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Figure 1: (a) Calculated lattice parameter of LiF, NaCl, and KBr substrate with PBE functional.
(b) Adsorption energies of MgPc according to its alignment angle with NaCl, and (c) optimized
structure of MgPc on NaCl with 34° alignment degree.
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Topological confinement states in ABA trilayer graphene with antiparallel electric field

In AB-stacked bilayer graphene, the introduction of an out-of-plane electric field can break the
inversion symmetry to open up a nontrivial bulk gap hosting the quantum valley Hall state.
However, in ABA-stacked trilayer graphene, the out-of-plane electric field cannot open up a
nontrivial valley band gap. By applying a pair of antiparallel electric fields, we theoretically
propose three kinds of schemes to open up bulk gaps that harbor the quantum valley Hall effect in
the ABA-stacked trilayer graphene. By further considering the small-angle twisted trilayer
graphene, we can obtain the topological confinement states along the naturally formed domain
walls between ABA- and BAB-stacked regions. It is noteworthy that the synergic effect between
the antiparallel electric fields and the magnetic field can open up a nontrivial band gap possessing
the quantum valley Hall effect and quantum Hall effect simultaneously. Our work not only
theoretically proposes how to realize the quantum valley Hall effect in ABA-trilayer graphene,
but also provides an ideal platform to explore the hybrid topological phases.
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Hydrogen adsorption on goldene: A study based on Density Functional Theory

This theoretical study explores the adsorption behavior of hydrogen on goldene using
computational methods based on density functional theory (DFT). The Fritz Haber Institute ab initio
materials simulations package (FHI-aims) was employed, using the optB86b exchange-correlation
functional to accurately account for van der Waals interactions. A K-point mesh was generated
following the relation =40x , and a vacuum spacing of 20 A was applied between layers to avoid
interlayer interactions.

Both the primitive cell and three supercells (2x2, 3x3, and 4x4) were considered to investigate
different surface coverage ratios, analyzing hydrogen adsorption at various potential sites. The
structural behavior of goldene in the presence of hydrogen atoms and molecules was examined.
Additionally, the study includes the effect of surface doping with adatoms of K, Li, Mg, and Sn. The
results are intended to be compared with the (111) surface of bulk gold, providing insights into the
potential of goldene for hydrogen-related applications.
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Accurate Adsorption Energies of C-Species on
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Abstract

Accurate prediction of adsorption energies for C-species on copper catalysts is critical

for understanding catalytic behavior and catalyst design. However, conventional

density functional theory often fall$§ short
Here, we demonstrate that the hybrid PBE-D3/M06 method overcomes these

limitations, achieving near-chemical accuracy for C-species on Cu(100), Cu(110), and

Cu(111) surfaces. This approach resolves the CO puzzle by correctly predicting

adsorption sites and energies in excellent agreement with experimental data. The

met hod yields remarkably | ow mean absol ute
intermedi ates (vs. RPA <calculations) and
values). To accelerate these high-fidelity calculations, we further developed a machine

learning model that rapidly predicts accurate adsorption energies (MAE: 0.08 eV) from

standard PBE values. When applied to electrochemical CO2-to-CO conversion, our

approach predicts onset and equilibrium potentials to within 0.04 V of experimental

measurements across all low-index copper facets. This combined computational

strategy provides an efficient and reliable framework for the rational design of copper-

based catalysts.
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Electron-phonon coupling in chiral 2D metal-halide perovskites
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Chiral two-dimensional metal-halide perovskites (2D-MHPs) exhibit intriguing spin-dependent
transport phenomena linked to chirality-induced spin-selectivity (CISS). Their microscopic ori-
gins, especially the role of electron—phonon interactions, remain poorly understood.! Accurately
capturing phonon coupling is essential to quantify spin dynamics in these materials.

Conventional first-principles techniques—finite-displacement methods (FDM) and density
functional perturbation theory (DFPT)—offer high accuracy but incur prohibitive cost for large,
complex unit cells, making routine studies impractical.

To address this, we validate the deformation potential approach first proposed by Bardeen
and Shockley.? This theory approximates long-wavelength (q — 0) acoustic phonons by re-
lating lattice deformations to perturbations in the electronic structure. While inherently less
precise than FDM or DFPT, deformation potential theory has successfully predicted transport
coefficients and carrier mobilities in achiral 3D hybrid perovskites.?

We further propose integrating machine learning models—such as DeepH and neural-network
DFPT frameworks that predict DF'T Hamiltonians and perturbative potentials via automatic
differentiation.?® These methods enable high-throughput, near-ab initio-level predictions of elec-
tron—phonon coupling with dramatically reduced computational expense. They can also serve
to cross-validate the deformation potential approach.

Combining deformation potential theory with modern deep-learning DFPT techniques yields
a scalable, efficient workflow for exploring spin dynamics in chiral 2D-MHPs, supporting both
theoretical discovery and experimental validation.
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Abstract

Nuclear quantum effects (NQEs) significantly affect vibrational line shapes and temperature-
dependent frequency shifts. Path integral molecular dynamics (PIMD) methods capture these effects
by representing each nucleus as a ring polymer of P replicas connected by harmonic springs. Within
this framework, centroid molecular dynamics (CMD) computes vibrational spectra by evolving the
ring-polymer centroids at temperature Ty, under mean-field forces from the internal modes [1].
However, CMD suffers from spectral artifacts—especially in high-frequency regions—most pro-
nounced at low temperatures [2], where NQEs are strongest and experimental data most abundant.

The elevated-temperature 7.-CMD ansatz [3] mitigates these issues by computing mean-field
forces at an elevated temperature T, > T§y,. Two implementations exist: the original, fully adiabatic
path- integral coarse graining T,-PIGS, which relies on machine-learned (ML) forces to describe the
centroid potential of mean force (PMF), and a partially adiabatic alternative, PA-T.-CMD [4], de-
veloped in this work. PA-T,-CMD evaluates the PMF on-the-fly using a two-temperature Langevin
thermostat implemented in i-PI [5], removing the need for prior ML training.

We applied both implementations to three representative systems. In gas-phase water, PA-T-
CMD closely reproduces the results of 7T,.-PIGS and the exact vibrational density of states and in-
frared spectra. In methylammonium lead iodide (MAPI), accurate spectra for multiple phases were
obtained using a single elevated temperature corresponding to a third phase, demonstrating the ro-
bustness of the ansatz across structural changes in solids. In contrast, simulations of a fluorinated
carbonic acid complex (CAF) reveal a limitation of PA-T,-CMD: strong anharmonicities introduce
spurious coupling between physical modes and internal ring-polymer fluctuations, leading to spec-
tral distortion. In such cases, the fully adiabatic 7.-PIGS proves more reliable.

Overall, the elevated-temperature ansatz systematically suppresses CMD artifacts. While 7T5-
PIGS is preferred when a reliable ML PMF is available —particularly in strongly anharmonic
regimes— PA-T,-CMD offers a flexible, user-friendly alternative when training such a model is
impractical or data are scarce. Our study clarifies the trade-offs between the two implementations
and supports the broader applicability of elevated-temperature path-integral techniques for quantum
vibrational spectroscopy. Additionally, we propose a robust and transferable procedure for selecting
T, based on the target spectral region and vibrational frequency range.

As an outlook, we show that integrating flavors of 7,-CMD with a dynamical evaluation of
tip-enhanced Raman spectra [6] further allows the investigation of spatially-resolved signatures of
quantum nuclear motion.
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Oxidative dehydrogenation (ODH) of propane provides an energy-saving strategy
alternative to the direct propane dehydrogenation in its conversion to olefins, and
boron-based materials revealed remarkable catalytic ability. According to our studies,
boron shows the multiface character under ODH conditions, and can adopt sp- (-B=0),
sp?>- (>BOH, >BOOH), and sp*- ( = B Chkibyidization modes. The electronic nature of
boron in these hybridization modes can critically influence its reactivity in ODHP. The
sp>- (*BOH, >BOOH) and sp3-hybridized ( = B Oldrpn species could selectively
activate 2°-C-H bond of propane over its 1°-C-H, which promotes the generation of
propylene. In contrast, sp-hybridized boron species (-B=0) is inert to activate C-H bond,
but exhibits excellent ability to eliminate alkoxyl radicals, which can prevent the further
oxidation of oxygen-containing radical intermediates to deep oxidation products. These
insights revealing the multifaceted nature of boron species improve our understanding
of the reaction mechanism and are expected to guide the rational design of ODH
catalysts.
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Explicitly Correlated Driven Similarity Renormalized Group

Strongly correlated systems requires methods that extend beyond mean-field theory due to their
inherently multiconfigurational nature. Dynamic correlation plays a critical role in refining predictions.
Recent advancements of Driven Similarity Renormalization Group (DSRG) method, offer intruder-state-
free frameworks with promising applications in challenging systems like the Cr2 dimer and organic
molecule singlet-triplet gap calculations. Basis Set Incompleteness Error (BSIE) remains a key limitation in
wavefunction-based ab initio electronic structure theory. Explicitly correlated F12 theory has emerged as
a robust solution, systematically accelerating basis set convergence by incorporating explicit electron
correlation terms. In this work, we demonstrate that the Canonical Transformed F12 (CT-F12) method
provides a universal, accurate, and computationally efficient strategy to eliminate BSIE in multireference
systems. This approach enables high-precision electronic structure calculations while maintaining

simplicity in implementation.
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Poster Abstract

Hands-on Workshop on Electronic-Structure Theory and Artificial
Intelligence for Materials Science, Shanghai 2025

Title: Advancing Relativistic DFT: A Roadmap for Quasi-Four-Component Implemen-
tation in FHI-aims

The accurate modeling of heavy-element systems and spin-dependent phenomena ne-
cessitates the incorporation of relativistic effects within electronic-structure calculations.
Recognizing this, our recent efforts have been directed towards the development of a quasi-
four-component (Q4C) framework within the FHI-aims code, with the goal of achieving
a fully relativistic description that maintains computational efficiency.

During my internship under Prof. Volker Blum, we laid the groundwork for this Q4C
approach, focusing on a self-consistent treatment of relativistic effects while integrating
seamlessly into the existing FHI-aims infrastructure. This initiative aligns closely with the
broader objectives detailed in Chapter 2.3 of the FHI-aims roadmap, which emphasizes
the expansion of relativistic capabilities in all-electron simulations.

FHI-aims already includes both scalar-relativistic corrections and spin-orbit coupling,
which enable the study of many relativistic effects relevant to materials with heavy atoms.
However, the Q4C formalism offers a pathway to go beyond these approximations, en-
abling fully relativistic four-component treatments while retaining variational stability
and numerical control. By projecting out negative-energy states using the no-pair ap-
proximation and enforcing exact atomic kinetic balance, this method avoids variational
collapse and allows consistent inclusion of complex spinor solutions and spin currents.
These features are critical for accurately describing chiral molecules, topological materi-
als, and systems with intricate magnetic textures.

This poster outlines the current status of the Q4C implementation and its theoretical
underpinnings. We invite discussion and feedback from the community to discuss this
exciting development.
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Poster abstract
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Although ab initio calculations based on density functional theory (DFT)
have achieved great success in the field of electronic structure calculations, they
are still un- suitable for large-scale materials. Twist vdW materials have at-
tracted significant atten- tion from condensed matter physics researchers due
to their novel properties. However, performing ab initio calculations on twisted
systems incurs enormous computational costs, while semi-analytical models of-
ten lack precision in predicting the properties of most twisted systems. In recent
years, the rapid development of deep neural networks has given rise to a new ap-
proach—deep learning ab initio calculations which holds promise for addressing
the accuracy and efficiency challenges faced by traditional ab initio calculations
when dealing with large-scale systems such as Twist vdW materi- als. This
work focuses on using deep learning methods to calculate and study the band
structure of bilayer twisted tellurene and twisted bismuthene, thereby analyz-
ing the ef- fectiveness of this approach. Specifically, by comparing the band
structures obtained from deep learning with those from ab initio calculations,
we analyze multiple aspects including band matching degree, computational
time, and memory usage, ultimately demonstrating the accuracy and efficiency
of deep learning methods
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Electronic Properties via DFTB and Machine Learning

Density functional tight binding (DFTB) parameters, especially parameters in atomic basis functions, require
improvement. Machine learning (ML)-based, chemical environment-dependent DFTB parametrization may
offer a promising solution for accurate calculations across diverse chemical environments at low
computational cost. We introduce a DFTB-ML workflow that allows for the optimization of electronic
properties by generating two-center integrals, either by training basis function parameters directly or by
training the diatomic integrals, which are then used to build the Hamiltonian and the overlap matrices for the
following diagonalization. Using this DFTB-ML workflow, we have managed to obtain improved electronic
properties. While both machine learning approaches enabled us to improve on the electronic properties of
the molecules as compared with existing DFTB parametrizations, only by training on the basis function
parameters we were able to obtain consistent Hamiltonians and overlap matrices in the physically reasonable
ranges or to improve on multiple electronic properties simultaneously. Finally, we extend the DFTB-ML
workflow to systems with periodic boundary conditions, enabling band structure calculations of large
systems at the accuracy level of expensive hybrid functionals. The approach is particularly accurate for
predicting the valence band maximum (VBM) and conduction band minimum (CBM). The DFTB-ML model
demonstrates robust performance across diverse chemical environments, including molecules, bulk materials,

slab models, and defect systems.
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Study on Interfacial Layer of SnTe Device with Cu Electrode

PbTe is one of the best thermoelectric materials in the medium - temperature range (500 - 900
K), but its application is limited by Pb's toxicity. As Sn and Pb are in the same group, SnTe has

sparked great interest as a PbTe substitute.

However, most current SnTe research focuses on boosting material performance. The lack of
module studies severely restricts SnTe's practical application, a dilemma faced by many advanced
thermoelectric materials. Consequently, although SnTe's ZT value has been enhanced, its device

- fabrication performance remains unsatisfactory.

The actual energy conversion efficiency and service life of thermoelectric devices largely depend
on the assembly process and contact interfaces. Connecting electrodes with thermoelectric

materials is central to assembling thermoelectric modules.

To boost SnTe's thermoelectric conversion efficiency, finding a suitable interfacial layer between

SnTe and electrode materials has become a key task and a focal point of our research.
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Low-Scaling GW Approach Based on Pseudopotential and
Numerical Atomic Orbitals

Huanjing Gong!
L Institute of Physics, University of Chinese Academy of Sciences, Beijing, China

Abstract

The GW method, a cornerstone of many-body perturbation theory in condensed matter physics,
offers superior accuracy in quasiparticle band structure calculations compared to conventional den-
sity functional theory (DFT). However, its notorious O(N*) computational scaling has severely
restricted practical applications to small-scale systems. We report a novel low-scaling GW imple-
mentation based on pseudopotentials and numerical atomic orbitals (NAOs) basis sets, developed
within the open-source DFT software, ABACUS, integrated with the LibRPA library for post-DFT
GW calculations framework. This implementation achieves unprecedented O(N 2) computational
complexity through space-time formalism, strict locality of NAOs basis functions, and localized
resolution of identity (LRI) approximations for efficient product basis construction. Validations
against the established FHI-aims code demonstrate exceptional agreement in semiconductor band
structure predictions. Systematic analysis of pseudopotentials and basis sets reveals that their
choice critically influences both the convergence behavior and computational efficiency of GW
calculations, despite comparable accuracy in predicted bandgaps. Our results emphasize the crit-
ical role of strategic pseudopotential-basis set pair optimization in achieving an optimal balance
between computational accuracy and resource efficiency for realistic many-body simulations. The
ABACUS+LibRPA framework thus enables robust, high-throughput GW calculations for large-
scale material systems, bridging the gap between accuracy and efficiency in electronic structure
theory.

Keywords: GW method, FHI-aims benchmark, pseudopotentials, numerical atomic orbitals, low-
scaling algorithms, ABACUS+LibRPA
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Implementation of full BSE and TDA BSE with NAO and
pseudo potential

Ziqing Guan®

nstitute of Physics, University of Chinese Academy of Sciences, Beijing, China

Abstract

We have developed an implementation of Bethe-Salpeter equation (BSE) in ABACUS, which
is an ab-initio electron structure package utilizing numerical atomic orbital (NAO) and pseudo
potential, while Screened Coulomb potential and GW energy are obtained by LibRPA. Both
Tamm-Dancoff approximation version and full version BSE Hamiltonian are constructed based
on Resolution of Identity technique, and are solved efficiently with ELPA. The result of exciton
energy and absorption spectrum are compatible with FHI-aims.

Given that full BSE Hamiltonian is a non-hermitian matrix, we carefully consider the bi-
orthogonal property of its right eigenvector and left eigenvector. This property was ignored by
many packages to the best of our knowledge.

Keywords: Bethe-Salpeter equation, non-hermitian, beyond Tamm-Dancoff approximation
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Abstract:

Reduced density matrix functional theory (RDMFT) is a theory with great potential. It
uses the single-particle reduced density matrix (1-RDM) as the basic variable,
expresses the kinetic energy of the particle as an explicit functional of the density
matrix, and allows orbitals to be occupied in fractional form. It can better describe
strongly correlated quantum systems and breaks through the limitations of traditional
density functional theory. A key challenge of RDMFT is how to reliably and
efficiently optimize 1-RDM to obtain ground state properties. Currently, we are trying
to use iterative diagonalization methods and direct minimization-based methods to
solve the optimization problem of RDMFT, especially its convergence behavior and
computational efficiency, and hope to extend it to solid systems.
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RDMFT, ground-state optimization, strongly correlated systems
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Visualizing surface reactions through the combination of density functional theory
calculations and high-resolution scanning tunneling microscopy is critically important for
advancing the fundamental understanding of catalysis. This approach provides unique and
intuitive evidence for numerous significant reaction mechanisms, enabling insights into the
elementary steps, transition states, and key intermediates of surface and interface catalytic
reactions at the atomic level. We have conducted in-depth investigations into the
elementary processes of important small molecules, such as CHsOH H, CO H,O O
and CO», on the single-crystal surfaces of cobalt-based catalysts. Our work focuses on the
fundamental mechanisms of adsorption, diffusion, dissociation, activation, and interaction

for these molecules.
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Abstract:

The performance of thermoelectric devices, which can harness waste heat into useful energy,
has been mainly hinged on their underlying material physics. Machine learning has enabled the
search for effective thermoelectric materials within the extensive chemical combinatorial space
to be more practical. Material descriptors, which encapsulate material information, play a vital
role in the development of effective machine learning models for predictive and inverse-design
applications. We can utilize descriptors derived from physical characteristics or chemical
composition to generate feature vectors for ML algorithms. Identifying suitable descriptors that
capture essential aspects of material chemistry and physics can greatly improve the
thermoelectric property prediction of ML models, aiding in the inverse design of materials for
thermoelectric applications. Our study aims to compare various structure-based physical
descriptors, including Sine and Ewald-sum matrices, with composition-based chemical
descriptors, such as combination-based feature vectors and atomic element property
composition vectors for ML applications of thermoelectric property prediction. We
investigated the impact of these descriptors on the predictive capability of ML algorithms such
as XG-Boost (XGB), Random Forest (RF), and Deep Neural Network (DNN) for prediction of
power factor, a crucial indicator of thermoelectric performance, and provided insights into their
performance. The R? scores of models utilizing chemical descriptors consistently outperform
those using physical descriptors across various investigated ML models, with the highest R?
score of 0.92 being achieved by the RF model with an average mean absolute percentage error
(MAE) of 16%. Our findings indicate that chemical descriptors effectively capture the
underlying material physics for thermoelectric property prediction tasks, surpassing structure-
based physical descriptors.
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The design of traditional Raman spectrometers relies on expert experience and
repeated trial and error, making it difficult to achieve the optimum under multiple objective
constraints such as cost, size, sensitivity and spectral range. This study proposes an
inno