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ABSTRACT: The realization of Janus MoSSe monolayers has brought two-
dimensional (2D), ternary transition metal dichalcogenides (TMDs) into focus.
The addition of a third element can lead to superior properties, hence extensive
analyses on the characterization of these sophisticated systems are required to
reveal their full potential. In this study, we examine the structural, mechanical,
electronic, thermal, and optical properties of TiXY (X/Y = S, Se, and Te)
monolayers by using �rst-principles techniques. In addition to the common 1T
form, the 2H phase is considered, and the stability of both phases is revealed by
phonon spectrum analysis and molecular dynamics simulations. Following the
investigation of the mechanical response, electronic structures are examined together with partial density of states analysis.
While monolayers of 1T-TiXY are found to be semimetals, monolayers of 2H-TiXY are semiconductors with indirect band gap.
The optical spectrum is obtained by calculating the frequency-dependent imaginary dielectric function and is correlated with the
electronic structure. The variation of heat capacity with temperature is investigated, and low-/high-temperature response is
shown. Finally, possible structural distortions/transformations are also taken into account, and charge density wave transition in
1T-TiSeS due to Peierls instability is demonstrated. Our results not only reveal the stable Janus monolayers of 2H- and 1T-
TiXY but also point out these systems as promising candidates for nanoscale applications.

� INTRODUCTION
Transition metal dichalcogenides (TMDs) with the chemical
formula MX2 (M = transition metal; X = S, Se, and Te) are a
developing class of two-dimensional (2D) materials.1�5 They
possess remarkable properties and exhibit rich chemistry,
o�ering possibilities for both high technological applications
and fundamental research.6 Particularly, their sizable and direct
electronic band gaps together with high charge carrier mobility
make them suitable for a wide range of devices including but not
limited to transistors (FETs),7 diodes (LEDs),8 photodetec-
tors,9 and solar cells.10 It has been also shown that the inherent
properties of TMDs can be further modi�ed by functionaliza-
tion,11 phase engineering,12 strain,13 applied electric �eld,14 and
formation of lateral/vertical heterostuctures.15

Within the class of TMDs, 2D TiX2 systems (namely
TiS2,16,17 TiSe2,18,19 and TiTe2

20) which have been synthesized
in the 1T phase recently have aroused special interest because of
their superior electronic properties and formation of charge
density waves (CDWs).21 Ultrathin nanosheets of TiS2 have
high electrical conductivity (6.76 × 104 S/m),16 exhibit
substantial optical limiting activity,22 and display enhanced
thermoelectric performance with high stability.23,24 Similar to its
bulk counterpart, 2D TiSe2 shows CDW transition at high
critical temperature.25 Additionally, 2D TiSe2 has self-induced
superconducting phases that coexist with the CDW order.26 The
monolayer of TiTe2 is a semimetal and also has a CDW phase,

while multilayers of it do not exhibit such a transition.20 These
unique properties suggest mono- and multilayers of TiX2 as ideal
platforms for a variety of CDW state related applications
including optoelectronic devices and quantum communica-
tion.21

In addition to binary systems, the growth of the Janus
monolayer MoSSe27,28 by replacing the top S atomic layer with
Se atoms has drawn signi�cant attention to 2D ternary
TMDs.28�30 Inclusion of a third element has modi�ed the
inherent properties, and an added degree of freedom leads to
more appealing functionalities. Following 2D MoSSe, a variety
of 2D ternary chalcogenides have been synthesized,31�36 and
many more have been predicted.37�39 To reveal the potential
use of ternary 2D materials in nanoscale applications, it is
essential to systematically characterize these systems and
investigate the variation of properties with composition and
structure.

Motivated with the recent realization of 2D ternary TMDs
and novel properties of 2D binary TiX2 systems, in this study we
examine the structural, mechanical, electronic, thermal, and
optical properties of TiXY (X/Y = S, Se, and Te) monolayers. In
addition to the commonly studied 1T phase, we also consider
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the 2H polytype and reveal the stability of both phases by
phonon spectrum analysis and molecular dynamics (MD)
simulations. Following structural optimization, the mechanical
response is analyzed, and the Young modulus and Poisson ratio
of the considered systems are calculated. Thereafter, electronic

structures are examined together with partial density of states
analysis. While (undistorted) monolayers of 1T-TiXY are found
to be semimetals, monolayers of 2H-TiXY are semiconductors
with indirect band gap. The optical spectrum is obtained by
calculating the frequency-dependent imaginary dielectric

Figure 1. Top and side views of (a) 2H- and (b) 1T-TiXY systems. The shaded area represents the unit cell of the structures. Bader charges are shown
on the unit cell in the unit of |e|. Negative (positive) values indicate electron accumulation (donation). Bond lengths (black), bending angles (green),
and thickness (red) are shown on the side view.
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