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Transition-metal dichalcogenides (TMD) share the same global layered structure, but distinct polymorphs
are characterized by different local coordinations of the transition-metal atoms. Here we compared the 1T and
2H families of metallic TMD, both in the bulk and in the two-dimensional forms. By means of first-principles
time-dependent density functional calculations of the loss function, we established the direct connection between
the low-energy plasmon properties and the crystal-structure symmetry. The different atomic environments affect
the d − d electron-hole excitations, which are prominent at low energies, resulting in distinct in-plane plasmon
dispersions in the two families. Conversely, the different periodicity of the plasmon reappearance along the c
axis perpendicular to the layers can be used to distinguish the various crystal structures of TMD.
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I. INTRODUCTION

Layered materials in which quasi-two-dimensional sheets
are taken together by weak van der Waals interactions
are ideal to synthesize low-dimensional systems such as
one-dimensional (1D) nanotubes and two-dimensional (2D)
nanosheets [1–3]. Due to electron confinement, these systems
display different properties with respect to their 3D counterpart, making them promising materials for both technological
applications and fundamental studies. Among layered systems,
the most studied one is probably graphite, in particular after
the synthesis of its isolated sheets, namely, graphene [4].
However, the lack of a band gap in the electronic band
structure of graphene makes its application in electronics and
optoelectronics difficult [5,6]. This has stimulated the research
into alternative classes of layered materials with more versatile
electronic properties. Among them, special attention has been
paid in recent years to the transition-metal dichalcogenides
(TMD) [7–11].
These compounds have the formula TX2 , where T is a
transition metal and X is a chalcogen atom among S, Se, and
Te. Their crystal structure derives from the stacking of 2D TX2
sheets characterized by a layer of transition-metal atoms embedded between two layers of chalcogen atoms. Within a single
sheet, the T and X atoms are bound covalently and form honeycomblike structures. By varying their stacking along the c axis
and depending on the relative alignment of the two X atoms
within a single X-T-X sandwich, it is possible to obtain several
classes of TMD. Among them, the most common ones are the
1T and 2H families (see Fig. 1). In this notation, the integer indicates the number of TX2 sheets in the unit cell, while T and H
mean trigonal and hexagonal symmetry, respectively. In particular, in 1T systems, the T atom is octahedrally coordinated by
six neighboring X atoms (D3d point-group symmetry), while
in 2H systems, the coordination is trigonal prismatic (D6h
point-group symmetry). Depending on the T species, TMD
display metallic, semiconducting, or insulating behavior [7].
1098-0121/2014/90(20)/205128(8)

In general, systems made by transition metals belonging to
the groups IV and VI of the periodic table tend to be semiconductors or insulator, while those involving the group V are
metals [12]. This is due to the fact that in an ionic picture, the
TX2 stoichiometry with X2− requires four valence electrons
from the transition metal for the bonding. Thus the synthesis
of isolated sheets of TMDs allows one to obtain 2D systems
characterized by both metallic and insulating behavior [13].
In the present work, we focus on the low-energy collective
excitations of the metallic compounds, which have recently
attracted considerable interest for the coexistence of competing
electronic orders, namely, charge-density wave, including
excitonic insulator instability, and superconductivity [14]. We
calculate the dynamical charge-density response function of
these materials by means of first-principles time-dependent
density functional theory (TDDFT). We compare the loss
function of 1T polymorphs with that of members of the 2H
family [15–22], both in the bulk and in the 2D form [23]. We
characterize the different plasmon dispersions, highlighting
the role of the intrinsic structural anisotropy and the effects
of the crystal local fields that are responsible for the periodic
reappearance of the spectra of the first Brillouin zone. Finally,
through a detailed comparative analysis of the low-energy
spectra where d − d electron-hole excitations are prominent,
we show how the loss function is a powerful tool to identify
the fingerprints of the connection between the different crystal
structures and the electronic properties of these layered
materials.

II. COMPUTATIONAL DETAILS

In the present work, the key quantity is the loss
−1
(q,ω), where q is the momenfunction L(q,ω) = −ImM
tum transfer, which can be measured by electron energy
loss spectroscopy (EELS) or inelastic x ray scattering
(IXS). The loss function can be written in terms of the
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FIG. 1. (Color online) Comparison between the two-dimensional
sheets of 1T and 2H TMD. The light-blue balls are T atoms and the
yellow ones are X atoms. The red dashed line is the projection of the
unit cell in the XY plane.

real and imaginary parts of the macroscopic dielectric
function M = 1 + i2 :
L(q,ω) = −Im

2 (q,ω)
1
=
.
M (q,ω)
[1 (q,ω)]2 + [2 (q,ω)]2

1
−1
GG
(q,ω)

(2)

,

where q = q + G. The difference between M (q ,ω) and
GG (q,ω) is termed crystal local-field effects (LFE) and is
related to the off-diagonal elements of the GG matrix, which
are generally nonzero in inhomogeneous materials.
In the framework of time-dependent density functional
theory (TDDFT) [25], the dynamical response function χ is
obtained from the solution of the Dyson equation:


0
0
χG,G (q,ω) = χG,G
χG,G
(q,ω) vG1 (q)δG1 ,G2
 (q,ω) +
1
G1 ,G2

+ fGxc1 ,G2 (q,ω)



χG2 ,G (q,ω),

(3)

where χ 0 is the Kohn-Sham (KS) noninteracting response
function, which can be expressed in terms of KS energies
and wave functions as (here  is the crystal volume and fi is
the Fermi distribution)
fnk − fn k+q
1 
0
χG,G
nk|e−i(q+G)r
 (q,ω) =
 k,n,n ω + εnk − εn k+q + iη




× |n k + qn k + q|e+i(q+G )r |nk,
xc

implemented in a plane-wave-based code [26]. In our calculations, we adopted the experimental lattice structures [27]. We
used Troullier-Martins norm-conserving pseudopotentials [28]
(including 3s and 3p semicore states in valence for V and Ti).
In the calculation of χ (Ref. [29]), we used a 24 × 24 × 12
grid of k points and included 100 bands. The macroscopic
dielectric function has been obtained by inverting a matrix
of 300 G vectors. Since in our preliminary tests we found
that in the small-energy range considered here the effect of
f xc in the adiabatic local-density approximation is negligible
(see also Refs. [20] and [21]), in the following we will
consider results obtained in the random-phase approximation
(RPA) in which f xc = 0 and that has already been proven
to be sufficient to obtain a good agreement with available
experimental data [18,19,22]. This approximation has been
used to evaluate the loss function of single-sheet TMD as
well since previous works on graphene and single-wall carbon
nanotubes, see e.g. [30], have demonstrated that plasmons in
low-dimensional systems are well described in RPA.

(1)

In particular, plasmon resonances correspond to zeros of 1
where the damping given by 2 is not too large.
The microscopic dielectric function  is related to the
response function χ by [24]  −1 = 1 + vχ , where v is the
Coulomb potential. In periodic crystals, the Fourier components of both χ and  are matrices in terms of the reciprocallattice vectors G: χG,G (q,ω) and G,G (q,ω), where q belongs
to the first Brillouin zone. The macroscopic dielectric function
M is then given by
M (q ,ω) =
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(4)

and f is the exchange-correlation kernel.
In the present work, we have considered three different
prototypical TMD: 2H-NbSe2 , 1T-VSe2 , and 1T-TiTe2 . The
KS eigenenergies and eigenfunctions used to determine χ0
have been evaluated in the local-density approximation (LDA)

III. RESULTS AND DISCUSSION
A. In-plane loss function

Since the different TMD polymorphs are basically distinguished by the different stacking along the c axis, one would
expect that the in-plane physics should be very similar for all
of them. Nevertheless, we will now show how and why for the
loss function in the low-energy range this is not quite the case.
In Fig. 2 we compare the low-energy (0-4 eV) EELS spectra
of 1T-VSe2 and 1T-TiTe2 with that of 2H-NbSe2 calculated in
RPA for momentum transfers q along M, i.e., belonging to
the plane of the layer. While in 2H-NbSe2 (and similarly for the
other metallic compounds of the 2H family [19–21]) the loss
function at small q is dominated by a single sharp peak at ∼1
eV, in the 1T materials it is strongly broadened with two main
features (at ∼0.6 and 1.7 eV) and several other minor structures
involving independent electron-hole pairs. Moreover, while
in the 2H polytypes the sharp peak has a negative dispersion
as q increases [19–21], in 1T-VSe2 and 1T-TiTe2 the lowerand higher-energy excitations have positive and negative
dispersion, respectively. In the following, we will focus on
1T-VSe2 , as for 1T-TiTe2 similar considerations apply.
The main structures in the EELS spectra are plasmon
resonances since they correspond to zeros of the real part
of the dielectric function 1 (q,ω) (compare Figs. 2 and 3).
In both 1T-VSe2 and 2H-NbSe2 , the imaginary part of the
dielectric function 2 (q,ω) is characterized by a large peak
that at small q is located at 0.19 eV for 2H-NbSe2 and 0.24 eV
for 1T-VSe2 (see Fig. 3), below the energy of the first plasmon.
These peaks of 2 originate from the transitions involving the d
bands crossing the Fermi level (see Fig. 4). Thus, we can refer
to the low-energy collective excitations in the EELS spectra as
intraband plasmons.
While in 2H-NbSe2 the higher-energy interband transitions
in 2 start at about 2 eV, in 1T-VSe2 they are much closer to the
intraband plasmon. These transitions have two effects on the
loss function. First, through the Kramers-Kronig relations,
they cause rapid oscillations on 1 (see Fig. 3) giving rise to
the second plasmon at 1.70 eV in 1T-VSe2 , which can be
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FIG. 2. (Color online) Loss functions [L(q,ω)] of (a) 2H-NbSe2 , (b) 1T-VSe2 , and (c) 1T-TiTe2 , calculated at the RPA level for momentum
transfers q along M (in Å−1 ). The red dashed line is a guide for the eye.
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thus ascribed to the coherent oscillation of these interband
electron-hole pairs. Second, they strongly screen the lowenergy intraband plasmon in 1T-VSe2 . In fact, its energy
obtained taking into account only intraband transitions (we call
this the “bare plasmon”) is ∼3.7 eV. Thus interband transitions
cause a redshift of the bare plasmon by ∼3.1 eV. This screening
effect is smaller in 2H-NbSe2 , where the redshift of the bare
plasmon induced by the interband transitions is ∼2.4 eV. This
happens because in this case interband transitions are weaker
and occur at higher frequency. Therefore, from this analysis,
we can conclude that the qualitative difference between the
loss functions of 1T and 2H materials is due to the different
energy gap in 2 between the intraband excitations and the
onset of interband transitions.
We can rationalize this finding by comparing the band
structure of 1T-VSe2 and 2H-NbSe2 (see Fig. 4). In both 2H
and 1T systems, for each TX2 unit, the in-plane p orbitals
of the X atoms combine with the in-plane d orbitals of
the T atom, giving rise to in-plane covalent σ bonds. The
formation of metal-chalcogen bonding and antibonding states
results in a σ − σ ∗ gap opening in the band structure. Since
in the formation of covalent σ bonds there is a partial charge
transfer from the metal to the chalcogen atoms, the T d orbitals
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FIG. 3. (Color online) Calculated real and imaginary parts of the
macroscopic dielectric function M = 1 + i2 of 2H-NbSe2 and 1TVSe2 for q = 0.07 Å−1 along M.
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FIG. 4. (Color online) Band structure and projected density of
states of (a) 1T-VSe2 and (b) 2H-NbSe2 . The zero of the vertical axis
corresponds to the Fermi level.
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FIG. 5. (Color online) Comparison between the JDOS of 2HNbSe2 and 1T-VSe2 evaluated at q = 0.09 Å−1 along M. Both
curves have been renormalized to the value of the JDOS of 2H-NbSe2
at ω = 4 eV.

behavior of the low-energy plasmon in the two materials.
In both cases, the five degenerate d states of the isolated
atom give rise to two groups of subbands at the
point
(see Fig. 4). In the 1T systems, having a D3d point-group
symmetry, the lower-energy group contains three bands that
in ascending-energy order are related to dz2 , dx 2 −y 2 , and dxy
orbitals, respectively; the higher-energy group involves two
bands with dxz and dyz character. Instead, in the 2H systems,
having a D6h point-group symmetry, the lower-energy group
consists of a single band with dz2 character per layer. As a
consequence, in 2H compounds, the dz2 bands crossing the
Fermi energy are isolated from the other unoccupied d states
[compare Figs. 4(a) and 4(b)].
We can evaluate the effect of the different d band structures
by comparing the joint density of states (JDOS) in the
two materials (see Fig. 5). The first peak due to intraband
transitions at ∼0.2 eV is similar in both compounds. However,
in the energy window between 0.5 and 1.5 eV, the JDOS
in 1T-VSe2 is much larger than in 2H-NbSe2 . Transitions
involving the d states in the first group of subbands are
responsible for larger JDOS in 1T-VSe2 . On the contrary,
their absence causes a pseudogap opening in the JDOS of
2H-NbSe2 . This difference in the JDOS directly translates in
the different shape of 2 (compare Figs. 3 and 5), since in the
present case [20] the oscillator-strength matrix elements in χ 0
[see Eq. (4)] and the kernel of the Dyson equation [Eq. (3)]
do not alter the conclusions based on the analysis of the band
structure.
From this analysis, it is therefore possible to infer a
general picture of the low-energy collective excitations in these
materials. In 1T materials, the presence of a group of subbands
close to the Fermi level gives rise to two d plasmons: a
low-energy intraband plasmon with dz2 character and a higherenergy plasmon related to interband transitions involving all
the d states. In 2H materials, on the other hand, due to the
different splitting of the d orbitals, only the metallic states
with dz2 character are able to sustain collective excitations
alone. The interband transitions between d states, in fact,
strongly mix with the higher-energy transitions involving π
and σ bands related to the pz and pxy orbitals of the chalcogen
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atoms, giving rise to the π + σ plasmon located at 8 eV [22].
This excitation (not shown) is present in 1T systems as well
and is located at about 6.6 eV.
The qualitative difference in the electronic band structure
between 1T and 2H systems reflects on the plasmon dispersion
as well. As it has been shown in Ref. [20], due to the
weak dispersion of the d bands, the bare intraband plasmon
of 2H materials has a negative dispersion that is partially
attenuated by the screening effects induced by the higherenergy interband transitions. This behavior is also seen in 1T
systems, where the intraband bare plasmon has an intrinsic
negative dispersion. However, in this case due to the proximity
of the unoccupied d states to the metallic dz2 band, the
screening induced by interband d − d transitions is strong
enough to switch the slope of the plasmon dispersion to be
positive. For the same reason, the intraband plasmon is strongly
damped by single-particle excitations and rapidly enters the
electron-hole continuum as q increases. On the other hand,
higher-energy interband transitions above 1.70 eV are not so
efficient in screening the second d plasmon that preserves its
intrinsic negative dispersion.
B. Monolayers

With this picture in mind, we can now compare the loss
function of monolayer 2H-NbSe2 and 1T-VSe2 (Fig. 6). The
qualitative difference between the spectra of 2H and 1T systems is preserved also when the dimensionality is reduced. In
fact, as for the 3D case, while the loss function of 2H-NbSe2 is
dominated by a single peak related to the intraband plasmon,
the loss function of 1T-VSe2 is characterized by two structures.
The first one at 0.7 eV is related to dz2 plasmon, while the
second one at about 2.0 eV is the plasmon involving all the
d bands. However, the lack of the interlayer interaction slightly
modifies the electronic band structure in 1T materials, causing
a reduction of the JDOS in the energy window involving the
transition between the first group of d subbands. As a consequence, the damping induced by interband d − d transitions
on the dz2 plasmon is reduced so that its strength increases,
giving rise to a well-defined peak in the loss function.
Concerning the behavior of the plasmon as a function of the
momentum transfer, we note that in 2H systems the slope of the
plasmon dispersion switches to positive as the dimensionality
is reduced. As has been discussed in Ref. [23], this property
is related to the depolarization effect induced by crystal local
fields. Finally, in the optical limit q < 0.02 Å−1 , the plasmon
√
frequency has a q dispersion [31].
C. Out-of-plane loss function

So far, we have analyzed the main differences between the
loss function of 1T and 2H systems for in-plane momentum
transfers. In the following, to investigate how the different
crystal structures are apparent also in the anisotropy of the
electronic properties, we will extend our discussion to the
behavior of the collective excitations for momentum transfers
perpendicular to the planes of the layers.
Figure 7 shows the real and imaginary parts of the dielectric
function for 2H-NbSe2 and 1T-VSe2 for a small out-of-plane q.
As expected, a comparison with Fig. 3 clearly points out
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FIG. 6. (Color online) Loss functions [L(q,ω)] of monolayer
(a) 2H-NbSe2 and (b) 1T-VSe2 calculated in RPA for momentum
transfers q along M (in Å−1 ). The red dashed line is a guide for the
eye.

the anisotropic nature of the spectra, which is strictly related
to the layered structure of these materials. Moving from the
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respectively.
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FIG. 7. (Color online) Real and imaginary parts of the macroscopic dielectric function M = 1 + i2 for q = 0.17 Å−1 along the
c axis for 3D stacked layers of TMD.

in-plane to the normal direction, the strength of 2 undergoes a
global reduction in both systems. In particular, in 1T-VSe2 ,
the interband transitions between d states are completely
suppressed and the out-of-plane 1 remains positive in the
region of the spectrum above 0.5 eV. As a consequence, the
interband d plasmon disappears (see Fig. 8).
Quite different is the behavior of the dielectric function of
2H-NbSe2 . In fact, in this case, in addition to the intraband
peak at 0.16 eV, 2 shows a higher-energy feature at 0.64 eV,
which is absent for in-plane q. This new feature is related
to the interband transitions between the highest Se pz fully
occupied band and the dz2 bands crossing the Fermi level. The
activation of these transitions, which are dipole forbidden for
in-plane momentum transfer, causes the appearance of a sharp
peak in the loss function at ∼1.0 eV (see Fig. 8). This feature
can be interpreted as a collective excitation involving both
the metallic dz2 and the pz bands (dz2 + pz plasmon [20]).
Moreover, these pz →dz2 interband transitions strongly
enhance the screening on the intraband plasmon (i.e., the
lowest-energy feature in the loss function), which is redshifted
by 0.3 eV with respect to its in-plane counterpart. As in
2H-NbSe2 , also in 1T-VSe2 the pz →dz2 interband transitions
become visible for out-of-plane momentum transfer. However,
in this case, they cannot support a collective excitation since
their oscillator strength is too small.
From this analysis, we can conclude that the anisotropy
acts differently in the two geometries. In 1T systems, the
d electrons are able to support both intraband and interband
collective excitations only for in-plane q, as the interband
plasmon is suppressed for out-of-plane q. In 2H systems, on
the other hand, intraband and interband plasmons coexist only
for direction normal to the plane of the layer. For in-plane q,
only the intraband plasmon is visible in the loss function.
The different structural properties of 1T and 2H materials
have important effects on the plasmon dispersion as well, as
shown in Figs. 9(a) and 9(b). In 1T-VSe2 , for the absence
of screening by interband d → d transitions, the intraband
plasmon preserves its intrinsic negative dispersion, entering
the continuum of intraband electron-hole excitations when
q reaches the second Brillouin zone. In 2H-NbSe2 , on the
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in the optical limit q→0, we can conclude that although the
dz2 collective excitation has a linear dispersion, it does not give
rise to the formation of an acoustic plasmon.
On the other hand, this linear behavior is a band structure
effect related to the linear dispersion of the interband pz → dz2
peak in 2 (not shown). In fact, while the bare dz2 plasmon
would have a weak negative dispersion, interband transitions
completely dominate the dispersion of the screened plasmon.
Finally, we discuss the effect of crystal local fields on
the plasmon dispersion. In Refs. [20,21], it was shown that
similarly to other layered materials [37–40], in 2H compounds
LFE lead to a periodic behavior of the interband dz2 + pz
plasmon, which reappears at large q outside the first Brillouin
zone. In fact, LFE induce a coupling between the plasmon at
qr in the first Brillouin zone and the independent electron-hole
excitations with momentum transfer q = qr + G0 belonging
to the higher Brillouin zone identified by G0 . In turn, this
coupling causes the reappearance of the spectrum of the first
Brillouin zone in higher zones. Moreover, it is possible to
demonstrate [20,37,38] that the coupling induced by LFE
is zero when G0 identifies a plane in the reciprocal space
where the Bragg reflection is forbidden. Due to the presence
of two layers per unit cell, in 2H-TMD Bragg reflections along
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FIG. 9. (Color online) Loss functions [L(q,ω)] of (a) 1T-VSe2
and (b) 2H-NbSe2 , calculated in the RPA for momentum transfers q
along the c axis (in Å−1 ). The red dashed line is a guide for the eye.
The labels dz2 and dz2 + pz indicate the character of the low- and
high-energy plasmons, respectively.

other hand, the intraband plasmon is strongly screened by the
interband pz → dz2 transitions and its intrinsic negative slope
becomes positive. Interestingly, at small q, this excitation takes
a linear dispersion which is typical of an acoustic plasmon [21].
Acoustic plasmons have been theorized by Pines [32],
who showed that they can occur in a two-component electron
plasma consisting of “slow” and “fast” carriers. The latter can
act to screen the repulsion between the former, resulting in the
appearance of a plasma mode with a soundlike dispersion. This
is, for instance, what has been proved in MgB2 [33], which has
two bands with π (fast carriers) and σ (slow carriers) character
that are metallic (i.e., cross the Fermi energy) or in other
materials such as CaC6 [34], Pb [35], and Pd [36]. With respect
to this, 2H-TMD are similar to MgB2 since the dz2 and pz bands
can play the same role of the σ and π bands, respectively.
However, at odds with MgB2 , in 2H-TMD the nonmetallic
pz states take part in the dielectric screening through interband
pz → dz2 scattering processes. As a consequence of an energy
gap between pz and dz2 bands, these transitions induce a
screening mechanism that is proper to a (gapped) insulator,
and not to a metal. Since a metallic screening is a necessary
condition for the energy of the screened plasmon to go to zero
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FIG. 10. (Color online) Loss function of (a) 1T-VSe2 and (b) 2HNbSe2 evaluated with (LFE) and without (NLFE) crystal local-field
effects for different momentum transfers along the c axis. Only when
LFE are taken into account, for 1T-VSe2 the dz2 plasmon at ∼0.6 eV
qr (black line) reappears also at qr + G0 (blue line) and qr + 2G0
(red line), while for 2H-NbSe2 the dz2 plasmon at ∼1.0 eV qr is
visible at qr + 2G0 but not at qr + G0 .
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the c axis are allowed only when G0 = (0,0,2m). Thus the
plasmon in 2H compounds has a periodicity equal to two
reciprocal-lattice vectors along the c direction. On the other
hand, 1T-TMD are characterized by a single layer per unit
cell and Bragg reflections are allowed at each G0 = (0,0,m).
Hence, on the basis of this analysis, in 1T materials one
should expect the reappearance of the intraband dz2 plasmon
in each Brillouin zone. The results of the RPA calculations
for 1T-VSe2 confirm these expectations [see Figs. 10(a)
and 10(b). The intraband dz2 plasmon is indeed visible at
q = qr + G0 , with qr = 0.09 Å−1 and G0 = (0,0,m) with
m = 0,1,2, when LFE are taken into account (and is absent
when LFE are neglected). Therefore, one can conclude that
just by monitoring the periodicity of the low-energy plasmon,
it is possible to identify the crystal structure of a given sample
of layered TMD.
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and 1T materials, the intraband dz2 plasmon is visible in all
the directions of the momentum transfer q, although in the 1T
polymorphs the in-plane dz2 plasmon energy is smaller and its
dispersion is positive (in contrast to 2H compounds where it is
negative). In the 1T family, the interband d plasmon is visible
only for in-plane q, while in the 2H materials, the interband
dz2 + pz plasmon is visible only for out-of-plane q.
Our study unambiguously shows a strong interplay between
crystal structure and electronic properties in this class of
materials. The high sensitivity of plasmonic properties on
the local coordination of the metal atoms are an indication
that structural modifications can be used, for example, to
efficiently tune the dielectric properties of two-dimensional
metallic TMD for plasmonic applications. Conversely, the
different periodicity of the plasmon reappearance along
the c axis can be a useful tool to directly identify the nature of
the crystal structure of these layered materials.

IV. CONCLUSIONS

In conclusion, by comparing the loss functions and the plasmon dispersions of two different families of transition-metal
dichalcogenides, we have established a detailed connection
between the crystal structure and the electronic properties of
these materials.
Even though all TMD share the same global crystal
structure given by the stacking of 2D sheets, our first-principle
calculations have proved that the different local coordination
of the transition-metal atoms is directly apparent in the
low-energy range of the loss spectra. In fact, the analysis of the
spectra on the basis of the band structure, and its connection
with the crystal-structure symmetry, has allowed us to unravel
the effect of the different atomic environments. For both 2H
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