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Negative plasmon dispersion in the transition-metal dichalcogenide 2H-TaSe,
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We report about an electron energy-loss study on the dispersion of the charge-carrier plasmon in the
charge-density-wave system 2H-TaSe, above and below the metal-insulator transition. In both cases we find a
negative slope, which is in remarkable contrast to the traditional prediction for metals based on the random-
phase approximation. Possible scenarios for this intriguing phenomenon are discussed.
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I. INTRODUCTION

The transition-metal dichalcogenides (TMDs) [TD, (T
=Ta,Nb,Mo; D=S,Se)] have attracted a lot of interest for
decades. This is mostly motivated by the appearance of sev-
eral electronic phase transitions, most prominently
(in)commensurate charge-density-wave (CDW) instabilities,
or Peierls transitions,' and superconductivity. Despite a con-
siderable amount of experimental and theoretical work, there
is a continuing debate in particular about the origin of the
CDW instability. The proposed scenarios range from
nesting’—the connection of parallel sections of the Fermi
surface by the CDW vector—to instabilities caused by Van
Hove singularities in the density of states® and momentum-
dependent electron-phonon coupling.*

In addition, the interest in the TMDs is further fueled by
the fact that fluctuations in the CDW order™® produce a
pseudogap—a partial suppression of spectral weight in the
vicinity of the Fermi level—which forms an important ob-
stacle in the understanding of copper-based high-temperature
superconductors.” Not surprisingly, there are many attempts
to disentangle the possible interplay and relationship be-
tween CDW order, pseudogap, and superconductivity in the
TMD systems and the cuprates as well.3!!

Another aspect which is characteristic of every electron
gas, especially in the case of low dimensionality such as in
the TMDs, refers to its collective modes—also known as
plasmons. Their dispersion relation was rarely investigated
so far despite its importance in the characterization of the
electronic system as a whole.

The traditional method of determining the plasmon dis-
persion experimentally is inelastic electron scattering or elec-
tron energy-loss spectroscopy (EELS),'? where the measured
cross section, being proportional to the loss function (LF)
J(-1/e(q,w))," provides access to the electronic properties
via the dielectric function (g, w). Although there exist com-
prehensive EELS studies on the TMD systems,'*!> we are
not aware of any report about the plasmon dispersion in a
quasi-two-dimensional (2D) system that is really known to
exhibit a CDW-ordered state.

In the present report we employ high-resolution EELS in
transmission to investigate the plasmon dispersion in
2H-TaSe, above and below its transitions to an incommen-
surate CDW state at 7=122 K and a commensurate one at
T=90 K.'® For all temperatures we find a redshift of the
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plasmon upon increasing momentum transfer, in marked dis-
agreement with the traditional prediction for simple metals.

II. EXPERIMENTS AND RESULTS

Single crystals were grown from Ta metal of 99.95% pu-
rity and Se of 99.999% purity by iodine vapor transport in a
gradient of 660—620 °C, the crystals growing in the cooler
end of the sealed quartz tubes. A very slight excess of Se was
included (typically 0.2% of the charge) to ensure stoichiom-
etry in the resulting crystals. Each experimental run lasted
for 250-350 h. This procedure yielded single crystals with
maximum size of 10X 10X 0.2 mm?.

To prepare films which are thin enough for EELS in trans-
mission, a single crystal was glued between two pieces of
adhesive tape which were stripped off from each other until a
film of appropriate thickness (~100 nm) was produced. Af-
ter dissolving the glue in acetone, the sample was mounted
on a standard electron microscopy grid which was then trans-
ferred to the spectrometer equipped with a flow cryostat. The
measurements were carried out using a dedicated transmis-
sion electron energy-loss spectrometer'’” employing a pri-
mary electron energy of 172 keV and energy and momentum
resolutions of AE=80 meV and Ag=0.035 A1, respec-
tively. The experimental setup allows also the detection of
elastically scattered electrons, proving that the prepared films
are indeed single crystals and proving the presence of the
CDW for low temperatures via the verification of the related
superstructure (see the inset of Fig. 1).

As the measured EELS intensity is isotropic within the
hexagonal plane of the 2H-TaSe, lattice, in agreement with
the predicted Dy, symmetry,'® we focus only on the I'-M
direction in the following. The LF for a broad energy range
is shown in Fig. 1. In agreement with the earlier EELS
studies,'®!3 it is dominated by a broad structure around 21
eV which is attributed to the collective excitation of all va-
lence electrons in the system. In addition we observe several
interband transitions and prominent contributions from mul-
tiple plasmon losses, especially in the energy range of 40-50
eV. Finally the structure around 1 eV (indicated by the arrow
in Fig. 1) is caused by the charge-carrier plasmon. Its tem-
perature dependence was studied in detail before by optical
means'??% and we will elaborate its momentum dependence
for temperatures above and below the crossover to the or-
dered state.
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FIG. 1. (Color online) The EELS signal measured along the
I'-M direction with momentum transfer g=0.1 A~'. The arrow in-
dicates the position of the charge-carrier plasmon. The inset shows
the intensity of elastically scattered electrons where the CDW state
is clearly visible by the appearance of the superstructure. The shift
of the main Bragg peak around 3.6 A~! reflects the lattice contrac-
tion upon cooling.

Being a scattering experiment, EELS always yields data
which are influenced by the quasielastic line on the low-
energy side of the spectrum which needs to be taken into
account in order to obtain a more quantitative understanding
of the low-energy region. This was done in the present work
by fitting the plain spectra to a function of the form

I(w) = Ip{Z exp(= nw?) + I[- 1/e(w)]},

>
g(w)=1-——"L— (1)

o +iyw’

where {, 7 account for the steepness and width of the quasi-
elastic line’s tail and the relation for the dielectric function
&(w) describes the Drude response of an ordinary metal, with
the plasma frequency w, and the damping constant 7. This
form of the dielectric function is motivated by the transport
data on 2H-TaSe, which clearly show metallic behavior for
temperatures well above its transition to the CDW state.?!->?
Below the transition the gaps which open in the single-
particle spectrum are only on the order of 20-50 meV,!!
which is too small to be resolved in the tail of the quasielas-
tic line. In addition, we do not observe a pronounced redis-
tribution of the spectral weight upon entering the CDW state.
Therefore we take Eq. (1) also to fit the data measured below
the transition.

The room-temperature spectra with and without the con-
tribution of the quasielastic line are shown in Fig. 2 for mo-
mentum transfers up to g=0.5 A~!. For higher values of ¢
the removal of the elastic line is more ambiguous and the
applicability of Eq. (1) is no longer justified. Moreover there
is a strongly reduced cross section which results in decreas-
ing signal-to-noise ratios. We therefore restrict our discus-
sion to the indicated momentum range which already cap-
tures the main results.
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FIG. 2. (Color online) The momentum dependence of the EELS
intensity along the I'-M direction at room temperature (the spectral
shapes for the CDW phase are almost unchanged) for the indicated
momentum transfers. The left (right) panel shows the data before
(after) the subtraction of the low-energy tail according to Eq. (1)
and the spectra are normalized at the high-energy side between 4
and 5 eV.

Besides a marked reduction in spectral weight and an in-
creasing broadening, the most remarkable observation from
Fig. 2 is a small but finite redshift of the plasmon position
upon increasing momentum transfer. This is a robust feature
which does not depend on the normalization or the particular
form of Eq. (1) as can be seen by comparing the two panels
of Fig. 2. For a more quantitative understanding we extracted
the peak maximum of the spectra without the elastic line as a
function of momentum and the resulting plasmon dispersion
is shown in Fig. 3 now for temperatures above and below the
CDW transition. There is a clear downshift in the plasmon
energy for all temperatures and the total bandwidth in the
considered momentum range amounts to ~100 meV at
room temperature and ~150 meV in the CDW phase. We
found this to be a reproducible behavior and the error bars
are taken as the 1o deviation at room temperature. As the
plasmon tends to sharpen at low temperatures the error bars
can be considered as upper boundaries for the CDW disper-
sion. In addition, the onset of the dispersion is shifted to
higher energies when entering the ordered state, which
agrees with optical data' that show an enhancement of the
plasmon energy upon crossing the transition temperature.
Campagnoli et al.'® could even demonstrate that this modi-
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FIG. 3. (Color online) The dispersion of the charge-carrier plas-
mon as extracted from the local maximum of the EELS intensity
measured above (left panel) and below (right panel) the transition to
the CDW-ordered phase.
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fication in the plasmon frequency is not caused by the lattice
contraction but is rather driven by the folded single-particle
spectrum in the CDW phase. However, in the remainder we
focus on the negative plasmon dispersion, which is in stark
contrast to the generic behavior of metals where the plas-
mons depend quadratically on momentum transfer, and we
discuss possible reasons for this effect.

III. DISCUSSION

The conventional approach to treating the collective prop-
erties of the electron gas is the random-phase approximation
(RPA) (see, e.g., Ref. 23 for an extensive treatise), where the
susceptibility, which describes the response of the system to
an external perturbation, is given by the Lindhard function

1 ny,, —ny

0 k+q k
,w=—§ . 2
X(g.) V% w,?m—w,?—a)—i& @)

Here the n;, (w;) are the occupation numbers (single-particle
energies) for the noninteracting system, indicated by the su-
perscript. The dielectric function is derived from this expres-
sion via

E(Qa‘”) =1- UqXO(q$w)a (3)

with vq=47rez/ q2, the Fourier-transformed Coulomb poten-
tial. Recalling that the dielectric function describes the
screening of an external potential v..(q,w) according to
v(g,0)=€"(q, 0)vey (g, w), it is clear that its zeros play an
important role because they describe the collective excita-
tions, i.e., plasmons in the system. Expanding Eq. (2) finally
yields the generic behavior for the plasmon dispersion,

fi
w,(q)=w,+ ;aqz +0(q%), 4)

where « is proportional to the squared Fermi velocity.>* This
relation is exact in the high-density limit r,=(3/47n)"3/q,
<1, with the electron density n and the Bohr radius a,, and
it is in good agreement with the experimental data for simple
metals, such as Na, Li, and K.25 Nevertheless it was realized
that there are limitations of the RPA applicability in the range
of metallic densities »,=2—6 caused by the neglect of ex-
change and correlation effects in the RPA, which modify the
screening by the occurrence of the exchange and correlation
hole: the Pauli principle and the electron-electron interaction
yield a reduced density distribution around each electron. In
the RPA this leads to unphysical negative values for the pair
distribution function g(r).?® Consequently there are numer-
ous reports about modifications of the RPA by introducing a
static?02% or dynamic?*? so-called local-field correction
term G(q,w) to Eq. (3):

v, X" (q.0)
1+ Glg,0)v,x"(q.0)’

elg,w)=1- (5)
which effectively reduces the coefficient a in Eq. (4) and at
least partially accounts for the RPA shortcomings. Numerical
investigations on classical plasmas could even show a nega-
tive slope for the plasmon dispersion if the mean Coulomb
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interaction between the particles exceeds a critical value.’*

However, the existence of a well-defined Fermi surface!! and
the linear temperature dependence of the in-plane
resistivity?'?? at room temperature strongly indicate that cor-
relations are only of minor importance for the understanding
of the electronic properties in 2H-TaSe,.

Another effect which may alter the plasmon dispersion is
the influence of the single-particle spectrum. Experiments on
the heavy alkali metals Rb and Cs showed remarkable devia-
tions from the (until then) expected generic ¢*> dependence of
the plasmon energy.’*37 In Rb the plasmon energy stays al-
most constant and in Cs there is even a negative slope for
small momenta, similar to our observation in Fig. 3. After
considerable arguments about the importance of correlations
in the alkali metals, the issue was finally settled to be a
band-structure effect®—with increasing atomic number the
unoccupied d bands move closer to the Fermi level, which
opens up the possibility of interband transitions at energies
slightly above the charge-carrier plasmon. There the real part
of the dielectric function can be approximated to be
de

61((1)) zB(a)_a)p)’ B:(d

(O]

) > (. (6)

Allowing for additional contributions to the screening by
transitions at energies above the plasmon resonance en-
hances the dielectric function: €,(w)— €;(w)+ S€,(w). This
shifts the zero of &,(w)—which corresponds to the plasmon
energy—to lower energies proportional to ¢,/ 8. Upon in-
creasing momentum transfer those optically forbidden s-d
transitions are enhanced by the momentum-dependent EELS
matrix element,'? thereby acquiring more and more spectral
weight. This results in an effective redshift of the plasmon
energy for nonzero momentum transfer.

In principle a similar effect could be at work also in
2H-TaSe, considering the orbital-resolved density of states
which reveals predominant Ta d and Se p states at and above
the Fermi level3*#° In the optical limit (¢—0) the phase
space for the optical absorption is therefore almost entirely
formed by transitions from the chalcogen to the transition
metal. This is in agreement with the reported optical data*!
where the manifold of those p-d transitions shows up as two
features around 3 and 5 eV. The momentum dependence of
the EELS signal then would enhance the excitation probabil-
ity for d-d transitions for higher ¢ values. But this is not
observed as can be seen from the fact that the EELS intensity
does not change for energies above the plasmon for all mea-
sured momenta (cf. Fig. 2). Furthermore there is a report
about a related compound—2H-NbS,—with a similar den-
sity of states*>*3 that does not show a negative plasmon dis-
persion. Instead there the plasmon shows a rather strict ¢>
dependence.** So what distinguishes these two compounds?
So far it was not possible to detect any sign of CDW order in
2H-NbS,,?! and one is therefore led to speculate how the
presence of the CDW may interfere with the plasmon modes.

There is a sum rule for the LF (Ref. 12) which reads

o 2
J dwwj(— ;) = gwiz 2me n. (7)

0 elg, w) m

If the integration is restricted to a finite energy range, one
can gain access to the number of charge carriers contributing
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to a particular transition. This value should then be momen-
tum independent. If the employed normalization procedure
(see caption of Fig. 2) is correct, then the integration in the
energy range of the plasmon (upper cutoff energy of 1.5 eV)
yields a reduction in the spectral weight of ~40% in the
considered momentum interval, which means that a signifi-
cant amount of electrons does not contribute to the plasmon
excitation for ¢>0. A possible scenario might be that there
exists a maximal extension, i.e., a minimal wave vector
Gmin=0.2-=0.3 A~! of CDW-ordered areas in the 2H-TaSe,
lattice, which means that some electrons contribute to the
formation of the CDW for ¢ > g,,,;, and therefore reduce the
electron density available for the plasmon. This would also
explain why the broadening of the plasmon peak sets in
rather abruptly for g=q,,;, (see Fig. 2) as the critical wave
vector would also form a boundary for the onset of effective
CDW-plasmon scattering. We note that precursor effects of
the CDW order are visible already at temperatures far above
the transition''?? and the increased plasmon bandwidth in the
ordered state seen in Fig. 3 would then be simply the conse-
quence of the well-established order. However, the observa-
tion that neither the shape of the LF nor the momentum
dependence of the broadening is significantly altered upon
entering the CDW state cannot be reconciled within this
simple picture.

Nevertheless there might be another possibility for the
CDW to interfere with the plasmon dispersion. If the CDW
order is present, there will be a superlattice associated with
the periodicity of charge modulation. This effect may lead to
a backfolding of the plasmon bands to the reduced Brillouin
zone, thereby naturally producing a branch with a negative
slope. Such an effect was shown to be realized in strictly 2D
quantum wells*> where a clear splitting between the different
plasmon bands could be resolved in the vicinity of the zone
center. For the 2D case it is well known that without any
additional modulations the RPA yields an acoustic plasmon
dispersion*® with wf,D x \Jg with a slope that is reduced in the
presence of correlations*” but positive for any reasonable
value of the electron density. This immediately poses the
questions of whether the plasmon we observe in Fig. 2 is
only one branch of a more complicated band structure that
should, at least, contain also an upward dispersing mode and
if so, how to detect the low-energy part. We mention in ad-
dition that 2H-TaSe, is only a quasi-2D system with*
p./p~10-50 with p, (p) being the resistivity perpendicu-
lar (parallel) to the planes at room temperature. In contrast to
other quasi-2D systems such as, e.g., Bi,Sr,CaCu,0g4 with a
much more pronounced low dimensionality of* p,/p;
~ O(10%) shows no sign of plasmon-band folding or negative
dispersion. Instead there a strictly quadratic dispersion, remi-
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niscent of an ordinary three-dimensional (3D) metal, is
observed™ although the tendency toward formation of the
CDW  instability is strongly enhanced for lower
dimensionality.>!

Even in one-dimensional (1D) systems where the loga-
rithmic singularity in the susceptibility which drives the
CDW instability is perfectly established, the situation is am-
biguous. On the one hand the organic charge-transfer salt
TTF-TCNQ (tetrathiafulvalene-tetracyanoquinodimethane),
which is a typical system with a Peierls instability in the
phase diagram,’” also shows a negative plasmon dispersion
for momentum transfer along the chain axis.>®> Moreover in
this case theory even predicted the presence of an additional
(acoustic) branch®* in the plasmon spectrum which was,
however, not detected so far. On the other
hand another well-known 1D system—the blue bronze
K(3Mo0O;, which is also known to undergo a Peierls
transition>>—exhibits a positive slope of the plasmon disper-
sion for small momenta.>®

At present it is not clear what are the mechanisms that
govern the CDW-plasmon interaction on a microscopic
scale. We also cannot judge on a possible role of the CDW-
related collective modes’! for the plasmon dynamics. In any
case the fact that the presence of CDW order in 2H-TaSe, is
accompanied by a negative plasmon dispersion together with
the observation that 2H-NbS,—which is very similar to
2H-TaSe, in all respects except for the CDW order—exhibits
a generic metallic behavior is striking and calls for further
investigations.

IV. SUMMARY

We have measured the dispersion of the charge-carrier
plasmon in the CDW system 2H-TaSe, for temperatures
above and below the transition to the ordered state. For both
cases we find a negative slope which contradicts the generic
metallic behavior and is also in stark contrast to the related
compound 2H-NbS, which shows no CDW order. At present
we cannot rule out a prominent role of the CDW order
on the plasmon—though we have no microscopic
understanding—as other factors which are known to influ-
ence its dynamics (single-particle spectrum and correlation
effects) seem to be negligible in the present case.
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