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Prediction of new topological superconductor candidate 1T -Ti(Se1−yTey)2
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Topological superconductivity has attracted intensive interest for its ability to host the Majorana zero mode
and its implementation in topological quantum computations. Based on first-principles calculations and the
analysis of the effective Bogoliubov–de Gennes Hamiltonian, we demonstrate that 1T -TiTe2 is a topological
metal hosting topological surface states near the Fermi level, and it exhibits a normal-topological-normal
superconducting phase transition as a function of the chemical potential. These results point to a new promising
topological superconductor. Furthermore, our calculations also suggest that the transition metal intercalated
Ti(Se1−yTey )2 is also a highly possible route to realize topological superconductivity and Majorana zero modes.
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I. INTRODUCTION

As one of the most intriguing systems to host Majorana
zero modes (MZMs), topological superconductors (TSCs)
play important roles in both condensed matter physics and
topological quantum computations [1–3], which have at-
tracted growing interest in the past decade [4–6]. Since natural
TSCs are very rare [7–9], a variety of architectures have been
proposed in one, two, and three dimensions for the realiza-
tion of TSCs and MZMs [10–27]. In particular, Xu et al.
proposed that a TSC can be realized in the vortex of supercon-
ducting topological metallic materials such as the iron-based
superconductor FeSe0.5Te0.5 [24]. Recently, MZMs and super-
conducting gaps on the surface states have been observed in
Fe(Se,Te) [28–30] and (Li0.84Fe0.16)OHFeSe [31]. Such excit-
ing progress promotes superconducting topological metallic
materials to the forefront of exploring MZMs and topological
qubits [16,20].

Titanium dichalcogenides (1T -TiX2, X = Se, Te) have
attracted much attention due to their intriguing emergent
phenomena, including topological states [32,33], supercon-
ductivity [34–36], and charge density waves [37–43], which
make such a system a promising platform to explore these
interesting physics and their interplay. Both angle-resolved
photoemission spectroscopy (ARPES) experiments and first-
principles calculations have confirmed that 1T -TiTe2 and
1T -TiSe2 are semimetals [44–46]. Experimentally, both pres-
sure in 1T -TiTe2 [36] or transition metal intercalation in
1T -TiSe2 [47] can suppress the charge density wave tran-
sition and induce superconductivity. In addition, 1T -TiTe2

is often used to characterize the electronic structure of the
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superconductor 1T -CuxTiSe2 [48]. The interest in 1T -TiTe2

is continuously increasing in view of the evidence about
pressure-induced topological phase transitions [49,50], creat-
ing the prospect to explore the emergence of TSCs and MZMs
in this material.

In this paper, by means of first-principles calculations,
we demonstrate that the layered titanium dichalcogenide
1T -TiTe2 is a pressure-induced superconducting topological
metal. Its band structures manifest a p-d band inversion and
a topologically nontrivial gap near the Fermi level. Topo-
logical surface states could be stabilized on a (001) surface.
When 1T -TiTe2 enters the superconducting phase under about
5–12 GPa [36], the calculated energy spectrum of the vor-
tex Bogoliubov–de Gennes (BdG) Hamiltonian exhibits a
normal-topological-normal superconducting phase transition.
Considering that a topologically nontrivial band gap tends to
shift towards the Fermi level by applying uniaxial pressure,
we propose that 1T -TiTe2 is a promising TSC candidate.
Further studies suggest that the transition metal intercalated
Ti(Se1−yTey)2 is also a highly possible route to realize TSC
and MZMs.

II. CRYSTAL STRUCTURE AND METHODOLOGY

As shown in Fig. 1(a), 1T -TiTe2 adopts a triangular lattice
structure with space group P3̄m1 (No. 164) [51], in which
each layer of the Ti atom is surrounded by two layers of Te
atoms, which forms a stable TiTe2-octahedral sandwich. The
TiTe2-octahedral sandwiches are A-A stacked along the c axis,
which finally constructs a layered van der Waals material. It
undergoes a charge density wave transition at room temper-
ature [37,38]. When an external pressure of about 5–12 GPa
is applied, the charge density wave transition is suppressed,
and a superconducting phase with the highest Tc = 5.3 K
is induced [36]. The optimized crystal parameters a = 3.84
Å, c = 6.68 Å, and z = 0.251, which agree well with the
experimental results, are used in our calculations. Our first-
principles calculations are performed by the Vienna ab initio
simulation package [52,53] based on the density functional
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FIG. 1. (a) The crystal structure of 1T -TiTe2 in space group
P3̄m1. (b) High-symmetry k points in the bulk Brillouin zone and
their projection on the (001) surface.

theory (DFT) and projected augmented-wave method [54].
The energy cutoff is set as 400 eV, and 11 × 11 × 9 k meshes
are adopted. The Perdew-Burke-Ernzerhof type of exchange-
correlation potential [55], and the Heyd-Scuseria-Ernzerhof
(HSE06) hybrid functional [56] with a Hartee-Fock exchange
factor 0.2 are used in all calculations to obtain accurate elec-
tronic structures. The spin-orbit coupling (SOC) interaction is
considered consistently.

III. FIRST-PRINCIPLES CALCULATIONS

In Figs. 2(a) and 2(b), we calculate and compare the band
structures of 1T -TiSe2 and 1T -TiTe2, respectively. For both
of them, two valence bands are not fully occupied, leading
to two hole Fermi pockets around the �-A path, and one
conduction band is partially occupied, leading to one electron
Fermi pocket around the L point. Such semimetallic character-
istics agree well with many ARPES observations [44,57,58],
which confirm the validity of our calculation method. The
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FIG. 2. Band structures of (a) 1T -TiSe2 and (b) 1T -TiTe2 from
HSE06 calculations. The sizes of the red and blue circles represent
the weight projections for the d orbitals of Ti atoms and the p orbitals
of chalcogen atoms, respectively. (c) The topological phase diagram
of Ti(Se1−yTey )2. (d)–(f) are the band structures along the �-A path
of TiSe2, Ti(Se0.8Te0.2)2, and TiTe2, respectively, in which we use
orange and green bands to denote the j z

eff = ±3/2 states and j z
eff =

±1/2 states. The even/odd (+/−) parity for each band at the A point
is also marked in (d)–(f).

orbital projections illustrate that the valence bands are mostly
contributed by the p orbitals (px&py) of the chalcogen atoms,
while the conduction bands are mostly from the d orbitals (dz2

around the L point) of Ti atoms. These results are consistent
with a previous analysis that charge transfer occurs from tita-
nium to chalcogen, and verify that the Ti ion has a chemical
valence close to +4 [59]. Moreover, we notice that two con-
duction bands with even parity contributed by the d orbitals
(dxz&dyz) are just 78 meV higher than the valence-band top
(odd parity) at � in 1T -TiSe2, as shown in Fig. 2(a). If the
energy of the d bands can be modulated a little lower, p-d
band inversion could occur along the �-A path. This is exactly
what happened in 1T -TiTe2. As shown in Fig. 2(b), the p-d
band overlap is enhanced drastically when the Se atoms are
substituted by the Te atoms. As a result, one upper p band is
pushed above the d bands along the �-A path, and one lower p
band intersects with the dxz&dyz bands, forming the p-d band
inversion along the �-A path. Therefore, 1T -TiTe2 becomes
a topological metal [50], which is very similar to the band
structures of the Fe(Se,Te) [24,60].

These results suggest that the topological metal phase can
be engineered by doping Te to 1T -TiSe2 [59]. We thus per-
form virtual crystal approximation (VCA) calculations on the
band structures of Ti(Se1−yTey)2. The calculated results give
rise to three phases depending on the Te component y, as
shown in Fig. 2(c). When y is less than 0.11, the d bands
with even parity are always higher than the p bands with odd
parity, and the system falls into the normal metal phase as
represented in Figs. 2(a) and 2(d). As the Te component y
increases, the chemical bonding between the p and d orbitals
is weakened because the electronegativity of Te is smaller
than that of Se. Consequently, the d bands are pushed lower
and lower, and the system enters the Dirac semimetal phase
at 0.11 < y < 0.32, as represented by the band structures of
Ti(Se0.8Te0.2)2 in Fig. 2(e). When y is large than 0.32, the
band inversion is further enhanced. A topologically nontrivial
band gap appears near the Fermi level, accompanied by a
three-dimensional Dirac cone at higher energy, as shown in
Figs. 2(b) and 2(f). We call these band structures the “topo-
logical gap” phase in Fig. 2(c).

To understand the whole phase diagram in Fig. 2(c), we
should take into account the SOC interaction and analyze the
C3z irreducible representation of each band along the �-A
path. As shown in Figs. 2(d)–2(f), our calculations demon-
strate that the (px&py) orbitals and (dxz&dyz) orbitals always
split into the same j z

eff order by SOC interaction, i.e., j z
eff =

±3/2 states [orange bands in Figs. 2(d)–2(f)] are higher than
the j z

eff = ±1/2 states [green bands in Figs. 2(d)–2(f)] for
both p and d orbitals. This seems contradictory to the con-
ventional knowledge that d orbitals have a negative SOC
interaction with respect to that of the p orbitals [61–63]. But
it is a reasonable result due to the strong p-d hybridization
that has been confirmed in many other materials [64–66].
Once the ordering is aligned as in Figs. 2(d)–2(f), the d±1/2

states will invert with the p±3/2 states first as the p-d band
overlap increases. Due to the C3z protection [67,68], this band
inversion leads to a pair of stable Dirac points rather than a
nontrivial band gap on the �-A line as shown in Fig. 2(e).
Only when y exceeds 0.32 will the d±1/2 states be able to
invert with the p±1/2 states, and a nontrivial band gap can
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be opened, leading to a topological metal phase as shown in
Fig. 2(f).

IV. EFFECTIVE MODEL

Based on the DFT results, the bases describing the low-
energy bands along the �-A path can be simplified as

|φ1〉+ = (dxz + idyz )/
√

2,

|φ2〉+ = (dxz − idyz )/
√

2,

|φ3〉− = (px + ipy)/
√

2,

|φ4〉− = (px − ipy)/
√

2,

(1)

where the subscripts ± denote the parity of the basis. As we
discussed above, the band inversion between |φ1,2〉 and |φ3,4〉
along the �-A path could lead to the topologically nontrivial
band structures in 1T -TiTe2. The effective model at the �

point has the full point group symmetry D3d of the crystal
with the generator of rotation C3z, inversion I , and mirror
Mx. Under the constraint of D3d and time-reversal symmetry,
the effective Hamiltonian without SOC is restricted to the
following form,

H0(k) =

⎛
⎜⎝

Md (k) 0 it1 f (kz ) t2k+
0 Md (k) −t2k− it1 f (kz )

−it1 f (kz ) −t2k+ Mp(k) 0
t2k− −it1 f (kz ) 0 Mp(k)

⎞
⎟⎠,

(2)

with

Mi = Ei + t//
i (k2

x + k2
y ) + t z

i g(kz ), i = d, p, (3)

and

f (kz ) = sin(ckz ),

g(kz ) = 1 − cos(ckz ).
(4)

where Ed,p are the band energies of dxz&yz and px&y orbitals
at the � point, and t//

i and t z
i are the in-plane and z-direction

hopping amplitudes of the ith band. c is the lattice constant
along the z direction. t1 and t2 are the couplings between p
and d orbitals.

The full Hamiltonian with SOC takes the form H (k) =
I ⊗ H0(k) + HSOC under the spinful bases (| ↑〉, | ↓〉) ⊗
(|φ1〉, |φ2〉, |φ3〉, |φ4〉). The symmetry-allowed HSOC is given
explicitly by Eqs. (S1)–(S3) [see details in Sec. I of the Sup-
plemental Material (SM) [69]]. Four new parameters induced
by the SOC interaction are considered. λd,p are the on-site
SOC strengths for d and p orbitals, respectively. λ1 is the
first-order SOC induced by the z-direction hopping of the p
orbitals, and λ2 is induced by the in-plane hopping between
the p and d orbitals with opposite spin [69].

We use the effective model to fit the DFT calculated band
structures of 1T -TiTe2, and list the fitted parameters in Table I.
The fitted band structures (red) are plotted in Figs. 3(a)–
3(c), which show that our model and parameters successfully
capture the band dispersions and topological characters of
the 1T -TiTe2 along the �-A path. Especially, a topologically
nontrivial band gap with amplitude 36 meV is opened at about

TABLE I. Parameters in the effective model.

Ed (eV) Ep (eV) t1 (eV) t2 (eV Å) t //

d (eV Å2) t //
p (eV Å2)

0.324 0.789 0.046 3.1 7.5 −7.0
t z
d (eV) t z

p (eV) λd (eV) λp (eV) λ1 (eV) λ2 (eV Å)
0.001 −0.211 0.094 0.154 0.113 2.0

0.24 eV above the Fermi level, and a Dirac point presents at
about 0.4 eV above the Fermi level, as shown in Fig. 3(a). As
shown in Figs. 3(b) and 3(c), the in-plane band dispersions
below 0.5 eV are reproduced reasonably well. The mismatch
parts are mainly contributed by the dz2 orbital (blue bands in
Fig. 3), which has not been considered in our effective model.
However, we notice that the topological properties of the band
structures are not determined by the dz2 band. It also does
not influence the phase diagram of the topological supercon-
ductivity, because it is mainly dominated by the low-energy
physics at the � and A points [24,70].

We note that, to describe the band dispersions along the
�-A direction well, the effective model has been written as
a combination of an in-plane k · p model and a z-direction
tight-binding model, as is the case in the topological super-
conducting system FeSe0.5Te0.5 [24]. To perform the (001)
surface calculations based on the effective model, we con-
struct a finite thickness slab geometry along the z direction
while keeping the in-plane k · p form, where the interactions
between neighbor layers are described by the tight-binding
hopping parameters [71]. The calculated results are shown in
Fig. 3(d), in which two branches of topological surface states
cross each other at about 0.235 eV as highlighted by red and
blue bands, respectively. We note that the topological surface
states crossing in TiTe2 are more like those in LiFeAs [72]
than those in FeSe0.5Te0.5 [24]. In Fig. S1 [69], we plot the
real-space charge density distribution of the surface states as
illustrated by the dark gray square in Fig. 3(d), which are
mainly distributed on the surface within 10 Å and show an
exponential decay with the depth. These results successfully
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FIG. 3. (a)–(c) show the fitted band structures from the effective
model (dashed red bands) with the DFT calculations (solid black and
blue bands) along the high-symmetry k path. The blue bands are
mostly contributed by the dz2 orbital, which are not considered in
our effective model. (d) The (001) surface states calculated by the
effective Hamiltonian, where the inset shows a closeup view of the
topological surface states crossing clearly. In all figures, the Fermi
level is set at 0 eV.

023127-3



LIU, LUO, ZHONG, ZOU, AND XU PHYSICAL REVIEW RESEARCH 4, 023127 (2022)

confirm the topological electronic properties of our model in
TiTe2.

V. TOPOLOGICAL SUPERCONDUCTIVITY

Considering 1T -TiTe2 is a superconductor under a pressure
of about 5–12 GPa, we would like to study the possible TSC
phase realized in it in the following. Since the crystal structure
and the topological band structures along �-A change slightly
under pressure [49], the parameters in Table I are used to de-
scribe the band structures of 1T -TiTe2 under pressure. Similar
to Fe(Se,Te) [24], 1T -TiTe2 is a type-II superconductor. When
the superconducting 1T -TiTe2 is in an external magnetic field,
the magnetic flux would penetrate into the superconductor
and form many vortex lines in the sample [36]. Thus, one
can view the vortex line as a Majorana chain, and study its
BdG spectrum to determine the whole system’s topological
properties [1,70].

Since the magnetic field is usually very weak in the vortex
lines, we ignore the vector potential A(r) and the Zeeman
effect in the type-II limit [73,74]. Then the BdG Hamiltonian
of the vortex can be written as

HBdG(r, θ ) =
(

H ′(k) − μ �e−iθ tanh(r/ξ )
�eiθ tanh(r/ξ ) −H ′∗(−k) + μ

)
. (5)

Here, the vortex is assumed along the z direction. H ′(k) is
the eight-band Hamiltonian obtained from H (k) by a unitary
transformation [69]. μ is the chemical potential, and (r, θ )
are the polar coordinates in the xy plane. ξ = 3.6 nm is the
Ginzburg-Landau coherent length [36]. A uniform s-wave su-
perconducting pairing is adopted by assuming � = �0(iτy ⊗
I4) with �0 = 1.2 meV [36], where I4 is a 4 × 4 identity
matrix, and τy is the second Pauli matrix.

For the Majorana chain described by Eq. (5), only kz is
the good quantum number, and its topological phase transi-
tion can only be characterized by a gap closing of the BdG
spectrum at either kz = 0 (�) or kz = π (A) [70]. Therefore,
by discretizing the polar coordinate r on a cylinder with the
radius 3.6 μm, we numerically solve the vortex BdG Hamilto-
nian, and plot the spectra at the A and the � points as functions
of the chemical potential μ in Figs. 4(a) and 4(b), respectively.
The calculated results obviously manifest that the spectrum
at the A point is always gapped, while the energy spectrum at
the � point closes its gap at the critical chemical potentials
μc1 = 266 meV and μc2 = 293 meV. Considering the bulk
pairing dominates at the chemical potential far away from
the Dirac point, our results strongly suggest that the vortex
line falls into the normal superconductivity (NSC) phase both
for μ < 266 meV and μ > 293 meV, and the TSC phase is
realized in the chemical potential interval μ ∈ [μc1, μc2]. We
note that the energy interval μ ∈ [μc1, μc2] does not exactly
correspond to the energy window of topological surface states
shown in Fig. 3(d). Such a shift has been reported and ex-
plained previously [75].

In Figs. 4(c)–4(e) we plot the BdG spectrum of the vor-
tex line at different chemical potentials in the NSC phase
[μ = 245 meV for Fig. 4(c)], at the phase transition point
[μ = 266 meV for Fig. 4(d)], and in the TSC phase [μ =
280 meV for Fig. 4(e)], respectively. They clearly show a
gap closing and reopening process at the � point as μ is
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FIG. 4. (a) and (b) are the energy spectra of the vortex lines
at the A and the � points as a function of chemical potential μ,
respectively. While the spectrum is always gapped at the A point,
the energy spectrum at the � point shows two gap closings at the
critical chemical potentials 266 and 293 meV. (c)–(e) are the low-
energy dispersions of the BdG Hamiltonian of the vortex line for the
NSC phase [(c) with μ = 245 meV], the critical point of the phase
transition [(d) with μ = 266 meV)], and the TSC phase [(e) with
μ = 280 meV], respectively.

varied. In particular, the spectrum beside the transition point
is fully gapped at all kz, which is the crucial requirement to
protect stable MZMs at the vortex ends. As we know, the Zak
phase is a well-defined topological number to characterize the
topological property of the 1D superconductor as the gap is
opened [76,77]. We notice that, different from the Fe(Se,Te),
the gap closing point of the chemical potential in 1T -TiTe2 is
not affected by the bulk superconducting gap �0, as shown
in Fig. S2(a). More importantly, the gap size at fixed μ is
increased monotonously with �0 as shown in Fig. S2(b).
Taking advantage of these properties, we can calculate the
Zak phase at large �0 to determine the real TSC region in
1T -TiTe2. We have calculated the evolution of the Zak phase
as a function of μ with �0 = 50 meV, which manifests that
the Zak phase is 0 at the beginning (μ < 267 meV), and rises
to π at μ ∈ [267 meV, 291 meV], and finally turns back to 0
as μ > 291 meV as shown in Fig. S2(c). These results verify
that the vortex chain in 1T -TiTe2 falls into the TSC phase as
μ ∈ [μc1, μc2] [24,70]. Our results also suggest that, similar
to the TSC phase in CuxBi2Se3 [12,70], one can improve the
stability of the TSC phase and enhance the critical temperature
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FIG. 5. The electronic structures of 1T -TiTe2 under uniaxial
pressure along the c axis. (a) The energy position of the topologically
nontrivial gap (dark blue) and the length of the c axis (red) as a
function of uniaxial pressure along the c axis. The topologically
nontrivial gap indicates a band gap between the valence top and the
conduction bottom along the �-A direction. (b) The electronic band
structures of 1T -TiTe2 under a uniaxial pressure of about 5.3 GPa.
The blue dashed line represents the Fermi level.

of MZMs in 1T -TiTe2 by increasing its bulk superconducting
gap, which is another advantage that the TSC phases in iron-
based superconductors do not have.

VI. DISCUSSION

The pressure can not only bring out superconductiv-
ity in 1T -TiTe2, but it also can adjust its band structures
[32,35,36,49,50]. According to Ref. [35], uniaxial pressure
can even enhance its superconductivity. Therefore, we would
like to simulate the evolution of the electronic structures of
1T -TiTe2 by applying uniaxial pressure along the c axis,
where the c axis reduces under pressure while the in-plane lat-
tices expand with Poisson’s ratio ν = −�a/�c = 0.23. The
calculated results are summarized in Fig. 5(a), which demon-
strates that the energy position of the topologically nontrivial
gap moves down monotonically (blue points) with increasing

uniaxial pressure, and reaches the Fermi level at about 5 GPa.
In Fig. 5(b), we plot the electronic band structures under a
uniaxial pressure of about 5.3 GPa, in which the topologically
nontrivial band gap is moved to about −17 meV. Roughly, if
we assume that the chemical potential interval of TSC moves
with the topological band gap correspondingly, the supercon-
ducting 1T -TiTe2 under 5.3 GPa pressure could fall into the
TSC phase between μ ∈ [−3 meV, 21 meV]. These results
demonstrate that 1T -TiTe2 under modest uniaxial pressure has
a big chance of hosting TSC at the Fermi level.

Finally, we would like to discuss another highly possi-
ble route to realize TSC in titanium dichalcogenides. As we
know, some transition metal intercalation can also suppress
the charge density wave transition, and induce superconduc-
tivity in 1T -TiSe2. For example, a Tc = 4 K superconductivity
transition has been observed in Cu-intercalated 1T -TiSe2

[47]. According to our calculations, Te-doped 1T -TiSe2 has
very similar band structures with TiTe2, including the p-d
band inversion and a topological gap as shown in Fig. S3.
Moreover, such Te doping can enhance the density of states
at the Fermi level, which is beneficial for superconductivity
[78]. Therefore, one can expect that TSC and MZMs can be
realized in the Te-doped CuxTiSe2 system. Taking the half-
doped 1T -TiSe2 as a concrete example, we have calculated
its band structures as shown in Fig. S3(a) by using the VCA.
The corresponding spectrum for the vortex BdG model with
�0 = 0.8 meV is plotted in Fig. S4, which exhibits a similar
spectrum gap closing behavior as in 1T -TiTe2. These results
demonstrate that Te-doped 1T -TiSe2 is also a promising TSC
candidate at the VCA level, where the inhomogeneity induced
by Te substitution is neglected.
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