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Theoretical prediction of a novel 2D TiOBr
monolayer with negative Poisson's ratio using first-
principles calculations
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Two-dimensional (2D) materials with novel mechanical behaviors and electronic characteristics have
attracted extensive attention in multiple cutting-edge fields in recent years. Based on first-principles
calculations, we systematically investigate the mechanical properties and electronic characteristics of
transition metal oxyhalide TiOBr in this work. Results demonstrate that the TiOBr monolayer exhibits
metallic characteristics with Dirac points located above the Fermi level. The calculated Fermi velocity of
0.32 x 10% m st indicates its superior electron mobility. Furthermore, the TiOBr monolayer displays
a negative Poisson's ratio (NPR) effect, establishing it as a promising candidate for auxetic materials.
These distinctive properties endow the TiOBr monolayer with significant research value and application

rsc.li/rsc-advances

Introduction

Two-dimensional (2D) materials have advanced rapidly in
recent years.'” Their superior properties compared to three-
dimensional (3D) materials provide them with broad applica-
tion prospects across diverse fields.*® 2D materials, with
structures ranging from monolayer to few-layer thickness,
exhibit unique quantum confinement effects,”® resulting in
distinctive physical properties like the negative Poisson's ratio
(NPR)® behavior. These auxetic materials expand laterally under
longitudinal tension while contracting laterally under longitu-
dinal compression, exhibiting the NPR effect.'®'* Compared to
materials with a positive Poisson's ratio (PPR), NPR materials
exhibit enhanced mechanical properties, including high shear
moduli, improved indentation resistance, greater fracture
toughness and superior sound/vibration absorption.'>** Owing
to these inherent advantages, NPR materials hold significant
application prospects in fracture-resistant structures, energy
storage systems and water desalination technologies.**¢
Although Gibson's theory initially predicted NPR behavior in
2D materials,"” intrinsic NPR characteristics were not unambig-
uously confirmed until 2014 through combined experimental and
theoretical studies on black phosphorus (v = —0.027)."** This
discovery stimulated widespread exploration of NPR phenomena
in diverse low-dimensional materials, accelerating progress in
nanoscale material design and property engineering. Subse-
quently, NPR has been confirmed in several 2D materials, broadly
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prospects in future nanoelectronics and mechanical functional materials.

categorized into three groups: (1) out-of-plane NPR materials,
such as BP; (v = —0.037),%° black phosphorene (v = —0.027)*® and
borophene (v = —0.053);** (2) in-plane NPR materials, including
penta-graphene (v = —0.07),"® penta-B,N, (v = —0.02),”> MB, (M =
Ti, Hf, V, Nb, Ta) (v = —0.093 to —0.337);** (3) bidirectional NPR
materials, exemplified by GaPSy (Vin-piane = —0.033 and voucof-plane
= —0.62)** and Ag,S (Vinpiane = —0.12 and voyrofplane = —0.52).%°
Studies demonstrate that in most NPR materials, this effect stems
primarily from intricate microstructural geometries, commonly
through re-entrant or hinged mechanisms.”® Emerging evidence
also suggests a correlation between NPR and electronic struc-
tures, as observed in materials like WN, (v = —0.103)*” and 1T-
type MX, (M = Mo, W, Tc, Re; X = S, Se, Te) (v = —0.03 to
—0.37).%® These findings provide crucial theoretical foundations
and research directions for the targeted discovery of novel NPR
materials.

Moreover, the quantum confinement effect in 2D materials
leads to novel electronic properties, such as the appearance of
Dirac points near the Fermi level. Two-dimensional Dirac
materials offer advantages including tunable carrier type, broad
functional modulation flexibility and high electron mobility.
Notably, specific materials such as MB, (M = Ti, Hf, V, Nb, Ta),*
Sn,BN* and TiZrB, (ref. 30) feature coexisting Dirac points and
NPR. This unique combination enables them to simultaneously
possess distinctive mechanical properties (e.g., NPR) and
tunable electronic characteristics (e.g., carrier type). However,
research on these materials remains limited, warranting further
in-depth investigation.

In this study, we theoretically predicted a novel 2D mono-
layer: TiOBr, taken from the bulk TiOX (X = Cl, Br) crystal with
space group Pmmn (no. 59)*' with FeOCl structure type. The
TiOBr monolayer possesses Dirac cone characteristics and NPR
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behavior by using first-principles calculations based on Density
Functional Theory (DFT). Molecular dynamics simulations and
mechanical stability criteria confirm the dynamical stability at
room temperature and mechanical stability of the TiOBr
monolayer, respectively. TiOBr monolayer exhibits metallic
characteristics. However, there have been Dirac points located
above the Fermi level. The Fermi velocity of 0.32 x 10° m s™*
indicates its superior electron mobility. The corrugated TiOBr
structure exhibits auxetic behavior, with a negative Poisson's
ratio of v, = —0.019 and vy, = —0.008. The in-plane Young's
moduli (E, and E,) along the x- and y-directions are 100.59 and
42.76 GPa nm, respectively. The distinct values of negative
Poisson's ratio and Young's modulus along the x- and y-direc-
tions demonstrate the mechanical anisotropy of TiOBr mono-
layer. TiOBr monolayer exhibits an ultimate tensile strain of
18%, demonstrating significant tensile resilience.

Method and computational details

Our first-principles calculations were carried out using the density
functional theory (DFT) as implemented in the Vienna ab initio
simulation package known as VASP.*>** The electron—-ion interac-
tion was described by projected-augmented-wave (PAW) poten-
tials.** The generalized gradient approximation (GGA) in the form
of the Perdew-Burke-Ernzerhof (PBE) was adopted for the
exchange-correlation functional.*® The Brillouin zone (BZ) inte-
gration was sampled on a grid of 15 x 15 X 1 k-points according to
the Monkhorst-Pack method for structural optimization. The
energy cutoff employed for plane-wave expansion of the electron
wave function was set to 600 eV. Structural optimizations were
carried out using a conjugate gradient (CG) method until the
remaining force on each atom was less than 0.01 eV A™. Two-
dimensional periodic boundary conditions were employed in the
x-y plane, while a vacuum space up to 20 A was applied along the z-
direction to exclude the interaction between neighboring images.
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Results and discussion

The geometric structure of the TiOBr layer with the 2 x 2 x 1
supercell was shown in Fig. 1(a). The 2D TiOBr layer is a non-
planar configuration with a bulking. The height of the bulking
of TiOBr is 2.62 A. The space group of TiOBr is Pmm2 (no. 25). The
optimized lattice constants are a = 3.44 A, b = 3.35 A, respectively,
which were obtained by minimizing the total energy. There are
three atoms in one unit cell, containing one Ti atom, one O atom
and one Br atom. From Fig. 1(b), we can see that one Ti atom is
bonded with two Br atoms and two O atoms. The length of the Ti-
Br bonds is 2.52 A, the length of the Ti-O bonds is 1.86 A, which is
slightly shorter than the Ti-Br and Ti-O bonds in the bulk TiOBr
(2.54 A and 2.24 A, respectively).” The shorter bond lengths in the
2D TiOBr layer indicate the strong chemical bond.

The stability of TiOBr monolayer

To investigate the thermal stability of this structure, we per-
formed ab initio molecular dynamics simulations (AIMDS) on
a large supercell containing 48 atoms within a Nose-Hoover
thermostat at 300 K, 450 K and 600 K with a time step of 1.0 fs.
After running 5000 steps, the geometry of TiOBr monolayer was
well preserved without any structure collapse and the total energy
of the system was converged in this time scale, as shown in
Fig. 2(a)-(c). However, the TiOBr monolayer fails to retain its
original geometric structure at 700 K. Therefore, the TiOBr
monolayer exhibits good dynamic stability up to around 600 K.
Compared to the bulk TiOBr crystal, the total energy of TiOBr
monolayer is 0.31 eV per atom higher than that of bulk TiOBr
crystal, which suggests its energetic disadvantage. Moreover, the
phonon spectrum of the free-standing TiOBr monolayer has
imaginary frequency modes. Without the support of a substrate,
the freestanding TiOBr monolayer is likely unstable. To stabilize
the TiOBr monolayer, we formed a heterostructure with TiOBr

(b)

Vo 2.62A

)

(a) The geometric structure of TiIOBr monolayer. (b and c) The top and the side view of TiOBr monolayer.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The total energy fluctuations with respect to the simulation time at (a) 300 K, (b) 450 K and (c) 600 K. (d) The top and side view of atomic

configuration of TiOBr/BN heterostructure, respectively.

and BN, as shown in Fig. 2(d). After optimization, the interlayer
spacing is about 3.01 A and the configuration of TiOBr monolayer
in the BN-TiOBr heterostructure is well preserved, as shown in
Fig. 2(d). We also compared the energy of the free-standing TiOBr
monolayer and the TiOBr monolayer in heterostructure and
found that the energy of TiOBr in heterostructure is lower than
that of the free-standing TiOBr monolayer by 0.58 eV per atom,
indicating that the van der Waals interaction between TiOBr and
BN substrate reduces the energy of TiOBr, which showed that
TiOBr monolayer is likely to exist stably on the BN substrate.

Electronic properties

The electronic band structure of TiOBr layer along the highly
symmetric directions (M-I'-K-M) in Brillouin zone is plotted in
Fig. 3(a). From the calculated results, the TiOBr monolayer
shows metal properties, with the Fermi level crossing the bands.
However, there is a Dirac point above the Fermi level with two
energy bands intersecting each other in the I'-K direction. To
better visualize the characteristics of these Dirac cones, we
calculated their three-dimensional band structures, shown in
Fig. 3(b). Notably, the Fermi velocity (vg) calculated by the
OE

formula vy = % is 0.32 x 10° m s™" along the I'-K direction,

which is one-third that of graphene (0.95 x 10° m s~*).%¢ Addi-
tionally, we calculated the orbital-resolved band structure pro-
jected onto different atomic orbitals, as shown in Fig. 3(c). The
Dirac bands of TiOBr monolayer predominantly arise from the

© 2025 The Author(s). Published by the Royal Society of Chemistry

d-orbitals of Ti atoms, particularly the d, and d,, orbitals,
whereas the contributions from O atoms and Br atoms are
almost negligible, confirming the dominant role of Ti d-orbitals
in the formation of Dirac points. To further confirm the
contribution of Dirac points to the electronic properties of
TiOBr monolayer, we systematically calculated the isosurfaces
of the Kohn-Sham wave functions in the vicinity of Dirac point,
with the computational results presented in Fig. 3(d). These
isosurfaces exhibit clear features of the d orbitals of the V
atoms, in good agreement with the orbital-resolved band
structure of TiOBr monolayer.

Mechanical properties

We verified the mechanical stability of TiOBr layer from the
strain energy in response to in-plane lattice distortion. Using
the standard Voigt notation, the elastic strain energy per unit
area for 2D sheet can be expressed as:***”

1
U= EC“SXXZ + C22€yy2 + C12€xx8yy + 2C66£xy2

where ¢, and ¢, represent the uniaxial in-plane strains along
the x- and y-directions, and &, is the shear strain. The param-
eters Ci1, Cap, C1p and Cge represent the components of the
elastic modulus tensor, corresponding to the second partial
derivation of strain energy with respect to strain. The elastic
constants can be obtained by fitting the energy curves associ-
ated with uniaxial and equibiaxial strain, which are Cy; =
100.61 GPanm, C,, =42.77 GPanm, C;, = —0.80 GPanm, Cg¢ =

RSC Adv, 2025, 15, 30387-30393 | 30389
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(b)

(d)

(a) The electronic band structure of TiOBr with PBE functional. (b) The three-dimensional Dirac cone configuration of the Dirac point

along I'-K direction. (c) The orbital-resolved band structure of TIOBr monolayer projected onto different atomic orbital. The Fermi level was set
to zero. (d) The charge density distribution in the vicinity of the Dirac point.

0.79 GPa nm, respectively. The elastic constants satisfy the
criterion of the mechanical stability of 2D sheet: C;; X Cyy —
C12> > 0, Cgs > 0, indicating that the TiOBr monolayer is
mechanically stable. It is interesting to see the negative value of
C12, which gives rise to negative Poisson's ratios (NPR) of v, =
C12/Ca3 = —0.019, vy, = C»,/C1; = —0.008. Poisson's ratio is an
important mechanical index of materials, which measures the
deformation of material in the orthogonal direction with
respect to loading direction. Most materials have a PRR; that is,
when stretching in one direction, the orthogonal direction is
shortened. However, few materials exhibit NPR, known as
auxetic materials. The auxetic materials can expand in the
transverse direction when stretched. Such unusual mechanical
behavior has been observed in 2D materials, such as Be,Cs
monolayer (v = —0.041),*® SiC¢ (v = —0.042),* NiCl,05 (v =
—0.054).%

For anisotropic graphical visualization, based on its elastic
constants, Poisson's ratio »(f) and Young's modulus Y(f) as
functions of the orientation angle (0° = § = 360°) can be
calculated as follows, respectively:*"*>

_ C11C22 - C122

A
Ces

—2Cp

Cll C22 - C122

B=Cy+Cp— Coe

_ C1 Gy — Cpp?
Cyy cos* 0+ A cos? 0 sin> 6 + C; sin* 6

Y(6)

_ Cpycos*  — Bceos® 0 sin® 6 + Cy, sin* 0

" Cy cost 0+ A cos? 0sin® 6+ Cy, sin 0

v(6)
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The TiOBr monolayer exhibits significant mechanical anisot-
ropy, as shown in Fig. 4(a) and (b). Consequently, applying the
same strain along different crystal orientations of the TiOBr
monolayer induces distinct elastic responses. The direction-
dependent in-plane Young's moduli (E, and E,) along the x-
and y-directions are derived from the elastic constants using the
formulas and are 100.59 and 42.76 GPa nm, which are much
lower than the corresponding value for graphene*® (340 N m ™).
Compared with graphene, TiOBr exhibits superior mechanical
flexibility.

Furthermore, as expected, the TiOBr monolayer along both
the x- and y-directions exhibits NPR mechanical behavior. The
calculated results show that the Poisson's ratios of the TiOBr
monolayer in the x- and y-directions are —0.019 and —0.008,
respectively, consistent with previous calculations. This
confirms that the TiOBr monolayer is indeed an auxetic mate-
rial. This behavior primarily originates from minor distortions
within its inherent Ti,O,Br, tetrahedral framework. Upon
application of tensile strain along the x-axis, the t,—p orbital
coupling induces an increase in the (Br-Ti-Br) bond angle
along the y-axis. This expansion along the y-axis consequently
triggers the NPR effect in the TiOBr monolayer, as illustrated in
Fig. 4(d). However, the observed NPR value is relatively small.
This reduction is attributed to the weak t,—p orbital coupling,
demonstrated in Fig. 4(c).

To further confirm the NPR of TiOBr monolayer, we calcu-
lated the lateral strain in the y-direction when a tensile strain is
applied along the x-direction and vice versa. We examined the
cases with &, and ¢, equal to 1%, 3% and 5%. Clearly, the
equilibrium lattice constant in the y-direction (x-direction)
increased when subjected to tensile strain along the x-direction
(y-direction), as shown in Fig. 5(a) and (b). However, when
stretching in the x-direction, the stretching amount corre-
sponding to the y-direction is bigger than the stretching
amount in the x-direction when stretching in the y-direction in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Mechanical properties of monolayer TiOBr, (a) Poisson's ratio, (b) Young's modulus. The second column is an enlarged view of the NPR of
the TiOBr monolayer. NPR and PPR are marked with yellow and blue lines, respectively. (c) Atom-projected density of states (DOS) of TiOBr. The
DOS shown in the figure are t, (dy. d,.. d,). e (d,_,2 d,2) and p (px. Py, P2). The Fermi levelis set to zero. (d) The stress schematic illustrates the
motion along the y-axis (gray arrow) in TiOBr under tensile strain applied along the x-axis (blue arrow).
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Fig. 6 The strain energy density of TiOBr under the uniform strain and
the stress—strain responses.

the same stretching scale. That is consistent with the Poisson's
ratio given previously.

The anisotropic Poisson's ratios are closely related to the
unique bulking framework and the low-dimensional effect. A
schematic representation of the origins of NPR is plotted in
Fig. 5. When a small longitudinal expansion occurs along the
green row, the height of the bulking is reduced (as indicated by
the grey arrows), making the lateral lattice dilate and vice versa.
Conversely, if a small lateral stretch occurs along the pink row,
it will cause longitudinal expansion in the same way. The TiOBr
exhibits direction-dependent Poisson's ratios. This mechanism
offers a strategy for the design of auxetic materials.

We next determine the maximum strain tolerance of TiOBr
monolayer by applying the uniform biaxial strain: ¢ = (a, — a,)/
ao, a. represents the strained lattice parameter in the post-
deformation configuration, a, represents the unstrained
lattice parameter of the undeformed -configuration. The
strained structures were optimized at a series of lattice param-
eters with an increment of 2%. The strain energy density: Eqq =
(E. — E,)/S, profile as a function of biaxial strain, as shown in
Fig. 6, which can be expanded as a function of strain in a Taylor
series incorporating quadratic and higher-order terms. The
quadratic components characterize linear elastic deformations,
while higher-order terms account for nonlinear elastic defor-
mation and strain evolution. Through the derivative of strain
energy with respect to strain, we derived the corresponding
stress—strain relationship, which is co-plotted in Fig. 6, which
shows the ultimate strain is 18% and the corresponding ulti-
mate stress is about 17.5 GPa nm. This suggests that the TiOBr
monolayer exhibits a relatively high resistance to stretching.

Conclusions

We employed first-principles calculations based on density
functional theory (DFT). The results indicate that the TiOBr
monolayer exhibits metallic behavior. Notably, a Dirac point is
present above the Fermi level, with a Fermi velocity of 0.32 x

1

10° m s~ '. Molecular dynamics simulations confirm the
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structural stability of the TiOBr monolayer at 300 K. Concur-
rently, criteria for mechanical stability also attest to its
mechanical stability. It is particularly noteworthy that the
mechanical properties of the TiOBr monolayer display
pronounced anisotropy: its Young's modulus is 100.59 and
42.76 GPa nm along the x- and y-directions, which exhibits
superior mechanical flexibility. Similarly, its negative Poisson's
ratio also exhibits anisotropy, with values of —0.019 and —0.008
along the x- and y-directions, respectively, indicating the
mechanical anisotropy of TiOBr monolayer. Our theoretical
calculations predict a metallic TiOBr monolayer exhibiting NPR
behavior, demonstrating superior mechanical and electronic
properties and possessing the potential to be an ideal candidate
material for future electronic devices and magneto-mechanical
systems.
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