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1 | INTRODUCTION

The search for new materials with intriguing properties
has always been one of the major research interests in
materials science. Research activities on an entirely new
class of oxide materials, the high entropy oxide (HEO),

| Horst Hahn'? | Abhishek Sarkar'?

Abstract

High entropy oxides (HEOs) can be defined as single-phase oxide solid solu-
tions with five or more cations in near equiatomic proportion occupying a
given cation sub-lattice. The compositional flexibility while retaining the phase
purity can be considered one of the major strengths of this materials class.
Taking advantage of this aspect, here we explore the extent to which an alio-
valent hole dopant can be incorporated into a perovskite-HEO system. Nine
systems, (Gd ,Lay,Ndg,Sm , Y ) Ca,FeOs, with varying amount of Ca con-
tent (x = 0-.5) are synthesized using nebulized spray pyrolysis. Single-phase
orthorhombic (Pbnm) structure can be retained up to 20% of Ca doping.
Beyond 20% of Ca, a secondary rhombohedral (R-3c) phase emerges. The
STFe Mossbauer spectra indicate that charge compensation occurs only via
oxygen vacancy formation in the single-phase systems containing up to 15%
of Ca. In addition, partial transition from Fe3t to Fe**t occurs in the 20%
Ca-doped case. Room temperature Mossbauer spectroscopy further reflects
the coexistence of multiple magnetic phases in crystallographic single-phase
(Gdy,Lag,Ndj ,Smg Y ,)1—xCa, FeO3;, which is supported by magnetometry
measurements. These initial results show the potential of charge doping to tune
structural-magneto-electronic properties in compositionally complex HEOs,
warranting further research in this direction.

KEYWORDS
magnetic materials/properties, mossbauer spectroscopy, perovskites, high entropy oxides

have gained significant attention amongst the materials
research community since its discovery in 2015.> HEOs
are single-phase solid solutions consisting of multiple
cations in near equiatomic proportions. The presence of
five or more principal cations in comparable amounts
results in an increased configurational entropy, as dictated
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by Boltzmann’s equation, hence the term “high entropy”
is often used to classify these systems.>> Apart from the
enhanced entropy contribution, the unique multicompo-
nent design concept offers the possibility to discover new
oxide compositions close to the center of the respective
phase diagrams with potentially unique properties. Keep-
ing these motivations as the focal points, the field of
HEOs has rapidly grown to include several compositions
and crystallographic structures, such as rock salt, fluorite,
perovskite, spinel, bixbyite, and pyrochlore.""'* Further-
more, multiple studies already highlight the improved
functionalities exhibited by the HEOs, such as enhanced
electrochemical cyclic stability, high catalytic activity, tai-
lorable optical, and magnetic properties.®>-%2

The focus of this work is on perovskite (ABO;)-
type HEOs that consist of five different rare earth
cation on the A-site sub-lattice and Fe on the B-site
sub-lattice, (Gdg,Lag,Ndy,Smy,Yy,)FeO;. The sys-
tem is chosen based on our preceding works, which
showed that despite the compositional complexity
(Gdy,Lag,Ndj ,Sm(,Y(,)FeOs crystallizes in a single-
phase orthorhombic perovskite structure and exhibits a
high magnetic transition temperature, Ty ~ 675 K.”!® The
canted antiferromagnetism in the system is accompanied
by a high coercive field, H. = 2 T, at room temperature
along with spin-reorientation transition below 150 K.'®
Structural and functional properties of the conventional
ferrite perovskite systems, such as LaFeO; and SmFeOs,
are traditionally tailored using charge doping.”*?° In
fact, the related charge compensation mechanisms via
oxygen defects or oxidation/reduction of the accompa-
nying cations especially that of Fe play a pivotal role
in determining both the structure and properties of the
doped ferrite perovskites. Based on this premise, it is
of fundamental as well as practical interest to evalu-
ate the structural flexibility and charge compensation
mechanisms in compositionally complex perovskite-type
high entropy ferrites. In this study, Ca is chosen as the
hole dopant in (Gdg,Lag,Ndy,Smy,Y2h-Ca,FeOs
because of its stable 2+ oxidation state and compara-
ble ionic radii to that of the trivalent rare-earth (RE)
cations. Utilizing X-ray diffraction (XRD), Mdossbauer
spectroscopy and magnetometry, the changes in the
lattice parameters as well as the overall crystallographic
structure and phase composition along with the nature
of charge compensation mechanism are investigated in
(Gdg,Lag ,Ndg 2Smg ,Y¢2)1-Ca,FeOs (x = 0-.5).

2 | EXPERIMENTAL PROCEDURES

The powder samples were synthesized using nebulized
spray pyrolysis technique. The details of the synthesis

procedure can be found elsewhere.”’ A total of nine
samples were synthesized with 0%, 5%, 10%, 15%, 20%,
25%, 30%, 40% and 50% of the RE elements substi-
tuted by Ca, with the corresponding chemical formula
(Gdg,Lag,Ndj,Smg,Y(,)1—xCa, FeO; where x = 0, .05,
1, .15, .20, .25, .30, .40, .50, respectively. Aqueous-based
precursor solutions with a concentration of .1 mol/L
were prepared by dissolving a stoichiometric amount
of nitrate salts of the metal cations, Gd(NO);-6H,0,
La(NO3);-6H,0, Nd(NO3);-6H,0, Sm(NOs);-6H,0,
Y(NO3);-6H,0, Fe(NO3);-9H,0, Ca(NOs3),-4H,0, in
deionized water. The mist of the precursor solution gener-
ated from the piezo-driven nebulizer was transported to
the hot-wall reactor using N, as the carrier gas (5 slpm).
The hot-wall reactor was maintained at a temperature of
1050°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. These calcined
samples are used for further characterizations.

Room temperature XRD patterns of the powder samples
were recorded using a Bruker D8 Advance with Bragg-
Brentano geometry using Cu-K,, radiation with an Ni filter
and an LYNXEYE detector having a fixed divergence slit
(.3°). A step size of .02° and a collection time of 4 s per step
at 30 kV and 40 mA over the diffraction angle (20) range
between 10° and 90° were used. Rietveld analysis of the
XRD patterns was performed using TOPAS V.7. (Academic
version) and FullProf to determine the structure and phase
composition of the powders. The instrumental intensity
distribution for the XRD data was determined using a ref-
erence scan of LaB6 (NIST 660a). Thermal displacement
parameters were constrained to be the same for all atoms.

STFe Mossbauer spectroscopy was performed using a
’Co:Rh source in transmission geometry with a triangu-
lar sweep of the velocity scale. The spectra were fitted
using the WinNormos-for-Igor software. As convention-
ally done, all center shifts are given relative to a-Fe at room
temperature.

Magnetic measurements at room temperature were per-
formed using a Quantum Design MPMS3 superconducting
quantum interference device (SQUID) in a vibrating sam-
ple magnetometer mode.

3 | RESULTS AND DISCUSSION

3.1 | Structural analysis

Figure 1 represents the XRD pattern of all the nine
samples, (Gdy,Lag,Ndg,Sm,,Y(,);—Ca,FeOs. No sec-
ondary non-perovskite phases can be observed in any
of the studied compositions. The undoped base system,
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FIGURE 1 X-ray diffraction (XRD) pattern of (Gd,,La,,Nd,,Sm,,Y(,):_xCa,FeOs. In the figure, the amount of Ca doping is

represented in percentage, for example, 5% means x = .05 in the formula. The undoped sample represents x = 0. The zoomed-in graph shows

the structural transition upon increasing amount of Ca doping

(Gdgy,Lag,Ndj ,Smg,Y(,)FeO; exhibits a single-phase
orthorhombic structure (space group Pbnm), which is
in agreement with the earlier reports.”'® However, with
increasing Ca doping, pertinent changes in peak positions
and relative intensities are visible. The zoomed-in portion
in Figure 1 shows the (020), (112), (200) peaks of the
orthorhombic phase, which indicate a gradual shift in the
peak positions toward higher angles with an increasing
amount of Ca doping. This primarily indicates a reduction
of the lattice parameters upon Ca doping. Apart from the
shift in the peak positions, a gradual change of the relative
intensities of the three distinct peaks in the range of 26 ~
32°-33.5°, that is, (020), (112), (200), especially at higher
Ca doping, can also be observed from the zoomed part of
Figure 1. A similar change in the peak feature is also evi-
dent for the peaks at 26 = 46.5°-48.5° and 26 = 57.5°-59.5°.
These changes indicate a change in the crystallographic
structure upon a higher amount of Ca doping.

In order to better understand the structural changes
upon Ca doping, the Rietveld refinement of the XRD pat-
terns was performed. All the systems up to a Ca doping
of 20% could be fitted with a single-phase orthorhombic
structure as shown in Figure 2A-D. The details of the
refinement are summarized in Table S1. For systems with
Ca amount 25% or higher, an additional rhombohedral
phase (R-3c) perovskite phase was required to adequately
fit the XRD pattern. In the system with 25% Ca content on
the A-site, a slight increase in fluctuations in the residual
curve could be observed when only the Pbnm phase was
used for fitting, as shown in Figure Sla. This provides a first

hint of the presence of a secondary phase. More prominent
evidence of the secondary phase can be observed from the
increased misfit of the (220) and (004) peaks at around
46.5°-47.5° as highlighted in Figure S1b. In order to achieve
a better refinement, a minor amount (3.1 wt.%) of sec-
ondary rhombohedral phase was introduced. It should be
noted that the identification of the second perovskite phase
in this system is not straightforward due to several pos-
sible symmetry-related crystallographic sub/super-groups
of Pbnm. Furthermore, for refinement using a dual phase
fit, the composition of both the orthorhombic and rhom-
bohedral phases are considered identical, as a distinction
between the constituent RE elements is not possible from
XRD. A similar transition from an orthorhombic to rhom-
bohedral perovskite phase is also observed in conventional
hole-doped ferrites, such as La;_,Sr,FeO; with Sr amount
more than 20%.%° The result of the dual phase (Pbnm +
R-3c) fit is shown in Figure S2a. To show the improve-
ment in quality of the refinement upon using two phases,
the critical region around 47° is shown Figure S2b. For
the 30% Ca-doped system, the difference between experi-
mental and calculated pattern continues to increase when
using a single orthorhombic phase for fitting, Figure 3A.
The change in the XRD patterns for the peaks around
47° also progresses, with both peaks approaching simi-
lar intensity, in contrast to the lower dopant compositions
where the lower angle peak was more intense. In addi-
tion, the (200) orthorhombic peak next to the highest
intensity (112) orthorhombic peak at 26 = 32.78° keeps
moving closer to the latter, while simultaneously gaining in
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intensity. Both zoomed regions in Figure 3A cannot be well
described using a single orthorhombic phase fit. Therefore,
an additional secondary rhombohedral phase is once again
used to achieve a better fit. The result of the dual phase
fit is depicted in Figure 3B. Nevertheless, the amount of
the secondary rhombohedral phase is still rather minor,
8.6 wt.%. The difference between the experimental and
calculated spectra increases considerably for the 40% Ca-
doped sample when only a single orthorhombic phase is
used for fitting, see Figure S3a. The dual-phase refinement,
presented in Figure S3b, shows a relative improvement
in the quality of the fit; however, it no longer reaches
the quality of the fitting obtained for the samples with
lower doping percentage. This is most apparent when the
fit is compared around zoomed-in regions, as shown in
Figure S3b. The amount of secondary rhombohedral phase
is calculated to be around 31.1 wt.% for the 40% Ca-doped
system. The XRD pattern of the 50% Ca sample composi-
tion posed the greatest challenge. The pattern could not
be reasonably described either using a single orthorhom-
bic or a single rhombohedral phase fit. The dual-phase fit

20 25 30 35 40 45 50 55 60
2004 []

Rietveld refinement confirming the single-phase orthorhombic structure of (Gd,,La,,Nd,,Sm,,Y,,)_Ca,FeO; with

appears to yield a reasonable result as is shown in Figure
S4a. However, looking at the zoomed-in region of Figure
S4b a deviation of experimental pattern from the fitted one
can be clearly observed. This reflects that the dual-phase
approach with Pbnm and R-3c might not be adequate for
this particular sample, 50% Ca. The misfit between exper-
imental and calculated patterns plausibly points toward
the emergence of a third phase. More detailed local
structural investigation will be required to fully under-
stand the phase composition of this system. Nevertheless,
in contrast to the systems with lower Ca doping, the
sample with 50% doping shows a major rhombohedral
phase, the amount calculated from the dual phase fit is
89.9%.

The average lattice parameters for the main orthorhom-
bic phase that have been obtained from the Rietveld
refinement are presented in Figure 4A. Although the a
and c/ \/ 2 remain largely constant, a gradual decrease in
the b with increase of the Ca doping can be observed
throughout the entire single-phase region. The observed
changes in the lattice parameters further support the
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FIGURE 3 (A)Single-phase orthorhombic (Pbnm) and (B) dual-phase orthorhombic + rhombohedral (Pbnm + R-3c) refined patterns of

30% Ca-doped (Gd,,La,,Nd,,Sm,,Y,),_Ca,FeO;

gradual transition from orthorhombic to rhombohedral
phase. In order to quantify the evolution of distortion in
the main orthorhombic phase, metric distortion, ¢, (Equa-
tion 1) and Goldschmidt’s tolerance factor, ¢, (Equation 5)

are compared in Figure 4B:
2
bnorm — Qps.cubic
+ _—
Qps.cubic

() [
1

{ Cnorm — Qps.cubic
QAps.cubic
where apgcupic is the pseudo-cubic lattice parameter,
Quorms Prnorms Cnorm are the normalized values of pseudo-
cubic lattice parameters taking into account the ori-
entation of the lower symmetry cell. These values are

2
Qporm — Aps.cubic

Qps.cubic

@

calculated from the following equations:

Aps.cubic = W 2

a = d b b c ¢
norm — T . —> norm — T . —> norm —
V2V V2V 23V
(3)
where V is the volume per ABO; unit, that is,
V= ax i) X c @

with a, b, ¢ being the original lattice parameter of
the orthorhombic (Pbnm) perovskites obtained from the
Rietveld analysis (Table S1). The ¢ is calculated using the
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FIGURE 4 (A) Progression of the lattice parameters obtained from the Rietveld refinement and (B) comparison between tolerance

factor (f) and metric strain (¢) of (Gd,,La,,Nd,,Sm,,Y,,)_,Ca,FeOs. The gray area indicates the compositional range where a secondary

perovskite phase is observed

following equation:

ra+ro

-y ®

where r, and ry are the ionic radii’® of the cation at A-
and B-site, respectively, and r, is the radius of the oxygen
ion. In the case of A-site, the average of the ionic radii is
considered.

The value of ¢ is the experimental yardstick highlighting
the amount of deviation from the ideal cubic perovskite
structure. The ¢ is a crucial parameter in orthorhombic
(ABO3;) perovskites as it is directly correlated to the tilting
of the BOg octahedra, which strongly influences the
exchange interactions governing the magnetic properties
in perovskites. Figure 4B indicates that the ¢ linearly
increases upon Ca doping but stays below the thresh-
old for cubic structures (t ~ 1). The gradual increase
in ¢ with increasing Ca content implies a decrease in
structural distortion. This is further substantiated by the
degree of ¢ being lowered with increasing amount of Ca
doping. The dependency of ¢t and ¢ as a function of Ca
doping is intuitive, as on one hand the mean A-site radius
slightly increases due to substitution of the rare-earth
cations by slightly larger Ca?* and on the other hand the
mean ionic radius of the B-site Fe-cation can potentially
decrease due to possible conversion of Fe3* (.645 A) to
Fe*t (1585 A).28

Overall, from the structural investigation, it can be
concluded that (Gdg,Lag,Ndj,Smg,Y,)FeO; can
accommodate up to 20% Ca doping while retaining a
single orthorhombic phase. Further increase of the doping
level results in a gradual transition of the orthorhombic

phase to rhombohedral phase; however, neither a single
orthorhombic nor rhombohedral phase prevails beyond
20% Ca. The structural results obtained here can be
intimately related to the charge compensation mechanism
due to the aliovalent Ca doping. The charge compensation
mechanism in (Gdg,Lag,Ndy,Smg,Yq,)_xCaFeO;
should either occur via formation of oxygen vacancies or
transformation of Fe** to Fe** or both, as change in the
oxidation state of the RE3** cations is not feasible. Given
the strength of >’Fe Mossbauer spectroscopy to unravel
the oxidation, coordination, magnetic and spin-electronic
state of Fe, it is used to further study the charge com-
pensation mechanism in (Gdg,Lag,Ndg,Smg,Y02)1—x
Ca,FeOs;.

3.2 | °’Fe Mossbauer spectroscopy

The room temperature Mossbauer spectra for all single-
phase samples, that is, up to 20% Ca doping are presented
in Figure 5. Measurements for the other samples with
more Ca are not presented as XRD confirmed the for-
mation of a secondary phase at 25% Ca and beyond.
All the spectra in Figure 5 represent distinct hyperfine
splitting (sextet), implying magnetic ordering at room
temperature and transition temperature above it. A low-
ering of the magnetic hyperfine filed (Bjs) denoted by
the shrinking of the magnetic sextet splitting is appar-
ent upon increasing the Ca amount. In addition, it can
be observed (Figure 5) that with the increasing Ca-doping
intensity ratios of the outer peaks (indicated by lines 1, 6
in Figure 5) to that of the inner peaks (indicated by lines
2,3, 4 and 5 in Figure 5) deviate from the ideal value of a
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TABLE 1 Hyperfine parameters obtained from fitting of the ¥ Fe Mdssbauer spectra of single-phase (Gd, ,La, ,Nd,,Smy,Y,,);_,Ca,FeO,
(x=0, .05, .10, .15 and .20) measured at 300 K, By, is the hyperfine field, §;, is the isomer shift and QS is the quadrupole line shift
Ca amount (%) Fe environment By (T) QS (mm/s) Siso (Mm/s) Area (%)
0 Sextet 50.98(1) .002 368(4) 100
5 Sextet 1 50.18(1) .004(3) 369(2) 83
Sextet 2 47.82(5) .01(2) .360(6) 17
10 Sextet 1 49.49(3) .007(6) .368(3) 72.7
Sextet 2 46.72(6) .01(2) 373(7) 27.3
15 Sextet 1 48.60(4) .006(6) 371(4) 73.9
Sextet 2 44.41(8) .01(2) .360(7) 26.1
20 Sextet 1 48.27(2) .026(3) 361(2) 67.8
Sextet 2 42.77(4) .003(9) 321(5) 21.5
Singlet 112(8) 10.7
0% the fitted data are presented in Figures 6A, S5, S6, and
[— 7 Table 1.
ﬁmwwm 15% A gradual lowering of the average By is observed with
= ,mmo increasing Ca doping, as shown in Figure 6B. In addition
% \,Mmmfm%mj to the maggnetic fextget distribution a iinglet is present in
% W Py% the 20% Ca system, Figure 6C. In the case of the Ca-doped
° » H systems, a shoulder at the lower By can be observed.
B 5% Based on this observation a dual sextet fit is attempted,
2 { one with a higher By, and the other with a lower By
undoped The dual-sextet-based fitting provides reasonable results
ﬁﬁ%ﬁr v ‘%ﬁ{mm as shown in Figure S6 with the hyperfine parameters
s ’ summarized in Table 1. The results indicate that there are

-10 -5 0 5 10

Velocity [mm/s]

FIGURE 5
magnetic ordering in the single-phase

Room temperature Mdssbauer spectra indicating

(Gdy,Lay,Ndy,Sm,Y,,);_Ca,FeO; samples. The asymmetry in
the peak shape increases with increasing Ca doping. A decrease in
the intensity of the outermost lines (1, 6) compared to that of the
inner lines (2, 3, 4 and 5) can be observed as the amount of Ca
doping increases

static single sextet spectrum, which should be 3:2:1:1:2:3
for the lines 1-6. This observed lowering of the relative
intensity ratio of the outer to the inner lines can indicate
either dynamic character of the spectra (spin fluctuation
close to transition temperature) or the presence of multi-
ple Fe magnetic environments. The latter scenario is more
likely as, in contrast to the undoped system, strong peak
asymmetry can be observed in all the Ca-doped systems.
Hence, the interpretation of results based on a single sextet
model is not adequate to explain the Mdssbauer spec-
tra of the Ca-doped systems. Thus, to gain better insights
into the complex local magnetic properties of Fe fitting
of the Mossbauer spectra with a distribution of hyperfine
(Bpy) parameters is necessary. The results obtained from

two major Fe environments in the Ca-doped systems with
close isomer shifts (8;,,). This can be an indication of the
magneto-electronic phase separation in crystallographic
single-phase structure, which is a typical characteristic of
HEOs.*!” Furthermore, the presence of more than one Fe
magnetic environment reflects a variation in the Fe-O-Fe
bonds in the Ca-doped single-phase systems, which possi-
bly originates from presence of oxygen vacancies that can
significantly alter the Fe-O-Fe bonding characteristics.
Based on the &;,, of both the magnetic sextets (Table 1
and Figure S6) and the average J;,, obtained from the
distribution fit (Figure S5), it can be safely concluded
that Fe is present in solely 3+ oxidation state in 5%, 10%
and 15% Ca-doped systems, as is the case for the undoped
system. Hence, in these systems, the charge compensation
occurs fully via oxygen vacancies formation. The result
is not surprising as HEOs are known for accommodating
large fractions of oxygen vacancies.*?*2" In the case of
20% Ca-doped system, the singlet with &, = .11 mm/s
relative to a-Fe corresponds to Fe*t. However, the amount
of Fe** is close to 10.7%, which indicates that even in this
system the remaining 9.3% of Ca dopant is accommodated
via oxygen vacancies formation. Furthermore, the 20% Ca-
doped system presents a unique three-phase environment
of Fe at room temperature, the two sextets corresponding
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FIGURE 6 (A)Hyperfine distribution of room temperature Mssbauer spectra of the single-phase (Gd, ,La,,Nd,,Sm,Y,):_Ca,FeOs

samples. (B) The average hyperfine field obtained from the distribution fit as a function of the Ca doping. (C) Fitted spectrum (blue curve) of
20% Ca, where a singlet (green curve) is required in addition to the hyperfine distribution (red curve) to adequately fit the experimental data

(black cross)

to magnetically ordered Fe3* and the singlet correspond-
ing to non-magnetic Fe**. Interestingly, despite the
coexistence of three different magnetic environment of
Fe, the 20% Ca-doped system is still crystallographically
phase-pure.

3.3 | Room temperature magnetic
hysteresis (M-H) measurements

The M-H curves presented in Figure 7 are largely lin-
ear with no sign of saturation even at the highest field
of 5 T. These results, which are similar the observa-
tion for the undoped (Gd,,Lagy,Nd,,Sm,,Y,,)FeOs,"”
indicate that predominant (canted) antiferromagnetic
ordering prevails even in the Ca-doped system. Sim-
ilar to (Gdg,Lag,Ndj,Smg,Y,)FeOs, large H, are

observed in the Ca-doped systems, which stem from
the magnetocrystalline anisotropy of the canted antifer-
romagnetic spins. In contrast to the (Gdg,Lay,Ndg,
Smg,Y,,)FeOs;, kinks in the M-H curves can be
observed for all the Ca-doped system, which is most
prominent for the 15% Ca-doped system. The kinks
in the M-H curve indicate magnetic phase separa-
tion that most likely originates from a secondary soft
magnetic phase (Gdg,Lag,Ndg,Smg,Y(,);—Ca,FeOs.
The result is in good agreement with the two separate
magnetic sextets observed in the Mossbauer spectra of
(Gdy,Lag,Ndy,Smg,Yo2)h—xCa, FeOs, where the sextet
with lower By, plausibly corresponds to the soft magnetic
phase, whose relative fraction is the highest (26.1%)
for the 15% Ca-doped system. Nevertheless, dedicated
temperature-dependent Maossbauer spectroscopy and
magnetometery are required in future to unravel the
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Room temperature magnetization measurements with clear indications of magnetic hysteresis for

(Gd,Lay,Ndy,Smy,Y,)—xCa, FeOs, (A) x = .05, (B) x = .10, (C) x = .15 and (D) x = .20. The kinks in the hysteresis plot, more prominent in
15% Ca-doped system, indicate the possible presence of secondary soft magnetic phase in addition to the dominant canted antiferromagnetic

phase

exotic magnetic properties of charge-doped high entropy
ferrites.

4 | CONCLUSIONS

In this study, the effect of hole (Ca’*) doping in a
perovskite-type high entropy ferrite system, (Gdg,Lag,
Ndy,Sm,Y(,)FeO; was explored. Amongst the nine
systems studied, (Gdg,Lag,Ndy,Smg,Y(2)1—xCaFeO;
(x = 0, .05, .10, .15, .20, .25, .30, .40, .5), five (x = 0, .05,
.10, .15, .20) crystallized in a single-phase orthorhombic
structure. Noticeable decrease in metric distortion of
the orthorhombic phase is observed with increasing Ca
doping. Higher Ca-doped systems (x = .25, .30, .40, .5)
exhibited two crystallographic phases, orthorhombic

(Pbnm) and rhombohedral (R-3c), with an increasing
amount of rhombohedral phase upon higher Ca doping.
The charge compensation mechanism in the 5%, 10%
and 15% Ca-doped system occurs via oxygen vacancy
formation as no change in the oxidation state of Fe3*
is observed. In the case of 20% Ca-doped system, the
charge compensation occurs partly via oxygen vacancy
formation and partly by transition of Fe3* to Fe**. Dis-
tinct hyperfine splitting of the Mossbauer spectra of the
single-phase systems (x = 0, .05, .10, .15, .20) confirms
magnetic ordering at room temperature. In contrast to the
undoped system, Mossbauer spectroscopy highlighted the
presence of multiple magnetic phases in the Ca-doped
(Gdg2Lag,Ndg ,Smg ,Yg2)1-xCa,FeO; (x = 0, .05, .10, .15,
.20). This result was further complemented by magnetom-
etry measurements. Encapsulation of multiple magnetic
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phases in a crystallographic single-phase structure is
a behavior unique to HEOs, which in the case of high
entropy ferrite is enhanced by the charge doping. Although
this primary investigation sheds light on the complex mag-
netic behavior of (Gd,,Lay,Ndg,Sm,Y,)_,Ca,FeOs,
future studies are necessary to understand the evolution of

magnetism on the local scale in hole-doped high entropy
ferrites.
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