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ABSTRACT: Large lattice responses in dense inorganic oxides are typically
driven by structural phase transitions or redox processes that alter the crystal
symmetry or composition. Here, we identify a distinct mechanism for such
responses: giant lattice expansion through symmetry-preserving cation redis-
tribution in a metastable, structurally frustrated, dense oxide. High-pressure-
quenched Ba4Ru3O12 undergoes an irreversible volumetric expansion of 4.4%
between 450 and 650 K while retaining R3̅m symmetry and oxygen stoichiometry.
High-resolution synchrotron diffraction reveals cooperative redistribution of Ru
within face-sharing RuO6 trimers, directly linking the intratrimer cation
configuration to the lattice volume. Thermogravimetric, transport, and magnetic
measurements exclude decomposition, redox processes, and electronic or
magnetic phase transitions. First-principles calculations show that compression
stabilizes a low-volume cation configuration, which is retained after recovery to
ambient pressure and relaxes upon heating through intratrimer cation exchange. Together, these results establish symmetry-
preserving cation redistribution as a mechanism for giant lattice responses in dense oxides and identify metastable frustrated
configurations as a route to large structural responses without symmetry-breaking or compositional change.

1. INTRODUCTION
Dense inorganic oxides are generally regarded as structurally
rigid solids whose lattice responses are governed by
anharmonic phonons and are therefore modest in magni-
tude.1−3 Large lattice changes typically arise only when
symmetry or composition is altered, for example, through
structural phase transitions, redox processes, or reconstructive
transformations.4−9 Whether dense oxides can exhibit
comparably large lattice responses through purely configura-
tional relaxation, without symmetry breaking or compositional
change, remains largely unexplored.
High-pressure synthesis provides a route to access non-

equilibrium states in dense oxides that are stabilized under
compression but retained upon recovery to ambient con-
ditions.10−14 Beyond generating new crystal structures, this
approach can imprint frustrated configurational landscapes
composed of nearly degenerate atomic arrangements separated
by substantial kinetic barriers. Such states may store latent
configurational strain that can be released upon thermal
activation, offering a fundamentally different pathway to
structural response.
In the present work, we find that this framework provides a

useful way to rationalize an unusual lattice response observed
in a high-pressure phase. Specifically, a combination of
competing local configurations, coupling between the cation
distribution and lattice volume, and kinetic trapping of a high-

density state appears to enable a large, symmetry-preserving
lattice expansion through cation redistribution. We emphasize
that this perspective is developed based on the experimental
observations described below, rather than as a strictly
predictive design strategy.
Here, we demonstrate this mechanism in the high-pressure-

quenched dense oxide Ba4Ru3O12. The material exhibits a giant
irreversible volumetric expansion of 4.4% between 450 and 650
K while retaining the crystallographic symmetry and oxygen
stoichiometry. High-resolution synchrotron diffraction reveals
cooperative redistribution of Ru within face-sharing RuO6
trimers, directly linking intratrimer cation configuration to
lattice volume. Thermogravimetric, transport, and magnetic
measurements exclude decomposition, redox processes, and
electronic phase transitions, and first-principles calculations
show that high-pressure synthesis stabilizes a frustrated
configurational landscape that relaxes upon heating through
intratrimer cation exchange. These results identify symmetry-
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preserving configurational cation redistribution as a mecha-
nism for large lattice responses in dense oxides.

2. EXPERIMENTAL SECTION
Ba4Ru3O12 was synthesized in a multianvil press at 6 GPa and 1373 K
for 30 min, followed by quenching to room temperature prior to
decompression, according to established high-pressure synthesis
procedures.10,11 All measurements were performed on the recovered
material at ambient pressure. High-resolution synchrotron powder X-
ray diffraction data were collected at BL02B2 at SPring-8. The sample
was first cooled from room temperature to 100 K without collecting
diffraction data, and diffraction patterns were subsequently collected
upon heating from 100 to 800 K. Magnetization, electrical transport,
thermogravimetric, and calorimetric measurements were carried out
using standard techniques. Density functional theory calculations were
performed using the projector augmented-wave method within the
generalized gradient approximation of Perdew−Burke−Ernzerhof
(PBE), as implemented in the Vienna ab initio Simulation Package
(VASP).15−18 Minimum-energy paths for intratrimer Ru-site exchange
were determined using the climbing-image nudged elastic band
method.19,20 Further experimental and computational details are
provided in the Supporting Information.

3. RESULTS AND DISCUSSION

3.1. Structural Refinement and Temperature-Dependent
Evolution

The crystal structure of Ba4Ru3O12 was investigated by using
high-resolution synchrotron powder X-ray diffraction data
collected upon heating from 100 to 800 K. Because this phase
has not been previously reported, structure solution and model
selection were carried out prior to final Rietveld refinement.
The diffraction pattern was first indexed with rhombohedral
lattice parameters, and candidate structural models were
examined on the basis of systematic absences and related
hexagonal perovskite-derived structures containing face-sharing
octahedral trimers. During this process, a non-centrosymmetric
R3̅m model and several centrosymmetric R3̅m models with
similar lattice parameters were tested. A Ba4Re2CoO12-type

model21 did not satisfactorily reproduce the observed
intensities, whereas a BaIr0.5Co0.5O3-type model

22 provided a
more suitable starting framework. Further refinement of the
atomic coordinates, Ru-site occupancies, and displacement
parameters led to the final R3̅m model used in this work.
Diffraction patterns at 450 K and above are well-described by
this rhombohedral R3̅m model, consistent with a perovskite-
derived framework comprising face-sharing RuO6 trimers. All
reflections can be indexed without detectable impurity phases,
and the refinements yield satisfactory agreement factors,
supporting the proposed structural model (Table 1 and Figure
1).
The lattice parameters exhibit a pronounced, nonlinear

temperature dependence (Figure 2a). In particular, both a and
c increase significantly between 450 and 650 K, resulting in a
substantial expansion of the unit-cell volume (Figure 2b). No
additional reflections or peak splittings are observed in this
temperature range (Figure S1), indicating that the expansion
occurs without a crystallographic phase transition. The
retention of R3̅m symmetry throughout this regime establishes
that the lattice response is symmetry-preserving. The cooling
data shown as open symbols in Figures 2a,b were obtained in a
separate experiment conducted under identical temperature
protocols and measurement conditions and are included for
comparison.
To probe the microscopic origin of this structural evolution,

the occupancies of the Ru1 and Ru2 sites within the Ru3O12
trimers (Figure 2c), together with their isotropic displacement
parameters, were refined without constraints. The results reveal
a systematic temperature-dependent redistribution of Ru
between the two crystallographic sites. Importantly, the total
occupancy, g(Ru1) + g(Ru2), remains conserved within
experimental uncertainty across the entire temperature range,
consistent with intratrimer site exchange at a fixed
stoichiometry rather than compositional variation.
Although site occupancies and atomic displacement

parameters are commonly correlated in Rietveld analysis,

Table 1. Refined Atomic Coordinates, Site Occupancies, and Isotropic Atomic Displacement Parameters for Ba4Ru3O12 at 450
and 650 Ka

Atom Wyckoff g X y z B (Å2)

T = 450 K
Ba1 6c 1 0 0 0.2096(1) 0.92(2)
Ba2 6c 1 0 0 0.3711(1) 1.27(3)
Ru1 6c 0.873(4) 0 0 0.0825(1) 0.62(4)
Ru2 6c 0.070(2) 0 0 0.0099(7) 0.24(30)
Ru3 3b 1 0 0 0.5 0.57(5)
O1 18 h 1 0.4971(6) −x 0.2080(2) 1.21(11)
O2 18 h 1 0.5133(6) −x 0.3803(2) 1.19(11)

T = 650 K
Ba1 6c 1 0 0 0.2121(1) 2.26(3)
Ba2 6c 1 0 0 0.3737(1) 1.60(2)
Ru1 6c 0.509(3) 0 0 0.0890(1) 0.49(7)
Ru2 6c 0.432(2) 0 0 0.0047(3) 1.46(7)
Ru3 3b 1 0 0 0.5 1.00(4)
O1 18 h 1 0.5007(7) −x 0.2056(3) 2.27(15)
O2 18 h 1 0.5131(6) −x 0.3759(2) 1.81(14)

aRefinements were performed in the space group R3̅m (No. 166) with Z = 3 using synchrotron powder X-ray diffraction data collected at BL02B2,
SPring-8 (λ = 0.6205853 Å). The refined occupancies correspond to the composition Ba4Ru2.88O12. The occupancies of the Ru1 and Ru2 sites were
refined freely, without constraints, together with their isotropic displacement parameters. Structural and refinement parameters are as follows: 450
K, a = 5.73378(2) Å, c = 27.9222(2) Å, V = 794.993(7) Å3, Rwp = 10.62%, Rp = 7.45%, Re = 4.40%, RI = 3.94%, RF = 2.66%; 650 K, a = 5.80731(2)
Å, c = 28.4062(1) Å, V = 829.648(5) Å3, Rwp = 10.12%, Rp = 7.41%, Re = 4.40%, RI = 5.44%, RF = 5.85%.
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several independent observations support the reliability of the
refined occupancies. The total Ru occupancy remains
conserved within experimental uncertainty (Figure 2d), the
occupancies evolve smoothly and monotonically with temper-
ature (Figure 6c), and the refined compositions agree with
independent chemical analyses and thermogravimetric meas-
urements (Figures S3 and S4). No clear evidence of
decomposition or oxygen loss was observed within the
investigated temperature range, as confirmed by thermogravi-
metric analysis and the absence of impurity reflections in the
diffraction data. Together, these results indicate that the
observed redistribution reflects an intrinsic structural evolution
rather than refinement artifacts.
At temperatures of 425 K and below, the diffraction patterns

deviate markedly from those observed at higher temperatures.
Clear peak splitting is observed at 100 K, indicating symmetry
lowering relative to that of the R3̅m structure. The splitting is
consistent with a lower-symmetry metric, tentatively triclinic,
although a definitive structure determination could not be
obtained from powder diffraction data alone. Several
reflections also exhibit anisotropic broadening and shoulder-
like features, suggesting local disorder and/or static displace-
ments of Ru ions within the face-sharing trimers.
Taken together, these results indicate that the as-recovered

material adopts a locally disordered state at low temperature.
Upon heating to 450−650 K, this state evolves into a well-
defined average structure with preserved symmetry and
redistributed cation occupancies, which underpins the
anomalous lattice expansion described below. Under ambi-
ent-pressure synthesis conditions, the related lower-oxygen
compound Ba4Ru3O10 is known to form,23,24 whereas
Ba4Ru3O12 with the high formal Ru valence is obtained only
under high-pressure conditions in the present study. To our

knowledge, Ba4Ru3O12 has not been reported from ambient-
pressure synthesis.
3.2. Giant Irreversible Lattice Expansion in a Dense Oxide

Ba4Ru3O12 exhibits a pronounced and irreversible volumetric
expansion of 4.4% between 450 and 650 K (Figure 2). The
volumetric thermal expansion coefficient αV displays a sharp
maximum near 550 K, coincident with the most rapid increase
in unit-cell volume. The expanded state is retained upon
cooling, and subsequent thermal cycles reproduce the enlarged
volume, confirming the irreversibility of the transformation.
No additional symmetry-breaking reflections emerge during

heating (Figure S1), indicating that the expansion proceeds
without a symmetry-lowering phase transition but rather
through a largely continuous, isosymmetric transformation
within the experimental resolution, involving changes in site
occupancies. Such behavior is highly unusual for dense
crystalline solids, in which large volume changes are typically
associated with structural transformations. Although isosym-
metric transitions with large volume changes have been
reported in systems such as CaFe2As2,

25 these are typically
first-order transitions involving discontinuous changes and
phase coexistence. By contrast, the present system exhibits a
largely continuous, symmetry-preserving evolution without a
detectable discontinuity or phase coexistence.
To place this response in context, the thermal expansion of

Ba4Ru3O12 was compared with representative crystalline
materials that remain chemically and structurally stable above
400 K (Figures 3 and S7). Whereas dense oxides generally
exhibit modest thermal expansion governed by lattice
anharmonicity, Ba4Ru3O12 exceeds representative oxide, alloy,
and salt benchmarks within this temperature range. In most
crystalline solids, comparably large expansion anomalies
accompany reconstructive or symmetry-breaking transforma-
tions (e.g., Ca-substituted PbCrO3,

26 NaSbF6,
27 RbNbO3,

28,29

and CsPbI3
30) or coincide with electronic or magnetic phase

transitions.5,6,8,9 By contrast, Ba4Ru3O12 shows a large
irreversible expansion without detectable changes in crystallo-
graphic symmetry or overall composition.
This combination of large magnitude, irreversibility, and

structural integrity points to a mechanism distinct from
conventional transition-driven lattice anomalies as explored
below. The thermal expansion coefficient obtained upon
cooling from the expanded high-temperature state is much
smaller than that observed during the initial heating process
(Figure 3), confirming that the giant expansion is associated
with the irreversible transformation of the metastable state
rather than with ordinary reversible thermal expansion.
3.3. Microscopic Origin: Intratrimer Redistribution and
Frustration Release

To elucidate the mechanism underlying the anomalous lattice
expansion, we examined the temperature-dependent redistrib-
ution of Ru within the face-sharing Ru3O12 trimers (Figure 2c).
Upon heating, the refined occupancies g(Ru1) and g(Ru2)
evolved cooperatively (Figure 2d): at 450 K, g(Ru1) =
0.873(4) and g(Ru2) = 0.070(2), whereas at 650 K, g(Ru1) =
0.509(3) and g(Ru2) = 0.432(2) (Table 1). The total
occupancy remains conserved within uncertainty, indicating
intratrimer site exchange at a fixed stoichiometry rather than
Ru loss, phase separation, or defect formation.
The maximum in αV coincides with this redistribution

regime (Figure 2e), directly linking the macroscopic volume
expansion to intratrimer rearrangement. Temperature-depend-

Figure 1. Rietveld refinements of synchrotron powder X-ray
diffraction patterns of Ba4Ru3O12 collected at (a) 450 K and (b)
650 K. Black crosses represent the observed data, the red lines
represent the calculated profiles, and the blue lines represent the
difference curves. Green tick marks denote the allowed Bragg
reflections of the R3̅m phase. The refined atomic parameters are
summarized in Table 1. The incident X-ray wavelength was λ =
0.6205853 Å for both measurements.
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ent refinements of structural parameters show continuous
evolution across this temperature range (Figure S2), with no
evidence of a reconstructive transformation.
These observations support a mechanism in which the low-

temperature state stores structural frustration within the face-
sharing trimers. Upon heating, this frustration is gradually
released through the symmetry-preserving redistribution of Ru,
enabling cooperative lattice expansion through a largely
continuous, symmetry-preserving (isosymmetric) transforma-
tion within the experimental resolution. This mechanism
provides a unified explanation for the large, irreversible, and
structurally intact volume increase observed in Ba4Ru3O12.
This behavior differs from conventional expansion phenom-

ena driven by structural phase transitions, redox processes, or
defect formation, highlighting structural frustration as an
internal degree of freedom governing the lattice response in
dense oxides.
3.4. Exclusion of Redox, Decomposition, and Electronic
Transitions

Thermogravimetric analysis under flowing N2 shows no
detectable mass change up to 700 K (Figure S4b), indicating
the absence of decomposition or oxygen loss under inert
conditions. Under a reducing atmosphere, a controlled mass
loss consistent with oxygen removal is observed (Figure S4c),
confirming the initial oxygen stoichiometry. SEM−EDX

measurements before and after thermal cycling reveal
unchanged Ba/Ru ratios (Figure S3), consistent with the
refined composition Ba4Ru3−δO12 (Table 1). These results
indicate that the observed expansion occurs without
measurable compositional modification.
Electrical resistivity and magnetic susceptibility evolve

smoothly across 450−650 K (Figure 4a−d), without anomalies
indicative of electronic or magnetic phase transitions. Although
the low-temperature state evolves upon repeated cycling
(Figures 4c and S5), no discontinuity coincides with the
expansion regime. This behavior contrasts with systems such as
Ba4Ru3O10,

7 the Verwey transition in Fe3O4,
8 and charge

ordering in CaFeO3,
9 where structural anomalies are coupled

to charge or magnetic ordering transitions.
Consistent with these observations, differential scanning

calorimetry reveals a thermal event during the first heating
cycle that is largely suppressed upon reheating (Figure S4a), in
line with the irreversible nature of the expansion. Together,
these results exclude decomposition, redox processes, and
electronic or magnetic phase transitions as the primary drivers
of lattice expansion, supporting a chemically intact structural
relaxation mechanism.

Figure 2. Symmetry-preserving intratrimer redistribution in Ba4Ru3O12 across the irreversible expansion. (a) Temperature dependence of lattice
parameters a and c obtained from synchrotron powder X-ray diffraction during heating and cooling; the anomalous regime is highlighted. (b) Unit-
cell volume V showing an irreversible increase over the same temperature range, with retention of the expanded state upon cooling. (c) Crystal
structure of Ba4Ru3O12, highlighting the face-sharing RuO6 trimers (Ru3O12 units) and the Ru1 and Ru2 sites involved in intratrimer redistribution.
(d) Refined site occupancies g(Ru1), g(Ru2), and their sum, demonstrating cooperative intratrimer site exchange at conserved total occupancy. (e)
Volumetric thermal expansion coefficient (αV) derived from the refined lattice parameters; the maximum coincides with the occupancy
redistribution regime, linking the macroscopic expansion to intratrimer rearrangement. Refinements were performed using Ba4Ru3−δO12 with δ ≈
0.12; SEM−EDX and TGA measurements are consistent with the refined composition and constant oxygen content (Supporting Information).
Error bars are comparable to or smaller than the symbol size.
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3.5. Frustrated Configurational Landscape at Ambient
Pressure

To elucidate the origin of the irreversible relaxation, we
examined the configurational energetics using density func-

tional theory.15−18 At zero pressure, distinct Ru-site arrange-
ments form a dense manifold of competing states: several
configurations lie within approximately 50 meV per formula
unit of the lowest-energy structure, spanning an overall energy

Figure 3. Benchmarking the thermal expansion of Ba4Ru3O12 above 400 K. Temperature-dependent volumetric thermal expansion coefficient (αV)
of Ba4Ru3O12 compared with representative crystalline materials, including oxides, salts, and alloys; soft materials are shown for context. For
Ba4Ru3O12, both the initial-heating and subsequent-cooling thermal expansion coefficients are shown to distinguish the irreversible expansion from
the reversible response of the expanded state. The bar chart summarizes the maximum αV values reported above 400 K for materials that remain
chemically and structurally stable within the corresponding measurement ranges. In comparison with these benchmark materials, Ba4Ru3O12 shows
an unusually large αV among dense oxides and an irreversible volume increase without detectable changes in overall composition or crystallographic
symmetry. The underlying data set and references are provided in Figure S7, and the inclusion and exclusion criteria are described in Section S7.

Figure 4. Transport and magnetic properties of Ba4Ru3O12 during thermal cycling. (a) Electrical resistivity, ρ(T), measured during the first heating
run (run 1) and after repeated cycling (run 10) under a dc current of I = 0.01 mA. (b) dc magnetic susceptibility, χ(T), measured at H = 10 kOe
during the first run. The shaded regions in (a,b) indicate the temperature ranges enlarged in panels (c,d), respectively. (c) Expanded view of ρ(T)
over consecutive heating and cooling cycles (runs 1−10), showing evolution of the low-temperature state while remaining continuous through the
450−650 K expansion regime. (d) χ(T) between 330 and 650 K measured at H = 10 and 70 kOe over successive runs, showing only modest
thermal hysteresis and no abrupt anomaly within the expansion regime. The smooth evolution of ρ(T) and χ(T) across the expansion window
supports the absence of a discrete electronic or magnetic phase transition and is consistent with a structurally driven relaxation process.
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range of about 0.4 eV per formula unit (Figure 5a−c). Notably,
multiple inequivalent configurations exhibit similar g(Ru1)
values yet differ in total energy (Figure 5c), indicating that site
occupancy alone does not uniquely determine stability. This
near-degeneracy points to a frustrated configurational land-
scape within the face-sharing Ru3O12 trimer sublattice.
These configurations also show substantial variation in

relaxed unit-cell volume (Figure 5a,b), revealing strong
coupling between Ru-site distribution and lattice dimensions.
Under applied pressure, the enthalpy hierarchy is markedly
reorganized (Figure 5d): the quasi-degenerate manifold
collapses, and the fully ordered configuration with g(Ru1) =
1.00 becomes energetically favored. This pressure-induced

stabilization provides a thermodynamic basis for the high-
pressure synthesis,11−14 and suggests that the sample recovered
at ambient pressure retains a configurational state inherited
from compression that relaxes upon heating through intra-
trimer Ru-site rearrangement.
3.6. Kinetic Gating and Direct Volume−Occupancy
Coupling

The persistence of the as-recovered configuration at room
temperature implies a substantial kinetic barrier to intratrimer
redistribution. Climbing-image nudged elastic band calcula-
tions19,20 yield an activation barrier Ea of approximately 2.0 eV
for representative Ru-site exchange pathways (Figure 6a).
Arrhenius analysis based on these barriers (Figure 6b)

Figure 5. Theoretical support for pressure-stabilized metastability and intratrimer Ru-site rearrangement in Ba4Ru3O12. (a) DFT-relaxed structures
for representative Ru-site configurations at zero pressure, illustrating distinct Ru distributions within the face-sharing Ru3O12 trimers. Values below
each structure indicate the relative energy, ΔE (meV per formula unit, referenced to the lowest-energy configuration), the relaxed unit-cell volume,
V (Å3), and the Ru1 site occupancy, g(Ru1). Arrows denote representative directions of intratrimer Ru-site redistribution. (b) Relative energy as a
function of relaxed unit-cell volume for the same configurations, revealing a range of equilibrium volumes within the low-energy manifold at zero
pressure. (c) Relative energy as a function of g(Ru1), showing that inequivalent configurations may have similar occupancies but different energies.
(d) Pressure-dependent relative enthalpy per formula unit for representative configurations indexed by g(Ru1), demonstrating that compression
lifts the quasi-degeneracy of the low-pressure manifold and stabilizes the fully ordered state with g(Ru1) = 1.00. These results support a picture in
which high-pressure synthesis traps a configuration manifold that can relax through intratrimer Ru-site rearrangement after recovery to ambient
pressure.
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indicates that redistribution becomes accessible on laboratory
time scales within 450−650 K while remaining effectively
frozen at ambient temperature. The experimentally observed
temperature window of irreversible expansion is therefore
consistent with the calculated activation scale.
Importantly, both experiment and density functional theory

reveal a linear correlation between Ru site occupancy and unit
cell volume (Figure 6c). The calculated structures follow the
same trend as the experimental data, demonstrating that the
macroscopic lattice expansion is directly coupled to the
intratrimer redistribution rather than arising from an indirect
electronic effect.
3.7. Mechanistic Picture

Taken together, these results support a frustration-mediated
relaxation mechanism established by the high-pressure syn-
thesis. Under compression, an ordered configuration is
thermodynamically stabilized (Figure 5d). Upon decompres-
sion to ambient pressure, a quasi-degenerate frustrated
manifold emerges (Figures 5a−c), yet redistribution among

these configurations remains kinetically inhibited at low
temperature by a substantial activation barrier (Figures 6a
and S6). Heating into the 450−650 K range overcomes this
barrier, enabling cooperative intratrimer Ru-site exchange
(Figure 2d) and releasing stored configurational strain. The
equilibrium volume correspondingly increases (Figures 2b and
6c), and the expanded configuration is retained upon cooling
(Figure 7), resulting in irreversible structural relaxation
without redox processes, mass loss, or symmetry breaking.
Although the detailed atomic structure of the as-recovered

low-temperature state could not be uniquely resolved from
powder diffraction data alone, the combined diffraction,
refinement, thermal, and theoretical results support a locally
disordered precursor that relaxes upon heating. This
mechanism differs fundamentally from redox-driven lattice
anomalies,7−9 martensitic or precipitation-mediated expansion
in alloys,31,32 and classical anharmonic thermal expansion in
dense oxides.1−3

Figure 6. Kinetic accessibility and direct volume-occupancy coupling of intratrimer Ru-site redistribution in Ba4Ru3O12. (a) Climbing-image
nudged elastic band (CI-NEB) minimum−energy profiles for three representative Ru-site exchange pathways. Path 1, Path 2, and Path 3
correspond to stepwise reductions in Ru1-site occupancy from 1.00 to 0.833, from 0.833 to 0.666, and from 0.666 to 0.50, respectively,
accompanied by corresponding changes in the local Ru arrangements within the Ru3O12 trimers. Energies are referenced to the initial configuration
of each path. The corresponding activation barriers are all approximately 2.0 eV. (b) Characteristic transition temperature estimated from
Arrhenius analysis as a function of observation time scale for the three exchange pathways. The shaded region indicates the experimental
temperature range (450−650 K) of the irreversible volume expansion. (c) Ru-site occupancy, g, plotted against unit-cell volume, V. Experimental
data (filled symbols) and DFT results (open symbols) follow the same near-linear relation, establishing a direct link between configurational
relaxation and macroscopic lattice expansion.
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4. CONCLUSION
We demonstrate that a dense oxide synthesized under high
pressure can retain a metastable, low-volume cation config-
uration that relaxes upon heating through intratrimer cation
redistribution, producing a large and irreversible lattice
expansion while preserving both the crystallographic symmetry
and chemical composition. In Ba4Ru3O12, this transformation
reflects the release of a kinetically trapped cation configuration
formed under compression, providing a simple physical picture
of the observed behavior.
More broadly, our results suggest that similar lattice

responses may be realized in systems that combine (i)
multiple nearly degenerate cation configurations, (ii) strong
coupling between cation arrangement and lattice volume, and
(iii) kinetic barriers that enable metastable states to be retained
after high-pressure synthesis. These features�supported by
first-principles calculations in the present system�identify a
general route for achieving large structural responses in dense
solids without compositional change or symmetry breaking.
Dense oxides prepared far from equilibrium thus emerge as a
promising platform for harnessing configurational degrees of
freedom as a functional handle for controlling lattice
properties.
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Figure 7. Irreversible thermal expansion in Ba4Ru3O12 driven by
frustration release. The volumetric thermal expansion coefficient, αV,
exhibits a pronounced maximum between 450 and 650 K,
corresponding to a net volumetric expansion of 4.4% over the same
temperature range. The unit-cell volume increases monotonically
without an accompanying change in crystallographic symmetry.
Schematics illustrate (a) a quenched frustrated room-temperature
state with multiple nearly degenerate cation configurations in the
Ru3O12 trimers, (b) cooperative intratrimer Ru-site exchange upon
heating, and (c) the expanded relaxed state stabilized after frustration
release.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.6c07579
J. Am. Chem. Soc. 2026, 148, 22380−22388

22387

https://pubs.acs.org/doi/10.1021/jacs.6c07579?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/jacs.6c07579/suppl_file/ja6c07579_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2545678&id=doi:10.1021/jacs.6c07579
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2545679&id=doi:10.1021/jacs.6c07579
http://www.ccdc.cam.ac.uk/structures
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kazunari+Yamaura"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0390-8244
https://orcid.org/0000-0003-0390-8244
mailto:YAMAURA.Kazunari@nims.go.jp
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhijun+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hongbo+Yuan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexei+A.+Belik"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9031-2355
https://orcid.org/0000-0001-9031-2355
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Terumasa+Tadano"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8132-2161
https://orcid.org/0000-0002-8132-2161
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yoshihiro+Tsujimoto"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2140-3362
https://orcid.org/0000-0003-2140-3362
https://pubs.acs.org/doi/10.1021/jacs.6c07579?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.6c07579?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.6c07579?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.6c07579?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.6c07579?fig=fig7&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.6c07579?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


■ REFERENCES
(1) Dugdale, J. S.; MacDonald, D. K. C. The Thermal Expansion of
Solids. Phys. Rev. 1953, 89, 832−834.
(2) Drebushchak, V. A. Thermal expansion of solids: review on
theories. J. Therm. Anal. Calorim. 2020, 142, 1097−1113.
(3) Mittal, R.; Gupta, M. K.; Chaplot, S. L. Phonons and anomalous
thermal expansion behaviour in crystalline solids. Prog. Mater. Sci.
2018, 92, 360−445.
(4) Barrera, G. D.; Bruno, J. A. O.; Barron, T. H. K.; Allan, N. L.
Negative thermal expansion. J. Phys.: Condens. Matter 2005, 17,
R217−R252.
(5) Nakatsuji, S.; Maeno, Y. Quasi-Two-Dimensional Mott
Transition System Ca2-xSrxRuO4. Phys. Rev. Lett. 2000, 84, 2666−
2669.
(6) Radaelli, P. G.; Cheong, S.-W. Structural phenomena associated
with the spin-state transition in LaCoO3. Phys. Rev. B 2002, 66,
094408.
(7) Streltsov, S. V.; Khomskii, D. I. Unconventional magnetism as a
consequence of the charge disproportionation and the molecular
orbital formation in Ba 4 Ru 3 O 10. Phys. Rev. B 2012, 86, 064429.
(8) Wright, J. P.; Attfield, J. P.; Radaelli, P. G. Long Range Charge
Ordering in Magnetite Below the Verwey Transition. Phys. Rev. Lett.
2001, 87, 266401.
(9) Woodward, P. M.; Cox, D. E.; Moshopoulou, E.; Sleight, A. W.;
Morimoto, S. Structural studies of charge disproportionation and
magnetic order in CaFeO 3. Phys. Rev. B 2000, 62, 844−855.
(10) Chen, J.; Feng, H. L.; Yamaura, K. Review of progress in the
materials development of Re, Os, and Ir-based double perovskite
oxides. Mater. Today Phys. 2024, 40, 101302.
(11) Akaogi, M.; Ishii, T.; Yamaura, K. Post-spinel-type AB2O4
high-pressure phases in geochemistry and materials science. Commun.
Chem. 2024, 7, 189.
(12) Wang, X.; Liu, X. High pressure: a feasible tool for the synthesis
of unprecedented inorganic compounds. Inorg. Chem. Front. 2020, 7,
2890−2908.
(13) Zhao, W.; Zhang, J.; Sun, Z.; Xiao, G.; Zheng, H.; Li, K.; Li, M.-
R.; Zou, B. Chemical Synthesis Driven by High Pressure. CCS Chem.
2025, 7, 1250−1271.
(14) Feng, Y.; Dai, J.; Wang, M.; Ding, W.; Zhang, H.; Xu, W.; Wan,
J. Unraveling metastable perovskite oxides insights from structural
engineering to synthesis paradigms. Microstructures 2025, 5, 115.
(15) Kresse, G.; Furthmüller, J. Efficient iterative schemes for ab
initio total-energy calculations using a plane-wave basis set. Phys. Rev.
B 1996, 54, 11169−11186.
(16) Kresse, G.; Hafner, J. Ab initio molecular dynamics for liquid
metals. Phys. Rev. B 1993, 47, 558−561.
(17) Blöchl, P. E. Projector augmented-wave method. Phys. Rev. B
1994, 50, 17953−17979.
(18) Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized Gradient
Approximation Made Simple. Phys. Rev. Lett. 1996, 77, 3865−3868.
(19) Henkelman, G.; Uberuaga, B. P.; Jónsson, H. A climbing image
nudged elastic band method for finding saddle points and minimum
energy paths. J. Chem. Phys. 2000, 113, 9901−9904.
(20) Henkelman, G.; Jónsson, H. Improved tangent estimate in the
nudged elastic band method for finding minimum energy paths and
saddle points. J. Chem. Phys. 2000, 113, 9978−9985.
(21) Rawl, R.; Lee, M.; Choi, E. S.; Li, G.; Chen, K. W.; Baumbach,
R.; Dela Cruz, C. R.; Ma, J.; Zhou, H. D. Magnetic properties of the
triangular lattice magnets A4B’B2O12 (A = Ba, Sr, La; B’ = Co, Ni,
Mn; B = W, Re). Phys. Rev. B 2017, 95, 174438.
(22) Vente, J. F.; Battle, P. D. Structural Chemistry and Electronic
Properties of the Hexagonal Perovskites BaIr1-xCoxO3-δ (x = 0.5,
0.7, 0.8). J. Solid State Chem. 2000, 152, 361−373.
(23) Igarashi, T.; Nogami, Y.; Klein, Y.; Rousse, G.; Okazaki, R.;
Taniguchi, H.; Yasui, Y.; Terasaki, I. X-ray Crystal Structure Analysis
and Ru Valence of Ba4Ru3O10 Single Crystals. J. Phys. Soc. Jpn. 2013,
82, 104603.

(24) Dussarrat, C.; Grasset, F.; Bontchev, R.; Darriet, J. Crystal
structures and magnetic properties of Ba4Ru3O10 and Ba5Ru3O12. J.
Alloys Compd. 1996, 233, 15−22.
(25) Goldman, A. I.; Kreyssig, A.; Prokes,̌ K.; Pratt, D. K.; Argyriou,
D. N.; Lynn, J. W.; Nandi, S.; Kimber, S. A. J.; Chen, Y.; Lee, Y. B.;
Samolyuk, G.; Leão, J. B.; Poulton, S. J.; Bud’ko, S. L.; Ni, N.;
Canfield, P. C.; Harmon, B. N.; McQueeney, R. J. Lattice collapse and
quenching of magnetism in CaFe2As2 under pressure: A single-crystal
neutron and x-ray diffraction investigation. Phys. Rev. B 2009, 79,
024513.
(26) Liu, Q.; Nishikubo, T.; Takahashi, K.; Higashi, S.; Shibata, Y.;
Miyake, J.; Hatayama, K.; Sakai, Y.; Nagase, T.; Matsushima, K.; Yu,
R.; Yamamoto, T.; Azuma, M. Colossal Thermal Expansion in Ca-
Substituted PbCrO3. Chem. Mater. 2025, 37, 3305−3310.
(27) Yang, C.; Qu, B. Y.; Pan, S. S.; Zhang, L.; Zhang, R. R.; Tong,
P.; Xiao, R. C.; Lin, J. C.; Guo, X. G.; Zhang, K.; Tong, H. Y.; Lu, W.
J.; Wu, Y.; Lin, S.; Song, W. H.; Sun, Y. P. Large Positive Thermal
Expansion and Small Band Gap in Double-ReO3 -Type Compound
NaSbF6. Inorg. Chem. 2017, 56, 4990−4995.
(28) Yamamoto, A.; Murase, K.; Sato, T.; Sugiyama, K.; Kawamata,
T.; Inaguma, Y.; Yamaura, J.; Shitara, K.; Yokoi, R.; Moriwake, H.
Crystal structure and properties of perovskite-type rubidium niobate,
a high-pressure phase of RbNbO3. Dalton Trans. 2024, 53, 7044−
7052.
(29) Fukuda, M.; Yamaura, K. Experimental studies on crystal
structures and phase transitions in perovskite-type RbNbO3. J. Ceram.
Soc. Japan 2023, 131, 126−129.
(30) Marronnier, A.; Roma, G.; Boyer-Richard, S.; Pedesseau, L.;
Jancu, J.-M.; Bonnassieux, Y.; Katan, C.; Stoumpos, C. C.; Kanatzidis,
M. G.; Even, J. Anharmonicity and Disorder in the Black Phases of
Cesium Lead Iodide Used for Stable Inorganic Perovskite Solar Cells.
ACS Nano 2018, 12, 3477−3486.
(31) Bönisch, M.; Panigrahi, A.; Stoica, M.; Calin, M.; Ahrens, E.;
Zehetbauer, M.; Skrotzki, W.; Eckert, J. Giant thermal expansion and
α-precipitation pathways in Ti-alloys. Nat. Commun. 2017, 8, 1429.
(32) Wassermann, E. F. The Invar problem. J. Magn. Magn. Mater.
1991, 100, 346−362.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.6c07579
J. Am. Chem. Soc. 2026, 148, 22380−22388

22388

https://doi.org/10.1103/PhysRev.89.832
https://doi.org/10.1103/PhysRev.89.832
https://doi.org/10.1007/s10973-020-09370-y
https://doi.org/10.1007/s10973-020-09370-y
https://doi.org/10.1016/j.pmatsci.2017.10.002
https://doi.org/10.1016/j.pmatsci.2017.10.002
https://doi.org/10.1088/0953-8984/17/4/R03
https://doi.org/10.1103/PhysRevLett.84.2666
https://doi.org/10.1103/PhysRevLett.84.2666
https://doi.org/10.1103/PhysRevB.66.094408
https://doi.org/10.1103/PhysRevB.66.094408
https://doi.org/10.1103/PhysRevB.86.064429
https://doi.org/10.1103/PhysRevB.86.064429
https://doi.org/10.1103/PhysRevB.86.064429
https://doi.org/10.1103/PhysRevLett.87.266401
https://doi.org/10.1103/PhysRevLett.87.266401
https://doi.org/10.1103/PhysRevB.62.844
https://doi.org/10.1103/PhysRevB.62.844
https://doi.org/10.1016/j.mtphys.2023.101302
https://doi.org/10.1016/j.mtphys.2023.101302
https://doi.org/10.1016/j.mtphys.2023.101302
https://doi.org/10.1038/s42004-024-01278-0
https://doi.org/10.1038/s42004-024-01278-0
https://doi.org/10.1039/D0QI00477D
https://doi.org/10.1039/D0QI00477D
https://doi.org/10.31635/ccschem.024.202405293
https://doi.org/10.20517/microstructures.2024.115
https://doi.org/10.20517/microstructures.2024.115
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.47.558
https://doi.org/10.1103/PhysRevB.47.558
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1063/1.1329672
https://doi.org/10.1063/1.1329672
https://doi.org/10.1063/1.1329672
https://doi.org/10.1063/1.1323224
https://doi.org/10.1063/1.1323224
https://doi.org/10.1063/1.1323224
https://doi.org/10.1103/PhysRevB.95.174438
https://doi.org/10.1103/PhysRevB.95.174438
https://doi.org/10.1103/PhysRevB.95.174438
https://doi.org/10.1006/jssc.2000.8664
https://doi.org/10.1006/jssc.2000.8664
https://doi.org/10.1006/jssc.2000.8664
https://doi.org/10.7566/JPSJ.82.104603
https://doi.org/10.7566/JPSJ.82.104603
https://doi.org/10.1016/0925-8388(96)80029-6
https://doi.org/10.1016/0925-8388(96)80029-6
https://doi.org/10.1103/PhysRevB.79.024513
https://doi.org/10.1103/PhysRevB.79.024513
https://doi.org/10.1103/PhysRevB.79.024513
https://doi.org/10.1021/acs.chemmater.5c00090?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.5c00090?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.7b00002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.7b00002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.7b00002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D4DT00190G
https://doi.org/10.1039/D4DT00190G
https://doi.org/10.2109/jcersj2.23012
https://doi.org/10.2109/jcersj2.23012
https://doi.org/10.1021/acsnano.8b00267?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.8b00267?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-017-01578-1
https://doi.org/10.1038/s41467-017-01578-1
https://doi.org/10.1016/0304-8853(91)90828-X
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.6c07579?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.cas.org/solutions/biofinder-discovery-platform?utm_campaign=GLO_ACD_STH_BDP_AWS&utm_medium=DSP_CAS_PAD&utm_source=Publication_ACSPubs

