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Polymorphic charge density waves, magnetism, and topologies in 1T-TaTe2
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Polymorphism in two-dimensional (2D) materials presents a fertile ground for introducing new functionalities
and designing novel architectures. Here, using first-principles calculations, we investigate the polymorphs of
monolayer 1T -TaTe2, including the high-symmetry phase and various charge density wave (CDW) phases (3 ×
1, 4 × 1, 3 × 3, 2

√
3 × 2

√
3,

√
13 × √

13, 4 × 4, and
√

19 × √
19) with diverse physical properties. The high-

symmetry 1T phase is predicted to be a quantum anomalous Hall metal with ferromagnetism. However, after
undergoing the CDW phase transitions, the ferromagnetism vanishes and the nontrivial topological properties are
also altered. Particularly, the 4 × 4 CDW phase with the second lowest total energy exhibits a novel topological
insulating state, while the 3 × 3 CDW phase, possessing the lowest total energy, behaves as a normal metal.
We further propose that charge doping can effectively modulate the relative stability of the CDW phases. Upon
introducing slight hole doping, the 4 × 4 CDW becomes the most energetically stable state followed by the
3 × 3 CDW phase. These findings show the rich landscape of structures and properties of 1T -TaTe2, which will
strongly stimulate further investigations and lay the foundation for the development of new electronic devices.

DOI: 10.1103/PhysRevB.109.104107

I. INTRODUCTION

Polymorphism, which refers to the phenomenon of a solid
material existing in multiple crystal structures, is a funda-
mental and remarkable principle in materials science and
condensed matter physics [1]. Particularly, telluride-based
transition metal dichalcogenides (TMDCs) contain not only
the traditional trigonal (1T ), hexagonal (2H), and rhombohe-
dral (3R) phases, but also the distorted 1T polytype (such as
1T ′ and 1T ′′) as well as various charge density wave (CDW)
phases [2–8]. These diverse crystal structures give rise to
markedly contrasting electronic properties, thereby offering
a unique avenue for the design of materials with predefined
functionalities. MoTe2 serves as a prime example: thanks to
its rich polymorphism, numerous exotic quantum states have
been discovered, including the quantum spin Hall (QSH) ef-
fect in the 1T ′ phase, the Weyl semimetal state in the Td phase,
the direct band gap semiconductor in the 2H phase, and so on
[9–11].

In contrast to S- and Se-based TMDCs which have received
extensive attention in recent years [12–21], Te-based TMDCs
are still largely unexplored [22–24]. They usually possess
relatively strong interlayer Te-Te coupling, inducing unique
physical properties distinguished from S/Se compounds and
exhibiting striking thickness-dependent features. 1T -TaTe2,
recognized as a prototypical CDW material, is a represen-
tative. Different from the

√
13 × √

13 CDW orders in bulk
1T -TaS2 and 1T -TaSe2, a distinctive 3 × 1 CDW order char-
acterized by a double zigzag stripe arises in bulk 1T -TaTe2 at

*These authors contributed equally to this work.
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room temperature, forming the so-called distorted 1T struc-
ture [25–33]. As temperature further decreases, 1T -TaTe2

undergoes another CDW transition from the 3 × 1 phase to
the 3 × 3 phase around 170 K, accompanied with abnormal
phenomena in heat capacity, magnetic susceptibility, resistiv-
ity, and transport [33,34].

Interestingly, recent experiments have revealed that, af-
ter removing the interlayer coupling, monolayer 1T -TaTe2

exhibits a variety of coexisting CDW phases, completely
distinct from the isostructural and isoelectronic monolayer
1T -TaS2 and 1T -TaSe2 [35,36]. Through molecular beam
epitaxy (MBE) techniques, Hwang et al. successfully synthe-
sized the single-layer 1T -TaTe2 and observed the emergence
of the

√
19 × √

19 CDW phase after high-temperature an-
nealing [35]. They further found that the angle-resolved
photoemission spectroscopy (ARPES) results are dramati-
cally modulated by reducing the annealing temperature, and
then speculated that there might be a coexistence of the
3 × 3 and

√
13 × √

13 CDW phases within a conventional
low-temperature annealing process [35]. At 77 K, Bernardo
et al. directly observed the coexistence of the 3 × 1, 3 × 3,
and

√
19 × √

19 CDW phases in monolayer 1T -TaTe2 [36].
Current reports suggest that the CDW phases are susceptible
to the annealing temperature and growth condition, indicating
the potential presence of hidden CDW phases in monolayer
1T -TaTe2. Indeed, recent studies on monolayer 1T -NbTe2

have revealed that, by controlling the growth and annealing
temperatures, two different kinetic paths can be generated,
thereby enabling the fabrication and manipulation of vari-
ous CDW phases [37]. Such CDW polymorphism can offer
valuable insights into understanding structural and electronic
properties as well as competitive interactions in TMDCs.
Therefore, a thorough examination of the various potential
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CDW phases in monolayer 1T -TaTe2 is essential. Several
issues need to be raised and addressed. First, what are the
microstructures of the various possible polymorphic CDW
phases? Second, what are the relative stabilities of these poly-
morphic structures, and do they have some novel electronic
properties such as magnetism and topology? Third, is there an
efficient way to modulate their relative stabilities to obtain the
desired structures and properties?

In this work, we unveil the presence of polymorphic forms
(1 × 1, 3 × 1, 4 × 1, 3 × 3, 2

√
3 × 2

√
3,

√
13 × √

13, 4 × 4,
and

√
19 × √

19) with novel physical properties in monolayer
1T -TaTe2. The high-symmetry 1 × 1 phase of 1T -TaTe2 is
identified as a quantum anomalous Hall (QAH) metal with
obvious ferromagnetic moments. After undergoing the CDW
phase transitions, the total energies of the systems decrease
significantly. We reveal that the CDW phase transitions in-
duce remarkable reductions in density of states (DOS) at the
Fermi levels, resulting in the suppression of the magnetic
order. Meanwhile, the nontrivial topological property in high-
symmetry phase is altered. In detail, the 4 × 4 CDW phase
with the second lowest total energy is identified as a topologi-
cal insulator and the 2

√
3 × 2

√
3 CDW phase is a semimetal,

while the other CDW phases including the 3 × 3 CDW phase
with the lowest total energy are normal metals. We propose
that charge doping is an effective strategy to adjust the rela-
tive stabilities of multiple CDW phases. In particular, under
minor hole doping, the 4 × 4 CDW phase turns out to be the
lowest energy state while the 3 × 3 CDW phase turns out
to be the second lowest energy state. These discoveries in
monolayer 1T -TaTe2 will broaden the understanding of CDW
polymorphism and open up prospects for the application of
novel quantum state conversion devices.

II. COMPUTATIONAL DETAILS

The first-principles calculations were performed by em-
ploying the Vienna ab initio simulation package (VASP)
within the generalized gradient approximation (GGA) ap-
proach [38,39]. The projector augmented wave (PAW) method
was used to describe the electron and ion interactions [40].
The kinetic energy cutoff was set to 520 eV. The atomic
positions were relaxed until the force acting on each atom
fell below 0.001 eV Å−1, while the electronic self-consistent
iterations utilized a convergence criterion of 10−6 eV. The
Brillouin zones were segmented by 18 × 18 × 1, 6 × 18 × 1,
4 × 18 × 1, 6 × 6 × 1, 4 × 4 × 1, 4 × 4 × 1, 3 × 3 × 1, and
3 × 3 × 1 Gamma-centered Monkhorst-Pack (MP) grids for
1 × 1, 3 × 1, 4 × 1, 3 × 3, 2

√
3 × 2

√
3,

√
13 × √

13, 4 × 4,
and

√
19 × √

19 superstructures, respectively [41]. In or-
der to better describe the electron correlation effects, the
Heyd-Scuseria-Ernzerhof (HSE) screened hybrid functional
HSE06 method was used for the calculations of total ener-
gies, density of states (DOS), and band structures [42]. To
uncover the topological surface states, we conducted itera-
tive Green’s function calculations by utilizing a tight-binding
Hamiltonian constructed from maximally localized Wannier
functions (MLWFs) [43,44]. We used the WANNIER90 code
interfaced with VASP to construct the MLWFs [45]. For
obtaining the anharmonic phonon spectrum at a finite temper-
ature, the renormalized phonon frequencies were extracted by

molecular dynamics (MD) using the DYNAPHOPY code [46].
Each molecular dynamics simulation lasted 200 ps with a time
step of 1 fs. To perform the NVT ensemble, a Nosé-Hoover
thermostat was employed to adjust the system temperature,
and the lattice constants were fixed [47–49].

III. RESULTS AND DISCUSSION

Monolayer TaTe2 in its high-symmetry 1T phase is com-
posed of a triangular lattice of Ta atoms sandwiched between
two triangular lattices of Te atoms, with each Ta atom coordi-
nated octahedrally by Te atoms, as sketched in Fig. 1(a). The
structural optimization yields a lattice constant of a = 3.68 Å,
which is in good agreement with the experimental value of
3.70 ± 0.02 Å for monolayer 1T -TaTe2 grown on the bilayer
graphene substrate [35].

The harmonic phonon dispersion of high-symmetry
1T -TaTe2 at 0 K features imaginary frequencies of in-plane
acoustic phonon modes, clearly indicating the structural in-
stability of the high-symmetry phase at low temperatures
[Fig. 2(a)]. Here, to obtain the phonon dispersion, a 4 × 4 × 1
supercell is used for the calculations of the force constants
in real space. A careful convergence of the lowest phonon
frequency as functions of k points and the Gaussian smearing
width are shown in Fig. S1 in the Supplemental Material
[50]. By using a Gaussian smearing of 0.05 eV and a k
mesh of 6 × 6 × 1, we obtain the converged results. Recent
research has unveiled the crucial role of anharmonic effects
in CDW materials, especially in TMDCs [51–57]. Therefore,
we further present the anharmonic phonon spectra of mono-
layer 1T -TaTe2 at 300 and 500 K in Figs. 2(b) and 2(c),
respectively. It is evident that anharmonicity induces strong
modulations of the phonon soft modes. As the temperature
increases, the phonon frequencies of soft modes gradually
shrink, and the position of the softest mode undergoes slight
changes. We predict the CDW phase transition temperature to
be around 420 K where the soft modes disappear [Fig. 2(d)].
This prediction is consistent with experimental observations
of the CDW phases at room temperature [35,36]. Based on
the softest phonon mode at the 0 K, which is located around
at 0.24b [b = 2pi/a(1, 0)], and the corresponding mode at
300 K, which is located around 0.30b, we have identified
several potential commensurate CDW wave vectors in close
proximity to 0.24b and 0.30b. These wave vectors include
Qcdw = 1/4b, Qcdw = 1/

√
13b, Qcdw = 1/2

√
3b, and Qcdw =

1/3b. Consequently, we construct all the possible CDW
phases determined by the Qcdw, including the 4 × 1, 4 × 4,
2
√

3 × 2
√

3,
√

13 × √
13, 3 × 1, and 3 × 3 superstructures

(Note 1 in the Supplemental Material [50]). Moreover, the
metastable

√
19 × √

19 CDW phase found in the monolayer
and thin films is also taken into account [35,36]. To determine
the CDW structures in the monolayer 1T -TaTe2, these super-
structures are fully optimized by starting from randomized
atomic displacements. The obtained multiple CDW phases
are displayed in Figs. 1(b)–1(h). They are characterized with
the formation of distinct Ta clusters induced by the in-plane
atomic distortion. In particular, the 3 × 1 and 4 × 1 CDW
phases show double and triple zigzag chains as depicted in
Figs. 1(b) and 1(c), respectively, while the butterflylike cluster
is present in the 3 × 3 CDW phase [Fig. 1(d)], similar to
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FIG. 1. Crystal structures for 1 × 1, 3 × 1, 4 × 1, 3 × 3, 2
√

3 × 2
√

3,
√

13 × √
13, 4 × 4, and

√
19 × √

19 CDW phases. The green and
yellow balls represent Ta and Te atoms, respectively.

the bulk case [32,58]. The classical “Star of David” clusters
emerge in the

√
13 × √

13 CDW phase [Fig. 1(f)] and the
stripelike Ta clusters are formed in the 4 × 4 CDW phase
[Fig. 1(g)]. In the

√
19 × √

19 CDW structure, both seven-
atom clusters and triangular clusters of Ta emerge [Fig. 1(h)].

Figure 3 presents the total energies of different polymorphs
of monolayer TaTe2 at the HSE06 level including the high-
symmetry 1T phase and various CDW phases mentioned
above. The total energy of the high-symmetry 1T phase is
designated as the baseline energy of zero. It is observed that
spin orbital coupling (SOC) has a significant impact on the
relative energies of different polymorphs of monolayer TaTe2.
When SOC is not included, the 4 × 4 CDW phase has the

FIG. 2. (a) Harmonic phonon dispersion at 0 K for the high-
symmetry monolayer 1T -TaTe2. (b),(c) Anharmonic phonon dis-
persion of monolayer 1T -TaTe2 at 300 K and 500 K, respectively.
(d) Frequency of the lowest phonon mode at Qcdw as a function of
temperature.

lowest total energy and the 3 × 3 CDW phase possesses the
second lowest energy. However, upon inclusion of SOC, the
3 × 3 CDW phase becomes the most energetically favorable,
followed by the 4 × 4 CDW phase with a slightly higher
total energy. It has been known that incorporating SOC leads
to modifications in the system’s total energy, with the ex-
tent of these modifications being directly proportional to the
strength of the SOC. Note that the SOC strength is not only
influenced by the elemental composition but also critically
depends on the crystal structure of the system, which leads
to a rearrangement of the energy landscape of the different
CDW phases in monolayer 1T -TaTe2 (see Note 2 in the Sup-
plemental Material [50] for a detailed discussion). The total
energies obtained by the GGA functional are also presented in
Fig. S2, demonstrating qualitative consistency with the
HSE06 results [50]. Both the GGA and the HSE functionals
uniformly determine that the ground state is a 4 × 4 phase in
the absence of SOC, and transitions to a 3 × 3 phase when
SOC is incorporated. However, the CDW energy landscape is
affected by exchange-correlation functionals. In general, the
HSE06 functional can better capture the electronic correla-
tions of a system, especially in TMDCs [59]. Therefore, we
believe that the HSE06 functional can well describe the total
energies of 1T -TaTe2 polymorphs.

Importantly, regardless of the inclusion of SOC, the total
energies of the 3 × 1, 4 × 1, 3 × 3, 2

√
3 × 2

√
3,

√
13 × √

13,
and 4 × 4 CDW phases of monolayer 1T -TaTe2, are very
close, suggesting the high likelihood of experimental mani-
festation of these various CDW polymorphs. In contrast to Se
and S, Te exhibits lower electronegativity. As a result, TaTe2

has a higher concentration of valence electrons on the Ta
atoms compared to TaS2 and TaSe2 [25], which is probably an
important factor yielding various polymorphic CDW phases
in the monolayer 1T -TaTe2. Among these CDW polymorphs,
the 3 × 1 and 3 × 3 phases have been observed via scanning
tunneling microscopy (STM) at 77 K in the MBE-grown
monolayer TaTe2 on graphene/Ir(111) [36]. The

√
13 × √

13
CDW phase was claimed to emerge in monolayer 1T -TaTe2
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FIG. 3. Relative total energies �E of different polymorphs in 1T -TaTe2 at the HSE06 level. �E calculated without (cyan bars) and with
SOC (blue bars) are both given.

grown on bilayer graphene/SiC, even though an STM image
providing this evidence was not presented [35]. The 4 × 1
and 4 × 4 CDW phases have not been reported experimen-
tally; however, it is believed that they can be unlocked by
fine-tuning the growth conditions. For example, the 4 × 1
and 4 × 4 CDW phases predicted in monolayer 1T -NbTe2

have been realized recently by controlling the growth tem-
perature [37]. Similarly, the 2

√
3 × 2

√
3 and 4 × 4 CDW

phases of 1T -VTe2 are typically found to coexist on a bilayer
graphene/SiC substrate, and the ratio of 2

√
3 × 2

√
3 can be

significantly increased by adjusting the epitaxial temperature
[60,61]. It is noted that the

√
19 × √

19 CDW phase of mono-
layer 1T -TaTe2 that has been obtained after high-temperature
annealing is markedly higher in energy than the other CDW
phases. The formation of the

√
19 × √

19 CDW phase is as-
cribed to the thermal energy provided by the high-temperature
annealing process that allows the system to overcome the
barrier in the free energy space and to be stabilized in a
metastable state.

Next we proceed to investigate electronic properties of
monolayer 1T -TaTe2 in different polytypes. The 1 × 1 high-
symmetry phase is first explored. Several typical magnetic
configurations, including nonmagnetic (NM), ferromagnetic
(FM), striped antiferromagnetic (SAFM), and zigzag antifer-
romagnetic (ZAFM) states, are preset (see Fig. S3 [50]). We
find that the 1 × 1 high-symmetry phase has a FM ground
state with a total energy of 13.5 and 17.7 meV per 1T -TaTe2

formula lower than the ZAFM state and NM state, respec-
tively. The easy magnetic axis is determined to be out of plane
based on the calculation of magnetocrystalline anisotropy en-
ergy (MAE) which is referred to as the energy difference
between the out of plane and in-plane magnetic configurations
(see Fig. S4 and Note 6 [50]). As shown in Fig. 4(a), the bands
crossing the Fermi level are strongly dispersing with a width
of larger than 2 eV, suggesting that the conducting electronic
states which are mainly composed of Ta d orbitals are itiner-
ant. We further find that the FM high-symmetry phase exhibits
the QAH effect. Without SOC, the bands are spin polarized
[Fig. 4(a)]. Upon considering SOC, the degeneracies at the
spin-up and spin-down band crossing points are fully lifted,
resulting in a continuous band gap marked with the light green
shaded region [Fig. 4(b)]. The Chern number of all occupied

states below the continuous gap is obtained to be an integer
value of 1, indicating the high-symmetry 1T -TaTe2 is a QAH
metal.

Figure 4(d) shows the calculated magnetic moments for
the high-symmetry phase and various CDW phases. In
sharp contrast to the 1 × 1 high-symmetry phase with fer-
romagnetism, all the CDW phases are nonmagnetic. This
is completely opposite to the scenario in 1T -TaS2 and
1T -TaSe2, where the magnetisms emerge following the CDW
phase transitions [62,63]. The contrasting magnetic behaviors
in the high-symmetry phase and the charge density wave
phases of monolayer TaTe2 can be interpreted using the
phenomenological Stoner model [64]. The Stoner criterion
[Ueff × D(EF ) > 1], which is derived from the Stoner model,

FIG. 4. Electronic structures (a) without and (b) with SOC effect
in the high-symmetry phase. The solid and dashed lines represent
the spin-up and spin-down channels, respectively. The shaded region
in (b) indicates the continuous band gap below which the corre-
sponding Chern number is calculated. The inset of Fig. 3(b) is a
local enlargement of the band structure around the M point. (c) DOS
around the Fermi level for the high-symmetry phase and multiple
CDW phases. (d) The calculated DOS at Fermi level (cyan bars) and
the total magnetic moment (blue balls) for the 1 × 1 and different
CDW structures.
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FIG. 5. Electronic and topological properties in the 4 × 4 CDW phase of monolayer 1T -TaTe2. Electronic structures without (d) and with
(e) SOC effects. (f) Topological edge states of the 4 × 4 CDW phase.

describes the conditions under which a system of itinerant
electrons will become ferromagnetic. In this criterion, Ueff is
the effective exchange interaction and D(EF ) is the density
of states at the Fermi level. Figures 4(c) and 4(d) present
the calculated total density of states (TDOS) and D(EF )
for the high-symmetry phase and multiple CDW phases. It
is clearly seen that compared to the high-symmetry phase,
the D(EF ) in the CDW phases greatly decreases, which re-
sults in the suppression of the ferromagnetism in the CDW
phases.

After the magnetism is annihilated by the lattice distor-
tions in the CDW polymorphs, the topological properties of
the monolayer 1T -TaTe2 are also altered. Remarkably, the
4 × 4 CDW phase is a QSH insulator, in contrast to the QAH
metal for the high-symmetry 1T phase. In the absence of
SOC, as depicted in Fig. 5(a), the 4 × 4 CDW phase shows
a linear-type band crossing around the Fermi level forming
a Dirac point along the M-K direction. This band crossing
comes from the band inversion between Ta dz2 and Te pz

orbitals [see Fig. S5(a)]. Note that the 4 × 4 CDW phase of
monolayer 1T -TaTe2 belongs to the P-1 space group which
possesses only inversion symmetry. This symmetry protects
the band crossing without SOC. When SOC is included, a
global insulating gap of 90 meV is opened around the Dirac
point [Fig. 5(b)]. Further, the Z2 topological invariants are
calculated to be 1, confirming the formation of a QSH insula-
tor, also known as a 2D topological insulator. Experimentally,
monolayer 1T -TaTe2 may be subjected to the strain from the
substrate. Therefore, we further investigate the effects of strain
on the band structures of the 4 × 4 CDW phase, as depicted
in Fig. S5(b) [50]. It is found that applying a small biaxial
tensile strain does not break the inversion symmetry of the
system, thereby preserving both the Dirac point without SOC
and topological insulating properties with SOC.

It is recognized that a unique characteristic of a QSH insu-
lator is the presence of the gapless states inside the bulk gap.
Therefore, we further calculated the edge states of the 4 × 4
CDW phase using a tight-binding Hamiltonian on the basis
of MLWFs fitted to the first-principles band structures. Based
on this tight-binding Hamiltonian, we constructed the edge
Green’s function of the semi-infinite lattice whose imaginary
part gives the local density of states (LDOS), from which we
obtained the energy dispersion of the edge states. Figure 5(c)
shows the LDOS of the semi-infinite lattice of the 4 × 4 CDW
phase. It is seen that a pair of edge states connects the bulk

conduction and valence bands and forms a Dirac point at the
� point.

In comparison to other group-VB TMDCs, 1T -TaTe2 has
a stronger SOC effect, more expanded d orbitals, and weaker
correlation effects, which results in the manifestation of many
remarkably different properties. For example, a topological
insulating gap of 90 meV is opened in the 1T -TaTe2 4 × 4
CDW phase, surpassing the 50 meV topological gap in the 4 ×
4 CDW phase of 1T -NbTe2 [6]. Additionally, the strong SOC
effect induces a rearrangement of the energy landscape among
the different CDW phases in monolayer 1T -TaTe2. In partic-
ular, upon including the SOC effect, the 3 × 3 CDW phase
becomes the ground state of 1T -TaTe2, while the 4 × 4 CDW
phase is the ground state without SOC. Such a scenario is not
replicated in 1T -NbTe2, where the 4 × 4 CDW phase remains
the ground state irrespective of whether SOC is included [6].
Moreover, it is worth noting that the

√
13 × √

13 CDW phases
of 1T -TaSe2 and 1T -NbSe2 have been recognized as the typ-
ical Mott insulators [63,65,66]. A flat band contributed by the
5dz2 /4dz2 orbital of the central Ta/Nb atom lies at the Fermi
level, and then splits into upper and lower Hubbard bands
with a Mott gap opening when the correlation effects are
considered [63,65,66]. However, as shown in Fig. 6(a), in the√

13 × √
13 CDW phase of 1T -TaTe2, the 5dz2 orbital of the

central Ta atom sinks below the Fermi level, hybridizes with
other orbitals, and becomes no longer localized. Therefore,
even if the correlation effects are considered, the nonlocalized
5dz2 orbital will not split to form a Mott gap, which is in sharp
contrast to the 1T -TaSe2 and 1T -NbSe2 [Fig. 6(b)]. Further-
more, the 2

√
3 × 2

√
3 CDW phase in monolayer 1T -VTe2

has recently been found to exhibit a Mott-like full gap due
to the strong correlation effect for the V 3d orbital and narrow
bandwidth around the Fermi level [67]. In contrast, both our
GGA and HSE06 calculations indicate that the 2

√
3 × 2

√
3

CDW phase in monolayer 1T -TaTe2 is a semimetal because of
the weak correlation effects for Ta 5d and the wide bandwidth
induced by strong hybridizations [Figs. 6(c) and 6(d)].

The 4 × 4 CDW phase with gapless topological edge states
is promising for the design of quantum electronic devices
without dissipation. However, as we pointed out before, it is
not the ground state of the monolayer 1T -TaTe2. The 3 × 3
CDW phase which behaves as a normal metal, by contrast, is
the ground state with the lowest energy. On the one hand, the
metastable 4 × 4 CDW phase may be unlocked by increasing
the postgrowth annealing temperature in the MBE, similar
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FIG. 6. Band structures of
√

13 × √
13 and 2

√
3 × 2

√
3 CDW

phases at the GGA+SOC and HSE06+SOC levels in 1T -TaTe2,
respectively. The red balls represent the contributions of the central
Ta 5dz2 orbitals of the Star of David

√
13 × √

13 phase.

to the metastable
√

19 × √
19 phase that has been obtained

experimentally. On the other hand, one can transform the
4 × 4 CDW phase to the ground state by applying external
stimulations, so that the 4 × 4 CDW phase will naturally ap-
pear under conventional growth conditions. Here, we discover
that the relative stabilities of the multiple CDW phases can be
effectively tuned by charge doping, offering a feasible route
to realizing phase control in monolayer 1T -TaTe2. Figure 7(a)
shows the total energies of the CDW phases relative to that of
the high-symmetry phase as a function of the charge doping
concentration. Within the experimentally accessible doping
range from –2 × 1014 (hole doping) to 2 × 1014 cm−2 (elec-
tron doping) that we considered, all seven CDW phases are
energetically more favorable than the high-symmetry phase.
It is remarkable that after slight hole doping, the 4 × 4 CDW

phase becomes the ground state with the lowest total energy,
while the 3 × 3 CDW phase changes to a metastable state
with the second lowest total energy. This indicates that hole
doping is a promising way to obtain the 4 × 4 CDW phase.
In the case of electron doping, the 3 × 3 CDW phase re-
mains the energetically favored state, followed by the 3 × 1
CDW phase with a slightly higher energy. Once the elec-
tron doping concentration exceeds 1.25 × 1014 cm−2 (about
0.15 electrons per TaTe2 unit), the

√
19 × √

19 CDW phase
shows the third lowest energy, while the total energy of the
4 × 4 CDW phase reaches a higher level. In the previous
experiments, the monolayer 1T -TaTe2 grown on the graphene
substrate was considered to be electron doped according
to the ARPES measurement. Therefore, the elevated total
energy of the 4 × 4 CDW phase under electron doping con-
ditions might be the reason why it has not been successfully
fabricated.

The phase control realized by charge doping can be ex-
plained by the band alignment as depicted in Fig. 7(b). The
metallic 3 × 3 CDW phase has a work function W of 4.708 eV,
which measures the energy difference between its Fermi level
and the vacuum level. For the semiconducting 4 × 4 CDW
phase, its conduction band minimum (CBM) and valence
band maximum (VBM) are located at an energy χ (electron
affinity) of 4.456 eV and an energy I (ionization potential) of
4.518 eV below the vacuum level, respectively. When the
monolayer 1T -TaTe2 is doped with electrons, the excess elec-
trons will occupy the lowest energy states above the EF .
Because the Fermi level of the 3 × 3 CDW phase is lower
than the CBM of the 4 × 4 CDW phase, the former will be
more energetically favorable than the latter in the presence
of electron doping. In the case of hole doping, electrons are
removed from the bands located below the EF . It is noted that
the VBM of the 4 × 4 CDW phase is higher than the Fermi
level of the 3 × 3 CDW. Therefore, less energy is required
to remove electrons from the 4 × 4 CDW phase, leading it
to have a lower total energy compared to the 3 × 3 CDW
phase in the presence of hole doping. Experimentally, the
hole doping can be realized by adsorption, doping, substrate,

FIG. 7. (a) The CDW formation energies of the 3 × 1, 4 × 1, 3 × 3, 2
√

3 × 2
√

3,
√

13 × √
13, 4 × 4, and

√
19 × √

19 CDW phases of
monolayer 1T -TaTe2 as a function of doping concentration. (b) Schematic illustration of band alignment for monolayer 1T -TaTe2 in multiple
CDW phases.
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and so on, which is looking forward to further explorations
[68,69].

IV. CONCLUSION

In summary, by employing first-principles calculations, we
study the structural, magnetic, and topological properties in
the polymorphic CDW materials 1T -TaTe2. We reveal that
the energies between multiple CDW phases are comparable,
implying the potential for their experimental coexistence. In
particular, the 1 × 1 high-symmetry phase features the QAH
metal with ferromagnetism. Notably, the CDW phase tran-
sitions eliminate the ferromagnetic behavior and alter the
topological properties. The 4 × 4 CDW phase with the second
lowest energy is identified as a nontrivial topological insulator.
In contrast, the 2

√
3 × 2

√
3 CDW phase is a semimetal due to

the weak correlation effects and strong hybridizations. Mean-
while, the other CDW phases including the 3 × 3 CDW phase

with the lowest energy are categorized as normal metals.
We propose that the relative stability between multiple CDW
phases can be effectively controlled through charge doping.
In particular, under minor hole doping, the 4 × 4 CDW phase
turns out to be the most stable state while the 3 × 3 CDW
phase follows. The rich polymorphic CDW structures, phase
tunability and their novel quantum states in 1T -TaTe2 could
further inspire interest to explore its potential applications,
such as sensors, memories, etc.
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