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ABSTRACT
Rare-earth oxides provide a model platform for examining how configurational 
entropy reshapes the interplay between crystal structure, lattice dynamics, and 
redox chemistry. Here, we compare single-component Ln

2
O

3
 sesquioxides (Ln = 

Gd, Dy, Y, Yb, Lu) with two equimolar high-entropy oxides (HEO-Lu and HEO-
Tb) designed to differ only in the identity of a single cation. While the reference 
sesquioxides adopt the cubic bixbyite structure and exhibit smooth thermal and 
optical responses, terbium oxide behaves fundamentally differently: The elec-
tronic accessibility of the Tb3+ ↔ Tb4+ redox couple stabilizes oxygen-rich, mixed-
valence phases with triclinic symmetry and localized electronic states. Under 
nitrogen, however, terbium remains fully trivalent, and both high-entropy oxides 
form single-phase cubic solid solutions with no evidence of symmetry lowering, 
oxygen release, or redox transitions. Laboratory XRD and synchrotron total-scat-
tering measurements confirm that the cubic framework is preserved at both the 
average and local scale, demonstrating that configurational entropy contributes 
to hinder the structural instabilities intrinsic to terbium oxide. Notably, HEO-Tb 
accommodates terbium in a chemically flexible environment capable of hosting 
excess oxygen without triggering local distortions, revealing an oxygen-buffer-
ing behavior that is inaccessible in the binary oxide. Calorimetric measurements 
show positive deviations from ideal mixing in the molar heat capacity, consist-
ent with phonon broadening and enhanced low-frequency vibrational activity 
induced by chemical disorder. Optical absorption spectra further support this 
entropy-assisted homogenization: Both HEO-Lu and HEO-Tb exhibit widened 
band gaps relative to their single-component analogs, reflecting the suppression 
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of defect-related absorption tails and the elimination of localized states associ-
ated with mixed valence in terbium oxide. Overall, our results demonstrate that 
multicationic cubic structures can be synthesized even when incorporating chemi-
cally complex or intrinsically unstable constituents, yielding rare-earth oxides 
with homogenized vibrational, electronic, and redox landscapes. These findings 
highlight high-entropy design as a robust strategy for engineering oxide materi-
als with enhanced structural stability, tunable phonon spectra, and chemically 
flexible oxygen-handling capabilities.

Introduction

The development of ceramic materials that combine 
high thermal stability, defect tolerance, and mul-
tifunctional behavior remains a central challenge 
in advanced materials science [1, 2]. High-entropy 
oxides (HEOs) have emerged as a promising class of 
materials in which configurational entropy stabilizes 
single-phase solid solutions composed of multiple 
equimolar cations sharing a common crystallographic 
site [3, 4]. In these systems, the entropic contribution 
lowers the Gibbs free energy, enabling homogeneous 
phases even among constituents that would normally 
segregate or adopt distinct crystal structures. For an 
equimolar five-cation composition, the ideal configu-
rational entropy is fixed at ΔS

config
= R ln 5 per mole 

of cations, independently of the identities of the five 
species. Such value is sufficient to define equimolar 
multicationic systems as high-entropy oxides (HEOs), 
even if a fully reversible entropy-driven transition 
from a single-phase to a multiphasic system at a fixed 
temperature is necessary to define them as entropy-
stabilized oxides (ESOs) [5, 6]. Consequently, the 
configurational entropy contribution alone can favor 
statistical cation mixing and oppose segregation, but 
it cannot by itself explain a priori why a specific rare-
earth-based multicationic system adopts the bixbyite 
rather than the fluorite or a multiphase structure. Early 
studies on multicomponent rare-earth oxides demon-
strated that extensive mixing across the lanthanide 
series can yield stable cubic bixbyite phases despite 
large variations in ionic radius and coordination pref-
erences [7]. These results established the conceptual 
basis for entropy-driven stabilization in rare-earth 
systems. More recent computational work has shown 
that exchange-correlation approximations in density 
functional theory struggle to capture the interplay 
between valence stability, oxygen stoichiometry, and 
lattice distortion in rare-earth oxides [8], underscor-
ing the need for experimental benchmarks capable of 

disentangling disorder, redox activity, and structural 
stabilization. Rare-earth-based high-entropy oxides 
(RE-HEOs) are particularly appealing because subtle 
variations in ionic radius, valence stability, and crys-
tal-field effects across the lanthanide series allow fine 
control over lattice distortion, defect chemistry, and 
oxygen-vacancy concentration. These structural fea-
tures underpin the thermal robustness and functional 
versatility of RE-HEOs, which exhibit tunable optical 
[9], electrical [10], and mechanical properties [11, 12]. 
As a result, RE-HEOs are attracting increasing interest 
for applications in high-temperature coatings, optical 
ceramics, catalytic supports, and energy-conversion 
devices. In contrast, individual rare-earth sesquioxides 
are well known for their refractory nature, low ther-
mal expansion, and distinctive optical and magnetic 
characteristics [13]. However, their physical properties 
are constrained by limited compositional degrees of 
freedom, which restrict the tunability of lattice dynam-
ics, thermodynamic response, and defect landscape. 
For this reason, the sesquioxides Ln

2
O

3
 (Ln = Gd, Dy, 

Y, Yb, Lu) serve as essential reference systems: their 
well-defined cubic bixbyite structure and stable stoi-
chiometry provide a baseline against which the effects 
of configurational disorder in HEOs can be quantita-
tively assessed. Establishing this baseline is crucial for 
determining whether the emergent behavior of RE-
HEOs arises from entropy-driven homogenization 
or from the intrinsic chemistry of the constituent lan-
thanides. Recent spectroscopic and scattering studies 
have begun addressing this question directly. Lantha-
nide L-edge spectroscopy revealed that valence fluc-
tuations and local coordination environments in HEOs 
remain sensitive to the degree of disorder, providing 
insight into redox behavior and phase stability in mul-
ticomponent systems [14]. Complementary work has 
shown that structural transitions in lanthanide HEOs 
can be resolved through advanced diffraction and 
total-scattering techniques, demonstrating how dis-
order suppresses symmetry lowering and stabilizes 
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average cubic frameworks even in the presence of 
strongly anisotropic constituents [15]. Together, these 
studies highlight the need to test the robustness of 
entropy-driven stabilization against chemically com-
plex and intrinsically unstable rare-earth elements. In 
this context, terbium represents a particularly reveal-
ing choice [13]. Unlike lutetium, terbium exhibits 
mixed valence, strong redox activity, and a marked 
tendency toward low-symmetry oxide structures. 
These features introduce competing energetic contri-
butions that are absent in more chemically compliant 
rare-earth oxides. Substituting Lu with Tb therefore 
provides an opportunity to probe whether configu-
rational entropy can help stabilize a simple average 
structure even when one of the constituent elements 
intrinsically favors structural complexity, oxygen non-
stoichiometry, and localized electronic states. Previ-
ous investigations have demonstrated extensive cation 
mixing in rare-earth oxides, identified cation-specific 
effects on optical and valence properties, and mapped 
composition- and temperature-dependent transi-
tions between bixbyite, fluorite and vacancy-ordered 
structures. The distinctive contribution of the present 
work is a direct, experimentally grounded compari-
son between two high-entropy oxides, HEO-Lu and 
HEO-Tb, designed to differ only in the identity of a 
single cation. To interpret their behavior, we comple-
ment the multicomponent analysis with a systematic 
characterization of the corresponding sesquioxides Ln

2

O
3
 and of the structurally complex Tb11O20. Unlike 

previous studies that focused on chemically simple 
lanthanides [7] or on spectroscopic signatures of dis-
order [14], our approach integrates structural charac-
terization (XRD and synchrotron total scattering) with 
detailed thermal and thermodynamic analyses (TGA, 
DSC, and heat capacity). This combined methodology 
allows us to elucidate how chemically induced frus-
tration influences lattice stability, vibrational behav-
ior, and entropy-driven phase formation in rare-earth 
oxide solid solutions. Finally, the inclusion of terbium 
provides an opportunity to examine whether the com-
positionally complex lattice can accommodate oxygen-
rich coordination environments without triggering 
mixed-valence transitions or structural distortions. 
This aspect, while not previously emphasized in the 
literature, is central to understanding how configura-
tional disorder modulates redox flexibility and oxy-
gen-handling capability in chemically complex oxides.

Experimental

Materials

Rare-earth nitrates RE(NO
3
)
3
 (RE = Dy, Y, Yb, Gd, Tb, 

Lu), ammonium carbonate (NH4)2CO3, and rare-earth 
sesquioxides RE

2
O

3
 (RE = Dy, Y, Yb, Gd, Tb, Lu) were 

purchased from Sigma-Aldrich and used without fur-
ther purification. Prior to synthesis, all sesquioxides 
were calcined at 800 ◦ C for 2 h in static air to remove 
adsorbed species and ensure stoichiometric oxygen 
content. Two multicomponent high-entropy oxides 
with nominal composition

where X = Tb or Lu, were synthesized following a 
coprecipitation route adapted from Ref.  [16]. This 
method ensures homogeneous cation mixing at the 
molecular scale, a prerequisite for entropy-driven 
stabilization during calcination. Aqueous solutions of 
the rare-earth nitrates were prepared to obtain a total 
cation concentration of 0.1 M (0.02 M for each cation). 
This precursor solution (solution A) was vigorously 
stirred to ensure complete dissolution. In parallel, a 
precipitating solution (solution B) was prepared by 
dissolving ammonium carbonate in deionized water 
to achieve a carbonate-to-cation molar ratio of R = 10 , 
promoting rapid and complete precipitation of mixed 
rare-earth carbonates. Solution B was rapidly poured 
into solution A under mild stirring, resulting in the 
immediate formation of a homogeneous pinkish 
precipitate. The suspension was vacuum-filtered, 
thoroughly washed with deionized water to remove 
residual nitrates and ammonium ions, and dried over-
night at 80 ◦ C. The as-prepared powders were then 
calcined at 800 ◦ C to induce crystallization and pro-
mote configurational entropy stabilization [17]. The 
resulting materials are hereafter referred to as HEO-Lu 
and HEO-Tb.

Methods

Thermogravimetric analysis (TGA)

Thermogravimetric measurements were performed 
using a Mettler Toledo TGA 2 (Switzerland). Approxi-
mately 5–10 mg of samples were placed in an alumina 
crucible and heated from 25 to 1000 ◦ C under a dry 
nitrogen flow (80 cm3 min−1 ). A heating rate of 10 ◦

(Dy
0.2
Y
0.2
Gd

0.2
Yb

0.2
X
0.2
)
2
O

3
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C min−1 was used for all experiments. TGA data were 
analyzed to assess mass stability, oxygen release, and 
redox behavior.

Differential scanning calorimetry (DSC)

Differential scanning calorimetry was carried out 
using a Mettler Toledo DSC 5+ instrument. Samples 
(5–10 mg) were sealed in standard aluminum cru-
cibles, with an empty crucible serving as reference. 
Measurements were performed under dry nitrogen 
flow (80 cm3 min−1 ) using a heating rate of 10 ◦C min−1 
over the temperature range 25–600 ◦ C. Instrument 
baseline scans were performed using empty crucibles. 
DSC traces were analyzed to identify phase transi-
tions, redox events, and thermodynamic anomalies.

Optical absorption spectroscopy

UV–Vis absorption spectra were recorded using a 
Cary 100 (Varian) spectrophotometer equipped with 
thermostatted quartz cuvettes. Approximately 5 mg 
of powder were dispersed in ultrapure water and 
vortexed for 1 min to ensure homogeneous suspen-
sion. Spectra were collected at room temperature in 
the 200–800 nm wavelength range. Band-gap energies 
were estimated using the Kubelka–Munk formalism.

X‑ray diffraction (XRD)

Powder X-ray diffraction patterns were collected using 
a PANalytical X’Pert MPD diffractometer equipped 
with a Cu K� radiation source ( � = 1.5406 Å). XRD 
data were used to determine phase purity, lattice 
parameters, and microstructural features such as crys-
tallite size and microstrain.

Synchrotron powder X‑ray diffraction (XRD)

Total-scattering measurements  [18, 19] were per-
formed at beamline ID31 (ESRF). Powders were 
loaded in ∼1-mm cylindrical Kapton-sealed wells 
using a high-throughput holder. The HEO-Tb sample 
was measured in transmission geometry at 75.051 keV 
( � = 0.16520 Å). Data were collected with a Pilatus 
CdTe 2 M detector (1679×1475 pixels, 172×172 �m2 ) 

positioned with the direct beam in the detector corner; 
the sample-detector distance was ∼0.3 m. Empty-well 
measurements were summed to generate the back-
ground. Geometry calibration used NIST SRM 660b 
(LaB

6
 ). Azimuthal integration was performed with 

pyFAI, applying flat-field, geometry, solid-angle, and 
polarization corrections; invalid pixels and azimuthal 
outliers were masked via sigma-clipping. Backgrounds 
were scaled to each dataset and subtracted. Rietveld 
refinements were carried out in TOPAS v7 [20], fixing 
the LaB

6
 lattice parameter to extract the instrumen-

tal profile and correct offset effects including paral-
lax [21]. The PDFs were first generated automatically 
using PDFgetX3 [22–24] over multiple Q

max
 values 

and then reprocessed using a Lorch modification func-
tion [25] to suppress termination ripples and high-fre-
quency noise. Small-angle scattering was extrapolated 
from Q

min
≈ 0.3 Å−1 to 0. In the G(r) curves, the gray-

shaded region marks the unreliable low-r range associ-
ated with the r

poly
 parameter in PDFgetX3.

Thermal stability tests

To assess whether the cubic bixbyite phase(s) could 
represent a transient product kinetically trapped after 
synthesis, the Tb-containing multicomponent oxide 
was subjected to different additional thermal cycles. 
The as-precipitated precursor was calcined directly 
at 800 ◦ C for 2 h and at 1500 ◦ C for 1 h. In addition, 
powder previously calcined at 800 ◦ C for 1 h was 
further annealed at 800 ◦ C for 16 h or at 1500 ◦ C for 
16 h. Powder X-ray diffraction was collected after each 
treatment to determine whether prolonged annealing 
or increased temperature promoted phase separation 
or symmetry changes. The spatial distribution of Dy, 
Y, Gd, Yb, Tb and O on samples treated at 1500 ◦ C 
for 1 and 16 h was investigated by scanning electron 
microscopy coupled with energy-dispersive X-ray 
spectroscopy. Elemental maps were acquired from 
representative regions to assess micrometer-scale com-
positional homogeneity and identify any Tb-rich or 
cation-depleted domains. X-ray photoelectron spectra 
(XPS) were collected using an Axis DLD Ultra photo-
electron instrument (Kratos-Manchester UK). Charge 
compensation was needed for data acquisition. Flood 
gun conditions were optimized by maximizing the 
peak intensity and minimizing the peak at the full 
width at half maximum of the main core line peaks. 
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Binding energy alignments of the spectra were done 
selecting the C1 s graphitic component at 286.6 eV.

Results and discussion

Thermal analysis

All single-component Ln
2
O

3
 oxides (Ln = Gd, Dy, Y, 

Yb, Lu), shown in Fig. 1a, exhibit essentially constant 
mass over the entire investigated temperature range. 
The total mass variation remains within experimental 
uncertainty, confirming the high thermal stability and 
fixed stoichiometry of these cubic bixbyite phases.

The corresponding DSC traces in Fig. 1b are feature-
less, with no detectable endothermic or exothermic 
events, indicating the absence of phase transitions, 
redox processes, or oxygen-sublattice rearrangements. 
This behavior is consistent with the rigid trivalent chem-
istry and structural simplicity of these rare-earth ses-
quioxides. In sharp contrast with the other rare-earth 
oxides, as shown in Fig. 1a, terbium oxide exhibits two 
distinct mass-loss events, the first, of about 1% around 
700 K, and the second, amounting to 1.9% at 950 K. This 
peculiar thermal behavior originates from the non-sto-
ichiometric chemistry of terbium oxides. When Tb

2
O

3
 

is calcined at 800 ◦ C for 2 h in air, it oxidizes to Tb
4
O

7
 

according to the reaction [26, 27]:

During cooling, however, oxygen diffusion is 
extremely slow, and the system becomes kinetically 
trapped in the Tb

7
O

1
2 structure [26, 27]. Upon expo-

sure to air, this phase gradually reabsorbs oxygen and 
evolves toward Tb

11
O

20
 , which is the thermodynami-

cally stable form at room temperature. Consequently, 
although the initial precursor was Tb

2
O

3
 , the mate-

rial entering the thermal analysis is effectively Tb
11

O
20

 . Under an inert N 
2
 atmosphere, where the partial 

pressure of O 
2
 is essentially zero, Tb

11
O

20
 undergoes 

a two-step reduction, occurring at markedly lower 
temperatures than in air. The first mass-loss event, 
observed at 700 K, corresponds to the reaction

with a theoretical mass loss of 0.88%, in agreement 
with the experimental value of 1.0%. The second 
reduction step, detected at 950 K, involves the further 
reduction of Tb

7
O
1
2 to Tb

2
O

3
:

yielding an expected mass loss of 1.90%, fully consist-
ent with the measured value of 1.9%. The cumulative 
mass loss (2.9%) matches the sum of the two theoreti-
cal contributions (2.78%), confirming the sequential 

(1)2Tb
2
O

3
+

1

2

O
2
→ Tb

4
O

7

(2)Tb
11
O

20
→

11

7

Tb
7
O

12
+

4

7

O
2

(3)Tb
7
O

12
→

7

2

Tb
2
O

3
+

1

2

O
2

Figure 1   Calorimetric analysis of the single oxides. a TGA curves and b DSC curves.
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reduction pathway Tb
1
1O

2
0 -> Tb

7
O

1
2 -> Tb

2
O

3
 . Fig-

ure 2a,b reports the thermal response of HEO–Tb 
and HEO–Lu. As shown in Fig. 2a, the TGA profile 
of HEO–Lu is smooth and continuous, showing no 
discrete mass-loss events or signatures of phase tran-
sitions. In contrast, HEO–Tb exhibits a measurable 
mass drop of 0.94% around 700 K. The gradual mass 
decrease observed in both materials is attributed to 
the release of surface species and/or the progressive 
formation of oxygen vacancies. The energy required 
for these processes is weak and absorbed continu-
ously, resulting in a smooth calorimetric baseline. 
From Fig. 2a, the total mass loss for HEO-Lu is 5%, 
while for HEO-Tb it is 3.8%; if we subtract the 0.94% 
contribution from the peak at 700 K, the contribution 
from volatiles alone becomes 2.86%. Lu is the element 
that undergoes the greatest lanthanide contraction due 
to the contraction of the Lu3+ ionic radius, and this 
influences the concentration and stability of surface 
defects, resulting in a greater quantity of volatile spe-
cies released during heating.

To investigate the nature of the mass loss (0.94%) 
observed at 700 K for HEO-Tb, let us reason as fol-
lows. The ideal structure of HEO–Tb is bixbyite-type 
(Dy

0.2
Gd

0.2
Y
0.2
Yb

0.2
Tb

0.2
)
2
O

3
 , with all cations in the +3 

oxidation state (symbolically M 
2
O

3
 ), and that during 

synthesis in air all terbium is oxidized to +4 (symboli-
cally M 

2
O

3.2
 ), the thermal reduction under N 

2
 pro-

ceeds as

This reaction predicts a theoretical mass loss of 0.92%, 
in excellent agreement with the experimental value 
of 0.94%. Therefore, the data are consistent with a 
structure in which terbium is oxidized to Tb4+ during 
synthesis.

Figure 2b shows the DSC profiles of both HEOs. 
HEO-Lu displays no significant features, only small 
oscillations attributable to instrumental noise. In con-
trast, HEO-Tb exhibits two endothermic peaks.

Molar heat capacity

Figure 3a displays the molar heat capacities c
p
(T) of the 

five reference sesquioxides Ln
2
O

3
 (Ln = Dy, Gd, Y, Yb, 

Lu). Although the large peak exhibited by Tb
2
O

3
 around 

750 K dominates the full-scale plot, an expanded view 
of the 350–650 K region reveals that all oxides follow 
a common phononic trend [28, 29]. In this tempera-
ture window, the curves display smooth and mono-
tonic increases consistent with the expected lattice 
contribution to the heat capacity, and each dataset is 
accurately reproduced by a standard Shomate fit [30]. 
The only deviation from smoothness is the mild oscil-
latory behavior of terbium oxide, yet even in this case 
the underlying progression remains compatible with a 
phonon-driven response. This shared behavior across 
the sesquioxides indicates that, despite differences in 
mass and local force constants, their lattice dynamics 

(4)M
2
O

3.2
→ M

2
O

3
+ 0.1O

2

Figure 2   Calorimetric 
analysis of the HEOs. a TGA 
curves of HEO-Tb (blue) and 
HEO-Lu (red) b DSC curves 
of HEO-Tb (blue) and HEO-
Lu (red).
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in the intermediate-temperature regime are governed 
by comparable vibrational mechanisms. Figure  3b 
shows the corresponding heat capacities of the two 
high-entropy oxides. The HEO-Lu composition (red 
curve) closely follows the molar average of its constitu-
ent sesquioxides, with only minor deviations at higher 
temperatures. In contrast, the HEO-Tb system (blue 
curve) displays a systematically enhanced c

p
(T) over 

the entire temperature range. The molar-average curve 
(dashed line) shifts upward at elevated temperatures, 
yet remains consistently below the experimental data, 
demonstrating that the heat capacity of HEO-Tb cannot 
be described as a simple weighted combination of the 
pure oxides. Two distinct features emerge in the HEO-
Tb curve. The first is a shallow peak of approximately 
10 kJ mol−1 K−1 with a base width spanning 450–510 K. 
The second is a broader and more intense peak of about 
40 kJ mol−1 K−1 extending from 700 to 760 K. The pres-
ence of the smaller peak within the 350–650 K interval 
indicates an additional phononic activity not present 

in the pure oxides, suggesting that the configurational 
disorder of the multicomponent cation sublattice acti-
vates extra vibrational modes in this intermediate-tem-
perature regime. Overall, the heat-capacity behavior of 
HEO-Tb reveals a non-additive lattice response, where 
chemical complexity enhances the vibrational density of 
states and produces a richer phonon spectrum than that 
of the constituent sesquioxides.

X‑ray diffractometry

Crystal structure

Figure 4 summarizes the crystallographic response 
of the rare-earth sesquioxides and the corresponding 
high-entropy oxides (HEOs). Panel (a) shows the XRD 
patterns of the reference Ln

2
O

3
 (Ln = Dy, Gd, Y, Yb, 

Lu), all crystallizing in the cubic bixbyite structure 
(space group Ia3̄ ) after calcination at 800 °C for two 

Figure  3   Molar heat capacities cp(T) of the rare-earth ses-
quioxides and the corresponding high-entropy oxides. a Heat-
capacity curves of the single oxides Dy

2
O

3
 , Gd

2
O

3
 , Y 

2
O

3
 , Yb

2

O
3
 , Lu

2
O

3
 , and Tb

2
O

3
 . The dominant peak of Tb

2
O

3
 near 750 K 

compresses the full-scale view, while the inset highlights the 
350–650 K region where all oxides follow a common phononic 
trend. b Heat capacities of HEO-Lu (red) and HEO-Tb (blue), 

compared with their molar averages (dashed). HEO-Lu closely 
matches the average, whereas HEO-Tb shows a systematically 
higher cp(T) with two features: a shallow peak around 450–510 K 
and a broader one between 700 and 760 K, both attributable to 
lattice-dynamical contributions enhanced by configurational dis-
order.
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hours. The diffractograms exhibit sharp reflections 
without peak splitting or secondary phases, confirm-
ing long-range cubic symmetry and establishing a 
robust structural baseline. The systematic shift of 
peak positions across the lanthanide series reflects 
the expected lanthanide contraction, and the refined 
lattice parameters are fully consistent with reported 
crystallographic data.

Panel (b) displays the XRD pattern of terbium oxide, 
which cannot be indexed within the bixbyite struc-
ture. The diffraction features correspond to triclinic 
Tb

11
O

20
 (space group P1̄ ), characterized by a dense 

set of reflections and pronounced symmetry lower-
ing. This low-symmetry phase arises from the mixed-
valence character of terbium (Tb3+/Tb4+ ) and the 
associated oxygen non-stoichiometry, which generate 
locally distorted coordination environments. Among 
the lanthanides considered here, terbium is the only 
element capable of stabilizing a mixed-valence state, 
owing to the electronic accessibility of the Tb3+ (4 f 8 ) 
↔ Tb4+ (4 f 7 ) redox couple. As a consequence, terbium 
forms superstoichiometric oxides such as Tb

4
O

7
 and 

Tb
11

O
20

 , whose triclinic metrics contrast sharply with 
the cubic symmetry of the other sesquioxides. Panel 

(c) shows the XRD patterns of HEO-Lu and HEO-Tb. 
Despite the structural incompatibility of triclinic Tb

11

O
20

 in its single-component form, both HEOs crystal-
lize as single-phase cubic bixbyite structures ( Ia3̄ ), 
with no detectable traces of triclinic or secondary 
phases. All reflections are well indexed within the 
cubic symmetry, and no peak splitting is observed. 
This demonstrates that configurational entropy sta-
bilizes a common average structure, overriding the 
intrinsic tendency of terbium oxide toward sym-
metry lowering. In HEO-Tb, the absence of Tb

11
O

20
 

reflections indicates that terbium cations are fully 
incorporated into the cubic lattice, adopting an aver-
age coordination environment compatible with the 
bixbyite framework. Panel (d) provides an enlarged 
view of a representative cubic reflection. In the sin-
gle-component Ln

2
O

3
 oxides, peak positions vary sys-

tematically with the ionic radius of Ln3+ , consistent 
with lattice-parameter changes driven by lanthanide 
contraction. For the HEOs, the reflections appear at 
intermediate 2 � positions relative to the parent oxides, 
in agreement with Vegard-like behavior. The modest 
peak broadening observed in the HEOs is attributed 
to microstrain and crystallite-size effects inherent to 

Figure  4   X-ray diffraction (XRD) patterns of rare-earth oxides 
and high-entropy oxides. a Bixbyite-type Ln

2
O

3
 (Ln = Dy, Gd, 

Y, Yb, Lu) crystallizing in the cubic Ia3̄ space group. b Triclinic 
Tb

11
O

20
 ( P1̄ ) exhibiting additional reflections due to symmetry 

lowering. c High-entropy oxides HEO-Tb and HEO-Lu, both 

forming a single-phase cubic bixbyite structure ( Ia3̄ ). d Enlarged 
view of a representative cubic reflection highlighting peak align-
ment and limited broadening in the HEOs, indicative of a homo-
geneous solid solution stabilized by configurational entropy.
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multicomponent solid solutions, rather than to struc-
tural phase separation.

X‑ray photoelectron spectroscopy (XPS)

The Tb core-level signal is relatively weak, and the 
spectrum reported in Fig. 5 results from the accumu-
lation of eight scans. The main component ( #3 ), cen-
tered at 147.7 eV, is fully compatible with trivalent 
terbium in Tb

2
O

3
 . In the literature, Tb3+ is typically 

observed in the ranges 147.4−147.8 eV [31] and around 
147.1 eV [32], whereas Tb4+ appears at much higher 
binding energies, namely 152.1-−155.6 eV [31] and near 
155.7 eV [32]. Since no spectral weight is detected in 
the characteristic Tb4+ region, we exclude the pres-
ence of Tb4+ within the detection limits of our meas-
urement. However, XPS cannot rule out intermediate 
oxidation states between Tb3+ and Tb4+ , as such states 
would only produce subtle shifts within the Tb3+ mul-
tiplet envelope and remain indistinguishable from 
coordination- or screening-induced variations. The 
lower-binding-energy components ( #1 and #2 ), located 

around 146 eV, are therefore attributed to Tb3+ species 
experiencing different local coordination or final-state 
screening environments, rather than distinct oxidation 
states or specific terbium oxide phases such as Tb

11

O
20

 or Tb
4
O

7
 . As XPS is inherently surface-sensitive, 

it cannot discriminate between these bulk phases and 
only indicates that the outermost layers of HEO-Tb are 
dominated by trivalent terbium.

Synchrotron total‑scattering analysis

To determine whether the structural tendencies of ter-
bium observed in the single-component oxides per-
sist in the multicomponent environment, synchrotron 
total-scattering measurements were performed on the 
HEO-Tb composition. This experiment probes both 
the average and local structure with high real-space 
resolution, providing a stringent test of whether ter-
bium induces distortions, mixed valence, or symmetry 
lowering within the high-entropy bixbyite lattice.

Figure 6a shows the high-energy diffraction pattern 
of HEO-Tb after background subtraction. The reflec-
tions are sharp, symmetric, and free of shoulders or 
extra peaks, demonstrating that HEO-Tb remains 
single-phase and cubic at the average-structure level. 
To test specifically for a triclinic Tb-rich contribution 
in the HEO-Tb, the experimental PDF residuals were 
compared with the characteristic correlations expected 
for triclinic Tb

11
O

20
-type environments [33]. The cal-

culated triclinic structure contains a prominent Tb - 
Tb correlation near 3.77 Å, followed by a sequence of 
features at approximately 5.82, 8.62−8.84, 11.78, 12.74 
and 13.79 Å. No coherent sequence of residual peaks 
at these positions was observed following refinement 
with the cubic bixbyite model [34]. Importantly, no 
signatures of terbium-rich secondary phases such 
as Tb

11
O

20
 or Tb

4
O

7
 are detected. This confirms that, 

unlike in the binary oxide where terbium strongly 
favors low-symmetry polymorphs, the multicompo-
nent environment stabilizes a fully trivalent Tb state 
and suppresses the structural instabilities typically 
associated with terbium oxides. The reduced total-
scattering structure functions F(Q) reported in Fig. 6b 
further support this conclusion. Curves processed 
with different Q

max
 values overlap closely across the 

entire measured range, with no oscillatory behavior 
or high-Q artifacts. This stability ensures reliable Fou-
rier transformation and indicates that the extracted 

Figure  5   X-ray photoelectron spectroscopy (XPS) analysis 
of the Tb 3d core level for HEO-TbTb. The experimental spec-
trum (black line) is deconvoluted into the spin-orbit doublet Tb 
3d

5∕2 and Tb 3d
3∕2 , each fitted with three components ( #1-#3 , 

blue curves) accounting for multiplet splitting and final-state 
effects typical of trivalent terbium. The resulting envelope (red 
curve) reproduces the experimental line shape with high fidelity. 
No intensity is detected in the characteristic Tb4+ region (152–
156  eV), confirming that terbium remains fully trivalent at the 
surface of the high-entropy oxide.
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local-structure information is robust with respect to 
the choice of Q

max
 . The pair distribution function is 

obtained through

highlighting the need for a stable high-Q signal to 
achieve accurate real-space resolution.

Figure 6c–e displays the resulting pair distribu-
tion functions G(r) for Q

max
= 12.5 , 15, and 17.5 Å−1 . 

Across all three values, the first-shell peaks corre-
sponding to Ln–O distances are well defined and 
consistent with the cubic bixbyite coordination envi-
ronment. No additional features, shoulders, or peak 
splittings are observed, demonstrating the absence 
of local distortions or short-range ordering involv-
ing terbium. Increasing Q

max
 improves real-space 

resolution, but the overall peak shapes and positions 
remain unchanged, confirming that the local structure 
is homogeneous and cubic.

The agreement among the three G(r) curves indi-
cates that HEO-Tb exhibits a fully averaged local 

(5)G(r) =
2

� ∫
Q
max

0

QF(Q) sin(Qr) dQ

environment, with no evidence of mixed-valence Tb 
domains, symmetry-lowered motifs, or nanoscale 
structural heterogeneity. The absence of local devia-
tions is fully consistent with the smooth thermal 
response and the lack of calorimetric anomalies, con-
firming that the multicomponent lattice remains cubic 
and structurally coherent across all probed length 
scales. However, the PDF result should not be inter-
preted as proof of absolute atomic-scale homogeneity. 
The maximum reliable Q

max
 of 17.5 Å −1 corresponds to 

a nominal real-space resolution of approximately 0.18 
Å, while the similar X-ray scattering factors of the con-
stituent heavy rare-earth elements limit the element 
specificity of the PDF analysis. Very small, highly dis-
ordered or low-concentration Tb-rich domains, subtle 
chemical short-range order and weak local symmetry 
breaking may therefore remain below the detection 
limit. Anyway, the absence or attenuation of a col-
lective Tb-related anomaly in the HEO-Tb cannot be 
attributed uniquely to configurational entropy. Tb 
occupies only 20% of the cation sublattice, and the 
probability of forming extended Tb - Tb connectivity 
is consequently reduced relative to the binary oxide. 

Figure  6   a Synchrotron diffraction pattern after background 
subtraction, showing sharp and symmetric cubic reflections with 
no evidence of secondary phases such as Tb

11
O

20
 . b Reduced 

total-scattering structure functions F(Q) processed with different 
Q

max
 , demonstrating stable high-Q behavior and the absence of 

oscillatory artifacts. c–e Pair distribution functions G(r) obtained 
with Q

max
= 12.5 , 15, and 17.5 Å−1 , respectively. All curves dis-

play well-defined Ln–O and Ln–Ln correlations consistent with 
a cubic bixbyite local environment, with no signatures of Tb-rich 
distortions or short-range ordering.
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Compositional dilution and interruption of Tb - Tb 
nearest-neighbor networks therefore provide the most 
direct explanation for the attenuation of a cooperative 
Tb-rich structural or redox transformation. Configu-
rational entropy may contribute indirectly by favoring 
retention of the homogeneous multication state and 
opposing Tb segregation, while local strain and the 
chemical environment imposed by the other rare-earth 
cations may modify the Tb3+/Tb4+ energetics (Figs. 7, 
8, and 9).

Effect of thermal history and prolonged 
annealing

The cubic bixbyite structure was obtained under all 
the investigated thermal conditions. Single-phase 
patterns were recorded after direct calcination of 
the amorphous precursor at 800 ◦ C for 1 and 2 h and 
at 1500 ◦ for 1 h. The same phase was retained after 
further annealing for 16 h at both 800 and 1500 ◦ C, 
without detectable additional reflections attributable 
to Tb-rich, fluorite-like or other secondary crystal-
line phases. The formation of bixbyite directly from 
the amorphous precursor at both 800 and 1500 ◦ C, 
together with its persistence after prolonged anneal-
ing at 1500 ◦ C, argues against its interpretation as a 
transient crystallization product simply frozen dur-
ing cooling. SEM-EDXS maps collected after 1 and 
16 h at 1500 ◦ C showed substantially uniform and co-
localized distributions of Dy, Y, Gd, Yb and Tb over 
the investigated regions. In particular, no micrometer-
scale Tb enrichment or depletion was detected after 
prolonged high-temperature exposure. The com-
bined diffraction and microchemical results therefore 
demonstrate substantial thermal and compositional 
robustness of the Tb-containing bixbyite within the 
investigated processing window. Nevertheless, ex situ 
XRD and SEM-EDXS do not prove that this phase rep-
resents the global equilibrium free-energy minimum. 
Extremely slow decomposition, nanoscale segregation 
below the experimental resolution or transformations 
occurring under different oxygen chemical potentials 
cannot be excluded.

Optical properties

All samples exhibit absorption edges in the ultraviolet 
region, consistent with the wide-band-gap character 
of rare-earth sesquioxides. Band-gap energies were 

extracted using the Kubelka–Munk formalism and 
are summarized in Table 1. For the single-component 
Ln

2
O

3
 oxides (Ln = Dy, Gd, Y,Yb, Lu), the measured 

band gaps lie systematically at the lower bound of 
the literature ranges. This trend reflects band-gap 
renormalization driven by defect-assisted absorption 
tails and local structural disorder, consistent with the 
bixbyite lattice and the weak hybridization between 
O 2p and Ln 4f states near the valence-band maximum. 
Y 

2
O

3
,Gd

2
O

3
 , and Dy

2
O

3
 exhibit band gaps around 

4.8–−4.9 eV, whereas Yb
2
O

3
 and Lu

2
O

3
 display slightly 

reduced gaps (4.6 and 4.4 eV), reflecting the increased 
lattice compactness and the enhanced sensitivity of 
the conduction-band edge to local structural perturba-
tions in oxides with filled or nearly filled 4f shells. The 
terbium-containing oxide exhibits a distinct optical 
response. The band gap of Tb

2
O

3
 (4.5 eV) is governed 

by the structural complexity of triclinic Tb
11

O
20

 and 
the presence of localized electronic states associated 
with oxygen non-stoichiometry. Under oxidizing con-
ditions, mixed-valence Tb3+/Tb4+ redox fluctuations 
introduce intragap states that broaden the absorption 
edge [35]. However, under the nitrogen atmosphere 
used in this work, TGA and DSC measurements dem-
onstrate that terbium remains fully trivalent, sup-
pressing the formation of Tb4+-bearing phases. Con-
sequently, the optical spectrum of Tb

2
O

3
 measured 

here reflects the intrinsic response of trivalent terbium 
rather than mixed-valence electronic localization. The 
high-entropy oxides display optical properties that 
deviate markedly from those of their single-compo-
nent analogs. Both HEO-Lu and HEO-Tb exhibit band 
gaps in the 4.8-−4.9 eV range, significantly larger than 
those of Lu

2
O

3
 and Tb

2
O

3
 , respectively. These values 

cannot be rationalized as equimolar averages of the 
constituent oxides. Instead:

•	 HEO-Lu exhibits a band gap of 4.9 eV, indicat-
ing that configurational disorder suppresses the 
defect-related absorption tail characteristic of 
pure Lu

2
O

3
 , yielding a renormalized wide-gap 

electronic structure.
•	 HEO-Tb exhibits a band gap of 4.8 eV, demon-

strating the complete suppression of mixed-
valence intragap states and the restoration of a 
clean bixbyite-like band edge. Configurational 
disorder eliminates the electronic localization 
responsible for gap narrowing in triclinic Tb

11
O

20
 , 

stabilizing a wide-gap cubic electronic environ-
ment.
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These observations indicate that configurational dis-
order in the high-entropy lattice drives a homogeni-
zation of the electronic structure [36, 37]. The broad 
distribution of local coordination environments aver-
ages out cation-specific perturbations of the band 

edges, suppressing the localized states that domi-
nate the optical response of Tb

2
O

3
 . In HEO-Tb, the 

absence of mixed-valence signatures in the optical 
spectra is fully consistent with the suppression of 
redox-driven transitions observed in TGA/DSC and 

Figure  7   XRD pattern of the calcined HEO-Tb samples: a 
directly from the as-precipitate at 800 ◦ C for 2 h, b directly from 
the as-precipitate at 1500 ◦ C for 1 h, c from the already calcined 

sample at 800 ◦ C 1 h, for extra 16 h at 800 ◦ C, d from the already 
calcined sample at 800◦ C 1 h, for extra 16 h at 1500 ◦C.
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with the cubic local structure revealed by synchro-
tron total scattering. Overall, the optical behavior of 
the high-entropy oxides mirrors the entropy-driven 
averaging observed in their thermal and structural 
properties. The disordered lattice reduces the influ-
ence of individual cation chemistry on the band-edge 
states, yielding a more uniform electronic land-
scape. This homogenization is particularly evident 
in the Tb-containing HEO, where the complex elec-
tronic structure of terbium oxide is replaced by a 
smoother, wide-gap bixbyite-like absorption edge. 
These results demonstrate that configurational 
entropy not only stabilizes the crystal structure but 
also renormalizes the electronic degrees of freedom, 

suppressing localized states and producing band 
gaps characteristic of an averaged, entropy-stabi-
lized electronic environment.

Conclusions

This work demonstrates that configurational entropy 
acts as an important mechanism governing the struc-
tural, thermodynamic, vibrational, and electronic 
behavior of multicomponent rare-earth oxides. The 
single-component Ln

2
O

3
 sesquioxides (Ln = Gd, Dy, 

Y, Yb, Lu) provide a stable reference framework, as 
they crystallize in the cubic bixbyite structure, exhibit 

Figure 8   Figure 2: SEM micrographs and EDXS maps for HEO-Tb calcined at 1500 ◦ C for 1h.
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smooth thermal responses, and display wide-band-
gap electronic character. In contrast, terbium oxide 
behaves fundamentally differently in its binary form. 
The electronic accessibility of the Tb3+ (4 f 8 ) ↔ Tb4+ 
(4 f 7 ) redox couple enables the formation of superstoi-
chiometric phases such as Tb

4
O

7
 and Tb

11
O

20
 , char-

acterized by oxygen non-stoichiometry, triclinic sym-
metry, and pronounced electronic localization. Under 
the nitrogen atmosphere used in this work for thermal 
characterization, however, the oxygen chemical poten-
tial lies far below the threshold required to stabilize 
Tb4+-bearing phases. TGA and DSC measurements 
confirm that terbium remains fully trivalent through-
out the explored temperature range, eliminating the 

Figure 9   SEM micrographs and EDXS maps for HEO-Tb calcined at 1500 ◦ C for 16h.

Table 1   Measured optical band gaps of single-component oxides 
and high-entropy oxides, compared with literature values for the 
corresponding sesquioxides

Oxide Band gap (eV) Literature (eV) References

Dy
2
O

3
4.8 ± 0.1 4.8–−5.2 [38, 39]

Gd
2
O

3
4.8 ± 0.3 5.2–−5.6 [38, 39]

Y
2
O

3
4.9 ± 0.2 5.5–−6.0 [39, 40]

Yb
2
O

3
4.6 ± 0.3 4.9–−5.4 [38, 39]

Lu
2
O

3
4.4 ± 0.9 5.5–−6.2 [39, 40]

Tb
2
O

3
4.5 ± 0.3 4.5–−5.1 [35, 38]

HEO-Tb 4.8 ± 0.5 – –
HEO-Lu 4.9 ± 0.1 – –
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redox-driven structural and electronic instabilities 
typical of mixed-valence terbium oxides. As a result, 
Tb

2
O

3
 exhibits a smooth thermal response and a clean 

optical band edge, free of intragap states. The tested 
high-entropy oxides provide a stringent test of how 
configurational entropy reshapes the behavior of 
chemically complex constituents. Despite the strong 
tendency of terbium oxide to crystallize in low-sym-
metry phases, the HEO-Tb adopts a single-phase cubic 
bixbyite structure. Laboratory XRD reveals symmetric, 
unsplit reflections with no traces of triclinic Tb

11
O

20
 , 

while synchrotron total-scattering measurements con-
firm that the cubic symmetry persists at the local scale. 
The pair distribution functions show well-defined Ln - 
O distances without shoulders or peak splitting, dem-
onstrating that configurational disorder promotes a 
homogeneous local environment, with no short-range 
symmetry lowering detected. A key outcome of this 
work is the demonstration that terbium can be fully 
incorporated into the high-entropy lattice while retain-
ing its ability to host excess oxygen. In the multicom-
ponent environment, terbium accommodates oxygen 
without triggering structural distortions. This behav-
ior suggests that the high-entropy lattice provides a 
chemically flexible environment in which terbium 
can act as an oxygen-storage site while remaining 
structurally compatible with the bixbyite framework. 
Such oxygen-buffering capability is suppressed in the 
binary oxide but becomes thermodynamically accessi-
ble and structurally harmless in the high-entropy solid 
solution. Calorimetric analysis reveals that both tested 
high-entropy oxides exhibit positive deviations from 
ideal mixing in their molar heat capacities, reflecting 
enhanced low-frequency phonon activity and lattice 
softening induced by configurational disorder. Rather 
than accumulating the vibrational contributions of the 
constituent oxides, the disordered lattice suppresses 
correlated fluctuations and broadens the phonon 
spectrum, yielding a homogenized thermodynamic 
response. Optical measurements further support this 
interpretation: the band gaps of HEO-Lu and HEO-Tb 
are significantly widened relative to their single-com-
ponent analogs, demonstrating that configurational 
disorder suppresses defect-related absorption tails and 
eliminates the localized electronic states associated 
with mixed valence in terbium oxide. Furthermore, 
the ability of terbium to store oxygen without struc-
tural distortions in the high-entropy lattice highlights 
an additional functional dimension of high entropy 
materials. These findings underscore the potential of 

entropy-assisted design as a strategy for engineering 
oxide materials with enhanced structural robustness, 
tunable phonon spectra, controlled electronic proper-
ties, and chemically flexible oxygen-handling capabili-
ties, even when incorporating intrinsically complex 
constituents such as terbium. As a final highlighting, 
the conclusions of this study are restricted to two 
equimolar five-cation rare-earth oxide compositions 
prepared by a single wet-chemical route and inves-
tigated over a defined range of thermal conditions. 
Although the persistence of single-phase bixbyite 
after prolonged annealing and the absence of detect-
able cation segregation demonstrate substantial ther-
mal and compositional robustness, these observations 
do not establish that the phases represent universally 
entropy-stabilized oxides (ESOs), very likely being 
extremely robust high-entropy oxides (HEOs). Con-
figurational entropy cannot be isolated experimentally 
from cation-size compatibility, average ionic radius, 
oxygen stoichiometry, local strain, kinetic effects and 
processing history.
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