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Detail investigation on the influence of Gd-doping both in the magnetic and magnetocaloric properties of
(Sm;_yGd))0.55Sr0.4sMnO3 (y = 0.5 and 0.7) compounds has been carried out. With the Gd-content, the studied
compounds exhibit quite distinct physical properties in the presence of an external magnetic field. In addition to
the field-induced meta-magnetic transition and quantitatively large magnetocaloric effect, both the compounds
reveal significant relative cooling power and refrigerant capacity. However, in the low temperature region,
different nature in magnetocaloric effect was addressed by considering the field induced modification of short-

1. Introduction

To elucidate the effect of external perturbations like the magnetic
field, temperature, pressure, etc. on the modification of the magnetic
ground state configuration, magnetocaloric effect (MCE) can be used as
one of the most powerful tool [1-4]. MCE is defined by the change of
both isothermal magnetic entropy or adiabatic temperature of any
magnetic materials when it is subjected in a static magnetic field [5].
For a feeble change in magnetic configuration, sometimes the signature
was hindered in the bulk magnetization measurements. In contrast to
that, the significantly amplified response of such weak transition is
appear in the magnetocaloric effect [6-8]. After the discovery of MCE
in the year 1881, it was extensively studied during a few decades in the
materials having large magnetic moments [9]. Generally, the materials
associated with the large magnetic moment reveals a significantly large
magnetocaloric effect which is a beneficial aspect from technological
perspectives [10]. Regarding this context, the magnetocaloric effect of
Gadolinium (Gd) and Gd-based intermetallic compounds are very well
reported [11-16]. However, to use as a magnetic refrigerant, chemical
stability, lower production cost, nontoxic, and insulating nature are also
very crucial properties. Considering those context, doped perovskite
manganite (oxide sample) gets an immense attraction over the inter-
metallic compounds from fundamental as well as technological per-
spectives [17-22]. The strong coupling between spin, charge and lattice
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initiates many intriguing physical properties in doped perovskite
manganite compounds. Unlike the undoped manganite, doped com-
pounds exhibit metal-insulator transition, pronounced ferromagnetism,
charge-orbital ordering, colossal magnetoresistance (CMR), large MCE
and many more. Charge ordering is the real space ordering of Mn®* and
Mn** ions in a crystal. Below charge ordering transition temperature
(Tco), an antiferromagnetic-insulating state generally appears in man-
ganite compounds [23-26].

There are several studies regarding the magnetocaloric effect in the
vicinity of paramagnetic to long range ferromagnetic or anti-
ferromagnetic transition regions. In both the cases, random magnetic
moments (in the paramagnetic state) converted to highly ordered state
resulting in a significantly large change in magnetic entropy at the vi-
cinity of the transition temperature region [27-32]. The span of the
transition (in temperature scale) depends on the existence of the local
disorder and distribution of the ordering temperature of the local do-
mains [33-37]. In contrast to the ferromagnetic or antiferromagnetic
materials having long range magnetic ordering, the temperature de-
pendence of MCE might be distinct in case of the glassy magnetic sys-
tems. Depending upon the glassiness of the materials, several types of
spin relaxation scenario has been observed, corroborates various form
of MCE responses [38-42]. In the context of MCE, another important
phenomenon brings a lot of attention in the study of MCE in manganite
compounds is the magnetic field induced meta-magnetic transition. The
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Fig. 1. (a) and (c) Profile fitted X-ray diffraction spectrum of SGSMO-1 recorded at T = 300 K and T = 15 K respectively, (b) and (d) Profile fitted X-ray diffraction
spectrum of SGSMO-2 recorded at T = 300 K and T = 15 K respectively. In all the figures, the black circle represents the experimental data points and the red line is
the as simulated curve generated from profile fitting. The deviation of the experimental data points from the simulated results is represented by the blue line and the
olive straight line corresponds to the respected Bragg positions. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

Table 1

The refined lattice parameters of the powdered SGSMO-1 and SGSMO-2 com-
pounds recorded at room temperature (T = 300 K) and low temperature
(T = 15 K) having space group Pbnm.

Compounds T (K) a (A) b (A) c(A) V (A%

SGSMO-1 15 5.413 5.409 7.646 223.897
300 5.497 5.423 7.671 228.779

SGSMO-2 15 5.411 5.407 7.650 223.855
300 5.430 5.429 7.659 225.808

meta-magnetic transition markedly influences the magnetocaloric
properties of several magnetocaloric materials [7,19,43-45].

In this present work, we aim to study the influence of short range
nature of the charge-orbital ordering on the magnetic and magnetoca-
loric properties of manganite compounds. To serve our purpose, we
have selected (Sm; _,Gd,)¢.55510.4sMnO3 (y = 0.5 and 0.7) compounds.
According to the earlier reports, the short range nature of charge-orbital
ordering is gradually suppressed with a decrease of temperature and
vanished below the metal-insulator transition for
(Smg 5Gdo 5)0.555r0.4sMnO3 compound [46]. However, it is present (in
the low temperature region) in the case of (Smg 3Gdg.7)o.555r0.4sMnO3
compound [47]. At the low temperature region, ferromagnetic and spin
glass nature was found for y = 0.5 and y = 0.7 compound respectively.
Moreover, both the compounds show the field-induced pronounced
ferromagnetism from their respective ground states [47].

Our study reveals that the magnetic and magnetocaloric properties
are influenced by the modification of the short range ordering present
in the compounds. Additionally, significantly large magnetocaloric ef-
fect along with large magnetic cooling capacity (both relative cooling
power and refrigerant capacity) has been observed which may be
beneficial from the application aspects.

2. Experimental details

Conventional solid-state reaction mechanism has been employed to
prepare polycrystalline (Sm; _,Gd,)o.555104sMnO3 (y = 0.5 and 0.7)
(SGSMO) compounds. To prepare the compounds, we used high purity
based Sm,05 (99.99 %), Gd,03 (99.99 %), SrCO5 (99.995 %) and MnO,
(99.9 %) powders as precursors. Both the rare-earth oxides were pre-
heated at 800°C for 12 h. to get rid of any water vapor or CO, present in
it. The stoichiometric mixture of all the compounds was calcined in the
temperature range of 900°C - 1200°C for 60 h. with several inter-
mediate grinding for chemical homogenization. Finally, the sintering
powder was pelletized using hydrostatic pressure and again sintered at
1350°C for another 30 h and the furnace was cooled down slowly to
room temperature.

Both low temperature (down to 15 K) and room temperature X-ray
diffraction (XRD) pattern were recorded on the powder samples by
using Cu-K, radiation in the Rigaku-TTRAX-III diffractometer to ensure
the crystallographic phases as well as the homogenization nature of the
compound. The phase purity and crystal structure were checked by
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Fig. 2. (a) Temperature dependence of magnetization (M-T) recorded for the two samples SGSMO-1 and SGSMO-2 under the application of an external magnetic field
of H = 100 Oe in three different protocols viz. ZFCW, FCC, and FCW, (b) Reciprocal of susceptibility as a function of temperature along with the Curie-Weiss law
fitted curve at the high temperature region (represented by red lines) in presence of 100 Oe magnetic field for both the compounds SGSMO-1 and SGSMO-2; (c) and
(d) shows the variation of magnetization with temperature under the application of 10 kOe and 70 kOe magnetic field for SGSMO-1 and SGSMO-2 compounds
respectively. Arrows are used for the guidance of the observer. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

Rietveld analysis (only profile fitting) of the as-recorded XRD spectrum
using the FULLPROF software package. To measure the magnetic
properties of the compounds, both vibrating sample mounting based
Super Conducting Quantum Interference Device (SQUID-VSM) and
physical property measurement system (PPMS) from Quantum Design
have been utilized. For the sake of clarity in the main text,
(Sm; _Gd,)o555T0.4sMnO3, y = 0.7 is denoted as SGSMO-1 and
(Sm; _,Gd,)0.55570.4sMn0O3, y = 0.5 is by SGSMO-2.

3. Results and discussions

Both room temperature and low temperature (T = 15 K) powder X-
ray diffraction (XRD) spectrums of SGSMO-1 and SGSMO-2 compounds
(Fig. 1) reveal that the Bragg peaks in the diffraction pattern can be well
indexed with orthorhombic crystal structure having Pbnm (No. 62)
space group symmetry. Additionally, the compounds are formed in
single-phase without any additional impurity phase. The low-tem-
perature XRD spectrums indicate that the absence of any structural
change in the compounds with decreasing the temperature down to
15 K. The refined lattice parameters for both the compounds are

summarized in Table 1. The unit cell volume (V) decreases with de-
creasing temperature down to 15 K due to the thermal shrink of the unit
cell with reduction of temperature.

To elucidate the temperature and magnetic field dependent re-
sponse of the magnetic state, we have measured magnetization as a
function of temperature for both the compounds in three different
protocols which are as follows:

o Zero Field Cooled Warming (ZFCW): The sample was first cooled
down from 300 K to 5 K in the absence of an external magnetic field.
After reaching the low temperature, the desired external magnetic
field was applied and magnetization data were recorded during the
warming cycle.

Field Cooled Cooling (FCC): In this measurement technique, the
desired amount of magnetic field was applied at the room tem-
perature (paramagnetic state of the sample) and temperature de-
pendence of magnetization data were recorded during cooling from
300 K to 5 K with the magnetic field.

Field Cooled Warming (FCW): Desired external magnetic field
was applied at room temperature and the sample was allowed to
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Fig. 3. Variation of magnetization with the applied external magnetic field recorded at T = 3 K, 60 K, 100 K, and 300 K for (a) SGSMO-1 and (b) SGSMO-2
compounds. Isothermal magnetization as a function of the applied magnetic field (M-H) recorded at T = 5 — 300 K with an interval of 10 K over the field change of 0
— 70 kOe for (c) SGSMO-1 and (d) SGSMO-2 compounds. (We have plotted magnetic isotherms for some selected temperatures for sake of clarity).

8F (a) 10 _ (b)

or o 0sT i ——0.5T
) ——1T e
M ~
&0 4 SGSMO-1 & 6 SGSMO-2
= 0}
= =

< 2
0 ] SIS d=d=d=
2 N 1 N 1 N O " N ] N N
0 100 200 300 0 300
T (K) T (K)

Fig. 4. Variation of magnetic entropy change (-AS) with respect to temperature for different magnetic fields for (a) SGSMO-1 and (b) SGSMO-2 compound.
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Fig. 5. Variation of relative cooling power (RCP) with applied external mag-
netic fields for SGSMO-1 and SGSMO-2 compounds. The inset shows the mag-
netic field dependence of refrigerant capacity (RC) for both the compounds.

Table 2

Comparison of magnetocaloric parameters (AS,q. and RCP) of the present
studied systems along with some other perovskite type oxide materials and Gd-
based intermetallic compounds.

Compounds Te ASpax H RCP References
X (J/kg.K) (Y] J/kg
SGSMO-1 58.8 7.45 7 682 Present work
SGSMO-2 70.5 8.84 7 644 Present work
Lag 7Sr0.3Mng.9gNig 0203 350 7.65 7 459 [22,51]
Lag.66(Ca/Pb)g.33MnO3 290 7.5 7 375 [22,52]
Lagg45STo.15sMnO3 234 6.6 7 396 [22,53]
Lag g155r0.18sMn03 280 7.1 7 533 [22,54]
Lag.7Cag 25510.0sMnO3 275 10.5 5 462 [22,55]
La; 4Ca; ¢Mn,0; 270 16.8 5 420 [22,56]
Gd 294 10.2 5 410 [57]
GdsSi,Ge, 276 18.4 5 535 [57]
GdZn, 85 11.5 7 690 [58]
GdMnO3 40 15 7 211 [59]
Ty
GdAlO3 3.9 3.4 7 203 [59]
(Tn)

cool down in the presence of that applied magnetic field. After
reaching the low temperature, temperature-dependent magnetiza-
tion data were recorded during the warming cycle.

The above-mentioned history-dependent magnetization measure-
ment technique played a very important role to understand the mag-
netic ground state especially for the compound where phase competing
nature and short-range ordering are present [2]. Temperature depen-
dent magnetization in the presence of H = 100 Oe external magnetic
field is shown in Fig. 2(a). Magnetization response of the two com-
pounds reveals that the ferromagnetic fractions are oriented below
T = 150 K temperature. However, the growth of the magnetization
below 150 K is more pronounced in the SGSMO-2 sample compare to
SGSMO-1. It should also be noted that a quantitatively lower magne-
tization value was observed in a higher Gd-content sample. A thermal
hysteresis has been observed in between FC curves corresponding to the
first-order magnetic phase transition (FOPT) in the system [48]. In case
of both the systems, an anomaly has been observed in ZFCW curve near
T ~ 13 K. This anomaly may arise due to the antiferromagnetic ar-
rangement of Gd sublattices [49]. For visualization of the presence of
ferromagnetic interaction, we have plotted temperature dependent in-
verse susceptibility as shown in Fig. 2(b) and fitted the high tempera-
ture paramagnetic region with the Curie-Weiss (CW) law of the form y
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= C/(T - 6cw), where C = /1%/3 k is the Curie constant and 6¢y re-
presents the Curie-Weiss temperature. The extrapolated linear part
from the paramagnetic region indicates that the paramagnetic Curie
temperature (Bcy ) is higher in SGSMO-2 compound which again in-
dicates the stronger ferromagnetic interaction present in this com-
pound. The higher values of experimentally estimated effective mag-
netic moment, (/,teff)exp (= 8.12 ug/ f. u. for SGSMO-1 and ~ 8 g/ £. u. for
SGSMO-2) compared to the theoretically calculated effective magnetic
moment (/.teﬁ-),hgu (= 6.65 pp/ f. u. for SGSMO-1 and ~ 6.12 u,/ f. u. for
SGSMO-2) indicates the presence of short-range ferromagnetic type
clusters in the paramagnetic background of the compounds [19]. As
reported earlier, spin glass nature is dominant in the SGSMO-1 com-
pound at low temperature (in the presence of lower value of the mag-
netic field) [47]. In our present study, comparatively slightly larger
bifurcation between the ZFCW and FCW at a low magnetic field
(H = 100 Oe) may be associated with the glassy nature of the com-
pound. Magnetization as a function of temperature in the presence of
H = 10 and 70 kOe was shown in Fig. 2(c) and Fig. 2(d) for SGSMO-1
and SGSMO-2 respectively. At H = 10 kOe, the predominant ferro-
magnetism is clearly visualized in case of the SGSMO-2 compound and
it is small for SGSMO-1 compound. That is the contribution of Gd
sublattices enhances with the magnetic field resulting in the higher
value of magnetization. However, in the presence of H = 70 kOe ex-
ternal magnetic field, magnetization rapidly increases in both the
compounds and non saturating nature were observed. Additionally, the
bifurcation between the three different protocols is also disappeared
which may be associated with the result of field induced meta-magnetic
transition.

To get a better view of the modification of the magnetic ground
state for both the compounds under the application of an external
magnetic field, isothermal magnetization measurements have been
performed and as presented in Fig. 3. The five quadrants (0 kOe — 70
kOe — - 70 kOe — 70 kOe) hysteresis loops at different temperatures
are plotted in Fig. 3 (a) and (b) for SGSMO-1 and SGSMO-2 compounds
respectively. One can notice the dramatic change of the M-H curves for
different temperatures. Both the systems undergo a field-induced me-
tamagnetic like transition. The required magnetic field for such meta-
magnetic like transition is lower in case of the SGSMO-2 compound
compared to the SGSMO-1 compound having a glassy magnetic state. A
pronounced magnetic field hysteresis between increasing and de-
creasing field has been observed in both the compounds at T = 60 K
and 100 K. Whereas, negligible hysteresis has been observed at T = 3 K.
Presence of S-shaped behavior of the M-H curves and field hysteresis
indicate the signature of first-order metamagnetic phase transition in
both the compounds [48]. However, after the field induced meta-
magnetic transition, the compounds exhibit soft ferromagnetic like
nature during subsequent field cycling. At 300 K, thermal energy helps
to lose the blockage of magnetic spins, resulting in the randomness of
magnetic spins and the system converted into paramagnetic one which
is reflected in the M-H curves [19].

In order to study the magnetocaloric effect, one quadrant magnetic
isotherms were recorded for different temperatures as depicted in
Fig. 3(c) and (d) for SGSMO-1 and SGSMO-2 compounds respectively.
The one quadrant field dependent magnetization data again point out
about the higher field requirement for meta-magnetic transition in case
of SGSMO-1 compound compared to the SGSMO-2 compound.

In case of a magnetic material, the net change of magnetic entropy
value (AS) due to the sweeping of magnetic field from O to H can be
estimated by utilizing the classical Maxwell’s thermodynamic relation
which is expressed as [50],

H oM
AS = —)dH
LGP )
The temperature dependence of magnetic entropy change (-AS) for
the change of various field values both for SGSMO-1 and SGSMO-2
compounds have been presented in Fig. 4(a) and (b) respectively.
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Although the value of -AS is positive in the whole temperature range for
both of the compounds, some anomalies can be identified in -AS vs. T
plots depending on the ground state of the compounds. Due to the
presence of spin-glassy nature in the ground state of the SGSMO-1
compound at low-temperature regions, asymmetric nature of -AS vs T
plots has been observed. The short-range ordering of cations leads to
generate more likely a table-like nature in the -AS vs T curves within a
very small temperature scale and this asymmetric wide broadening of
-AS is sufficient to achieve higher values of the refrigerant capacity of
the SGSMO-1 compound. Interestingly, distinct behavior of -AS vs. T
plots has been noticed in the case of the SGSMO-2 compound. An
anomaly has been observed in the -AS vs. T curves below T < 50 K
although the compound exhibited long-range ordered ferromagnetic
ground state at low temperature. This strong anomaly shows the sharp
increment of -AS values with increasing magnetic field values. The
transition temperature (T¢) shifted towards high temperature for both
of the compounds indicating the presence of ferromagnetic interaction
either in short-range scale (SGSMO-1) or in long-range order (SGSMO-
2). Relatively higher values of -AS can be observed in case of SGSMO-2
(-AS = 8.84 J/kgK for AH = 7 T) compared to SGSMO-1
(-AS = 7.45 J/kg-K for AH = 7 T) where the concentration of Gd is
high. Fig. 5.

In order to evaluate the magnetic cooling capacity of any magnetic
materials, there are two parameters namely, relative cooling power
(RCP) and refrigerant capacity (RC) are widely used in the cooling
technology. Basically, the cooling capacity of a material is the net
amount of heat transfer between a cold sink and a hot source in an ideal
refrigeration cycle. The value of both RCP and RC strongly depends on
the maximum value of -AS and the broadening of -AS vs. T curves. RCP
can be calculated numerically by multiplying the maximum value of
-AS (-AS;e) and the 8T at full-width at half maxima (FWHM) of the
I-ASad value at temperature scale. Alternately, RC can be estimated
within a temperature range 6T (where 6T = T, - T;) using the following
relation

)

RC = ‘/;1 |ASIdT @

The variation of the RCP concerning magnetic field is shown in the
main panel of Fig. 5 and the inset shows the magnetic field dependence
of RC. We have achieved high values of RCP (and RC) for both of the
compounds compared to other similar types of materials. For compar-
ison, we have summarized the magnetocaloric parameters of the stu-
died systems along with some other similar types of compounds as
presented in Table 2. Interestingly, RCP (and RC) values vary linearly
and almost quadratically with applied fields in the case of SGSMO-2
and SGSMO-1 compounds respectively. An asymmetric nature of -AS vs.
T in SGSMO-1 curves may lead to the deviation of RCP (and RC) from
its linear dependence of field values. The ferromagnetic ground state of
SGSMO-2 helps to get uniform broadening of -AS vs. T curves and as a
result we get a linear dependence of 8T values along with fields.
Therefore, the short-range interaction present in the spin-glassy
SGSMO-1 compound mediated the broadening and as a result we get
higher value of RCP (682 J/kg for AH = 7 T) although the maximum
value of -AS is small compared to SGSMO-2. From the above discussion,
we can conclude that the Gd-doping concentration highly influence the
magnetic ground state of both the SGSMO compounds.

4. Conclusions

To summarize, we have performed the magnetic and magnetoca-
loric effect study for the polycrystalline (Sm;_,Gd,)o 555r0.45MnO3
(y = 0.5 and 0.7) (SGSMO) compounds prepared by well-known solid-
state reaction method. No structural transformation has been noticed
for both the compounds, confirmed from the successive profile fitted X-
ray diffraction data down to 15 K. Experimental outcomes indicate that
irrespective of the meta-magnetic transition, the magnetocaloric effect
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is influenced drastically depending upon their ground state.
Significantly large magnetocaloric effect was observed even in lower
Gd-content sample. Additionally, large values of both relative cooling
power and refrigerant capacity make the compounds suitable candi-
dates from the view of technological importance in the refrigeration
industry.
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