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Local Chern Marker for Periodic Systems
N. Bau!, A. Marrazzo'

Y Universita degli Studi di Trieste

Topological invariants are global properties of the ground-state wave function, typically
defined as winding numbers in reciprocal space. Over the years, a number of topological
markers in real space have been introduced, allowing to map topological order in hetero-
geneous crystalline and disordered systems [1]. Notably, even if these formulations can be
expressed in terms of lattice-periodic quantities, they can actually be deployed in open
boundary conditions only, as in practice they require computing the position operator r
which is ill-defined in periodic boundary conditions. We derive a local Chern marker for
infinite two-dimensional systems with periodic boundary conditions in the large super-
cell limit, where the electronic structure is sampled with one single point in reciprocal
space [2]. We validate our approach with tight-binding numerical simulations on the Hal-
dane model, including trivial/topological superlattices made of pristine and disordered
Chern insulators. The strategy introduced is very general and could be applied to other
topological invariants and geometrical quantities in any dimension.

[1] Raffaello Bianco and Raffaele Resta Phys. Rev. B 84, 241106(R) (2011).
[2] Davide Ceresoli and Raffaele Resta Phys. Rev. B 76, 012405 (2007).
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Molecular Layers on Graphene: Exploring Lattice Periodicity through
Theory-Experiment Synergy

Davide Bidoggia, Francesco Armillotta, Erik Vesselli, Maria Peressi

Self-assembled molecular adlayers on metallic surfaces represent a promising class of catalytic systems
for heterogeneous catalysis. The periodicity of these adlayers is determined by the constituting
molecules and by the substrate. The interplay between molecule-substrate and molecule-molecule
interactions plays a critical role in determining the self-assembly process and the resulting pattern,
which, in turn, determines the electronic and catalytic properties of the layer.

In some cases, the substrate plays a critical role and provides a template hosting the adsorbates in a
selective way, or determining specific moiré patterns if the adsorbate has a periodicity different with
respect to the substrate. In case of Cobalt tetrapyridil porphyrins (CoTPyP) adsorbed on graphene grown
on an iridium (111) surface, the molecule-substrate interaction is rather weak: it affects only the rotation
angle of the pyridinic termination with respect to a gas phase conformation, and an individual molecule
does not have a preferential adsorption site or orientation with respect to the substrate. As a
consequence, the intermolecular interactions dominate and the molecular layer assumes periodic
patterns incommensurate with the substrate. The coincidence cells that must be used to describe such
systems are typically quite large.

Using a combination of density functional theory and experimental investigations, we present some
results on the geometric structure of the CoTPyP adlayers and its impact on electronic properties. We
show, in particular, the significant surface reorganization upon the evaporation of additional Co atoms
onto the surface.
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Stacking Engineered Room Temperature Ferroelectricity in
Twisted Germanium Sulfide Nanowires

Tamaghna Chowdhury!, Chetna Tenja', Aastha Vasdev?, Prasenjit Ghosh!,
Goutam Sheet?, G. V. Pavan Kumar'! and Atikur Rahman'

U Department of Physics, Indian Institute of Science Education and Research (IISER),
Pune, Maharashtra 411008, India
2Department of Physical Sciences, Indian Institute of Science Education and Research,
Mohali, Knowledge City, Sector 81, Mohali 140306, India

Transition metal dichalcogenides (TMDC’s) and group-IV monochalcogenides, with the
potential to show piezoelectric and ferroelectric properties, have grown considerable in-
terest in recent years. Ferroelectricity involves spontaneous electric polarization that can
be tuned by an external electric field. Ferroelectricity in the group-IV monochalcogenides
may be more advantageous, as such materials display additional features such as tunable
band gap and flexibility that are crucial for applications as sensors and memory devices.
Materials with broken inversion symmetry are expected to show ferroelectricity but many
of the TMDCs and group-IV monochalcogenides in their bulk form have inversion sym-
metry that forbids spontaneous polarization[l]. However, if the inversion symmetry is
broken then these materials might exhibit ferroelectricity[2]. Germanium sulfide (GeS)
is one such material with inversion symmetry and lacks spontaneous polarization in its
bulk form owing to its centrosymmetric crystal structure. In the fabrication of non-
centrosymmetric GeS, the main challenge lies in the complexity of the preparation and
assembly of GeS layers. One way to achieve that is by the introduction of twists. The
fabrication of twisted nanostructures using the transfer stacking method is usually a very
challenging task because of poor control over twist angle. Recently, a robust process to
grow twisted GeS nanowires by introducing Eshelby twist between two adjacent layers
was demonstrated [3, 4]. These nanowires are formed by stacking layers held together
via vdW interaction along the transverse direction. We used GeS nanowires made of
stacked layers as a model system and introduced Eshelby twist in consecutive layers to
break the inversion symmetry. In the -V characteristics of the nanowires, hysteresis,
a characteristic feature of ferroelectric switching, was observed. The ferroelectric na-
ture of these nanowires was further established by piezoresponse force microscopy (PFM)
measurement and the nanowires exhibited spontaneous polarization also there is a 180°
polarization switching in an external electric field at room temperature. Second-harmonic
generation (SHG) measurement showed a strong signal from these twisted nanowires that
confirmed the presence of broken inversion symmetry. Phonon dispersion of the nanowire
was calculated using density functional theory (DFT) that showed the hardening of the
inversion symmetry breaking phonon mode due to the twisting. But this induces an in-
stability that is compensated by spreading the twist across several unit cells. This twist
results in the breaking of the inversion symmetry that might induce a spontaneous polar-
ization in the nanowire, giving rise to ferroelectricity[5]. These results are expected to be
useful in making non-volatile memory devices, flexible electronics, electronic sensors, and
neuromorphic computing.

[1] T. Rangel et. al., Phys. Rev. Lett. 119, 067402 (2017).

2] R. Fei et. al., Phys. Rev. Lett. 117, 097601 (2016).

[3] Y. Liu et. al., Nature 570, 358 (2019).

[4] P. Sutter et. al., Nature 570, 354 (2019).

[5] T. Chowdhury et. al., Adv. Elec. Mater. 8, 2101158 (2022).
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Optical response of periodically driven twisted bilayer graphene
and Dirac system

Ashutosh Dubey!, Ritaji Kundu'!, and Arijit Kundu'

Y (Presenting author underlined) Indian Institute of Technology 1

We compute, theoretically, the optical conductivity and ARPES response of periodically
driven Dirac system(twisted bilayer graphene as well as semi-Dirac system), in identifying
signatures of partial steady-state occupation of floquet bands. For a closed, periodically
driven system, such occupation is determined by weakly coupling to an environment. We
contrast this with occupation of Floquet bands when no relaxation is present.
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Title- Novel interband plasmon and nonreciprocal responses in twisted multilayer
graphene system

Debasis Dutta*', Atasi Chakraborty', Amit Agarwal'
!Department of Physics, Indian Institute of Technology Kanpur, Kanpur-208016, India
Email Address- ddebasis@iitk.ac.in

The optical responses of a metallic system are often described by plasmon resonances—the
collective oscillations of interacting electron liquids. Here, | will discuss a new class of plasmon
modes in moiré superlattices of twisted graphene multilayers (TGM). In TGM, the single-particle
band dispersion dramatically changes compared to single-layer graphene due to the emergence
of nearly flat bands, resulting from the moiré potential induced by twist. These flat bands enable
nearly parallel electron-hole transitions in reciprocal spaces, effectively giving rise to an
interband plasmon mode, even in insulating systems. Here, | demonstrate the existence of
long-lived gapped interband plasmons in twisted double-bilayer graphene originating from the
Van Hove singularity in the electron-hole joint density of states spectrum [see Fig.1 attached
below]. Our finding highlights the universal dispersion of interband plasmon in the
long-wavelength limit [1].

Along with that, | will also describe the emergence of the nonreciprocal plasmonic responses,
which have different dispersion for forward and backward propagating modes in twisted bilayer
graphene heterostructures [2]. Nonreciprocal plasmonics plays a crucial role in enabling
one-way light propagation at the nanoscale and is a fundamental building block for various
photonics applications. | will discuss how the quantum geometry of the Bloch states (e.g.-
quantum metric, metric connection) in twisted bilayer graphene enables significant intrinsic
nonreciprocity in bulk plasmon dispersion. This magnetic field-free nonreciprocal plasmon with a
quantum origin opens a new avenue of optical manipulation at the nanoscale.

References-

[1] Atasi Chakraborty, Debasis Dutta, and Amit Agarwal, “Tunable interband and intraband
plasmons in twisted double bilayer graphene,” Phys. Rev. B 106, 155422 (2022).

[2] Debasis Dutta, Atasi Chakraborty, Amit Agarwal- “Intrinsic nonreciprocal bulk plasmons in
noncentrosymmetric magnetic systems” Phys. Rev. B, 107, 165404 (2023).
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Figure-1- (a) Schematic of twisted double bilayer graphene structure, with small twist(8) between two bilayer graphene. (b) The single-particle
band structure of TDBG calculated from continuum model. It hosts two nearly flat bands, having van-Hove singularities in DOS spectrum.

(c) The colormap of loss function spectrum, where plasmon modes appear as peaks. It captures the interband plasmon, staring from the peak in
the joint density of states (JDOS) spectrum. The interband plasmon is long-lived and well outside the particle-hole continuum regions.
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Electric Field Tunable Superconductivity in near Magic-
Angle Twisted Bilayer Graphene

Ranit Dutta'*, Ayan Ghosh'] Shinjan Mandal' , K. Watanabe? , T. Taniguchi®, H.R.Krishnamurthy',

Sumilan Banerjee!, Manish Jain!, and Anindya Das'*

1Department of Physics, Indian Institute of Science, Bangalore, 560012, India.

2Research Center for Functional Materials, National Institute for MaterialsScience, Tsukuba,
Japan.

3 International Center for Material Nanoarchitectonics, National Institute for Materials Science,

Tsukuba, Japan

The cause of superconductivity (SC) in magic-angle twisted bilayer graphene (MATBLG) has been
a topic of debate, with theories ranging from strong correlations (CL) like in high T, cuprates to
a high density of states-mediated electron-phonon coupling. Previous experimental studies with
detuning from magic-angle as well as tuning the screening have shown that the SC and Correlated
insulator may not have an intimate connection. However, one crucial ingredient, like how an insitu
tuning of the electronic band structure affects the SC, is missing so far, and here we study this for a
near MATBLG device (/); ~ 0.96°) with the application of displacement field (D). In this device,
we observe the resistance peaks at the Dirac point and at band full filling without any signature
CL-driven resistance peaks, and the SC appears around v = 2.7. Simultaneously, measuring the
SC critical temperature (7..) and Hall density, v as a function of D, helps us to study the intimate
connection between the SC and electronic structure of TBLG. We observe the optimal doping for
SC, and vHS appears concomitantly, and with increasing D, both shift to higher filling. The shift
of vHS with D is further captured in our theoretical study due to the band structure modification.
Most importantly, the 7. is tunable with D); it decreases from 0.80 K to 0.55 K by increasing the
D from zero to D = 0.60V/nm; beyond which it is hard to see any signature of SC. Furthermore,
the weakening of SC with increasing D is accompanied by a reduction of hall-filling vy, and the
appearance of a resistance peak around v = 2 suggests that isospin symmetry is breaking and
competing with the SC. Our results bring new insights into understanding the SC phase in the
TBLG system.

*equally contributed
Tequally contributed
fanindya @iisc.ac.in
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Topological phase diagram of two-band fermionic chain in
presence of Hubbard interaction

R. Favata', F. Becca', and A. Parola®

! Dipartimento di Fisica, Universita di Trieste, Strada Costiera 11, I-34151 Trieste, Italy
2 Dipartimento di Scienza e Alta Tecnologia, Universita dell’Insubria, Via Valleggio 11,
1-22100 Como, Italy

We explore the ground-state properties of a two-band fermionic chain supporting a symmetry-
protected topological insulator phase, in the presence of Hubbard interaction, inspired by
the model proposed in [1]. Starting from the non-interacting ground state, we define a
two-orbital Jastrow-Slater wave function which provides a proper variational description
of the topological phase diagram. The topological phase transition, which is controlled
by the on-site term only, is shifted to greater values of the parameter, with respect to
the non-interacting limit, as the repulsion U between electrons on the same orbital is
increased. The topological properties in presence of interaction are detected by the many-
body marker introduced by Resta and Sorella [2]. Furthermore, the topological non-trivial
behaviour of the system persists in the large U limit, where the spin-1 Haldane chain,
characterized by string order, emerges as effective spin Hamiltonian.

[1] S. Barbarino, G. Sangiovanni, and J. C. Budich, Phys. Rev. B 99, 075158 (2019).
[2] R. Resta and S. Sorella, Phys. Rev. Lett. 82, 370 (1999).
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Effect of h-BN encapsulation on graphene systems: ab initio
calculations and effective model

J. Félisaz', O. V. Yazyev!
U Ecole Polytechnique Fédérale de Lausanne (EPFL), Switzerland

The substrate or encapsulation as a strong effect on the electronic structure of graphene
systems. However, due to a lack of proper understanding of these effects, it has proven
difficult to include them properly in twisted system models. In order to describe the effect
of the substrate in a more systematic way, extensive DFT calculations were conducted
for a large number of configurations. From these, a family of tight-binding (TB) models
is constructed, dependent on the relative displacement between the graphene and h-BN
layers. These models are designed to respect the symmetries of the various configurations.
Substrate-aware models are constructed for moiré systems, including both small twist
angles and graphene/h-BN lattice mismatch in the limit of large moiré lattice periods.
We show that our framework is general enough to be applied to other systems, including
moiré systems with lattice reconstruction, polar domains, and disordered substrates.
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Moiré-driven multiferroic order in twisted Chromium trihalides

Adolfo O. Fumega', Jose L. Lado!

'Department of Applied Physics, Aalto University, FI-00076 Aalto, Finland

Layered van der Waals compounds have revolutionized the artificial design of materials. The
unique degrees of freedom offered by this class of materials allow new strategies to engineer
states of matter. In particular, the weak van der Waals interlayer bonding enables the
introduction of a specific twist angle between the layers.

In this presentation we will show how to artificially engineer a multiferroic order using
twisted chromium trihalide CrX; (X=Cl, Br, and I) bilayers [1]. The theoretical analysis
introduced here is performed using a combination of spin models and ab initio calculations.
Firstly, we show the emergence of a spin texture as a result of the site-dependent interlayer
magnetic exchange created by the moiré. The presence of spin-orbit coupling combined with
that emergent non-collinear magnetic order induces an electric polarization and a strong
magnetoelectric coupling in the system.

Among the three chromium trihalides, we found that CrBr; displays the strongest multiferroic
order. We show that its magnetoelectric coupling allows us to electrically tune the magnetic
texture of the moiré system. Specifically, we show that it is possible to generate and control
magnetic skyrmions in twisted CrBr; with an external electric field.

[1] Adolfo O Fumega and Jose L Lado, 2D Mater. 10 025026 (2023).



P10

Enhanced Thermopower and Large Magneto- resistance in Compensated
Electron-hole Bands of Twisted Double Bilayer Graphene

Ayan Ghosh'!, Souvik Chakraborty!, Unmesh Ghorai?, Arup Kumar Paul', K. Watanabe?, T.
Taniguchi®, Rajdeep Sensarma?, and Anindya Das'*

!Department of Physics, Indian Institute of Science, Bangalore, 560012, India.
’Department of Theoretical Physics, Tata Institute of Fundamental Research, Mumbai, 400005, India
3National Institute of Material Science, 1-1 Namiki, Tsukuba 305-0044, Japan

*E-mail: anindya@iisc.ac.in

Finding materials with large thermopower has been crucial for envisioning development of
novel electric generators and solid-state cooling devices. Recent advances have established
semimetals to be a viable platform in this regard. Low-magnetic field-induced enhancement of
thermopower has been theoretically predicted for compensated semimetals. Thus, exploring
materials with semimetallic traits has been of increasing interest. Here, we report indisputable
evidence of semi-metallic low energy band in twisted double bilayer graphene (TDBLG) with
twist angle 1.2°. We have carried out a systematic temperature and magnetic field dependent
electrical and thermopower study. An enhancement of two orders of magnitude of
thermopower, accompanied by large magneto-resistance (~2500%), is observed near the charge
neutrality point (CNP). Both the thermopower and magnetoresistance saturates within
magnetic fields (< 1T) much smaller than the extreme quantum limit. These experimental
findings indicate the nearly compensated semimetallic nature of TDBLG at the CNP, and
qualitatively understood invoking a two-band model. Furthermore, we observe an unusual sub-
linear temperature scaling of resistance at lower temperature (<10K) near the theoretically
predicted region of overlap of the low-energy bands, indicative of a possible excitonic bound
state in TDBLG.
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Ultralow lattice thermal conductivity and thermoelectric performance of
twisted Graphene/Boron Nitride heterostructure through strain engineering

Neelam Gupta?, Shivani Rani?!, Puja Kumari?, Rajiv Ahuja?3, Soumya Jyoti ray® *

!Department of Physics, Indian Institute of Technology Patna, Bihta 801103, India 1
2 Department of Physics, Indian Institute of Technology Ropar, Rupnagar, Punjab 140001,
India 2
3 Condensed Matter Theory Group, Department of Physics and Astronomy, Uppsala
University, SE-75120, Sweden 3

We designed and investigated the electronic, mechanical, and thermoelectric properties of
Graphene/hexagonal Boron Nitride (Gr/h-BN) heterostructure at various twisting angles based
on the Ab-initio simulation. The structural stability was studied at optimized rotation angle
(¢p) = 0°, 16.10°, 21.79°, 38.21°, 43.90°, and 60°. The heterostructure shows semiconducting
nature at¢p = 0° 21.79° and 38.21°. These twisted heterostructures have demonstrated
extraordinary mechanical properties such as Young’s modulus and bulk modulus. Using the
semiclassical Boltzmann transport theory, it is observed that the Seebeck coefficient, electric
conductivity, and power factor at ¢p = 0°, 21.79°, 38.21° and 60° are much higher than the
values measured at ¢p =16.10° and 43.90°. Moreover, at ¢ = 60°, the Power Factor for the n-
type dopantscan reach 1.37 x 10 W/msK?. The lattice thermal conductivity at room
temperature is found to be very low for ¢ =16.10°, 21.79°, 43.90°, and 38.21° rotation angles.
An ultralow lattice thermal conductivity with a value of 0.095 W/mK at 300K has been
observed for 21.79° rotation angle, which is lower than other rotation angles because of very
low group velocity (22.1 km/s) and short phonon lifetime (~0.12 ps). The high thermoelectric
performance results from an ultralow thermal conductivity arising due to the strong lattice
anharmonicity. The present observations can offer significant impact on the design of high
performance thermoelectric materials based on twisted van der Waals heterostructure (vdWH).

[1] Xiaoliang Zhong, Yoke Khin Yap, Physical Review B, 83, 193403 (2011)
[2] Chun-Chung Chen, Zhen Li, Nano Research, 8, 666—672 (2015)
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Twisted bilayer graphene reveals its flat bands under spin
pumping
Sonia Haddad!?, Takeo Kato?®, Jihang Zhu*, and Lassaad Mandhour!

L Laboratoire de Physique de la Matire Condense, Facult des Sciences de Tunis, Universit
Tunis El Manar, Campus Universitaire 1060 Tunis, Tunisia
2 Institute for Theoretical Solid State Physics, IFW, Helmholtzstr. 20, 01069 Dresden,
Germany
3 Institute for Solid State Physics, University of Tokyo, Kashiwa, Chiba 277-8581, Japan
*Maz Planck Institute for the Physics of Complex Systems, Nthnitzer Strasse 38,
Dresden 01187, Germany

The salient property of the electronic band structure of twisted bilayer graphene (TBG),
at the so-called magicangle (MA), is the emergence of flat bands around the charge neu-
trality point. These bands are associated with theobserved superconducting phases and
the correlated insulating states. Scanning tunneling microscopy combinedwith angle re-
solved photoemission spectroscopy are usually used to visualize the flatness of the band
structureof TBG at the MA. Here, we theoretically argue that spin pumping (SP) pro-
vides a direct probe of the flat bandsof TBG and an accurate determination of the MA.
We consider a junction separating a ferromagnetic insulatorand a heterostructure of TBG
adjacent to a monolayer of a transition metal dichalcogenide. We show that theGilbert
damping of the ferromagnetic resonance experiment, through this junction, depends on
the twist angleof TBG, and exhibits a sharp drop at the MA. We discuss the experimental
realization of our results which openthe way to a twist switchable spintronics in twisted
van der Waals heterostructures [1].

[1] Sonia Haddad, Takeo Kato, Jihang Zhu, and Lassaad Mandhour, Phys. Rev. B 108, 1121101
(2023).
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Doped graphene superlattices: Flat bands and superconductivity without
twists

Saul A. Herrera !, Pierre A. Pantaleén 2, G. Parra-Martinez?, JA Silva-Guillen?,
Francisco Guinea??, Gerardo G. Naumis'

!Instituto de Fisica, Universidad Nacional Auténoma de México, CDMX, México
2IMDEA Nanoscience, Madrid, Spain

’Donostia International Physics Center, San Sebastian, Spain

The properties of graphene can be substantially altered by periodic modulations induced via
twists, strain, patterned gates, or by ad-atom deposition/intercalation. It has been shown that
upon decoration with alkali metals, graphene can develop coupling between valleys [1], flat
electronic bands [2], superconductivity [3], and other features resembling those of twisted

multilayers. We discuss a relation between V3 X /3-patterned monolayers and chiral twisted
bilayers. We also revisit the idea of using decoration/intercalation with metals to induce flat
bands, strong screening and superconductivity without twists.

[1] Bao et al. PRL 126, 206804 (2021)
[2] Bao et al. PRB 105, L161106 (2022)
[3] B. M. Ludbrook et al. PNAS 112 (38) 11795-11799 (2015)
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First-Principles Study of Band Structure in Twisted Bilayer Graphene
Flake using Band Unfolding Method

Wardah Amalia', Naoya Yamaguchi®, Fumiyuki Ishii®

! Graduate School of Natural Science and Technology, Kanazawa University
? Nanomaterials Research Institute (NanoMaRi), Kanazawa University
e-mail: ishii@cphys.s.kanazawa-u.ac.jp

Twisted materials have attracted significant attention ever since the discovery of
superconductivity in twisted bilayer graphene (BLG). Historically, most research on
twisted materials has revolved around commensurate superlattices with extended
periodicities. Remarkably, experimental success has been achieved in growing
quasicrystals with a 30-degree twist in BLG, showcasing the potential for creating
incommensurate structures under specific substrate conditions [1].

In this study, our primary objective is to ascertain whether we can reproduce the
electronic structure of twisted BLG in finite-sized graphene flakes at specific
commensurate twist angles that can be simulated using Density Functional Theory (DFT)
calculations. We have conducted first-principles computations [2] on finite graphene
structures, relaxing the constraints associated with commensurate arrangements.
Consequently, we are able to continuously vary the interlayer rotation angles within the
range of 6=6 degrees to 8=60 degrees and examine how the electronic properties are
altered in these incommensurate structures, utilizing the unfolding band method [3]. It's
worth noting that our methodology can be applied to various twisted bilayer systems.

Reference

1) W. Yao, et al. PNAS 115, 27 (2018).

2) T. Ozaki et al., http://www.openmx-square.org.

3) C-C. Lee, Y. Yamada-Takamura, T. Ozaki, J. Phys.: Condens. Matter 25, 345501 (2013).
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Moiré-induced bandgap tuning in InSe/CuSe heterostructure

S. I. Vishkayi!, M. B. Tagani?, B. Li3, Y. Yang 3, J. Wang 3, Q. Tian 3, C. Zhang 3, L.
Zhang 3, L. J. Yin 3, Y. Tian 3, L. Zhang 3, and Z. Qin *

' School of Physics, Institute for Research in Fundamental Sciences (IPM), P. O. Box 19395-
5531, Tehran, Iran
2 Department of Physics, University of Guilan, P.O. Box 41335-1914, Rasht, Iran
3 Key Laboratory for Micro/Nano Optoelectronic Devices of Ministry of Education & Hunan
Provincial Key Laboratory of Low-Dimensional Structural Physics and Devices, School of
Physics and Electronics, Hunan University, Changsha 410082, China

The stacked two layered materials with a lattice constant mismatch and/or with a twist angle
relative to each other can create a moiré pattern, modulating electronic properties of pristine
materials. Optical properties of InSe and Dirac nodal lines in CuSe band structure motivated
us to investigate the electronic properties of the moiré super lattice of InSe/CuSe
heterostructure. In this work, a heterostructure with a super lattice periodicity of 3.48 nm and
a twist angle of about 11° between InSe and CuSe layer was synthesized. The schematic of
heterostructure is shown in Figure 1 (a). Scanning tunnelling spectroscopy recorded on the
different stacking sites of the heterostructure reveals the bandgap of the InSe is location-
dependent and a variation of 400 meV is observed. Density functional theory calculations
demonstrate that the moiré-induce electric dipole in the monolayer InSe is the key factor for
tuning the bandgap. Moreover, charge transfer between CuSe and InSe also contributes to the
bandgap variation due to its stacking which is shown in Figure 1 (b) and (c). We also show that
the moiré potential not only can tune the bandgap of InSe but also can vanish the Dirac nodal
line of CuSe in some cases [1].
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Figure 1, (a) moirée pattern of CuSe/InSe heterostructure. Some local moiré stackings are magnified for
more clarity. The size of moiré is equal to 6.27x6.27 nm’. A denotes the value of sliding monolayer
InSe on CuSe in terms of lattice constant. (b) Electrostatic potential of the InSe/CuSe heterobilayer
along the z-direction for AB stacking. The potential difference between the InSe layers is denoted by
AVise. (c) Variation of bandgap of monolayer with a lateral shift shown by blue squares. In addition,
potential difference between two layers of InSe is also shown by red spots [1].

[1] B. Li, M. B. Tagani, S. I. Vishkayi, Y. Yang, J. Wang, Q. Tian, C. Zhang, L. Zhang, L. J. Yin, Y.
Tian, L. Zhang, Z. Qin, Appl. Phys. Lett. 122, 031902 (2023).
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Topologically non-trivial polarization textures in moiré materials
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The modern theory of polarization provides a recipe for deducing the total polarization in a unit
cell of any insulating system subject to periodic boundary conditions [1]. However, it cannot
describe the local variation of polarization in a crystal supercell, which is important for
understanding topologically non-trivial polarization textures observed in perovskite
nanostructures [2] and moiré heterostructures formed by hexagonal boron nitride (hBN) or
transition metal dichalcogenides [3]. While approximations to the local polarization in
perovskite supercells have been used to successfully predict polar vortices and topological
structures therein, these approximations are not valid in twisted bilayers, where the dynamical
charges vary non-linearly throughout the supercell, forming polarization textures analogous to
magnetic merons and skyrmions [3]. In this work, we show how the local polarization can be
rigorously defined on the scale of single-layer unit cells as a gauge-invariant quantity [4]. We
demonstrate how local polarization can be evaluated, circumventing the necessity of computing
Berry phases for the total polarization of a supercell, using configuration space approximations.
Furthermore, we illustrate the applications of the introduced definition of local polarization
beyond the use of such approximations, in a continuum Bistritzer-MacDonald (BM) model [5]
and effective 1D models with introduced superlattice periodicity.

[1] D. Vanderbilt and R. D. King-Smith, Phys. Rev. B 48, 4442 (1993).

[2] J. Junquera, Y. Nahas, S. Prokhorenko, L. Bellaiche, J. Iniguez, D. G. Schlom, L.-Q. Chen, S.
Salahuddin, D. A. Muller, L. W. Martin, and R. Ramesh, Rev. Mod. Phys. 95, 025001 (2023).

[3] D. Bennett, G. Chaudhary, R.-J. Slager, E. Bousquet, and P. Ghosez, Nat. Comm. 14, 1629 (2023).
[4] D. Bennett, W. J. Jankowski, G. Chaudhary, E. Kaxiras, and R.-J. Slager, Phys. Rev. Research 5,
033216, (2023).

[5] R. Bistritzer and A. H. MacDonald, PNAS 108, 1223312237 (2011).



P17

Superconductivity from electronic interactions in few layers of graphene.
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The recent observation of superconductivity in both non-twisted and twisted few layers of
graphene has ignited a enormous interest in unveiling the underlaying mechanism, as well as,
wheter this mechanism is common to twisted and non-twisted structures. Here, we present a
robust framework based on the Kohn-Luttinger mechanism able to capture the experimental
phenomenology in both twisted and non-twisted systems. The superconducting instability is
driven by the screened Coulomb interaction that becomes attractive under certain conditions.
We find that superconductivity can be enchanced by the effect of Ising spin-orbit coupling
and by strain in non-twisted graphene. For moiré systems we find that the complexity of the
wavefunctions an the so-called Umklapp processes are crucial to achieve a critical
temperature of the order of ~ 2 K. These calculations suggest that the Kohn-Luttinger
mechanism, driven by electronic interactions, plays a significant role in superconductivity in
both twisted and non-twisted graphene structures.

[1] A. Jimeno-Pozo, H. Sdinz-Cruz, T. Cea, P. A. Pantale6n and F. Guinea. Phys. Rev. B 107,
L161106 (2023).

[2] P. A. Pantale6n, A. Jimeno-Pozo, H. Sdinz-Cruz, V. T. Phong, T. Cea, and F. Guinea. Nat. Rev.
Physics 5, 304-315 (2023).

[3] Z. Li, X. Kuang, A. Jimeno-Pozo, H. Sdinz-Cruz, Z. Zhan, S. Yuan and F. Guinea. Phys. Rev. B
108, 045404 (2023).

[4] M. Long, A. Jimeno-Pozo, H. Sdinz-Cruz, P. A. Pantaleén and F. Guinea. In preparation.
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Josephson junction of minimally twisted bilayer graphene
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At very small angles, the twisted bilayer graphene undergoes atomic reconstruction
via local twisting and untwisting and breaks into triangular domains of AB and BA-
stacked regions. The gate voltage can gap out the interior of the domains, leaving only
the gapless domain wall modes at low energy. Depending on the model parameters, it has
been demonstrated that such a system exhibits zigzag modes and pseudo-Landau levels.
We investigate the signature of these modes in transport properties in a Josephson junction
in which the normal region is composed of minimally twisted bilayer graphene (MTBG).
In this regard, we employ the network model of MTBG, in which the propagating domain
wall modes form the network’s edges and the AA-stacked regions form its nodes. We
characterise the transport signatures of the SNS junction in terms of the DC and AC
Josephson effects and show that the zig-zag modes and the pseudo-Landau level have
contrasting characteristics.
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Electronic transport in collapsed chiral carbon nanotube
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We study the transport properties of a collapsed chiral carbon nanotube[l] contacted by
two kinds of deformed carbon nanotube that act as leads. We analyze the conductance
in terms of the spectra of the collapsed chiral carbon nanotube (see figure 1) and the
contacts.

549 A

280800400040
'

JAJA XL AT IT

AYSTITILTL
Tty

(b) N

91.8A

Figure 1: Top view of the unit cells of the (a) collapsed semiconducting (48,2) and (b)
I-metal (78,3) nanotubes[2]. The number and placement of the AA regions differ and
depend on the symmetry operations of the original cylindrical tube.

[1] Arroyo-Gascon, Olga and Ferndndez-Perea, Ricardo and Suérez Morell, Eric and Cabrillo,
Carlos and Chico, Leonor, Nano Letters 20, 7588 (2020).

[2] Olga Arroyo-Gascén and Ricardo Ferndndez-Perea and Eric Sudrez Morell and Carlos
Cabrillo and Leonor Chico, Carbon 205 394 (2023).
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ABSTRACT: The existence of intrinsic vacancies in cubic (monoclinic)
TiO suggests opportunity for hydrogen absorption, which was addressed
in recent experiments. In the present work, based on first-principles
calculations, the preferences are studied for the hydrogen absorption sites
and diffusion paths between them. The oxygen vacancies are found to be
the primary hydrogen traps with absorption energy of —2.87 eV. The
plausible channels for hydrogen diffusion between adjacent vacancy sites
(ordered in the monoclinic TiO structure) are compared with the help of
calculations using the nudge elastic band method. Several competitive
channels are identified, with barrier heights varying from 2.87 to 3.71 eV,
that are high enough to ensure relative stability of trapped hydrogen
atoms at oxygen vacancy sites. Moreover, the possibility of adsorption of
molecular hydrogen was tested and found improbable, in the sense that
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the H, molecules penetrating the TiO crystal are easily dissociated (and released atoms tend to proceed toward oxygen vacancy

sites). These results suggest that hydrogen may persist in oxygen vacancy sites up to high enough temperatures.

1. INTRODUCTION

The present work aims at elucidating hydrogen trapping and
mobility in titanium monoxide. This subject falls within a
relatively small intersection of vast domains of research. The
hydrogen absorption, storage, and processing in materials is a
tremendous and rapidly evolving field; a recent review by Abe
et al.' may serve as a nice introduction into the subject.
Transition-metal oxides are omnipresent in materials science
through their different manifestations, over which a concise
review by Goodenough® offers an efficient guideline. In regards
specifically to the hydrogen problematics, transition-metal
oxides typically appear as elements of surface protection of
metals or as catalytic agents, e.g., in a promising research field
of water splitting on oxide-based electrocatalysis,” explained,
e.g., in recent reviews by Zhu et al,? Song et al,’ and Shang et
al’ Burke et al.” summarized the trends in the activity of
different transition-metal oxides as catalysts for the oxygen
evolution reaction. The phenomenon of hydrogen spillover came
into discussion, in which molecular hydrogen dissociates at the
metal surface, and protons diffuse into the catalytic oxide
support—see, e.g., ref 8 concerning the process on MgO, or ref
9 for the reaction on VO,. Whittingham'® described hydrogen
motion in metal oxides; Nolan and Browne'' overviewed
chemical reactions relevant in oxides in relation with hydrogen
energy problematics.

Still narrowing the subject, the works from this category
dealing with titanium are not numerous and, predominantly,
concern the dioxide. Oelerich et al.">'® studied the catalytic
activity of 3d metal oxides, including TiO,, and concluded that

© 2023 American Chemical Society

7 ACS Publications

a tiny addition of them noticeably enhanced hydrogen sorption
kinetics of nanocrystalline magnesium. Yin et al."* studied, in
an experiment supported by first-principles calculations, the
adsorption of hydrogen on the surface of TiO, with possible
diffusion into the depth. Feng et al."” looked into the effect of
oxygen vacancies in TiO, on the enhancing of electrocatalytic
activity for hydrogen evolution reaction (HER). Oxygen
vacancies also play an important role in shaping the oxygen
evolution reaction essential for water splitting. A recent review
on these issues by Zhu et al.'® covers, among a long list of
oxides studied, works on titanium dioxide and oxide-nitride.
Hu et al.'” praised micro- and mesoporous Ti oxides as “in
many ways ideal candidates for hydrogen storage because they
can be made from inexpensive and light metal Ti, and the
surface area, pore size, and wall thickness can be systematically
controlled”. Li et al.'® studied the hydrogen evolution activity
in epitaxially grown Ti,O; polymorphs.

Titanium monoxide enters the picture as Swaminathan et
al.'"” reported that strongly reduced titania (with nominal
composition TiO, ,3, the crystal structure of which reveals X-
ray diffraction peaks of disordered TiO) exhibits enhanced
HER activity. Recently, Skripov et al.* investigated hydrogen
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Figure 1. Crystal structure of monoclinic TiO, in side views (Ti atoms shown large blue and O atoms small red), with five different paths (shown in
black color as connected intermediate positions) between adjacent oxygen vacancy sites, and (two panels in the bottom left) as two consecutive

(010) planes, with atoms shown as circles and vacancy sites shown as squares. The cuboids (centered y = i and y = %) between consecutive

atomic layers are numbered, for reference in the text.

absorption in substoichiometric TiO (TiO,;,Hy3 and
TiOg9sHo14) by a combined use of X-ray and neutron
diffraction, neutron vibrational spectroscopy, and nuclear
magnetic resonance. This work led to the following
conclusions: (i) in both nearly stoichiometric and strongly
substoichiometric (oxygen-deficient) samples, hydrogen atoms
resided exclusively at O vacancy sites; (ii) the hydrogenation of
nearly stoichiometric, originally B1 disordered, phase provokes
an emergence of an ordered (TisO; monoclinic) phase
coexisting with the disordered (Bl-structure) TiO; (iii)
hydrogen diffusion seems to be insignificant; (iv) vibrations
of hydrogen atoms occur throughout a broad range of
frequencies, presumably as a manifestation of different
environments (a possible symmetry-lowering off-center dis-
placement of the trapped hydrogen; a completeness or not of
its coordinating Ti octahedron) occurring at different O
vacancy sites.

TiO can be crystallized in a cubic B1 (NaCl-type) structure,
allowing broad limits of deviation from stoichiometry in the
nominal formula TiO,, namely (citing Watanabe et al”") 09 <
x < 125 at 990 °C and 0.7 < x < 1.25 at 1400 °C. As

mentioned further in ref 21, even in an equiatomic compound
about 15% of both titanium and oxygen sites are vacant. The
vacancies are randomly distributed at high temperatures;
however, on rapid cooling from 1400 to 990 °C, they get
ordered, resulting in a monoclinic phase, which is in fact the
underlying B1 with 1/6 of sites on each sublattice being vacant.
While deficiency on either cation or anion sublattice is not
uncommon in materials, the coexistence of vacancies in both
sublattices is relatively rare and, among the metal monoxides, is
known to occur only in TiO,”** VO,** and NbO.>
Theoretical studies of TiO have a long history. Neckel et
al.”® performed a self-consistent electronic structure calculation
of TiO (among other transition-metal oxides and nitrides with
B1 structure, assumed perfect and complete). This revealed the
essential in the placement and composition of different energy
bands. Leung et al.”’ compared the relative stability under
pressure of several Ti- and O-deficient (stoichiometric)
ordered phases, including the “true” monoclinic TisO5 and
several more symmetric ordered-vacancies phases; the energy
preference of the monoclinic phase has been demonstrated.
Andersson et al.”® offered a more detailed analysis of different

https://doi.org/10.1021/acs.jpcc.3c00750
J. Phys. Chem. C 2023, 127, 11787—-11800



The Journal of Physical Chemistry C

pubs.acs.org/JPCC

vacancy-ordered phases, in comparison with a model of
disordered alloy (of vacancies) on each sublattice. (One can
add in this relation that a much earlier attempt of a “vacancy-
alloying” approach to the electronic structure of TiO, non self-
consistent and within virtual crystal approximation, was
undertaken by Schoen and Denker.””) Graciani et al.*® in an
almost simultaneous work reiterated the established reasons for
the structural preference of the monoclinic phase. Kostenko et
al.’' concentrated on comparing the ordered monoclinic TisO
phase against the Bl vacancy-disordered one, whereby the
latter was simulated by averaging the results over 20 different
supercells of (40 X Ti+40 X O) atoms (plus 8 X Ti+8 X O
vacancy sites). Under this perspective, we considered the
monoclinic TiO phase to be a perfect model system—not too
simplistic yet well-defined—for studying hydrogen trapping,
vibration, and diffusion. A different choice, that of disordered
B1 lattice, would make the results too much dependent on the
particular model(s) of disorder used. An ambition of the
present work is to challenge the conclusions formulated by
Skripov et al,”® on the basis of first-principles calculations,
and/or to give these qualitative conclusions a numerical
expression. Specifically, we probe adsorption energies of
hydrogen at different sites, calculate vibration modes of the
crystal doped with hydrogen, identify plausible diffusion paths,
and estimate corresponding energy barriers.

In its concept, our work has certain similarities with an ab
initio simulation by Kajita et al.”> done for hydrogen
adsorption at the TiO, surface, in the sense that different
trapping sites have been identified, and the energy barriers
between them explored. The difference is in the crystal
structure of the underlying oxide and in that we considered a
3-dimensional crystal in our simulation and not a surface
represented by a slab.

The present work is organized as follows. Section 2 explains
the crystal structure, adsorption sites, and the paths between
them. Section 3 outlines technical details of first-principles
calculations. Section 4 presents the results of hydrogen binding
energy and intersite barriers, with its impact on diffusion. The
conclusions are summarized in section S.

2. CRYSTAL STRUCTURE AND GEOMETRY OF
VACANCIES

The stable monoclinic structure of nominally stoichiometric
TiO (which holds however in the concentration range TiO,;
through TiO, ,5) has been identified by Watanabe et al>"*? In
terms of the lattice parameter of the nominal underlying cubic
(B1) lattice, and in the setting to be used in the following, the
monoclinic lattice comes about spanned by a=[20 1], b= [0
10],andc=[1 0 1] vectors. Correspondingly, the unit
cell contains 3 X 4 = 12 of both anionic and cationic sites, of
which only 10 (of each species) are occupied. Further on,
a/b=+/S, ¢/b=+/2, and f = 7 — arctan(3) = 108°26".
These relations, as we will see, are slightly modified due to the
presence of vacancies. The distribution of vacancies centers the
(a, b) face (space group C2/m, unique axis b); hence, the
primitive cell in fact includes five Ti and five O atoms. Their
arrangement over Wyckoft positions with coordinates refined
in experiment can be found in ref 21. The unit cell, in several
side views (with different diffusion paths, see below) and as a
[010] projection of two consecutive atomic planes y = 0 and

y = %, is shown in Figure 1. The choice of the unit cell is such

that Ti vacancy is at the origin. These projection figures

specify, for further reference, the numbering of Ti,O, cuboids
(eventually with vacancies, represented by squares instead of

. . . 1 3
circles, at some vertices) centered in the y = " and y = "

planes.

A priori, the possible hydrogen absorption sites are expected
to possess certain symmetry; plausible candidates are
interstitial positions (inside the Ti,O, cuboids, probably with
one or two corner atoms missing), the Ti vacancy sites, or the
O vacancy sites. All these possibilities have been explored (see
the details below), with the conclusion that the oxygen
vacancies are the ground-state conﬁgurations, Ti vacancies are
metastable local minima, and the other trial configurations end
up squeezed out into one or the other of the two mentioned.
Anticipating the question of hydrogen diffusion between the
oxygen vacancy sites, we can already elaborate on the possible
trajectories connecting such adjacent positions. Figure 1
summarizes all possible paths connecting adjacent O vacancies,
shown as straight-line fragments through the centers of
different (numbered) cuboids. In practical calculations using
the Nudged Elastic Band (NEB, see below) technique, the
trajectories will be shortened/smoothened.

Making reference to numbered cuboids (at the bottom left
of Figure 1) which “pave” two alternating (010) planes of the
monoclinic structure, the paths under discussion can be
identified as follows.

Both path 1 and path 2 connect the O vacancy sites
separated by [0 1 0] move, circumventing the Ti atom in
between. The path 1 goes (“upwards”, from the O vacancy
position with y = 0) through cuboids 6 and 18 (or,
equivalently, 9 and 21); the barrier is obviously anticipated
on squeezing through the Ti,O, face in between. The path 2
goes through cuboids S and 17 (or, equivalently, 10 and 22).

The saddle point at y = % occurs now on squeezing through a

face which is not complete, because the cuboids in question
share a titanium vacancy. Consequently, the path is expected to
be pushed either toward or away from this vacancy, and the
barrier to become lower than for path 1.

A “watershed” between the paths 1 and 2, with their
corresponding saddle points, would be on the Ti—O bond,
breaking which is likely to cost much energy.

Path 3 isa B % 0] diagonal move, through the cuboids 6

and 3 (or, equivalently, 9 and 11); the bottleneck is squeezing
through a complete Ti,O, face underway. Consequently, the
barrier is expected to be similar to that on path 1.

Path 4 goes in general [0 0 1] direction, making a bow
around the O atom situated halfway, through the cuboids 10
and 5 (or, equivalently, through the cuboids 22 and 17 under
the y = 0 plane). This path is likely to go through (or, rather,

just close to) the Ti vacancy site (at y = %) shared by the two

cuboids in question. In this sense, the path 4 resembles path 2;
the difference is that an oxygen and not titanium atom is
circumvented.

Path S goes straight along [0 1 1] through, e.g,, the cuboids
10 and 17, via the Ti vacancy site situated halfway (in the
corner shared by the both cuboids). We note in this relation
that passing exactly through the Ti vacancy on this path is
imposed by symmetry (that was not the case of paths 2 and 4);
therefore, the barrier height must match the difference of
hydrogen absorption energies in the Ti and the O vacancies.
We will come back to this point in discussing the results below.

https://doi.org/10.1021/acs.jpcc.3c00750
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In practical calculation of hydrogen absorption energies and
diffusion, we were careful to use sufficiently large supercells so
that the hydrogen atom could be treated as an isolated
impurity, and the effects of spurious periodicity within the
hydrogen “sublattice” could be minimized.

3. COMPUTATIONAL DETAILS

Electronic total energies and forces (for conjugated-gradient
structure relaxation and the extraction of force constants) were
calculated within the density functional theory (DFT), using
the generalized gradient approximation (GGA) for exchange-
correlation functional in the flavor of Perdew—Burke—
Ernzerhof (PBE).**

Whereas in many calculations done for TiO, and Ti,O;, the
inclusion of correlation effects beyond the conventional GGA
was considered necessary and was treated within “GGA+U”
scheme or using hybrid functionals (see, e.g., Hu and Metiu®
for a review), no such need seems to apply to metallic titanium
monoxide.

A large part of our calculations have been done with the help
of the Quantum ESPRESSO (QE) package,’®*” using plane
waves as basis functions, and otherwise, so that some results
would have been cross-checked, with the SiEsta code,*®*°
which relies on atom-centered localized basis functions. The
ultrasoft pseudopotentials*’ were employed in QE calculations,
whereby Ti 3s, 3p, 3d, 4s, O 2s, 2p, and H 1s states were
included as valence ones. In SiesTa calculations, norm-
conserving pseudopotentials*’ were used, with the attribution
of valence states as indicated above, except for the Ti 3s states,
which were treated as core. The idea of using two methods
evolved naturally from a need to apply adequate tools to
different tasks but eventually offered an opportunity to
compare parallel predictions as well, which turned out to be
helpful in assessment of credibility of numerical results. In fact,
even if two codes operate at the same level of theory (DFT/
GGA), details of technical implementation may be responsible
for slightly different numerical results. Whereas some
parameters (k-mesh, plane-wave cutoffs) can be systematically
enhanced to yield necessary precision, the others remain
somehow an experience-guided free choice. Such is the
generation of pseudopotentials, not identical in two methods,
and a construction of basis functions in SiesTa. Whereas QE is
robust and free from ambiguity with regard to the choice of
bases, SIEsTA with its compact yet efficient basis sets might be
interesting for trading its applicability to very large systems for
an affordable loss in accuracy. In our present compromise, we
place on QE our expectations of, a priori, higher accuracy,
recognizing at the same time that the size of systems treated
with QE risks to be not sufficiently large for making a good
model case of isolated impurity. If the methods used are, in a
sense, complementary, their combination may help to
reasonably estimate the error margin due to inherent technical
differences and to judge about the general credibility of results.

In QE calculations we used 1 X 2 X 2 supercells (40 TiO
formula units), and in SiEsTA calculations —1 X 3 X 2 ones (60
TiO formula units), which helped to ensure a more even
separation between impurities on the lattice. The k-mesh used
for summations over the Brillouin zone according to the
Monkhorst—Pack scheme”” was more dense in the second case
(6 X S X § divisions along the reciprocal lattice vectors) than
in the first one (4 X 4 X 4 mesh points). The planewave cutoff
for the basis set construction in QE was set to 60 Ry; the cutoff
for kinetic energy and charge density expansion was set to 720

Ry. The MeshCutoff parameter for the expansions of residual
charge density in SiEsTa was set to 300 Ry. The convergence
for energy was chosen as 10 eV between two ionic steps, and
the maximum force allowed on each atom is 0.01 eV/A.
Comparing with earlier works, we can state that our QE
calculation setup is closest to that used by Kostenko et al.>" in
regard to the code applied, the exchange-correlation potential,
and the supercell size. The differences are that there was no
extrinsic impurities considered in ref 31, nor optimization done
for lattice parameters (of supercells simulating disorder).
Therefore, we can address the reader to Figure 7b of ref 31 for
inspecting the local densities of states (DOS) in the ordered
phase, which exhibit a characteristic pseudogap at the Fermi
level, discussed in some of the works cited. Partial DOS in the
presence of hydrogen impurity, obtained with Siesta, will be
shown and discussed below. Incorporation energy of a
hydrogen atom at a vacancy site is expressed as

I
Ey = Enio+n — Erio — En (1)

where Eryo,y is the total energy of TiO supercell containing a
H atom, Eryg is the total energy of pristine TiO supercell, and
Ey is the energy of isolated H atom. Applying such a formula
to total energy results obtained with Siesta (or, with any other
method employing atom-centered basis functions) demands to
correct for basis set superposition error (BSSE, see ref 43). In
practical terms of our case, this involved placing hydrogen basis
sets (“ghost atoms” not carrying core charges nor electrons) at
two relevant (trial) positions for hydrogen adsorption. Either
one (for calculating Ero,y) or none (for Erg) of these
positions were in fact occupied by hydrogen atom, the rest
being ghosts. Correspondingly, Ey; stems from a calculation for
the same supercell of the same shape, in which a single (spin-
polarized) genuine hydrogen atom cohabits with 121 ghosts.

Inspection of minimum energy paths (MEPs) connecting
distinct local minima (typically over a saddle point) can be,
from the side of theory, conveniently done by the Nudged
Elastic Band (NEB) method, implemented in the QE code.
Reference 44 offers an overview of NEB and other related
schemes, which deal with a sequence of intermediate “images”,
e.g., conformations of the system subject to interplay of forces
“along” and “away from” the path, ensuring the smoothness
and the shortness of the latter. In the present calculations, we
considered 13 images and (independently) 25 images, in order
to check the stability of results against this parameter; k_min
and k_max switches for elastic bands were chosen at 0.2 and
0.3 Ha, respectively.

4. RESULTS AND DISCUSSION

Our calculations included unconstrained structure relaxation of
(for reference purposes) pristine monoclinic TiO and, in
appropriately enlarged supercell, of hydrogen impurity
tentatively placed in various lattice positions. It turned out
that the hydrogen remains (the most) stable at an oxygen
vacancy site but also at a local energy minimum at a titanium
vacancy site. Hydrogen escapes from other symmetric
positions, e.g., in the centrum of a Ti,0, face or cutting a
Ti—O bond.

4.1. Equilibrium Crystal Structures; Comparison of
Methods. Some results reported below (lattice relaxations,
energy barriers) have been obtained with two methods, QE
and Siesta. Even if QE, free from ambiguities in constructing
the basis functions, might be considered as ultimately more

https://doi.org/10.1021/acs.jpcc.3c00750
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Table 1. Sizes of Empty or H-Occupied Octahedral Cages, According to GGA Calculations. For Comparison, Lattice
Parameters Mapped onto a Single Monoclinic Cell Are Given. See Text for Details

dimensions (Ti—Ti in A) of [], along...

dimensions (O—O in A) of [y; along...

reduced lattice parameters (A)“

System [10T] [102] [010] [101] [102] [010] a b ¢
Quantum ESPRESSO calculations (1 X 2 X 2 supercells)
pristine 3.905 4.102 4.163 4247 4328 4.163 9319 4.163 5.845
H@[o 3.945 4.098 4110 4241 4316 4.162 9.330 4.162 5.839
H@y 3.889 4.091 4171 4.337 4.404 4.309 9.329 4.165 5.853
SiesTA calculations (1 X 3 X 2 supercells)
pristine 3.926 4239 4226 4.340 4.489 4247 9.507 4224 5.954
H@o 3.997 4242 4.185 4321 4479 4252 9.510 4229 5.958
H@y 3.921 4241 4230 4.398 4.535 4362 9.511 4.224 5.953

X-ray diffraction by Watanabe et al.”

pristine 4.026 4.197 4.142 4.233

4.256 4.142 9.340 4.142 5.855

“Crystallographic angle was within +0.06% in QE calculations and within —0.5% in SiesTa calculations from the experimental value § = 107°32" as
reported in ref 21. bRef 21; the original attribution of crystallographic parameters is changed in the table to match that in later works.

reliable (for the given supercell geometry and similar
pseudopotentials), we prefer to expose the SiEsTA results
along with those by QE. This will help to get some idea of the
“credibility margin”, in view of SiEsTa being applied to larger-
size supercells and yielding some supplementary properties to
those explored by QE.

Table 1 shows the structure parameters of nominal
(pristine) TiO, in comparison with experiment, and the
(predicted) modification of structure under insertion of
hydrogen. Siesta tends to overestimate the lattice parameters
(by at most 2% against the results by Watanabe et al;*' by
~5% for the volume), whereas QE seems to perform much
better, within 1% of experiment values for every lattice
parameter and the volume. However, the dimensions of cages
around oxygen vacancies are estimated with SiEsTa at least not
worse than with QE (judging again by comparison with
experiment). What seems important for the following is that
the distortion of vacancy cages (measured between two
opposite atoms flanking either the vacancy, or the hydrogen
atom occupying the vacancy site) upon insertion of hydrogen
follows the same pattern according to either QE or Siesta and
seems reliable beyond the calculation “noise”™ a roughly
uniform expansion (by 1-2%) occurs around hydrogen
occupying the Ti vacancy, whereas around hydrogen at the
O vacancy site, an expansion along the long diagonal of the
unit cell (i.e., parallel to [10T]) is combined with compression
in the perpendicular direction ([102]). In Table 1, those
distances which noticeably (by ~1%) shrink as compared to
the situation in a pristine lattice are overlined in the table;
those which expanded (by at least the same margin) are
underlined. The average lattice parameters (shown in the three
last columns of Table 1) and the dimensions of the hydrogen-
free vacancy cages remain practically unchanged.

4.2, Adsorption Energies, Lattice Relaxation, Elec-
tronic Structure. Hydrogen incorporation energies calculated
according to Eq. 1 vyield, with total energies from QE
calculations, —2.87 eV at the O vacancy site (hence
energetically favorable insertion) and +0.75 eV at the Ti
vacancy site (hence costing energy). Even if straightforwardly
identifiable from the point of view of calculation, these values
might be not so easy to relate to experiment, because of
ambiguity and difficult reproducibility of reference situations,
e.g., molecular hydrogen penetrating the crystal, dissociating,
etc. “Straightforward” Siesta calculations, performed without

correcting for BSSE, are in qualitative agreement with QE
results, yielding —3.13 and +0.20 eV for adsorption at the O
vacancy and the Ti vacancy sites, respectively. Siesta
calculations staged to minimize the systematic error by
excluding the BSSE, e.g, done with the equal number and
positions of (either real or ghost) atoms in the three situations
relevant for Eq. 1, result in adsorption energies of —2.86 eV
(H@[o) and +0.73 eV (H@[y;). Such good agreement
between results of planewave-basis and localized-basis
methods, even if ideally anticipated, is not always secured
technically and can serve here as an additional argument for
the credibility of results.

The variations of total energies have their origin in the fine
details of the electronic structure, even if the direct relation
might be difficult to trace. Figure 2 depicts local densities of
states at the hydrogen atom at the O vacancy, its nearest Ti
neighbors, and both these species averaged over the supercell.

An inspection of Mulliken populations done with the Siesta
code (comparing the fully relaxed situation of a hydrogen
insertion with the pristine crystal and ghost atom at the
vacancy site) shows an inflow of about 0.1 electrons onto H at
the O vacancy site from its surrounding Ti atoms.
Interestingly, a certain analogy can be found between this
system and the rocksalt TiH hydride, addressed in a number of
first-principles simulations:*** the placement of H-related
band at ~6—8 eV below the Fermi level, the charge transfer
toward H, the general shape and energy placement of the Ti 3d
band, the order of magnitude of the formation energy.
Especially Smithson et al.*® paid attention to elucidating
different contributions to the hydride formation energy,
including conversion of the metal structure to face-centered
cubic (fcc), expansion to the optimal lattice parameter, and
chemical bonding to hydrogen. Under this angle, a H-occupied
O vacancy in titanium monoxide is already in a “favorable” fcc
(rocksalt)-like environment of Ti atoms, whereby the distances
between the latter (cf. Ti—Ti size of the O vacancy cage in
Table 1) roughly match the lattice parameter of the rocksalt
titanium hydride (4.10 A, according to Table 2 of ref 46). A
discussion around Figure 6 in the same work specifies the
details of charge loss by Ti e, orbitals in favor of H-centered
spherical distribution. Much of this discourse applies to our
system as well. Focusing on the details specific for H at the O
vacancy in TiO, we note that the Ti DOS is characterized by a
dip at the position of the Fermi level, marked in earlier

https://doi.org/10.1021/acs.jpcc.3c00750
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Figure 2. Partial densities of states (DOS) in relaxed 1 X 3 X 2 (120 atoms) supercell of monoclinic TiO, containing also a hydrogen atom at the
oxygen vacancy site, from a SIEsTA calculation. Zero energy (dashed vertical line) corresponds to the Fermi energy. The upper row includes (a)
spin-resolved DOS of H atom (in fact nonmagnetic in this position); (b) 3d and 4s DOS of Ti (averaged over all Ti sites in the supercell); (c) 2s
and 2p DOS of O (averaged over all O sites in the supercell). The bottom row depicts the 3d DOS for three symmetrically distinct pairs of Ti

atoms octahedrally bordering the vacancy site occupied by hydrogen, namely, atoms situated at (d) i%(a —¢), (e) i%(a + 2c), and (f) i%b, in

units of nominal translation vectors of the monoclinic structure (cf. Figure 1).

calculations of monoclinic TiO.*”*" Among the six Ti atoms

neighboring the inserted hydrogen, the two closest to it
(compacted toward hydrogen along [010], see Table 1)
develop the most pronounced difference (two distinct peaks
just above the Fermi level, see Figure 2f) from the pristine (or,
lattice-averaged, cf. Figure 2b) Ti DOS.

The other possible placement of H in TiO, at the Ti vacancy
site, is a metastable one, with elevated total energy yet
corresponding to a local energy minimum. The peculiarity of
this configuration is the local magnetic moment of 1 g
inherited from a free hydrogen atom, due to a relative absence
of chemical bonding and of charge transfer in either direction
between H and its surrounding oxygen atoms. We will see in
the following that the stability of the magnetic solution is
rather sensitive to an off-center displacement of hydrogen.
Figure 3 shows the spatial distribution of the spin density

which is strongly localized on the impurity, yet slightly spills
out onto the neighboring O atoms, especially onto those at

i%b. This observation is further reinforced by an inspection of

partial DOS concerning H at the Ti site and its neighbors
(Figure 4). The most remarkable feature of the magnetic
structure is a narrow majority-spin state just below (by ~1 eV)
the Fermi level. This state, strongly localized at hydrogen, also
manifests itself in the partial DOS of O neighbors, primarily
those along [010]—cf. Figure 4f. The spatially resolved density
of electronic states, integrated in energy just over this peak
(done with Siesta, not shown here) closely reproduces the full
spin density revealed by Figure 3.

Despite the practical absence of the charge transfer, the
electronic shells of oxygen atoms are spin polarized to
(together over the six atoms) 0.12 pp. This polarization is

https://doi.org/10.1021/acs.jpcc.3c00750
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Figure 3. Spin density map calculated with QE for the supercell with
hydrogen (small black sphere) at the Ti vacancy site. Ti atoms are
marked by blue spheres; O atoms are marked by red crosses in the
wireframe. The isosurface shown in green corresponds to the level of
0.003 uy A73; the color schema in the cuts by the unit cell faces means
enhancement from cyan to magenta. As the isolevel increases, the
surfaces rapidly become spherical and compact around the H site. In
total, there is 1 py per H atom.

two times stronger on the “out-of-plane” atoms [situated at
i%b, marked (f)] in Figure 4 than on the

marked (d) and (e), as is also revealed by the manifestation of
the features below the Fermi energy in the corresponding
partial DOS.

For a more systematic insight into the variance of properties
at two possible sites for hydrogen, we show in Figure S a
simulated smooth transition between them, along the path 5 of
Figure 1. Calculated energy profile, the Mulliken charge at the
H atom, and the total magnetic moment stem from a row of
SiesTA calculations, in which H atom was fixed at the
intermediate positions along the path, its nearest neighbors
were free to relax, and more distant atoms in the supercell were
kept frozen. This can be considered as a forerunner of more
general and flexible NEB calculations over the ensemble of
paths, to be discussed below. One clearly sees that the relative
energy increases along the path, consistently with the
energetics discussed above in subsection 4.2, until eventually
the magnetic solution sets up, resulting in a modest energy
lowering. The “potential well” around the Ti vacancy site is &1
A wide and ~0.1 eV (or ~1160 K) deep, so that the zero-point
energy for hydrogen in it is about 30 meV; hence, this site
seems plausible for hypothetical trapping of hydrogen.

One notes that the magnetic solution sets up abruptly and
maintains the value of almost exactly 1 pp, even if the system,
being metallic, does not impose an integer value of the
magnetic moment. This reinforces the hypothesis that
hydrogen at a Ti vacancy site behaves as a trapped free
atom. Consistently with this view, the Mulliken charge,
somehow elevated throughout the “hydride-like” part of the
path, drops down to 1.1, a nearly nominal value for a free atom.

The bump in the value of the Mulliken charge at 1/3 of the
distance from O-vacancy to Ti-vacancy occurs as the hydrogen
atom squeezes between three titanium atoms, across a face of a
Ti-octahedron delimiting the O-vacancy cage. This bottleneck
is characterized by a charge flow from Ti to H; the total energy
curve goes markedly upward from the direct linear slope. At

«

in-plane” atoms,

2/3 of the distance, the hydrogen atom passes through a
triangle of oxygen atoms without a noticeable hybridization or
charge loss, and, being released into the O-octahedron around
the Ti vacancy site, it looses extra charge and recovers its free-
atom magnetic moment. A slight rearrangement of states
within the occupied fraction of Ti3d—O2p bands accounts for
a lowering of total energy. Gradually uprising energies of
forced zero-spin solutions (cf. light green dots at the right edge
of the upper panel in Figure §) demonstrate that magnetism of
H at the Ti-vacancy site is essential for the (meta)stability of
this configuration.

4.3. Phonons. For additional insight, and also in order to
offer some discussion of interesting neutron energy loss spectra
published by Skripov et al,”® we calculated the density of
vibration modes for H-doped (one atom per supercell)
monoclinic TiO. The QE calculation used a density functional
perturbation method, and Siesta — frozen phonon calculation.
In both these cases, just I phonons for the corresponding
supercell have been calculated, yielding 243 and 363 modes,
respectively. The resulting densities of modes are depicted in
Figure 6, slightly broadened (with halfwidth parameter of
S cm™) for better visibility. The above-mentioned neutron
scattering spectrum is reproduced for comparison, with energy
axes properly aligned.

One notes an encouraging agreement between the Ti/O
parts of the vibration spectra obtained by two methods, the
degree of such agreement being not a priori obvious in view of
a certain difference in calculating the electronic structure and
the assessment of phonons. As was correctly anticipated in ref
20, the low-energy (~60 meV) peak in their neutron scattering
spectra (cf. Figures 4 and S of the work cited) is due to optical
vibrations of oxygen atoms. Moreover, based on inspection of
vibration patterns in different modes one can now conclude
that the split-off peak at the top of the oxygen vibration band at
~600 cm™', which is also pronounced in the experimental
spectrum, reveals the vibrations of 4-coordinated oxygen

. . . . 1
atoms, i.e., those bordering to Ti vacancies at i;b.

Hydrogen vibrations make three distinct lines, a close
“doublet” at ~800—900 cm™" and a markedly distant peak at
~1200 cm™". This general picture holds for both Siesta and
QE calculations, even if precise frequencies differ (756, 784,
1188 cm™! in SiEsTa calculation vs 842, 943, 1250 cm™!
according to QE). This picture agrees well with the
observation by Skripov et al.*’ that “.. the spectra look like
superpositions of two broad bands centered at about 115 meV
and about 155 meV”, taking into consideration a “volatility” of
calculated frequencies under the slightest modification of
calculation conditions, due to the smallness of the proton mass.
A direct inspection of the modes in question reveals that the
vibrations occur along the Ti—Ti axes of the Tis octahedron,
ie, [102], [010], and [1071], respectively. The variance in
vibration frequencies nicely correlates with the sizes of Tig
cages (cf. Table 1) and the hence following steepness of the
potential well confining the hydrogen vibrations. Namely, the
softest of the three vibrations occurs along the direction of the
largest Ti—Ti distance, that is, [102] according to Siesta and
[010] according to QE. This “contradiction” is not crucial
because these two cage dimensions are not much discrimi-
nated. On the contrary, the markedly split-off hardest mode
represents the vibration along [101], the shortest cage size, in
both Siesta and QE calculations.

https://doi.org/10.1021/acs.jpcc.3c00750
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Figure 4. Similar to Figure 2, for the case of a hydrogen atom at the titanium vacancy site. The system possesses the magnetic moment of 1 . The

bottom row depicts 2p DOS of O atoms around the Ti vacancy site, namely, atoms situated at (d) ié(a — ), (e) ié(a + 2c), and (f) i%b.

Skripov et al.”’ suggest that . the high-energy band at
about 155 meV .. may be ascribed to the characteristic
environment of H in the monoclinic phase”, to which
statement we now offer an adjusting explanation.

It was emphasized in ref 20 that “... the volume of the voids
formed by oxygen vacancies is too large for H atoms, so that a
hydrogen atom can be easily displaced from the geometrical
center of the vacancy” and “... for a considerable number of H
atoms, the nearest-neighbor environment is no longer
octahedral”. In fact we show that off-center displacement is
not crucial for explaining broad peaks and that, even when
preserving an octahedral environment, slightest modifications
of the latter’s shape and size due to all possible distant
imperfections in the lattice are capable to generate a broad
band of hydrogen vibration frequencies, typical for spectra of
real materials.

4.4. Dissociation of H, Molecule. In the study of
hydrogen uptake and diffusion in metals, it is generally
accepted that the H, molecule is first physisorbed at the
surface and may then overcome the activation barrier for
dissociation (see, e.g, a discussion around Figure 1 of
Kirchheim and Pundt**). Hydrogen atoms may further be
chemisorbed and eventually diffuse into the material. As in the

11794

discussion about hydrogen diffusion (see next subsection),
quantum effects may be important in overcoming the
activation barrier; an early representative work to this effect,
simulating dissociative adsorption (of H, on Cu surface), was
done by Mills and Jénsson.*” We do not address this issue here
in details, but, as the geometry and the properties of TiO are
somehow different from common metals, we wonder whether
a hydrogen molecule may fit into, and survive intact within, the
OXygen vacancy cage.

As it turns out in the course of conjugate-gradient total
energy minimization (see Figure 7, one example out of several
trial ones starting from different initial orientations), the
molecule eventually “almost dissociates”, doubling the nominal
H—H bond length to ~1.4 A. It looks like every hydrogen
atom preferentially “couples” to three closest Ti atoms, in the
spirit of the remark made in the previous subsection about the
oxygen vacancy cage being too large for a hydrogen atom. We
did not manage to reproduce a definite dissociation, when one
of the H atoms would flee the Ti4 cage delimiting an oxygen
vacancy site, because this would require an energy inflow to
overcome a barrier (see next subsection); however, such an
event seems to be within grasp for a molecular dynamical high-
temperature simulation. Indeed, an energy step of ~21.2 eV (see

https://doi.org/10.1021/acs.jpcc.3c00750
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Figure 7) separates the “weakened”/expanded H, molecule
from a situation when one of its constituent H atoms is
promoted out of the crystal. An irrevocable dissociation and
diffusion away from the original site of an atom remaining
within the crystal may presumably cost less energy.

4.5. Energy Barriers for Hydrogen Atom Hopping
over Oxygen Vacancy Sites. We turn now to the discussion
of scenarios, outlined earlier in Section 2, of how a hydrogen
atom, initially trapped in an oxygen vacancy site, can be
brought onto an adjacent similar site. Practical calculations
have been done according to NEB formalism implemented in
QE code; comparison of results obtained with 13 and with 25
images along the path gives us credibility regarding the barrier
height, whereby the barrier profile obtained with 25 images is
more smooth and permits us to discuss some details. All the
paths must, in principle, be left—right symmetric; this is not
exactly the case for paths 4 and S, due to numerical “noise” in
the course of practical NEB calculations. From the end points,
the energy profile departs nicely parabolically, which is not so
obvious with 13 images but much better represented for a 25-
images path (cf. bottom right panel in Figure 8). Assuming
that the hydrogen atom vibrates alone around its equilibrium
position at the extremity of each path, the corresponding
frequency from fitting the corresponding force constant falls
between 776 cm™' (along the path 4 or S) and 816 cm™’
(along the path 3). This nicely matches the prediction from the
“full” phonon calculation addressed above.

We turn now to a discussion of different paths. The paths 4
and S seem degenerate; that follows indeed from an
observation that the midpoint in each of them is the same,
namely, a Ti vacancy site, from which the path can equally turn
“downwards” or “upwards”, consistently to drawings in the two
last panels of Figure 1. One sees a shallow local minimum on
top of the barrier, already mentioned in subsection 4.2 as a
manifestation of magnetic solution. Therefore, this is a
metastable position for a hydrogen atom, rather than a
genuine saddle point. However, there is a subtlety. If the
midpoint of path S is placed at the Ti vacancy site by the
crystal symmetry, the midpoint of path 4 is subject to technical
“drift”, depending on the spring constant along the NEB, or
other details of the algorithm used. As a result, the path may
tend to get shortened by displacing its midpoint slightly
“downwards” (closer to the oxygen atom, as is suggested by a
drawing of path 4 in Figure 1), correspondingly climbing the
midpoint energy upward. Such a “perturbation” would
eventually destroy the local minimum on top of the barrier.
This was not the case in our calculation which preserved the
similarity of the energy profiles along path 4 and path 5. We
note that the barrier height in corresponding NEB calculations,
3.71 eV, is expectedly close to the difference between
previously discussed adsorption energies at the Ti vacancy
and the O vacancy sites, i.e., +0.75 — (—=2.87) = 3.62 eV. The
mismatch of 0.09 eV may be attributed to the technical
difference between the constraints imposed in the course of
“conventional” conjugate-gradient search and in an NEB
calculation. We emphasize that the profile of path $ is an
“improved version” of the energy profile preliminary scanned
in a row of SiEsTA calculations and depicted in Figure 5.

The “bottleneck” of paths 1 and 3 is the hydrogen atom
squeezing through the intact Ti—O—Ti—O square face. The
difference is that on the “upward” (see Figure 1) path 1 this
face is within a (010) lattice plane, whereas for path 3 it makes
a(2071) plane. In path 2, the hydrogen atom passes through an
incomplete square face, missing a Ti atom at one of its corners.
The snapshots of the atomic relaxation within the correspond-
ing planes is shown in Figure 9, in comparison with the
unperturbed (no hydrogen) situation. One notes that, on
passing through the “bottleneck”, the hydrogen atom only
slightly repels its Ti neighbors (Ti—Ti diagonal increases by
~3%) but quite considerably (~27% of the initial distance)
pushes apart the O neighbors. This repulsion can be
understood from purely electrostatic arguments, since hydro-
gen, like oxygen, is more electronegative than titanium and
receives some electron density from the latter. For this reason,
skirting an oxygen atom in the midpoint of path 4 does not
bring this path considerably to the side (downward in Figure
1), as discussed above, whereas the path 2, laid in fact across a
cavity with missing Ti atom, comes quite close to the
remaining Ti atom, which the path skirts.

With the “bottlenecks” on path 1 and path 3 being so similar
(cf. Figure 9), we cannot suggest any obvious reason for the
difference in corresponding barrier heights other than the
“natural” anisotropy of the crystal structure. In any case, path 2
undoubtedly possesses the lowest energy barrier, since it does
not include a passage between closely placed two Ti and two O
atoms, pushing those latter to the sides. Consequently, path 2
is expected to dominate among hypothetical channels of
hydrogen diffusion, to which the other paths, possessing the
barrier energy of the same order of magnitude, should
contribute in parallel without being a priori excluded.

https://doi.org/10.1021/acs.jpcc.3c00750
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Figure 6. Densities of vibration modes of TiO with H occupying an oxygen vacancy site (one per supercell indicated), calculated by QE (bottom

panel) and Siesta (middle panel). Neutron scattering spectrum of monoclinic TiOgsHj 14 shown for comparison in the upper panel, is reproduced
from Figure S of ref 20. Copyright Elsevier (2021). See text for detail.

The height of the barrier measured from the end point A more detailed analysis of different contributions to the flux
of hydrogen atoms induced by gradient of concentrations and
involving hogpings over the barriers was given by Kirchheim
estimate the reaction (e.g, diffusion) rate D via the Arrhenius and Pundt,” culminating in eq (55) of their work. The

equation (see, e.g., the review by Gomer™® for detail). frequency prefactor v (called “attempt frequency” in ref 48)
may vary in very broad ranges, depending on the reaction type;

minima, i.e., the activation energy E,, may, in principle, serve to

estimations for proton diffusion in TiO might be not obvious.

D=vXexp _k—i[' Zhdanov’' summarized a number of parameters from the
B () literature in Tables 1 and 2 of his review work; for instance, for
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diffusion over barriers as an utterly improbable event. A
general understanding is that quantum tunneling plays an
important role in hydrogen transport in metals.””>* A more
detailed analysis along this line would go beyond the scope of
the present work, but it is likely to be responsible for much
higher mobility of hydrogen in different materials than it could
be understood in terms of hopping over the barriers. Coming
back specifically to TiO, Skripov et al.*® set ~10° s™' as the
upper limit on the hydrogen jump rate in strongly sub-
stoichiometric and nearly stoichiometric H-doped TiO,
referring to the NMR line width: “.. H atoms in titanium
monoxides appear to be immobile on the NMR frequency
scale up to 370 K”. As an explanation, Skripov et al. evoke
0 v 0 spatial separation between the oxygen vacancy sites. We
10 | '['20 t 30 40 reinforce this conclusion by identifying barrier heights as

relaxation steps unusually high, by the standards of hydrogen diffusion in

Energy (eV)

Figure 7. Evolution of interatomic distance (left scale, red squares) metals. For comparison, Pozzo and Alfe>* calculated the
and total energy (right scale, blue dots) of an H, molecule placed in diffusion barriers for hydrogen atoms over the Mg(0001)
an oxygen vacancy, after a S1EsTA calculation. Zero energy corresponds surface doped with different transition metals to span the
to a situation with a single H atom relaxed at an oxygen vacancy site values from nearly zero (Ag doping) to—the largest among the
and another one being free. See text for details. systems probed—0.94 eV (Zr doping) and 075 eV (Ti
doping).
desorption of H, from Pt v makes 10° s™! and from other In view of high barriers separating the hydrogen adsorption
different metal surfaces —10'* to 10'” s™". In any case, huge sites, and in agreement with the experimental evidence so far
heights of the barriers relative to the ambient thermal energy available, TiO seems to be promising for accumulating
(ksT = 26 meV at 25 °C) in a practical sense identify the hydrogen, even if not so in terms of easiness of the hydrogen
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Figure 8. NEB energy profiles for H atom displacement along the five paths specified in Figure 1. Results of calculations performed with 13 and
with 25 images along each path are shown for comparison. The barrier height is indicated for each path. In the bottom right panel, the total energy
is traced as a function of absolute displacement of the hydrogen atom from the equilibrium position, near the beginning and the end of each path.
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Figure 9. Optimized structures at the saddle points of paths 1, 2, and 3. Distances between the hydrogen atom and its nearest Ti and O neighbors
are indicated. The corresponding equilibrium structures in the absence of hydrogen are shown faded in the background.

diffusion. This can give rise to interesting applications, with a
perspective of extension over other related materials.
Interestingly, the group of Lefort et al reported®>*® an
enormous capacity to accommodate hydrogen (up to 2.9 wt.
%) for highly sub-stoichiometric titanium carbide, TiCog,
which was not the case in weakly substoichiometric TiCgg. The
authors attribute this property to the presence of long-range-
ordered carbon vacancies in TiCy, in contrast to TiCg,. In
view of the similarity of the crystal structures of titanium
carbide and monoxide, this discovery is stimulating for the
extension of our present study.

5. CONCLUSIONS

Summarizing, we performed first-principles calculations of
electronic structure, lattice vibrations, and possible diffusion
barriers in monoclinic TiO doped with H atom. Our results
reinforce the earlier available experimental evidence that
hydrogen atoms enter the oxygen vacancy sites, the related
energy gain now being estimated as ~2.87 eV. Moreover, the
Ti vacancy sites were identified as possible metastable
positions for adsorbed hydrogen atoms, unfavorable in energy
(with respect to the case of desorbed hydrogen) by 0.75 eV.
The Ti vacancy site makes a midpoint of two possible diffusion
paths (those with the highest barrier, 3.71 eV) connecting two
adjacent O vacancy sites. The lowest-energy path (with the
barrier height of 2.87 €V) goes around a Ti atom at a distance
of 1.75 A from it. Different paths involve squeezing the H atom
through different crystal structure bottlenecks, whereby the O
atoms are considerably pushed away and the Ti atoms are
somehow attracted toward the hydrogen atom. The estimated
values of barrier height are too high to account for an
appreciable hydrogen diffusion rate, assuming the hoppings
over barriers as the principal diffusion mechanism. It seems
plausible that quantum tunneling processes may play an
important role, as is the case with hydrogen diffusion in other
materials. Calculations of a lattice vibration spectrum are
consistent with earlier reported results of inelastic neutron
diffusion; the remaining deviations offer a substance for

discussion about the placement of hydrogen atoms within the
OXygen-vacancy cages.

Under an angle of possible applications, our study
demonstrates that (and explains why) the Ti monoxide may
absorb a considerable amount of hydrogen, which however
tends to remain immobile in the sense of diffusivity through
the lattice. This might be promising, e.g., for superconductivity,
the tendency for which can be addressed in a separate study.
As another prospective extension toward practical needs, the
uptake and dissociation of molecular hydrogen at the surface,
an issue almost routinely simulated with some other materials,
may seem interesting here. In the context of fundamental
science, the manifestation of quantum effects in the uptake and
diffusion of hydrogen may deserve a thorough study;
moreover, an interplay of vacancy ordering and diffusion
may happen to be interesting. In any case, an enrichment of
experimental evidence will be highly motivating.
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Twisted bilayer graphene (TBG) is known for exhibiting highly correlated phases at magic
angles due to the emergence of flat bands that enhance electron-electron interactions. The
connection between magic angles and the Quantum Hall effect remains a topic of ongoing
research. In the TBG chiral model [1], electronic wave function properties depend on a single
parameter (a), inversely proportional to the relative twist angle between the two graphene
layers and which includes the interlayer interaction strength. In previous studies, as the twist
angles approached small values, strong confinement and a convergence to coherent Landau
states were observed. However, the origin of these phenomena remained elusive. This work
explores flat-band electronic modes, revealing that flat band states exhibit self-duality; they are
coherent Landau states in reciprocal space. Subsequently, by symmetrizing the wave functions
and considering the squared TBG Hamiltonian [2], the strong confinement observed in the limit
of small twist angles is explained. This confinement arises from the combination of the
symmetrized squared norm of the moiré potential and the quantized orbital motion of electrons,
effectively creating a quantum well. The ground state of this well, located at defined spots,
corresponds to Landau levels with energy determined by the magic angle. Furthermore, we
demonstrate that the problem is physically analogous to an electron attached to a non-Abelian
SU(2) gauge field with an underlying C3 symmetry. In regions of strong confinement, the
system can be considered as Abelian, aligning with the picture of a simple harmonic oscillator.
This allows to define a magnetic energy in which the important role of the wave function parity
and gap closing at non-magic angles is revealed. Finally, we investigate the transition from the
original non-Abelian nature to an Abelian state by artificially changing the pseudo-magnetic
vector components from an SU(2) to a U(1) field, which alters the sequence of magic angles.

[1] G. Tarnopolsky, A. J. Kruchkov, and A. Vishwanath, Phys. Rev. Lett. 122, 106405 (2019).
[2] L. A. Navarro-Labastida and G. G. Naumis, Phys. Rev. B 107, 155428 (2023).
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Since the discovery of graphene and its unusual electronic properties, two-dimensional
(2D) materials have been stimulating the curiosity of the scientific community and have
become a key research topic of general interest. Of particular relevance is monolayer
hexagonal boron nitride (that we will denote simply by hBN), a semiconductor that dis-
plays an intense absorption in the ultraviolet range. This fact deems it promising for
the development of sensors of biomolecules that have an intense absorption in the same
spectral range, such as the cyclic beta-helical peptides. Due to the reduced thickness of
2D materials, they show a reduced dielectric screening, which makes it possible for for-
mation of excitons at room temperature, and bigger excitonic binding energies compared
to conventional semiconductors.

Studies on the sub-gap optical properties of hBN can be found in the literature [1, 2],
but there is the need for ways of controlling the excitonic properties of hBN. In this work,
we suggest a form of tuning the excitonic binding energies by applying a one-dimensional
periodic potential on top of hBN. In this way, we form a semiconducting superlattice struc-
ture that has distinct electronic properties from the original lattice. Namely, introducing
the one-dimensional potential leads to the renormalization of the gap and of the Fermi
velocity along the direction perpendicular to the potential [3]. This deems the low-energy
dispersion anisotropic and to the renormalization of the electron and hole effective masses.

In this work, we have seen that increasing the period of the potential increases the
anisotropy of the dispersion, which results in the red-shift of the excitonic levels. We
computed as well the optical conductivity, and have observed that the intensity of the
peaks in the conductivity increases as the frequency of the peaks red-shift.

Finally, we determine the dispersion relation of the polaritonic modes, i.e., confined
light-matter hybrid modes that arise from excitations of polarizable media. In our case,
the excitons are the origin of the polarization, so we call these modes exciton-polaritons.
Our results show that as the period of the potential increases and the energies of the
excitonic states red-shift, the exciton-polaritons become less confined.

[1] J. C. G. Henriques, G. B. Ventura, C. D. M. Fernandes, and N. M. R. Peres, J. Phys.:
Condens. Matter, 32, 025304 (2019).

[2] M. F. C. M. Quintela, J. C. G. Henriques, L.G.M. Tendrio, and N. M. R. Peres, Phys. Stat.
Sol. B, 259, 2200097 (2022).

3] C. H. Park, L. Yang, Y. W. Son, M. L. Cohen, and S. G. Louie, Phys. Rev. Lett., 101,
126804 (2008).



P24

Electronic properties of twisted TMDs
using Wannier based Tight-Binding model

G.Parra-Martinez !, J.A. Silva—Guillén ! , and F.Guinea '

!Instituto Madrileiio de Estudios Avanzados en Nanociencia (IMDEA-Nanociencia), Madrid,
Spain
2 Donostia International Physics Center, Paseo Manuel de Lardizabal 4, 20018 San
Sebastian, Spain

Twisted homobilayer transition metal dichalcogenides have proven to be a unique platform to
study a pletora of quantum states as experiments have found plenty of correlated physics, from
chern insulators to fractional quantum anomalous hall states [1].

These systems display narrow valence bands that arise due to the moire pattern. These bands
can host non trivial topology which can undergo topological phase transition as a function of
the twist angle and perpendicular electric fields.

Here, we aim to understand the nature of some electronic behaviours of this class of materials
using a wannier-based tight binding model [2] in order to include electronic correlations.

Due to the non-trivial topology of the system we need to select a set of bands with total chern
number zero. We do so for the first three valence bands and constraint the gauge to center the
Wannier orbitals at the high symmetry point of the moire superlattice. Following [2] we set the
orbitals to be also polarized in the top and bottom layers.

[1] Cai, J. et al. 10.1038/s41586-023-06289-w, Nature (2023)
[2] Fengcheng Wu et al. arXiv:2305.01006 (2023)

[3] A. H. MacDonald Phys. Rev. Lett. 122, 086402 (2019)
[4] Das Sarma et al. Phys. Rev. Research 2, 033087 (2020)
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In the last years an increasing effort has been devoted to study the role of topology beyond
the non-interacting picture. The interplay between topology and correlations in strongly
interacting systems is very hard to tackle and yet not well understood.

Here we consider a model for a Quantum Spin Hall Insulator [1] (QSHI) and we add an on
site Coulomb repulsion between the electrons. The phase diagram depicted by single-site
DMFT [2] shows that the correlations give rise to a phase characterized by an excitonic
condensation at the boundary between the QSHI and a Mott Insulator (MI).

In our work we go beyond single-site DMFT with its cluster extension, the Dynamical
Cluster Approximation (DCA), and we investigate the role of the non-local correlations
on the phase-diagram. We find that an excitonic phase between the QSHI and the MI
is still present with renormalized phase boundaries. Furthermore this extension allows
assessing whether the excitons in the Mott Insulator, which get soft and condense in the
excitonic insulator, may be regarded as bound states of the valence and conduction bands
of Green’s function zeros.

[1] B. Bernevig, T. Houges and SC Zhang, Science 314, 5806 (2006).
[2] A. Amaricci, G. Mazza, M. Capone and M. Fabrizio, PRB 107, 115117 (2023).
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Twisted bilayer structures of van der Waals materials attract great interest because of recent
experimental advances in single layer exfoliation and processing allowed the discovery of a variety
of correlated states™*. Magnetic twisted bilayers hosting skyrmions have also been recently
demonstrated. Since magnetic interactions are sensitive to interionic distances, to reproduce the
experiments reliably, the crystal structure has to be well optimized, in order to include ionic
relaxation effects. Within first-principles approach, large supercells and tight convergence are
required to compute the magnetic interactions. Here we combine first-principles DFT and model
simulations using Wannier function based tight-binding Hamiltonian to study the states in the
twisted bilayer of Crls.

[1] Xu et al., Nature Nanotechnology 17, 143-147 (2022)
[2] N. Sivadas., Nano Lett. 18, 7658—-7664 (2018)
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The interplay of dynamical correlations and electronic ordering is pivotal in shaping phase
diagrams of correlated quantum materials. In magic angle twisted bilayer graphene, trans-
port, thermodynamic and spectroscopic experiments pinpoint at a competition between
distinct low-energy states with and without electronic order, as well as a competition
between localized and delocalized charge carriers. In our work [1,2], we utilize Dynamical
Mean Field Theory (DMFT) on the topological heavy Fermion (THF) model of twisted
bilayer graphene to investigate the emergence of electronic correlations and long-range or-
der in the absence of strain. We explain the nature of emergent insulating and correlated
metallic states, as well as transitions between them driven by three central phenomena:
(i) the formation of local spin and valley isospin moments around 100K, (ii) the ordering
of the local isospin moments around 10K, and (iii) a cascadic redistribution of charge
between localized and delocalized electronic states upon doping. At integer fillings, we
find that low energy spectral weight is depleted in the symmetric phase, while we find
insulating states with gaps enhanced by exchange coupling in the zero-strain ordered
phases. Doping away from integer filling results in distinct metallic states: a “bad metal”
above the ordering temperature, where coherence of the low-energy electronic excitations
is suppressed by scattering off the disordered local moments, and a “good metal” in the
ordered states with coherence of quasiparticles facilitated by isospin order. Upon doping,
there is charge transfer between the localized and delocalized orbitals of the THF model
such that they get periodically filled and emptied in between integer fillings. This charge
reshuffling manifests itself in cascades of doping-induced Lifshitz transitions, local spec-
tral weight redistributions and periodic variations of the electronic compressibility ranging
from nearly incompressible to negative. Our findings highlight the essential role of charge



transfer, hybridization and ordering in shaping the electronic excitations and thermody-
namic properties in twisted bilayer graphene and provide a unified understanding of the
most puzzling aspects of scanning tunneling spectroscopy, transport, and compressibility
experiments.

[1] Gautam Rai, Lorenzo Crippa, Dumitru Calugaru, Haoyu Hu, Luca de’ Medici, An-
toine Georges, B. Andrei Bernevig, Roser Valenti, Giorgio Sangiovanni, Tim Wehling,
arXiv:2309.08529.

[2] Haoyu Hu, Gautam Rai, Lorenzo Crippa, Jonah Herzog-Arbeitman, Dumitru Calugaru,
Tim Wehling, Giorgio Sangiovanni, Roser Valenti, Alexei M. Tsvelik, B. Andrei Bernevig,
arXiv:2301.04673 (Accepted PRL 2023).
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Due to their non-Abelian braiding statistics and immunity to quantum decoherence, Majorana
zero modes (MZMs) are highly sought after as building blocks for topological quantum
computation [1-3]. Recent experiments have discovered superconductivity in chirally-stacked
and twisted multilayer graphene [4-9]. In these materials, valley-odd f-wave pairing is
emerging as a leading candidate for the superconducting symmetry [ 10-13]. Inspired by these
developments, we study models of f~wave superconductivity on the honeycomb lattice with
arbitrary numbers of layers. These models respect a mirror symmetry that allows

classification of the bands by a mirror-projected winding number v.. For odd numbers of

layers, the systems are topologically non-trivial with v, = +1. Along each mirror-preserving
edge in armchair nanoribbons, there are two protected Majorana zero modes. These modes
are present even if the sample is finite in both directions, such as in rectangular and
hexagonal flakes. Crucially, zero modes can also be confined to vortex cores, which can be
created by a magnetic field or localized magnetic impurities and accessed by local scanning
probes. Finally, we apply these models to twisted bilayer and trilayer systems, which also
feature boundary-projected and vortex-confined zero modes, as shown Fig. 1. Since vortices
are experimentally accessible [15-16], our study suggests that superconducting multilayer
graphene systems are promising platforms to create and manipulate Majorana zero modes.
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Depositing twisted heterostructure of transition metal dichalcogenide and Crls has attracted
huge attention as a novel way of tailoring 2D materials properties. In this work, we derive
analytical expressions for the band structure of the twisted heterostructure of transition metal
dichalcogenide and Crls utilizing the proximity effects in the presence of an applied off-
resonant optical field. We show that the proximity exchange in TMDCs due to ferromagnetic
monolayer Crlz can be tuned by twisting. We investigate various topological quantum phases
of the twisted heterostructure of transition metal dichalcogenide and Crl3, when subject to an
irradiated by off-resonant light field. We also calculate analytical expressions for orbital
magnetization, the thermal and Nernst conductivities in different topological phases.



P30

Moiré-driven depinning and emerging chirality in twisting crystalline
interfaces

Andrea Silva'?, Xin Cao?, Xiang Gao®, Emanuele Panizon®® , Melisa Gianetti‘, Roberto
Guerra*, Nicola Manini*, Oded Hod®, Michael Urbakh®, Clemens Bechinger?, Erio
Tosatti'*>, Andrea Vanossi'”

!CNR-IOM, Via Bonomea 265, 34136 Trieste, Italy
‘University Konstanz, 78464 Konstanz, Germany
International School for Advanced Studies (SISSA), Via Bonomea 265, 34136 Trieste, Italy
‘Universita degli Studi di Milano, Via Celoria 16, 20133 Milano, Italy
International Centre for Theoretical Physics (ICTP), Strada Costiera 11, 34151 Trieste, Italy
Tel-Aviv University, Tel-Aviv 69978, Israel

In recent years, moiré materials gained attention due to their correlated-electrons behaviour,
intimately linked to the distinctive moiré pattern arising from the mismatch and misalignment
between two crystalline interfaces. While renowned for the exotic quantum phenomena they
harbour, the mechanical properties of these moiré materials are less known, despite the
fundamental role they play in the assembly and expected lifetime of twsitronic devices. We
experimentally and theoretically study the rotational depinning and orientational dynamics of
moiré materials in a versatile toy system of colloidal clusters on periodically corrugated

surfaces in the presence of exerted torques imposed by means of a magnetic field [1].

The movement of 2D colloid lattices on the periodic substrate implies the evolution, with
shrinkings and expansions, of the moiré pattern with the substrate. We demonstrate that the
rotational depinning is controlled by the traversing of locally incommensurate (i.e.
energetically less favorable) areas of the moiré pattern through the edges of clusters, which is
hindered by potential barriers during cluster rotation. Our analytical model rationalises the
depinning threshold as a function of cluster size. We demonstrate a striking collapse onto a
universal curve, further revealing a cluster-size-independent rotation-translation depinning

transition when lattice-matched clusters are driven jointly by a torque and a force.

The resulting design guidelines for twistronic devices are benchmarked in silico in a realistic
atomistic contact of a graphitic flake over an 4-BN substrate, where the elasticity of the
contact leads to the emergence of a chiral deformation pattern.

[1] X. Cao, A. Silva, E. Panizon, A. Vanossi, N. Manini, E. Tosatti, C. Bechinger, Phys. Rev. X 12, 021059
(2022).
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Recently, an atomic scale two-dimensional silicon carbide monolayer has been synthesized
[1] which opens up new possibilities for developing next-generation electronic and
optoelectronic devices. Our study predicts the pristine SiC monolayer to have an “indirect”
band gap of 3.38 eV (K—M) and a “direct” band gap of 3.43 eV (K—K) calculated using HSE06
functional. We performed a detailed investigation of the various possible defects (i.e.,
vacancies, foreign impurities, antisites, and their various combinations) on the structural
stability, electronic, and optical properties of the SiC monolayer using a first-principles-based
density-functional theory (DFT) and molecular dynamics (MD) simulations. A number of
physical quantities such as the formation energy, electronic band gap, and the effective
masses of charge carriers, have been calculated. We report that the SiC monolayer has a
very low formation energy of 0.57 eV and can be stabilized upon TaC {111} film by performing
the surface slab energy and interfacial adhesion energy calculations. Nitrogen doping is
predicted to be the most favorable defect in silicon carbide monolayer due to its very low
formation energy, indicating high thermodynamic stability. The analysis of the electronic band
structure and the density of states shows that the additional impurity states are generated
within the forbidden region in the presence of defects, leading to a significant reduction in the
band gap. An interesting transition from semiconducting to metallic state is observed for N¢c
and Als;i defective systems. For the pristine SiC monolayer, we find that the conduction band
is nearly flat in the M—K direction, leading to a high effective mass of 3.48mo. A significant
red shift in the absorption edge, as well as the occurrence of additional absorption peaks due
to the defects, have been observed in the lower energy range of the spectrum. The calculated
absorption spectra span over the visible and ultraviolet regions in the presence of defects,
indicating that the defective SiC monolayers can have potential optoelectronic applications in
the UV-vis region.

[1] C. M. Polley, H. Fedderwitz, T. Balasubramanian, A. A. Zakharov, R. Yakimova, O. Backe,
J. Ekman, S. P. Dash, S. Kubatkin, and S. Lara-Avila, Phys. Rev. Lett. 130, 076203 (2023)
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Graphene grown on hexagonal substrates with a lattice mismatch such as Ir(111) forms a
hexagonal moiré pattern, that is used for self-assembly of well-ordered superlattices of
transition metal clusters [1] and even single-atom magnets [2]. On the other hand, graphene
grown on the Ni(100) surface, that has a square lattice, forms a distinct striped moiré pattern
featuring valleys, where graphene strongly interacts with the nickel substrate, and ridges,
where graphene exhibits a nearly free-standing behavior. Employing a combination of density
functional theory (DFT) calculations and scanning tunneling microscopy (STM)
measurements, we elucidate that this unique moiré pattern acts as a nanostructured template
on a 2D support [1]. Within this framework, single metal atoms and small atomic clusters
align along one-dimensional trails. DFT calculations reveal a selective and species-dependent
confinment of metallic adsorbates. Notably, Co and Au exhibit opposing behaviors, as
predicted by DFT and observed through STM. This discrepancy is attributed to the
electrostatic interaction between the charged adsorbate and the nickel surface. Furthermore,
this selectivity persists during the adsorbate's diffusion, resulting in unidirectional mass
transport on a continuous 2D support. Our findings offer promising prospects for utilizing
tailored nanostructured templates in various applications involving element-specific routes
for mass transport.

[1] S. Stavrié, V. Chesnyak, S. del Puppo, M. Panighel, G. Comelli, C. Africh, Z. Sljivancanin, M.
Peressi, Carbon 215, 118486 (2023).
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To probe the interlayer interactions in van der Waals heterostructures, the pressure is an
ideal tool, as it changes the interlayer distance and thus the interlayer tunneling.

Here, we show how the proximity induced spin-orbit coupling (SOC) is changed with
the applied pressure in graphene and WSe; based devices. First, we show how the SOC
is enhanced with weak anti- localization measurements [1]. Then, we also confirm the
enhancement using the quantum Hall effect in bilayer graphene. Finally, we also show
how the pressure can stabilize the inverted phase in a WSe2/bilayer graphene/WSe2
heterostructure. This phase occurs when the sign of the induced SOC is opposite for the
top and bottom graphene layers [2].

[1] Fulop, B., Mérffy, A., Zihlmann, S. et al., npj 2D Mater Appl. 5, 82 (2021).
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