
ORIGINAL RESEARCH
published: 22 July 2022

doi: 10.3389/fmats.2022.909344

Edited by:
Ryan Requist,

Hebrew University of Jerusalem,
Israel

Reviewed by:
Chunmei Zhang,

Northwest University, China
Chao-Cheng Kaun,

Academia Sinica, Taiwan
Minglei Sun,

King Abdullah University of Science
and Technology, Saudi Arabia

*Correspondence:
Peng-Jen Chen

pjchen1015@gmail.com

Specialty section:
This article was submitted to

Quantum Materials,
a section of the journal Frontiers in

Materials

Received: 31 March 2022
Accepted: 13 June 2022
Published: 22 July 2022

Citation:
Chen PJ (2022) Tunable Topological
Phase Transition in Two-Dimensional
Ternary Transition Metal Halides TiXI

(X = P and As).
Front. Mater. 9:909344.

doi: 10.3389/fmats.2022.909344

Tunable Topological Phase Transition
in Two-Dimensional Ternary
Transition Metal Halides TiXI (X = P
and As)
Peng-Jen Chen1,2*

1Physics Division, National Center for Theoretical Sciences, Hsinchu, Taiwan, 2Institute of Physics, Academia Sinica, Taipei,
Taiwan

With first-principles calculations we predict tunable topological phase transition in two-
dimensional (2D) ternary transition metal halides 𝛼-TiXI (X = P and As) via strain
engineering. Besides, changing the number of stacking layers or van der Waals interlayer
spacing can also result in topological phase transition in few-layer TiXI. The on-site
Coulomb U of Ti atoms is neither tunable nor empirical in this work. Instead, it is evaluated
by the density functional perturbation theory and hence the results are more accurate.
The tunable topological phase of 2D α-TiXI via strain engineering makes them promising
in spintronics devices that exploit quantum spin Hall effect. Furthermore, the topological
edge states of the single-layer TiAsI exhibit interesting feature. They do not cross at the
time-reversal invariant momenta (TRIM) where the band inversion occurs. Instead, they
extend over the whole one-dimensional Brillouin zone and cross at the other TRIM. While
all requirements of Z2 topological phase are fulfilled, it is rare especially for those with
direct gap. The linear bulk bands around and at Γ point may be the reason for the unusual
crossing.

Keywords: topological insulator, topological phase transition, first-principles calculations, two-dimensional
semiconductor, strain engineering

INTRODUCTION

The search for new functional materials has been one of themain research fields inmaterials science.
Among various types of materials, two-dimensional (2D) materials have attracted much attention
and been successfully applied to various fields of application such as electronics, opto-electronics,
spintronics, etc. One of the intriguing parts of 2Dmaterials is that some unusual physical properties
may occur when the dimension is reduced. In addition, tunable properties of 2D materials are also
essential for the applications. For example, the physical properties of 2D materials can be tuned via
strain engineering or by changing the number of stacking layers, and/or van der Waals interlayer
spacing (for multi-layers). Many 2D materials, such as graphene (Geim and Novoselov, 2007;
Castro Neto et al., 2009; Allen et al., 2010), transition metal dichalcogenides (Mak et al., 2010;
Radisavljevic et al., 2011; Gutiéerrez et al., 2012; Wang et al., 2012), metal-organic frameworks
(Janiak, 2003; Férey, 2008; Long and Yaghi, 2009; Zhou and Kitagawa, 2014; Mezenov et al., 2019)
etc., have been widely used in device applications.Therefore, it is of great importance and interest to
continue the search for new functional 2D materials in both fundamental science and applications.
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In recent years, ternary transition metal halides have
been intensively studied for their interesting semiconducting
properties (Yun and Lee, 2017; Liang et al., 2018; Liu et al., 2020;
Shi et al., 2022). More importantly, ternary transition metal
halides can be easily exfoliated into single or few layers due
to the van der Waals stacking. Therefore, ternary transition
metal halides are regarded to be promising in device applications
owing to their potential for next-generation semiconductors.
Besides, some metallic ternary transition metal halides are found
to be superconductors (Yamanaka, 2010; Schurz et al., 2011).
Among various interesting physical properties that ternary
transition metal halides may exhibit, attention has recently
been paid to the topological phases. Topological phases have
been intensively studied in the past decade for their exotic
features and potential for applications such as spintronics.
The topological insulators (TIs) (Murakami et al., 2004;
Kane and Mele, 2005; Bernevig et al., 2006; Fu et al., 2007;
König et al., 2007), characterized by Z2 invariant, are the one
that has been studied extensively and intensively among all
topological phases. It requires strong spin-orbit coupling (SOC)
to induce the band inversion, so materials with heavier atoms
are more likely to exhibit nontrivial Z2 invariant. For nontrivial
TIs, there exist topological edge states (the so-called bulk-edge
correspondence) that are robust against perturbations preserving
the protecting time-reversal symmetry. Recently, it has been
predicted that single-layer α-TiNI is a 2D topological insulator
(Wang et al., 2016), while α-TiNBr and α-TiNCl are topologically
trivial due to the weaker SOC strength.The proposed topological
phase is claimed to be robust against external strain and persists
up to the room temperature due to the relatively large band gap
( ∼ 50 meV).

In this work, we demonstrate by first-principles calculations
that 2D α-TiXI (X = P and As) undergoes topological phase
transition by applying external strain, changing the van der
Waals (vdW) interlayer spacing, or increasing the number of
stacking layers. Despite that the strain-free single-layer α-TiXI
(α will be omitted in the following for brevity) is topologically
trivial, it is easy to drive the topological phase transition via
strain engineering. It is thus more promising because the tunable
topological phase may serve as a switch in devices to turn on and
off the topological edge currents. Unusual topological edge states,
which will be discussed later, are also found in single-layer TiAsI,
making them an interesting family of materials.

COMPUTATIONAL METHODS

The ab initio density functional theory (DFT) calculations
of electronic structures, phonons, and molecular dynamics
(MD) are performed using Quantum Espresso (QE) code
(Baroni et al., 2001; Giannozze et al., 2009). Ultrasoft PBE
functionals (Perdew et al., 1996) are used to deal with the
exchange-correlation effects. Energy cut-off for plane-wave
expansion is chosen to be 60 Ry and a 16 ×16×1 k-mesh and
a 6 ×6×1 q-mesh are used to sample the Brillouin zone in
electronic and phonon calculations, respectively. Since both TiPI
and TiAsI are predicted to be metallic using PBE functionals,

HSE functionals (Heyd et al., 2003; Heyd et al., 2004) may not
be the most adequate method for band correction (Heyd, 2004;
Krukau et al., 2006; Paier et al., 2006). As a result, the DFT + U
method is adopted here to improve the computed band structure.
The on-site Coulomb repulsion U = 4.3 eV of Ti atoms in both
TiPI andTiAsI is obtained via the density functional perturbation
theory (Timrov et al., 2018; Ricca et al., 2019; Ricca et al., 2020)
implemented in QE and is used in all calculations in this work.
For MD simulations, the Verlet algorithm is adopted for the
ion dynamics and the time step is 3 femto-seconds. Velocity
rescaling is used to control the ionic temperature at 300 K.
The Grimme-D2 method (Grimme, 2004) is adopted to correct
the vdW interactions in few-layer and bulk TiXI. The SOC is
considered in all calculations, except the phonon calculations.
Vacuum space larger than 15 Å is used in all calculations to
avoid artificial interactions along the c-direction between TiXI
layers. Semi-infinite slab model based on Green’s functions
(Sancho et al., 1984; Sancho et al., 1985) is used to calculate the
edge band structures. The inter- and intra-layer couplings are
computed usingWannier orbitals obtained fromWannier90 code
(Mostofi et al., 2014).

RESULTS AND DISCUSSION

Thecrystal structure of the single-layer TiXI is shown inFigure 1.
The relaxed structural parameters of TiPI are a = 3.79 Å and
b = 5.02 Å. The Ti-P and Ti-I bond lengths are 2.53 Å and
2.87 Å, respectively. Ti-P-Ti bond angle (along b-axis) is 166.9°,
indicating slight buckling of the Ti-P plane. For TiAsI, the relaxed
structural parameters are a = 3.87 Å and b = 5.24 Å. The Ti-As
and Ti-I bond lengths are 2.64 Å and 2.87 Å, respectively. Ti-As-
Ti bond angle (along b-axis) is 165.9°.The dynamical and thermal
stability is confirmed by the phonon spectra andMD simulations
shown in Figure 2 for both TiPI and TiAsI. For multi-layer TiXI,
the relaxed vdW interlayer spacing of TiPI and TiAsI are about
2.65 Å and 2.55 Å, respectively. We note that the b-axis of both
TiPI and TiAsI is much longer than that of TiNI whose b =
3.97 Å. In addition to the larger atomic radius of P and As, it
is speculated that the contributing orbitals of the occupied states
near Fermi level play an essential role. In TiNI, the occupied states
near Fermi level are mainly comprised of I-px orbital. On the
contrary, in both TiPI and TiAsI the P-py orbital is pushed up to
be the highest valence band and thus affects the structure along
b-axis.

For TiPI, the band structure, as is shown in Figure 3A, reveals
that strain-free single-layer TiPI is a small-gap semiconductor
with a direct band gap ∼ 0.21 eV at Γ. The valence band
maximum (VBM) and conduction band minimum (CBM)
are mainly comprised of P-py and Ti-dz2 orbitals, respectively.
(Please note that the ordering of the atomic orbitals in energy
space is affected by the value of U and we will demonstrate
the properness of using the DFPT-obtained U in the end of
the discussion.) Also, band inversion is absent, indicating a
topologically trivial state. Nevertheless, the small direct gap
implies the possibility of topological phase transition via fine
tuning such as external strain. Indeed, it is found that single-layer
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FIGURE 1 | The (A) top view, (B) side view of the crystal structure of single-layer TiXI. The black box in (A) denotes the unit cell. The upper and lower panels in (B)
represent the view along the short axis (a-axis) and the long axis (b-axis), respectively. The blue, grey, and purple spheres denote the Ti, X, and I atoms, respectively.

FIGURE 2 | (A,B) The phonon spectra of strain-free single-layer TiPI and TiAsI. The absence of imaginary phonons indicates the dynamical stability of both TiPI and
TiAsI. (C,D) The MD simulations of TiPI and TiAsI at 300 K supporting the thermal stability of both TiPI and TiAsI. The average potential energy is chosen to be zero.
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FIGURE 3 | (A,B) The band structure of strain-free single-layer TiPI and 6% uniaxial strained single-layer TiPI, respectively. The inset in (B) shows the band inversion
around Γ. The color representation is shown in (A) for both cases. (C) The magnitude of band gap of single-layer TiPI versus strain. (D) The magnitude of band gap
of bilayer TiPI versus the vdW spacing.

TiPI becomes topological when applying ∼ 5.5% uniaxial tensile
strain along y-direction (the long axis). As Figure 3B reveals for
the case of 6% strain, band inversion occurs at Γ which indicates
the nontrivial topology. However, the topological phase is intact
under uniaxial strain along x-direction (the short axis). This can
be understood from the fact that the main components of VBM
are P-py orbitals. Thus, the band structure around VBM is more
sensitive to the strain along y-direction. Hereafter, the stain is
tensile along y-direction unless otherwise mentioned.

In a similar fashion, topological phase transition may also
occur when the Ti-dz2 orbitals of the CBM is affected. Therefore,
we also study how the number of stacking layers and interlayer
distance change the topological phase of TiPI. As shown in
Table 1, trilayer TiPI is on the verge of the critical point, i.e. the
gap closing point, and is on the nontrivial side. A small strain that
increases the band gap can make the topological feature more
pronounced in trilayer TiPI. For 4-layer or thicker TiPI, it is a
topological insulator (TI)with band gap≥ 30 meVwithout strain.
In Table 1, we list the topological phase of TiPI under strain. In
addition to the thickness, the interlayer vdW spacing also acts
as a tuning parameter to achieve topological phase transition
in few-layer TiPI. Taking bilayer as an example, the strain-free
TiPI becomes topologically nontrivial when the vdW spacing is
reduced to 2.4 Å.

TABLE 1 | The computed parities of N-layer TiPI at TRIM under strain. The
more precise critical strain can be found in the main text. The relaxed vdW
interlayer spacing is adopted in this table. Bulk (N→∞) is also considered.

Strain (%) N=1 N=2 N≥3

0 2 4 6 0 2 0

Γ + + + - + - -
X + + + + + + +
Y + + + + + + +
S + + + + + + +
Z2 + + + - + - -

For single-layer TiAsI, the direct band gap is even smaller
(∼0.07 eV) as displayed in Figure 4A. Despite the trivial
phase, it is close to the topological phase transition point.
As shown in Figure 4B, only 2% strain can induce band
inversion and make TiAsI topological. For bilayer and thicker
TiAsI, they are Z2 nontrivial without strain. The reason
why it is easier to tune TiAsI into topological phase is
because of the heavier As atoms as compared with the P
atoms. The stronger SOC of heavy atoms is beneficial for
the Z2 topological phase. However, substituting the heavier
Sb for As incurs dynamical instability (imaginary phonon

Frontiers in Materials | www.frontiersin.org 4 July 2022 | Volume 9 | Article 909344

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


Chen Tunable Topological Phase Transition

FIGURE 4 | The band structure of single-layer TiAsI: (A) strain-free and (B) 2% strain. The color representation of the orbital decomposition is remarked in (A) for
both cases. The inset in (B) shows the band inversion of the nontrivial phase.

FIGURE 5 | The edge band structures along y-direction of single-layer (A) TiPI with 7% strain and (B) TiAsI with 2% strain. The left (right) panel displays the bulk
(bulk plus edge) components of the band structure. The topological edge states of TiPI cross at Γ while those of TiAsI cross at Y.

modes) in single-layer TiSbI. Therefore, only TiPI and TiAsI are
discussed in this work.

Because of the presence of inversion symmetry in TiXI, the Z2
topological invariants can be computed from the parities at the
time-reversal invariant momenta (TRIM). As inferred from the
band structures shown in Figures 3, 4, the parity change, resulted

from the band inversion, only takes place at the Γ point. The
topological phase of TiXI is confirmed by theZ2 invariant listed in
Table 1. The gap closing and re-opening shown in Figures 3C,D
also indicates the occurrence of topological phase transition
under uniaxial strain and compression of the vdW interlayer
spacing (for bilayer TiPI).
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The topological feature of the nontrivial phase, i.e., the
topological edge states, is revealed in Figure 5. It can be seen that
the in-gap topological edge states exist and cross at the TRIM.
Interestingly, the topological edge states of the single-layer TiAsI
do not cross at Γ where the band inversion occurs. Rather, they
extend over the Brillouin zone and cross at the other TRIM,
the Y point (0.0, π/b, 0.0). While all requirements of the Z2
topological phase are fulfilled, it is rare in TIs with direct gap:
most of the Z2 topological edge or surface states exist around
the band inversion region in reciprocal space and cross at the
TRIM where the band inversion occurs. Some exceptions can be
found inZ2 topologicalmetals such as PbTaSe2 (Chen et al., 2016;
Guan et al., 2016) where the band inversion results from the
SOC-induced gap opening when two bands cross at the low-
symmetry points without symmetry protection. It is speculated
that the band dispersion aournd Γ may be the reason for the
unusual crossing. By comparing Figures 5A,B, it can be found
that the band dispersion around Γ in TiPI is flattened, yielding
a region for the band crossing. For TiAsI, however, the two
bulk bands where the topological edge states come from remain
(nearly) linear even at Γ. Because the topological edge states tend
to come out of the bulk bands along the tangential direction, the
linearity of the bulk bands to Γ makes the topological edge states
difficult to cross here. As a result, they find an alternative way to
fulfill the topological requirement that two topological edge states
have to cross at the TRIM.

Before closing, we would like to discuss the accuracy of using
the DFPT-obtained value of U in determining the band gap of
TiXI, which is essential for the study of Z2 topological phase.
By comparing our results of monolayer TiNI whose U is also
determined to be ∼4.3 eV. The band gap obtained with this value
of U is 0.76 eV without band inversion, which agrees very well
with the G0W0 results reported in Ref. (Marrazzo et al., 2019).
that monolayer TiNI is a band insulator with band gap ∼0.7 eV.

This indicates that the accuracy of using the DFPT-obtained U is
comparable with the higher-level calculations such as G0W0.

SUMMARY

Using first-principles calculations, the electronic and topological
properties of TiPI and TiAsI are investigated. The on-site
Couloumb U of Ti atoms is computed via the density functional
perturbation theory, rather than determined by empirical choice
or by fitting of a given physical property such as band gap. Few-
layer strain-free TiPI (trilayer or thicker) and TiAsI are found
to be topological nontrivial. For strain-free single-layer TiXI and
bilayer TiPI, on the other hand, they are trivial band insulators.
However, topological phase transition can take place via strain
engineering. The vdW interlayer spacing of the bilayer TiPI can
also be tuned to reach the topologically nontrivial phase. The
tunable topological phase transition raises the applicability of
TiXI because of the potential for acting as a switch to turn
on and off the topologically protected edge currents. Our work
demonstrates that the ternary transition metal halides are a
promising family of materials due to their possible applications.
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