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Origin of the multiple charge density wave order in 17°-VSe,
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Transition-metal dichalcogenide 17-VSe, experimentally exhibits multiple charge density wave (CDW)
orders, but its origin is still under debate. Using first-principles calculations, we investigate the origin of CDW
orders in 17-VSe, and clarify the ground state of CDW in the freestanding monolayer. Our results show that
both Fermi-surface nesting and electron-phonon coupling account for the 4 x 4 x 3 CDW superstructure in bulk
1T-VSe,, while the momentum-dependent electron-phonon coupling-induced +/7 x ~/3 CDW superstructure is
most stable in the freestanding monolayer 17'-VSe,. For monolayer 17 -V Se,, the substrate-induced compressive
strain can turn the ground state into the 4 x 4 CDW superstructure, while tensile strain preserves the v/7 x /3
superstructure. Our results demonstrate the origin of the CDW orders in 17-VSe, and shed light on the
experimental observation of multiple CDW orders in monolayer 17-VSe,.
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I. INTRODUCTION

Since graphene was successfully exfoliated in 2004, many
fascinating properties have made it turn into one of the
most popular materials, stimulating the search for more
two-dimensional (2D) materials [1,2]. Among 2D materials,
transition-metal dichalcogenides (TMDCs) display a multi-
tude of correlation effects that encompass diverse physical
and chemical properties [3—7], such as the charge density
wave (CDW), superconducting state, Weyl semimetal state,
magnetic ordering, and so on, attracting widespread attention.

CDW is a collective phenomenon accompanied by inher-
ent modulation of electron density and associated periodic
lattice distortion, which is a very pronounced phenomenon
widely studied in TMDCs and has potential applications,
such as oscillators and memory devices [8—11]. It is an
old but longstanding issue with regard to the origin of
CDW formation [12-20]. The mechanism of the CDW in
TMDCs was initially explained by Fermi-surface nesting,
which drives charge redistribution accompanied by a periodic
lattice distortion [12—-14]. Some research groups argued that
the charge density redistribution is driven by momentum-
dependent electron-phonon coupling (EPC)-induced periodic
lattice distortion, where Fermi-surface nesting is negligi-
ble [15-17,21]. There are some research groups that used the
combination of electron-phonon matrix elements and the bare
response function to explain the formation of the CDW [22].
It turns out that this method is very effective for 2H-NbSe;
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and bulk 17-VSe, [23,24]. Exciton condensation (electron-
hole coupling) that was proposed a long time ago [25-28]
was theoretically regarded as another mechanism of the
CDW formation [18,19,29-31] and was recently detected
in 17-TiSe; [29,30]. The origin of CDW still needs to be
clarified for different systems.

Among TMDCs, 1T-VSe, is a resurgent material with
multiple CDW orders in monolayer form, which displays
distinctly different properties from the bulk. Bulk 17-VSe;
is metallic with strong intralayer coupling due to V-Se co-
valent and the weak interlayer van der Waals interaction.
It undergoes a CDW transition around 110 K, forming a
three-dimensional CDW superstructure (4 x 4 x 3) with the
CDW wave vector Qcpw = 0.25a* + 0.3¢* [32,33]. Due to
the improvement in the preparation process, 17-VSe, can be
prepared into thin films or a monolayer. Bonilla ef al. used
molecular beam epitaxy (MBE) to grow monolayer 17-VSe;
on graphite (highly oriented pyrolytic graphite) and MoS,
substrates and found strong ferromagnetic order, which is
contrary to the bulk one [34]. Chen ef al. grew a 1T-VSe;
monolayer on bilayer graphene using MBE and found a /7 x
V3 CDW superstructure with no ferromagnetic exchange
splitting [35]. Recently, the ferromagnetism of monolayer
1T-VSe, was explained by the Se-defect-induced magnetic
order [36]. In addition, other CDW orders in monolayer or
few-layer 17-VSe, on different substrates have also been
observed experimentally, such as the 4 x 4 CDW order be-
low 140 K [37,38] and the 2 x +/3 and 4 x /3 CDW or-
ders with transition temperatures of 350 and 100 K, respec-
tively [39,40]. It can be seen that the CDW order in monolayer
1T-VSe, is strongly dependent on preparation conditions and
is still controversial. We can see that the CDW orders of
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monolayer 17-VSe, are quite different from that of the bulk
form, which is unlike the cases of 17-TaX, (X = S, Se)
and 17-TiSe, [41-47]. The puzzling ground state of CDW
in monolayer 17-VSe, and the real physical mechanism still
need to be clarified.

In this work, we investigate the multiple CDW orders in
1T-VSe, with the freestanding form and substrate-induced
strain by using first-principles calculations. We find that the
origin of the CDW in monolayer 17-VSe, is dominated
by the EPC, different from the case of bulk 17-VSe,, for
which both Fermi-surface nesting and EPC play significant
roles in the origin of the three-dimensional 4 x 4 x 3 CDW
superstructure. Our results show that the ﬁ X \/5 CDW
superstructure is the most stable in freestanding monolayer
1T-VSe,. By simulating the substrate-induced strain, we find
that the compressive strain can turn the CDW ground state
(ﬁ X ﬁ) into the 4 x 4 superstructure, while the tensile
strain can preserve the +/7 x /3 one. Our observations clarify
the origin of CDW order in 17-VSe, and confirm the ground
state of CDW in monolayer 17-VSe,.

II. COMPUTATIONAL DETAILS

The first-principles calculations were carried out with
the QUANTUM ESPRESSO package based on density func-
tional theory (DFT) [48]. The ultrasoft pseudopotentials were
used to describe the interaction between electrons and ionic
cores [49]. The exchange-correlation interaction was treated
by the generalized gradient approximation, which is parame-
terized by the Perdew-Burke-Ernzerhof functional [50]. In or-
der to obtain accurate structural parameters of bulk 17-VSe;,
the semiempirical DFT-D2 method was induced to treat the
interlayer van der Waals interaction [51]. The energy cutoff
of the wave functions (charge density) was set to be 60
(600) Ry. The Gaussian smearing method with a smearing
parameter of ¢ = 0.01 Ry was used. All structures were
fully relaxed until the Hellmann-Feynman force acting on
each atom was less than 10™* Ry/A, and the convergence
criterion for self-consistent calculations was set to be 1076
Ry. In order to simulate the case of a monolayer, an 18-A
vacuum layer was introduced to prevent interlayer interaction.
Phonon dispersion curves of the normal state were calculated
based on density functional perturbation theory [52], where
a24x24x16 (32 x 32 x 1) k-point grid and a 6 x 6 x 4
(8 x 8 x 1) g-point grid were used for the bulk (monolayer)
form. The substrate-induced strain was simulated by changing
the lattice parameters. The magnitude of the strain was defined
as e = (a —ap)/ap x 100%, where positive (negative) values
of ¢ indicate that the biaxial tensile (compressive) strain is
applied to the system.

III. RESULTS AND DISCUSSION

Bulk 17-VSe, has a layered structure with space group
P = 3ml, which has one V atom and two Se atoms located
at (0,0,0) and (1/3, 2/3, +£z) sites, respectively. The adjacent
layers are held together by van der Waals forces, and each V
atom is surrounded by the nearest six Se atoms, constituting an
octahedron structure, as illustrated in Fig. 1(a). The optimized
lattice constants of a and ¢ are 3.356 and 6.105 10\, respec-
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FIG. 1. (a) Crystal structure of bulk 17-VSe,. The red (green)
balls represent V (Se) atoms. (b) Fermi surface of bulk 17-VSe,.
(c) Real and (d) imaginary parts of the electron susceptibility cross
section in the plane of g, = %c*, and the corresponding maximum
is marked by Q,,. The bottom panels in (c) and (d) are the real
and imaginary parts of electron susceptibility along the +k, (I'A)
direction, where Qcpw is indicated by the crosses.

tively, consistent with the previous experimental reports [40].
The band structure of bulk 17-VSe, shows a classical band
characteristic of TMDCs with a 1T phase, and only one band
crosses the Fermi level (see Fig. ST in the Supplemental Mate-
rial [53]). The calculated Fermi surface is shown in Fig. 1(b),
which is consistent with the previous reports [37,54].

Fermi-surface nesting is always responsible for the ori-
gin of CDW in early reports [12—-14] and can be evaluated
quantitatively by calculating electron susceptibility [14]. The
nesting function is the low-frequency limit of the imaginary
part of the bare electronic susceptibility under constant matrix
element approximation, while the real part of the electronic
susceptibility determines the stability of the electronic system.
Therefore, if the CDW order is induced by Fermi-surface
nesting, both the real and imaginary parts of the electronic
susceptibility should peak at the Qcpw [14]. The real part of
the electron susceptibility x’ is defined as

X,(Q)ZZ M’ (1
X

Ek — Ektq

where f(e;) is the Fermi-Dirac distribution function. The
imaginary part of the electron susceptibility x” can be cal-
culated by

X"(q) = 8(ex — er)8(ersq — €F)- ©)
k

For bulk 17-VSe,, we used a dense 40 x 40 x 30 k-point
grid for calculating eigenvalues to further derive the electron
susceptibilities. Figure 1(c) shows the real part of the electron
susceptibility cross section at the plane of ¢, = %c*, and we
defined the top 5% of the real part of the electron susceptibility
as the maximum, which is labeled by Q,,. The imaginary
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FIG. 2. (a) Phonon dispersion curves of bulk 17-VSe,, where
Qi, Q), and Q, stand for the prominent imaginary frequencies.
(b) Phonon linewidth of the lowest phonon mode of bulk 17°-VSe, in
the ¢, = %c* plane (top) and along the +k, (I"A) direction (bottom).

part of the electron susceptibility cross section at the plane
of g, = %c* is shown in Fig. 1(d). Since the imaginary part of
the electron susceptibility always shows the maximum around
the zero point, which is due to intraband contributions from a
weakly dispersing band and is irrelevant for the nesting [55],
we labeled the second maximum as Q,,. It can be seen that
both the x’ and x” maxima locate at the same position of
Q) = %FM = élla*, which agrees well with the projection of
QOcpw in the plane of ¢, = %c*. We also plotted the electron
susceptibility along the k, direction, as shown in the bottom
panels of Figs. 1(c) and 1(d). We can see that the positions of
Qcpw show maximum values of the electron susceptibility, as
marked by the crosses.

The phonon dispersion curves of bulk 17-VSe, are calcu-
lated as shown in Fig. 2(a), where high-symmetry points A’,
L', and H' in the ¢, = %c* plane correspond to the I', M, and
K points in the g, = 0 plane, agreeing well with a previous
report [40]. For CDW materials, the calculation of the phonon
spectrum has proved to be an effective method to describe
the CDW instability [42,47]. We find three remarkably soft
phonon modes. Q; and Q] have the same composition (%a*)
projected in the in-plane section, standing for the in-plane
part of the 4 x 4 x 3 CDW superstructure in real space. The
softened mode Q, is responsible for the 4 x +/3 CDW super-
structure reported by Zhang et al. [40]. We also calculated the
phonon linewidth y that is directly related to the EPC since
the large EPC may induce lattice distortion and a consequent
CDW [15,16,41]. Here, y is defined as

Yqv = 27quv Z/

X 8(eq,i — €r)8(Ekrq,j — €F)- 3)

—lggu(k, i, DI

Here, g, (k, i, j) is the EPC coefficient and can be calculated
by

1/2 dV
) Wikl SCquv|w,k+q> (4)

gv(kvlv.]):< N
q dqu

2Mwy,
where v is the wave function, Vscr is the Kohn-Sham poten-
tial, 7 is atomic displacement, and £ is the phonon eigenvector.
It can be deduced from Eq. (3) that y reflects the strength
of the EPC, which does not depend on the real or imaginary
nature of the phonon frequency [17,41]. The top panel of
Fig. 2(b) shows the calculated phonon linewidth of the lowest

TABLE I. Lattice vectors of CDW structures in real space and
reciprocal space as a function of the lattice vectors of the high-
symmetry phase. Here, a and b (¢* and b*) are the basis vectors of the
high-symmetry 17 phase in real (reciprocal) space, and a and b (g;
and ¢,) are the lattice vectors of CDW structures in real (reciprocal)
space.

2x2 4x4  2x4/3 4x /3 VI x /3
a 2a 4a 2a 4a 3a+2b
74 2b 4b —a+2b —a+b —a+b
qi %a* %a* %a* + ib* %a* + éb* %(a* + b*)
o ol L L L(2a 4 b

phonon mode in the g, = %c* plane. The contours are plotted
by considering the top 5% of the phonon linewidth which
is defined as the maximum and located at a . The phonon
linewidth along the g, direction is shown in the bottom
panel of Fig. 2(b), and we find that Qcpw is in the area
with the maximum. One can see that the maximum of y is
very consistent with Qcpw. Therefore, we consider that both
Fermi-surface nesting and the EPC account for the origin of
the 4 x 4 x 3 CDW superstructure in bulk 17-VSe;, which
was also suggested previously [39,40,54].

With the improvement in the preparation process, various
materials were successfully synthesized in monolayer or few-
layer form. The monolayer 17-VSe, was successfully syn-
thesized, accompanied by various CDW superstructures, such
as2 x 2,4 x 4,2 x /3,4 x +/3, and V/7 x +/3 [34-40]. We
simulate the various CDW superstructures to find the ground
state and further clarify the origin of the multiple CDW order
formation. First, we select the lattice vectors as listed in
Table I, which are commensurate with the high-symmetry
1T-VSe;. Then, we set the displacement of V atoms in the
range of 3%—7% considering the related symmetry. Finally,
we relax the lattice and atomic positions completely to ob-
tain the final superstructures, as shown in Figs. 3(a)-3(c).
Using the relationship of the conversion between the real
and reciprocal spaces, we can obtain Qcpw of various CDW
superstructures, which are listed in Table I. In order to find the
real CDW ground state of monolayer 17-VSe,, we evaluate
the various CDW superstructures mentioned above in view of
energy. We calculated the energy gain of the CDW formation
by AE = Ecpw — E7. Since the various tested unit cell sizes
yielded quantitatively similar results, we calculated E;r by
using the unit cell of undistorted monolayer 17-VSe,. If AE
has a negative value, the larger | AE| indicates the more stable
system. For different CDW superstructures, we used the k-
point meshes with 0.02 x 27z A~! for the sake of comparison.
We can see that the +/7 x +/3 cluster has the biggest energy
gain from Table I, indicating that the /7 x +/3 superstruc-
ture is the thermodynamically favorable state.

With insight into the origin of the multiple CDW orders
in monolayer VSe;, we further investigate the electron and
phonon properties of monolayer 17-VSe, with the normal
phase (undistorted 17 structure). The band structure and
Fermi surface of monolayer 17-VSe, are shown in Fig. SII
of the Supplemental Material [53]. We evaluate the Fermi-
surface nesting of monolayer 17-VSe, by calculating the
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FIG. 3. Superstructures of (a) 2 x V3, )W x /3, and (c) 4

superstructures under different strains.

electron susceptibility. The calculated x’ and x” in the g, =0
plane are shown in Figs. 4(a) and 4(b). One can see that both
the maximum x’ and x” are around Q// )= Q’/ )= %FM =
éa*. But the éa* wave-vector-related CDW order was never
observed in the experiment. Thus, the Fermi-surface nest-
ing cannot account for the CDW formation in monolayer
1T-VSe;.

Figure 4(c) shows the phonon dispersion curves of mono-
layer 1T-VSe,. There are two prominent unstable phonon
modes indicated by the red arrows. The two softened modes
are marked as Q; and Q,, with g vectors of Q| = %FM = }1“*
and Q2=§FK = é(a* + b*). Similar to the previous report
by Esters et al. [56], we calculated the phonon dispersion
with the spin-polarized monolayer 17-VSe, (see Fig. SIII
in the Supplemental Material [53]) and found that the non-
spin-polarized calculations can describe the phonon disper-
sion well to study CDWs. The calculated phonon linewidth
of the lowest phonon mode in the g, = 0 plane is shown
in Fig. 4(d). The two larger values are around Q; and Q»,
consistent with the phonon softened modes. In real space, O,
and Q, are related to the 4 x 4 and /7 x +/3 CDW orders of
monolayer 17-VSe,, respectively. Compared with the case of
bulk 17-VSe,, the EPC may play an important role in CDW
formation of monolayer 17-VSe,.

Considering the experimentally prepared monolayer
1T-VSe, on different substrates, we investigate the effects of
in-plane biaxial strain on the multiple CDW orders mentioned

TABLE II. Energy gain of the CDW formation (meV/f.u.) of
pristine freestanding monolayer 17-VSe,. The cases of compressive
(—4%) and tensile (+4%) strains are also listed here.

2x2 4x4 2x3 4x3 JTx3
—4% —2042 —5142 —21.18 —29.83 —38.13
Pristine —0.58 —4.14 3.0 —1.01 —9.41
+4% 22.97 20.44 25.67 22.99 —4.73
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x 4 CDW orders. (d) Evolution of the energy gain of various CDW

above. First, we study the evolution of the energy gain under
different strains for various CDW superstructures. When the
compressive strain is applied to the CDW superstructures,
the energy gain increases rapidly with increasing strain, as
shown in Fig. 3(d), which means that the compressive strain
benefits various CDW orders. The interesting thing is that
when the compressive stress is larger than 2%, the 4 x 4 CDW
superstructure has a larger energy reduction than the /7 x
/3 CDW superstructure does, indicating that the compressive
strain can turn the ground state from the /7 x v/3 CDW
order to the 4 x 4 one. In contrast, when the tensile strain
is applied, the +/7 x +/3 superstructure still has a negative
energy gain, implying that the +/7 x +/3 CDW order can
survive with tensile strain. In experiments, most of the sub-
strates used (except for Al;O3) have smaller lattice parameters

2

A

r él M K QIZ

rr 2 M

FIG. 4. Cross section of the (a) real and (b) imaginary parts of
electron susceptibility of monolayer 17-VSe; in the g, = 0 plane.
(c) Phonon dispersion curves of monolayer 17°-VSe,, where O, and
Q> stand for the two prominent imaginary frequencies. (d) Phonon
linewidth of the lowest phonon mode of monolayer 17-VSe; in the
q. = 0 plane.
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FIG. 5. Phonon dispersion curves of monolayer 17-VSe, under
(a) and (b) compressive strain and (c) and (d) tensile strain.

than 17-VSe, [34,35,37-40]. The experimentally observed
different CDW orders in monolayer 17-VSe; could be mainly
due to the different compressive strains induced by substrates.

Finally, we evaluate the stability of various CDW orders
under strain with regard to phonons. Figure 5 shows the
calculated phonon dispersion curves of undistorted monolayer
1T-VSe, under different strains. It shows that the compressive
strain makes the softened mode Q; become larger [Figs. 5(a)
and 5(b)], implying the enhanced 4 x 4 CDW order, consis-
tent with the above calculation result of energy gain using
CDW superstructure. When the biaxial tensile strain is ap-
plied to the system [Figs. 5(c) and 5(d)], the softened mode
Q,, which is related to the 7 x +/3 CDW order, gradually

broadens, while the softened mode Q; slightly decreases.
In addition, we found that when the tensile strain increases
to 6%, the phonon spectrum has a large area of imaginary
frequency, indicating the system fully loses stability under
larger strain.

IV. CONCLUSIONS

In conclusion, we have theoretically investigated the origin
of CDW orders in 17-VSe; and the strain effect of multiple
CDW orders. The present results show that both Fermi-surface
nesting and electron-phonon coupling account for the 4 x 4 x
3 CDW order in bulk 17-VSe,, while the electron-phonon
coupling is dominant in the origin of the +/7 x +/3 CDW
order of freestanding monolayer 17-VSe,. The compressive
strain can turn the ground state from the /7 x +/3 CDW
order to the 4 x 4 CDW order, while the tensile strain can
maintain the ﬁ X \/3 one. Our results demonstrate the origin
of the CDW orders in 17-VSe, and shed some light on
understanding the experimental observations of various CDW
orders in monolayer 17-VSe;.
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