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ABSTRACT

The prototype high-entropy oxide (HEO) Y, ,Lag,Ce»Pro,Sm(,0,_s represents a particularly complex class of HEOs with significant anion
sublattice entropy. The system takes either a fluorite or bixbyite-type crystal structure, depending on synthesis kinetics and thermal history.
Here, we synthesize bulk ceramics and epitaxial thin films of Y,,Lag,Ceq,Pro,Sm,0,_s and use diffraction to explore crystal symmetry
and phase. Thin films exhibit the high symmetry fluorite phase, while bulk ceramics adopt the lower symmetry bixbyite phase. The difference
in chemical ordering and observed symmetry between vapor-deposited and reactively sintered specimens suggests that synthesis kinetics can
influence accessible local atomic configurations, i.e., the high kinetic energy adatoms quench in a higher-effective temperature, and thus
higher symmetry structure with more configurational entropy. More generally, this demonstration shows that recovered HEO specimens can
exhibit appreciably different local configurations depending on synthesis kinetics, with potential ramifications on macroscopic physical

properties.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0201419

High-entropy oxides (HEOs) are complex oxide solid solutions,
typically composed of four or more parent oxide endmembers in
roughly equal proportions.' In 2015, Rost et al. demonstrated entropy
stabilization in the Mgy ,Cop,Nij>Cug,Zn,,0 system, which equili-
brates as a rock salt solid solution above ~875°C.” The community
has since synthesized HEOs with many other binary and ternary crys-
tal structures.’ Among them, defective fluorite-structured HEOs are of
great interest as they can span a wide range of net valence states and
oxygen vacancy concentration depending on their cation formula-
tion.” ” Yo ,Lag,Cey,Pry,Smy,0,_5 represents a particularly complex
and intriguing HEO system, owing to the multivalency of Ce and Pr,
as well as the large nominal J value of 0.33.” While all HEOs are in
part defined by cation disorder, Y,,Lag,Cey,Pro,Smg,0, s also
exhibits significant anion sublattice disorder.” Crystal symmetry and
physical and electrochemical properties appear sensitive to both

oxygen stoichiometry and thermal history."® Additionally, the inter-
mediate and tunable stoichiometry that can be achieved in MO, fluo-
rite and M,0; bixbyite mixtures results in a variable degree of
chemical ordering and periodic lattice distortions that determine the
macroscopically observed symmetry. In terms of application, defective
fluorites such as 3" -substituted CeO, (Ref. 7) are useful oxygen ion
conductors. However, conductivity is inhibited at large 3™ cations con-
centrations by local chemical ordering of oxygen vacancies.”*
Understanding chemical ordering tendencies as a function of synthesis
procedures and identifying paths to stabilize the fluorite structure is a
prudent first step toward optimizing the functional properties of fluo-
rite HEOs.

HEO synthesis techniques vary widely in terms of initial state,
kinetics, and final microstructure." Dense ceramics can be reactively
sintered,”” powders can be precipitated from a nitrate solution,” "’
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and thin films can be grown by physical vapor deposition (PVD).
Since HEOs are frequently kinetically quenched for study or applica-
tion, the initial precursor state and the synthesis kinetics can strongly
influence the atomic configuration of the observed final state.’
Precipitation and PVD enable a short kinetic pathway for nucleation of
fully disordered solution configurations. In contrast, solid-state reaction
requires longer pathways through configuration space and predispose
the system to thermodynamically prescribed atomic configurations
closer to equilibrium." For Y,Lag,Ceo2Pro2Smp,05_s specifically,
solution precipitation and PVD enable nucleation of a metastable dis-
ordered fluorite phase,”'® while reactive sintering limits the system to
chemically ordered configurations reminiscent of a bixbyite-type
structure.”

After initial solution precipitation of fluorite-structured
Lag,Ce,Pro,Smg,Yp,0, 5 powders, subsequent annealing3 or
reducing” procedures produce additional diffraction peaks indicative
of symmetry reduction to the bixbyite-type structure observed in reac-
tively sintered specimens. Regarding the lower symmetry bixbyite-type
structure, Djenadic et al. performed several refinements on powder
x-ray diffraction (XRD) data to test various symmetries including Ia3,
F43m, and 12,3." They settled on a structure with Ia3 space group
symmetry (typical of Y,03), but note that F43m symmetry more accu-
rately reproduced the low-intensity secondary peaks that differentiate
the structure from Fm3m fluorite symmetry.”

To clarify some of the structural uncertainty regarding Y, ,La,,
Cep,Pry,Smg,0,_s, we set out to isolate Y,Lag,Cey,Pry»Smg,0,_5
crystals with both ordered and disordered oxygen sublattices and char-
acterize them using electron diffraction. To achieve this, we leveraged
the starkly contrasting kinetics of two different synthesis methods:
magnetron sputtering and reactive sintering. We employ XRD to
probe the structure on a macroscopic scale; transmission electron
microscopy (TEM) and selected area electron diffraction (SAED) to
probe the symmetry on sub-crystal length scales, energy-dispersive
spectroscopy (EDS) to probe chemistry and homogeneity on local
scale, and x-ray absorption near edge structure (XANES) to probe the
local electronic environment with chemical selectivity. We also calcu-
late the enthalpy of formation for the equimolar composition with dif-
ferent crystal symmetries using density functional theory (DFT).
Reactively sintered ceramics exhibit a bixbyite-type structure, but with
slightly different symmetry than the previously reported' Ia3 space
group, while thin films exhibit fluorite symmetry. Results are discussed
in the context of local symmetry, synthesis kinetics, and pathways
through configuration space.

Figures 1(a) and 1(b) present XRD and SEM data for bulk
Yo.,Lag,Ceg,Pro,Smg,0, s reactively sintered at 1600 °C for 8 h. The
low-intensity superstructure peaks (e.g., 112, 114, 233, and 134) indicate
a structure similar to bixbyite, characterized by a measurable amount of
local chemical ordering and corresponding periodic lattice distortions.
Figure 1(b) reveals a dense microstructure with some grains exceeding
10 um in size. The bulk sample EDS shows homogeneous distribution
of cations (supplementary material, Fig. S1). The bixbyite-type diffrac-
tion pattern in Fig. 1(a) implies that either 1600 °C provides insufficient
energy to allow the formation of fully disordered fluorite configurations,
or that our initial 15°/min cooling rate is insufficient to kinetically
quench fluorite configurations if they were ever present. Based on the
behavior of endmember oxides, we think the former case is more likely,
for instance, cubic Sm,O; does not take a disordered cubic phase with
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FIG. 1. Structural data for reactively sintered Ygolag2CegoPro2Smg20: s (a)
XRD pattern indexed using bixbyite indices and (b) SEM micrograph (a faint hairline
fracture can be seen in the lower left of the image, likely induced by differential ther-
mal strain during cooling).

Im3m symmetry until around 2200 °C."” Complete long-range order is
likely prohibited in Yy ,Lag,Cey,Pro,Smg,0, s by the intermediate
stoichiometry (i.e., & # 0), so we posit that the local structure is similar
to Ce0,-Y,0; solid solutions, which exhibit single-phase diffraction
patterns, but localized bixbyite-type ordering and symmetry on sub-
grain length scales.'”

The sputtered Y, ,Lap,Cey,Pro,Smy,0, s thin film XRD and
AFM data are depicted in Fig. 2. Figure 2(a) presents XRD data for
two 20nm thick sputtered thin films from the aforementioned bulk
sintered target on YSZ substrate at two growth temperatures (300 and
400°C). Both films appear single-phase and epitaxial, showing only
the 001 family of reflections in the XRD pattern. Film grown at 300 °C
substrate temperature has a slightly narrower and sharper XRD peak
compared to the film grown at 400 °C. Figure 2(b) presents a narrower
and higher resolution 0-20 pattern for two films grown at 300°C:
20 nm thick film and a 96 nm thick film. Figure 2(c) presents corre-
sponding rocking curves (e scans at constant 20) consisting of a
superposition of two components, one with a full-width-at-half-
maxima (FWHM) of 0.04° and the other with a FWHM of 1.6°. The
narrow component of the rocking curve disappears at higher thick-
nesses, suggesting structural relaxation as a function of thickness; this
is expected due to the appreciable lattice mismatch between the film
and substrate (—6.9%)."” Atomic-resolution STEM imaging in
Fig. 2(e) suggests some disorder at the interface and confirms epitaxy
with the following in-plane orientational relationship to the YSZ sub-
strate: [100]-Yy,Lag,Ceq,Pro,Smy,0, 5 || [100]-YSZ. Thickness
fringes in Fig. 2(b) and AFM data in Fig. 2(d) suggest a smooth top
surface and macroscopically flat film-substrate interface. Overall, the
sputtered film exhibits high fidelity, but the data so far does not reveal
whether the film exhibits significant chemical ordering. For symmetry
characterization and comparison to bulk, we turn to selected area elec-
tron diffraction, a proven method for identifying chemical ordering in
rare earth oxides with fluorite-related structures.”’

The SAED  patterns for bulk and  sputtered
Yo,Lag,Ceo,Pro,Smg,0, 5 are shown in Figs. 3(a) and 3(b), respec-
tively. Figures 3(c)-3(e) present simulated SAED patterns from crystal
models with 12,3, a3, and Fm3m, symmetries.”*> Comparison of
Figs. 3(b) and 3(e) suggests that the sputtered film exhibits fluorite
Fm3m symmetry. The SAED pattern from the bulk specimen in
Fig. 3(a) exhibits additional diffraction spots that clearly indicate a lower
symmetry than sputtered Y, ,Lag,Cey,Pro,Smy,0, s in Fig. 3(b).
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Focusing on the white-encircled diffraction spots corresponding to Figure 4 presents XANES data collected for both sputtered and

{110}, {220}, and {330} lattice planes, we can see that the pattern in bulk Yy ,Lag,Cey,Pro,Smy,0,_s. The XANES spectra of the La and
Fig. 3(a) exhibits 110 and 330 spots and no visible 220 spot, while the Sm L;-edges are monotonous, which complicates the qualitive analy-
simulated Ia3 pattern exhibits 220 spots and no 110 or 330 diffraction sis.”*** However, data from the Y K-edge, Ce L;-edge, and the Pr Ls-
spots (Fig. 3). With a3 symmetry, {110} and {330} reflections are edge is very informative. The Y K-edge of Y,0; consists of a doublet
extinguished by the glide plane symmetry element,” which is evidently with peaks at ~17053 and ~17 063 eV. The latter peak is likely due to

not present across significant length scales in our bulk sample. the presence of Y in a six coordinated environment, which decreases in
Therefore, when indexing the SAED pattern from bulk and comparing intensity with coordination number.”® This is seen in the (Y, Co)
it to electron diffraction simulations with 12,3, Ia3, and Fm3m sym- doped CeO, reference where Y has an eight coordinated environ-

metries, we find that 2,3 simulated pattern is the best match to our ment.”  Thus, the flattening of the sputtered and bulk
experimental pattern, which exhibits 110 and 330 spots, but only faint Yo 2Lag ,Ceq,Pro,Smg,0,_s5 Y K-edge doublet is indicative of a mixed
220 spots. We observe that the enthalpy of formation AH; predicted coordination environment. The Ce L;-edge of CeO, has three notable
from DFT exhibit roughly similar values for both 12,3 and Ia3 sym- features, a Ce34- shoulder on the white line at ~5725eV, and a peak
metries (see Table 1) with both being lower than the “metastabilized”  doublet with peaks at ~5733 and ~5743 eV.”**” The first peak in the
Fm3m symmetry. This corroborates the difficulties in discerning the doublet is associated with 4f occupancy in the final state, while the sec-
bulk system symmetry. It is also likely that the true symmetry of bulk ond peak is due to absorption into the 5d level with no occupancy in
Yo2Lag,CeoPro,Smy,0,_5 samples fluctuates spatially (e.g., as in the 4f level, which is a Ce4+ signature.z" Our measured spectra for the

¥¥:20:G1 G20Z ABN €1

Ce0,-Y,0;5 solid solutions, which can exhibit localized chemical order- Ce L;-edges are comparable to the CeO, standard, indicating a mixed
ing'®) and complete determination likely requires diffraction along dif- valence state with a majority of Ce being 4+. There is a slight differ-
ferent zone axes with more rigorous analysis. We believe the present ence, however, in the intensity of the latter peak in the doublet of the
result provides a step toward unraveling the structural tendencies of measured samples, which we attribute to the local disorder around the
Y Lag,Ce,Pro,Smy,0,_5 and similar systems, given that bulk and Ce cations in our samples. PrsO;; Pr L;-edge is similar to that of
powder XRD patterns can be inconclusive or misleading as the subtle CeO,, where there exists a shoulder on the white line at ~5970 eV
changes produced by anion sublattice disorder can be difficult to associated with Pr 3+, and a peak doublet at ~5975 and ~5985eV
differentiate. associated with Pr 34-. Although the majority of Pr is 4+ in our
Appl. Phys. Lett. 124, 171901 (2024); doi: 10.1063/5.0201419 124, 171901-3
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FIG. 3. SAED micrographs of bulk and sputtered Y sLag-Ceq2Pro2Smg20,_s viewed along the [110] zone axis and simulated SAED patterns for comparison: (a) bulk
Yo.2Lap2Ceq2Pro2Smg20,_s; (b) sputtered Yo oLagCeq2Pro2Smg20,_s; and (c)—(e) SAED patterns simulated from crystal models with 1213, /a3, and Fm3m symmetries,

respectively.

Pattern in (a) partially indexed using bixbyite indices and pattern in (b) partially indexed using fluorite indices. Insets in (a) and (b) show traditional TEM

micrographs with the isolated region used to collect SAED data in (a) denoted by a black circle. Signal from both the film and substrate can be seen in (b).

TABLE I. The high-entropy composition calculated enthalpy of formation AH;.

Supercell model formula Formula Space group AHj (eV/atom)
Ce;LagPr,SmgYOsy Y, ,Lag»Cey,Pry,Smg -0, 5 (6 =0.3125) Fm3m —3.407
Ce;LagPr;SmgYsO0sy Yo.4Lag4Ce4Pro4Smg 4055 (6 =0.375) Ia3 —3.449
Ce7La6Pr7Sm6Y6054 Y()'4La()_4Ce()_4PI'()'4SI'Il0'4O3 . ((S = 0375) 121 3 —3.444

measured bulk sample, the shift to lower energy in the Pr L;-edge
peaks suggests a higher fraction of 3+ than the PrsO;; standard.
These observations demonstrate the possible spectrum of local cation
environments in Y, ,Lag,Cey,Prg,Smgy-0,_s, the similarities of their
spectral signatures, and the difficulty to accurately assign structures in
these complex crystals, and thus draw conclusions regarding entropic
effects.

Collectively, the specimens reactively sintered at 1500 °C exhibit
a lower symmetry diffraction pattern indicative of the chemically
ordered bixbyite-type, while the highly non-equilibrium synthesis
kinetics result in crystalline films with fluorite symmetry in
Yo.,Lag,Cey,Pro,Smg,0, 5. Symmetry reduction from fluorite struc-
ture to the bixbyite-type structure upon annealing or exposure to a
reducing gas indicates a relative thermodynamic stability of ordered

anion configurations compared to disordered ones.™” Given the end-
member chemical ordering tendencies, which are largest at low tem-
peratures, one may anticipate the lower symmetry structure to
emerge at lower synthesis temperatures, somewhat analogous to the
Bi,O3 system, in which the disordered cubic fluorite J-phase is only
stable above 750 °C.” "~ On the contrary, reports for powder precipita-
tion at 750 and 1150°C™" and our film growth at 600 °C and lower
produce the high temperature structure metastabilized at room tem-
perature. These observations necessitate a kinetic, rather than thermo-
dynamic, explanation. In PVD and chemical precipitation processes,
sputter vapor production and chemical dissolution induces a precursor
initial state where mixing is completely random and uniform, from
which crystallization will occur. In this case, the crystal that will form
with the smallest diffusion budget is one with a similarly random and

Appl. Phys. Lett. 124, 171901 (2024); doi: 10.1063/5.0201419
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FIG. 4. XANES data for bulk and sputtered Yg sLag 2Ceq 2Pro2Smg20,_s: for Ce, La, Sm, and Y absorbers, respectively, along with reference patterns. Pr XANES is only avail-

able for the bulk sample at the time of measurement.

uniform cation distribution. Furthermore, in the case of PVD, the sub-
stantial adatom kinetic energy induces a high effective temperature that,
during landing, will promote a high-entropy and high-symmetry state.
Finally, especially in refractory systems like this, with modest substrate
temperatures, this high-entropy state is likely to be preserved metasta-
bly. On the other hand, during solid state reaction, the system begins in
a very low entropy initial state where chemical entities are physically
segregated at the micrometer scale (ie., individual powder particles).
Entropy must increase during synthesis, and the system as a whole is
configurationally limited to thermodynamically prescribed assemblies,
which appear to exhibit enough chemical ordering to produce low sym-
metry non-fluorite diffraction patterns in Y, ,Lag,CegPro>Smg,0,_5
specimens.

While the present study is limited to Yq,Lag,Ceg,Pro25mg,0, s,
we believe other systems with significant anion disorder, chemical
ordering tendencies, or metastability in general may exhibit similar
kinetic behavior. Furthermore, the chemical flexibility of HEOs might
allow tunable symmetry and local chemical ordering tendencies
depending on cation selection and susceptibility to reduction or oxida-
tion. In other words, cation selection and stoichiometric control should
provide a means to alter the balance between the high entropy associ-
ated with a disordered anion sublattice and the relatively low enthalpy
associated with an ordered one. Composition and net valence control,
combined with the kinetic dependence shown here, should facilitate a
wide variety of fluorite-derived HEO systems with tunable symmetry
and physical properties.

In the broader context of HEOs, the observation presented here
suggest that non-equilibrium processing techniques can enable recov-
ery of configurations corresponding to higher-entropy macrostates
compared to near-equilibrium processing techniques. These observa-
tions, combined with the compositional flexibility inherent to HEO
systems, should facilitate further investigations into the wealth of pos-
sible fluorite-derived HEOs.

See the supplementary material for a detailed description of the
experimental and computational methods. It also includes EDS maps
for bulk Y ,Lag 2Ce 2Pro25m 20, 5.
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