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1. Introduction

The interplay between spin, orbital, 
and charge order in strongly correlated 
electron systems underlies emergent 
phenomena such as superconductivity, 
colossal magnetoresistance (CMR), metal-
insulator transitions (MIT), etc., which are 
of immense fundamental and technolog-
ical interest.[1–3] The perovskite type rare-
earth (RE) manganites and their chemical 
hole (h+) doped variants, RE1-xAxMnO3, 
are an important class of materials exhib-
iting multiple strongly correlated effects 
like MIT, CMR, charge-ordering (CO), and 
orbital-ordering (OO).[2,4] The properties 
exhibited by the RE1-xAxMnO3 systems 
are primarily governed by two competing 
magneto-electronic states: one is the fer-
romagnetic (FM) metallic (FM-M) state 
stemming from double-exchange (DE) 
Mn4+-O2--Mn3+ interactions, while the 
other one is the antiferromagnetic (AF) 
insulating state (AF-I) originating from 
superexchange (SE) Mn3+–O2-–Mn3+ 
or Mn4+–O2-–Mn4+ interactions and 
related CO of Mn3+ and Mn4+.[5,6] Like-
wise, FM-I and AF-M states are the result  

Technologically relevant strongly correlated phenomena such as colossal 
magnetoresistance (CMR) and metal-insulator transitions (MIT) exhibited by 
perovskite manganites are driven and enhanced by the coexistence of multiple 
competing magneto-electronic phases. Such magneto-electronic inhomogeneity 
is governed by the intrinsic lattice-charge-spin-orbital correlations, which, in 
turn, are conventionally tailored in manganites via chemical substitution, charge 
doping, or strain engineering. Alternately, the recently discovered high entropy 
oxides (HEOs), owing to the presence of multiple-principal cations on a given 
sub-lattice, exhibit indications of an inherent magneto-electronic phase separa-
tion encapsulated in a single crystallographic phase. Here, the high entropy (HE) 
concept is combined with standard property control by hole doping in a series of 
single-phase orthorhombic HE-manganites (HE-Mn), (Gd0.25La0.25Nd0.25Sm0.25)1-x 
SrxMnO3 (x = 0–0.5). High-resolution transmission microscopy reveals hitherto-
unknown lattice imperfections in HEOs: twins, stacking faults, and missing 
planes. Magnetometry and electrical measurements infer three distinct ground 
states—insulating antiferromagnetic, unpercolated metallic ferromagnetic, and 
long-range metallic ferromagnetic—coexisting or/and competing as a result of 
hole doping and multi-cation complexity. Consequently, CMR ≈1550% stemming 
from an MIT is observed in polycrystalline pellets, matching the best-known 
values for bulk conventional manganites. Hence, this initial case study high-
lights the potential for a synergetic development of strongly correlated oxides 
offered by the high entropy design approach.

ReseaRch aRticle
 

© 2022 The Authors. Advanced Materials published by Wiley-VCH 
GmbH. This is an open access article under the terms of the Creative 
Commons Attribution-NonCommercial-NoDerivs License, which 
permits use and distribution in any medium, provided the original work 
is properly cited, the use is non-commercial and no modifications or 
adaptations are made.

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adma.202207436.

Adv. Mater. 2022, 2207436

 15214095, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202207436 by K
arlsruher Inst F. T

echnologie, W
iley O

nline L
ibrary on [16/12/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadma.202207436&domain=pdf&date_stamp=2022-11-30


www.advmat.dewww.advancedsciencenews.com

2207436 (2 of 14) © 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH

of competition between the elementary SE and DE magneto-
electronic interactions. The FM-I occurs when the percolation 
of FM-M state is restricted by the AF-I state, while the AF-M 
is believed to arise from FM-M planes with uniform OO. In 
addition, manganites show prominent electron-lattice coupling, 
a part of which is driven by the Jahn–Teller (J–T) effect origi-
nating from Mn3+ (in six-fold coordination) that results in lat-
tice distortion and electron localization.[7] Therefore, one of the 
main directions of research on RE-manganites is the control of 
electron-lattice-magnetic coupling.[2] The most commonly used 
approach to control the charge state of Mn and engineer the 
crystal structure is the chemical substitution on the RE-site.

The chemical (aliovalent) charge doping on the RE-site, on 
one hand, directly impacts the Mn-band filling via change in 
Mn oxidation state resulting in different magneto-electronic 
ground states (such as AF vs. FM and insulating vs con-
ducting). On the other hand, the change in the RE-site ionic 
radii achieved via elemental substitution (isovalent as well 
as aliovalent) affects the one-electron charge carrier band-
width (W) governing the electron interionic transfer.[4,8] For 
instance, La1-xSrxMnO3 is the well-known case of a large W 
system, where the itinerant electronic states are preferred 
and the metallic state (FM-M or AF-M) spans over a wide 
range of h+ doping.[4,9] In fact, paramagnetic-metallic (PM-M) 
is an evident state at certain h+ concentrations.[4,9] In contrast,  
La1-xCaxMnO3, despite the fact that Ca2+ leads to a sim-
ilar Mn-band filling like that with Sr2+ doping, results in 
an intermediate W due to differences in the ionic radii. As 
a result, the metallic state is comparatively suppressed in  
La1-xCaxMnO3. A direct impact of this suppression is evi-
dent from the significantly higher CMR values exhibited by  
La1-xCaxMnO3 compared to La1-xSrxMnO3. Finally, an 
extreme case narrow-W system is Pr1-xCaxMnO3, where the 
system tends to stay in an insulating state almost over the 
entire h+ dopant regime.[4] Overall, both the filling of the Mn 
band and the change in W resulting from chemical substi-
tution on the RE-site strongly affect the competition among 
the different magneto-electronic phases in manganites by 
controlling the kinetic energy of the conduction electrons. 
Importantly, the competing interactions between the primary 
magnetically ordered states (FM-M, FM-I, AF-I, and AF-M) 
lead to magneto-electronic inhomogeneity and as a result 
make the properties of these materials extremely sensitive 
to external parameters, such as magnetic field, temperature, 
or pressure.[1,3,10] Hence, the RE-site chemical substitution is 
considered the most fundamental tool to tune functionalities 
of perovskite manganites, such as MIT and CMR.

The recently introduced “high entropy (HE)” materials pro-
vide a natural environment for the magneto-electronic phase 
competition/coexistence by the virtue of their extreme chem-
ical complexity.[11–15] The HE design approach in oxides is 
based on incorporation of multiple cations in near-equimolar 
ratio in a given cation sub-lattice.[11,12,16,17] Despite the compo-
sitional complexity stemming from the presence of multiple 
principal cations, high entropy oxides (HEOs) crystallize as 
single-phase solid solutions.[11–13] The term HE is used and 
the same nomenclature has been adapted in this study fol-
lowing the well-known HE alloys. This is because these sys-
tems possess considerably higher configurational entropy (as 

dictated by the Boltzmann's equation) compared to their con-
ventional counterparts.[11–15,18] HEOs offer the possibility to 
explore the unraveled composition space close to the center of 
multinary oxide phase diagrams for potentially unique prop-
erties. The field of HEOs has rapidly grown to include several 
compositions and crystallographic structures.[11,12] Multiple 
studies already highlight their improved functionalities, such 
as enhanced energy storage capability, high catalytic activity, 
suppressed thermal conductivity, etc.[19–25] The magnetic 
properties of single-phase HEOs are of interest as significant 
magnetic phase separation manifesting itself through the 
intrinsic exchange bias has been reported.[26–28] Although pin-
pointing the exact origins of the magnetic phase separation is 
challenging, it is hypothesized that varying exchange interac-
tions due to the presence of multiple cations with different 
spin-electronic states, atomic-scale deviation from a complete 
cationic disorder, and locally varying metal–oxygen–metal 
bond angles can result in such separation.[26,28,29] Conse-
quently, the presence of competing magneto-electronic states 
and observed magnetic phase separation in HEOs inspire an 
idea of a possible unification of the HE and strong-correlated 
electrons in one system.

Motivated by the aforementioned connection, here, we aim to 
extend the HE-based approach to the design of strongly corre-
lated systems by studying a series of h+ doped high-entropy man-
ganites (HE-Mn). To date, there are three reports available on 
HE-Mn.[30–32] In the first report, the studied HE-Mn system exhib-
ited a single-phase solid solution only at elevated temperatures, 
as indicated by the operando high-temperature X-ray diffrac-
tion (XRD) measurements.[30] In the later studies, composition 
modulation allowed the stabilization of phase-pure HE-Mn at 
room temperature.[31,32] Their transport properties were then 
investigated, which, along with their enhanced thermal stability, 
highlight the potential of HE-Mn for use as cathode materials 
in solid oxide fuel cells (SOFCs).[31,32] The present study, on the 
other hand, focuses on (Gd0.25La0.25Nd0.25Sm0.25)1-xSrxMnO3 
(x  =  0–0.5) based compositions of HE-Mn. Detailed structural 
investigations have been performed to evaluate their phase 
compositions and accompanying lattice imperfections. HE-Mn 
exhibit a complex magneto-electronic phase-space with distinct 
competing/coexisting ground states. The possible utilization of 
the HE approach applied to the strongly correlated systems is 
highlighted by both the observed prominent magneto-electronic 
phase separation and the substantial CMR effect.

2. Results and Discussion

2.1. Structure, Phase Composition, Elemental Distribution,  
Lattice Defects, and Mn Valence States in  
(Gd0.25La0.25Nd0.25Sm0.25)1-xSrxMnO3

In this section, we combine X-ray diffraction (XRD), high-
resolution (scanning) transmission electron microscopy (HR-
STEM), electron energy loss spectroscopy (EELS), energy 
dispersive spectroscopy (EDS) and X-ray photoelectron spec-
troscopy (XPS) to investigate the global and local structural 
features of HE-Mn, which are crucial for elucidating their mag-
neto-electronic functionalities.
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2.1.1. XRD and Rietveld Analysis

Figure  1a presents the XRD patterns of all studied composi-
tions. The analysis indicates that all the compositions crystal-
lized in single-phase orthorhombic structures (Pbnm) despite 
the high chemical complexity. Rietveld refinement of the XRD 
patterns is provided in Figure S1 (Supporting Information). The 
obtained lattice parameters and the cell volumes are shown 
in Figure  1b. The Goldschmidt tolerance factor (t), which is 
defined using Equation  1 (for a general ABO3 perovskite), 
increases with increasing amount of Sr doping

2
A O

B O

t
r r

r r( )
= +

√ +
 (1)

where rA and rB are the ionic radii of the cations occupying the 
A-site and B-site (Mn), respectively, and rO is the radius of the 
oxygen ion. In the case of the disordered A-site, the average 
ionic radii is considered.

In addition, the J–T effect also decreases (more details in 
the following paragraphs) with increasing Sr2+ doping. This 
is reflected in the XRD patterns where a decrease in the 
orthorhombic nature of the sample is evident from gradual 
lowering of the super-structure reflections and merging of a, b, 
c/√2 parameters upon Sr2+ doping. In fact, the XRD patterns of 
samples with x = 0.40 and 0.50, appear more cubic rather than 
orthorhombic. However, closer inspection of the peak shapes 
and refinement of the XRD patterns indicate that these samples 
are still single-phase orthorhombic. The structural information 
obtained from the Rietveld refinements is pictorially represented 
in Figure  1c, which further indicates the lowering degree of 
orthorhombicity upon increasing the amount of Sr2+ doping.

2.1.2. HR-STEM, EDS, EELS, and XPS

In order to gain deeper insight about the crystal structure, 
chemical homogeneity, and oxidation state of Mn, HR-STEM 
has been performed on four systems, x =  0, 0.2, 0.3, and 0.5. 
The HR-STEM micrographs and corresponding fast Fou-
rier transform (FFT) images of x  =  0 and 0.5 are shown in 
Figure  2a,b, while the data for x  =  0.2 and 0.3 are presented 
in Figure S2 (Supporting Information). These data along with 
additional HRTEM and HR-STEM images acquired at several 
other regions with various zone axes for each of these samples, 
confirm the presence of single-phase orthorhombic perovskite 
in all these studied systems. For the x  =  0 sample, the struc-
tural modulation stemming from the orthorhombic distor-
tion is prominent as indicated by the shifted lattice position 
of B-site (Mn) in the neighboring atomic planes perpendicular 
to the c-axis (Figure  2a). In contrast, a significant decrease in 
the orthorhombic distortion can be observed in the x  =  0.5 
system (Figure 2b). Figure 2c,d present the high-angle annular 
dark-field (HAADF) image and the corresponding atomically 
resolved elemental distribution maps for x = 0 and x = 0.5. A 
homogenous distribution of the rare-earth cation (and Sr for 
x = 0.5) on the A-site (RE) sub-lattice along with presence of Mn 
on the B-site sub-lattice, without any observable concentration 
fluctuation at the atomic length scales, can be confirmed. The 
obtained chemical distribution strengthens the claim of struc-
tural homogeneity in the HE-Mn.

In order to evaluate the oxidation state of Mn, EELS measure-
ments on the Mn L2,3-edges and the O K-edges have been per-
formed (Figure  S3, Supporting Information). The Mn L-edge 
spectra show two characteristic features stemming from Mn L3 
(≈643 eV) and Mn L2 (≈644 eV) edges.[33,34] The O K-edge spectra 

Adv. Mater. 2022, 2207436

Figure 1. Crystal structure and phase compositions of (Gd0.25La0.25Nd0.25Sm0.25)1-xSrxMnO3 (x = 0–0.5). a) XRD patterns indicating that all the systems 
crystallize in a single-phase orthorhombic (Pbnm) structure. The t and J–T effect stand for Goldschmidt tolerance factor and Jahn–Teller effect, respec-
tively. b) The variation in the lattice parameters and cell volume obtained from Rietveld refinement is shown as a function of Sr content. c) The struc-
tural schematics (using the information obtained from the Rietveld refinement) along the Pbnm c-axis show a gradual decrease in the orthorhombic 
distortion upon Sr addition.
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show three main features at ≈530, 536, and 543 eV, which origi-
nate from hybridization of O2- with the relevant metal cation 
(Mn or RE).[33,34] The feature at ≈543  eV can be attributed to 

hybridization of O2- with Mn 4sp (hybridized) orbitals, while the 
one at ≈536 eV is related to hybridization with RE 5d and Sr 4d 
orbitals. Finally, the important one at ≈530  eV is related to the 

Adv. Mater. 2022, 2207436

Figure 2. Atomic resolution HAADF-STEM micrographs and EDS elemental maps for representative x = 0.0 and 0.5 systems. a,b) HAADF-STEM micro-
graphs and corresponding FFTs from the [110] zone axis of x = 0.0 (a) and 0.5 (b) systems indicate phase-pure Pbnm structure in both the systems. A 
decrease in the degree of the orthorhombic distortion is observed in the case of the x = 0.5. c,d) The corresponding elemental distribution maps for 
x = 0.0 (c) and 0.5 (d) systems show that all the RE cations and Sr homogenously occupy the A-site sub-lattice while Mn occupies the B-site sub-lattice, 
without any observable elemental fluctuations even at the atomic length scales.
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hybridization with the Mn 3d orbitals. The change in the oxida-
tion state of Mn can be extracted from the integrated area ratio 
of the Mn L3 to Mn L2 edges (L3/L2 ratio) after subtracting the 
continuum excitations and the difference in the positions (∆E) 
between the Mn 3d feature (≈530 eV) and the RE 5d/Sr 4d fea-
ture (≈536  eV). A decrease in L3/L2 ratio or an increase in the 
∆E signifies an increasing Mn oxidation state.[33,34] The change 
in the L3/L2 ratio and ∆E as a function of Sr2+ doping shown in 
Figure  S4 (Supporting Information) unambiguously confirms 
the premise that increasing the amount of Sr2+ doping results 
in more Mn4+. In fact, the expected difference between oxidation 
state Mn for x  =  0.5 and x  =  0 is ≈+0.5, which is also in good 
agreement with the amount of h+ doping. The effective valence 
states of Mn obtained in x =  0 and x =  0.5 are ≈3+ and ≈3.5+, 
respectively. Nevertheless, it should be noted that although the 
L3/L2 ratio and ∆E are reliable qualitative parameters, they pro-
vide only semi-quantitative estimations of the real Mn oxidation 
state. Hence, from the EELS study, it can only be concluded that 
the relative amount of Mn4+:Mn3+ increases with h+ doping and 
the extent of increase agrees well with the amount of h+ doping.

XPS measurements on x =  0, 0.2, 0.3, and 0.5 and two ref-
erence standards (MnO2 and Mn3O4) have been performed to 

further ascertain the increase in the oxidation state of Mn upon 
h+ doping. The results of the XPS study and Mn 3s spectral 
analysis are provided in Figure  S5 (Supporting Information) 
and the related discussion section. The trend observed from the 
surface-sensitive XPS analysis in combination with the volume 
sensitivity of EELS provides a deeper insight into the change 
in oxidation state of Mn in the HE-Mn upon Sr doping. Con-
sequently, these indicate the lowering of the J–T effect with an 
increasing amount of h+ doping which is also reflected from 
the global lowering of the orthorhombicity observed from the 
Rietveld analysis.

Apart from the observation of a single orthorhombic phase, 
however, with higher symmetry close to cubic structure, three 
different kinds of lattice defects were noticeably observed in 
different regions of (Gd0.25La0.25Nd0.25Sm0.25)0.5Sr0.5MnO3. 
It should be noted that these defects were not evident in the 
other probed samples, i.e., x  =  0, 0.2, and 0.3. The first kind 
of defects were twins, clearly observed in the HR-STEM image 
and its corresponding FFT shown in Figure 3a,b. The second 
kind of defect that was observed is an entire missing MnO 
plane, as revealed by the integrated differential phase contrast 
(iDPC) image in Figure 3c. The third kind of defect that could 

Adv. Mater. 2022, 2207436

Figure 3. Lattice imperfections in (Gd0.25La0.25Nd0.25Sm0.25)0.5Sr0.5MnO3. a,b) Presence of twining with a clear twin boundary is confirmed from the 
STEM micrograph and the corresponding FFT pattern. In c and d, the red balls indicate the RE cations while the blue balls indicate the Mn ions.  
c) Integrated differential phase contrast (iDPC) image indicates a missing MnO plane in the system, with either side of the missing plane showing 
a continuity of the periodicity and perfect lattice structure. d) If a horizontal line is drawn across the STEM micrograph, then a defect similar to a 
stacking fault can be observed. The mismatch in the stacking sequence arises from a region with a width of two unit cells. The indices in the FFT and 
the crystallographic directions are indicated according to the corresponding pseudo-cubic crystal structure of (Gd0.25La0.25Nd0.25Sm0.25)0.5Sr0.5MnO3.

 15214095, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202207436 by K
arlsruher Inst F. T

echnologie, W
iley O

nline L
ibrary on [16/12/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advmat.dewww.advancedsciencenews.com

2207436 (6 of 14) © 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH

be observed in the system is identical to a stacking fault. When 
viewed along the edge of the pseudo-cubic structural unit, a 
region with a width of two unit cells shifts by half the diagonal 
of the cube. Consquently, the RE and Sr ions align with Mn 
ions and vice versa corresponding to a perfect crystal, as shown 
in Figure 3d and Figure S6 (Supporting Information).

It can be roughly estimated that these three aforemen-
tioned defects occur in ≈20% of the probed sample regions. 
So, these initial results highlight subtle lattice imperfections in  
(Gd0.25La0.25Nd0.25Sm0.25)0.5Sr0.5MnO3. It should be noted that 
these three different defects observed here have never been 
reported for any other HEO system. Nevertheless, a recent 
dedicated TEM study has shown an enhanced degree of disloca-
tion densities in pyrochlore-HEO systems.[35] Hence, probing of 
unique and possibly enhanced lattice imperfections might be an 
interesting research avenue for HEOs in general. In addition, 
the defects observed here can also have a decisive influence on 
the properties, for instance, the missing plane (MnO) and the 
stacking fault-like feature are likely to impact the MnOMn 
bonding characteristics that govern exchange interactions in 
manganites. Studies on bilayer perovskites have shown that the 
variation in the stacking sequence can result in change of the 
electronic conductivity as well as magnetic transition tempera-
ture.[36–38] Hence, it can be expected that these defects observed 
in (Gd0.25La0.25Nd0.25Sm0.25)0.5Sr0.5MnO3 can influence its mag-
netic and electronic properties. Nevertheless, any reliable con-
nection with the properties requires exact quantification of 
each kind of these defects, which necessitates future dedicated 
TEM studies. Furthermore, a speculation regarding the effect 
of these defects on the properties cannot reliably or unequivo-
cally be drawn as, to the best of our knowledge, none of these 
defects (missing MnO plane or stacking faults) have been 
reported earlier for any bulk perovskite RE-Mn based system. 
Thus, additional theoretical studies are required to explain 
the changes in magnetic interactions resulting from these lat-
tice defects. Another possible future work will be to clarify the 
origin of the lattice imperfections in (Gd0.25La0.25Nd0.25Sm0.25)0.5
Sr0.5MnO3. This may allow the further optimization of the con-
centration of defects in (Gd0.25La0.25Nd0.25Sm0.25)0.5Sr0.5MnO3 
with an aim to tune their functional properties.

On the whole, from the XRD, HR-TEM, EDS, and EELS 
studies we conclude that all the studied systems, (Gd0.25La0.25
Nd0.25Sm0.25)1-xSrxMnO3 (x = 0, 0.05, 0.1, 0.15, 0.20, 0.25, 0.30, 
0.40, 0.50), crystallize in a single phase orthorhombic struc-
ture with homogenous distribution of the respective cations on 
their given sub-lattices (RE and Sr on the A-site and Mn on the 
B-site). The analyses show an increase in the amount of Mn4+ 
and a corresponding decrease in J–T effect and the degree 
of orthorhombic distortion upon increasing amount of Sr2+ 
doping. Furthermore, (Gd0.25La0.25Nd0.25Sm0.25)0.5Sr0.5MnO3 
exhibit three different kinds of lattice imperfections: twins, 
stacking faults and missing Mn–O planes.

2.2. Magnetic and Electronic Properties of  
(Gd0.25La0.25Nd0.25Sm0.25)1-xSrxMnO3

In this section, we discuss the results obtained from mag-
netometry (Figures  4 and  5) and electronic measurements 

(Figure 6) of the HE-Mn. Consequently, we construct the com-
plex magneto-electronic phase diagram (Figure  7) of HE-Mn 
along with graphical representations of the identified magneto-
electronic ground states.

2.2.1. Magnetic Properties of (Gd0.25La0.25Nd0.25Sm0.25)1-xSrxMnO3

The temperature-dependent magnetization (M–T), i.e., the zero-
field cooled (ZFC) and field cooled (FC) measurements, for all 
the nine systems are plotted in Figure 4a–c. The magnetic field-
dependent magnetization plots (M–H) at different temperatures 
(T = 5, 30, 100, and 300 K) for four samples x = 0.05, 0.30, 0.40, 
and 0.50 are presented in Figure 5, while the M–H plots for the 
remaining systems are shown in Figure S7 (Supporting Infor-
mation). The transition temperatures are estimated from the 
derivative (dM/dTFC) of the FC curves, while the ground states 
are inferred from the combination of the ZFC, FC, dM/dTFC 
features and analysis of the saturated Mn magnetic moments 
obtained from the (M–H) loops collected at different tempera-
tures. The two fundamental characteristics obtained from the 
magnetic analysis, i.e., the magnetic transition temperatures 
and the magnetic ground states, are presented in the form of 
the magneto-electronic phase diagram shown in Figure 7. In the 
following sections, the magnetic properties of HE-Mn are dis-
cussed in detail.

As mentioned earlier, the strong MnOMn exchange 
interactions are the dominant ones in manganites, where the 
RE ion size influences the strength of the exchange interac-
tion by affecting the angle of the Mn-O-Mn bonds and band-
width W. However, apart from that, the effect of RE cations in  
(Gd0.25La0.25Nd0.25Sm0.25)1-xSrxMnO3 with (high) paramagnetic 
(PM) moments (such as Gd3+: 8 µB, Nd3+: 3.5  µB and Sm3+: 
1.5  µB) should also be considered, especially at low tempera-
tures, while extracting the magnetic moments of the Mn sub-
lattice from the M–H curves. In addition, the constituent RE 
cations, also couple AF with the Mn spins (REOMn) at low 
temperatures, indicated by the secondary features indexed as 
TRE in the M–T curves (Figure  4). Furthermore, the RE sub-
lattice itself can get ordered via REORE interactions. How-
ever, this typically occurs at even lower temperatures and, thus, 
remains largely unnoticed. Importantly, the relative RE PM 
contribution to the M-H plots gets lowered with increasing 
amount of non-magnetic Sr2+ on the A-site sub-lattice.

The ZFC, FC and dM/dTFC curves for the low Sr doping 
level, i.e., compositions with x  =  0, 0.05, and 0.10, are shown 
in Figure  4a–c. The characteristic cusps observed in the ZFC 
curves match with the global minima of dM/dTFC. This indicates 
a PM to AF transition, with the Néel temperatures TN being 
the maxima of the cusps observed in the ZFC (that is equal to 
the minima of dM/dTFC). Furthermore, in all the cases the FC 
branches show a drop in the magnetization at ≈25 K indicated 
by TRE arising from the REOMn AF coupling. The signifi-
cant splitting between the ZFC and the FC curves, with the FC 
curve appearing more like expected in FM affirms the canting 
of the AF Mn spins leading to small net FM moments. As 
mentioned earlier, AF ordering in lower h+ doping stems from 
SE-AF interactions between Mn3+OMn3+. Furthermore, the 
SE-AF coupling can also have an asymmetric component due to 

Adv. Mater. 2022, 2207436
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Dzyaloshinskii–Moriya interaction (DMI),[39,40] which results in 
a small net ferromagnetic moment.

The M–H plots for x = 0, 0.05, and 0.10 collected at various 
temperatures below the TN, as shown in Figure 5 and Figure S7 
(Supporting Information), indicate no sign of saturation even 
at high fields (7  T) and low temperatures (30 and 5  K), as is 
expected in the canted-AF (CAF) system. The linear, unsatu-
rated, part of the M–H plots above TRE, has two contributions, 
one is related to the MnOMn AFM and the other one to the 
paramagnetic RE cations, as mentioned earlier. The remaining 
saturated FM moment obtained from the M–H plots, is very 
small, typical of weak DMI-type ferromagnetism. Based on 
this combined analysis, we conclude that the ground state of 
x  =  0–0.1 is CAF, as presented in Figure  7. Furthermore, the 
splitting of the FC and ZFC curves starts above the TN indi-
cating that the magnetic transition in HE-Mn is rather gradual 
occurring over a range of temperatures. The deviation from an 
ideal PM behavior at 100 K in x = 0.10, Figure S7 (Supporting 
Information), further confirms the gradual magnetic transi-
tion already starting above the TN. This onset of the magnetic 

ordering above the main transition temperature seems to be an 
effect universal to HEOs, as it has also been reported in other 
classes of HEOs.[17,26,27]

The ZFC, FC, and dM/dTFC data for the compositions, 
x  =  0.15 and 0.20, are shown in Figure  4d,e. Both of them 
exhibit two prominent magnetic transitions (denoted as T’ and 
Tc) indicated by the abrupt change of the slope of both the FC 
and ZFC curves above TRE, which are further supported by the 
dM/dTFC showing minima above the TRE. The main magnetic 
transition occurs below 90 and 103 K for x = 0.15 and x = 0.20, 
respectively. The magnetic state below this main transition (Tc) 
is expected to be of FM nature. This observation is supported 
by the M–H plots, exhibiting substantially higher saturated 
moments compared to that of the CAF systems at similar tem-
peratures. The linear unsaturated magnetization comes largely 
from the RE paramagnetic moments as seen in Figure  5 and 
Figure  S7 (Supporting Information). Based on these observa-
tions the magnetic ground states of x =  0.15 and x =  0.20 are 
assumed to be FM, as shown in Figure 7. Apart from this major 
transition, the features of the M–T curve, i.e., dM/dTFC and the 

Adv. Mater. 2022, 2207436

Figure 4. Magnetization of (Gd0.25La0.25Nd0.25Sm0.25)1-xSrxMnO3 as a function of temperature with a measuring field of 50 Oe. a–i) The zero-field cooled 
(ZFC), field cooled (FC) and the derivative of the field cooled curve (dM/dTFC) for all nine compositions are shown. The magnetic ground state and the 
main transition temperature related to the MnOMn interaction are obtained from the global minima of the dM/dTFC curve. Dual magnetic transition 
related to the MnOMn sub-lattice is observed in (d) and (e). TRE represents the secondary magnetic interactions stemming from the RE sub-lattice.
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divergence of the ZFC and FC branches, indicate that some of 
the Mn spins already become magnetically ordered above the 
main Tc (i.e., around the T’). This is further supported by the 
M–H plots collected between the Tc and T’. These results pro-
vide strong hints toward inhomogeneous magnetic phase dis-
tribution in these crystallographic single-phase systems.

The aforementioned spatial magnetic inhomogeneities, also 
hypothesized in conventional manganites, can be explained by 
competing short-range SE-AF and DE-FM interactions stem-
ming from different local ratios of Mn3+ and Mn4+. The same 
can also be expected in HE-Mn. However, compared to the con-
ventional manganites, the magnetic separation effect appears 
to be much more enhanced in the HE-Mn with prominent 
dual transitions as observed in Figure 4d,e. Hence, a different 
color coding is used in Figure 7 to represent the complex mixed 
magnetic interactions (and additional magnetic transition, T’) 
resulting in a unique electronic behavior (more details in the 
next section) in these composition regimes. While the primary 
reason for the magnetic phase separation is still expected to be 
the ratio of the Mn3+ and Mn4+, the enhancement of the phase 
separation can also be spurred by different-sized RE cations in 

the HE-Mn. The different-sized RE cations can create a broad 
distribution of MnOMn bond angles resulting in a spatially 
fluctuating degree of MnO hybridization that, in turn, affects 
the bandwidth W. Apart from these main magnetic features, a 
shift in the TRE toward higher temperature, ≈72 K, is observed 
even with an increased non-magnetic Sr2+ doping (x = 0.15 and 
0.20) compared to the x  =  0–0.1 compositions. The coupling 
TRE temperature is governed by two competing factors. On the 
one hand, a gradual dilution of the RE ions upon doping with 
non-magnetic Sr weakens the coupling between RE and Mn 
lattices, on the other hand, Mn ferromagnetism gets stronger 
with more h+ doping as the system moves from SE-AF (or CAF) 
toward DE-FM states. In the case of x = 0.15 and 0.20, the shift 
of TRE towards higher temperature is plausibly related to the 
dominant FM ordering of the Mn spins, which couple more 
strongly with the RE cations via the bridging oxygen compared 
to the weak canted moment of the Mn spins stemming from 
the DMI in the case of x = 0–0.10.

Finally, with increasing h+ doping, x = 0.25–0.5, the systems 
exhibit a distinct PM to FM transition with high magnetic 
moments as indicated by the M–T, dM/dTFC, and M–H plots, 

Adv. Mater. 2022, 2207436

Figure 5. Magnetization of (Gd0.25La0.25Nd0.25Sm0.25)1-xSrxMnO3 as a function of the field at different temperatures, 5, 30, 100, and 300 K. A linear para-
magnetic behavior is observed at 300 K for all the samples. In addition, x = 0.05 shows a paramagnetic behavior even at 100 K, which is well above its TN.
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Figures  4f–i and  5. The TRE also shifts towards much lower 
temperatures in these systems compared to the lower doped 
variants, which is related to the loss of paramagnetic RE cations 
at higher non-magnetic Sr2+ doping concentrations. Below the 
Tc the M–H loops feature a soft, readily saturated, FM com-
ponent with high magnetic moment, seen in Figure 5 (with a 
minor degree of linearity arising from the RE PM moments). 
These aforementioned results affirm the FM ground state of 
these compositions, x = 0.25–0.5, as presented in Figure 7.

It can be observed that the strength of the FM interaction 
increases rapidly with higher h+ doping, reflected by the high 
Tc for the x =  0.4 and 0.5 samples. However, compared to the 
Sr2+ doped variants of the constituent parent manganites, a 
very weak Tc temperature dependency is noticed for the com-
positions between x  =  0.4 and 0.5. For instance, the differ-
ence in the transition temperature (∆T) between the x  =  0.4 
and x = 0.5 variants are roughly 20–30% for the parent RE-Mn 
(such as ≈350 to ≈250  K in La1-xSrxMnO3 and ≈125 to ≈100  K 
in the Sm1-xSrxMnO3 variants). In contrast, only a negligible 
difference, ≈2.25%, in the magnetic transition temperature of 
x = 0.4 (222 K) and x = 0.5 (217 K) is observed in the HE-Mn. 
Inversely, the difference in the ∆T from x  =  0.3 to x  =  0.4 in 
the parent RE-Mn is ≈5–20%, while the difference in the case 
of the RE-Mn is ≈45%. Furthermore, by comparing the M–H 
plots for x = 0.4 and 0.5 of HE-Mn, it can be observed that the 
x = 0.5 sample starts to show signs of magnetic inhomogeneity. 
This is indicated by the increase of the linear non-saturating 
part of the M–H plot for x = 0.5 (even though the paramagnetic 
RE constituents are reduced) and presence of hysteresis even 

at higher external fields (Figure  S8, Supporting Information). 
The origin of this magnetic inhomogeneity can be the gradual 
strengthening of the competing SE-AF Mn4+OMn4+ interac-
tions over the DE-FM Mn3+OMn4+ interactions.

In summary, the HE-Mn systematically doped with Sr show 
a unique structural-magneto-electronic phase diagram that 
arises from the distinct competition between the primary mag-
neto-electronic phases typical of the RE-manganites. The com-
positions x  =  0–0.1 show CAF ground state, x  =  0.15 and 0.2 
show FM ground states with definitive secondary transitions at 
high temperatures, and x = 0.25–0.5 show a prominent single 
FM ground state. Differences from the parent Sr2+ RE-mangan-
ites are reflected in the transition temperatures and, especially, 
in terms of the ∆T % among the doped variants of HE-Mn. 
In addition, clear signs of magnetic phase separation, with 
prominent dual transition temperature stemming from the 
competing magnetic phases can be observed in the case of the 
HE-Mn with x = 0.15 and x = 0.20, indicating the possible use 
of HE design approach to enhance magnetic inhomogeneity 
in crystallographic single-phase manganites. Next, we evaluate 
magneto-transport properties of the HE-Mn.

2.2.2. Correlated Magneto-Electronic Properties and Colossal 
Magneto-Resistance in (Gd0.25La0.25Nd0.25Sm0.25)1-xSrxMnO3

We probed the transport properties as a function of tempera-
ture (T) and external magnetic fields (Hext) for three systems 
(x = 0.1, 0.2, and 0.3) exhibiting the different magnetic ground 

Adv. Mater. 2022, 2207436

Figure 6. Magneto-electronic properties of (Gd0.25La0.25Nd0.25Sm0.25)0.8Sr0.2MnO3 (a–c) and (Gd0.25La0.25Nd0.25Sm0.25)0.7Sr0.3MnO3 (d–f). a,d) 4-probe 
resistance (R) measurements as a function of temperature at two different external magnetic fields (0 and 5 T) for x = 0.2 and x = 0.3, respectively, are 
shown. Prominent field dependency is observed in both, however, an insulating ground state is observed in x = 0.2 and a metal-insulator transition at 
the TC in x = 0.3. b,e) The magneto-resistances, MR = R0 – R5T/R5T (in %), as the function of temperature are shown for x = 0.2 and x = 0.3, respectively. 
c,f) The MR (%) as the function of the external magnetic field (H) at the TC for x = 0.2 and x = 0.3, respectively, are shown. Enhanced colossal magneto-
resistance ((R0 – R6T)/R6T) of 1550% is exhibited by the x = 0.3 sample at 123 K.
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states (CAF, FM-mixed, and FM). The resistance as a func-
tion of temperature (Ω–T) at specific Hext and magnetic field-
dependent magneto-resistance (MR–H) at specific temperature 
for x = 0.2 and 0.3 are shown in Figure 6.

The Ω–T for x  =  0.1 is presented in Figure  S9 (Supporting 
Information), which shows an exponential increase of resist-
ance with decreasing temperature. This signifies that the 
system is insulating throughout the entire measured tem-
perature regime. In fact, the resistance for the x =  0.1 system 
exceeded the limit of the PPMS (with the highest possible 
applicable voltage) at temperatures below 110  K and the high 
resistance (>10 MΩ) was retained even below the TN (60 K). In 
addition, no detectable difference in the Ω–T behavior could be 
observed upon application of Hext  =  5  T. These results coher-
ently support the observed CAF magnetic ground state for 

x = 0.1, confirming the insulating SE-AF interaction in systems 
with x = 0–0. 1, as concluded in Figure 7.

The Ω–T data for x  =  0.2 are shown in Figure  6a. Similar 
to x = 0.1, an exponential increase of resistance with lowering 
temperature could be observed almost over the entire tempera-
ture range. This indicates an insulating ground state despite 
the FM ordering, as presented in Figure  7. However, around 
the Tc (100  K), a deviation from the otherwise exponential 
behavior of Ω could be observed. Essentially, an obvious cor-
relation of the electronic and magnetic properties could be 
observed that manifests itself through distinct lowering of Ω 
upon application of Hext  =  5  T at temperatures slightly below 
the T’ (Figure 6a). Consequently, this difference in the Ω with 
and without a Hext results in a prominent magneto-resistance 
(MR) effect, as shown in Figure  6b. The MR value at the Tc 

Figure 7. Magneto-electronic phase diagram of (Gd0.25La0.25Nd0.25Sm0.25)1-xSrxMnO3. All systems are single-phase orthorhombic perovskites. Para-
magnetic (PM) state prevails at room temperature for all compositions. Compositions x = 0–0.1 show a canted antiferromagnetic insulating (CAF-I) 
ground state. x = 0.15 and 0.20 show a ferromagnetic-insulating (FM-I) ground state with dual magnetic transitions (mixed) indicating strong magneto-
electronic non-uniformity. One distinct FM-metallic (FM-M) ground state can be observed in x = 0.25–0.5 systems. Simple schematics of the obtained 
magneto-electronic ground states are shown below the phase diagram indicating the prohibited percolation of the metallic-FM states in systems with 
the FM-I mixed ground states and the long-range metallicity in the systems with the FM-M ground states.
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(105 K) reaches a maximum of 200%, as can be seen from the 
MR–H plot (Hext = ±6 to 0 T). It should be noted that the MR in 
this case and throughout the manuscript represents the ∆R/RH  
(%) (more details in the experimental section), which is the 
widely followed convention. However, the MR is also often 
represented as ∆R/R0 (%) or as the R0/RH (see  experimental 
section for details). The corresponding ∆R/R0 and R0/RH for 
x = 0.2 at 105 K are 67% and 3, respectively. These observations 
concordantly support the coexistence of two different magneto-
electronic ground states for x = 0.2, as concluded from the mag-
netometry data.

Thus, it can be concluded that the system x  =  0.2 exhibits 
a competition between the insulating SE-AFM and metallic 
DE-FM interactions. Unlike, the x  =  0.1 system with the CAF 
ground state, the DE-FM interactions are dominant resulting 
in the aforementioned magnetic features, like high magnetic 
moments in x = 0.2. However, the SE-AFM interaction resists 
the percolation of the long-ranged metallic DE-FM interactions 
throughout the system, as shown in the schematics of the mag-
neto-electronic ground states in Figure 7. In fact, the percolation 
of the metallic interactions (x = 0.2) could not be obtained even 
at 5  T (Figure  6a) portraying the robustness of the insulating 
AF matrix separating the metallic-FM clusters. Furthermore, a 
high and almost consistent value of MR can be observed over 
a wide temperature range already starting well above the Tc 
(Figure 6b,c). These effects of a magneto-electronic phase sepa-
ration and a gradual magneto-electronic phase transition can 
plausibly stem from the highly disordered A-site, resulting in 
locally varying MnOMn bond angles.

Finally, we probe the (Gd0.25La0.25Nd0.25Sm0.25)0.7Sr0.3MnO3  
as a representative of the FM ground state. The Ω–T behavior 
with and without Hext differ substantially from both the 
insulating-CAF and insulating- FM mixed ground states 
(Figure  6d,e). A definitive MIT occurs at 123  K (Figure  6d,e), 

which is identical to the Tc. Above the TC the Ω decreases with 
increasing T indicating an insulating state, while below the TC 
the system exhibits a metallic behavior as the Ω decreases with 
decreasing T. This affirms the metallic DE-FM interaction in 
x = 0.3, as shown in Figure 7. Furthermore, the maximum value 
of the MR observed at 123 K is ≈1550% (Hext = ±6 T to 0 T) as 
can be seen in Figure 6f. The corresponding ∆R/R0 and R0/RH 
values at 123 K are 94% and 16.5, respectively. These respective 
values are comparable to the best-known CMR effects reported 
for bulk manganite polycrystalline pellets and exceed the parent 
RE1-xAxMnO3 (A = Sr or Ca) around and >100 K.[2,41–46] Table 1 
compares the MR values of different parent variants of bulk 
polycrystalline RE1-xSrxMnO3 with that obtained for the HE-Mn.

As mentioned earlier, the CMR effect relies on magneto-
electronic inhomogeneity, which is plausibly enhanced by the 
chemically disordered A-site resulting in the substantial CMR 
already in an unoptimized polycrystalline pellet. These initial 
results highlight the potential for further improvement of the 
CMR effect, using conventional design approaches followed in 
conventional manganites, like strained thin film deposition, 
single crystal growth, variation in oxygen stoichiometry, etc. For 
instance, one of the highest known CMR effects is observed in 
a single crystal thin film of La1-xCaxMnO3, where an improve-
ment in CMR from ≈500% to ≈127 000% could be achieved via 
straining and alteration of oxygen stoichiometry.[47] The CMR 
values of the La0.7Ca0.3MnO3 and Nd0.7Sr0.3MnO3, which are 
amongst the highest known,[47,48] are presented in Table  1 for 
comparison. It can be observed that the MR values (∆R/R0) of 
the bulk polycrystalline pellets of La0.7Ca0.3MnO3 (55%) and 
Nd0.7Sr0.3MnO3 (80%) are lower than the 30% h+ doped HE-Mn 
variant, (Gd0.25La0.25Nd0.25Sm0.25)0.7Sr0.3MnO3 (94%). This 
highlights the possibility of manipulation and enhancement 
of the CMR of the HE-Mn for instance with strained thin-film 
deposition. In addition, future investigation with hole doping 

Table 1. The MR values, represented either in ∆R/RH (%) or ∆R/R0 (%), of different conventional bulk polycrystalline variants of Sr doped RE-man-
ganite are compared with the HE-Mn. Additionally, thin film and Ca doped variants of RE-manganite known for their high degree of MR are shown. 
Hmax is the maximum external magnetic field used for the MR, while the TMR represents the temperature where the maximum MR is observed.

Compositions ∆R/RH [%] ∆R/R0 [%] TMR [K] Hmax Ref.

La0.8Sr0.2MnO3 – 46 270 6T [51]

Nd0.8Sr0.2MnO3 – 88 70 8T [45]

(Gd0.25La0.25Nd0.25Sm0.25)0.8Sr0.2MnO3 102 67 105a) 6T This work

La0.7Sr0.3MnO3 – 45 330 6T [51]

La0.7Sr0.3MnO3 (thin film) – 68 330 9T [31]

Nd0.67Sr0.33MnO3 – 51 260 6T [52]

Nd0.7Sr0.3MnO3 – 80 100 9T [53]

Nd0.7Sr0.3MnO3 (thin film) 105 – 70 7T [48]

Sm0.7Sr0.3MnO3 102 – 125 5T [54]

Nd0.33Sm0.34Sr0.33MnO3 – 71 190 7T [52]

Nd0.33Gd0.34Sr0.33MnO3 – 90 145 7T [52]

La0.30Gd0.36Sr0.33MnO3 103 – 118 4T [55]

La0.7Ca0.3MnO3 – 55 260 6T [51]

La0.7Ca0.3MnO3 (thin film) 106 – 77 6T [47]

(Gd0.25La0.25Nd0.25Sm0.25)0.7Sr0.3MnO3 103 94 123 6T This work

a)Percolation could not be reached at the maximum field.
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achieved via Ca instead of Sr, allowing substantial change 
in W, will be another way to enhance CMR effect in HE-Mn. 
Likewise, altering the relative concentration of the A-site RE 
cations, that is deviating from the complete equiatomicty, or 
substituting some of them with other RE-cations (like mixed 
valent Pr, Tb, or Ce), will result in a change in W, as well as 
the Mn-band filling. Hence, composition modulation will affect 
the strongly correlated functionalities of HE-Mn. Nevertheless, 
given the vast composition space of HE-Mn, like in any other 
HE-materials, high-throughput-based experimental methods, 
supported by machine learning and theoretical predictions,[49] 
will be crucial for optimizing the functionalities of HE-Mn.

3. Conclusions

This study demonstrates a new way to tailor strongly correlated 
functionalities in oxide systems based on the high entropy (HE) 
design approach. Nine high entropy manganites (HE-Mn), (Gd
0.25La0.25Nd0.25Sm0.25)1-xSrxMnO3, with varying amounts of Sr2+ 
(h+) dopant, x  =  0, 0.05, 0.1, 0.15, 0.20, 0.25, 0.30, 0.40, and 
0.50, are stabilized as phase-pure orthorhombic perovskites 
with homogenous distribution of the cations over their respec-
tive sub-lattices. HR-TEM studies performed on a single phase 
HE-Mn with x = 0.5 reveal the presence of three different kinds 
of hitherto unknown lattice imperfections in high entropy 
oxides: twins, stacking faults, and missing planes.

The magnetic and electronic studies highlight a complex 
magneto-electronic phase diagram with unique temperature 
dependencies that stem from competing magneto-electronic 
interactions. At a lower doping level (x  =  0–0.1) a predomi-
nant asymmetric superexchange (SE) interaction prevails 
resulting in an insulating canted-antiferromagnetic (CAF) 
state. Intermediate doping (in the x =  0.15 and 0.2 regimes) 
exhibits signatures of magneto-electronic phase separation 
arising from a competition of insulating-SE and metallic-
double-exchange (DE) ferromagnetic (FM) interactions. Well-
defined multiple magnetic transitions indicate the enhanced 
magneto-electronic inhomogeneity in HE-Mn. The mag-
netism in these systems (x = 0.15 and 0.2) is governed by the 
metallic-FM clusters separated by the insulating-AF matrix. 
Even though the FM clusters do not reach a percolation 
threshold, the systems respond to the external magnetic field 
resulting in the colossal magneto-resistance (CMR) effect of 
≈200% at Tc. Finally, at the increased h+ doping a robust long-
range metallic-DE-FM prevails. Correspondingly, a metal-
insulator transition at Tc with a substantial degree of the 
CMR effect ≈1550% is observed. Such a CMR value obtained 
on a polycrystalline pellet is already comparable to the best-
known results in this temperature range for bulk manganite 
samples, surpassing the parent Sr doped RE-manganites. 
Consequently, building on the proposed design concept, 
further improvements in the material performance can be 
expected via A-site composition modulation, microstructural 
modifications, oxygen stoichiometry tailoring, and (strained) 
thin film deposition. Overall, this initial study signals excel-
lent potential for new research opportunities offered by the 
merger of the high-entropy-based design approach with the 
strongly correlated electron systems.

4. Experimental Section
Materials Synthesis: The powder samples were synthesized using 

nebulized spray pyrolysis (NSP) method. The details of the synthesis 
procedure can be found elsewhere.[50] A total of nine samples were 
synthesized with 0%, 10%, 15%, 20%, 25%, 30%, 40%, and 50% of 
the RE elements substituted by Sr, with the corresponding chemical 
formula (Gd0.25La0.25Nd0.25Sm0.25)1-xSrxMnO3 where x  =  0, 0.05, 0.1, 
0.15, 0.20, 0.25, 0.30, 0.40, and 0.50, respectively. Aqueous-based 
precursor solutions with a concentration of 0.1 mol l-1 were prepared by 
dissolving stoichiometric amounts of nitrate salts of the corresponding 
metal cations, Gd(NO3)3·6H2O, La(NO3)3·6H2O, Nd(NO3)3·6H2O, 
Sm(NO3)3·6H2O, Mn(NO3)3·4H2O, Sr(NO3)2, in water. The mist of 
the precursor solution generated from the piezo-driven nebulizer was 
transported to the hot-wall reactor using N2 as the carrier gas (3 standard 
liters per minute). The hot-wall reactor was maintained at a temperature 
of 1000 °C and a pressure of 900 mbar. The as-synthesized powders were 
collected using a filter-based collector and calcined at 1200 °C for 2.5 h 
in air atmosphere with a heating and cooling rate of 10 °C min-1. These 
calcined samples are used for further characterizations. For magneto-
resistance measurements, ≈90% dense sintered pellets with 8  mm 
diameter were used, which were prepared by pressing the powders at 
200  MPa uniaxial pressure followed by sintering in air atmosphere at 
1300 °C for 24 h.

X-Ray Diffraction: Room temperature XRD patterns of the powder 
samples were recorded using a Bruker D8 Advance with Bragg-Brentano 
geometry using Cu-Kα radiation with a Ni filter and a LYNXEYE detector 
having a fixed divergence slit (0.3°). A step size of 0.02° and a collection 
time of 4  s per step at 30  kV and 40  mA over the diffraction angle 
(2Ѳ) range between 10 and 90° were used. Rietveld analysis of the 
XRD patterns was performed using TOPAS V.7. (Academic version) to 
determine the structure and phase composition of the powders. The 
instrumental intensity distribution for the XRD data was determined 
using a reference scan of LaB6 (NIST 660a). Thermal displacement 
parameters were constrained to be the same for all atoms.

High-Resolution Transmission Electron Microscopy (HR-TEM), Electron 
Energy Loss Spectroscopy (EELS), and Energy Dispersive Spectroscopy: A 
double aberration corrected state-of-the art Themis Z (Thermo Fisher) 
HR-TEM equipped with a Super-X energy dispersive X-ray detector 
and Gatan GIF Continuum 970 HighRes  +  K3 IS camera (operated at 
300 kV) were to used examine the specimens. EELS spectrum presented 
is the average of at least 15 spectra collected from different regions of 
samples, likewise the HR-TEM and HR-STEM micrographs were taken 
from different regions to confirm the large-scale homogeneity of the 
samples.

X-Ray Photoelectron Spectroscopy: XPS measurements were performed 
using a K-Alpha XPS spectrometer (ThermoFisher Scientific, East 
Grinstead, UK). For data acquisition and processing, the Thermo 
Avantage software was used. All samples were analyzed using a 
microfocused, monochromated Al Kα X-ray source (400  µm spot 
size). The K-Alpha charge compensation system was employed during 
analysis, using electrons of 8  eV energy, and low-energy argon ions 
to prevent any localized charge build-up. The spectra were fitted with 
one or more Voigt profiles (uncertainty in the binding energy: ±0.2 eV). 
All spectra were referenced to the C 1  s peak (C–C, C–H) at 285.0  eV 
binding energy.

Magnetometry and Magneto-Electronic Measurements: Magnetic 
measurements at room temperature were performed on the powder 
samples using a Quantum Design MPMS3 superconducting quantum 
interference device (SQUID) in vibrating sample magnetometer (VSM) 
mode. The magneto-transport properties were studied on sintered 
pellets using a Quantum Design physical properties measurement 
system (PPMS) using a 4-point measurement technique. It should be 
noted that all magneto-electronic measurements for a given system 
were collected at once, i.e., using the same sample and connections, 
to make sure that the obtained resistances can be precisely compared. 
The magnetoresistance (MR) used in Figure  7 was calculated using 
Equations  2 and  3, where R0 and RH are the resistance without field 
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(0 T) and the highest field (5 T for Figure 6b,e or 6 T for Figure 6c,f), 
respectively:

= ∆
H

MR R
R

 (2)

∆ = −0 HR R R  (3)

Although the representation of MR using Equation 2 is the most widely 
followed approach, there are several reports where alternate relations are 
used to represent the magnetoresistance, ∆R/R0 and R0/RH.
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