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Computational Modeling of Thermal Expansion and Its Impact on Functional Properties

1. INTRODUCTION

Modern electronic and energy devices operate under
increasingly demanding thermal conditions. Thermal
mismatch between different material components
generates internal stresses, cracks, delamination, and
progressive degradation, ultimately limiting device
reliability and lifetime [1 - 3]. Consequently, designing
materials with tailored thermal expansion has become
a major challenge for advanced technologies, including
microelectronics, energy conversion systems, and
aerospace components.

Negative thermal expansion (NTE) materials
provide an attractive strategy for compensating the
positive thermal expansion (PTE) of conventional
materials, enabling the fabrication of composites with
near-zero or tailored thermal expansion. Despite
significant progress in understanding NTE mechanisms
over the past decades [4—6], several major challenges
remain. Most known NTE materials exhibit narrow
operating temperature ranges, contain toxic or scarce
elements, possess limited chemical or mechanical
stability, or show poor compatibility with polymer-
based composite systems. Consequently, the discovery
and design of robust, environmentally benign NTE
materials with broad thermal stability remain important
scientific and technological challenges.

Current theoretical and computational
approaches for studying NTE rely heavily on the
quasiharmonic approximation (QHA), which neglects
strong anharmonic effects and breaks down near
structural phase transitions and in high-temperature
dynamically unstable phases. Since phase transitions,
lattice dynamics, defects, and chemical disorder often

govern NTE behavior [5, 7 - 12], understanding their
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interplay is essential for developing predictive theories.
Our research aims to (1) elucidate the mechanisms of
NTE near phase transitions, emphasizing anharmonic
lattice dynamics, defects, and high-entropy chemistry;
(2) benchmark and develop computational approaches
beyond the QHA; and (3) perform high-throughput
screening to discover thermodynamically stable NTE
materials. Our long-term goal is to establish predictive
computational design strategies for technologically
relevant NTE materials and accelerate their practical

implementation.

2. RESEARCH METHOD

To achieve the project objectives, we combine first-
principles density functional theory (DFT) calculations
with complementary atomistic and statistical
approaches.

( 1) Molecular dynamics (MD) simulations [13 - 15].
inherently capture lattice anharmonicity at finite
temperatures, enabling the investigation of phase
transitions, thermal expansion, and finite-temperature
lattice dynamics. The anharmonic lattice model [16] is
employed to extract the temperature dependence of
phonon frequencies and Griineisen parameters.

(2) Cluster expansion (CE) method [17,18] is used to
construct effective anharmonic vibrational
Hamiltonians for complex oxides, providing an
efficient description of lattice energetics, structural
disorder, and finite-temperature thermodynamic
properties.

( 3 ) Machine-learned force fields (MLFFs) [19 - 21],
to overcome the computational cost of ab initio
and material-specific CE

molecular dynamics

Hamiltonians, machine-learned interatomic potentials



are trained on DFT datasets of relaxed and thermally
perturbed structures. These models enable accurate
large-scale simulations and high-throughput screening

of candidate NTE materials.

3. RESULTS AND DISCUSSIONS

(1) NTE in Ca;RuQ4 type materials

CasRuOs-type layered Ruddlesden—Popper oxides
exhibit strong coupling among lattice, orbital,
electronic, and magnetic degrees of freedom, leading to
metal-insulator transitions, orbital ordering, and
colossal negative thermal expansion (NTE) [22 - 24].
Their exceptional sensitivity to octahedral distortions
makes them an ideal model system for investigating
phase-transition-driven NTE.

During this project, we elucidated the
microscopic origin of the colossal uniaxial NTE in
CaxRuO4 by combining ab initio molecular dynamics
(AIMD), normal-mode decomposition, and an
anharmonic Griineisen framework [24]. Unlike the
QHA, the proposed methodology explicitly captures
temperature-dependent phonon renormalization and
successfully reproduces the pronounced NTE along the
b axis near the metal - insulator transition (MIT). We
demonstrate that the NTE originates from the
cooperative effects of elastic anisotropy and low-
frequency anharmonic phonons with negative
Griineisen parameters. Furthermore, octahedral tilts,
rotations, and antipolar Ca displacements collectively
control the RuOg distortions responsible for the coupled
structural and electronic transition.

We continue

focusing on improving

predictions of the transition temperature by

investigating the impact of electron-electron
correlation, spin—orbit coupling, and oxygen non-
stoichiometry, while extending the methodology to
other correlated oxides exhibiting coupled structural,
electronic, and thermal anomalies.

Direct AIMD simulations combined with

dynamical mean-field theory (DMFT) remain
computationally prohibitive for systems of this
complexity. To overcome this limitation, we performed
MD simulations within the DFT+U framework over a
range of Hubbard U values, followed by detailed
electronic structure calculations using DMFT. We
found that the MIT temperature is highly sensitive to
the choice of U, as shown in Figure 1. Optimizing this
parameter significantly improved agreement with
experimental observations [8, 22] and, importantly,
enabled the reproduction of the crystallographic
negative thermal expansion in the insulating phase (see
Figure 1), which was not captured in our previous study

[23].
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Figure 1 Comparison of the temperature-dependent
unit-cell volume of Ca;RuQs4 obtained from AIMD
simulations using different Hubbard U values with

experimental data from Ref. [22].

These results provide new insights into the

interplay between electron correlations, lattice
dynamics, and structural distortions. A comprehensive
analysis of the electron—lattice coupling mechanism is
currently underway and will be reported in a
forthcoming publication.

(2) Bi- and Pb-Based Functional Perovskite Oxides
Bi- and Pb-based transition-metal perovskite oxides
exhibit strong coupling among charge, spin, orbital, and
lattice degrees of freedom, giving rise to diverse
functionalities

including ferroelectricity,

multiferroicity, magnetoelectric coupling, pressure-



induced phase transitions, and negative thermal
expansion (NTE) [5]. The stereo-chemically active
6s% lone pairs of Bi*" and Pb*, together with their
valence-skipping behavior, drive pronounced structural
distortions and electronic instabilities. High-pressure
synthesis further expands the accessible compositional
space, enabling metastable phases with novel
functional properties. Our research employs first-
principles and atomistic modeling to understand and
predict the structure—property relationships in these
materials.

As part of this effort, we established a
theoretical framework for the magnetoelectric
switching mechanism in (110)-oriented Co-substituted
BiFeOs thin films [24]. Combining DFT+U, nudged
elastic band (NEB) calculations, and symmetry
analysis, we identified the lowest-energy ferroelectric
switching pathways and demonstrated that only the
109°

deterministic reversal of the out-of-plane ferromagnetic

in-plane  polarization switching enables
moment through the evolution of the Dzyaloshinskii -
Moriya interaction. The calculations further quantified
the switching energy barriers, clarified the role of
epitaxial strain, and provided theoretical support for the
experimentally observed electric-field-driven
magnetization reversal.

(2)-1 NTE in ferroelectric PbTiO3 type systems
PbTiOs is a prototypical ferroelectric exhibiting
pronounced negative thermal expansion (NTE) and
serves as a model system for understanding
polarization—lattice coupling [25]. Although previous
studies based on the QHA, AIMD, and parameter-free
DFT thermodynamics have provided valuable insights,
failed to reproduce and explain the experimental
thermal expansion across the ferroelectric—paraelectric
phase transition [26 - 28]. This highlights the need for
capable of accurately

computational approaches

describing finite-temperature anharmonicity and

phase-transition dynamics.

To address these limitations, we have
initiated the development of machine-learned force
fields (MLFFs) for large-scale finite-temperature
simulations. Using PbTiO; as a benchmark system, we
performed a comparative assessment of On-the-Fly [19
-20] and MACE-based MLFFs [20]. Both approaches
show encouraging agreement with DFT results and
experimental data, demonstrating their potential for
accurately predicting thermal expansion and phase-
transition behavior in ferroelectric NTE materials.

A ML interatomic potential was developed
using a training dataset comprising approximately 1500
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Figure 2 (a) Relative energies of the polar phases of
PbTiO; with respect to the cubic Pm3m structure. (b)
Energy profile of the ferroelectric P4mm phase as a
function of the polar distortion amplitude, referenced to
the cubic phase.

PbTiOs. As shown in Figure 2, the ML potential
accurately reproduces the relative energies of the
various polar phases with respect to the cubic phase,
with deviations below 5 meV from the DFT reference
data. The agreement (energies and phonons)
demonstrates that the ML potential faithfully captures
the underlying potential energy surface, providing a
reliable foundation for large-scale finite-temperature
MD simulations of thermal expansion and FE phase

transitions.



The ML based MD simulations successfully
reproduce the essential thermodynamic behavior of
PbTiO3, as summarized in Figure 3. Although the FE
—> PE transition temperature is underestimated (~ 650
K), the simulations capture the characteristic thermal
expansion in both phases, the first-order nature of the

phase transition, and the volumetric NTE in the FE
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Figure 3 Comparison of the temperature dependence
of the calculated lattice parameters (a) and unit-cell
volume (b) of PbTiOs from MD simulations with
experimental measurements from the Azuma-Lab

(Institute of Science Tokyo).

phase. These results demonstrate that the ML potential
accurately describes the finite-temperature free-energy
landscape governing the structural transition. Ongoing
work is focused on elucidating the microscopic origin
of the NTE by determining whether it is governed
solely by elastic anisotropy [18] or whether anomalous
anharmonic phonon behavior also makes a significant
contribution.

The developed machine-learning framework
is being extended to BaTiOs, PbVOs, and related
to establish a unified

ferroelectric  perovskites

understanding of thermal expansion and phase-

transition mechanisms. Future efforts will focus on
identifying materials exhibiting isotropic negative
thermal expansion in cubic phases, which are
particularly attractive for technological applications.
(2)-2 Charge Ordering and Spin Reorientation in
PbFeOs

Our investigations established the microscopic origin

of the unusual magnetic behavior of PbFeOs [29]. We
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Figure 4 (a) Calculated temperature—pressure phase
diagram of PbFeOs, showing the stability regions of
the structural phases. (b) Calculated magnetic phase
diagram as a function of temperature. Gx and Gy denote
G-type antiferromagnetic ordering with Fe spins
aligned along the x- and y-directions, respectively.

demonstrated that the long-range Pb**/Pb*" charge
ordering creates two crystallographically distinct Fe**
sublattices with competing magnetic anisotropies,
giving rise to the high-temperature spin reorientation

transition in the absence of magnetic ions on the A site.



Furthermore, our pressure-dependent DFT calculations
revealed that the high-pressure phase transition is
driven by a reconstruction of the FeOgs octahedral
rotation pattern, athb~c¢* —» a~b~c*, accompanied
by the collapse of long-range Pb charge ordering into a
glassy Pb*/Pb*" distribution, rather than by the
anticipated Pb - Fe charge-transfer-induced MIT [30].
These results highlight the dominant role of lattice
instabilities and octahedral connectivity in governing
the structural, magnetic, and electronic responses of
PbFeO; under external stimuli.

Building on our previous first-principles
studies, we carried AIMD simulations to investigate the
finite-temperature structural evolution of PbFeOs, as
summarized in Figure 4. The simulations reveal that
both temperature and pressure induce structural phase
transitions driven primarily by a*b~c¢* — a~b~c*
phase change, rather than by the charge-transfer-
induced MIT (Figure 4a). Furthermore, spin—orbit-
coupled electronic structure calculations demonstrate
that subtle lattice distortions modify the competing
magnetic anisotropies of the two Fe sublattices, thereby
driving the spin reorientation transition, M =0 —
M +# 0 (Figure 4b). These findings establish a direct
coupling between charge ordering in the Pb sublattice,
octahedral distortions, and magnetic anisotropy,
providing a new strategy for controlling magnetic
phase transitions through manipulation of A-site charge
order.

(2)-3 Competing phases in PbMnO3

The crystal structure and electronic ground state of
perovskite PbMnOs remain controversial, with
multiple experimental studies reporting different
structural models and no consensus emerging to date
[31, 32]. Our investigations reveal that the Mn valence
state, and consequently the crystal structure, is highly
sensitive to the treatment of electron—electron

correlations, as shown in Figure 5. Hybrid-functional

(HSE) calculations predict two nearly degenerate

insulating monoclinic Jahn-Teller distorted phases
with distinct MnOs octahedral rotation patterns and
columnar Pb?"/Pb*" charge order pattern, a b~ c*
and a*b*c™, in agreement with the experimentally
observed insulating behavior [31, 32]. The small
energy difference, ~ 1 meV/f.u., between these
competing phases suggests that thermal fluctuations
and external pressure may stabilize a mixed-phase state,
giving rise to an average tetragonal structure, as
proposed in previous experimental studies. Current
efforts focus on finite-temperature simulations to
clarify the structural evolution and phase stability of
PbMnOs3 under realistic thermodynamic conditions.
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Figure 5 Computed volume — (U-/u) phase diagram for
PbMnOs;. P1, P2 and P3 phases correspond to
Pbnm (Pb**Mn*"03), Pbnm (Pb*"Mn*'0s) and R3c
(Pb*"Mn>"03), respectively. The JT phases correspond
to P1 ((Pb*")os(Pb*)osMn**0;).

4. CONCLUSIONS AND FUTURE PLANS

This research has conducted the theoretical
investigations of NTE and phase-transition phenomena
in correlated transition-metal oxides by integrating
first-principles  calculations, anharmonic lattice
dynamics and molecular dynamics. The developed
computational  framework has elucidated the
microscopic mechanisms governing thermal expansion
in representative oxides. Our results demonstrate that
strong lattice anharmonicity, octahedral distortions,
correlations, and spin—orbit

electron coupling

collectively govern the complex interplay between



structural, electronic, and magnetic degrees of freedom
beyond the QHA.

Finally, this project benchmarks and employs
computational methodologies capable of treating finite-
temperature phenomena with near first-principles
accuracy. Ongoing work focuses on extending these
approaches to high-throughput discovery of NTE
materials, understanding isotropic thermal expansion in
cubic phases, and developing predictive design
principles for technologically relevant materials for

electronic, energy, and multifunctional applications.
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