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Abstract The structural, magnetic, thermodynamic, and
transport properties of polycrystalline sample of A-site
disordered Nd;3Smg,SrysMnO; were investigated in an
attempt to understand the effect of substitution of Sm over
well-studied parent compound NdgsSrgsMnO;5. Samples
were prepared by the solid-state ceramic route method and
characterized by XRD and standard iodometric titration.
DC magnetization of the sample was measured by a
SQUID Magnetometer. Electrical resistivity of the sample
was measured by the standard four probe method. Results
showed that doping with Sm allowed first-order phase
transition from ferromagnetic metal to antiferromagnetic
insulator state and a charge ordering at 150 K was also
observed. Magnetocaloric effect studies were carried out
from the specific heat data.
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Introduction

The manganites of the general formula Ln; A;MnOj;
(where Ln = La, Pr, Nd, Eu, Sm, Gd, Ho and A = Sr, Ca,
Ba) with Ln and A occupying the rare earth A-type sites in
the distorted perovskite ABOj structure exhibit a number
of interesting phenomena like colossal magneto-resistance
(CMR), insulator to metal transition, paramagnetic (PM) to
ferromagnetic (FM) or antiferromagnetic (AFM) transi-
tions, and charge-ordered (CO) states as a function of
composition (x), temperature, pressure, and applied mag-
netic field [1, 2]. Divalent ion substitution at A-site gives
rise to the ferromagnetism with metallic property followed
by double exchange [3], and substitution of A-site trivalent
ion with other trivalent ions leads to disorder and change in
average ionic radius at A-site. If x;, r; and r, are the
fractional occupancies and ionic radii of A-site and the
average ionic radius, the relation for variance (¢%) can be
written as (0°) = Zxi; — ra [4, 5]. Change in average
ionic radius will further change the variance (¢°), which
plays an important role in the charge ordering and the
orbital ordering state. Divalent Sr¥t doped Nd,;_,Sr,MnO;
(NSMO) has a well-known orthorhombic structure with
space group—Imma and an average A-site cation radius
(ra) of 0.1236 nm. Interestingly, this system is metallic
and ferromagnetic just below room temperature and
becomes an AFM charge-ordered (CO) insulator around
150 K [1, 2]. In a large bandwidth system [3, 6], kinetic
energy of the charge carriers is comparatively large and so
charge order is relatively weaker (e.g., Sm;_,Sr,MnO3). In
a small bandwidth system, the kinetic energy of the charge
carrier is comparatively smaller and charge ordering is very
robust (e.g., La;_,Ca,MnOj3). Depending on the band-
width, various phases are present in manganites [3]. As the
tolerance factor (¢) or equivalently the ionic radius of the
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A-site decreases from (La/Sr) to (Pr/Ca) through (Nd/Sr),
the Mn—-O-Mn bond angle changes and hence bandwidth
(W) of the e.g. state carrier decreases. This means that the
other electronic instabilities such as the charge-ordered and
orbital-ordered, and super-exchange (SE) interaction
compete with the double-exchange (DE) interaction. The
parent compound Nd, 5sSr9 sMnO3 under investigation here
is a lower bandwidth system [7]. Therefore, the doping
with Sm having lower ionic radius ((r») of Sm** and Nd**
are 0.109 and 0.112 nm, respectively) in this compound
will decrease the average ionic radius (rs) of the A-site.
Tonic radius, related to tolerance factor ¢, will also decrease.
Consequently, tolerance factor [8] is also related to the
bandwidth of the system, i.e., on decreasing the average
ionic radii, the bandwidth of the system will also decrease
and the distortion will be more, and Curie temperature 7,
will also decrease with (ra).

The CMR materials have extensively been investigated
[1, 9] because of their another interesting property known
as the magnetocaloric effect (MCE) [10]. MCE is defined
as the thermal response of a magnetic material to an
applied magnetic field and is apparent as a change in its
temperature, and is quantitatively characterized either by
adiabatic temperature change (AT) or by the isothermal
magnetic entropy change (AS) due to a varying magnetic
field. Systems showing large MCE in the low-temperature
region are important for basic research as well as for spe-
cific technological applications such as space science and
liquefaction of hydrogen in the fuel industry. In the view of
these facts, an attempt has been made to explain the
structural, magnetic, electrical, and thermodynamic prop-
erties of Ndy3Smg ,Srg sMnOs.

Experimental

The polycrystalline sample of Ndy3Smg,SrgsMnO3
(NSSMO) was prepared by the standard solid-state reaction
method. Considering the hygroscopic nature of the rare
earth materials Nd,O3 and Sm,0;, they were given a pre-
heat treatment at 1,000 °C for 10 h. Stoichiometric ratios
of starting chemicals Nd,O3, Sm,03, SrCO5;, and MnO,
(all of AR grade) were taken and thoroughly mixed for 5 h
using an agate mortar. The mixed powder sample was
twice calcined in air at 1,200 °C for 24 h with an inter-
mediate grinding using a ball mill and then pelletized into
cylindrical shape of diameter 10 mm using a hydraulic
press by applying a pressure of 1 tons cm™ 2. The pellets
were then heated at 1,300 °C for 36 h in air. Finally, these
pellets were sintered at 1,450 °C for 36 h in air. The room
temperature X-ray diffraction (XRD) patterns were mea-
sured by a Rigaku Dmax 300 diffractometer using the
CuK, radiation. DC magnetization measurements were
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Fig. 1 X-ray diffractogram of Ndj3Smg,SrgsMnO3 showing single
phase. It also shows difference between the measured and calculated
intensities

Table 1 Lattice parameters determined from Reitveld profile
refinement of the powder XRD pattern of Ndg 3Sm »SrgsMnOs3, 5 and
concentrations of Mn** and Mn** ions are given

a/nm b/nm c¢/nm Volume/ Mn**/ Mn**/ Mn -
nm?> % % Valence
0.54713 0.54280 0.76318 0.22765 52.9 47.02  3.4467

The mean valence state of the Mn ion was found by Redox-iodo-
metric titration

carried out with a Quantum Design Superconductor
Quantum Interference Design (SQUID) magnetometer in
the temperature range of 2-300 K. Specific heat measure-
ments were carried out using a Physical Property Mea-
surement System (PPMS) system at various magnetic fields
in the temperature range of 2-300 K. Electrical resistivity
and magnetoresistance were measured using the PPMS
system in the temperature range of 2-300 K in the presence
of various magnetic fields.

Results and discussion

Structural characterization

Figure 1 shows room temperature X-ray diffraction (XRD)
pattern of the NSSMO sample. Diffractogram was indexed,

and the sample was found to be single phase with ortho-
rhombic pbnm symmetry. XRD pattern was analyzed by
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Fig. 2 Magnetization (M) versus temperature measurement in the
temperature range 2-300 K under ZFC-FC-FCW protocols showing
the re-entrant transition at charge-ordered state. Inset shows the M—
H measurement results on Ndj 3Smg »Srg sMnQOj carried out at 14, 30,
and 200 K showing ferromagnetic behavior at lower temperatures and
mixed state at 200 K

the Rietveld profile refinement program. The goodness of
the fits was found to be around 1.25. To estimate the Mn>*/
Mn** ratio, iodometric redox titrations were carried out. It
was found from the titration that there was a small excess
content of oxygen. Lattice parameters and titration results
are shown in Table 1.

Magnetization measurement

Figure 2 shows how the DC magnetization varied with
temperature in the temperature range of 2-300 K for the
sample of Ndj3Smg,SrysMnO;_ 5 under zero field cooled
(ZFC), field cooled (FC), and field cooled heating (FCH)
protocols at an applied field of 0.1 T as measured with a
Quantum Design Superconductor Quantum Interference
Design (SQUID) magnetometer. Results showed a large
bifurcation between the ZFC and FC measurements indi-
cating a local anisotropy in the samples. Transition tem-
peratures (7T or Ty) were calculated (given in Table 2)
from the differential change of the DC magnetization with
the temperature (dM/dT). FC—ZFC curves separated from
each other at a temperature that could be explained as the
irreversibility temperature, Ti, (T < T.). The low field
ZFC curve clearly showed a cusp at so called freezing (or
spin glass) temperature, T, [11]. We suppose that CO and
AFM spin ordering at Mn sites exist in the sample. Tran-
sition from ferromagnetic metal to AFM insulator sug-
gested that there was considerable mismatch effect located
at A-site cations [12]. Accordingly, for LngsAgsMnO5

Table 2 T¢, Tco, and T, of the NSSMO estimated from M-T data of
Fig. 2

Sample Tc/K Tco/K T /K

Ndo_3Sm0_ZSr0_5MnO3 167 200 150

Resistance/Q

T T T T T T T T T
0 50 100 150 200 250 300
Temperature/K

Fig. 3 Electrical resistance versus temperature of series Ndj3Smyg .
SrpsMnO; showing peaks due to semiconductor to metal transitions
at ~150 K under all applied magnetic fields up to 14 T

perovskite, the drastic changes in properties were seen over
the small range of (r,), from 0.109 to 0.112 nm.

The isothermal magnetic hysteresis loop (M—H) of the
sample (inset of Fig. 2) observed with an applied magnetic
field of 1 T and at different temperatures (14, 30, and
200 K) revealed a temperature-dependent phase change.
Ferromagnetic phase did not completely extend to the
whole volume of the sample and it resulted in increased
value of M for the same magnetic field as found by Meihua,
Xu et al. [13]. That was due to cantering of magnetic spins
amongst Mn>"—Mn*" ions; which is common in manga-
nites with 50 % Sr doping [1]. Similar reports were given
recently by Chatterjee et al. [14].

Electrical resistance measurement

Electrical resistance versus temperature (7) measurements
were performed at an applied magnetic field of 0-14 T and
in the temperature range of 2-300 K and are shown in
Fig. 3. Resistance versus T curves showed a peak at
~150 K for all applied fields. Maximum value of resis-
tance was found in the absence of applied external mag-
netic field and it decreased as the applied magnetic field
increased from O to 14 T. This kind of peak in the
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Fig. 4 Electrical resistance of the sample Ndj3;Smg,SrgsMnO;
versus magnetic field showing a maximum magnetoresistance at
150 K due to semiconductor to metal transitions
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Fig. 5 Plot of magnetoresistance (MR) versus temperature showing
peaks at ~ 150 K

resistivity with temperature occurs in the region where the
material goes through a metal to insulator phases change
through charge ordering of Mn>" and Mn*"ions. In some
ferromagnetic materials with suitable doping, this kind of
features was observed by Kimura et al. [15]. It can be
concluded that at ~150 K there was a transition, which
may be attributed to charge ordering of Mn** and Mn*"
ions and leading to a metal—insulator transition. Field
dependent broadening of peak indicated the ferromagnetic-
like ordering of rare earth ions. This is observed in many
ferromagnetic materials near the ferromagnetic transition
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Fig. 6 C, versus temperature of the Ndg3Smg,SrosMnO; showing
peaks at 160-180 K due to semiconductor to metal transitions in inset
(b) and a shoulder in low-temperature specific heat below 7 K in inset (a)

[16]. This can further be verified by the thermodynamic
measurements.

Figure 4 shows the resistance versus magnetic field (R—
H) plot at 5, 50, 100, 150, 200, 250, and 300 K with
varying applied magnetic field of 0-10 T. At 150 K, the
trend showed the highest resistance at low fields and very
low resistance at high field, which was in clear agreement
with earlier statement of metal-insulator transition. It can
also be concluded that the transition below 200 K exhibited
the metal-insulator transition and at 150 K, there were
different trends clearly indicating the kinetic arrest state of
the spins. Temperature beyond 250 K showed the absence
of this feature due to spin melting of AFM cluster in this
range of temperatures. Up to 200 K, these measurements
showed a similar observation but the magnitude of the
resistance was highest at 150 K and it decreased toward
low temperature and low fields. It can also be seen that the
effect of magnetic field played a vital role to flip the spins
rapidly and gave clear signs of the magnetoresistance
changes with the temperature in the present system as
given in Fig. 5.

Specific heat measurement

Figure 6 shows the variation of specific heat data of
NSSMO with the temperature at different magnetic fields
of 0, 1, and 5 T. From the figure, it is clearly observed that
there were two transitions in the sample, which are clearly
shown in the insets of Fig. 6. It was found that the low-
temperature specific heat (LTSH) values were high. These
values were similar to those reported by Gordon et al. [17].



A-site disordered Nd3Smg »Sry sMnO3

149

0.7
0.6
0.5 1 /r’
] | |
"
0 %4 /
? 4
0.3 1 -
0.2 4 " o® KN

| ,
o1 f T~

0.0

T T T T T T T T T T T T T T
130 140 150 160 170 180 190 200
Temperature/K

Fig. 7 Magnetic entropy change ASy; of NSSMO as a function of
temperature for a field variation from 0-1 to 0-5 T

Under zero magnetic field, the LTSH showed a significant
shoulder below 7 K (inset of Fig. 6a). The hump was still
distinguishable even under magnetic field of 5 T. This
feature is attributed to the Schottky-like anomaly due to the
transmitting of electrons in the splitting energy levels of
Nd** ion [18, 19] and is related with the Kramers theorem,
which states that an ion possessing an odd number of
electrons, no matter how unsymmetrical the crystal field
may be, must have a ground state that is at least doubly
degenerate. The anomaly at 165 K (inset of Fig. 6b) was
due to the charge ordering, and the high temperature
transition was affected by the magnetic fields. It indicates
that the entropy of the system was shifting to higher
temperatures.

Calculation of MCE

When a magnetic material is magnetized by the application
of a magnetic field, the magnetic energy associated with
the magnetic degrees of freedom is changed and the so
called magnetic entropy change, ASy(T) = S(T)y — S(1)o,
can be estimated from calorimetric measurements by
integration:

ASm(T,H) = S(T)y — S(T),
_ / {Co(T)y/T = Cy(T),/T}dT, (1)

where S(T)y and S(T) are the entropy values, whereas
Cp(T)y and Cy(T), are the heat capacity values measured in
field H and in zero field, respectively. Usually, applying a
magnetic field to a FM material will lower its magnetic
entropy. The entropy change, —AS\(7, H), as a function of
temperature in the range of 125-200 K for different
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Fig. 8 The calculated adiabatic temperature change in NSSMO

Table 3 Calculated values of the maximum magnetic entropy change
(AS)max and the maximum adiabatic temperature change (AT)pax
from Figs. 7 and 8

S. no. (AS)max/K (AD)mar/K
1T 170 170
5T 176 175

magnetic fields is shown in Fig. 7. The —ASy; ran over the
positive —ASy; values expected for the conventional
magnetocaloric effect, going through the maximum value
of 0.3 and 0.58 J mol~! K at a temperature of 170 K for
the fields of 1 and 5 T, respectively. A slight increase in the
temperature of the maximum of —ASy, at higher magnetic
field of 5 T seen in Fig. 7 would correspond to the slight
increase in the transition temperature seen through mag-
neto-resistance measurement (Fig. 5). Results for MCE in
terms of an adiabatic temperature change (AT,q) for dif-
ferent magnetic field change are displayed in Fig. 8.
Table 3 shows that the maximums of magnetic entropy
change (AS)ax and adiabatic temperature change (AT)pax
increased slightly from 170 to 175 K as the magnetic field
was increased from 1 to 5 T. These temperatures also
corresponded the transition temperature, 7Tc, of
~160-185 K (Table 2) measured at 0.1 T. The peak of the
curve corresponds to AT,y = 0.5 and 1.2 K for a field
change of 1 and 5 T, respectively, and the results are in
comparable with the literature [9].

Conclusions

Sm-doping at the rare earth A-site of the half doped charge-
ordered manganite Nd 3Sm »Sr0 sMnO; has been studied.
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On such doping, there was not much structural distortion
found as compared with the standard NdgsSrgsMnOs;
sample. Semiconductor to insulator transition was corre-
lated to magnetic and electrical properties, which was a
clear indication of PM to FMM and FMM to AFI transi-
tion. Magnetocaloric nature of NSSMO satisfies some
important criteria for selecting magnetic refrigerants such
as exhibition of large magnetic entropy change and large
adiabatic temperature change.
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