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Abstract

The electric field dependence of the dielectric properties and the non-linear conductance of 1T-
TaS, below 50 K has been investigated. A large dielectric constant of about 10 is obtained up
to 107 Hz, which can not be attributed to hopping of the localized carriers alone, the collective
excitations of the commensurate charge-density-wave must be another contributor. The dielectric
spectra disperse slightly in our measured temperature and frequency range. At a moderate dc bias
field, the real part of dielectric constant €;(w) decreases. We propose that the separation of bound
soliton-antisoliton pairs may be a contributor to the reduction of €;(w) and the accompanying

non-linear conductivity with increasing dc bias.
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I. INTRODUCTION

Non-linear conductivity and large polarization effects are the well-known phenomena in
charge density wave (CDW) systems [1-3]. Though researchers made considerable progress
in understanding the associated transport properties in quasi-one dimensional CDW com-
pounds [4-12], less discussions for two-dimensional (2D) CDW crystals were carried out,
especially the polarization properties [13-17]. In recent years, the investigations of 2D-
CDW compounds have revitalized, for they would be helpful to understand the mechanisms
of the high-T, superconductors [18-20] and the origin of ultra-fast switching to a stable
hidden quantum state [21, 22]. Hence, it is of interest to investigate the charge transport
behavior in 2D-CDW systems.

The 2D-CDW often reveals itself in layered transition-metal dichalcogenides and rare-
earth tritellurides [13, 14, 23-26]. Researchers began to study the charge transport properties
of 2D-CDW systems (1T-TaS;y) about forty years ago: Refs. [14, 27, 28] suggested that the
carriers localization induced by disorder may be responsible for the unique low temperature
transport properties; whereas Uchida et al. proposed that the non-linear conduction in the
presence of a moderate electric field at low temperatures might be explained by the collective
excitations in pinned CDW — the creation of a soliton in pair with an antisoliton [16]. In
the followed experiments, though the electronic nature was probed by various powerful
spectroscopies [29-33], until recent years the mechanisms for the charge dynamics of the
commensurate CDW (CCDW) phase in 1T-TaS, has not been disclosed yet. The discrepancy
in understanding the transport properties at low temperatures has prompted us to study
the fundamental question: whether the collective excitations of CCDW exist or not in 1T-
TaSs. As proposed by Rajaraman [34], for a system described by the equation of motion
with soliton solutions, the soliton-antisoliton ‘doublet’ also exists, in which the equally but
oppositely charged solitons are in confinement and lead to a large static dielectric constant
[35]. Considering that the localized electrons have a distinct feature on the dispersion of the
dielectric spectrum, €,1(w) < w® (s<0) [36, 37], investigations of the dielectric properties 1T-
TaS, would be helpful to demonstrate whether the ‘doublets’ have an essential contribution.
On the other hand, by applying a dc electric field, the bound charges in the soliton-antisoliton
'doublets’ may obtain a larger probability to decouple into carriers with long mean-free-path,

and accordingly driving a non-linear conductivity superposing on the Ohmic behavior.



Temperature and field dependent complex dielectric or conductivity spectrum is a power-
ful probe for investigating the charge transport and polarization behavior of various systems
9, 10, 38-41]. At a fixed temperature Tp, the complex dielectric or conductivity spectrum
is ultimately defined by the polarization or conductance of the total contributing charged
microscopic particles. In quasi-1D CDW systems, exceptionally large dielectric constants
with strong dispersion and novel conducting behavior in radio and audio frequencies were
observed [1, 10, 42]. Further, the dc biased charge dynamics would be of great interest,
since non-classical characteristics often reveal, e.g. the well known current oscillations and
mode-locking [1]. Clearly, these novel properties should not be attributed to normal carriers
but to the new-born current carrying mechanisms associated with CDWs by applying elec-
tric field. For 1T-TaS,, the non-Ohmic behavior manifests in current voltage characteristic
(CVC), naturally, it is expected to be relevant to individual particles or collective excitations
of CDW condensates [16, 17]. To the best of our knowledge, the discussions on dielectric or
ac conductance behavior in 2D-CDW systems are limited, possibly due to strong screening
effects from normal carriers thermally excited over the non-uniform CDW gap opening at
the Fermi level [29, 31]. Usually, normal carriers respond extremely fast (< 107! s), and
if their density is large enough, the features of the conductivity in radio and audio frequen-
cies relevant to the excitations of CDW condensates will become too weak to be identified
well. However, below 7' = 50 K, the number of normal electrons excited by thermal energy
remarkably decreases [14, 21], providing good opportunities to clarify the mechanisms of
carriers motion in CCDW phase of 1T-TaS,.

In this report we systematically study the polarization properties of 1T-TaS, flakes below
50 K. To clarify the origin of the non-linear conductance in CVC, the dielectric properties
under various dc bias Fg are also probed. The Joule heating effects on ac conductivity under
constant bias field Ep < 20.0 V/cm are analyzed by comparing with the pulsed approach.
We propose that the large relative dielectric constant (e, ~10%) up to frequency 107 Hz can
not originate mainly from hopping process of the localized states, but is possibly driven by
the existence of ‘bound soliton-antisoliton pairs’ (BSPs). Besides the hopping of localized
carriers, the separation of BSPs may also be the driving force for the reduction of ¢ (w) and

the non-linear conductivity with increasing of dc bias.



II. EXPERIMENTS

The 1T-TaS, single crystals were successfully grown by the conventional chemical vapor
transport method in a gradient furnace. The stoichiometric tantalum and sulfur pieces
were put into an alumina crucible before sealing in a quartz tube and pre-reacted at 900
°C for 50 hours and then cooled to 760 °C within 12 hours followed by natural cooling.
For single crystals growth, the temperature of hot (cold) end was 900 °C (800 °C). After
one week growth time, the quartz tube was quickly pulled out and then quenched into
cold water. Consistent with the earlier reports [24], the as-grown single crystals show thin
flake-like shapes and gold-shining color, with typical sizes are in the range (3 ~ 10) x (2 ~
3) x (0.02 ~ 0.08) mm?. Ref. [28] shows p| /p ~ 500 over the range 1.3<T<240 K, where
p| and p, are the resistivity perpendicular and parallel to the layers of 1T-TaS, crystal
respectively, indicating an essential 2D system. In the experiments, we focused on the in-
plane polarization and transport properties of the sample with surface area 3.0 x 0.4 mm?
and thickness (along c-axis) about 25 um, and the distance between two potential contacts
is about 1.0 mm.

Temperature dependent resistivity was measured with current /=10 puA before probing
the dielectric spectra. The CVCs showed linear behavior in weak electric field, confirm-
ing good ohmic contacts by silver paste. We also compared the contact resistance of the
4-contact with 2-contact probe and found the difference was negligible compared to the
sample resistance from 300 K to 12 K. The Hall coefficient were probed under a magnetic
field H=10.0 kGs parallel to the c-axis of the sample. In addition, we confirmed that the
impedance spectra were unaffected by the difference between substrates by comparing data
obtained with sapphire and the ultra thin mica sheets. The complex impedance properties
under various dc bias up to 40 V/em zZ(w) = |2(w)|cosf(w) + i|Z(w)|sinf(w) were probed
on Agilent 4294A Precision Impedance Analyzer through four-coaxial cables in two pairs
(corresponding to two electrodes on the sample), where 0(w) was the phase difference be-
tween the ac driving potential and the response current at frequency w. The sample was
mounted on a cryostat of a closed cycle refrigerator (JANIS) with the experimental temper-
ature range from 12 to 300 K monitored by a Cryo-con 32 temperature controller. All the
impedance spectra were measured with driving voltage 30 mV(rms), where the non-linear

conductance does not appear in [-V measurements. In analysis, the sample was seen as a



leakage capacitor, both dielectric constant é(w) = €;(w) + ie2(w) and the complex conduc-

tivity spectrum 6(w) = oy (w) + io2(w) could be deduced from the raw data Z(w) based on

the universal relations: é(w) = U(“’zi;”d and 6(w) = 1/2(w), thus € (w) = _jfz((ff)“") -4 where
€;(w) = eri(w) (i=1,2), d and S were the length and the cross-sectional area of the sample,

respectively.

III. RESULTS AND DISCUSSIONS

The temperature dependent resistivity pg.(7"), the CCDW transition temperature
Teepw=180 K, and the hysteresis feature upon warming are all consistent with previous
reports [17, 21, 23], indicating good quality of the 1T-TaS, single crystal samples. The exis-
tence of non-linear conductivity in the CCDW phase was confirmed, as shown in Fig. 1. In
our experiments, the electric field is limited within a moderate range, no more than 20 V/cm.
The previous data have already shown that the carriers in the CCDW phase of 1T-TaS, are
positively charged and the density is larger than 10 /cm?, hence the interface or the con-
tact effects induced by Schottky-barrier could be neglected. In the following of context, the
experimental data were obtained on decreasing temperature in the CCDW phase. We will
focus on the polarization behavior of 1T-TaS, in the presence of the non-linear conductance
below T=50 K.

To obtain the intrinsic CVCs, a narrow-width pulsed-current method is often required
[4, 16, 17]. However, to investigate the polarization properties of the 1T-TaS, single crystals
in the presence of the non-linear conductivity, a continuous dc bias would inevitably heat
the sample (the Joule heating effects). The only question is how much does it change
the temperature of the sample. Considering that the non-linear conductance is present in a
moderate field, we compared the difference between the pulsed approach with pulse duration
0.1 ms and the continous method below T=50 K, see Fig. 1. At different temperatures,
the data are similar except the initial slopes of the CVCs. Below E=5.0 V/cm at a fixed
temperature, the CVCs differs only slightly, indicating a trivial Joule heating; whereas above
E=8.0 V/cm, a deviation starts to appear. Generally, it is shown that self-heating has
strong effects on dc transport properties in all systems with negative temperature coefficient

of resistance [43, 44].



A. The self heating effects to conductivity spectrum under dc bias

The self-heating in external dc field and its influence on transport properties is important.
To clarify this effect, the CVC at T=30 K in a wide electric field range was obtained, see
Fig. 2 (a). For the current in continuous mode, an extra conductivity is superimposed on
the pulsed results, indicating the effect of local Joule heating (the self-heating effect), not
the intrinsic properties of 1T-TaS, system.

For the conductivity and dielectric spectra measured at constant dc bias using small ac
voltage with changing w: at low frequency, o;(w < 1/7gy) is proportional to the differential
conductivity (dI/dV), where 7gy is the relaxation time from self-heating; at high frequency,
o1(w > 1/7sy) is proportional to the chordal conductivity (I/V). sy is related to the
specific heat by the expression [Ty = % . %], where V), is the number of moles of material
with specific heat ¢ and thermal conductance s [45]. In our experiments, Ny ~2.8x1077
mol, ¢=5.0 J/(mol-K) at 30 K [46], 7gy is estimated to be ~ms for heat flow parallel to
ab-plane, larger than the perpendicular direction [47-49].

Nevertheless, above 10 kHz the thermal relaxation effect under Ep nearly disappear
(Fig.2 b), being consistent with the measurement in pulsed approach with duration 0.1 ms.
However, increase of frequency does not remove the local Joule heating. Specifically, the
total conductivity: or = ony + onr + 0sy, where the index NM, NL and SH represent
the contribution of normal carriers, the non-linear conductance and the self-heating effect.
These three components behave differently with frequency increasing: o should reveal the
well-known Drude free-electron properties and has no dispersion below GHz; oy remains
unresolved at present; whereas for ogy, as the averaged temperature of the sample elevates
under dc bias, thus an increase of the frequency-independent conductivity is expected, since
1T-TaS, is a system with negative temperature coefficient of resistance.

In order to study the charged dynamics in the presence of the non-linear conductance
in 1T-TaS,, the evaluation of the temperature elevation under dc bias is necessary. We
compared o1 (w) in Fig. 2(b) at 10 kHz with the CVC results measured in pulsed approach,
and found that the enhancement of the averaged temperature at bias 10 V/cm is no more
than 0.5 K in our experimental configuration. Above several MHz, o (w, Ep = 0) increases

with increasing frequency. Clearly, this behavior should not originate from normal carriers

or thermal effect, but be associated with a large dielectric constant.



B. The large dielectric constant in MHz region

In 1D-CDW systems, the exceptionally large dielectric constants and strong dispersion
in audio frequency range have been extensively investigated [9, 10, 42, 50]. However, the
investigations of dielectric behavior are rarely reported for 2D-CDW compounds, possibly
due to the large screening effects from the normal carriers excited over the non-uniform
CDW gap opening at the Fermi surface. Nevertheless, for the polarization properties of
the 2D-CDW system 1T-TaS,, a large static dielectric constant is expected for its highly
polarizable structure, as suggested by Vaskivskyi et al. [17]. In our experiments, relatively
small minus #(w) could be identified below 7= 100 K, revealing capacitive responses, as
shown in Fig. 3 (a). For dielectric spectra €,.1(w), there are large noise below 2.0 MHz,
whereas distinct decrease could be identified above 107 Hz, see Fig. 3 (b). At present,
we can not obtain complete relaxation behavior of the corresponding polarization process
for the limited measuring frequency range. With decreasing temperature below 50 K, the
dielectric spectra are suppressed whereas the line-shapes remain unchanged.

The large dielectric constant e, of the order of 10 in MHz region is of interest. In
the incommensurate CDW system, extremely large polarization effects are expected due to
weak pinning from impurities or defects [51]. For the CCDW state in 1T-TaS,, unlike the
incommensurate 2D-system ThTe; where Sinchenko et al. observed CDW sliding [25], for
it would be difficult to slide in a moderate electric field due to the strong pinning by the
underlying lattice and hence the contribution to the static dielectric constant would be much
smaller [51]. Here one may argue that the mechanism in establishing the colossal dielectric
constant in (NbSes)sI (due to the slight shift of the single chains against each other) can
be a potential substitute for 1T-TaSs, however, such similar features of the lattice structure
has not been identified yet [10].

As discussed by Lunkenheimer et al. [36], hopping process of localized states can also
give rise to large values of the dielectric constant. In Ref. [28] Hambourger and Di Salvo
suggested that the disorder induced localization may explain the transport properties in 1T-
TaSs_,Se, system, as supported by Dardel et al. [29] and Kim et al. [30]. Indeed, our data
of the temperature dependent Hall coefficient (Fig. 4) is consistent with Ref. [28], indicating
the occurrence of carriers localization in the single band approximation. However, we note

that the dielectric spectrum can not be fitted well by the hopping process alone [36, 37, 52]:



e1(w) x w® (s < 0). In Fig. 3(b), the dotted-curve fittings with s=-0.08 show a slightly
upward curvature, which is inconsistent with the experimental data exhibiting a downward
curvature above 10 MHz. Clearly, the cases at other temperatures behave similarly. Hence
it seems that a relaxation process must exist besides the hopping of localized electrons
based on the dielectric properties. On the other hand, the interfacial effects such as, e.g.,
a grain boundary or a surface depletion layer also contribute to colossal dielectric constant.
However, the positively charged carriers with density larger than 10'°/cm? in the CCDW
phase exclude the Schottky-barrier effects. As for the polaron contribution to the dielectric
constant, we note that in the infrared conductivity spectrum, no such characteristic could
be identified without photo-excitations [53].

We propose that the polarization properties of 1T-TaSy could be described by the well-
known soliton model used in 1D-CDW. To the best of our knowledge, the complete theo-
retical model for the phase solitons in 2D-CDW materials is not available at the moment.
The existence of CDW phase solitons — topological phase defects — is a particular form of
collective excitation in the CDW condensate and has been confirmed in quasi-1D systems
[54-57]. Recently, there are suggestions that soliton contribution must be rather important
for the unconventional transport properties associated with CDW system [58-60]. Rojo-
Bravo et al. indicated that the transport mechanism of travelling soliton lattice may open
new perspectives in controlling correlated charges over long distances, explaining the main
features of sliding CDW systems [61].

In Ref. [35], Krive and Rozhavsky proposed that the phase solitons significantly con-
tribute the dielectric susceptibility. As shown in Fig. 5 (a), the localized compressions or
rarefaction in the local condensed electron density (or deformations of the CDW phase ¢)
correspond to the soliton-antisoliton pair. A sketch of the charge density and the lattice
arrangement is shown in Fig. 5 (b) [36, 62]. It is plausible that the central Ta atoms at-
tract more electronic cloud which favors the commensurate CDW. In the equation of motion
relevant to CDW phase, d*¢/dt* — c2V2p + w%dV (¢)/dp = 0, where ¢ is a characteristic
velocity of the undeformed condensate and wp is the pinning frequency, the realistic pinning
potential of the phase V(¢) has a periodic form as expected [56, 57]. The exact solutions of
the equation should consist of several forms characteristic of solitons, including the soliton-
antisoliton ‘doublet’ [34] whose excitation energy is relatively lower due to the existence of

coupling, compared with the case of the discreet soliton and antisoltion, see Fig. 5 (c). In-



stead of separating into the discrete soliton or antisoliton which are infinitely far apart with
each other in infinite time, the relative separation for the members of the doublets oscillate
periodically [34]. This doublet solution is also a 'breathing’ one and can be thought of as a
bound soliton-antisoliton pair (BSP).

As the equally but inversely charged phase excitations are confined in BSPs, they would
contribute to the dielectric constant of the system. It can be estimated using simple ex-
pression for dipole oscilliator [35]: €, ~ ea(Es/wo)ln(E,/wp), where Es/wy = A/Mwg, A
is the energy gap in the electronic spectrum, M is the commensurability index and wg is
bare frequency of phonon with momentum Q=2kp (Fermi wave vector). As suggested by
Krive and Rozhavsky [35], €, ~ 10~2eA, where €a is about 10%, hence a dielectric constant
~ 10" would be reasonable. In Ref. [16], Uchida et al. considered the collective excitation
of a soliton in pair with an ‘antisoliton’ under a moderate field, to explain the field indepen-
dent Hall coefficient at T=4.2 K. However, solitons in CDW systems are always excited in
pairs, whenever a soliton (¢ compression) is created, an antisoliton (¢ rarefaction) appears.
Though the explanation of Uchida et al. demonstrates that mobile solitons and antisolitons
are excited by applying electric field, they can not identify whether the excitation is Ground
state—1I or BSP—II, where II presents the state of free soliton and antisoltion [Fig. 5 (c)].
Ref.[16] and the followed research work associated with the dc transport did not provide the
dielectric properties of the CCDW state of 1T-TaS,. As bound charged microscopic states
contribute to large electric polarizations, the BSPs are expected to exist.

Though the polarization properties of the BSPs are far from being understood, a Debye
relaxation or Cole-Cole empirical equation may be plausible. In Fig. 3(b), good fittings
to the dielectric spectra were provided by the sum of the hopping process and the Debye
relaxation model, €y¢,1 = egp + (65 — €gr)/[1 + (iwTo)| + Appw®, where 7y is a characteristic

relaxation time, while ¢, and ey are the dielectric constant in static and at higher frequency

TABLE I: The resultant parameters for fitting the dielectric spectra of 1T-TaS, at T=15 K and

25 K. egp is not a dominant parameter and has been determined empirically.

T(K) €5(10%¢) emp(103€9) 10(10 8sec.) App(103€o)

15 10.6 1.0 2.7 40
25 12.2 1.0 2.2 56




limit of the Debye relaxation model, respectively; Ay, is the coefficient of the hopping term
and s is assumed to be -0.2 [37, 52]. The resultant parameters are shown in Table I. It is
remarkable that the feature above 10 MHz is associated with the Debye relaxation, whereas
the hopping process would be responsible for the slight dispersion in low frequency region.
Other promising explanation for the observation of large dielectric constant is connected
with the spontaneously arising interfaces. These are induced by the electronic phase sepa-
ration or charge order as commonly observed in many transition-metal oxides. Though the
true reason for the colossal polarization has not been completely clarified yet, it is possible
that at least in some cases internal interfaces between the different phase-separated regions
may play a role [36]. It is suggested that the dielectric behavior of these spontaneously
forming heterogeneous regions represents a type of the long-known Maxwell-Wagner polar-
ization effects, with the heterogeneity arising on a much finer scale close to crystal unit cell.
Here we suggest that this interpretation is associated to the following two aspects: (1) the
density of charges arranges periodically in real space [see Fig. 5(b)], however, whether such
CCDW state of 1T-TaS, can be considered as a particular form of heterogeneity and drive
large polarizations is not clear at present; (2) the domain wall configurations are on a scale
of unit cell and accordingly it would remarkably contribute to the dielectric properties of

the system [17, 33], therefore further investigations are necessary to clarify this issue.

C. The suppression of dielectric constant by dc bias

The dielectric behavior we discussed here is attributed to BSPs which could be locally
polarized, rather than the free solitons that can transfer in long distances. In a weak applied
dc electric field F, the bound soliton-antisoliton pair does not contribute to the dc transport
due to its charge neutrality, but it does contribute to polarization [35, 59].

The increase in the field strength suppresses the dielectric constant distinctly in MHz
frequency region, the relative dielectric constant €,; decreases from about 1.25 x10% to 1.05
x10% in the field of 10 V/cm at 2.0 MHz, as shown in Fig. 6(a). One may argue that
under the dc bias, the true temperature of the 'heated’ sample must be higher than the
apparent temperature. Here we would clarify that Eg is moderate, and in contrast, stronger
polarization is observed at higher temperatures [Fig. 6(b)]. Thus it is confirmed that the

dielectric constant €., decreases with the increasing of dc bias. Qualitatively, €1 o« Na,

10



where N is the number of the dipoles per unit volume, « is the polarizations coefficient.
If N remains unchanged in electric field, then « should decrease. Since a describes the
local polarization, its decrease will not change the dc conductivity, in contrast with the
experimental data.

Hence, N would decrease in an external dc bias field, consistent with the soliton tunneling
model [Fig. 7]. As the applied dc field increases, the potential barrier for the BSP activation
would decrease. For the solitons having positive charges, the preferred direction of tunnelling
would be along the external electric field, whereas the inverse applies for the negatively
charged solitons, as shown in Fig. 7. Consequently, the probability of solitons tunnelling
enhances, inducing the suppression of polarization by dc bias.

The ’grain and grain boundary’ model should also be discussed in connection with the
suppression of the dielectric constant in dc bias [63]. The model describes a reduction
of the dielectric constant with increasing dc bias in ceramic systems. In such materials,
double back-to-back Schottky potential barriers in micrometer scales are created at interfaces
between grains due to charge trapping. Under a dc bias, the total width of the depletion
region increases and then the dielectric constant should be suppressed [63]. However, in our
experiment below 7=50 K, such polarization (often found at higher temperatures) should

be frozen out and thus can be excluded.

D. The mechanisms of non-linear conductance in the CCDW phase

Intrinsic nonlinearity unrelated to CCDW ground state of 1T-TaS, should be discussed.
The two most common single-particle mechanisms are field ionization and impact ionization
of charged impurities. To ionize impurity electrons with a binding energy of about 20 K by
applying an electric field of about 10 V/cm would require that the impurity wave function
extend over lengths of an order of 1.0 um. It is possible, however, to generate extra carriers
in weak electric fields if free carriers can be accelerated to sufficient kinetic energies to ionize
bound electrons upon collision. This would require the mobility of carriers to be about 10°
cm?/(V-s). However, o4, at T=20 K is about 2.5 (Q2-cm)~! and the density of carriers is order
of 10! /cm? [16], thus the mobility is estimated to be only several cm?/(V-s). Further, the
experimental results from Ref. [28] also support a mobility less than 20 cm?/(V-s). Hence

it is plausible to believe that the non-linear conductivity is associated with the electrons
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localization or CCDW condensate.

The previous studies of 1T-TaS, reported that in the presence of the non-linear con-
ductance the changes of Hall coefficient could be neglected at 7=4.2 K [16]. Uchida et
al. proposed that the non-linear conduction in 1T-TaSs; might be explained in terms of
the collective excitations in pinned CDW, if the creation of soliton in pair with antisoliton
occurs in 2D-CDW systems. Such excitations are expected to occur in the current tem-
perature range as Rice et al. [56] proposed that the average number of y-particle pairs
N(T)xexp(—FEo/kgT), where Ejy is the activation energy of solitons inside the Peierls gap.
Therefore, the existence of BSPs bearing with relatively small excitation energies would be
more plausible as Rajaraman discussed [34] and the associated contribution to non-linear
conductivity may be understood: they cannot move freely without external excitations, as
the applied dc field increases, the potential barrier for both of the positively charged and
negatively charged solitons would decrease [Fig. 5(b)], driving a non-linear dc conductivity
accompanied by the suppressed dielectric constant.

Vaskivskyi et al. also observed the non-linear CVCs and suggested that the unusual
exponential curves can be understood within the model in terms of trapped carrier tunnelling
through barriers resulting from the transient domain wall structure [17]. Nevertheless, as
the localized or trapped electrons become easier to form delocalized charges in the presence
of a dc field, the conductivity of the system enhances. However, we note that the CVCs in
CCDW state of 1T-TaS, could not be fitted well by exponential relation in weak field range
[17]. Thus the transport properties of 1T-TaS, at low temperatures may be a complex issue.
Combining with our experimental results on dielectric properties, a process which can not
be attributed to the hopping charge transport has been identified, thus we suggest that the
collective excitations in the CCDW state of 1T-TaS, can not be neglected. In very recent
reports, Cho et al. did observe two well-confined and non-metallic in-gap states, located
on the domain wall center and edges of neighboring domains [33]. Further experiments are
necessary to clarify whether the two in-gap states correspond to the two contributors: the
localization states and the collective excitations (BSPs).

In Ref. [64], Rozhavsky et al. proposed a dynamic mechanism of topological charge
creation in a commensurate 1D-CDW near the contact with a normal metal, and also predicts
the presence of non-linear conductivity. However, the associated feature of the CVC has a

downward curvature in their model, which is inconsistent with our experimental data. Any
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way, to disclose the mechanisms of the non-linear conductivity in 2D-CDW systems is a
complex issue, it is always a problem to distinguish between solitons motion from other
forms of non-uniform CDW excitations (e.g., creep) and thus more efforts should be needed

in future research work.

IVv. SUMMARY

In summary, we have studied the in-plane electric field dependent charge dynamics in
the in-plane of 1T-TaS, single crystals in the CCDW phase. A large dielectric constant
~10* exhibits up to 107 Hz, which is possibly due to the occurrence of bound soliton pairs
or charge ordering of the system. The dielectric spectra disperse only slightly in our mea-
sured temperature and frequency range. We propose that besides the hopping carriers, the
delocalization of BSPs may be another contributor to suppress €;(w) and the non-linear
conductivity with increasing of dc bias.
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