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Manipulating charge density wave order in monolayer 1T -TiSe2 by strain and charge doping:
A first-principles investigation
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We investigate the effects of the in-plane biaxial strain and charge doping on the charge density wave (CDW)
order of monolayer 1T -TiSe2 by using the first-principles calculations. Our results show that the tensile strain
can significantly enhance the CDW order, while both compressive strain and charge doping (electrons and holes)
suppress the CDW instability. The tensile strain may provide an effective method for obtaining higher CDW
transition temperature on the basis of monolayer 1T -TiSe2. We also discuss the potential superconductivity in
charge-doped monolayer 1T -TiSe2. Controllable electronic phase transition from the CDW state to the metallic
state or even the superconducting state can be realized in monolayer 1T -TiSe2, which makes 1T -TiSe2 possess
a promising application in controllable switching electronic devices based on CDW.
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I. INTRODUCTION

Layered transition metal dichalcogenides (TMDs) have
received wide-spreading attention, due to a variety of char-
acteristic physical properties, such as charge density wave
(CDW) and superconducting state [1–4]. The CDW and
superconductivity are two fundamental collective quantum
phenomena, and both arise from electronic instabilities in
condensed matter physics. The interplay between the two has
been widely investigated, however, the idea that CDW order
competes and even coexists with superconductivity remains
a long-standing enigma. In cuprates, the competition was
directly observed in the CuO2 monolayer atop a cuprate
by scanning tunneling microscope measurements, which has
provided clear evidence of spatial separation between the nodal
CDW and the nodeless superconducting gap functions [5].
However, in many TMDs, it has been observed that incommen-
surate/nearly commensurate CDW (ICCDW/NCCDW) order
can coexist with superconductivity through the formation of
CDW domain walls [6–10].

Below the CDW transition temperature, the lattice distorts
simultaneously accompanied with the redistribution of charge
and the abrupt change of electronic transport properties, which
might open new potential applications in optoelectronic and
quantum information processing devices [11–14]. For practice
applications, the room temperature ultrathin CDW materials
are desirable. Previous experimental studies showed that
reducing the thicknesses of the CDW materials can effectively
tune the CDW transition temperature. For example, CDW
transition temperature of 1T -TaS2 is shifted to lower tem-
perature with the reduction of thickness and then disappears
at critical thickness [15]. Xi et al. have reported that the
CDW transition temperature of 2H -NbSe2 is enhanced from
33 K in the bulk to 145 K in the monolayer [16]. Recently,
Chen et al. demonstrated that the CDW transition temperature
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of 1T -TiSe2 increases from 200 K in the bulk to 230 K
in the monolayer [17,18]. To the best of our knowledge,
the CDW transition temperature of monolayer 1T -TiSe2 is
comparatively closer to the room temperature than that of other
monolayer TMD materials. Hence, the monolayer 1T -TiSe2

provides an ideal platform for obtaining the CDW phase with
higher transition temperature even above room temperature.
This motivates us to search for methods to tune the CDW
order of the monolayer 1T -TiSe2.

The ultrathin 1T -TiSe2 materials are often prepared on
substrate, and the effects of the substrate-induced strain are
inevitable, which offers opportunities for tuning CDW order
in experiments [19,20]. Meanwhile, charge doping has also an
important impact on the CDW transition [7,9]. In this work, we
focus on the effects of the strain and charge doping on the CDW
order in monolayer 1T -TiSe2 by using the first-principles
calculations. Our results show that the tensile strain can
enhance the CDW order, while the compressive strain and
charge doping suppress it. The CDW gap increases with the
increase of tensile strain, while the compressive strain reduces
CDW gap and it undergoes a semiconductor-metal transition
at 6% compressive strain. Furthermore, we discuss that the
superconductivity with superconducting transition tempera-
ture TC of 7.3–0.3 K can be introduced by electron/hole
doping.

II. COMPUTATIONAL DETAILS

The first-principles calculations were performed using the
QUANTUM ESPRESSO package [21] with generalized gradi-
ent approximation according to the Perdew-Burke-Ernzerhof
(PBE) [22] functional. The ultrasoft pseudopotentials were
used to describe the interaction between electrons and ionic
cores [23]. The valence electrons were simulated by the plane
wave method. The energy cutoff of 80 Ry (800 Ry) was
chosen for the wave functions (charge density) basis. In order
to simulate the monolayer, at least 18 Å of vacuum layer
was introduced. The Brillouin zone (BZ) was sampled on a

2469-9950/2017/96(16)/165404(6) 165404-1 ©2017 American Physical Society

https://doi.org/10.1103/PhysRevB.96.165404


WEI, LU, XIAO, LV, TONG, SONG, AND SUN PHYSICAL REVIEW B 96, 165404 (2017)

FIG. 1. Crystal structures of bulk 1T -TiSe2 for (a) normal
phase at room temperature and (b) 2 × 2 × 1 CDW phase at low
temperature. Yellow arrows display the displacement directions of
Ti atoms from the high symmetry positions of the undistorted 1T

structure. Ti and Se atoms are denoted by blue and red balls,
respectively.

16 × 16 × 1 mesh of k points. The total energy and electron
charge density were calculated by the Fermi-Dirac smearing
method. Except otherwise specified, a smearing parameter of
σ = 0.005 Ry was used. Using density functional perturbation
theory (DFPT) [24], phonon dispersion curves were calculated
with 8 × 8 × 1 q points for the undistorted monolayer struc-
ture. Denser 32 × 32 × 1 mesh of k points were employed
for the electron-phonon coupling calculations. For a better
agreement with the experimental results, the LDA + U method
with the value U = 3.9 eV [25] and spin-orbit interactions
were considered in the electronic structure calculations. Since
the spin-orbit coupling effect is less important in describing
the vibrational properties [26,27], the calculation of phonon
dispersion was carried out neglecting this effect. The biaxial
strain was simulated by changing the lattice constant a0, and
the strength of strain was defined as ε = (a − a0)/a0 × 100%,
for which the positive (negative) value represents the tensile
(compressive) strain. For the study of charge doping effects,
hole doping was modeled by removing electrons from the
system, while the electron doping by increasing electrons
into the system, in company with a compensating uniform
negative background for hole doping and positive background
for electron doping. For each doping concentration, atomic
positions were relaxed with fixing the lattice parameters of the
undoped monolayer 1T -TiSe2.

III. RESULTS AND DISCUSSION

Bulk 1T -TiSe2 exhibits a layered structure with the space
group P 3̄m1, where adjacent layers are held together by van
der Waals forces and each Ti atoms are surrounded by the
nearest six Se atoms, constituting an octahedron, as illustrated
in Fig. 1(a). The monolayer 1T -TiSe2 can be obtained by exfo-
liating the bulk 1T -TiSe2 or grown by molecular beam epitaxy
[11,17]. Below ∼230 K, the monolayer 1T -TiSe2 undergoes
a 2 × 2 × 1 commensurate CDW (CCDW) transition [17], so
primitive cell lattice doubles as displayed in Fig. 1(b), and the
corresponding BZ shrinks to half of that of the undistorted
monolayer 1T -TiSe2.

When the bulk is thinned to the monolayer, the strain can be
an effective method to manipulate the properties of materials.
Hence, we first investigate the evolution of the CDW order in
monolayer 1T -TiSe2 under the in-plane biaxial compressive
and tensile strains. In order to comprehend the stability of

FIG. 2. CDW formation energy �E per formula unit (left) and
average displacements of Ti atoms from the high symmetry positions
of the undistorted 1T structure (right) as a function of biaxial strain.
The inset shows the biaxial compressive strain on the monolayer
1T -TiSe2 in the CDW phase.

CDW order from an energy perspective, the CDW formation
energy �E is defined as

�E = ECDW − E1T , (1)

where ECDW and E1T are the total energies of the relaxed
CDW structure and the undistorted 1T structure. Meanwhile,
the CDW phase transitions can be ascribed to the results
of spontaneous symmetry breaking, which involves atomic
displacements, as shown in Fig. 1(b) [17]. Hence, the average
displacements of Ti atoms, DTi, have also been introduced to
describe the strain and charge doping dependence of CDW
order from a structural perspective. Figure 2 shows the CDW
formation energy and the average displacements of Ti atoms
of the monolayer 1T -TiSe2 in the CDW phase as a function
of biaxial strain. When the tensile strain was applied to
monolayer 1T -TiSe2, the absolute value of the formation
energy gradually increases, indicating that the CDW phase
becomes more stable. On the contrary, the compressive strain
gradually suppresses the CDW instability. From a structural
perspective, the distortion amplitude of Ti atoms is remarkably
enhanced by the tensile strain, while the compressive strain
weakens it. These results indicate that the biaxial compressive
and tensile strain can remarkably tune the CDW order.

Figure 3 shows the electronic band structures of the
monolayer 1T -TiSe2 in the CDW phase as a function of biaxial
strain. For comparison, the electronic band structures without
applying strain are also shown [see Fig. 3(c)]. We find that the
band gap has different responses to the tensile and compressive
strains. The tensile strain significantly increases the band
gap, while the compressive strain reduces it. A continuously
varying band gap can be achieved by strain. Therefore, such
behavior leads to the transition from semiconductor to metal
at 6% compressive strain, as shown in Fig. 3(a).

Recent studies show that the Fermi-surface nesting is indeed
irrelevant to the formation of the CDW phase in 1T -TiSe2

[17,28], and the electron-phonon coupling is considered as a
main driving force of the CDW instability [25,29–31]. The
phonon calculation is proven to be an effective method to
simulate the CDW instability [31–33]. The phonon instability

165404-2



MANIPULATING CHARGE DENSITY WAVE ORDER IN . . . PHYSICAL REVIEW B 96, 165404 (2017)

FIG. 3. Evolution of the electronic band structures of the monolayer 1T -TiSe2 in the CDW phase under biaxial strain: (a) and (b) for
compressive strain, (c) without strain, and (d)-(f) for tensile strain. Blue (red) solid lines in each panel indicate the highest valence band (the
lowest conduction band). The top of the valence band is set to zero. The inset in (c) shows the BZs of the monolayer 1T -TiSe2. Black solid line
represents the BZ of the normal phase and red dotted line represents the folded BZ due to CDW phase transition.

of high-symmetry structure can be described as a result of
the CDW distortion: Close to but higher than the CDW
transition temperature, the phonon frequencies in the vicinity
of the CDW vector qCDW soften but do not go to zero, while
the phonon frequencies become imaginary below the CDW
transition temperature [31–33]. The occurrence of imaginary
phonon frequencies implies that the structure is unstable.
A structure is considered to be stable when the calculated
frequencies of all phonon modes are positive. Figure 4(c)
shows the calculated phonon dispersion curves of monolayer
1T -TiSe2. We find that the imaginary/softened acoustic mode
at the M point associated with the 2 × 2 × 1 CDW instability
of monolayer 1T -TiSe2 becomes more dynamically unstable
than that of the bulk (data not shown here), indicating that the
CDW order of monolayer 1T -TiSe2 is more robust than that of
the bulk. This is qualitatively consistent with the experimental
observations that reducing thickness increases CDW transition
temperature [17,18,30].

In order to further understand the evolution of the
CDW order under the biaxial strain, we calculated the
phonon dispersion curves under different biaxial strains.
Figures 4(a)–4(c) show that the compressive strain can enhance
the phonon frequencies and reduce the area of instability
at the CDW vector qM . When the compressive strain of
6% is applied, the previous imaginary frequencies at the
M point become positive [see Fig. 4(a)], indicating that
the normal phase becomes stable against CDW transition.
Figures 4(c)–4(f) show that the tensile strain can reduce the
phonon frequencies and largely expand the area of instability at
the CDW vector qM . When the tensile strain of 6% is applied,
additional imaginary acoustic branches are introduced [see
Fig. 4(f)], indicating that the larger tensile strain results in
the structure phase transition in monolayer 1T -TiSe2. We can
conclude that the tensile strain can enhance the CDW order,
while the compressive strain suppresses it. It is expected that

the tensile strain could further increase the CDW transition
temperature of monolayer 1T -TiSe2. In addition, we note that
there are small imaginary frequencies close to the � point in
Figs. 4(a) and 4(b), which are consistent with an instability
due to the long-wavelength transverse waves [34,35]. Grain
boundaries or ripples and other defects are capable of fixing
such small instability [34–36].

In order to qualitatively simulate the influence of temper-
ature on CDW order, the temperature dependence of phonon
dispersion curves were calculated by changing the Fermi-Dirac
smearing factor σ . This parameter takes on a physical meaning
to directly reflect the electronic temperature of the system [37].
The disappearance of the imaginary phonon frequencies at the
M point in phonon dispersion curves means that the CDW
instability is eliminated by increasing σ . Figure 4(c) shows
the phonon dispersion curves of the unstrained monolayer
1T -TiSe2 with different σ . The imaginary/softened acoustic
branches show significant dependence on the electronic tem-
perature. As the electronic temperature increases, the area of
the instability reduces and disappears at σ ∼ 0.007–0.008 Ry.
According to the method proposed by Duong et al. [37], the
CDW transition temperatures TCDW can be obtained by fitting
the smearing electron temperature-phonon frequencies at the
M point based on the following equation [37]:

ωM (T ) = ω0 ∗ (T − TCDW)δ. (2)

Figures 5(a) and 5(b) show the fitted smearing electron
temperature dependence of phonon frequencies at the M point
and the obtained TCDW under tensile strain, respectively. The
fitting parameters are listed in Table I. As the tensile strain
increases, the TCDW becomes higher, further demonstrating that
the tensile strain can enhance the CDW order. We can conclude
that the control of strain allows us to manipulate the CDW
transition, which may open a promising application in the
future to construct controllable switching electronic devices
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FIG. 4. Evolution of the phonon dispersion curves of monolayer 1T -TiSe2 in the normal phase under the biaxial strain: (a) and (b) for
compressive strain, (c) without strain, and (d)-(f) for tensile strain. Colored curves in (c) stand for phonon dispersion curves with different
values of electronic smearing parameter σ .

based on CDW. Note that the real temperature of the crystal
should include not only the temperature of the electron but also
of the lattice, hence the calculated electron temperature cannot
directly represent the real physical temperature and needs to
be further amended. Despite the fact that the obtained TCDW is
not accurate enough numerically, it can correctly describe the
evolution of the CDW transition under the strain.

Charge carrier doping can be easily introduced in exper-
iments, such as gate-controlled Li ion intercalation, electric-
field effect, and photoexcitation, which has been successfully
applied to manipulate the CDW transition [7,9,38,39]. Here,
we also investigated the effect of the charge doping on the
CDW order in monolayer 1T -TiSe2. Figures 6(a) and 6(b)
show the calculated phonon dispersion curves of monolayer
1T -TiSe2 with different doping concentrations. They indicate
that both electron and hole doping can suppress the CDW
instability. In order to more clearly see the evolution of the
suppression of the CDW transition by charge doping, a series
of phonon dispersion curves of monolayer 1T -TiSe2 and the
average distortion of Ti atoms in CDW-phase TiSe2 under

FIG. 5. (a) Phonon frequencies of softened acoustic mode at the
M point as a function of the electronic temperature under tensile
strain. The solid lines are fitted by Eq. (2). (b) Fitted CDW transition
temperatures TCDW under tensile strain.

different doping concentrations were calculated. The phonon
frequencies at the M point and the average distortion of Ti
atoms were summarized in Fig. 6(c). One can see that the
average distortion of Ti atoms gradually becomes smaller
and eventually tends to zero with the increase of doping
concentrations. When the doping concentration is above
n = 0.165 electrons/f.u. or n = 0.055 holes/f.u., the previous
imaginary frequencies at the M point become positive, which
indicates the doped monolayer 1T -TiSe2 with the normal
phase becomes completely stable. We can conclude that both
electron and hole doping are harmful to stabilize the CDW
order in the system. Hence, if one wants to obtain high CDW
transition temperature in monolayer 1T -TiSe2, charge doping
needs to be prohibited.

Superconductivity can be induced in 1T -TiSe2 when the
CCDW phase is suppressed by applying electric-field [9],
pressure [8], or through Cu intercalation [10]. For example,
in a gate-tuned thin film of pure 1T -TiSe2, the CDW transition
temperature quickly decreases with increasing the doping con-
centration and the superconducting phase emerges from 0 K
at n = 1.2 × 1014cm−2 and reaches the maximal TC of ∼3 K
at n = 7.5 × 1014cm−2, for which the CDW signal becomes
undetectable [9]. Similar superconducting phase diagrams
have also been observed in CuxTiSe2 [10]. These studies
also suggested that the emergence of an ICCDW phase
through the formation of domain walls may play a significant

TABLE I. Fitting parameters of smearing electron temperature
dependence of phonon frequencies at the M point under tensile strain
in Fig. 5(a).

Strain TCDW(K) ω0(cm−1) δ

0% 1147 3.89 0.479
2% 1324 3.37 0.483
4% 1720 2.48 0.500
6% 2366 2.61 0.487
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FIG. 6. Phonon dispersion curves for (a) electron-doped and
(b) hole-doped monolayer 1T -TiSe2 under some typical doping
concentrations. For comparison, undoped monolayer 1T -TiSe2 is
also shown, which is depicted as red solid lines. (c) The phonon
frequencies at the M point (left) and the average displacements of
Ti atoms from the high symmetry positions of the undistorted 1T

structure (right) as a function of doping concentration. The region
decorated with red color stands for the CDW phase.

role in the development of superconductivity [8–10]. As the
CCDW phase is suppressed, the CDW domains gradually
shrink and the ICCDW grows in interdomain regions, which
can be considered as conducting channels to induce the
metallic state [40]. Once the metallic interdomain regions are
percolated, superconductivity can emerge. While we are not
able to directly model the textured ICCDW phase, we can
still qualitatively investigate the superconductivity using 1T

structure. Here, when the CDW is completely suppressed, we
estimate the TC by using the Allen-Dynes-modified McMillan
formula [41,42]:

TC = ωlog

1.2
exp

(
− 1.04(1 + λ)

λ − μ∗ − 0.62λμ∗

)
, (3)

where the total electron-phonon coupling constant is

λ =
∑
qv

λqv = 2
∫

α2F (ω)

ω
dω. (4)

The Coulomb pseudopotential μ∗ is generally assumed to
0.1 [28,43,44]. The logarithmic average frequency of ωlog is
defined as

ωlog = exp

(
2

λ

∫
dω

ω
α2F (ω) log ω

)
, (5)

with the Eliashberg spectral function,

α2F (ω) = 1

2πN (EF )

∑
qv

δ(ω − ωqv)
γqv

h̄ωqv

, (6)

FIG. 7. Calculated λ and TC of monolayer 1T -TiSe2 under (a)
and (b) electron doping, and (c) and (d) hole doping.

where N (EF ) is the density of states at EF , and γqv is the
phonon linewidth.

Figures 7(b) and 7(d) show that the doped monolayer
1T -TiSe2 could be superconducting and the TC decreases
monotonously from 7.3 K (2.8 K) at 0.2 electrons/f.u.
(0.08 holes/f.u.) to 0.9 K (0.3 K) at 0.4 electrons/f.u.
(0.14 holes/f.u.). We try to understand the evolution: As the
CDW instability is just suppressed and the system enters
into the normal phase, the original imaginary frequency ω

at the M point becomes a small positive value. The small
positive ω in Eq. (4) can lead to a large λ, resulting in
the high TC . However, according to Fig. 6(c), both electron
doping and hole doping make the phonon spectra harden,
which leads to the reduction of λ and is not beneficial
to the superconductivity [Figs. 7(a) and 7(c)]. As a re-
sult, TC decreases monotonously with the increase of the
charge doping concentration. Our results are in qualitative
agreement with experiments, although in experiments the
domelike shape of TC versus doping concentration emerges
[9]. This discrepancy between the calculated and measured TC

could be due to neglecting textured ICCDW structure in the
calculations.

IV. CONCLUSIONS

In conclusion, we have studied the effects of the biaxial
strain and charge doping on the CDW order of monolayer
1T -TiSe2 by the first-principles calculations. We found that
the tensile strain can effectively enhance the CDW order. The
results indicate that the CDW transition temperature of mono-
layer 1T -TiSe2 grown on substrates with large lattice constants
can be enhanced. The compressive strain and the charge doping
can suppress the CDW order. At the 6% compressive strain or
at the doping concentrations of 0.165 electrons/f.u. and 0.055
holes/f.u., the CDW instability is completely eliminated.
When the CDW instability is suppressed by charge doping,
the superconductivity with TC of 7.3–0.3 K can be introduced
by electron/hole doping. Controllable electronic phase
transition from the CDW state to the metallic state or even the
superconducting state can be realized in monolayer 1T -TiSe2,
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which makes 1T -TiSe2 possess a promising application in
controllable switching electronic devices based on CDW.
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Phys. Rev. Lett. 102, 236804 (2009).
[35] A. J. Mannix, X.-F. Zhou, B. Kiraly, J. D. Wood, D. Alducin,

B. D. Myers, X. Liu, B. L. Fisher, U. Santiago, J. R. Guest,
M. J. Yacaman, A. Ponce, A. R. Oganov, M. C. Hersam, and
N. P. Guisinger, Science 350, 1513 (2015).
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