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Abstract. We experimentally study the structure, magnetic and magnetocaloric effect of Pr0.5Sr0.5Mn1–xCoxO3 (0.00 B
x B 0.08) with the substitution of Co. The results of the refined XRD data show that all the samples have a tetragonal
structure with the I4/mcm space group. The small amount of Co substitution does not change the structure of the
materials. However, the magnetization data indicate that the charge-ordered antiferromagnetic state vanishes with a small
amount of Co substitution. The Curie temperature of samples can be effectively tuned with the substitution and it
decreases from 270 to 175 K. With a magnetic field change of 15 kOe, the maximum magnetic entropy change (|DSM|max)
of the samples increases to 1.21 J kg-1 K-1 at TC = 255 K for x = 0.02, and then decrease monotonically. All samples
undergo second-order phase transition. The wide operating range makes our compounds as good refrigeration candidates.
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Introduction

In order to develop alternative techniques for the traditional
gas refrigeration, the magnetic refrigeration (MR) draws
more attention in recent years. The magnetocaloric effect
(MCE) is the basis for the realization of MR, which is a
phenomenon that the temperature change of the magnetic
materials responded to the change in magnetic field under
the adiabatic conditions. MR has greater advantages over
the traditional gas refrigeration, such as high efficiency,
small material loss, environmental friendliness and small
size [1].
The temperature change of magnetic material comes
from the entropy change of the material. The total entropy
of the material is equal to the vector sum of the lattice
entropy (SL), electronic entropy (SE) and magnetic entropy
(SM). Generally, the amount of the electronic entropy is low,
and has slight impact on the total entropy of the material.
The total entropy is constant when the magnetic field
change under adiabatic environment, and so it follows the
formula of D(SL ? SE) = -DSM. When the magnetic
entropy decreases, the lattice entropy increases and leads to
a rise in the temperature of the magnetic material, the material
cools down by contacting with other media, then under
adiabatic demagnetization, the magnetic entropy increases,

the lattice entropy decrease and the magnetic material cools
down [2]. In the study of MCE, perovskite manganese
oxides with the general formula of R1-xMxMnO3 have an
important position (R represents rare-earth elements, such
as La, Pr, Nd, and M represents alkaline earth metal elements, such as Ca, Sr, Ba, etc.) [3–6]. Due to the unique
crystal structure of the perovskite manganite, it has a large
magnetic entropy change, which has important application
in the field of MR [7]. The Curie temperature (TC) and
magnetic properties of perovskite manganite material can
be effectively adjusted by cation substitution, which is great
significance for the refrigeration materials that require a
wide operating temperature range.
The TC and magnetic entropy of the material can be tuned
by adjusting substitution elements at the A and B sites of the
ABO3-type perovskite manganite. In this work, we studied
the magnetic and MCE of Pr0.5Sr0.5MnO3 materials with Co
substituted at the B site. Substitution at the B site strongly
affects the double-exchange interaction between Mn3? and
Mn4?. It has been found that when Mn is partially replaced
by Co, the long-range ferromagnetic order of Mn3?–O–
Mn4? is destroyed by substituting with Co, leading to the
state of cluster glass (CG) or spin glass (SG) [8–10]. The
mixed valence of Co3? and Co4? also has a large influence
on the magnetic properties of the materials. Co3? was usually
found in diamagnetic low-spin state (t62g e0g ) [8], while Co4?
was found in high-spin state (t32g e2g ) [11]. Therefore, the study
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of the influence of Co replacing Mn sites is an interesting subject. This work mainly focuses on the effect of a small amount of
Co substitution on the MR properties of the materials [8].

2.

Experimental

Powder samples of Pr0.5Sr0.5Mn1–xCoxO3 (five samples with
different concentrations of Co were prepared from 0.00 to
0.08). Powdery materials Pr6O11, SrCO3, MnCO3 and CoCO3
were mixed in agate mortar. After ball milling for 2 h, the
mixtures were placed in a sintering furnace and heated to 1273
K for 24 h in the air. The sintered products were ground and
reheated to 1373 K in the air for 24 h. The powder was pressed
into a solid with a thickness of about 2 mm and a diameter of
13 mm, and sintered at 1773 K for 48 h. Finally, the product
was slowly cooled to the room temperature. The powder X-ray
diffraction (XRD) test was performed at room temperature to
determine the purity and homogeneity of the material phase.
Magnetic properties were measured by vibrating sample
magnetometer in a temperature range of 80–350 K and a
magnetic field up to 15 kOe. The magnetic entropy change
(DSM) was calculated from the isothermal magnetization data
based on the thermodynamic Maxwell relationship:
Z Hmax  
oM
dH;
ð1Þ
DSM ¼ l0
oT H
0
Numerical evaluation of DSM using approximation:
X M i ðTi ; H Þ  M iþ1 ðTiþ1 ; H Þ
DSM ¼
DH;
ð2Þ
Tiþ1  Ti
i
Mi is the magnetization at the temperature Ti, and Mi?1 is
the magnetization at the Ti?1.

3.

Results and discussion

The X-ray diffraction is used to measure the structure and
the phase purities of the samples at room temperature. It is
found that all samples have a tetragonal structure, a space
group of I4/mcm, and no secondary phase. We use the
Rietveld refinement method (GSAS software) to further
analyse the crystal structure of the samples [12]. Figure 1
represents the results of two typical Pr0.5Sr0.5Mn1–xCoxO3
samples for x = 0 and 0.08. The lattice parameters, the cell
volume V, the error of fit positions (v2, Rwp and Rp) and the
bond angle of Mn3?–O–Mn4? are summarized in table 1.
As the Co content increased, the volume V slightly
decreased due to bigger ionic radius of Mn3? (0.72 Å) than
Co3? (0.685 Å) and smaller ionic radius of Co4? (0.54 Å)
than Mn4? (0.53 Å) [13]. The angle of Mn3?–O–Mn4?
decreases monotonously with Co substitution.
The zero magnetic field cooled magnetization curve
(ZFC) and magnetic field cooled magnetization curve (FC)
of the samples were measured at a magnetic field of 100 Oe

Figure 1.
0.08.

XRD and Rietveld refined spectra of samples x = 0 and

in a temperature range of 80–350 K, shown in figure 2a. The
ZFC and FC curves near the phase transition temperature
(Curie temperature TC) show a rapid decrease in the magnetization, and the material undergoes a phase transition
from ferromagnetic (FM) to paramagnetic (PM). In the ZFC
and FC curves of x = 0.00, a typical charge-ordered antiferromagnetic state (CO state) is found. The CO state
vanishes with the vulnerability of CO state by small amount
of Co substitution (x = 0.02). On the other hand, the TC and
the maximum magnetization at low temperature decrease
monotonically with the wide of Co content. The slopes near
the TC in the FC and ZFC curves also decrease. The largest
magnetization and slope are found at x = 0.02, which
indicate that there is largest change in magnetic entropy
change. The reduction of the magnetization and TC are
attributed to the low-spin Co3? (t62g e0g ), participating in the
super-exchange interactions, and leading to a coexistence of
the super-exchange interactions and the double-exchange
interactions [10]. As further increase in the Co3? content,
the bifurcation between the ZFC and FC curve increases.
This is also attributed to the replacement of Mn3? ions with
low-spin and diamagnetic Co3? ions, leading to a weakness
of the Mn3?–O–Mn4? double-exchange interactions and the
enhancement of the super-exchange interactions [14,15].
The mixed exchange interactions result in spin disorder or
tilting spins, and prevent completing alignment of the spin,
leading to a ferromagnetic clusters behaviour in a limited
size. Due to random anisotropy, the spin directions of different ferromagnetic clusters are random [16]. Therefore,
with the increase in Co content, the material changes from a
long-range ferromagnetic order to short-range ferromagnetic clusters [17].
The inset of figure 2b plots the curve of dM/dT derived
from the FC curves. The minimum of the curve is TC. From
the figure, it is observed that TC gradually decreases with
the Co content substitution. The TC are 270, 255, 245, 210
and 175 K, for x = 0.00, 0.02, 0.04, 0.06 and 0.08,

I4/mcm
5.3869(15)
5.3869(15)
7.7578(22)
225.12(11)
1.9395(6)
173.18(0)
X/Y/Z
0/0.5/0.25
0/0/0
0/0/0.25(0)
0.7649(12)/0.2649(12)/0
18.32
13.65
1.84

x = 0.00
I4/mcm
5.3940(4)
5.3940(4)
7.7373(9)
225.12(3)
1.9343(22)
169.20(26)
X/Y/Z
0/0.5/0.25
0/0/0
0/0/0.25(0)
0.7746(17)/0.2746(19)/0
19.88
15.19
2.09

x = 0.02
I4/mcm
5.4000(28)
5.4000(28)
7.7160(4)
225.01(21)
1.9308(11)
168.64(0)
X/Y/Z
0/0.5/0.25
0/0/0
0/0/0.25(0)
0.7749(11)/0.2749(14)/0
21.34
16.22
2.19

x = 0.04

I4/mcm
5.3958(4)
5.3958(4)
7.7263(10)
224.95(4)
1.9341(3)
167.63(0)
X/Y/Z
0/0.5/0.25
0/0/0
0/0/0.25(0)
0.7771(13)/0.2771(16)/0
22.13
16.54
2.21

x = 0.06

The sample of lattice parameters, the Curie temperatures TC, the cell volume V, the atomic coordinates and the goodness of fit positions v2.

Structure
a (Å)
b (Å)
c (Å)
V (Å3)
hMn–Oi (Å)
hMn–O–Mni (°)
Coordinates
Pr/Sr
Mn/Co
O1
O2
Rwp (%)
Rp (%)
v2 (%)

Parameter

Table 1.

I4/mcm
5.4007(4)
5.4007(4)
7.7085(12)
224.84(4)
1.9357(3)
167.24(0)
X/Y/Z
0/0.5/0.25
0/0/0
0/0/0.25(0)
0.7713(5)/0.2713(8)/0
20.64
15.76
2.17

x = 0.08
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Figure 2. (a) Zero magnetic field cooling and magnetic field cooling magnetization curves of samples
Pr0.5Sr0.5CoxMn1–xO3 (x = 0.00, 0.02, 0.04, 0.06, 0.08) measured at 100 Oe. (b) The figure plots reciprocal of
magnetic susceptibility (1/v) as a function of temperature based on the linear fitting of Curie–Weiss law (dashed grey
lines). The inset shows the dM/dT as a function of temperature and the minimum value is the value of TC.

Table 2. Sample of the Curie temperature TC, paramagnetic Curie temperature hp, theoretical effective magnetic moment and actual
effective magnetic moment.

Nominal composition
Pr0.5Sr0.5MnO3
Pr0.5Sr0.5Mn0.98Co0.02O3
Pr0.5Sr0.5Mn0.96Co0.04O3
Pr0.5Sr0.5Mn0.94Co0.06O3
Pr0.5Sr0.5Mn0.92Co0.08O3

TC (K)

RCP
(J kg-1)
at 15 kOe

hp (K)

(Co3?) lth
eff (lB)

(Co4?) lth
eff (lB)

270
255
245
210
175

48.17
53.20
46.00
33.84
27.95

254
264
230
210
162

4.415
4.360
4.305
4.249
4.192

4.415
4.417
4.420
4.422
4.424

respectively. With a small amount of Co substitution, the
Curie temperature changes about 15 K per 0.02 Co content.
When the substitution concentration is larger than 0.04, the
change in the TC is about 35 K per 0.02 Co content. TC has a
strong relation with angle of Mn3?–O–Mn4?, which relates
to double-exchange interaction [7]. From the structure
analysis, the angle of Mn3?–O–Mn4? bond decreases
monotonously with Co substitution, so as to the doubleexchange interaction. Furthermore, careful attention should
be taken when tuning the Curie temperature with Co substitution in this material, the change in the Curie temperature vs. Co content is not linear.
Figure 2b shows the relationship between the reciprocal
of the magnetic derivative susceptibility (1/v) and the
temperature. The magnetization data are further analysed by
Curie–Weiss (CW) law:


v1 ¼ T  hp =C;
ð3Þ
where C is Curie constant. By using a linear fit to the
paramagnetic state part of 1/v, the Curie–Weiss temperature
hp can be obtained. The hp are listed in table 2. A very good
agreement between TC and hp for all the samples is

observed, and the small difference is uncertainty during the
fitting. The Curie constant can be obtained with the following formula:

l 
l
ð4Þ
C ¼ 0 g2 SðS þ 1Þl2B ¼ 0 u2eff ;
3kB
3kB
where the vacuum permeability l0 = 4p 9 10–7 H m–1, g is
the magnetic rotation ratio, Boltzmann constant kB = 1.38 9
10–23 J K–1, Bolmagneton lB = 9.27 9 10–24 J T–1 and
Avogadro constant 6.02 9 1023 mol–1.
The theoretical effective magnetic moment is obtained by
the following expression:
lth
eff ¼

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ


 th

 th 3þ
ﬃ
4þ 2
3þ 2
4þ 2
ð0:5  xÞ lth
eff ðMn Þ þ0:5 leff ðMn Þ þx leff Co =ðCo Þ ;

ð5Þ
where theoretical effective magnetic moment of the ions is:
3þ
3þ
4þ
th
th
lth
eff ðMn Þ = 4.9 lB, leff ðMn Þ = 3.87 lB, leff ðCo Þ= 4.9
4þ
lB and lth
eff ðCo Þ= 5.92 lB. After substituting low-spin
3?
Co and high-spin Co4? into the formula, the theoretically
calculated effective magnetic moments are listed in table 2.
To study the DSM of samples, we measure the isothermal
magnetization curves in the vicinity of the TC, for two
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Figure 3. (a and b) The isothermal magnetization curves and
(c and d) the Arrott curves of samples Pr0.5Sr0.5Mn1–xCoxO3 (x =
0.00 and 0.06).

Figure 4. Temperature dependence of magnetic entropy change
of samples Pr0.5Sr0.5Mn1–xCoxO3 (x = 0.00, 0.02, 0.04, 0.06 and
0.08).

typical samples as shown in figure 3a and b. As we can see
from this figure, there is no S-shape magnetization curve in
the isothermal magnetization curves, indicating that all
samples undergo second-order phase transitions. To confirm
this hypothesis, the H/M–M2 curves (Arrott plots) are
plotted from the M–H curves, shown in figure 3c and d.
According to Banerjee’s rule, when the slope of the Arrott
curve is positive, the material undergoes second-order phase
transition, and when the Arrott curve has a negative slope, it
is first-order phase transition [18,19]. If the slope of all
sample curves is positive, the material undergoes a secondorder phase transition. Due to the nature of second-order
phase transition, there is almost no hysteresis, which will be
an ideal magnetic material for the MR [8].
The magnetic entropy change |DSM| of the samples are
shown in figure 4. The maximum magnetic entropy change

|DSM|max are 1.14, 1.21, 1.15, 0.89 and 0.65 J kg-1 K-1, for
x = 0.00, 0.02, 0.04, 0.06 and 0.08, respectively. The
|DSM|max of other perovskite manganite and our samples are
listed in table 3. In this experiment, we can obtain a large
with a low magnetic field change and TC can be easily
adjusted. The sample with x = 0.02 has a largest magnetic
entropy change. The DSM value of the sample with x = 0.02
is larger than the sample with x = 0.00, but the magnetic
entropy change curve is more symmetrical for x = 0.00. The
reason for the increase in the DSM is strong coupling
between spin and lattice, which makes DSM curve change
quickly below the TC. Above TC, due to the weakening of
the coupling effect, the entropy change spin disorder
increases, so the change of the entropy change curve
becomes slower. Comparing with figure 2b, we noticed that
the DSM and TC have similar changes, which increase first
and then decrease with increasing Co content. The main
reason can be explained to the weakening of the doubleexchange interaction between Mn3? and Mn4? caused by
substitution of Co ions. Generally, to achieve a large DSM,
there must be a large spontaneous magnetization and a
sudden change in magnetization (magnetic field change and
temperature change). When Co4? and Co3? substitute the
Mn site, it will dilute the magnetic lattice due to the entry of
diamagnetic low-rotation Co3? ions, leading to a decrease
in magnetization [20], which may be a reason to the
decrease in DSM. At the same time, due to the substitution
of the Co3? and Co4? ions, the double-exchange interactions weakened. As a result, the slope (ferromagnetic to
paramagnetic phase transition) decreases [21], also resulting
in a decrease in DSM with Co substitution. As mentioned
above, with the increase of the Co content, the long-range
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Magnetic entropy change (|DSM|max) of several manganites in a small magnetic field change.

Nominal composition

TC (K)

H (kOe)

|DSM|max (J kg-1 K-1)

References

Pr0.7Ca0.3Mn0.98Co0.02O3
La0.67Pb0.33Mn0.85Co0.15O3
La0.7Sr0.3MnO3
La0.2Pr0.5Sr0.3MnO3
Pr0.7Sr0.3MnO3
La0.67Ca0.13Ba0.2Mn0.96Co0.04O3
Pr0.7Sr0.3CoO3
Pr0.6Sr0.4MnO3
Pr0.7Ca0.3Mn0.95Co0.05O3
La0.7Sr0.3Mn0.95Co0.05O3
Pr0.5Sr0.5MnO3
Pr0.5Sr0.5Mn0.98Co0.02O3
Pr0.5Sr0.5Mn0.96Co0.04O3
Pr0.5Sr0.5Mn0.94Co0.06O3
Pr0.5Sr0.5Mn0.92Co0.08O3

106
297
370
299
262
272
158
320
104.97
300
270
255
245
210
175

50
10
18
18
18
16
40
25
50
15
15
15
15
15
15

2.18
2.73
1.65
1.95
3.15
2.68
0.93
2.3
2.96
1.17
1.14
1.21
1.15
0.89
0.65

[21]
[2]
[22]
[22]
[22]
[10]
[23]
[24]
[16]
[17]
This work
This work
This work
This work
This work

Figure 5. Effect of Co doping on the TC, dTFWHM and RCP of
Pr0.5Sr0.5Mn1–xCoxO3 samples.

Figure 6. (a and b) The normalized entropy changes with the
rescaling temperature h of the PSCMO (x = 0.00 and 0.06)
samples.

ferromagnetic sequence collapses and magnetic entropy
change decreases [7].
At the same time, in order to estimate the cooling efficiency of the material, we calculate the relative cooling
power (RCP):
RCP ¼ DSM  dTFWHM ;

ð6Þ

where dTFWHM is the half of the maximum value of the
magnetic entropy change. The RCP values under a

magnetic field of 15 kOe are listed in table 2. Figure 5
shows the variation of TC, RCP and dT of samples with
Co content. It can be seen that TC decreases monotonically with the wide of the Co content, but the dT does
not change much. The RCP increases first and then
decreases. The largest RCP value of 53.2 J kg-1 is
achieved for x = 0.02. The reason may attribute to the
increase in the DSM as well as dT. However, with further increase in substitution content, dT increases, but
the DSM decreases. The change in DSM is faster than dT,
which leads a decrease in the RCP. In order to further
study the magnetic phase transition of the material, we
analyse the field dependence of DSM. First, we select
two samples with good symmetry (x = 0.00 and 0.06)
and calculate DSM under three magnetic fields (5.1, 10.1
and 15.0 kOe) at different temperatures. Then, the DSM
data of the same sample is normalized with its maximum value DSM(max), and the temperature axis is
rescaled using the following formula to obtain the
rescaled temperature axis h:

h¼

8
ðT  TC Þ
>
>
<  ðT  T Þ

T  TC

>
ðT  TC Þ
>
:
ðT2  TC Þ

T [ TC

1

C

;

ð7Þ

T1 and T2 represent the reference temperature, and they are
determined as: DSM(T1)/DSM(max) = DSM(T2)/DSM(max) = 0.5.
According to these scaling ratios, two images of figure 6a and b
are finally obtained. Since the material undergoes a secondorder phase transition, the DSM curve after scaling should be
superimposed on one curve. The coincidence of the data points
are good and almost collapses into a main curve with the samples
x = 0.00 and 0.06, which is independent of the external magnetic
field. It is proved that the sample undergoes a second-order
phase transition.
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Conclusions

We studied the samples of Pr0.5Sr0.5Mn1-xCoxO3 prepared by
standard solid-state reaction method. The refinement of the
XRD image showed that the samples are tetragonal crystals
with a space group of I4/mcm at room temperature. It was
found that with the increase of Co substitution, the TC of the
sample decreased from 270 K at x = 0.00 to 175 K at x = 0.08,
and DSM also changed accordingly. The maximum magnetic
entropy of the sample increased first and then decreased, and
the maximum negative value of DSM was -1.21 J kg-1 K-1
when x = 0.02. The largest RCP value could also be obtained
at x = 0.02, which was 53.2 J kg-1. All samples experienced
second-order phase transition. We concluded that the
replacement of Mn ions by Co3? and Co4? ions in the material
can play a role in regulating TC and DSM. In addition, we can
obtain large DSM under low magnetic field through simple
sintering and the materials can be widely used in the MR.
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