found that the values of RC for 
LCMO are comparable with those for LCMFO in low 
magnetic fields. In high magnetic fields, the values of 
RC for LCMFO are larger than those of LCMO. The RC 
value in LCMFO is enhanced from 214 to 223 J/kg by 
4% Fe doping under a magnetic field of 50 kOe. 

 LI GuoKe et al. Sci China Ser G-Phys Mech Astron | Jun. 2009 | vol. 52 | no. 6 | 809-812 811 



 

 
Figure 4  Refrigerant capacity of LCMFO and LCMO as a function of 
magnetic field.  

3  Conclusion 

In summary, we have obtained large low-field-induced 
magnetic entropy changes ΔSM associated with the 
first-order magnetic phase transition in LCMO and 
LCMFO. Compared with LCMO, ΔSM decreases, while 
the width of ΔSM peak increases, which results in an 
enhancement of refrigerant capacity with Fe doping. At 
higher magnetic field, the peaks of ΔSM broadened 
asymmetrically to high temperatures originate from the 
first-order magnetic phase transition behavior in single 
crystals. A higher RC and a large low-field-induced 
magnetic entropy change make these materials as poten-
tial candidate in magnetic refrigeration technology. 
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