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Comprehensive analysis on the effect of ionic size and size disorder parameter
in high entropy stabilized ferromagnetic manganite perovskite
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A series of high entropy manganites, (5A0.2)MnO3, were prepared with varying the average ionic radius,
〈rA〉, and cationic size disorder, σ 2, on the A site. All the samples were synthesized using the citrate sol-gel
method. In all the compounds, the manganese valence was kept unaltered with reference to the conventional
manganite La0.6Sr0.4MnO3, which is ferromagnetic with TC ∼ 365 K. The ratio of manganese valance is found
to be unaltered as confirmed using x-ray photoelectron studies. The samples were characterized by powder
x-ray diffraction, field-emission scanning electron microscopy (FE-SEM), energy dispersive x-ray analysis,
elemental mapping, and magnetization measurements. These high entropy oxides show the variation in Curie
temperature over a wide range from 85 to 273 K depending on the average A-site ionic radius, 〈rA〉. A drastic
drop down in the ferromagnetic transition temperature of TC = 365 K for La0.6Sr0.4MnO3 with 〈rA〉 = 1.2536 Å
to TC = 137 K for (La0.2Nd0.2Gd0.2Sr0.2Ba0.2)MnO3 of comparable 〈rA〉 = 1.2532 Å can be attributed to the high
entropy and/or cationic size disorder effect. The variation of TC with 〈rA〉 for the whole series of high entropy
manganites does not follow the expected linear behavior; rather, it follows opposite traces of the variation in σ 2

with 〈rA〉. However, TC shows almost linear behavior with σ 2 except for the sample with lowest 〈rA〉. This result
suggests that the local cationic disordering is more important than the average cationic size in ferromagnetic
high entropy manganites. Unlike the conventional system in these high entropy oxides, the ferromagnetic state
is not suppressed; only the length scale of the double exchange mediated long-range ferromagnetic interaction
is transformed to localized ferromagnetic clusters without losing the ferromagnetic identity. The presence of
multiple A-site cations in high entropy oxides results in a local deformation of the MnO6 octahedra. This possibly
increases the carrier localization followed by reducing the length scale of the double exchange interaction.
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I. INTRODUCTION

Since the inception of high entropy alloys in 2004 [1],
the design of a multicomponent system to explore the central
region of the phase diagram for achieving and tuning a vari-
ety of physical properties became an active research field in
materials science. The formation of single-phase multicom-
ponent alloys of approximately equimolar mixing has been
captured within the framework of increased configurational
entropy which originated from the large number of chemi-
cal components as well as their respective molar ratio [2].
The configurational entropy change, �Sconf , is given as
�Sconf = −R

∑n
i=1 xilnxi where R is the universal gas constant

and xi is the mole fraction of the ith element [3]. �Sconf is
maximum at equimolar ratio of the components populating a
single lattice site. The alteration in chemical compositions to
attain the configurational entropy inherently leads to the evo-
lution of different properties of the entropy stabilized phases.
This specifically demands a clarification on the actual role of

*Corresponding author: mdmotin.seikh@visva-bharati.ac.in

entropy, the effect of an individual element, the underlying
mechanism of phase stability, and the evolved properties.
Thus, there is not only the case of entropy stabilization of
phases.

Interestingly, these concepts are not only confined to the
metallic systems but extended to other kinds of materials such
as borides [4], fluorides [5], sulphides [6], carbides [7], alumi-
nosilicides [8], nitrides [9], bixbyite [10], pyrochlore [11–13],
magnetoplumbite [14,15], spinels [16,17], oxides, and oxyflu-
oride [18–20]. However, extension of high entropy concepts
on transition metal oxide systems gives a major boost in
the research interest on nonmetallic high entropy materials
[18]. Transition metal oxides with a plethora of intriguing
phenomena are always attractive for applications [21–23].
The tunability of multiple cations on a single site became
very appealing in oxide systems. Unlike the high entropy
alloys, inclusion of an anion sublattice in oxides provides a
broad range of stable structure and accessible functionalities
[18,24,25]. In addition, exploration of multicomponent high
entropy oxides with extended compositional space of greater
flexibility may provide the contemporary requirement of
advanced functional materials. In this regard, different kinds
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of oxides from rocksalts to perovskites and spinels have
been investigated [19]. Numerous high entropy materials
are reported to exhibit exceptional properties [25–36]. It
is amazing that instead of high sensitivity of the magnetic
state on bond angle and orbital filling of cations, high en-
tropy oxides with a high level of compositional disordering
exhibit long-range magnetic ordering. It is demonstrated
that the long-range magnetic ordering prevails not only
in simple rocksalt lattice [37–39], but also in compli-
cated spinel and perovskite structures as well [28–30,35].
The entropy stabilized perovskite was reported in 2018 by
Jiang et al. [31]. There are several reports on high en-
tropy perovskite oxides with multiple cations in the A site
or the B site and even on both sites [17,19,35,40–43].
The magnetic properties of high entropy chromite, ferrite,
and cobaltite perovskites with a single transition metal ion in
the B site and chemical disordering in the A site with multi-
ple rare-earth cations exhibit similarities in property to their
parent phase [40,44,45]. (Gd0.2La0.2Nd0.2Sm0.2Y0.2)FeO3 ex-
hibits highest TN ∼ 675 K and a significant increase in the
coercive field [44].

It is well documented that transition metal oxides exhibit
subtle energy balance between lattice, spin, charge, and orbital
parameters. The important role of local chemical disorder in
ABO3 perovskites is well known in the literature [46–52].
In the doped manganite with 30% hole doping the para-
magnetic to ferromagnetic transition temperature decreases
from 360 to 50 K for decreasing the 〈rA〉 value from 1.24 to
1.18 Å and below 〈rA〉 = 1.18 Å, a spin-glass state evolves
at the expense of ferromagnetism [53]. The interaction be-
tween magnetic cations in perovskites is sensitive to the M-O
bond length, the M-O-M bond angle, lattice distortion, or
tilting of MO6 octahedra. The Goldschmidt’s tolerance fac-
tor ( f ) scales the orthorhombic distortion and the tilting of
the MO6 octahedra [54]. The tolerance factor is defined as
f = (rA+rO )√

2 (rB+rO )
, where rA, rB, and rO are the ionic radii of the

A-site, B-site, and oxygen ions, respectively. Since a major
variation is observed for the A-site ionic radius compared
to that of the B-site, the f is equivalent to the rA; rather,
the average A-site cation radius, 〈rA〉. The effect of A-site
cations, apart from their magnetic contribution, is strongly
reflected from their impact on structural features. The A-site
cation size determines the M-O-M bond angle and hence
the magnetic exchange. A clear dependence between TN and
tolerance f is observed in the high entropy oxide perovskite
[35,40,44]. The structural distortion is often accompanied by
suppression in A-site coordination number [55,56], whereas
the B site is indeed in an ideally octahedral coordination
environment irrespective of A and B sites [40,44]. Another
important parameter in perovskite systems is the size disor-
der parameter. For the Ln1−xAxMO3 perovskite, it is defined
as σ 2 = ∑

i xir2
i − 〈rA〉2 where 〈rA〉 = ∑

i xiri is the average
ionic radius of the A-site cation, and xi is the fraction of
the ith cation of radius ri [46,47]. Here rA is the standard
nine-coordinate ionic radii [57]. The rA ranges from 1.216
to 1.083 Å for Ln = La−Dy and 1.18, 1.31, and 1.47 Å for
M = Ca, Sr, and Ba, respectively. A relationship between
the chemical disorder and the magnetic exchange has been
reported in (Gd, La, Nd, Sm, and/or Y)(Co, Cr, Fe, Mn, and/or
Ni)O3 which exhibits predominant antiferromagnetic ex-

change with small ferromagnetic contribution [35,45], though
the exact nature of the magnetic ground state is not clear
yet. The design of high entropy oxides based on their ionic
radii and oxidation state have been reported in the litera-
ture [18,58]. The possible role of σ 2 on magnetic behavior
is mentioned in high entropy double perovskites [43]. It is
worth mentioning that the synergetic effect of multiple cations
beyond their size and valence may have an impact on the
structure as well as properties. This field is still in its infant
stage and the high entropy oxides require further exploration.

A systematic investigation on the effect of ionic radii and
size disorder parameter on high entropy perovskite oxides is
not thoroughly examined so far. Here, we have addressed this
issue by judicial selection of A-site cations and by keeping the
valence state of B-site cations unchanged followed by their
physical characterization. We have synthesized a series of
high entropy manganite perovskite oxides keeping the central
focus on ferromagnetic La0.6Sr0.4MnO3. La0.6Sr0.4MnO3 has
the highest TC of 370 K amongst the La1−xSrxMnO3 series
[59]. The A-site La3+ and Sr2+ are substituted by five different
cations keeping the Mn valence ratio fixed (Mn3+:Mn4+::3:2).
The cationic combinations are so selected that the rA varies
over an appreciable range covering that of the conventional
parent La0.6Sr0.4MnO3. A comprehensive account on the ef-
fect of 〈rA〉 and σ 2 revealed that the latter one is the more
dominating one. The increase in σ 2 results in fragmentation of
the ferromagnetic interaction forming ferromagnetic clusters,
without suppression of ferromagnetism.

II. EXPERIMENTAL DETAILS

A. Materials synthesis

The polycrystalline powder of the whole series of com-
pounds was prepared by a citrate-based sol-gel method as
described in [60]. The starting materials are metal nitrates
as received from Sigma-Aldrich. Stoichiometric amounts of
desired metal nitrates were weighed and dissolved in 100 ml
distilled water. About 2 ml of concentrated nitric acid was
added to the solution to avoid hydrolysis of the aquated metal
ions. The reaction mixture was continuously stirred for about
half an hour using a magnetic stirrer along with a heater. Then,
citric acid, about four times the molar ratio of the total metal
ions, was added to the solution. The resulting solution was
stirred at 80 °C for 3 h. It was then eventually evaporated
at 100 °C to form the gel. The gel was dried at 180 °C to
obtain the precursor powder. This crude powder was thor-
oughly ground by an agate mortar pestle, and it was heated at
1200 °C for 24 h inside a platinum crucible container. Finally,
the samples were directly quenched to air to stabilize the high
entropy phase.

B. Instrumentation

The powder x-ray diffraction patterns were recorded using
a Bruker D8 Advance x-ray diffractometer with Cu Kα ra-
diation (λ = 1.5418 Å) operating at 40 kV and 40 mA. The
scan speed was regulated with a step size �2θ = 0.017°
in the 2θ range 10°–100°. FE-SEM images, the energy dis-
persive x-ray (EDX) analyses based cationic composition,
and elemental mapping were performed with a Zeiss Gemi-
niSEM 450 field-emission scanning electron microscope at an
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accelerating voltage of 20 kV. The nominal cationic
compositions were confirmed for all samples from EDX
analysis. The PHY 5000 Versa Probe II, ULVAC-PHI, Inc.
instrument with an Al Kα x-ray source was employed for
the x-ray photoelectron spectroscopy (XPS) characterization
in order to know the oxidation states of the samples. The
pressure inside the chamber while analyzing was 5 × 10−10

mbar and the C 1s peak located at 284.6 eV was used
as the reference peak for the binding energy (B.E.) cor-
rections. The dc-magnetization data were recorded using a
16 T vibrating-sample magnetometer (M/S Quantum Design)
working in combination with a variable-temperature cryostat.
The magnetic measurements of the samples were performed
on compacted powder kept tightly inside a Teflon capsule.
The zero-field-cooled (ZFC) and field-cooled (FC) data were
recorded in the range 5–380 K. The isothermal magnetization
M(H ) was performed at lowest temperatures with an applied
field between −1 and +5 T.

III. RESULTS AND DISCUSSION

A. Structural analysis and composition

Figure 1 shows the powder x-ray diffraction patterns of
all the high entropy manganites: (La0.2Pr0.2Nd0.2Sr0.2Ba0.2)
MnO3, (La0.2Nd0.2Sm0.2Sr0.2Ba0.2)MnO3, (La0.2Nd0.2Eu0.2

Sr0.2Ba0.2)MnO3, (La0.2Nd0.2Gd0.2Sr0.2Ba0.2)MnO3, (La0.2

Pr0.2Dy0.2Sr0.2Ba0.2)MnO3, (La0.2Sm0.2Eu0.2Sr0.2Ba0.2)
MnO3, (La0.2Pr0.2Nd0.2Ca0.2Ba0.2)MnO3 and the conventional
La0.6Sr0.4MnO3. There is no detectable impurity reflection
in the patterns suggesting the formation of single-phase
high entropy oxides. The compounds are well crystalline,
and the powder patterns can be nicely indexed with the
orthorhombic Pbnm space group. We have carried out
Rietveld refinements of all the patterns using the FULPROF

SUITE program [61], which are shown in Fig. 1. The details
of refinement parameters for all the samples are given in the
Supplemental Material (Table S1 [62]). The cell parameters,
bond lengths, and bond angles are consistent with manganite
perovskite systems. The cell parameters and cell volume
systemically increase with the increase in average A-site
ionic radius as expected (Fig. 2). The trend in variation of
the bond length and bond angle with 〈rA〉 are included in
the Supplemental Material (Fig. S1 [62]). The average A-O
bond distance (dA−O) and Mn-O-Mn bond angle show an
increasing trend with the increase in 〈rA〉. However, Mn-O1

and Mn-O2 bond distances exhibit a decreasing and increasing
trend, respectively, with the increase in 〈rA〉. The important
chemical parameters associated with these high entropy
manganite series such as 〈rA〉, σ 2, and tolerance factor ( f )
are summarized in Table I. It is worth mentioning that 〈rA〉
and f run parallelly. This is in agreement with the variation
of the standard nine-coordinate ionic radii of the A-site
cations according to their stoichiometry. However, σ 2, which
is the variance of the A-site cations radii distribution, does
not follow the linear variation with 〈rA〉 or f . The particle
size and surface morphology of all the powder samples
were analyzed by FE-SEM imaging. All the samples show
irregular shaped, highly agglomerated, and wide particle size
distribution ranging from hundreds of nanometers to microns

FIG. 1. Powder x-ray diffraction patterns of (a) (La0.6Sr0.4)
MnO3, (b) (La0.2Pr0.2Nd0.2Sr0.2Ba0.2)MnO3, (c) (La0.2Nd0.2Sm0.2

Sr0.2Ba0.2)MnO3, (d) (La0.2Nd0.2Eu0.2Sr0.2Ba0.2)MnO3, (e) (La0.2

Nd0.2Gd0.2Sr0.2Ba0.2)MnO3, (f) (La0.2Pr0.2Dy0.2Sr0.2Ba0.2)MnO3,
(g) (La0.2Sm0.2Eu0.2Sr0.2Ba0.2)MnO3, and (h) (La0.2Pr0.2Nd0.2

Ca0.2Ba0.2)MnO3. The open red circles, black lines, the bottom blue
lines, and vertical bars represent the experimental data, calculated
pattern, difference curve, and Bragg position, respectively.

FIG. 2. Variation of cell parameters with 〈rA〉 for the whole series
of oxides. Inset shows the variation in cell volume.
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TABLE I. Summary of average A-site ionic radius rA = ∑
i xiri,

A-site size disorder parameter σ 2 = ∑
i xir2

i − r2
A, and tolerance fac-

tor, f = (rA+rO )√
2 (rB+rO )

of the manganite oxides under investigation.

Composition rA (Å) f σ 2 (Å2)

(La0.2Pr0.2Nd0.2Sr0.2Ba0.2)MnO3 1.2676 0.94362 0.01284
(La0.2Nd0.2Sm0.2Sr0.2Ba0.2)MnO3 1.2582 0.94029 0.01486
(La0.2Nd0.2Eu0.2Sr0.2Ba0.2)MnO3 1.2558 0.93944 0.01549
(La0.6Sr0.4)MnO3 (non-HEO) 1.2536 0.93866 0.00212
(La0.2Nd0.2Gd0.2Sr0.2Ba0.2)MnO3 1.2532 0.93852 0.01622
(La0.2Pr0.2Dy0.2Sr0.2Ba0.2)MnO3 1.2516 0.93796 0.01721
(La0.2Sm0.2Eu0.2Sr0.2Ba0.2)MnO3 1.2496 0.93725 0.01680
(La0.2Pr0.2Nd0.2Ca0.2Ba0.2)MnO3 1.2416 0.93442 0.01334

as expected for high-temperature annealed samples. The
FE-SEM images, EDX spectra, respective cationic ratio, and
elemental mapping for compounds of the whole series are
included in the Supplemental Material (Figs. S2–S9 [62]).
The EDX spectra were recorded at different areas to confirm
the chemical homogeneity and composition. These analyses
confirm the nominal stoichiometry with homogeneous cation
distribution in all the samples.

The XPS measurements on a selective four samples
have been carried out to know about the chemical state
and elemental composition present in the material. The
obtained binding energies values were calibrated in refer-
ence to the C 1s peak, which is located at 284.5 eV. The
wide scan XPS spectra of (La0.2Nd0.2Pr0.2Sr0.2Ba0.2)MnO3,
(La0.2Nd0.2Eu0.2Sr0.2Ba0.2)MnO3, (La0.2Nd0.2Gd0.2Sr0.2Ba0.2)
MnO3, and (La0.2Nd0.2Pr0.2Ca0.2Ba0.2)MnO3 shown in the
Supplemental Material (Fig. S10 [62]), clearly indicate that
there is no impurity present on the surface of the samples
other than the expected elements based on the composition. A
quantitative analysis of high-resolution slow scan XPS spectra
are discussed in the Supplemental Material. The deconvoluted
spectra of different samples and the elemental compositions of
different chemical states along with the B.E. of elements are
available in the Supplemental Material [Figs. S11(a)–S11(c)
and Table S2 [62] (see, also, Refs. [63–67] therein)]. The main
observation from the XPS analysis is that all the rare-earth and
alkaline-earth metals occupied in the A site exist in +3 and
+2 oxidation states, respectively, whereas the B site exhibits
a mixed occupancy of Mn3+ and Mn4+ in a desired ratio
as expected. So, the occupancy of different rare-earth and
alkaline-earth ions in the A site and the mixed oxidation state
of Mn in the B site are more likely to influence the magnetic
properties of all the material.

B. Magnetic properties

The dc magnetizations for all the samples measured us-
ing a 7-T SQUID-vibrating-sample magnetometer under an
applied field of 500 Oe between 5 and 380 K are shown in
Fig. 3. The scanned temperature range covers the magnetic
transition for all the samples. The measurements were done in
both the ZFC and the FC protocols. All compositions, except
(La0.2Pr0.2Dy0.2Sr0.2Ba0.2)MnO3, exhibit a sharp ferromag-
netic type transition. For (La0.2Pr0.2Dy0.2Sr0.2Ba0.2)MnO3 the
transition is rather sluggish [Fig. 3(f)]. The transition tem-

FIG. 3. Temperature-dependent magnetization of (a) (La0.6Sr0.4)
MnO3, (b) (La0.2Pr0.2Nd0.2Sr0.2Ba0.2)MnO3, (c) (La0.2Nd0.2Sm0.2

Sr0.2Ba0.2)MnO3, (d) (La0.2Nd0.2Eu0.2Sr0.2Ba0.2)MnO3, (e) (La0.2

Nd0.2Gd0.2Sr0.2Ba0.2)MnO3, (f) (La0.2Pr0.2Dy0.2Sr0.2Ba0.2)MnO3,
(g) (La0.2Sm0.2Eu0.2Sr0.2Ba0.2)MnO3, and (h) (La0.2Pr0.2Nd0.2Ca0.2

Ba0.2)MnO3 measured under an applied external magnetic field of
500 Oe.

perature, TC , is determined from the temperature derivative
(dM/dT) versus temperature curve in each case (Fig. S12
[62]). The minima in dM/dT versus temperature plot are taken
as TC . For the (La0.2Pr0.2Dy0.2Sr0.2Ba0.2)MnO3 composition
the minima in the temperature-dependent dM/dT plot are not
sharp like other samples. It should be noticed that the tran-
sition temperature for the high entropy manganite gradually
shifted downwards with the decrease in the average ionic ra-
dius of A-site cations up to 〈rA〉 = 1.2516 Å [Figs. 3(b)–3(f)].
On further lowering, the 〈rA〉 value transition temperature
shows an upward shift [Figs. 3(g) and 3(h)]. The thermomag-
netic irreversibility between the ZFC and FC data is noticed
for all samples at lower temperatures. This may be related
to the magnetic inhomogeneity at the microscopic scale in
perovskite oxides or due to magnetic anisotropy [68–72]. The
irreversibility temperature (Tirr) follows a similar trend as TC .
The difference between Tirr and TC increases with the increase
in 〈rA〉. However, for the (La0.2Pr0.2Dy0.2Sr0.2Ba0.2)MnO3

sample Tirr is larger than TC and this may be due to
the broadening of TC for this composition. The TC value
of the quenched reference (La0.6Sr0.4)MnO3 sample is
365 K, which is in excellent agreement to the reported
value of 370 K [59,73]. All the high entropy samples,
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TABLE II. Summary of the parameters associated with the magnetic properties of the manganite oxides under investigation.

Composition TC (K) Tirr (K)
Msat (5 K, 5 T)

(μB/f.u.)
Mr (5 K)
(μB/f.u.)

Hc (5 K)
(Oe) μeff (μB)

μcal (μB)
(including
rare-earth

contribution) θCW (K)

(La0.6Sr0.4)MnO3 (non-HEO) 365 310 3.60 0.259 60.15 5.87 4.52 363.32
(La0.2Pr0.2Nd0.2Sr0.2Ba0.2)MnO3 273 195 3.56 0.901 366.36 6.41 5.07 277.81
(La0.2Nd0.2Sm0.2Sr0.2Ba0.2)MnO3 200 155 3.56 1.23 494.12 7.25 4.86 205.62
(La0.2Nd0.2Eu0.2Sr0.2Ba0.2)MnO3 173 142 3.58 0.782 223.08 7.39 5.05 182.42
(La0.2Nd0.2Gd0.2Sr0.2Ba0.2)MnO3 138 115 4.93 0.934 253.07 7.95 5.98 163.03
(La0.2Pr0.2Dy0.2Sr0.2Ba0.2)MnO3 85 110 4.25 1.262 589.45 7.44 6.75 152.38
(La0.2Sm0.2Eu0.2Sr0.2Ba0.2)MnO3 98 82 3.53 1.08 376.44 7.79 4.83 130.12
(La0.2Pr0.2Nd0.2Ca0.2Ba0.2)MnO3 152 140 3.48 1.02 390.45 7.80 5.07 166.43

except (La0.2Pr0.2Dy0.2Sr0.2Ba0.2)MnO3, exhibit a compa-
rable magnetization value of about 1.6μB/f.u. (Fig. 3).
The Gd-containing sample (La0.2Nd0.2Gd0.2Sr0.2Ba0.2)MnO3

shows a slightly higher value due to Gd contribution.
However, such feature is not reflected for Dy containing
(La0.2Pr0.2Dy0.2Sr0.2Ba0.2)MnO3. All the Nd-containing sam-
ples show a decrease in magnetization of both the ZFC and
FC data at lower temperature [Figs. 3(b)–3(e) and 3(h)]. This
may be related to the possible ordering of rare-earth moments.

The isothermal field dependent magnetization was
carried out to understand the magnetic ground state of
the samples. The M(H ) plots for all the samples were
measured under the applied field from −1.0 to +5 T at
5 K, which are available in the Supplemental Material
(Fig. S13 [62]). All the samples show practically saturation
magnetization at 5 T. However, unlike other samples in
(La0.2Pr0.2Dy0.2Sr0.2Ba0.2)MnO3 the virgin curve does not
coincide with the M(H ) curves [Fig. S13(h) [62]].This
behavior can be related to the weak pinning of the spins
particularly in this composition. The saturation magnetization
of the quenched (La0.6Sr0.4)MnO3 is found to be 3.60μB/f.u.,
which is in agreement with the calculated value considering
the saturation as Msat = g(0.6 × SMn3+ + 0.4 × SMn4+ ) =
(0.6 × 4μB of Mn3+ + 0.4 × 3μB of Mn4+) = 3.60μB/f.u.

(taking the Landé factor as g = 2.00). The saturation
magnetization of (La0.2Nd0.2Gd0.2Sr0.2Ba0.2)MnO3 and
(La0.2Pr0.2Dy0.2Sr0.2Ba0.2)MnO3 are 4.93 and 4.25 μB/f.u.,
respectively, due to contributions from the Gd and Dy
ions. The theoretical saturated moments including the
rare-earth contribution were calculated by the relationship
Msat = (0.6 × 4μB of Mn3+ + 0.4 × 3μB of Mn4+) + 0.2 ×
n1μB of Ln3+

1 + 0.2 × n2μB of Ln3+
2 (as there are maximum

two magnetic rare-earth cations in the investigated samples).
Using the n values 3.58, 3.62, 7.94, and 10.63 for Pr, Nd, Gd,
and Dy, respectively, results in Msat 5.92 and 6.44μB/f.u.,
respectively, for (La0.2Nd0.2Gd0.2Sr0.2Ba0.2)MnO3 and
(La0.2Pr0.2Dy0.2Sr0.2Ba0.2)MnO3. The higher calculated
values compared to the observed isothermal magnetization
curves may be due to partial alignment of the rare earth under
the applied field. For other samples the values are marginally
lower than the calculated value (Table II). The shape of
the M(H ) curves confirms the soft ferromagnetic nature of
the samples. The rapid increase in magnetization in M(H )
curves can be attributed to the domain motion of the soft

ferromagnet as reported for the La1−xSrxMnO3 series [59].
The coercive field and remanent magnetization vary from 0.78
to 1.26μB/f.u. and 200 to 500 Oe, respectively, for all the
high entropy samples. However, these values are significantly
larger than that of the conventional (La0.6Sr0.4)MnO3 phase
(see Table II).

Valuable information about the magnetic character of the
samples can be obtained from fitting of the inverse mag-
netic susceptibility χ−1(T ) data using Curie-Weiss law χ−1 =
(T −θCW )

C . Figure 4 shows the temperature-dependent inverse
magnetic susceptibility of the FC data for all the samples.
A linear fit to the whole high-temperature regime of χ−1(T )
is achieved above TC for samples with 〈rA〉 value up to
1.2582 Å [Figs. 4(a)–4(c)]. The appearance of deviation from
linearity in χ−1(T ) is noticed for 〈rA〉 � 1.2558 Å [Figs. 4(d)–
4(h)]. Except for (La0.2Pr0.2Dy0.2Sr0.2Ba0.2)MnO3, all other
samples show upward deviation. The χ−1(T ) plot of
(La0.2Pr0.2Dy0.2Sr0.2Ba0.2)MnO3 rather resembles a Griffith-
like phase as observed in La0.4Ca0.3Sr0.3MnO3 [74]. The
Curie-Weiss temperatures, θCW, are positive for the series con-
firming the ferromagnetic nature of the samples. The θCW and
extracted effective moment, μeff , for all samples, along with
other magnetic parameters, are summarized in Table II. The
μeff values for all compositions are higher than the calculated
values.

IV. DISCUSSION

Here we attempted to understand the observed magnetic
behavior of the whole series. The three factors which mostly
account for the physical properties of the doped perovskite
manganite Ln1−xMxMnO3 (Ln = rare-earth ion, M = divalent
ion) are (i) the hole doping level x, (ii) 〈rA〉, the average
A-site ionic radius, and (iii) σ 2, the A-site cation disordering,
which is measured by the variance of the A-site cation radius
distribution [46–47,75–78]. The increase in 〈rA〉 broadens the
electronic bandwidth and facilitates the electronic conduction
by widening the Mn-O-Mn bond angle [79,80]. Thus, the
system with a larger 〈rA〉 value will exhibit higher TC for
a fixed level of hole doping. The strong dependence of TC

on 〈rA〉 in the manganite system has been reported by sev-
eral authors suggesting a very strong electron-lattice coupling
[53,81–84]. This coupling is evidenced by oxygen isotope ef-
fect [85], striction couple magnetoresistance [86], or magnetic
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FIG. 4. Temperature-dependent χ−1 plot of (a) (La0.6Sr0.4)
MnO3, (b) (La0.2Pr0.2Nd0.2Sr0.2Ba0.2)MnO3, (c) (La0.2Nd0.2Sm0.2

Sr0.2Ba0.2)MnO3, (d) (La0.2Nd0.2Eu0.2Sr0.2Ba0.2)MnO3, (e) (La0.2

Nd0.2Gd0.2Sr0.2Ba0.2)MnO3, (f) (La0.2Pr0.2Dy0.2Sr0.2Ba0.2)MnO3,
(g) (La0.2Sm0.2Eu0.2Sr0.2Ba0.2)MnO3, and (h) (La0.2Pr0.2Nd0.2Ca0.2

Ba0.2)MnO3. The solid lines are Curie-Weiss fit to the experimental
data at higher temperature.

field sensitivity of lattice distortion [87]. However, this linear
relationship between TC and 〈rA〉 does not hold for the present
high entropy series with 40% hole doping. Figure 5 shows the
variation of TC of this series of high entropy manganite. There
is a decrease in TC with the increase in 〈rA〉 from 1.2416 to
1.2516 Å, though there is a monotonous increase in lattice
parameters and cell volume with the increase in 〈rA〉 (Fig. 2).
Above 〈rA〉 = 1.2516 Å TC increases with 〈rA〉 as expected.
This suggests that TC is not a single function of 〈rA〉. On
the other hand, an increase in σ 2 destabilizes the Mn-O-Mn
bond angle and the bond length. This eventually spreads and
interrupts the magnetic Mn-O-Mn network in the lattice. This
intrinsic factor plays a crucial role to create disorder and
inhomogeneity in the system as well. Thus 〈rA〉 and σ 2 have
an antagonist effect. The effect of σ 2 on properties can be ex-
amined in three different ways such as (i) variation of σ 2 for a
fixed 〈rA〉 value which is mostly carried out, (ii) both 〈rA〉 and
σ 2 can be varied, and (iii) both 〈rA〉 and σ 2 are varied to main-
tain the constant TC [78]. Unlike the conventional oxides, due
to the restriction in selecting a composition keeping the Mn
valence unaltered, we have varied both the 〈rA〉 and the σ 2 by
avoiding provision (i). Figure 5(a) shows that the variation of
TC and σ 2 with 〈rA〉 follow each other in a reciprocal way. At

FIG. 5. (a) Variation of TC , θCW, and the size variance (σ 2) with
the A-site ionic radius, 〈rA〉 for the high entropy oxides, and (b)
variation of TC and θCW as a function of the size variance, σ 2.

this point it is worth noting that where TC decreases with an in-
crease in 〈rA〉 as mentioned above, the σ 2 value increases and
reaches a maximum of 0.017 21 Å2 at 1.2516 Å. Afterward
σ 2 decreases with the increase in 〈rA〉 and TC exhibits normal
dependence on it. This suggests that the effect of σ 2 is rather
dominating for this series of high entropy oxide. Accordingly,
it is expected that TC should vary linearly with σ 2. In fact, it
is observed that except for (La0.2Pr0.2Nd0.2Ca0.2Ba0.2)MnO3

TC for other compositions follow a linear relationship with
σ 2 as shown in Fig. 5(b). Interestingly, though the σ 2 value
of (La0.2Pr0.2Nd0.2Ca0.2Ba0.2)MnO3 is 0.013 34 Å2, it has the
lowest 〈rA〉 = 1.2416 Å value. The highest TC (273 K) ob-
served for (La0.2Pr0.2Nd0.2Sr0.2Ba0.2)MnO3 in the series has
the highest 〈rA〉 = 1.2676 Å and lowest σ 2 = 0.012 84 Å2.
If we compare the 〈rA〉 of (La0.2Pr0.2Nd0.2Sr0.2Ba0.2)MnO3

(1.2676 Å) and (La0.2Pr0.2Nd0.2Ca0.2Ba0.2)MnO3 (1.2416
Å), they are compositionally different only by Sr and Ca.
It appears that due to the replacement of Sr by Ca 〈rA〉
drops by 0.0263 Å and σ 2 by 0.0005 Å2. Thus, though σ 2

is comparable, the large drop in TC from 273 K for the
Sr composition to 152 K in the Ca composition is about
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120 K pushing it as an outlier. This suggests the dominat-
ing role of 〈rA〉 in addition to σ 2 in HEO manganite. θCW

versus σ 2 is coplotted with TC in Fig. 5(b) and it shows
similar behavior as TC . However, the θCW for highest σ 2

composition show a slight deviation which may be due to
the sluggish transition in (La0.2Pr0.2Dy0.2Sr0.2Ba0.2)MnO3 as
discussed above.

We will now focus on the magnetic behavior observed
for (La0.2Pr0.2Dy0.2Sr0.2Ba0.2)MnO3. This composition has
an intermediate value of 〈rA〉 = 1.2516 Å and highest σ 2 =
0.017 21 Å2. It shows a continuous magnetic transition
[Figs. 3(f) and Fig. S12(f)] with lowest TC and distinct fea-
tures in the M(H ) curve [Fig. S12(f) [62]]. At a very large
value of σ 2 due to large size disparities between the A-
site cations results in inhomogeneities at microscopic level,
though it appears as a single phase in x-ray diffraction. This
eventually leads to the fragmentation of the ferromagnetic
state. The appearance of a double electrical transition in
Nd0.15Sm0.55Ba0.25Sr0.05MnO3 with σ 2 = 0.0207 Å2 has been
attributed to the phase inhomogeneity [75,88]. This situation
appears above σ 2 = 0.015 Å2 for Ln0.7M0.3MnO3 manganite
and TC does not remain a simple function of σ 2 [69]. In the
present series with 40% hole doping, we did not observe
significant deviation from linearity in TC for σ 2 values 0.0168
and 0.017 21 Å2 [Fig. 5(b)] as in the case of Ln0.7M0.3MnO3

[75]. Several reports from different groups on critical behav-
ior analysis of magnetization around the Curie temperature
in a large band width manganite system suggest the preva-
lence of magnetic inhomogeneity which is associated with the
cationic size mismatch [50,68,89], quenched disorder [90], or
disorder-induced correlation between charge, spin, and lattice
degrees of freedom [75,91,92].

Here, it is worth mentioning that the minima in the dM/dT
versus T plot for (La0.2Pr0.2Dy0.2Sr0.2Ba0.2)MnO3 is extended
over a 20 K width of temperature (Fig. S12 [62]). This sug-
gests that the transition is not a long-range ferromagnetic type.
A possible short-range magnetic interaction is present in the
system which may lead to clustering as reflected from the
effective magnetic moments observed in the paramagnetic re-
gion. The ferromagnetic metallic system can be converted into
insulating cluster glass with enhanced cationic disordering in
the A site [47,89,90]. Even the strength of double exchange
interactions responsible for ferromagnetism in manganites is
distributed with the increase in disordering which results in
the broadening in TC [91]. The presence of quenched disorder
or the existing disorder in the system assist the appearance
and stabilization of the short-range magnetic interaction or the
Griffith phase at the above TC [74,93,94]. The inverse sus-
ceptibility plot of (La0.2Pr0.2Dy0.2Sr0.2Ba0.2)MnO3 exhibits
a Griffith-like feature as observed in La0.4Ca0.3Sr0.3MnO3

[74]. The observed colossal magnetoresistance in manganite
systems has been explained within the context of Griffiths
[91,92,95]. Several experimental data support the primordial
role of quench disorder in the development of the Griffith
phase [91,96,97].

However, the M(H ) behavior of the samples available in
the Supplemental Material (Fig. S13 [62]), reveals some in-
teresting features on these high entropy oxides. Though the
ferromagnetic ordering temperature varies over a wide range
from 85 to 273 K, all the samples show a rapid increase in

magnetization in M(H ) curves (Fig. S13 [62]) and they show
the saturation magnetization close to the theoretical values
(Table II). This suggests that ferromagnetic contribution is not
suppressed or there is an evolution of other magnetic states
such as antiferromagnetic or glassy phase. This contrasts with
the conventional oxides investigated with σ 2 variation, where
large A-site disorder is unfavorable to the stabilization of
the ferromagnetism and develop antiferromagnetic or glassy
phase [89,98–103]. All the samples are soft ferromagnets and
magnetization saturation attends through the domain motion
[59]. Only the (La0.2Pr0.2Dy0.2Sr0.2Ba0.2)MnO3 composition
shows a slight anomaly in the M(H ) virgin curve, which is
most likely associated to the weak pinning of the spins [Fig.
S13(h) [62]]. Thus, unlike in conventional manganite where
the ferromagnetic state is suppressed with an increase in σ 2

or a decrease in 〈rA〉, in high entropy manganite the smaller
〈rA〉 values result in a decrease in the Mn-O-Mn bond angles,
which weakens the ferromagnetic double exchange interac-
tion. On the other hand, the enhanced size disorder σ 2 causes a
local deformation of the MnO6 octahedra, which can increase
carrier localization. Such localization was suggested to be
related to the Anderson localization of the fully spin polarized
eg carriers in the La1−xSrxMnO3 series [59]. This observa-
tion suggests that the B-site magnetic exchange interaction
is fragmented by multiple cation substitution in high entropy
manganites and even has nothing to do with the existence of
A-site magnetism. The long-range ferromagnetic ordering is
transformed to the short-range ordered ferromagnetic clus-
ters without losing the ferromagnetic identity or evolution of
any other magnetic states such as antiferromagnetic or glassy
states.

In Fig. 5(a) we have shown that the TC and θCW are
almost the same for higher 〈rA〉 values. However, the
deviation between TC and θCW progressively increases with
the decrease in 〈rA〉 and increase in σ 2. This difference
again reduced for lower values of σ 2 even with lowering
in 〈rA〉 value [Fig. 5(a)]. Generally, TC and θCW remain
almost the same if long-range ferromagnetic ordering prevails
in the system. The observed deviation between TC and
θCW has been attributed to the formation of ferromagnetic
clusters in the system with an increase in cation disordering
[50]. Furthermore, the experimental μeff values of all the
samples are larger than the theoretically calculated effective

magnetic moment μeff =
√

0.6 × μ2
Mn3+ + 0.4 × μ2

Mn4+ =
4.52 μB/f.u. (see Table II). Even after including the
rare-earth contribution following the relation μeff =√

0.2 × μ2
Ln3+

1
+ 0.2 × μ2

Ln3+
2

+ 0.6 × μ2
Mn3+ + 0.4 × μ2

Mn4+

(as there are maximum two rare earths each of 0.2 weightage
that can contribute to the moment), the calculated effective
moments are still below the observed value. The values
including rare-earth contribution are shown in Table II. The
inverse susceptibility data for 〈rA〉 = 1.2558 Å onward show
the upward deviation [Figs. 4(d)–4(h)]. The upward deviation
in susceptibility, larger μeff values than the calculated one,
and different values of TC and θCW support the formation of
ferromagnetic clusters [49,50,52]. Thus, it can be concluded
that in these high entropy manganites the double exchange
mediated long-range ferromagnetic interaction is broken
with the increase in cationic disordering, eventually resulting
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in the formation of ferromagnetic clusters. The magnetic
nature of the high-temperature region particularly when the
system is approaching toward magnetic phase transition will
be worth investigating. The high entropy effect provides the
opportunity to tune the physical properties in the manganite
system, but at the same time it needs to compromise the TC

which is shifted downward due to induced disordering in the
system. Another important issue is to clarify whether it is the
high entropy effect or the intrinsic cation size disorder that
plays the actual role, particularly in the manganite system.

V. CONCLUSIONS

A series of high entropy ferromagnetic manganites with
fixed hole doping has been investigated to understand the role
of high entropy effect. In this connection, the relevance of the
two well-known parameters, namely, average A-site ionic ra-
dius, 〈rA〉, and σ 2, the A-site cation disordering, which mostly
describe the physical properties of manganites, are seriously
considered to understand our results. All the samples were
thoroughly characterized using powder x-ray diffraction, FE-
SEM, EDX analysis, elemental mapping, and magnetization
measurements. XPS studies confirmed that the ratio of Mn3+

to Mn4+ valance is found to be unaltered for the high entropy
effect. The common observation of an increase in TC with 〈rA〉
in manganite does not stand in this high entropy series. A de-
crease in TC with the increase in 〈rA〉 from 1.2416 to 1.2516 Å
is observed, though there is a monotonous increase in cell
parameters and cell volume with the increase in 〈rA〉, which
suggests that TC is not a single function of 〈rA〉. The effect of
σ 2 is rather dominating for this series of high entropy oxides.

Though TC in the series varies over a wide temperature range
from 85 to 273 K, all the samples show strong ferromagnetic
behavior without evolution of other magnetic states such as
antiferromagnetic or frustrated states. This is in contrast to
the conventional manganite where large σ 2 destabilize the fer-
romagnetism and develop antiferromagnetic or glassy phase.
The B-site magnetic exchange interaction is fragmented by
multiple cation substitutions in high entropy manganites. The
local lattice distortion around the multiple cations results in
deformation of the MnO6 octahedra, which possibly increases
carrier localization reducing the length scale of the double
exchange interaction. This transforms the long-range ferro-
magnetic ordering to ferromagnetic clusters without losing
the ferromagnetic identity or evolution of any other magnetic
states such as antiferromagnetic or glassy states. The existence
of A-site magnetism does not influence the B-site interaction.
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