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Abstract We report results of the magnetization and mag-
netocaloric effect in lightly Ga-doped perovskite manganites
Ndg.55S51r0.45Mng 98Gap 02O3. It undergoes a second-order
paramagnetic to ferromagnetic transition at Tc =250 K and
shows a strong ferromagnetic properties below Tc. How-
ever, an obvious upward deviation from the Curie-Weiss law
far above T¢ indicates the existence of non-Griffiths-like
behavior in paramagnetic phase. Together with the measure-
ments of isothermal magnetization around the Curie temper-
ature, the unsaturated magnetization curves under high mag-
netic field of 7.0 T imply that the Ga-substitution causes the
formation of antiferromagnetic phase due to some localized
charge order phases generated in this composition. Based
on the data of isothermal magnetization measured around
Tc and Maxwell relation, we have calculated the maxi-
mum isothermal magnetic entropy change of 6.23 J/kg K
for AupH="7.0 T magnetic field variation. Though only a
moderate magnetic entropy change were obtained, a con-
siderable large relative cooling power of 260 J/kg for
ApoH=7.0 T and 182 J/kg for AupH=5.0 T were found
in this sample, this ensure it to be a potential candidate
material to be applied in the magnetic refrigeration.
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1 Introduction

Perovskite manganites with the general formula A;_,B,
MnOj3 (A = rare earth element, B = divalent alkaline earth
element) are perceived as interesting materials with strong
correlation between charge and spin degrees of freedom [1—
4]. Extensive efforts to understand these mechanism have
shown that the doping concentration x controls the band fill-
ing and the e, electron transfer. The stoichiometric LaMnO3
is an antiferromagnetic (AFM) insulator with A-type anti-
ferromagnetism. By partial substitution with divalent ele-
ments B for La, a corresponding amount of Mn>* was
converted into Mn**, leading to the appearance of mixed-
valence state Mn*/Mn**. Many studies have indicated
that the double-exchange (DE) interaction between Mn3+
and Mn*t can cause a strong paramagnetic-ferromagnetic
(PM-FM) transition together with an insulator-metal (IM)
transition around the Curie temperature. Therefore, the
double exchange interaction together with electron-lattice
coupling theories were proposed to understand the correla-
tion between magnetic properties and electronic transport
[5-7]. More recently, a viewpoint of the electronic/magnetic
phase separation due to the intrinsically inhomogeneous and
quenched disorder proposed by Dagotto et al. were used to
explain the PM-FM phase transition together with IM tran-
sition in perovskite manganites [8]. Except for the intense
investigations on fundamental physical properties, research
in manganites has been also flourished since the find-
ing of higher magnetic entropy change on these materials
that provide potential application in magnetic refrigeration
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[9-12]. Such refrigeration is based on magnetocaloric effect
(MCE) and viewed as environmentally friendly and energy
efficient in solid state cooling technology compared with
conventional vapor compression approach.

MCE is defined as an isothermal magnetic entropy change
(MEC) as the magnetic material is exposed to a varying
magnetic field. When an external field is applied, the atomic
spin moments of magnetic materials are aligned parallel to
the field which lowers the entropy and causes the sample to
heat up. On the contrary, when the applied external field is
removed, the spin tends to become random which increases
the entropy and the material cools down. In general, there
are two key factors for a magnetic material to be regarded as
a good refrigerant, namely, a high concentration of magnetic
moment and a strong temperature and field dependence of
magnetization. Perovskite manganites can serve as excellent
candidates for magnetic refrigeration applications because
it just possess such two features.

The focus of this present paper is to study the mag-
netic properties and MCE of Nd s55rp.45Mng.98Gag.0203
(NSMGO) compound. As we know, the ground state of
half-doping manganites Ndg 5Srg sMnOs is a typical charge
ordering AFM material while Ndg55519.4sMnO3 is FM
material [13, 14]. The spatial CO phase, which can quite
easily be observed in half-doped manganites Ry 5 A9 5sMnO3
(R=La, Pr, Nd; A=Sr,Ca) [15-19], behaves as the peri-
odic arrangement of Mn3*/Mn** ions. Generally, the CO
formation is accompanied by an AFM phase transition.
Here, the latter composition is very close to the former.
Therefore, when the Mn3* ions of the latter is replaced
with a slight other tervalence ions (such as Ga’™), the ionic
ratio of Mn3*:Mn** approaches to that of Ndg 5Srg sMnOs.
Thus, the system possibly generates some short-ranged CO
AFM phases which coexist with the major FM phases.
When an external field is applied on such a material with
multiphase coexistence, it maybe induces some abnormal
behaviors or a large MCE. Our results indicate that this sam-
ple shows an obvious characteristic of non-Griffith phase
far above the Curie temperature even though it produces
a drastic PM-FM phase transition at 250 K. Based on the
measurements of temperature and field dependence of mag-
netization, we find that the localized CO phases not only
exist in the system but also survive in the intensive FM back-
ground and form short-rang AFM correlations until to the
lower temperature. According to the MEC scaling method,
the PM-FM phase transition occurs at 250 K is confirmed to
be second order. The maximum MEC and the highest rela-
tive cooling power (RCP) under magnetic field variation of
7.0 T are found to be 6.04 J/kg K and 260 J/kg around Tc,
respectively. These results underline that our material can
be also considered as a relevant potential candidate mate-
rial to be used in cooling system based on the magnetic
refrigeration.
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2 Experiment

A polycrystalline NSMGO sample was prepared by traditio-
nal solid state reaction method. The structure and phase pu-
rity of the sample were checked by powder X-ray diffraction
(XRD) using Cu K radiation at room temperature. The XRD
patterns prove that the sample is pure and a single-phase
with orthorhombic structure. The magnetization versus tem-
perature and magnetization versus magnetic field were mea-
sured by using a magnetic property measurement system
(Quantum Design MPMS 7T-XL) with a superconducting
quantum interference device (SQUID) magnetometer.

3 Results and Discussion

The XRD patterns at room temperature for the NSMGO
sample is shown in Fig. 1. It is evidence that the sample
shows typical reflections of the perovskite structure with or-
thorhombic symmetry. The structural parameters are refined
by Rietveld’s profile-fitting technique. The obtained results
reveal that the diffraction data using the Rietveld powder
diffraction profile fitting technique with space group Pnma
give the lattice a, b, and c, of 5.477(1), 5.435(2), and 7.658(2).
Obviously, the doping Ga>™ ions have partly replaced Mn>*
ions and occupied on B-site in the ABOj3 structure according
to our design.

Figure 2 shows the temperature dependence of magneti-
zation (M-T) of NSMGO measured under the magnetic field
of 500 Oe. All data were measured on the warming process
after zero-field cooling (ZFC, open sign) and field cool-
ing (FC, solid sign), respectively. The M-T curve exhibits a
sharp PM-FM phase transition. The Curie temperature (7'¢),
defined by the minimum in dM/dT, has been determined to
be 250 K(see the inset of Fig. 2). To get a clear knowledge
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Fig. 1 Powder XRD patterns for Ndg 55Srg45Mng 9sGag 0203. Cir-
cles: experimental data. Red line: calculated pattern. Olive ticks:
positions of the Bragg reflections for the main phase. Blue line:
difference between the experimental and calculated patterns
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Fig. 2 The temperature dependence of magnetization measured at
H =500 Oe (left-hand axis) and the inverse magnetic susceptibility
(right-hand axis). The solid lines represent the fitting data accord-
ing to the Curie-Weiss law. Inset shows the first-order derivation of
magnetization for temperature

about the magnetic interaction, the inverse magnetic sus-
ceptibility 1/x versus temperature has been also plotted in
Fig. 2 (right-hand axis). For a ferromagnet, it is well known
that in the PM region, the relation between x and T, should
follow the Curie-Weiss law, i.e., x = T*LTQ’ where Ty is the
Curie-Weiss temperature and C is the Curie constant. The
positive value of Ty fitted from the Curie-Weiss law con-
firms the existence of FM exchange interaction in this
sample. With the obtained Curie constant C, the effective
PM moment (p.sr =2.834/Cup) can be calculated to be
4717 pp, which is a little bit larger than the calculated
value 4.338 pp using the spin-only moment of the free
Mn ions (3.87 and 4.90 pp for Mn*+ and Mn3* | respec-
tively). This result implies that the local FM coupling has
possibly generated above the temperature of PM-FM phase
transition.

It is worthy noting that there are an important fea-
ture occurred in the inverse magnetic susceptibility 1/ (T)
curve. As the decrease of temperature, the 1/x versus T
curve starts to deviate from the Curie-Weiss law and exhibits
an upward departure from the linear dependence. The onset
temperature of the deviation is denoted as T* and it is around
337 K. Although the deviation from the Curie-Weiss law far
above T'¢ which generally is considered to form well-known
Griffiths phase is a common phenomenon for perovskite
manganites in PM regime, it always shows as a downward
deviation occurred in 1/x curve rather than an upturn devi-
ation observed in this NSMGO sample. In most cases, the
formation or existence of nanoscale ferromagnetic clusters
well above PM-FM phase transition point usually cause the
appearance of Griffiths phase where the short-range FM
correlations in PM background change into long-range FM
ordered state as the temperature decreases to T¢. There-
fore, this behavior can be also understood and explained

with the viewpoint of phase separation. Here, what reason
causes the abnormal upturn deviation? Note that the
undoped Ndg 555r9.45MnO3 system just lies at the bound-
ary of ferromagnetic and charge order-antiferromagnetic
(CO-AFM) phase. With the substitution of 2% Ga’t for
Mn3* ions, it not only breaks the Mn3*-0?~-Mn** mag-
netic order structures but also can cause considerable ionic
disorder on Mn site. Under this circumstances, it iS possi-
ble to form some short-range CO phases in some localized
regions where the concentration ratio of Mn3T:Mn** is
close to 1:1. Thus, the formation of some short-range AFM
phases causes the decrease of total magnetization so that an
upturn deviation from 1/x(T) curve is observed in Fig. 2.
In fact, the similar phenomenon have been also observed
in perovskite cobaltite Laj_,Sr,CoO3 and antiperovskite
Cui_xNMns34, [20, 21]. Both of them have testified that
the existed short-range AFM state is the main reason for the
observed upturn deviation from 1/x (T) curve.

Since a sharp PM-FM transition occurs around 250 K,
which possibly implies a large MEC around T'¢, we per-
formed an investigation of MCE of the present material.
In order to evaluate the MEC in this sample, as shown in
Fig. 3, a series of isothermal magnetization curves from
230 to 270 K were measured with temperature interval
2.0 K. Obviously, all isothermal magnetization curves do
not exhibit the sign of saturation even as the applied mag-
netic field reaches 7.0 T, further indicating the existence
of CO AFM phase. The MCE which is an inherent prop-
erty of a magnetic material is its response to the application
or removal of magnetic field. Such response is maximized
when the temperature is near the Curie temperature 7'c. The
total entropy can be defined as the sum of the entropy due to
the lattice (Sz), the electrons (Sg), and the magnetic order
(Sar). Under a constant pressure, this would be a function
of both temperature and applied magnetic field. For an adi-
abatic processing, the application of a magnetic field leads
to the decrease of Sk, then to the enhancement of S; and,
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Fig. 3 Isothermal magnetization vs. magnetic field at different tem-
peratures for Nd().55Sr0,45Mn0A98Ga0A0203
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therefore to the heating of the material. By analogy, the
suppression of the magnetic field causes the cooling of the
material. According to the classical thermodynamical the-
ory, the isothermal MEC AS, as a function of temperature
and magnetic field can be calculated with Maxwell relation
as follows

ASy(T,H) = Sy(T,H) — Sy(T,0)

_fH<8M(T,H)> JH "
=) ar )10

In practice, the MEC |AS),| can be evaluated from the
isothermal magnetization measured with small temperature
intervals, where AS (T, H) can be approximated as

=3 wmm- @)
i+1— T
where M; and M;, are the experimental data of magne-
tization at T; and T;41, respectively, under magnetic field
noH;. It is normally expected that any material should have
the largest MEC when its magnetization changes rapidly
with temperature, i.e., in the vicinity of the magnetic phase
transition temperature 7¢. By using the above equation,
the MEC vs temperature under different magnetic fields
are presented in Fig. 4. As expected from Eq. 1, the MEC
dependence on the temperature grows up to maximum val-
ues and increase with applied magnetic field. For a field
change of ApoH =7.0T, the maximum MEC AS, is about
6.23 J/kg K. The MCE in the perovskite manganites mainly
originates from the spin lattice coupling related to the mag-
netic ordering process. The strong coupling between the
spin and lattice is shown by the observed lattice changes
accompanying magnetic transitions in these manganites.
The lattice structural change in the Mn-O bond distances
and Mn-O-Mn bond angles with temperature, which exhibit
variation in the volume, can cause an additional change in
magnetism. Although a few intermetallic compounds, viz.,
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Fig. 4 Magnetic entropy change (ASy) plotted as a function of tem-
perature at different applied fields
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some members of the Heusler alloys [22, 23], Laves phase
[24, 25], etc. are known to exhibit even larger MCE, the
value of MEC obtained in NSMGO sample is large enough
to be used in magnetic refrigeration.

On the other hand, RCP is another important parameter
to determine the cooling efficiency of magnetic refriger-
ants and evaluated through the amount of heat transferred
between the cold and hot sinks in the ideal refrigera-
tion cycle. RCP is generally calculated by integrating the
(ASjy;—T) curves over the full width at half maximum using
the relation RCP= fT’“” ASydT. Generally, RCP can be
approximatively estlmated with RCP=Z AS ymax8TrwaM,
where §Trw g is the full width at half maximum of mag-
netic entropy change curve. The data of RCP under different
magnetic fields can be calculated according to the inset of
Fig. 5. As shown in Fig. 5, the obtained RCP values increase
with the applied magnetic field indicating that RCP is strong
field dependent. The largest RCP is found to be 260 J/kg for
7.0 T magnetic field change and 182 J/kg for 5.0 T mag-
netic field change which is very large compared to other
perovskite manganites and it is of 44.3% that of pure Gd for
ApnoH=5.0 T [26]. Therefore, our NSMGO material can
be considered as a potential candidate material to be applied
in the magnetic refrigeration.

Recently, Franco et al. have proposed a useful fundamen-
tal method to construct the universal curve based on the
MEC that can be used to access the nature of phase transi-
tions for a wide range of magnetic materials [27]. Based on
the scaling relation, they suggested a phenomenological uni-
versal scaling of ASy/(T,H) in which if the magnetization
of single-phase materials exhibiting the second-order phase
transition is measured at different applied fields and tem-
peratures, their AS,7(T,H) curves can collapse into a single
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Fig. 5 The value of RCP as a function of magnetic field. The inset
shows -ASys vs. T curve at uoH = 1.0 T, the line with double arrows
represents the full width at half maximum of magnetic entropy change
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curve. Therefore, the order of phase transition in the present
system should be further clarified by utilizing this method.
The detailed treatment solution can be performed according
to the following protocol. First, two points are selected from
each ASys vs. T curves (Fig. 4). One (T,1) is below T peak
and the other(T,,) is above T.4x. Both of them should sat-
isfy the relation AS (T, 1) = ASy(T)2) = kASﬁ’;“k(prk),

where AS’,{; k is the maximum value of the selected AS M
vs. T curves and k is the relative value of the entropy
changes at two reference temperatures T,; and T,,. Gener-
ally, the selection of k value is arbitrary but k value is always
between 0 and 1. Here, we choose the k=0.7 to construct
the “universal master curve”. Two reference temperatures
are used here and the temperature axis is rescaled as:

- - = (Tpeak -T)/(Tr1 — Tpeak)s T < Tpeak
0 = (T — Tpeak)/(Tr2 - Tpeak)’ T > Tpeak

As shown in Fig. 6, all the ASy; vs. T curves under
different magnetic fields collapse into a single curve. There-
fore, the PM-FM phase transition in NSMGO material was
confirmed to be second order.

Based on the obtained MEC and non-Griffith behavior
observed from the inverse magnetic susceptibility 1/x(T)
curve, we can propose the following scenario for completely
understanding the whole magnetism and magnetic phase
transition in NSMGO. For the pristine Ndg 55519.45MnO3,
it generates the long-range FM coupling through the double
exchange interaction by the Mn3T-0%~-Mn** spin chain.
As the partial Mn>™ ions are replaced by Ga* ions, they not
only randomly occupy B-site sublattice and generate a cer-
tain kind of chemical disorder in the system, but also make
the ratio of Mn3*:Mn** to approach the typical CO system
of 1:1. Therefore, in some localized regions, the formation
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Fig. 6 Normalized magnetic entropy change dependence on the res-
caled temperatures

of short range CO-AFM phases are feasible. In fact, from
the unsaturated isothermal magnetization curves of Fig. 3
and the reduction of magnetization in lower temperature of
Fig. 2, we are convinced that these CO phases definitely
exist in the system. On the other hand, we also noticed that
the CO phases undoubtedly influenced and played some
roles in the MEC. In Fig. 4, as the AugH<4.0 T, we can
only observed one peak and one maximum MEC on ASy,
(T,H) curves. However, as the AugH>4.0 T, the second
peak occurs around 235 K. Although we unable to give a
definite conclusion that this new peak positively originates
from the localized CO AFM transition under high magnetic
field, both of them must have some relations. The temper-
ature of 7=235 K is far below T¢ =250 K, where the
system has entered into FM state. Whatever the residual PM
phases or some FM clusters, they are impossible to generate
magnetic phase transition only under the enough high mag-
netic fields. Moreover, from the rescaling AS ;7 (T,H) curves,
we can find that, except for the region around 7 = 235 K, the
other parts all show good normalization feature. It implies
that the transition at 235 K could be one-order phase transi-
tion instead of second-order. In fact, many previous works
have testified that the CO AFM phase transition belongs to
one-order [28, 29]. Here, the detailed analysis and investiga-
tion of the short-range CO AFM phase in NSMGO sample
have been beyond the scope of this paper. The better method
for this issue need more experimental measurements on high
purity single crystalline sample in the future works.

4 Conclusion

In summary, we have reported the magnetic properties and
MEC of the perovskite manganite Ndg 55510.45Mng 9gGag 02
O3. The temperature and magnetic field dependence on
magnetization measurements combined suggest that the
localized CO AFM phases generate in PM state and can sur-
vive in strong FM background as the temperature decreases
to the lowest temperature. A sharp PM-FM phase transi-
tion occurred in 7T ¢ decides a noticeable MEC and a large
RCP in this sample making it to be considered as a potential
candidate material to be applied in the magnetic refriger-
ation. Together with the the rescaling analysis performed
on ASy(T,H) curves, the observed PM-FM phase transition
has been verified to be second-order. Nevertheless, another
peak of MEC and unnormalized ASy;(T,H) curves at 235 K
also indicate that there are one-order phase transition driven
by applied magnetic field in NSMGO sample.
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