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Abstract. The rhombohedral La0.8K0.175Li0.025MnO3 sample was elaborated using the sol–gel method
at low temperature of 900 °C. The prepared sample exhibits a second-order paramagnetic-ferromagnetic
transition with decreasing temperature. Based on the data of the magnetic measurements, the critical
behavior analysis is investigated through various techniques such as modified Arrott plot, Kouvel–Fisher
method and critical isotherm analysis. The critical exponents determined using the Kouvel-Fisher method
are found to be β = 0.533 and γ = 1.114 at TC ˜ 270 K. The critical exponent values obtained are
in agreement with the values predicted by the mean field model, indicating the existence of long-range
magnetic interaction in our synthesized sample. The maximum of the magnetic entropy change is about
3.51 J kg−1 K−1 under a magnetic applied field change of 5 T. The relative cooling power is found to be
320.5 J kg−1 at 5 T. This value represents about 78% of that of standard gadolinium.

1 Introduction

Magnetic refrigeration technology has attracted global
interest due to its high energy efficient and environ-
mentally friendly over conventional vapor compression
refrigeration technology [1]. The magnetic refrigeration
is based on the magnetocaloric effect (MCE) which is
an intrinsic property of magnetic materials. The MCE
is defined as the thermal heating or cooling response
in adiabatic condition of magnetic solids in applying
or removing of external magnetic field [2]. In other
words, the magnetic entropy change (ΔSM ) or the adi-
abatic temperature change (ΔTad) induced by applied
magnetic field externally is considered as MCE [3, 4].
Generally, the perovskite manganites, which have the
chemical formula Ln1-xAxMnO3 (Ln: trivalent rare-
earth ion and A: monovalent alkali-metal or divalent
alkaline-earth ion) showed a wide variety of struc-
tural, microstructure, magnetic and electronic prop-
erties depending on the nature and concentration of
the ions. This family of materials presents a large
MCE make promising candidate materials for mag-
netic refrigeration [5–13]. If not, perovskite mangan-
ites are also interesting since they have low cost, high
chemical stability, easy elaboration, grain growth to
a desired size and the ability to adjust their mag-
netic transition temperatures by carrier-substitution in
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their perovskite Ln or Mn-site [14–17]. In addition,
the large MCE could be attributed to the develop-
ment of the double exchange interaction [18] between
Mn3+ and Mn4+ cations and the strong spin-lattice
coupling [19, 20]. Moreover, it has been also demon-
strated that the MCE are associated with the com-
plex nature of magnetic phase transition which can be
parameterized by critical exponents governing the tran-
sitions near the paramagnetic-ferromagnetic region [21].
In fact, the second-order phase transitions around the
critical temperature can be described by using the crit-
ical exponents [22, 23]. The analysis of critical behav-
ior around the Curie temperature, TC , would deter-
mine the three critical exponents (β, γ and δ) differ-
ent from those obtained by theoretical models of the
mean field model, tricritical mean field model, 3D-
Ising model, and 3D-Heisenberg model [24–27]. The
mean field model characterizes long-range ferromag-
netic interactions, excluding spin correlations near TC .
In the tricritical mean field model, the compound’s
composition should be close to its tricritical point in the
corresponding phase diagram. The 3D-Ising model is
associated with short-range interactions between spins.
Finally, the 3D-Heisenberg model describes short-range
exchange interactions with the presence of localized
spin fluctuations around TC . Besides, the critical behav-
ior of perovskite manganites has been studied by using
the Arrott plot (M2 vs. μ0H/M) and the Kouvel-
Fisher method derived from isothermal magnetization
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measurements. In principle, the critical behavior near
paramagnetic-ferromagnetic phase transition using dif-
ferent techniques has yielded a wide range of values for
the critical exponent β [24, 28]. The values range from
0.3 to 0.5: it is 0.5 for the mean field model, 0.365 for
3D-Heisenberg model, 0.325 for the 3D-Ising model [29]
and 0.25 for the tricritical mean field model [26]. Fur-
thermore, the critical exponents γ and δ will also given
by the reciprocal magnetic susceptibility and the criti-
cal isothermal magnetization, respectively.

In previous work [30], we have studied the magnetic
and magnetocaloric properties in La0.8K0.2-xLixMnO3

manganites. Indeed, the effect of lithium partial sub-
stitution on the critical phenomena in La1-xKxMnO3

system has not been reported in the literature. In
this paper and as a continuing effort, we propose
to extend our previous investigation by the study of
critical behavior in La0.8K0.175Li0.025MnO3 perovskite.
We present an estimate of the critical exponents near
paramagnetic-ferromagnetic phase transition tempera-
ture by different techniques such as modified Arrott
plot, Kouvel-Fisher method and the critical isotherm
analysis. We used the scaling hypothesis to scale the
magnetic entropy change to a single universal curve for
La0.8K0.175Li0.025MnO3 nanopowder.

2 Experimental

2.1 Sample synthesis

La0.8K0.175Li0.025MnO3 nanopowder manganite was
prepared by sol–gel method at low temperature [30]
by dissolving the stoichiometric amount of precur-
sors La2O3 (Suvchem; 99.9%), K2CO3 (Alfa Aesar;
99%), Li2CO3 (Merck; 99%) and MnO2 (Sigma Aldrich;
99.99%) with high purity in nitric acid. Citric acid and
ethylene glycol were added to guarantee the homogene-
ity and transparency of the solution. The latter was
evaporated at 130 °C until the formation of a gel-like
of high viscosity. The temperature was subsequently
raised slowly in the air up to 300 °C. After crushing,
the powder was heated at 450 °C for 6 h to decom-
pose the organics. The resulting powder was calcined
at 650 °C for 12 h and then at 800 °C for the same time
period with intermediate grinding. Finally, the sample
was pressed as a pellet under a pressure of 4 tonnes and
sintered at 900 °C for 24 h.

2.2 Characterization

X-ray diffraction (XRD) patterns were recorded at
room temperature in the 2θ range 15–100° with a
step size of 0.01° using a Panalytical diffractometer
(Empyrean model) equipped with a copper X-ray radi-
ation (λKα = 1.5418 Å). The structure was analyzed
by the Rietveld technique [31] using FullProf software
[32]. The average crystallite (DXRD) size was calcu-
lated from the XRD peak width using the Scherrer

relation [33]. The morphology and size of the grains
were obtained by Scanning Electron Microscopy (SEM)
using a Supra40 ZEISS FEG-SEM microscope. Mag-
netization measurements versus temperature and mag-
netic applied field were performed employing a MPMS-
XL Quantum Design SQUID magnetometer. The crys-
tal structure refinement and temperature-dependence
magnetization for our compound have been reported
elsewhere [30].

The scaling hypothesis [34] for the second order mag-
netic phase transition near the TC is characterized by
the critical behavior, which was studied using a set
of critical exponents β, γ and δ, associated with a
spontaneous magnetization (MS), a reciprocal mag-
netic susceptibility (χ−1

0 ) and a critical isotherm (CI),
respectively. These critical exponents are determined
using magnetization measurements via the following
relations:

MS(T , 0) = lim(M) = M0(−ε)β , ε < 0, T < TC

(1)

χ−1
0 (T , 0) = lim(H/M) = (h0/M0)εγ , ε > 0, T > TC

(2)

M = D(μ0H)1/δ, ε = 0, T = TC , (3)

where ε = (T −TC)/TC is the reduced temperature and
M0, h0/M0, and D are the critical amplitudes.

The validity of the deduced critical exponents in the
critical region for ferromagnetic materials was checked
by the magnetic equation of state using the scaling
hypothesis to form universal scaling curves:

M(μ0H, ε) = εβf±(μ0H/εβ+γ) (4)

where f+ for T > TC and f− for T < TC are regular
analytic functions that generate two distinct branches.

The MCE was determined in terms of the magnetic
entropy change (ΔSM ) from the magnetization mea-
surements as a function of the applied magnetic field at
different temperatures. According to the classical ther-
modynamic theory based on Maxwell relations, ΔSM

can be estimated via the formula:

(5)

ΔSM (T , μ0H) = SM (T , μ0H) − SM (T ,

0) =

μ0H∫

0

(
∂M

∂T

)
μ0H

d(μ0H)

where μ0Hmax is the maximal value of the magnetic
applied field. In practice. the relation is approximated
as:

−ΔSM =
∑

i

Mi − Mi+1

Ti+1 − Ti
μ0ΔHi (6)

where Mi and Mi+1 are the experimental values
of magnetization measured at temperatures Ti and
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Fig. 1 XRD patterns and Rietveld refinement of La0.8

K0.175 Li0.025MnO3 compound

Ti+1 respectively, under applied magnetic field change
μ0ΔHi [35, 36].

3 Results and discussion

3.1 Structural and microstructural properties

XRD pattern at room temperature of the
La0.8K0.175Li0.025MnO3 elaborated sample, recorded
at room temperature has been indexed in the rhom-
bohedral system within the R3c space group. The
compound is pure, without any evidence of impurity.
The structural parameters were refined by Rietveld’s
profile-fitting method. The two experimental and
refined XRD patterns are shown in Fig. 1. The atomic
positions are situated at 6a (0, 0, 1/4) site for (La,
K, Li), 6b (0, 0, 0) site for Mn and 18e (0.4532(8), 0,
1/4) site for O. The quality factors of the agreement
between the experimental and the theoretical profiles
are RB = 1.99, RP = 14.3 and χ2 = 2.29. The final
refinement values of the structural parameters along
with literature comparison are summarized in Table 1.
The values of Mn–O bond length and the Mn–O-Mn
bond angle are used to determine the bandwidth (W )

Fig. 2 The crystal structure of the rhombohedral La0.8

K0.175 Li0.025MnO3 sample

according to the following approximate formula [11]:

W ≈ cos
[
1
2 (π − 〈θMn−O−Mn〉)]

(dMn−O)3.5 (7)

We note that the obtained value (0.0941 eV) is
slightly smaller than (0.0942 eV) observed for the
un-substituted sample La0.8K0.2MnO3 [30]. The unit
cell representation, produced using Diamond-Crystal
software, presents the atomic positions within the
crystal lattice. Figure 2 exhibits the unit cell of
La0.8K0.175Li0.025MnO3 compound in the rhombohe-
dral structure. The average crystallite size (DXRD) has
been calculated using the Scherrer relation as follows
[33]:

DXRD =
Kλ

βcos(θ)
(8)

where K, λ, β and θ are the grain shape factor, the
X-ray wavelength, the full width at half maximum
(FWHM) of the diffraction peak and the Bragg diffrac-
tion angle, respectively. The instrumental broadening
has been taken into consideration during the FWHM
calculating (β =

√
β2

measured − β2
instrumental) [33]. The

value of the crystallite size is equal to 43.32 nm.
The morphology and grain size have been determined

by SEM. The SEM image of La0.8K0.175Li0.025MnO3

sample is given in Fig. 3. The almost polygonal grains

Table 1 Refined structural parameters of the La0.8K0.175Li0.025MnO3 sample compared to similar samples in the literature

Sample Space Group a, b (Å) c (Å) V (Å3) Mn–O (Å) Mn–O-Mn (°) Reference

La0.8K0.175Li0.025MnO3 R-3c 5.508(1) 13.385(7) 351.58 1.959(3) 164.90(6) This work

La0.8K0.2MnO3 R-3c 5.507(0) 13.388(4) 351.75 1.959(0) 164.92(2) [30]

La0.8K0.15Li0.05MnO3 R-3c 5.511(2) 13.378(4) 351.90 1.961(4) 164.14(3) [30]

La0.8Na0.2MnO3 R-3c 5.504(0) 13.336(6) 349.87 1.954(5) 165.54 [37]

La0.8Na0.05Li0.15MnO3 R-3c 5.523(9) 13.344(4) 352.63 1.965(6) 162.66 [37]
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Fig. 3 SEM image of La0.8K0.175Li0.025MnO3 sample

have an average size in the sub-micrometer range
(DSEM ≈ 200 nm) with inter-grain porosity. The grain
sizes given by SEM (DSEM ) are higher than those esti-
mated by XRD data (DXRD), which indicates that
every grain is composed of several crystallites [14].

3.2 Magnetic properties

Figure 4a shows the temperature dependence of mag-
netization M(T) in zero field cooled (ZFC) and field
cooled (FC) modes measured in the 5–400 K range
under a magnetic applied field of 0.05 T. ZFC and
FC curves exhibit a sharp paramagnetic-ferromagnetic
phase transition with decreasing temperature. The
TC was determined by the minimum of the derivate
dM/dT versus T curve, as shown in the inset of
Fig. 4a, and is about 270 K, which is low than that
of the un-substituted compound La0.8K0.2MnO3 [30],
TC = 287.4 K. This difference between the two val-
ues is related to the reduction of the average ionic
radius of the A-site of perovskite (< rA >) due
to the partial substitution of a smaller ionic radius
[37]. The reduction of TC is additionally affected

by the narrowing of the width of the conduction
bandwidth (W ) diminishing from 0.0942 eV for the
un-substituted sample La0.8K0.2MnO3 to 0.0941 eV
for La0.8K0.175Li0.025MnO3 sample. This involves the
reduction of the overlap between the O-2p and Mn-3d
orbitals, which obviously affects the double exchange
interaction [38]. It is clear from Fig. 4a that our sam-
ple exhibits an irreversibility between ZFC and FC
curves below TC , which may be caused by the exis-
tence of a magnetic frustration state [39]. To obtain
further information on the magnetic behavior above TC

in our nanopowder sample, the reciprocal FC magnetic
susceptibility χ−1(T ) versus temperature is plotted in
Fig. 4b. The linear change in χ−1(T ) in the paramag-
netic phase follows the Curie–Weiss law [11, 30]:

χ−1 =
T − θp

C
(9)

where C is the Curie constant and θp is the Curie–Weiss
temperature. There is a downturn behavior in the
χ−1(T ) curve above TC . This behavior indicates the
existence of the Griffiths phase which corresponds to
the appearance of ferromagnetic clusters in the para-
magnetic phase [40]. The temperature where the devi-
ation of χ−1(T ) from Curie–Weiss linear fit started to
disappear in the paramagnetic phase is called Griffiths
temperature, TG, which was deduced from the max-
imum of d(1/χ)/dT versus T plot (see the inset of
Fig. 4b) [37]. The observed deviation of χ−1(T ) implied
that the Curie–Weiss law was not satisfied in the tem-
perature range between TC and TG (TC<T<TG) [41].
Above TG, the Curie–Weiss law was well-obeyed, indi-
cating typical paramagnetic behavior [42]. The values
of θp and TG are found to be 273.2 and 309.9 K,
respectively, Moreover, the value of θp, which is higher
than TC for our compound, further verified the pres-
ence of magnetic inhomogeneities above TC [37]. The
Curie–Weiss analysis of the data above TC resulted
in an effective paramagnetic moment μexp

eff of 5.46 μB

Fig. 4 Temperature dependence of the ZFC and FC magnetization (a) and the reciprocal magnetic susceptibility (b) of
La0.8K0.175Li0.025MnO3 measured at 0.05 T
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higher than the theoretical value of 4.52 μB, indicat-
ing the presence of a short-range magnetic order in the
paramagnetic phase [39].

The magnetic field dependence of magnetization
M(H) up to 5 T at several temperatures between 160
and 330 K was also measured (see Fig. 5). Below TC ,
the magnetization rises steeply below 0.5 T and tends
to saturation for higher magnetic fields, which confirms,
at low temperatures, that our elaborated compound
exhibits a ferromagnetic behavior.

3.3 Critical magnetization

According to the Banerjee criterion [43], our sample
exhibits, around TC , a second-order ferromagnetic to
paramagnetic phase transition with a positive slope of
the M2 vs. μ0H/M curves (see Fig. 6a). To analyse
the nature of the second-order magnetic phase transi-
tion of La0.8K0.175Li0.025MnO3 sample, it is necessary
to estimate the critical exponents β, γ and δ near the
TC . In initial, the evaluated value of TC can be done
by the modified Arrott plots (MAP) method [44] using
the Arrott-Noakes equation of state:

(μ0H/M)1/γ = a(T − TC)/T + bM1/β (10)

where a and b are constants, based on the different the-
oretical models: mean-field model (β = 0.5, γ = 1),
tricritical mean field model (β = 0.25, γ = 1), 3D-Ising
model (β = 0.325, γ = 1.241) and 3D-Heisenberg model
(β = 0.365, γ = 1.336) (see Fig. 6).

As shown, all the models apart from the tricriti-
cal mean field model exhibit nearly straight lines and
quasi-parallel in the high magnetic field region. In order
to compare these results and choose the better model,
which describes the magnetic phase transition, their rel-
ative slopes (RS) defined by RS = S(T )/S(TC). In the
most ideal case, the RS should be equal to unity [45].
As the closest model, the mean field model is selected
for the estimatedcritical exponents (see Fig. 7). Sub-
sequent to a standard procedure in the high magnetic
field region, the MS(T ) and χ−1

0 (T ) values (see Fig. 8a)
are extracted from a linear extrapolation of the MAP
to the intercept with the M1/β and (μ0H/M)1/γ axes,
respectively. The power law adjustment of the experi-
mental data (see Fig. 8a), using Eqs. (1) and (2), leads
to the estimated new values of β and γ with the corre-
sponding TC (see Table 2).

Additionally, the critical exponents and the TC can
be also obtained by the Kouvel-Fisher method (KF)
[49]. This method is known to permit a more accurate
estimation of the critical exponents based on:

MS(T )[dMS(T )/dT ]−1 = (T − TC)/β, (11)

χ−1
0 (T )

[
dχ−1

0 (T )/dT
]−1

= (T − TC)/γ. (12)

According to Eqs. (11) and (12), the plots of
MS(T )[dMS(T )/dT ]−1 and χ−1

0 (T )
[
dχ−1

0 (T )/dT
]−1

Fig. 5 Isothermal magnetization at different temperatures
for La0.8K0.175Li0.025MnO3 compound

versus temperature are given in Fig. 8b. These curves
should yield straight lines with slopes 1/β and 1/γ,
respectively, and the intercepts on temperature axes
should be the TC . The obtained critical exponents and
TC values are also listed in Table 2. Obviously, these
new values are in good agreement with those estimated
from the MAP.

For the third critical exponent δ, it can be estimated
from the critical isotherm magnetization M(TC , μ0H)
(see Fig. 9) by using Eq. (3). The Ln(M) vs. Ln(μ0H)
plot should be straight line with slope 1/δ at TC (see the
inset of Fig. 9). The critical exponent δ can be verified
from the Windom scaling relation [50]:

δ = 1 +
γ

β
(13)

In our investigation, as a consequence δ is equal to
3.188 and 3.089 obtained from MAP and KF meth-
ods, respectively. The obtained value of δ is close to the
estimate from the critical isotherm at TC (see Table 2).
Thus, the estimates of the critical exponents are com-
patible.

Besides, the reliability of the obtained values of the
critical exponents can be checked with the prediction
of the scaling hypothesis in the critical region by using
Eq. (4). Using the values of β and γ obtained by MAP
and KF methods, the M |ε|−β vs. μ0H|ε|−(β+γ) plots
are given in Fig. 10. The plots represent temperatures
above and below TC and the insets show the same plots
in Ln − Ln scale. It is clear from this last figure that
all experimental points fall on two separate universal
curves above and below the critical temperature, indi-
cating the reliability of the estimation critical expo-
nents and TC .

Table 2 represents a comparison of the values of
the critical exponents of La0.8K0.175Li0.025MnO3 com-
pound with those of theoretical models and of other
perovskite manganites reported in the literature. The
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Fig. 6 Modified Arrott plots M1/β vs. (μ0H/M)1/γ for La0.8K0.175Li0.025MnO3 sample using the different theoretical
models

Fig. 7 Relative slope (RS) as a function of temperature for
La0.8K0.175Li0.025MnO3 compound

experimental estimation values of the critical exponents
of our synthesized sample are in agreement with those
predicted by the mean-field model indicating that the
magnetic exchange interactions in this class of materi-
als are of the long-range type. A similar behavior has
been reported for the parent sample La0.8K0.2MnO3

[8]. Therefore, the partial replacement of potassium by
lithium in the A-site of perovskite does not change the
universality class of the mean-field model.

3.4 Magnetocaloric effect and its characteristics
near the critical point

By using Eq. (6), the magnetic entropy change
−ΔSM (T , μ0ΔH) for La0.8K0.175Li0.025MnO3 sample
was plotted (see Fig. 11). Clearly, −ΔSM presents a
peak around TC and increases with an increasing mag-
netic field change μ0ΔH. The maximum of the mag-
netic entropy change −ΔSMax

M is equal to 3.51 J kg−1

K−1 for a magnetic field change of 5 T.
The MCE efficiency is evaluated in terms of the rel-

ative cooling power RCP (S) as:

RCP (S) = −ΔSMax
M (T , μ0ΔH) ∗ δTFWHM (14)

where δTFWHM is the full-width at half-maximum of
|ΔSM | vs. T curve [51]. According to Table 3, our elab-
orated sample has comparable or even higher values of
magnetocaloric parameters than other magnetic mate-
rials. Further, the RCP (S) value at 5 T represents
about 78% of that of standard gadolinium (Gd) [2],
make the present sample a very promising candidate
for magnetic refrigeration [55].
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Fig. 8 Spontaneous magnetization MS(T ) and inverse
magnetic susceptibility χ−1

0 (T ) versus temperature (a),
and the Kouvel-Fisher plots (b) for La0.8K0.175Li0.025MnO3

sample

To reveal the correlation between the critical behav-
ior and the MCE, near the second-order magnetic phase
transition, the magnetic field dependence of the mag-
netic entropy change at TC can be expressed as follows
[56]:

−ΔSMax
M ≈ a(μ0ΔH)n (15)

where a is a constant and n is an exponent related to
the magnetic state and depends on the magnetic field
and temperature. On the basis of a mean field model,
the field dependence of the −ΔSM at TC corresponds to
n = 2/3 [57]. With the help of the Arrott-Noakes equa-
tion of state, a new relationship between the exponent
n at TC and the critical exponents has been established
as [58]:

n(TC) =
(

β − 1
β + γ

)
+ 1 = 1 +

1
δ

(
1 − 1

β

)
(16)

As shown in Fig. 12, the −ΔSMax
M vs. μ0ΔH curve

exhibits a monotone increase which indicates the mag-
netic transition from ferromagnetic to paramagnetic
phases [30]. However, note that the value of n = 0.85
at TC reveals an obvious deviation from n ≈ 0.66 for
the mean field model. Furthermore, using β and γ esti-
mated from the above discussion, the value of n is cal-
culated to be 0.68 and 0.71 for MAP and KF methods,
respectively, The slight discrepancy between the deter-
mined n and that obtained from the MAP method is
due to the presence of local inhomogeneities in vicinity
of the magnetic phase transition [59, 60].

Moreover, Franco et al. [61] have proposed that the
ΔSM (T ) curves recorded with various magnetic field
changes may collapse into a single universal scaling
curve when properly rescaled. This process is achieved

Table 2 The critical exponent’s values of La0.8K0.175Li0.025MnO3 sample compared to values reported in the literature.
Abbreviations: MAP, modified Arrott plots; KF, Kouvel-Fisher; CI, Critical Isotherm; cal, calculated and exp, experimental

Material Method TC(K) β γ δ Reference

Mean field moel Theory 0.5 1 3 [28]

3D-Heisenberg model Theory 0.365 1.336 4.80 [28]

3D-Ising model Theory 0.325 1.241 4.82 [28]

Tricritical mean field model Theory 0.25 1 5 [29]

La0.8K0.175Li0.025MnO3 MAP 267.86 0.501 1.096 3.188 (cal) This work

KF 268.18 0.533 1.114 3.089 (cal)

CI 270 2.965 (exp)

La0.8K0.2MnO3 MAP 332.3 0.720 1.100 2.527 [8]

La0.8K0.2MnO3 KF 332.28 0.630 1.040 2.650 [8]

La0.6Dy0.1Sr0.3MnO3 MAP 307 0.479 1.374 3.863 [22]

La0.7Sr0.3Mn0.8Ti0.2O3 MAP 150.1 0.518 1.008 2.950 [46]

La0.7Sr0.3Mn0.95Al0.05O3 KF 336.24 0.458 1.001 3.185 [47]

La0.67Ba0.22Sr0.11Mn0.9Ti0.1O3 MAP 258.03 0.516 1.375 3.664 [48]

La0.67Ba0.22Sr0.11Mn0.9Ti0.1O3 KF 260.12 0.498 1.214 3.437 [48]
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Fig. 9 Isothermal magnetization M(μ0H) at TC . Inset
shows the Ln − Ln scale plot

Fig. 10 Scaling plots of M |ε|−β vs. μ0H|ε|−(β+γ) above
and below TC for La0.8K0.175Li0.025MnO3 compound. The
insets show the same plots on a Ln − Ln scale

Fig. 11 Temperature dependence of magnetic entropy
change −ΔSM for different magnetic field changes for La0.8

K0.175Li0.025MnO3 sample

by normalizing all the ΔSM (T ) curves using their
specific maximum value (ΔSMax

M ), namely, ΔS′ =
ΔSM/ΔSMax

M and then rescaling the temperature axis
above and below TC as expressed in Eq. (17):

θ =
{−(T − TC)/(T r1 − TC), T ≤ TC

(T − TC)/(T r2 − TC), T > TC
(17)

where Tr1 and Tr2 are the temperatures chosen such
that ΔSM (Tr1,2) = ΔSMax

M /2. As can be noted from
Fig. 13 for La0.8K0.175Li0.025MnO3 sample, all exper-
imental data collapse onto a single universal curve
revealing second order phase transition.

Additionally to confirm the reliability of the obtained
critical exponents, the scaling hypothesis, making a sin-
gle universal scaling curve for all measured fields and
temperatures [60], should be tested as:

−ΔSM (μ0H, T ) = (μ0H)(1−α)/(β+γ)
f
[
ε/(μ0H)1/(β+γ)

]
(18)

where α = 2 − 2β − γ is the critical exponent and
ε = (T − TC)/TC is the reduced temperature. We plot-
ted the scaled magnetic entropy change versus scaled
temperature employing the obtained critical exponents
using Eq. (18). As shown in Fig. 14, all experimen-
tal data collapse on a single universal curve for dif-
ferent fields and temperatures, which again confirms
a good correlation between the obtained critical expo-
nents and the MCE. We observed slight discrepancies
at T < TC , indicating the nonlinear behavior of the
La0.8K0.175Li0.025MnO3 compound caused by the com-
peting exchange interactions and the structural inho-
mogeneitie [60].
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Table 3 Experimental values of TC (estimated from the M(T ) data), −ΔSMax
M and RCP for La0.8K0.175Li0.025MnO3

compound compared with those of other perovskite manganites and of Gd

Material TC(K) μ0ΔH(T) −ΔSMax
M (J/kgK) RCP (J/kg) Reference

La0.8K0.175Li0.025MnO3 270 1 0.84 59.7 This work

2 1.62 125.3

3 2.30 188.5

4 2.93 251.6

5 3.51 320.5

La0.7Sr0.2Li0.1MnO3 272.3 2 1.07 83.2 [11]

La0.7Sr0.15Li0.15MnO3 194.4 2 1.00 102.5 [11]

La0.8K0.2MnO3 287.4 2 1.57 88.8 [30]

La0.65Dy0.05Sr0.3MnO3 265 2 0.86 80.0 [52]

La0.8Ca0.15Na0.05MnO3 245 2 4.6 89 [53]

La0.8Na0.2Mn0.97Ni0.03O3 275 5 3.7 251 [54]

La0.8Na0.2Mn0.94Ni0.06O3 257 5 3.7 258 [54]

La0.8Ag0.2MnO3 278.5 5 6.12 217.8 [15]

Gd 294 5 10.20 410.0 [2]

Fig. 12 Field dependence of −ΔSMax
M for La0.8K0.175

Li0.025MnO3 compound

4 Conclusion

In summary, the La0.8K0.175Li0.025MnO3 sample was
elaborated by the sol–gel method at low temperature.
Our sample crystallizes in the rhombohedral structure
within the R3c space group. Magnetic measurements
showed that our investigated compound undergoes a
second-order paramagnetic-ferromagnetic transition at
a TC ˜ 270 K. The values of the maximum of the mag-

Fig. 13 Universal behavior of the scaled magnetic entropy
change curves of La0.8K0.175Li0.025MnO3 sample

netic entropy change −ΔSMax
M and the relative cooling

power RCP (S) are large sufficient for it to be used
in magnetic refrigeration. The critical exponents β, γ
and δ, are estimated using the modified Arrott plot
and Kouvel-Fisher methods and close to the mean field
model. The magnetic entropy change could be char-
acterized by a single universal curve using the scaling
hypothesis.
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Fig. 14 Scaled magnetic entropy change versus scaled tem-
perature for La0.8K0.175Li0.025MnO3 compound
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