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In this paper, a detailed comprehensive magnetic study on the origin of the Griffiths phase (GP) in the
nanocrystalline Lag 4(Cag5Srg5)06MnO; compound has been presented. The system exhibits a ferromagnetic
(FM)-like transition around 7 ~ 274 K. Interestingly, above Tc, the state is not pure paramagnetic, but a short-
range FM interaction or GP is observed and the interaction persists up to the Griffiths transition temperature,
Ts ~ 350 K. The detailed investigation of isothermal magnetization and the magnetocaloric effect along with
its theoretical analysis have been employed besides the conventional magnetic measurements to probe the GP.
Disorder in the system is introduced via increasing an A-site cationic size mismatch along with an additional
defect originated owing to the particle size reduction. The disorder-induced magnetic phase transition has also
been analyzed by critical analysis. A correlation between the unusual critical parameters with the GP has been

furnished.
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I. INTRODUCTION

Griffiths phase (GP) is a short-range ordering of ferromag-
netic (FM) clusters existing above the long-range magnetic
ordered region of a system [1-8]. This well-accepted phe-
nomenon was originally proposed theoretically by Griffiths
while describing randomly diluted Ising ferromagnets whose
lattice sites are partially occupied with spins and the remain-
ing portions are either filled with nonmagnetic ions or vacant
[9]. Experimentally, the GP behavior is observed to appear
in diverse systems, e.g., transition-metal oxides (electron-
/hole-doped manganites [1,2,5,10-13], layered manganites
[14], doped cobaltite [15] etc.), double perovskite compounds
[16-18], intermetallic systems [4,7,19], heavy Fermi materi-
als [3], etc., and, in addition, a Griffiths-like phase can also
emerge in other physical scenarios, such as in brain critical-
ity [20] and in the Mott transition (electronic GP) systems
[21,22]. The singularities would grow in the temperature
regime To < T < Tg, where T¢ is magnetic transition temper-
ature and the new temperature scale, T, has been coined as
the Griffiths temperature. In this regime, the system does not
show a true paramagnetic (PM) behavior or a long-range FM
ordering. Hence, the underlying physics is considered to be
very rich in the temperature range between 7¢ and Tg; [23-26].

Experimentally, it is also found that the existing quench
disorder in a system plays a major role in developing the
GP [1,2,5,8]. In such systems, there exists few specially dis-
tributed finite regions, where owing to the scarce of disorder,
FM correlated spins form finite-size clusters and, thereby,
instead of maintaining a spontaneous magnetization, the
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system exhibits a short-range FM interaction and the magnetic
singularity is noticed above T. One such system is doped
manganite. The research in this area has been rejuvenated in
doped manganites, while the observed colossal magnetoresis-
tance (CMR) phenomenon has been predicted and explained
within the context of Griffiths singularity [1,10]. Though there
is an ongoing debate on whether the GP is always a pre-
requisite for CMR [27], as the presence of magnetic phase
inhomogeneity is considered to be crucial to explain CMR
related properties and, on the other hand, this magnetic in-
homogeneity that appears from the existing disorder induced
strong correlation between charge, spin, and lattice degrees of
freedom also assists in growing the GP in the system [1,27].
The factors that drive the disorder in such systems are diva-
lent doping concentrations that perturb the Mn3* /Mn** ratio
[2], magnetic site dilution [8], and Jahn-Teller (J-T) distor-
tion, originating from J-T active ions Mn3* [11,28,29], A-site
cationic size mismatch along with the variance of size disorder
parameter (02) [5,30,31], etc. The enhanced o2 destabilizes
the Mn—O-Mn bond angle, bond length in a system, and,
hence, this bond disorder also transmits and interrupts the
magnetic Mn—-O-Mn network. Thus, these intrinsic factors
play a vital role in creating sufficient disorder as well as in-
homogeneity in the system and helps to stabilize a GP [1,2,5].

In doped manganite systems, an additional disorder can be
introduced via reducing its particle size, i.e., grains are con-
structed by preparing nanomaterial [32-36]. The formation of
intergranular distance or grain boundary acts as a defect in
the nanocrystalline compound [32,37]. This defect can further
add up disorder that may destabilize the long-range ordering
in the system by affecting the Mn—-O-Mn chain and may
also act as a trigger of appearing GP. Moreover, disorder in
this type of system is known to drive a first-order transition
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toward second-order transition, i.e., discontinuous to continu-
ous transition [27,38,39].

To comprehend the nature of the magnetic phase transi-
tions in any magnetic system, the critical analysis around the
transition temperature is recognized to be a powerful mech-
anism to employ [40,41]. The magnetization of a continuous
or second-order phase transition is described by the various
critical exponents (8, y, §) extracted from the rigorous critical
analysis. The different sets of critical exponent values that
belong to various universality classes fundamentally charac-
terize the nature of magnetic interactions in a system [40,41].
Additionally, to provide further evidence of existing intrinsic
magnetic inhomogeneity [42—44] in the system and also to
characterize the stability of the GP [5,10,27], critical exponent
values are worth exploring.

As the GP phenomenon is observed above the magnetic
transition temperature in a system, it is useful to charac-
terize it using susceptibility critical exponent, . However,
theoretically, all the exponents are interrelated via different
relations [43,44] and, therefore, the GP must have an impact
on the magnetic transitions as well as the magnetization in
the T < T¢ region in a system. Hence, establishing the cor-
relation of the GP with a magnetic phase transition utilizing
comprehensive critical analysis is an interesting subject matter
to explore.

In this paper, through detailed magnetic and magne-
tocaloric effect (MCE) studies, we have shown that the
nanocrystalline Lag 4(Cag5Srg5)06MnOs; (LCSMO) com-
pound exhibits GP behavior above FM-like transition at 7o =
274 K. It is worth mentioning here that the bivalent higher
cationic size radius Sr is doped at the Ca site of the parent
Lag4Cap¢MnO3; (LCMO) system to prepare the bulk LCSMO
compound which is reported to exhibit an antiferromagnetic
(AFM) transition at Ty = 235 K [45]. The doping creates
disorder (mismatch) between the elements at the A site of the
LCSMO compound [45]. As we discussed earlier, via reduc-
ing the particle size, one can introduce additional disorder in
the system, which in turn helps to originate and stabilize a
GP, if any; we choose a nanocrystalline LCSMO compound
to explore the GP behavior. The presence of the GP or a
magnetically ordered rare region has been elucidated primar-
ily by the popular route of plotting an inverse susceptibility
curve as a function of temperature. Subsequently, various
other magnetic measurements including magnetocaloric effect
have been utilized to substantiate it. These magnetization data
have also been analyzed with proper theoretical model to
further support the GP. Moreover, the critical analysis of the
compound has also been carried out to comprehend the nature
of the different magnetic transitions. The origin of the GP as
well as its correlation with the magnetic phase transition has
also been corroborated here.

II. SAMPLE PREPARATION AND CHARACTERIZATION

The nanocrystalline LCSMO compound has been pre-
pared by following the well-known sol-gel method [46].
Preheated rare-earth oxide (La;QOs3), carbonate (CaCO3), ni-
trate [Sr(NO3),] and MnO, have been taken with proper
stoichiometry. These starting materials were greater than
99.99% pure. Concentrated HNO; was used to dissolve La, O3

and CaCOs; and nitrate salt was dissolved in millipore water.
To dissolve MnO,, oxalate was first prepared by mixing oxalic
acid and then concentrated HNO3; was added. All solutions
were kept for hours to dissolve properly and then, they were
mixed together in moderate heating and constant stirring con-
ditions. After that, a suitable amount of citric acid was added
and stirred again for 15 min. The clear solution was then
put into a heat bath maintained at 80-90°C until the gel
was formed. Then the beaker with gel was put to the heater
directly at 200-220 °C. The gel was then turned into a black
porous powder after getting self-ignited. The collected black
powder was further heat treated for 5 h at 400 °C to remove
organic residue. Finally, pellets were prepared and, to get
nanomaterial, it was heat treated at 900 °C for 4 h.

Room temperature x-ray diffraction for phase confirma-
tion as well as structural characterization was done utilizing
a Rigaku Diffractometer with Cu-K, (A = 1.54 A) source.
The stoichiometric composition of the element (given in the
Supplemental Material [47]) was checked using a scanning
electron microscope, Carl Zeiss, Germany with energy dis-
persive x-ray analysis.

Magnetization measurements were performed with a
SQUID-VSM between 3—400 K temperature range and up to
70 kOe magnetic field variation.

A bar-shaped LCSMO sample was used for the magnetic
measurements and the dimension of the sample was 4 x 2 x
1 (mm)>.

III. EXPERIMENTAL RESULTS AND DISCUSSIONS

A. Magnetization, magnetic phase transition, and critical
analysis

Temperature variation of zero-field-cooled (ZFC) and
field-cooled (FC) dc magnetization [M(T)] from 3 K to 370 K,
under magnetic field, H = 500 Oe, has been performed and
shown in Fig. 1. The bifurcation is noticed between ZFC-FC
curves below 7~ 240 K. The observed transition is FM-like
in nature and the transition temperature, T¢ (~ 280 K) is
determined from the dM/dT versus T curve shown in the
lower part of Fig. 1. The minima in dM/dT versus T plot ex-
panded almost 100 K span of temperature. It indicates that the
transition is not a long-range FM type and above T¢, a possible
short-range magnetic interaction present in the system. Thus,
to understand the magnetic nature of the high temperature
region while approaching toward magnetic phase transition,
along with the type of long-range ordering of the transition
and its universality class, the critical analysis around the FM
phase transition temperature of the compound has been car-
ried out. The strength and nature of the magnetic interactions
can also be extracted from the analysis [43,48]. Usually, the
critical exponents and critical temperature of a system are
determined by analyzing the Arrott plot, i.e., M? versus H/M
around T¢ [49]. To find out the order of the transition, the
Banerjee criterion has been followed [50]. According to this,
the positive (negative) slope of the high field M? versus H/M
curves implies the second-order (first-order) phase transition.
The M(H) isotherms for the compound taken around the T
have been shown in Fig. 2(a) and these curves clearly exhibit
a continuous FM-like phase transition. The positive slope
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FIG. 1. Temperature dependence of ZFC-FC magnetization in
presence of H = 500 Oe. Below: dM/dT of FC curve (H = 500 Oe)
as a function of temperature.

in the Arrott plot [shown in Fig. 2(b)]also substantiates the
continuous or second-order magnetic phase transition in the
compound. Though the isotherms in M? versus H/M plot are
almost linear, a slight downward deviation in the curves is
noticed that interrupts to find the actual (critical) isotherm,
which passes through the origin. Hence, the modified Arrott
plot (MAP) method, provided by Arrott-Noaks [51], has been
employed to investigate the critical behavior of susceptibility
as well as magnetization near 7¢. The equation is given by

(H/M)'Y =a(T;TC> +bM'/P (1)

e
here, a and b are constants. It is well established that, near
the critical temperature of a continuous PM to FM transition,
the critical nature of susceptibility and magnetization can be
classified using the appropriate values of critical exponents,
ie., B, vy, and § [43,48,52]. The spontaneous magnetiza-
tion [Ms(0,T) = Mpy—o], initial susceptibility [x;(0, T) =
oM /dHy—o], and magnetization at Tc [M(H, T¢)] follow the
power-law behavior and the relations having the forms [52]

Ms(0,T) = Ms(0)(—¢)?, & < 0, 2)
xi(0,T) = xo(e)7, & >0, 3)
MH,Te) = AH)?, e =0, 4)

where ¢ = (T — Tc/Tc) is the reduced temperature, which
is a dimensionless quantity. Mg(0), xo, and A are the criti-
cal amplitudes in the corresponding equations, with H being
the internal magnetic field. The universal characteristic of a
material is decided by these critical exponents and critical
amplitudes near the magnetic phase transition point. To find
out the appropriate values of 8 and y, first the magnetic
isotherms of the (H/M)!/” versus M'/# have been plotted with
initial values of B and y taken from the theoretical models.

The value of these exponents are then refined until a set of
quasistraight lines and an approximate critical isotherm, i.e.,
where the T = T¢ curve passes almost through the origin,
are achieved. These isotherms intercept on x and y axes and,
respectively, yield x;(0, T)™'/7 (for T > T¢)and Ms(0, T)'/#
(for T < T¢). These obtained Ms(0, T) and x;(0, T) data
have been tested using aforementioned power laws. With tak-
ing the initial value of T¢ estimated from the previous MAP
fitting, these values are fitted using Eqgs. (2) and (3) to get
improved values of 8, y, and T¢. A new MAP has been again
constructed using the estimated critical exponent values that
improves the values of y, §, and T¢ further. This refinement
has been carried out until consistent values of T, 8, and y
are achieved [40]. The MAP for the temperature range T
= 264 K to 286 K is shown in Fig. 3(a). Only higher field
region data of these isotherms have been fitted to avoid the
unnecessary contribution of the demagnetization factor and
the magnetic domains’ rearrangement at the low-field region
in the calculation. The estimated critical exponent values are
B =0.61 and y = 1.09. The extracted critical isotherm that
passes through the origin has been considered to be T =~
274 K. Moreover, the Ms and ! for different temperatures
have been obtained following the aforementioned process.
The power-law fitting of the Ms(T') curve yields 8 = 0.604 +
0.003 with Tc = 274.00 = 0.08, on the other hand, x,, ! yields
y = 1.096 £ 0.006 with T = 274.34 & 0.16. The fitted plots
are shown in Fig. 3(b). The extracted values of critical expo-
nents B, ¥, and magnetic transition temperature 7 match well
with the values estimated from MAP that supports the relia-
bility of the calculation as well as the trueness of the values.
In addition to that, the Kouvel-Fisher (KF) [53] method has
been used further to check the correctness of these 8, y, and
Tc values. According to this technique,

Mg(T)[dMs(T)/dT1™" = (Tc — T)/8B, 5)
xo {(Dldxy ' /dT1 = (T - To)/y. (6)
Using these relations, |Ms(T)[dMg(T)/dT]"'| and

X()_l (T)[d)(o_]/dT]’1 have been plotted as a function of
temperature that produces straight lines having slopes
1/B and 1/y, respectively. The intercept of these lines on the
temperature axis yields T¢. Hence, using the KF method, these
curves have been fitted linearly, which gives § = 0.61 £ 0.02
with Tc = 274.18 £ 0.08 from Eq. (5) and y = 1.11 £ 0.04
with Te = 274.36 £ 0.29 from Eq. (6). All the data including
linear fitted plots have been shown in Fig. 3(c). These values
also match well with the previously estimated critical values.
The other critical exponent (§) has been extracted from the
isothermal magnetization at 7 = T¢ utilizing Eq. (4). The
M-H curve closest to Tc (T = 274 K) is shown in Fig. 3(d).
The inset of Fig. 3(d) exhibits the linear fitted curve at the
high magnetic field region of the log-log M-H plot. § is
determined from the slope (1/§) of that fitted straight line and
the value is 2.789 =+ 0.001. The deviations in the analysis of
least-squares fitting of the critical behavior investigation have
been considered as error bars. Moreover, these 8, y, and §
also follow the Widom scaling relation [54,55]:

d=1+y/B. @)
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FIG. 2. (a) Isothermal magnetization curves [M(H)] at different constant temperatures around 7T¢. (b) Arrott plots of corresponding

isotherms (M? versus H/M).

Putting the obtained critical exponents from MAP [Fig. 3(b)]
and KF [Fig. 3(c)] methods in the relation, the § values have
been calculated as 2.814 £ 0.009 and 2.819 £ 0.06, respec-
tively. The obtained § values are almost close to the calculated
6 value from the isothermal magnetization fitting in Fig. 3(d).
Therefore, the consistency of the Widom scaling with the
previously observed critical exponents again supports the re-
liability of the critical analysis.

The most meticulous technique to check the correctness
and reliability of these observed critical exponents as well as
Tc is to match the data with the scaling hypothesis [52]. The
equation of the hypothesis is as follows:

M(H, &) = () fo[H/e7 P, ®)

where f, and f_ are the scaling functions for 7 > 7¢ and
T < Tg, respectively. Hence, Eq. (8) indicates that, for the
appropriate choice of B, y, and § values, the M|e|~# versus
H|e|~#*7 isotherms around T generate two universal curves
for the temperatures below and above T¢. For better results,
the log-log plot of these isotherms has been shown in Fig. 4,
where these isotherms fall onto two individual curves for
T < Tc and T > T¢. Thus, two branches of these isotherms
around T¢ clearly prove the universality nature and further
substantiate the trueness of the calculation of critical analysis.
The critical exponents, which are estimated using different
techniques, are listed and compared with different theoretical
models in Table I.

Note from the comparison in Table I that, though the
critical exponent values for the compound nearly follow the
mean-field model compared to the other well-known theo-
retical models, the values of §, y are greater than and § is
less than the predicted mean-field model. Moreover, the y
value may be considered to be lying between the mean-field
and 3D Ising models, implying that all magnetic moments in
the LCSMO compound are neither exclusively influenced by
the identical averaged exchange field induced by all neigh-
bors (i.e., the mean-field model) nor the magnetic moments

influenced by only 1D nearest-neighbor spin interaction (i.e.,
3D Ising model) [56]. It could be owing to the presence of
defects, originating from the enhanced A-site disorder as well
as formation of nanograins and/or grain boundaries, resulitng
in the appearance of short-range FM interaction (GP), amidst
the global PM matrix, creating an additional critical exponent
correlation length scale in the LCSMO system. Thus, the
observed particular y value (~ 1.09) in the system could be
a collective result of more than one correlation length [57].
Physically, 8 portrays the growth of the ordered moment
below T¢, with smaller values reflecting faster growth; § illus-
trates the curvature of magnetic isotherm at 7¢, with smaller
values implying less curvature, including slower saturation,
and y provides the information of the divergence of initial
magnetic susceptibility while approaching T¢ from T > T,
with smaller values indicating sharper divergence. However, y
is also considered to be a measure of the FM interaction range
in a system and Fisher et al. [58] theoretically developed the
meticulous relation between the susceptibility exponent ()
and the range of exchange interaction (o) having the form

4/n+2 8(n+2)(n—18)
=14 — A aare)
v +d<n+8) ?

d?(n + 8)?

d
y [1 W} AG2.
(n—4)(n+3)

Here d and n stand for the dimension of the lattice and the spin
in the system, respectively, Aa:(o-%) and G(§)=3-}1(‘2—l)2.
Accordingly, the isotropic exchange interaction [J(r)] be-
tween spins has an impact on the universality class of the
magnetic phase transition in a long-range FM system. As per
the renormalization (group theory) analysis for these kinds of
systems, J(r) ~ 1/ rd*+o where, r is the distance and d and
o have been mentioned earlier. When, o > 2, the 3D Heisen-
berg exponents (given in Table I) are valid and J(r) decreases
with r faster than 1/ 7. On the other hand, the mean-field
exponents (given in Table I) hold when o < 3/2 and J(r)

©))
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Eq. (4).

reduces with r slower than 1/r*. Hence, for three-
dimensional systems, the aforementioned interaction expres-
sion turns out to be J(r) ~ 1/r3+", with 3/2 < o <2 for
intermediate ranges and the exponents for this range belong
to a different universality class that depends on o. Thus, o
as well as the spin interaction around the magnetic phase

transition of the system has been estimated by utilizing the
aforementioned expression. The parameter o in Eq. (9) has
been adjusted in such a way that it yields the y value approxi-
mately same as observed via experiments (i.e., y ~ 1.09) for
a specific value of d and n. Thus, taking lattice dimension, d =
3, the relevant results forn = 1, 2, 3, oo are observed [58,59].

TABLE I. Comparison of various determined critical parameters with different well-established theoretical models.

System Reference Technique B y ) Tc (K)
LCSMO This paper Modified Arrott plot 0.604 £+ 0.003 1.096 + 0.006 2.814 £ 0.009 274
Kouvel-Fisher 0.61 £0.02 1.11 £ 0.04 2.819 £0.06
Critical isotherm 2.789 £ 0.001
3D Ising [40,41,56] Theoretical 0.325 1.241 4.82
3D Heisenberg [40,41,56] Theoretical 0.365 1.386 4.8
Mean field [40,41,56] Theoretical 0.5 1 3
3D XY [56] Theoretical 0.345 1.316 4.81

214407-5



SUVAYAN SAHA et al.

PHYSICAL REVIEW B 105, 214407 (2022)

300

10’ 10
H |8|'(Y+[3) (Oe)

FIG. 4. Log-log scaling plot using estimated g and y values.

Multiple interaction ranges corresponding to different n val-
ues are observed for the system and the values lie in the range
3/2 < o < 2 (shown in the Supplemental Material). Hence, it
may be concluded that the observed critical exponents belong
to a different universality class. Therefore, to delve further
to inquire if these critical phenomena describe any new (or
weak) universality class in the system, the investigation has
been further extended to the analysis proposed by Suzuki
[60] where, instead of taking the exponents of temperature
difference, the correlation lengths, £(T )(= const | To-T |7")
corresponding to different o (interaction ranges) have been
taken into consideration. £ is linked with o via correlation
length exponent (v) having the form v = £ [57,58]. Accord-
ingly, the correlation length exponents and corresponding
reduced exponents (g, %) have been calculated and compared
with the well-known theoretical models (Supplemental Mate-
rial table). The reduced critical parameters do not match with
any of the theoretical parameters and there is a possibility of
more than one existing correlation length, £(7"), correspond-
ing to different o (or v) in the system (details given in the
Supplemental Material). According to the theoretical work
on the Griffiths singularity by McCoy [57], a system with
immobile random impurity (quenched disorder) exhibits a
second length scale corresponding to that impurity. Normally,
in polycrystalline compounds, the average grain size is small
and the £ exceeds the grain size, while T approaches close to
Tc [43]. Therefore, the fluctuation effects can be ignored and
the system follows the mean-field model [43]. However, when
the £ is comparable to the disorder/impurity length scale in
the presence of quenched disorder in the system, while the
temperature is approaching close to T, the effect of a small
amount of disorder/impurity might be significant despite the
impurity length scale being small compared to the grain size
of the compound [57]. This may result in the deviation of
critical parameters from usual values. Hence, the presence
of an additional critical exponent correlation length scale in
the sample substantiates the existing disorder, which may
help to appear and stabilize the short-range magnetic inter-
action or the GP at the above T¢ regime in the system [9,57].

Therefore, clearly, the observed unusual critical parameters of
the system do not belong to any well-known existing univer-
sality classes or weak-universality classes, which, on the other
hand, also substantiates the inhomogeneous (magnetic) nature
of the system.

The variation of y value from the mean-field model has
also been reported in different systems, e.g., Zr;_Nb,Zn;
[61], antiperovskite Cu;_,NMnj3,,(0.1 <x<0.4) [62],
single-crystalline Lay7Sro3MnO3 [10], La;_,Ca,MnO3(x =
0.20,0.21) [44] systems, etc. Sokolov ef al. [61] discussed
the deviation of the y value from the mean-field value
in a Zr;_,Nb,Zn, compound by the originated disorder
with Nb substitution in the system. Khan et al [44]
explained the obtained high value of y in single-crystalline
Lag79Srg2;Co03 system by taking into account the existence
of severe critical fluctuations at the T > T¢ regime appeared
owing to the presence of inhomogeneity in the system.
According to Lin er al. [62], the existing short-range AFM
interaction above the 7 > T¢ region and presence of critical
fluctuations in the Cu;_,NMnjs,, system are responsible for
the deviation in y value from the mean-field model. Thus,
the observed y value in the nanomaterial reflects a gradual
divergence of magnetic susceptibility for T > T¢ range that
may also be a consequence of existing disorder/defect in
the compound as mentioned earlier. On the other hand, the
unusually high g value has also been reported in different
systems [63]. Butch et al. [63] explained the unusual B
exponent with considering the presence of fluctuations
that appears owing to the disorder of Re substitution in
URu,_,Re,Siy systems. Cheng et al. [64] delineated the
estimated abnormal § value in Ca-substituted Sr;_,Ca,RuO;
compounds due to the strong spin-orbit coupling that results
in a phase segregation between weakly correlated and
strongly correlated phases. According to Miiller-Krumbhaar
[42], the presence of lattice inhomogeneity, i.e., introduction
of missed spin clusters within a homogeneous Heisenberg
spin system, causes enchancement of the B value. Hence,
the obtained high value of B indicates the slow growth of
ordered moment below Ty and it may be a consequence of
having disorder or magnetic inhomogeneity in the present
system. Further, the critical exponent, §, is found to be less
than the mean-field model. It is also substantiated from the
decreasing curvature of the M(H) isotherms. The critical
analysis in single-crystalline doped perovskite manganites
have also been carried out by Jiang et al. [5,27] and Salamon
et al. [1,10]. They characterized the GP by unusual critical
exponents, particularly, the abnormally large § value, while
arguing if the CMR is a Griffiths singularity or not. However,
the obtained unusual critical parameters in the present system
differ from their estimated values and, apparently, do not
belong to any of the given university classes. The possible
origin of this disparity is the different bivalent doping
concentrations present in the compound or the intrinsic
inhomogeneity that arises due to the polycrystalline nature of
the nanomaterial in the microscopic scale and it, ostensibly,
depends on the different preparation techniques, as explained
by other groups [43,65-67]. Moreover, the deviation of
critical values from the usual mean-field model has also been
explained with the increase in A-site cationic disorder by
Banik er al. [48]. Therefore, it may be concluded that the
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FIG. 5. Inverse magnetic susceptibility as a function of tempera-
ture for external magnetic field H = 100 Oe, 500 Oe, 1 kOe, 5 kOe,
10 kOe, 20 kOe. Solid line is the guide to eyes to note the deviation.
Inset: linear fitting of true PM phase up to 400 K for H = 100 Oe.

intrinsic disorder and magnetic inhomogeneity are present in
the LCSMO nanomaterial. The presence of disorder/defect in
a system is a prerequisite of appearing the GP in a system as
reported in Refs. [8,9]. It is also worthwhile to note that the
calculated T¢ in critical analysis differs from the observed T¢
in dM/dT versus T curve. It is because the Curie temperature
Tc ~ 280 K has been estimated from the broad minima
of the dM/dT curve (Fig. 1). The observed deep (minima)
is broadened due to the occurrence of two transitions (spin
freezing and FM-like) at the nearby temperatures [45].

As observed from the M(T) plots (Fig. 1) and critical
analysis, the magnetic phase transition is not a proper FM and
the intrinsic inhomogeneity/disorder is present in the system.
As mentioned earlier, the intrinsic inhomogeneity/disorder
helps to appear short-range magnetic correlation above T¢ [9].
Therefore, to get the information of the high-temperature re-
gion while approaching toward magnetic phase transition, the
inverse susceptibility [x ~!(T)] curves for the magnetic field
variation of H = 100 Oe, 500 Oe, 1 kOe, 5 kOe, 10 kOe, and
20 kOe have been plotted in Fig. 5. It shows a prominent mag-
netic field-dependent downturn, i.e., with increasing applied
magnetic field the gradual suppression of x ~!(T) downturn is
noticed below a certain temperature while advancing close to
phase transition from high temperature PM phase. This type of
anomalous behavior in x ~!(T) is considered to be a fingerprint
of GP [2,4,5,8,11], where the stairlike pattern (in low H) ap-
pears only when the small FM clusters start emerging amidst
the PM matrix i.e., the magnetically ordered rare region has a
higher susceptibility than that of its PM matrix and eventually
merges with the high temperature true PM regime in applica-
tion of high magnetic field, as described in literature [2,8,68].
Thus, the observed pattern of x ~'(T) in Fig. 5 is similar
to the behavior of GP phenomenon, which, however, can be
destroyed in application of H > 10 kOe, where the downward

=y
o 111 S

6 8 10 12 14 16 18 20
H (kOe)

FIG. 6. Phase diagram of H versus 7. The shaded region is Grif-
fiths phase region.

0 2

deviation almost merges with the high-temperature magneti-
zation. This high field behavior might be incorporated with,
either the FM clusters getting saturated with increasing mag-
netic field and/or small FM component getting suppressed
under the PM background as the magnetization of PM matrix
increases linearly under such a high external magnetic field
[2]. The Curie-Weiss (CW) fitting of x ~!(T), under H =
100 Oe, has been displayed separately in the inset of Fig. 5.
The dependance of x ~!(T) is linear in the high temperature
region (i.e., T > 350 K to up to 400 K) and follows the
CW law well. In this true PM region, the experimentally
observed effective PM moment, puS¥ = 4.94 ju/f.u. almost
matches with the theoretical value, ug}‘f“’ = 4.33 pp/f.u. [69].
However, x ~'(T) deviates from the CW behavior around the
temperature ~ 350 K (75), which is marked as the onset of
GP as mentioned earlier. The existence of the GP has also
been incorporated with a phase diagram of H versus 7 shown
in Fig. 6. Moreover, the susceptibility obeys the following
law, x “I(T) o (T-TR®)'™* (0 < A < 1), in the GP region
[1,2,5,10], where A is the magnetic susceptibility exponent
and TR is the critical temperature of random FM clusters
where the susceptibility diverges. Generally, in this region a
singularity (termed as the Griffiths singularity) is observed
between the GP and high-temperature PM phases. To identify
GP and to distinguish the singularity, the 100 Oe x ~'(T) curve
has been plotted again with reduced temperature #,, = T /TR
- 1 in log-log scale. Using the aforesaid power law, the A
values for the PM region (Apy) and the GP region (Agp) can
be easily determined by linear fitting the higher and lower
reduced temperature portion of the log-log plot, respectively.
The double log plot and the linear fitted data have been shown
in Fig. 7. It should be noted that an incorrect value of 7X may
lead to an unphysical fitting along with an inaccurate value of
A [8,70]. The value of Apy in the pure PM region is expected
to be 0 (zero). On the other hand, the Agp value will be finite
(i.e., between 0 and 1) in the GP region owing to the exist-
ing finite-size FM clusters amidst PM matrix above T¢. The

214407-7



SUVAYAN SAHA et al. PHYSICAL REVIEW B 105, 214407 (2022)
[ 6 [=285K i fi ‘n
e o 10
NOD - 320K
S5k N; 4L O30k -
1 _ ~~
—~ =N 200 %D
I “ o
= - % 2F --' o f E
~ o L A £ 1150 ©
= S 1 l\LLLLLn""‘. s £ \./2
o0 A A T, 2
o 4r 0 10 20 30 40 50 60 -3e0] 1005
H/M (102 Oe-g/emu) —
I 450
o
3 : : : : : ' : 0 50 100 150 200 250 300 350 4-0(())
-4 -3 -2 -1

log, (T/T."-1)

FIG. 7. Double-logarithmic plot of inverse susceptibility against
reduced temperature. Solid lines indicate the linear fitting at
the GP and PM region. Inset: Arrott plots at the temperatures
above T¢. Solid lines are the linear extrapolation from the high field
region.

observed values from the fitting are Agp ~ 0.984 and Apy ~
0.035, which is very close to zero. It is worthwhile to mention
that, in realistic systems, a GP evolves into a conventionally
disordered PM phase [5], where a weaker magnetic correla-
tion with very low magnetic moment [71,72] can be observed
owing to the existing noninteracting FM clusters (very small
in number). Thus, it is difficult to obtain Apyy = O at the PM
region for a real system [4,8]. However, this interaction in the
PM region is so small that the state can be considered as a
pure PM state as given in previous literature [8]. The degree
of deviation in x ~!(T) from its high temperature CW behavior
and the value of Agp determine the strength of GP. Hence, the
high value of Agp indicates the presence of a strong GP in the
system. Here, strong means the Griffiths singularity is reason-
ably strong in the system that needs H > 10 kOe to overcome.
In a different way, the deviation in x ~'(T) from the CW line
is very large and the temperature range of GP normalized with
respect to T¢ calculated as GP(% T¢) = [TGT;CTC] x 100 is also
high, i.e., ~ 28% [8]. These A values are very comparable with
other reported manganite materials [71,73] as well as double
perovskite systems [16,17]. It should be mentioned that the
possibility of diverging the susceptibility before the beginning
of long-range ordering at 7¢ has been taken into consideration
by Griffiths in his original work on the GP [9]. Moreover,
the chances of the spontaneous magnetization appearing in
the temperature regime above 7¢ have also been predicted
by MaCoy, while characterizing Griffiths singularity [57].
Therefore, to discard the possibility of having spontaneous
magnetization above T in this system, M? versus H/M curves
(Arrott plot [49]) have been shown for few temperatures in GP
regime [M(H) curves have been discussed later] in the inset of
Fig. 7. The high-field data of these curves have been linearly
fit and extrapolated to H/M = 0. It intersects on the negative

T(K)

FIG. 8. Thermoremanent magnetization (left axis) and inverse
thermoremanent magnetization (right axis) as a function of tempera-
ture after cooling down the system at H = 100 Oe.

M? axis, which implies no spontaneous magnetization as well
as long-range FM ordering in that region [2].

As GP phenomenon is restricted in the low field region
only, a perturbation like magnetic field is expected to play a
significant role on such a localized spin texture. To avoid such
circumstances, the thermoremenent magnetization [Mry (T)]
experiment has been employed, where the magnetic measure-
ment is carried out in zero field. In this protocol, the sample is
first cooled down to a lower temperature from well above its
transition temperature (7 > 7Tg) under an applied magnetic
field (H = 100 Oe for this case) and the field is switched
off at the lower temperature. The Mrm(T) is recorded during
warming cycle under this zero applied magnetic field. It shows
an upturn at the magnetic transition. The GP signature is
noticed from the slight upturn in MrMm(T) above the FM-like
transition temperature (7¢). It is also substantiated with the
observed downturn around that same transition temperature in
the inverse thermoremenent magnetization [1/MrrM(T)] plot.
Both curves have been shown in Fig. 8. The GP transition
temperature, T is observed around ~ 360 K. Both 7¢ and
T are slightly higher than conventional in-field T and T
and signifies the influence of magnetic field in the phase
transition. Though such type of measurement protocol has
limited utilization to probe piezomagnetism [74], spin-glass
[75] etc., it has also been performed previously to explore GP
in different systems [68,76].

The existing magnetically ordered rare regions (GP)
significantly influence the spin dynamics of the magnetic sus-
ceptibility [23]. Hence, the spin dynamics in the GP region are
different from the high-temperature PM regime. The dynamic
properties are characterized by the average spin autocorre-
lation function, C(t). In the pure PM range (T > Tg), the
autocorrelation function is expected to fall exponentially, ow-
ing to the absence of any locally ordered rare regions [23,68].
In contrast, in the GP regime (T < T < Tg), a nonexpo-
nential decay of the autocorrelation function is noticed as the
required time to flip the effective spin of large magnetically
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FIG. 9. Isothermal remanent magnetization (IRM) at 7= 300 K
and 320 K along with its Ising fit. Inset: Deviation of exponential as
well as Heisenberg fits at T = 320 K.

ordered regions is high, which apparently slows down the
dynamics [23,68]. The slowing down can be manifested in
the form of a power law in the magnetic relaxation measure-
ment, i.e., the magnetization decay as a function of time. This
slowing down of the dynamics of the system is regarded as a
prerequisite for a GP [23]. To incorporate that, the isothermal
remanent magnetization (IRM) measurement for the LCSMO
compound has been carried out within the GP regime. The
decay has been characterized as C(t) ~ exp[—A(In ¢ )?/?~1] for
Ising spin systems and C(t) ~ exp[—Bt"?] for Heisenberg spin
systems [23]. The system was cooled from 7 = 380 K to the
desired temperatures, i.e., T = 300 K and 320 K at an applied
magnetic field, H = 500 Oe and the decay of magnetization
was measured as a function of time after sudden removal
of the magnetic field. The IRM data implies that the decay
perfectly follows the functional form of the Ising spin systems
discussed previously. The experimental and fitted data have
been shown in Fig. 9. The deviation from the functional form
of exponential and the Heisenberg systems (at 7 = 320 K) has
also been shown in the inset of Fig. 9. Thus, it indicates that
the observed state above T¢ for the system is not a pure PM
state, rather a GP exists that slows down the spin dynamics. In
the earlier reported results, a Heisenberg-like spin interaction
in the magnetization decay was observed [68,77], however,
in contrast to that, the Ising spin interaction is noticed in the
present system. This observed Ising spin interaction in the
present compound has been incorporated in the aforemen-
tioned critical analysis section.

As formerly stated, the disorder in a system is considered
to be the prerequisite in the GP appearing [9]. To identify and
confirm the presence of the GP associated with disorder in the
system, the M(T) curves at H = 100 Oe, 1 kOe, 5 kOe, and
10 kOe for the temperature region of 300 K to 350 K have
been fitted with the model (shown in Fig. 10) proposed by
Galitski et al. in their theoretical study on role of disorder
in the GP [78]. According to it, the magnetization under
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FIG. 10. FCW magnetization data for H = 100 Oe, 1 kOe,
5 kOe, and 10 kOe and the corresponding theoretical fitted curves
(solid lines) obtained using the model proposed by Galitski et al.
[Eq. (10)] at the Griffiths phase region. Inset: The estimated constants
in Eq. (10) as a function of magnetic field (in kOe) plot.

magnetic field in GP region obeys the following formula:
M(T, H) o exp[—C'(T/H)]. (10)

C’ = kg/waye is constant, kg stands for Boltzmann constant,
and [,y indicates the average magnetic moment of FM clus-
ters in the GP. Therefore, C’ is inversely proportional to ftyye.
We have shown in Fig. 10 that, in the GP regime, M(T)
curves would be perfectly described by the above model. The
enhancement in the estimated C’ value with increasing applied
magnetic field (inset of Fig. 10) indicates the drop in the
average magnetic moment of FM clusters. Hence, it evidences
the presence of the GP in the system that starts disappearing
upon application of large magnetic field due to the increase
in magnetization of the PM background. It matches with our
aforementioned observation. In addition, the average size (di-
ameter) of the FM cluster can also be estimated utilizing the
above expression. Only the H = 100 Oe M(T) fitting parame-
ter (/4ave) has been taken into consideration for calculation to
avoid the unwanted PM contribution to the magnetic moment.
Considering the saturation magnetization of one formula unit
is 3.4 up and the observed fiae =~ 2 x 10° up, the average
diameter of FM clusters comes out to be ~ 6.5 nm, which is
comparable to the other reported values [79,80]. In addition, it
may also be concluded that the existing disorder, originating
due to the mismatch of different elements at the A-site as well
as the formation of nanograins in the system, helps to grow
the GP in the system.

B. Isothermal magnetization

As discussed earlier, the region above T¢ is not purely PM
for this system. The presence of GP can also be distinguished
via analyzing magnetic isotherms [M(H)]. These isotherms
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FIG. 11. M(H) isotherms at different temperatures for the region
T > Tc. Solid lines are the corresponding simulation curves gener-
ated using Brillouin function.

have been recorded in ZFC mode at constant temperatures.
The magnetization value of experimentally observed first
quadrant M(H) isotherms (above Tr) reduces with increasing
temperature and increases with increasing magnetic field. This
indicates the absence of any long-range magnetic ordering in
this region [81]. However, a rise in magnetization in the lower
field region (particularly, for 7= 300 K) has been noticed that
also reduces with increasing temperature. It may appear due to
the presence of short-range FM ordering. Thus, to get deeper
understanding, these M(H) isotherms have been compared
with the theoretically simulated M(H) curves. The theoreti-
cal M(H) curves have been obtained using Brillouin function
Bj(x) assuming the system exhibits a true PM behavior above
Tc [81]. Hence, the magnetization can be written as

Mineo(H) = NgJ By (x), (1)

with x = gJupH /kgT. Here, N is the number density of
Mn** /Mn** ions or magnetic dipoles, g stands for Landé g
factor, J is the total angular momentum of Mn**/Mn** ions
(here, J = 0.4 x240.6 x3/2 =1.7), up and kg stand for
Bohr magneton and Boltzmann constant, respectively. Both
the simulated and experimentally observed curves have been
plotted and compared in Fig. 11. It is seen that the simulated
curve excellently follows the experimental curve for the tem-
peratures above Tg (i.e., T = 360 K and 380 K), but does
not match well for the temperatures 7o < 7 < Tg. At T =
300 K, the experimental magnetization value is higher (lower)
in the low- (high-) field region with respect to the theoretically
calculated values. This may be an indication of complex mi-
croscopic arrangement with FM and AFM/glassy/frustrated
regions at the GP state. This ambiguity can easily be explained
considering the scenario of FM clusters, being squashed in the
PM matrix, as analogous to FM/PM/FM trilayer thin films
with FM regions having directional anisotropy [82]. The em-
bedded nano FM cluster formation in the PM region can also

be considered as core-shell type [76], where the core com-
prises with FM entity and the shell contains frustrated/glassy
regions. However, it should not be confused with the nanoma-
terial’s core-shell structure. In this scenario, the FM spins at
the core try to orient along the magnetic field direction along
with the shell frustrated/glassy regions at the low field regime
and the magnetization increases with magnetic field. In this
situation, the FM-cluster-phase contributes broadly to the total
magnetization with respect to the global PM matrix and as a
consequence, magnetization increases compared to theoretical
value at the low field region. On the other hand, when the
increase in magnetic field crosses the critical field of the GP
(i.e., H > 10 kOe), the nano FM clusters get magnetically
saturated and, owing to an increase in polarization of spins in
the PM matrix, FM cluster contributions are masked under
the PM matrix. Thus, the average moment of FM clusters
decreases, as shown previously in the inset of Fig. 10. How-
ever, due to the existent magnetic anisotropy of FM clusters,
they are ordered in different ways. Thus, the outer shell spins
of these clusters are orientated as magnetically disordered
because of the increase in the FM proximity effect toward the
peripheral area of clusters with increasing magnetic field [82].
As a result, magnetization at the high-field region decreases
compared to theoretical value. Additionally, it may also be
concluded that the considerable difference between the simu-
lated and experimental curves at the high- as well as low-field
regions at 7 = 300 K apparently evidences the presence of a
large number of FM clusters amidst the PM matrix. However,
the difference of the higher and lower field regions starts
suppressing with increasing temperature as the interactions of
FM clusters are diluted with increasing temperature. It may
also be noted that the simulation data for 7= 340 K overlaps
partially with the experimental curve and, perhaps, it is an
indication of disappearing the GP and emergence of true PM
phase as the temperature is approaching close to 7. Hence,
the system does not show a pure PM behavior below Tg.

To see the magnetic behavior in the low-field region, the
derivative of initial magnetization (dM;/dH) with respect to
magnetic field at different temperatures has been plotted in
Fig. 12. The curves at 7= 220 K and 260 K show a discernible
peak in the low-field region and up to T ~ T, it shifts toward
an even lower field region with increasing temperature. This
kind of behavior is expected in a FM system [83]. However,
the peak disappears for temperatures above Tr and, interest-
ingly, the raise in the curve at the low-field region persists
up to ~ Tg. Above that, for T = 360 K and 370 K, linear
behavior is observed. Hence, the uprise in dM;/dH may be a
consequence of existing GP in the temperature range 7o < T
< Tg. Additionally, it was predicted by Wortist [84] and by
Harris [85] in their theoretical calculations on GP that all the
magnetization derivatives with respect to field (i.e., dM/dH)
above T¢ are finite at H = 0 for a GP system. Hence, the
observed upraise at the lower field region for the tempera-
ture range Tc < T < Tg in Fig. 12 supports the theoretical
prediction.

It has been previously mentioned that GP appears due to
the formation of FM clusters in the PM phase. Hence, to inves-
tigate it along with its interactions properly, M(H) isotherms
at different temperatures have been investigated again. Mag-
netic isotherms are generally expressed with the Langevin
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FIG. 12. dM;/dH (M; is initial magnetization) versus H at dif-
ferent temperatures both below and above T¢.

equation for a true PM material [86,87]. However, isothermal
magnetization for a system with existing FM clusters amidst
the PM background follows a modified Langevin function
[71,88]. According to this model, the M(H) can be written as

<wu>H
kgT

Here N is the FM cluster density in the PM region, <
W > is average magnetic moment of the clusters; [L(x)] de-
notes the Langevin function with x = <,‘:>TH; kg, H and T
are, respectively, Boltzmann constant, apleied magnetic field,
and temperature. Here, the A term is added in the standard
Langevin function to incorporate the linear magnetization
fraction with magnetic field. Using this relationship, the M(H)
isotherms for different temperatures (T > T¢) have been fitted
(inset Fig. 13). Utilizing the fitting parameters, < u > has
also been estimated and plotted as a function of T (shown
in Fig. 13). It is noted that the average magnetic moment
is high at the GP region. However, it starts reducing from
the GP region to the above T with increasing temperature
owing to the enhancement of the PM matrix. The high value
of magnetic moment at the GP region implies the clustering
of few atomic spins. Assuming the cluster’s shape is spherical
and taking the average cluster moment of one formula unit
is 3.4 wp with volume 243.15(3) A3 (unit cell volume), the
size (diameter) of these clusters has been estimated. The ap-
proximate diameter of the cluster at 7 = 320 K comes out
to be ~ 7.6 nm. However, the diameter is greater than the
value estimated using Eq. (10). This disagreement may have
emerged from the substantial PM contribution to the magnetic
moment due to the strong magnetic field variation of H =
65 kOe.

On the other hand, it is well established that, when the
particle size reaches the nanometer scale, it may behave like
superparamagnetic materials, i.e., it acts like an individual
FM entity [89-91]. Thus, to discard the appearance of super-
paramagnetic phase associated with this existing FM clusters
at T > T¢, normalized magnetization (M/M,) versus H/T

MH)=N < ju > L( ) FAH. (12
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FIG. 13. Average clusters’ moment as a function of temperature
for GP regime (7' = 320 K, 330 K, 340 K, 350 K, 360 K, and 370 K).
Inset: Isothermal magnetization at different temperatures in the 7 >
T region. Solid lines are the corresponding modified Langevin fitted
curves.

has been plotted at different temperatures (Te < T < Tg)
and is shown in Fig. 14. These curves collapse onto a single
curve if clusters are superparamagnetic [91]. However, the
diverting nature of each isotherm from another discards the
presence of a superparamagnetic phase of the nanoparticle in
the temperature region 7o < T < Tg.

0 " 1 "

0 50 l(I)O 150 200 250
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FIG. 14. M/Ms (Normalized magnetization) versus H/T plots for
the temperature regime T < T < Tg.
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C. Magnetocaloric effect

The MCE in a material is largely used to achieve mag-
netic refrigerations [92,93]. This MCE of a system is the
output of magnetic entropy change that arises owing to the
coupling of associated magnetic spins in presence of ap-
plied magnetic field, i.e., in application of magnetic field,
the spins orient along the field and helps to reduce the total
magnetic entropy of the system. Hence, the magnetic entropy
change is related to magnetic spins and depends on magnetic
field strongly. Therefore, it is worthwhile to mention that,
to probe the short-range magnetic interaction in a material,
MCE is a powerful tool to utilize. It is also well reported
that the presence of short-range magnetic interaction in PM
region hinders the maximum magnetic entropy change at the
magnetic transition temperature, i.e., it does not allow us
to achieve maximum magnetic entropy change as predicted
by theoretical calculations [94,95]. Thus, to comprehend GP
more precisely, MCE analysis has been performed. The MCE
is calculated from magnetic isotherms using the following
Maxwell’s thermodynamic relation: ASy, = f: (%) dH. The
observed entropy change is 1.49 J/Kg-K for a magnetic field
change of 0-70 kOe. To understand it rigorously, the AS;,
has been plotted as a function of temperature for different
magnetic field variation. From Fig. 15(a), the broad hump as
well as the asymmetrical distribution of AS;; values around its
maximum value (i.e., around Tt) is clearly noticed for the low
field (i.e., up to 5 kOe) MCE plots. In the inset of Fig. 15(a),
it has been compared with the H = 10 kOe AS,; curve with
other high field plots. Interestingly, the asymmetrical nature
and broadness of humps start reducing with increasing mag-
netic field, particularly for H > 10 kOe. In general, a system
with long-range ordering exhibits a symmetrical temperature
evolution of ASy,. On the other hand, asymmetry is noticed
in a system that incorporates short-range ordering [96,97].
However, theoretically in the PM regime, ASy, ~ H?/2T?,

here H and T are, respectively, the applied magnetic field
and the corresponding temperature [97]. Hence, at a constant
temperature, ASy(H) o« H?. The experimental and fitted
ASy(H) curves at the above T regime have been shown in
Fig. 15(b). The best H? dependence is noticed above Tg. It
implies that the true PM region exists above Tg. It is also
consistent with the previously observed linear behavior of
%~ 1(T) curve and best fitted M(H) curves using the Brillouin
function above Ti;. However, in the temperature region 7o <
T < Tg, ASy(H) does not show H? dependance, which in-
dicates that short-range interaction persists in this regime. It
is worth mentioning here that the linear increase on —AS,, in
Fig. 15(b) is because the saturation field was still not achieved,
as observed in Fig. 3(d). Thus, the existence of short-range
interaction may be the reason of getting a magnetic entropy
change over a broad temperature range [in Fig. 15(a)] up to the
field variation, H = 10 kOe, as the GP exists up to that field.
For H > 10 kOe, GP vanishes and, with increasing magnetic
field, asymmetry in the ASy,(T) decreases.

To get profound evidence about the short-range FM in-
teraction or FM clustering at the above T regime, the
theoretical magnetic entropy relation derived from the mean-
field theory has been taken into consideration. This formula
was established by taking into account the relation between
magnetization and magnetic entropy and it has also been
previously utilized to various systems including manganite
compounds to probe the effect of short-range magnetic inter-
action on magnetic entropy [94,95]. But, in the present paper,
it has been used to investigate the existence of GP. Therefore,
the GP regime of AS,, versus T curves has been fitted with
the following relation:

inh(2J + 1)x/27
AS= —NkB[ln(ZJ—f- 1)— In <u> +an}.

sinh(x/2J)
(13)
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FIG. 16. Magnetic entropy change as function of temperature for
applied magnetic field variation of 5 kOe, 10 kOe, and 20 kOe.
Dotted hollow squares are the experimentally observed data and solid
lines are the corresponding simulation curves obtained using Eq. (13)
with m = 5 Mn ions for T > T region. Continuous line for 20 kOe
data is the guide to eyes. Inset: Theoretically generated data using
Eq. (13) with m = 1 to 5 Mn ions and fitted with AS,, versus T
curve for 0 to 5 kOe field variation at T > T regime.

Ao stands for the normalized magnetization change and is
derived from Ao = 0-0 = B;(x); where B;(x) stands for the
Brillouin function with x = gJ/ug(H + Ao)/kgT, other sym-
bols have been described earlier in Eq. (11). Assuming that
the short-range FM interaction appears due to the presence of
more than one Mn ion in the clusters, the above T¢ regime has
been fitted using the aforementioned equation by replacing N
and J, respectively, with N/m and mJ, where m is the number
of Mn ions in the FM clusters. Considering five Mn ions in the
clusters, the theoretical model follows the experimental MCE
curves satisfactorily in the GP region for the field variations
of 5 kOe and 10 kOe (Fig. 16), but it does not follow the
experimental curves above H = 10 kOe. Further, to clarify, the
5 kOe MCE curve has been again fitted with taking m values
from 1 to 5 and shown in the inset of Fig. 16. It is observed
that, except the simulation with m = 5, none of the theoretical
data matches the experimental curve in the GP region. Hence,
GP appears in the T < T < Tg regime because of the FM
clustering and these clusters are composed of at least five Mn
ions.

In strongly correlated systems like doped perovskite man-
ganites, the structure and magnetic properties are closely
associated and the magnetic inhomogeneity originates owing
to bringing in disorder in the system [31]. It arises primar-
ily because of the enhancement in 2 in the bulk LCSMO
system that creates chemical pressure at the A site, resulting
the deviation in the Mn—-O-Mn bond angle and Mn—-O bond
length and, subsequently, the disorder is further increased
by reducing its particle size, i.e., nanomaterial (core-shell
structure) [45]. Thus, it influences the magnetic properties as

the double-exchange/superexchange interactions are strongly
dependent on this bond lengths and bond angles. As a result of
surface pressure effect in nanocrystal, the Mn—O bond length
decreases, which is also responsible for the second-order
magnetic phase transition in the system. Moreover, from the
pioneering work of Zhang et al., the intergrain barrier between
the grains in nanomaterial is considered to be the defect,
which hampers the long-range ordering [32]. According to
them, for broad FM-like transitions, the double-exchange in-
teraction takes place when the intergrain distance is very small
and the atoms are located at the edges of two adjacent grains.
Thus, the grains either overlap partially to make Mn—O-Mn
chains or the adjacent Mn™ ion and O~ ions form the Mn-O—
Mn bridge to fulfill the criterion of DE interaction. Therefore,
if the defect increases, the intergrain distance increases and
consequently hinders the long-range ordering. Hence, in this
present system, the true long-range magnetic ordering has also
been hindered due to the intergrain boundary effect.

It is already described that, the LCSMO nanomaterial
forms a core-shell structure, where the core is comprised with
FM clusters amidst the AFM matrix and uncompensated spins
are located at the shell/surface [45]. It has been delved further
to understand the influence of the surface pressure effect on
size reduction that acts as a driving force for the GP to emerge
in the system. It is useful to consider the surface pressure in
nanocrystalline acts as if the material is under high hydrostatic
pressure [98,99]. As a result, the structural distortion as well
as the strain field is developed in the system. The pressure is
given by P; = 25/d, where S and d denote the surface tension
of the material and the diameter of the particle, respectively,
and here it is assumed that the nanoparticles are in spherical
shape. Thus, the surface pressure increases with decreasing
particle size and naturally it produces a high surface pressure
for smaller particle sizes [98,99]. To get the rough estimation
of P;, S (= 50 N/m) of perovskite oxide titanates has been
taken into consideration in this calculation. The estimated
pressure that acts on the system of average crystallite size,
d~ 34 nm, is ~ 3 GPa. Accordingly, the energy involved for
the 2.9% compaction of unit cell of nanomaterial from the
bulk is ~ 54 meV. The average crystallite size and the volume
of the bulk compound have been taken from Ref. [45]. Thus,
the distortion in the structure is developed (as mentioned
earlier) and it can be estimated by using the equations in

plane (ab plane) OS| = z((bl:a")) and out-of-plane (along c axis)
_ 2at+b—c/V2)
OS, = aibic/ ) fora < c/ﬁ < b. Where, a, b, and c are

lattice parameters. The calculated orthorhombic distortions,
i.e., strain field parameters at T =300 K (T < T < Tg) are
OS; ~ 0.102 +£0.004 and OS; ~ 0.710 £ 0.006. The pres-
ence of strain fields in such type of nanomaterials ruffles the
Mn-O-Mn network [100] and the small difference between
in-plane (OS)) and out-of-plane (OS ) strain fields tries to
freeze the small FM clusters in the core [100].

Thus, the surface spins are immediately positioned
abruptly for T > T while the system undergoes a FM-
like transition. However, due to the existing surface pressure
effect, disorder/grain boundary defects and magnetic inho-
mogeneity, the small core FM clusters (each contains a few
Mn ions only) are pinned in such a way that it gives rise to
different exchange interactions as discussed earlier. As these
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FIG. 17. Core-shell type structure. (a) Shell: Filled with disor-
dered surface spins. Core: FM regions including broken FM clusters
(small) having at least five Mn ions in each cluster are embedded
amidst AFM background. (b) Broken FM clusters (small) having at
least five Mn ions in each cluster in PM matrix. (cluster sizes are not
in scale). (¢) Complete PM/disordered state.

spins are ordered locally, it forms local regions with large
susceptibilities. However, the ordering is not a long-range one
[10]. As a consequence of this combined effect, the FM clus-
ters are strengthened and result in the formation of GP. Thus,
these clusters cannot reach the PM state entirely just above the
T due to insufficient thermal energy [32,101,102] and, con-
sequently, short-range FM interaction is observed above the
Tc region. With further increasing temperature, these clusters
also get sufficient energy to overcome the pinned potential
barrier and above T a true PM phase is observed. A phe-
nomenological depiction of FM clusters for T < Ty and T
> T has been given based on the aforementioned statement
in Fig. 17 for better understanding. In the diagram, FM regions
are embedded in the core AFM matrix with shell uncom-
pensated spins for the T < Tc ~ Ty regime [Fig. 17(a)].
It is worthwhile to mention that the system exhibits a long-
range FM-like ordering below T¢ (~ 274 K) to up to Ty ~
235 K, however, below the temperature 235 K (7F), the AFM
interaction starts ordering and, consequently, glassy magnetic
phase is observed below that temperature [45]. The small
FM clusters that are pinned with at least five Mn ions (each
cluster) in the PM background matrix for the range 7o <
T < Tg [Fig. 17(b)]. Finally, the true PM state above T
> Tg region [Fig. 17(c)] is observed as the system achieves
adequate thermal fluctuation.

The stabilization of GP in the PM regime can also be
well explained by using a schematic energy diagram shown
in Fig. 18. It primarily incorporates with two local minima
(i.e., FM and AFM) for the T < T¢ ~ Ty regime [Fig. 18(a)]
as the ground state of the system is a glassy-type state. The
energy of the pinned clusters are termed as short-range FM
(SR FM) potential. Hence, the stability of GP is described
with pinning potential barrier (U) inthe 7o < T < Tg regime
[Fig. 18(b)]. The only way to overcome the barrier is to supply
sufficient thermal energy. Thus, above a certain critical tem-
perature (here, 7g), the pinned clusters of the system acquire
adequate thermal fluctuations and the whole system reaches
a true PM state [Fig. 18(c)] as described in M(T) and M(H)
plots. The pinning potential barrier can be easily calculated

lu

AFM FM PM  SRFM PM
(a) (b) (©

FIG. 18. (a) Two local minima for FM and AFM phase in T <
Tc ~ Ty regime. (b) Pinning potential barrier for short-range FM
interaction along with PM state in 7o < T < Tg regime. (c) PM
state for T > T regime.

with U ~ kgT. Where, kp corresponds Boltzmann constant
and T is critical temperature (~ Tg). The value comes out to
be ~ 30 meV for the present system. The calculated magnetic
energy (Epma) owing to the formation of FM clusters in the
GP region for the application of H = 10 kOe is ~ 3 meV.
Therefore, Enae < U, but the energy involved for the surface
pressure (~ 54 meV) is high. Thus, the FM clusters get pinned
in the system and it needs ~ 30 meV thermal energy to reach
to the pure PM region. Hence, the existing strain fields due
to the surface pressure effect at the GP region can be the
source, which prevents the FM clusters to reach to the PM
state immediately above the 7¢. Thus, the energy diagram
explains well the origin of GP as well as its stability in the
PM region in LCSMO system.

IV. CONCLUSION

In conclusion, the presence and origin of GP in
Lag4(Cag5Srg5)0.6MnO3 nanomaterial have been studied.
The onset of the GP and a FM-like ordering have been ob-
served in the system below ~ 350 K (7;;) and ~ 274 K (T¢),
respectively. The GP consisting of short-range FM interaction
persists in the temperature region 7c < T < Tg. On the ba-
sis of different experimental observations and corresponding
theoretical analysis based on different proposed models, we
have shown that the strain field that developed due to the
surface pressure effect and grain boundary defects of the core-
shell structure plays a pivotal role to grow and stabilize the
GP in nanomaterial. The intrinsic inhomogeneity originated
owing to the disorder at the A site and the formation of grain
boundary defects in the nanomaterial are the key factors for
appearance of the GP. Moreover, the effect of the GP on the
magnetic phase transition has also been substantiated by the
critical analysis. The comprehensive study presented in this
paper is expected to play a key role in understanding the ori-
gin of GP in nanomaterials and its correlation with magnetic
phase transitions in such systems.
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