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a b s t r a c t

The effect of dysprosium incorporation in La0.7Sr0.3MnO3 perovskite manganite on its magnetic prop-
erties, magnetocaloric effect and critical behavior was investigated. The temperature dependent mag-
netization data exhibit a sharp paramagnetic–ferromagnetic transition at TC¼307 K, which nature has
been identified to be a second-order transition by the scaling laws for magnetocaloric effect. The max-
imum magnetic entropy change and the relative cooling power are found to be, respectively, 8.314 J/kg K
and 187 J/kg for a 5 T magnetic field change without a hysteresis loss, making this material a promising
candidate for magnetic refrigeration at room temperature. To study the critical behavior of the para-
magnetic–ferromagnetic transition, some related critical exponents (β, γ, and δ) have been also calcu-
lated. The values of critical exponents indicate that the present phase transition does not belong to the
common transition classes but shows some abnormal variation. We suggest that the induced lattice
disordering and magnetic disordering due to Dysprosium incorporation are essential reasons for the
presence of a large magnetocaloric effect and of an anomalous ferromagnetic phase transition in the
present material

& 2016 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
1. Introduction

Over the past few years, magnetic refrigeration in room-tem-
perature range has attracted global interest owing to its energy-
efficient and environment-friendly advantages over the gas com-
pression–expansion refrigeration techniques [1,2]. This subject is
based on the magnetocaloric effect (MCE) which is an intrinsic
property of magnetic materials. The MCE is defined as the thermal
responses (heating or cooling) of magnetic solids during the ap-
plication or removal of external magnetic field. In general, MCE is
considered as the entropy change of the system in an isothermal
magnetization process [3]. Nowadays, the majority of magnetic re-
frigeration research mainly concentrates on exploring some suitable
materials which are cost-effective but exhibit a relative large iso-
thermal entropy change at a wide temperature range. Large MCE
was firstly reported in the materials with the first-order magnetic
transition, such as the ternary compound Gd5Si2Ge2 by Pecharsky
and Gschneidner [4] and LaFe13�xSix by Shen et al. [5]. However, the
first-order magnetic transition is always accompanied with the
.l. All rights reserved.

: þ86 25 83336919.
appearance of thermal hysteresis and field hysteresis upon variation
in magnetization with temperature and magnetic field which in-
evitably causes energy loss and decreases the refrigerant capacity
(RC) [6]. Additionally, the first-order magnetic transition generally
occurs in a narrower temperature range, which also results in a
smaller RC. Therefore, exploration for new magnetic refrigeration
has recently shifted to the composite materials of the second-order
magnetic transition. Although the second-order phase transition
does not produce a larger entropy change compared with the first-
order transition, a broader temperature and non-thermal hysteresis
can induce more considerable RC.

With a large MCE reported in the second-order magnetic
transition La1�xCaxMnO3 [7], the perovskite oxides have been in-
tensively studied due to their distinct advantages, such as chemical
stability, low production cost, high resistivity than intermetallic
alloy (minimum eddy current loss), and a broader temperature
range of magnetic phase transition. The large MCE has been re-
cently reported in other perovskite manganites with the different
compositions as well [8–13]. Generally, a sharp paramagnetic–
ferromagnetic (PM–FM) phase transition and a large spontaneous
magnetization [14] are the necessary prerequisites for magnetic
materials to have a considerable MCE. In addition, it has been also
demonstrated that the magnetocaloric parameters are dependent
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Fig. 1. Left axis: temperature dependence of magnetization measured at H¼100 Oe
and the solid line represents the fitting data according to the scaling law

∼ ( − )βM T TC . Right axis: inverse magnetization as a function of temperature for
La0.6Dy0.1Sr0.3MnO3 and the solid line represents the fitting data according to the
Curie–Weiss law. Inset shows isothermal magnetization at 5.0 K. (For interpretation
of the references to color in this figure caption, the reader is referred to the web
version of this paper.)
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on the applied magnetic field and associated with the intricate
nature of magnetic phase transition which can be parametrized by
critical exponents governing the transitions [15]. The analysis of
critical behavior can provide significant information about the
thermodynamic observations near TC. Therefore, in this paper, we
used the heavy rare-earth metal dysprosium to partially replace
lanthanum to investigate MCE and critical behavior of
La0.6Dy0.1Sr0.3MnO3 (LDSMO). It is well known that the pristine
La1�xSrxMnO3 is a typical perovskite manganite which physical
properties depend highly on the doping content x and the largest
MCE occurs at the optimal doping level of x¼0.3 [16,17]. These
effects are usually attributed to the interplay between spin, lattice,
charge and orbital degrees of freedom [18,19]. In view of a sizable
magnetic moment of Dy3þ ion ( μ10.6 B), we think that a slight Dy-
substitution for La not only augments some extra magnetic inter-
actions or causes less magnetic disordering, but also does not re-
markably change the double-exchange effect taken place on the
B-site sublattices, which is mainly responsible for the magnetic
interaction in this system. As an external magnetic field is applied
on it, a large magnetic disordering–ordering transition maybe
occurs and a considerable magnetic entropy change is possibly
observed. Our results show that La0.6Dy0.1Sr0.3MnO3 has a large
value of MCE and high relative cooling power (RCP), which
strongly suggests that this compound may also be considered as a
potential candidate for room-temperature magnetic refrigeration
applications. Meanwhile, we find that the obtained critical ex-
ponents in LDSMO do not belong to the common university classes
and their variations are not also subjected tothe general ruler. We
think that the induced crystal disordering on A-site lattice and
magnetic disordering on B-site lattice due to the dysprosium
substitution are the driving force for generating large MCE in
LDSMO, which are also related to the abnormal critical exponents
observed in this sample.
2. Experiment

A polycrystalline LDSMO sample was prepared by traditional
solid state reaction method. The structure and phase purity of the
sample were checked by powder X-ray diffraction (XRD) using Cu
Kα radiation at room temperature. The XRD patterns prove that the
sample is pure and a single-phase with orthorhombic structure. The
magnetization versus temperature and magnetization versus mag-
netic field were measured by using a Magnetic Property Measure-
ment System (Quantum Design MPMS 7T-XL) with a super-
conducting quantum interference device (SQUID) magnetometer.
3. Results and discussion

Fig. 1 shows the temperature dependence of magnetization
(M–T) measured under the magnetic field of 0.01 T, which exhibits
a sharp PM–FM phase transition. The transition temperatures
were determined from the linear fitting of M�1 vs. T curve using
the Curie–Weiss Law χ¼C/(T�θP) (C is the Curie constant and θP is
the Weiss temperature), as shown in the right axis of Fig. 1. Clearly,
the relationship between M�1 and T preferably follows the Curie–
Weiss Law and the Weiss temperature θP is deduced to be about
307 K. The positive value of θP confirms the existence of FM ex-
change interaction in this sample. Based on the data of Curie
constant obtained from the above fitting, the effective PM moment
( = )CP 2.83eff is determined to be Peff¼2.5 μB. The inset shows the
isothermal M–H curve measured at 5.0 K. The magnetization in-
creases sharply and then tends to saturation as the applied mag-
netic field reaches μ0H¼0.6 T. The saturated magnetization (MS)
can be obtained from an extrapolation of the high field M–H curve
to μ0H¼0, and the obtained MS is 1.51 μB. According to Rhodes–
Wohlfarth criterion [20], the degree of itinerancy can be de-
termined from the ratio of Peff to MS. The ratio is close to one for
the localized moment whereas it is larger than one for the itin-
erant moment. Here, the ratio of 1.66 implies that the LDSMO
electrons possess an itinerant character.

Although the pristine La0.7Sr0.3MnO3 is an optimal ferromag-
netic material and shows colossal magnetoresistance effect, the
periodic arrangement of Mn3þ/Mn4þ ions on the B-site sublattice
can be disrupted by the Dy3þ ions substitution on the A-site
sublattice. Along with the local lattice distortion contributed by
Jahn–Teller active Mn3þ ions, the size mismatch among La3þ ,
Dy3þ and Sr2þ ions changes the Mn3þ–O2�–Mn4þ bond angle
and Mn–O bond length, converting a periodic arrangement into a
disordering one of Mn3þ/Mn4þ . Therefore, the A-site substitution
influences the B-site magnetic interaction. Here, the Dy3þ in-
corporation brings some new magnetic behaviors different from
that in pristine La0.7Sr0.3MnO3. Generally, the spontaneous mag-
netization below TC can be depicted by the scaling law

∼ ( − )βT TM C [21]. As shown in Fig. 1, the blue solid lines represent
the fitted result by using this formula and the critical exponent β is
deduced to be 0.4799 which has a noticeable discrepancy from the
normal value of β¼0.5 in mean-field model. This obvious dis-
crepancy will allow us to further consider the role of the Dy3þ

substitution how to influence the magnetic phase transition in
LDSMO. In the previous investigation, it has been reported that the
A-site substitution with large magnetic moment causes some
precursor effects which mainly show as the extra contribution to
resistivity and magnetization over a wide temperature range
above the long range magnetic ordering [22,23]. Since the MCE is
the measure of variation in magnetic moments configuration, we
can estimate that the precursor effect due to Dy3þ substitution
undoubtedly influences the MCE in LDSMO.

To understand this influence on MCE, we investigate its MCE
which can be determined through calculating isothermal magnetic
entropy change (Δ )SM using the Maxwell relation for materials that
undergo a second-order magnetic transition:

∫Δ ( ) = ( ) − ( ) = ∂ ( )
∂ ( )

⎛
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In practice, the magnetic entropy change |Δ |SM can be evaluated
from the isothermal magnetization measured with small temperature



Fig. 2. (a) Isothermal magnetization measured at different temperatures for La0.6Dy0.1Sr0.3MnO3. (b) Magnetic entropy change −ΔS plotted as a function of temperature at
different applied fields. (c) Refrigerant capacity as a function of applied magnetic field and the solid line is the fitting results following RCP¼aHb. (d) Normalized magnetic
entropy change dependence of the rescaled temperatures.

Table 1
Experimental values of TC, magnetic field variation ΔH , magnetic entropy change
|Δ |S , relative cooling power (RCP) for our La0.6Dy0.1Sr0.3MnO3 sample compared
with those for Gd and some typical manganites exhibiting the giant MC effect near
room temperature, with magnetic-field variations up to 50 kOe.

Material TC (K) Δ ( )H T |Δ | ( )S J/kg K RCP (J/kg) Ref.

Gd 295 5.0 10.2 410 [1]
La0.6Dy0.1Sr0.3MnO3 307 5.0 8.314 187 Present
La0.7Sr0.3MnO3 370 5.0 5.15 252 [45]
La0.7Ca0.3MnO3 264 5.0 7.7 – [46]
La0.67Ba0.33MnO3 292 5.0 1.48 161 [47]
La0.7Ca0.2Sr0.1MnO3 308 5.0 7.5 374 [48]
Pr0.63Sr0.37MnO3 300 5.0 8.52 511 [49]
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intervals, where Δ ( )S T H,M can be approximated as
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where Mi and +Mi 1 are the experimental data of the magnetization at
Ti and +Ti 1, respectively, under a magnetic field Hi. Fig. 2(a) represents
the magnetic field dependence of magnetization at various tem-
peratures between 270 and 335 K. By using Eq. (2) and isothermal
magnetization in Fig. 2(a), the ΔSM vs. T under different magnetic
fields are presented in Fig. 2(b). As expected, the ΔSM depends on
both the applied magnetic field and the temperature. ΔSM increases
and reaches a maximum value (Δ )Smax when the temperature ap-
proaches the Curie temperature. In fact, the magnetic entropy chan-
ges dependence on the value of (∂ ∂ )M T/ H has been clearly indicated in
Eq. (1). Therefore, the large magnetic entropy changes usually occurs
near TC where magnetization changes swiftly with variation of tem-
perature. Furthermore, the effect may be further maximized as the
variation in magnetization with respect to temperature appear in a
narrow temperature interval [24]. Similar to the above analysis, the
data of ΔS in Fig. 2(b) indicates that this sample possesses a large
magnetocaloric effect. Here, the maximum magnetic entropy change
ΔSmax is about 8.314 J/kg K with the magnetic field variation of
Δ =H 5.0 T. As important result from our research work, it should be
noticed that maximum magnetic entropy in present material is near
to that found in Gd (10.20 J/kg K under 5 T) [1]. So, it is large enough
to be used for magnetic refrigeration at room-temperature. Mean-
while, a comparison between our results and other magnetocaloric
materials is also presented in Table 1.

In magnetic refrigeration technology, RCP is another mean-
ingful parameter for determining the cooling power of a material
with MCE [25]. RCP can be defined as:

δ= − Δ ( )RCP S T 3max FWHM
where δTFWHM is the full width at half maximum of the magnetic
entropy change curve. As shown in Fig. 2(c), the value of RCP in-
creases with applying magnetic field. For Δ =H 5.0 T, RCP reaches
about 187 J/kg, which is comparable to that reported for many
other manganites, as shown in Table 1. The obtained RCP increases
with the applied magnetic field indicating that RCP is strong field
dependent. In fact, RCP depends on magnetic field (H) according to
a power law form RCP¼aHb. [26]. As shown in Fig. 2(c) (solid
lines), the fitting value of b was obtained to be ∼1.327, which
approximates to reported other results [27,28].

Apart from the above discussion of MCE and RCP, in the fol-
lowing section, we will study the critical behavior of PM–FM phase
transition in LDSMO. Generally, the order of magnetic phase
transition can be determined with the criterion suggested by
Banerjee [29]. (Negative and positive slope of H/M vs. M2 curves
respectively correspond to a first-order and second-order transi-
tion.) However, a more accurate method has been recently pro-
posed by Franco et al., in which a phenomenological universal
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curve of the field dependence of the magnetic entropy change can
more accurately distinguish the order of the magnetic phase
transition [30,31]. This suggestion is based on the assumption that,
if such universal curve exists, all other curves measured under
different applied magnetic fields should collapse on the same
universal curve in the case of a second-order phase transition. In
contrast, for materials with a first-order phase transition, the
scaled curves do not follow a universal behavior. Here, this method
was used to judge the order of PM–FM phase transition occurred
in the present sample. The concrete steps are performed according
to the following protocol. First, two points are selected from
each ΔSM vs. T curves. One (Tr1) is below Tpeak and the other (Tr2)
is above Tpeak. Both of them satisfy the relation Δ ( ) =S TM r1

Δ ( ) = Δ ( )S T k S TM r M
peak

peak2 , where ΔSM
peak is the maximum value of

the selected ΔSM vs. T curves and k is the relative value of the
entropy changes at two reference temperatures Tr1 and Tr2. In
general, the selection of k value is arbitrary but k value is always
between 0 and 1. Here, we choose the k¼0.5 to construct the
universal master curve. Then, two reference temperatures are used
here and the temperature axis is rescaled as:

θ
θ

θ
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= ( − ) ( − ) <
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As shown in Fig. 2(d), all the ΔSM vs. T curves collapse into a
single curve. This result indicates that the observed PM–FM phase
transition in Fig. 1 is a second-order transition.

For a second-order phase transition, its thermodynamic func-
tion can be expressed by a power law form with three critical
exponents [32,21], namely, β, γ, and δ. Meanwhile, δ is associated
with the critical magnetization isotherm at ( ∝ )δT M HC

1/ , which can
be deduced by fitting M(H) curve at TC. As the actual phase tran-
sition temperature is the unknown, two different M(H) curves are
chosen to deduce δ. One is at 305 K and the other is at 310 K. Both
temperatures are the nearest temperature approached to actual TC.
Fig. 3. (a) Isothermal magnetization M(H) at TC and the solid line is the fitting results. (
βM1/ vs. γH M/ 1/ with modified critical exponents and inset shows the normalized slope

magnetization M vs. renormalized field H above and below TC.
The values of δ are 3.8632 and 2.523 for T¼305 and 310 K, re-
spectively. By comparison, we found that the δ¼2.523 is too small
and is not up to the actual phase transition. Therefore, the fitting
value of 310 K was excluded. Fig. 3(a) only presents the fitting
curve at 305 K. According to the mean-field theory, the regular
Arrott plot (H/M vs. M2 curve) with β¼0.5 and γ¼1.0 near the
transition regime should be a set of parallel lines in the high field
regimes, and the line at TC should pass through the origin [33]. The
regular Arrott plot was shown in Fig. 3(b). However, the nonlinear
and curvature characters in the Arrott plot indicate that mean field
model with β¼0.5 and γ¼1.0 is not completely valid. Moreover,
the line at 305 does not pass through the origin. Therefore, the
Arrott plot should be replotted with the modified critical ex-
ponents. According to the Widom scaling relation [34], three cri-
tical exponents (β, γ, and δ) are related through the following
formula:

δ γ
β

= +
( )

1
5

By using the obtained critical exponents β¼0.4799 and
δ¼3.8632, we can deduce the value of γ to be 1.374. Then, a
modified Arrott plot was shown in Fig. 3(c). It is found that the
modified critical exponents yield quasi-straight lines at high fields
for LDSMO. The line at 305 K just passes through the origin. For
further comparison, in the inset of Fig. 3(c), we calculate the re-
lative slope ( ≡ ( ) ( ))S T S TRS RS / C as the function of temperature,
where S(T) is the slope of the quasi-straight line in high field re-
gion at different temperatures. In the most ideal case, all RSs
should be equal to 1 because the most suitable modified Arrott
plot is a series of parallel straight lines [35]. Obviously, the RS
deduced form Fig. 3(c) (solid symbol) is better than that deduced
from Fig. 3(b) (open symbol). However, as listed in Table 2, we can
notice that the deduced exponents do not completely agree with
any of the conventional universality classes. So we need to check
the accuracy of the deduced exponents. It can be done with the
b) Arrott plots of isotherms M2 vs. H/M at different temperatures. (c) Isothermals of
s [RS¼S(T)/S(TC)] as a function of temperatures. (d) Scaling plots of renormalized



Table 2
Comparison of critical exponents of La0.6Dy0.1Sr0.3MnO3 (LDSMO) with different
theoretical models.

Composition β γ δ Ref.

LDSMO 0.4799 1.374 3.8632 Present
3D-XY 0.346 1.316 4.81 [36]
3D-Ising 0.325 1.24 4.82 [36]
Mean-field 0.5 1.0 3.0 [36]
3D-Heisenberg 0.365 1.386 4.8 [36]
Tricritical mean-field 0.25 1.0 5.0 [44]
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prediction of the scaling hypothesis:

ε ε ε( ) = ( ) ( )β β γ
±

+M H f H, / 6

where ±f are fare regular functions with +f and −f being for above
and below TC, respectively [36]. The scaling relation claims that

ε ε( ) β−M H, vs. εβ γ+H/ should yield two universally different bran-
ches, one for >T TC and the other for <T TC . Taking the values of β
and γ from above, the isothermal magnetization around TC are
plotted in Fig. 3(d). It is clear that all the magnetization data fall
into two sides: one for >T TC and the other for <T TC . The obe-
dience of scaling equation over the entire range of normalized
variables indicates that the obtained critical exponents are reliable
and consistent with the scaling hypothesis.

In order to manifest the influence of critical exponents on MCE,
the magnetic field dependence of magnetic entropy change has been
examined. From Fig. 2(a), the magnetic field dependence of iso-
thermal entropy change at the individual temperatures can be de-
duced. Obviously, as shown in Fig. 4(a), all the entropy changes re-
veal a monotonic increase with the applied magnetic field at dif-
ferent temperatures. Franco and co-workers [3] proposed a power
function to elucidate the magnetic field dependence of the max-
imum magnetic entropy change μ(Δ ≈ ( ) )S a Hmax

n
0 . They introduced

a magnetic-order parameter varying as a function of T and H

( ) = (|Δ |)
( ) ( )

n T H
d S

d H
,

ln
ln 7

max

where ΔSmax is the maximum magnetic entropy change and n is an
exponent related to magnetic order [37]. For a ferromagnet under-
going the second-order phase transition, n tends to 1 and is magnetic-
field independent at temperatures ⪡T TC but it tends to 2 at tem-
peratures ⪢T TC and reaches a minimum value equal to 2/3 at TC [38].
However, the recent experiments exhibit deviation from =n 2

3
in the

soft magnetic amorphous alloys. Therefore, a new relationship
Fig. 4. (a) Magnetic field dependence of magnetic entropy change at different temperatu
temperatures.
between the exponent n at TC and the critical exponents of
second-order phase transition materials has been established as

( ) = + β
β γ

−
+n T 1C

1 [39]. Fig. 4(a) shows the temperatures dependence of

n and a. It can be found that the value of n reaches 1.2 and exceeds
1.6 far below and above TC, respectively, basically consistent with the
universal law of n-change [40,41]. However, note that the value of
n¼0.879 at TC reveals an obvious deviation from n¼0.67 for mean-
field model. In addition, by using β¼0.4799 and γ¼1.374 obtained
from the previous discussion, the value of n is determined to be 0.719,
which also shows a slight discrepancy. Therefore, this abnormal be-
havior and inconsistency imply that these discrepancies are related
with the Dy-doping. In connection with the previous discussion, the
Dy3þ ion causes two notable variations: one is a large MCE and the
other is the critical exponents which does not conform to any theo-
retical models. In order to understand the basic reason for it, we need
to inspect the Dy3þ ion how to play a role in the magnetic system.
This issue can be analyzed from two aspects: (1) Considering the size
mismatch among Dy3þ , La3þ and Sr2þ , it causes ionic disorder
on A-site sublattice and indirectly influent and change MnO6 octa-
hedron structure on B-site sublattice. A-site cationic disorder due to
the mismatch among Dy3þ , La3þ and Sr2þ can be depicted and
quantified with the variance of A-cation radius distribution
σ σ( = 〈 〉 − 〈 〉r rA A

2 2 2 2; Σ Σ〈 〉 = 〈 〉 =r r r x r xx , ,A i i A i i i
2 2 is the fractional

occupancy of A-site ions, ri is the corresponding ionic radius) [42,43].

The value s2 of LDSMO is × ˚−41.86 10 A4 2
, more than two times

larger than × ˚−18.66 10 A4 2
for the pristine LSMO. The change of

MnO6 octahedron results in the variation of Mn–O–Mn bond angles
and Mn–O bond lengths which are responsible for the systemical FM
formation through the double exchange interaction on B-site sub-
lattice. From the previous reports and the present results, one can find
that the ionic doping suppresses the double exchange interaction and
decreases the systemical ferromagnetism. (2) In the view of large
magnetic moment of Dy3þ ion (10.6 μB), A-site magnetic moments
also influent B-site FM interaction. Moreover, with the increase of
A-site ionic disorder, the pristine long-range FM coupling can be
further broken. As the material is in the circumstance of application or
removal of external magnetic field, tremendous changes of FM or-
dering degree would take place on B-site sublattice. It leads to the
presence of large magnetic entropy change and notable MCE. Since
that the Dy-substitution causes crystal lattice effect and magnetic
disordering, the systemical magnetic phase transition becomes more
complex. Multiple factors will influence the magnetic phase transi-
tional process. Therefore, the critical exponents obtained in LDSMO
are impossible to be depicted with standard theoretical models and
naturally dissatisfy the normal variation.
res. (b) Temperature dependence of exponent x and inset shows the parameter a vs.
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4. Conclusion

In summary, we have studied in detail the magnetic and
magnetocaloric effect for manganite LDSMO. A second-order
transition from PM to FM phase has been observed. Large mag-
netic entropy change occurs at 307 K near room temperature. The
values of magnetic entropy change and RCP are large enough for it
to be applied in magnetic refrigeration. The critical exponents β, γ
and δ are deduced by using the scaling law and Widom scaling
relation and their reliability has been also confirmed with the
scaling hypothesis. However, we found that these values of critical
exponents did not belong to the common university classes. In
connection with the crystal lattice effect due to Dy-substitution
and large magnetic moment of Dy3þ ion, we think that the in-
duced lattice disordering and magnetic disordering promote the
formation of large MCE and exacerbate the complexity of a con-
tinuous PM–FM phase transition in the present material.
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