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Abstract. We examine the experimental and theoretical electron-energy loss spectra

in 2H-Cu0.2NbS2 and find that the 1 eV plasmon in this material does not exhibit the

regular positive quadratic plasmon dispersion that would be expected for a normal

broad-parabolic-band system. Instead we find a nearly non-dispersing plasmon in the

momentum-transfer range q < 0.35 Å−1. We argue that for a stoichiometric pure

2H-NbS2 the dispersion relation is expected to have a negative slope as is the case

for other transition-metal dichalcogenides. The presence of Cu impurities, required

to stabilize the crystal growth, tends to shift the negative plasmon dispersion into a

positive one, but the doping level in the current system is small enough to result in a

nearly-non-dispersing plasmon. We conclude that a negative-slope plasmon dispersion

is not connected with the existence of a charge-density-wave order in transition metal

dichalcogenides.
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1. Introduction

The charge density wave (CDW) is a broken symmetry state of metals induced by

electron-phonon or by electron-electron interactions. The ground state is the coherent

superposition of electron-hole pairs, and, as the name implies, the corresponding charge

density is not uniform but displays a periodic spatial variation. Usually, the CDW

phase transition is accompanied by the appearance of an energy gap or pseudo gap

in the electronic band structure, phonon softening and lattice distortions. Layered

transition-metal dichalcogenides (TMD)[1] are prototypical materials displaying CDW

instability and for this reason they have attracted considerable interest in the last

years[2]. However, although extensively studied, a clear understanding of the physical

mechanism responsible for the appearance of CDW order in this class of materials is

still missing[3]. In particular, several explanations have been put forward: from Fermi

surface nestings[4] to van Hove singularities (saddle points) in the density of states

(DOS)[5], until a recent theoretical work that pointed to the role of electron-phonon

coupling, ruling out a pure electronic mechanism for the CDW instability[6].

In general, since a generic electronic instability induces a strong enhancement of

the charge-charge response function, this quantity plays a crucial role in detecting CDW

order not only from a theoretical point of view but also experimentally. As a matter

of fact, being related to the inverse macroscopic dielectric function, it can be directly

measured in electron energy loss spectroscopy (EELS) and in inelastic X-ray scattering

(IXS) experiments.

In this context, J. van Wezel and coworkers[7] have established a direct link between

CDW instability and collective excitations (plasmons) that represent the poles of the

charge-charge response function. EELS measurements in three prototypical TMDs

belonging to the 2H family (2H-TaS2, 2H-TaSe2 and 2H-NbSe2)[7, 8, 9] revealed a

dispersion relation that had a negative slope, i.e., the plasmon energy was found to

decrease with an increasing momentum transfer. In this case the dispersion is said

to be negative. This is in contrast with the case of a homogeneous electron gas (the

jellium model), where the plasmon has a positive parabolic dispersion. On the basis of

a macroscopic semiclassical Ginzburg-Landau model, it was suggested that the negative

dispersion in TMD is the consequence of the collective charge fluctuations associated

with the CDW order identifying a direct connection between CDW instability and

plasmon dispersion.[7] This picture was supported by the fact that for 2H-NbS2, the

only system belonging to the 2H family that does not display CDW order, the available

experimental results pointed out that the plasmon dispersion had a positive slope[10].

Nevertheless, a negative plasmon dispersion has been found also in several other

materials that do not display CDW instability, for example doped molecular crystals[11].

Even alkali metals[13, 14, 15, 16, 17, 18, 19, 20] have been shown to exhibit several

deviations from the jellium model including negative plasmon dispersion. Starting from

this observation, a different interpretation of the negative plasmon dispersion in 2H-

TMDs has been given on the basis of first principle calculations [21, 22, 23]. As shown
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in Ref. [22], the unusual dispersion in this class of materials is due to the peculiar

behavior of intraband transitions that contribute to the plasmon excitation. If the

negative plasmon dispersion is a pure band effect, a similar behaviour should also be

present in NbS2 contrary to the experimental observation[10]. However, it is important

to note that stoichiometric pure NbS2 is difficult to grow since 2H-NbS2 is unstable

in the growth process[8] unless metallic impurities are present. A possible positive

dispersion could be an effect of impurities that are required to stabilize the system.

Such an effect of metal impurities on the intraband plasmons in TMDs was shown by

utilizing the rigid-band model and time-dependent density functional theory (TDDFT)

[22]. Good agreement between TDDFT calculations and IXS spectra at high energy

and large momentum transfer was indeed recently found for NbSe2 and Cu0.2NbS2 [24].

Motivated by these observations, we combined EELS experiments and first-principle

TDDFT calculations, and investigated the collective excitations and their dispersion as

a function of the momentum transfer in 2H-Cu0.2NbS2 with the aim to clarify the

origin of the negative plasmon dispersion in TMDs. From our measurements we did not

find a positive quadratic dispersion in this system, in contradiction to what has been

reported before. Earlier TDDFT-based work [22] predicted that the dispersion would

be in fact negative if the concentration of Cu would be small enough. Based on our new

experimental findings, that match well the prediction of TDDFT, we argue that the

negative plasmon dispersion is a general property of 2H-TMDs related to the particular

band structure of these materials and that there is no need to invoke a coupling with

the CDW.

2. Methods

2.1. Experiment

The Cu0.2NbS2 crystal was grown by vapor transport using iodine as a transport

agent.[12] The stoichiometry was verified by standardless energy dispersive spectrometry

using a Jeol JXA-8600 electron probe microanalyzer. The EELS measurements along

ΓM crystallographic direction (q || [100]) were performed with a 172-keV spectrometer

described in Refs. [30, 31]. The momentum resolution was set to 0.04 Å−1 and the

energy resolution to 85 meV. The sample temperature was controlled using a He flow

cryostat, and measurements were done at T = 20 K and at room temperature. No

particular difference between the results at different temperatures was found, except for

a blueshift of the plasmon energy by ∼0.04 eV upon cooling to 20 K. In the following, we

concentrate on the data taken at 20 K. The electron beam spot size on the sample was

∼0.5 mm. The quasielastic zero-loss peak line’s tail was subtracted from the measured

spectra by fitting a suitable Pearson VII function to the data for energy transfer (ω)

between 0.1 and 0.3 eV.

The crystal used in the experiment was found to have a well defined stoichiometry of

CuxNbS2, with energy-dispersive x-ray spectroscopy revealing x =0.17–0.18 with the Cu
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atoms sitting in the interstitial region between the NbS2 layers (hence for the remaining

of the article we indicate here the value x ≈ 0.2). The high quality of the crystal was

verified by measuring the electron diffraction pattern.

2.2. Computational details

The microscopic complex dielectric function ǫ = ǫ1 + iǫ2 is related to the susceptibility

χ (Ref. [25]) by the relation: ǫ−1 = 1 + vχ (v being the Coulomb potential). In

TDDFT χ is the solution of the Dyson like equation: χ = χ0 + χ0(v + fxc)χ, where

χ0 is the Kohn-Sham (KS) susceptibility expressed in terms of KS eigenenergies and

eigenfunctions, while fxc is the exchange-correlation kernel, for which we use the random

phase approximation (RPA) (fxc = 0)‡. The Fourier components of both χ and ǫ

are matrices in terms of the reciprocal lattice vectors G. The macroscopic dielectric

function ǫM is given by ǫM(q, ω) = 1/ǫ−1
GG

(q, ω), where q is inside the first Brillouin

zone. The loss function L(q, ω) measured in EELS experiments is directly related to

the imaginary part of the inverse macroscopic dielectric function through the following

equation: L(q, ω) = −Im ǫ−1
M (q, ω).

In the present work the KS eigenenergies and eigenfunctions used to determine

χ0 have been evaluated in the local-density approximation (LDA) implemented in

a plane-wave-based code[26]. In our calculations we adopt the experimental lattice

parameters[27]. We use Troullier-Martins and Hartwigsen-Goedecker-Hutter norm-

conserving pseudopotentials [28] (with an energy cutoff of 120 Ry). In the calculation

of χ0 (Ref. [29]), we used a 24 × 24 × 12 grid of k points and included 100 bands.

The macroscopic dielectric function has been obtained inverting a matrix of 300 G

vectors (those parameters lead to converged results for the response function in the

range of energies and momentum studied in the present work). Finally, the electron

doping induced in NbS2 by the Cu atoms has been simulated by shifting the Fermi level

upward according to the rigid-band model (in the present case this is equivalent to add

0.4 electrons per unit cell). An intrisic lifetime broadening of 0.05 eV was used in the

calculation of the complex dielectric functions, and the loss functions obtained from the

them were additionally convoluted with a Gaussian with a full width at half maximum

of 0.085 eV to match the experimental energy resolution.

3. Results and discussion

The computed and measured loss function in 2H-Cu0.2NbS2 are shown in Fig. 1 for

various momentum transfers along the ΓM direction. In both cases, the loss spectrum

is characterized by a peak that resides at ∼1 eV. This structure is related to the

collective excitations of the dz states of the Nb atoms[11]. It should be noted that the

plasmon frequency obtained from the electronic density corresponding to these states

‡ We note that exchange-correlation effects beyond RPA in this class of materials are not changing

qualitatively the results[22, 24].
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Figure 1. (Color online) Loss functions for 2H-Cu0.2NbS2 based on (a) TDDFT

calculation and (b) EELS experiment for several momentum transfers indicated in the

legends.

(2.4 electrons per unit cell) overestimates the observed frequency by about 4 eV. This

overestimation is related to the presence of interband transitions that screen the bare

plasmon frequency and are absent in the jellium model. The peack is decreasing in

intensity and broadening when the momentum transfer is increased. The dispersion of

its energy as a function of momentum transfer is nearly negligible when q < 0.35 Å−1.

The results of the experiment and theory are in excellent agreement. Interestingly, the

dispersion seems to show a somewhat anomalous behavior for q > 0.35 Å−1. From

the experimental spectra one might conclude that the plasmon energy starts to shift

to smaller values with increasing q above q > 0.35 Å−1. The reason for this becomes

apparent when the theoretical spectra are carefully examined. At q = 0.352 Å−1, the

theoretical loss function peak position increases rapidly with an increasing q, with a

lower-energy peak appearing at ∼0.8–0.9 eV. This lower-energy peak steals most of

the spectral weight at the highest studied q. The experimental spectra show the same

overall behavior, while due to the generally broader features the two structures are

not individually resolved. However, comparison with the theoretical spectra reveals

uniquely the reason for the seemingly negative plasmon behavior in this momentum-

transfer range.

To gain further insight into the behaviour of the plasmon in this range of momentum

transfer, we compare in Fig. 2 the loss function with the real (ǫ1) and imaginary (ǫ2)

parts of the dielectric function evaluated between 0.22 and 0.4 Å−1. As we can see,

for a small q, the 1-eV plasmon is caused by ǫ1 crossing zero. This behavior has been
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Figure 2. (Color online) (a) The loss function, (b) the imaginary and (c) real part of

the dielectric function for Cu0.2NbS2 for three selected momentum transfers.

shown previously to correspond to intraband transitions involving bands that cross the

Fermi energy[11]. However, at q = 0.31 Å−1 a shoulder appears in ǫ2 just above the

main intraband peak. Because ǫ1 and ǫ2 are related through the causality relation, this

shoulder causes an oscillation in the real part of the dielectric function. This, in turn,

increases the number of zero crossings of the real part. This explains the appearance of

a double structure in the loss function as seen in Fig. 1. Thus, beyond q = 0.35–0.4 Å−1

it is not possible to clearly identify the position of the plasmon frequency since in this

range of momentum transfer the loss function obtains a relatively complex multiple-peak

structure. At larger q the oscillation in ǫ1 disappears. However, for q > 0.40 Å−1 the real

part of the dielectric function does no longer cross zero. This means the plasmon is no

longer well defined since it decays into electron-hole excitations, and the e-h continuum

is probed. It is noteworthy that even at smaller momentum transfers the plasmon is

strongly damped.

The extraction of the dispersion from the plasmon is, based on the discussion

above, a convoluted problem owing to the peculiar behavior of the dielectric function

and the appearance of the doublet feature. We nevertheless present here the apparent

energy of the loss-function peak as a function of q, of both experimental and theoretical

spectra. The peak position has been determined by fitting a Gaussian peak near the

top of the plasmon peak in both cases. The uncertainty of the experimental peak

positions has been determined by simulating how much the resulting peak position

varies when additional random noise within the statistical errorbar is added to the
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Figure 3. (Color online) Plasmon dispersion for Cu0.2NbS2 as a function of q for

experiment, theory, and compared to published results for NbS2 (Ref. [10]). The

dashed line is a quadratic fit to the data points of Ref. [10].

data, performing the fit multiple times in this way, and taking the statistical 1σ of the

result as the uncertainty of the fit. This dispersion is shown in Fig. 3, for plasmon

energies renormalized to values extrapolated to q = 0, i.e., ωpl(q)/ωpl(0), which from

the various sources is ωpl(0) ≈ 0.95 eV (Ref. [10]), ≈ 0.98 eV (current experiment),

and ≈ 1.09 eV (current theory). From Fig. 3 it can be seen that while the published

results from Ref. [10] show a positive, close to quadratic, upward slope of the plasmon

energy versus q as expected for a plasmon in homogeneous electron gas, our experiment

and theory show much weaker dispersion until q = 0.3 Å−1, after which the dispersion

becomes negative, owing to the reasons explained above.

It was theoretically shown by some of us [22] that 2H-TMDs in general are expected

to exhibit negative plasmon dispersions for pure stoichiometric systems, but metallic

dopants are expected to affect the dispersion curve, switching it to a positive dispersing

one. This is in agreement with experimental results on several doped TMD compounds

(Refs. [8, 32, 33]). In our case, therefore, it can be deduced that in Cu0.2NbS2 the level

of Cu-doping is enough to flatten the dispersion curve, but not high enough to switch

it into a monotonically increasing one.

The difference between our new results and than those obtained in Ref. [10] should

be attributed to the presence of impurities in the samples of both studies. However, in

our case it can be argued that the low density of Cu impurities is not enough to fully

switch the plasmon dispersion into a quadratic one. This result is expected based on

the prediction of modeling the doping by a rigid-band shift as was done in Ref. [22].
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4. Conclusions

We have shown that in 2H-Cu0.2NbS2 the plasmon dispersion curve is relatively flat

instead of a positive dispersion observed in a previous study. We have compared the

experimental loss function of 2H-Cu0.2NbS2 to one calculated within the TDDFT, which

we in turn analyze in detail by breaking it up into the real and imaginary part of the

dielectric function. Together with comparison to earlier literature on other TMDs of the

2H family we conclude that our results corroborate the picture proposed by some of us

in Ref.[22]: the measured negative plasmon dispersion is a basic property of all TMDs

belonging to the 2H family and is directly related to the shape of the bands crossing

the Fermi level that is similar in this class of materials. Moreover, as it has been shown

in previous theoretical and experimental works[22, 8, 32, 33], electron doping beyond

a given threshold, which depends on the system, switches the plasmon dispersion to

have a positive slope. This means that an inclusion of metallic dopants, required to

stabilize NbS2 upon growth, will affect the dispersion curve, having a tendency to

switch it to a monotonically increasing one. In conclusion, these results support the

interpretation that the negative plasmon dispersion is a property of all undoped 2H

compounds, independently of having a CDW order or not. Therefore it should not

be attributed directly to a possible interplay of the electronic excitations and CDW

ordering.
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[13] A. vom Felde, J. Sprösser-Prou, and J. Fink, Phys. Rev. B 40, 10181 (1989).

[14] F. Aryasetiawan and K. Karlsson, Phys. Rev. Lett. 73, 1679 (1994).

[15] A. Fleszar, R. Stumpf, and A. G. Eguiluz, Phys. Rev. B 55, 2068 (1997).

[16] S. Huotari, et al., Phys. Rev. B 80, 155107 (2009).

[17] S. Huotari, et al., Phys. Rev. B 84, 075108 (2011).

[18] M. Cazzaniga, et al., Phys. Rev. B 84, 075109 (2011).
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