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Abstract

The electric field dependence of the dielectric properties and the non-linear conductance of 1T-

TaS2 below 50 K has been investigated. A large dielectric constant of about 105 is observed up to

107 Hz and attributed to the polarization of bound soliton pairs. The dielectric spectra disperse

trivially in our measured temperature and frequency range. Under a moderate dc bias field, the

real part of dielectric constant ε1(ω) decreases. We propose that the delocalization of bound

soliton pairs may be the driving force of the reduction of ε1(ω) and the accompanying non-linear

conductivity with increasing of 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 have made considerable

progress in the understanding of the associated transport properties in quasi-one dimen-

sional CDW compounds [4–7], the discussions for two-dimensional (2D) CDW crystals are

inadequate [8–10], especially the polarization properties. In recent years, the investigations

to 2D-CDW compound have revitalized, for they would be helpful to understand the mech-

anisms of the high-Tc superconductors [11–13] and the origination of ultra-fast switching

to a stable hidden quantum state [10, 14, 15]. Hence, it is of interest to investigate the

origination of the non-linear conductance and dielectric properties in 2D-CDW systems.

We focus on the charge dynamics of bulk 1T-TaS2 crystals below T = 50 K. In this

temperature range 1T-TaS2 would be in the commensurate CDW (CCDW) phase with

an energy gap about 0.1 eV, where 13 Ta atoms form a star-of-David cluster [10, 14].

Experimental results have shown that in CCDW phase, as the electron at the central Ta

atom in the cluster is localized, the insulating Mott state reveals a serials of novel transport

properties [10, 15]. Generally, the states of localized electrons would have essentially effects

on the polarization or dielectric properties of the system. So studies of the polarization

properties of the localized charged identities would be helpful to describe the charge transport

behavior in 1T-TaS2 system.

Temperature and field dependent complex dielectric or conductivity spectrum is a power-

ful probe for investigating the charge transports and polarization behavior of various systems

[16–20]. At a fixed temperature T0, the complex dielectric spectrum ε̂(ω) = ε1(ω) + iε2(ω)

of a substance is ultimately defined by the polarizations of the total contributing charged

microscopic particles. In quasi-one dimensional CDW systems exceptionally large dielec-

tric constants and strong dispersion effects in audio frequency range were observed [18, 21].

Further, under various dc bias, dielectric spectroscopy would be of great interest, since the

non-linear conductance often reveals at a moderate electric field. To the best of our knowl-

edge, such bias dependent dielectric behavior are rarely reported for 2D-CDW systems, the

reason maybe the strong screening effects from a nontrivial density of normal carriers owing

to a non-uniform CDW gap opening up at the Fermi level. However, at rather lower tem-

peratures, for semiconductor 1T-TaS2, the screening effect of normal electrons weakens, and
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accordingly the investigations of dielectric properties would be feasible.

In this report we systematically study the electric field dependent polarization properties

inside the plane of 1T-TaS2 flakes below 50 K. We focus on the dielectric properties under

the applied dc bias EB covering the non-linear conductance. The Joule effects are firstly

excluded at frequencies above 10 kHz under EB ≤ 20.0 V/cm. With the increasing of the

applied dc field, the real part of dielectric constant ε1(ω) starts to decrease possibly due

to the decreasing concentration of bound soliton-antisoliton pairs. We propose that the

delocalization of bound soliton-antisoliton pairs could be used to explain the reduction of

ε1(ω) and the accompanying of non-linear conductivity as EB increases.

II. EXPERIMENTS

The 1T-TaS2 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 cool 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 [22], the as-grown single crystals show thin flake-like shapes and gold-

shining color, with typical sizes are in the range (3 ∼ 10) × (2 ∼ 3) × (0.02 ∼ 0.08) mm3.

In the experiments, we focused on the in-plane polarization and transport properties of the

sample with dimensions: 10× 0.4× 0.025 mm3.

Temperature dependent resistivity was measured with current I=10 µA before probing

the dielectric spectra. The current voltage characteristics (CVC) showed linear behavior

under weak electric field, confirming 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. In addition, we confirmed

that the impedance spectra were unaffected by the difference between substrates by com-

paring data obtained with sapphire and the ultra thin mica sheets. The complex impedance

properties under various dc bias up to 40 V/cm ẑ(ω) = |z(ω)|cosθ(ω) + i|z(ω)|sinθ(ω) were

probed on Agilent 4294A Precision Impedance Analyzer through four-coaxial cables in two

pairs (corresponding to two electrodes on the sample), where θ(ω) was the phase difference
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between the ac driving potential and the response current at frequency ω. 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 reveal in I-V measurements. In analysis, the sample was seen as a

leakage capacitor, both dielectric constant ε̂(ω) = ε1(ω) + iε2(ω) and the complex conduc-

tivity spectrum σ̂(ω) = σ1(ω) + iσ2(ω) could be deduced from the raw data ẑ(ω) based on

the universal relations: iωε̂(ω) = σ̂(ω) = 1/ẑ(ω) · (d/S), where εi(ω) = ε0εri(ω) (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 ρdc(T ), the CCDW transition temperature

TCCDW =180 K, and the hysteresis feature upon warming were all consistent with previ-

ous reports [10, 14, 23], indicating the good quality of the 1T-TaS2 single crystal samples.

The existence of non-linear conductivity in the CCDW phase was confirmed well, as shown

in Fig. 1 (a) and (b). The data shown in Fig. 1 (b) are captured from Ref. [9], only

for comparison with our results. 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-TaS2 are positively charged and the density is larger than

1019/cm3, hence the interface or the contact 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-TaS2 in

the presence of the non-linear conductance below T=50 K.

The phenomenon of the non-linear conductance often exhibits under a nontrivial electric

field and thus to obtain the intrinsic CVCs, a pulsed-current method in narrow-width is

often required [6, 9, 10]. However, to investigate the polarization properties of the 1T-TaS2

single crystals in the presence of the non-linear conductivity, a continuous dc bias would

inevitably heat the sample, namely the Joule heating effects. Considering that the non-

linear conductance exhibits under a moderate field, we compared the difference between

the pulsed approach and the continous method below T=50 K, see Fig. 1 (a). At various

temperatures, the cases are similar with each other except the initial slopes of the CVCs.
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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 remarkable effects to dc transport properties in all systems

with negative temperature coefficient of resistance [24, 25].

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

The self heating effect to the transport properties under external dc field is required to

be considered and analyzed carefully. To clarify this effect, the CVCs in a widen region has

been 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) and not the intrinsic properties of 1T-TaS2 system. Specifically, the total dc

conductivity comprises three components: σdc = σNM +σNL+σSH , 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:

σNM should reveal the well-known Drude free-electron properties and has no dispersion

below GHz; σNL remains unresolved at present; whereas σSH could only response up to

several kHz, above which the self-heating effect diminishes, as shown in Fig. 2 (b). On

the other hand, the relaxation time from self-heating is related to the specific heat by the

expression [τSH = NMc/κ(S/d)], where NM is the number of moles of material with specific

heat c and thermal conductance κ [26]. For the experimental sample, τSH is estimated to be

of order 1.0 ms. Consequently, it is plausible that above 10 kHz, the frequency dependent

conductivity under EB has only two contributors: one is the non-dispersed σNM and the

other is σNL, whose origination is the focus of this paper.

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 [1, 18, 21, 27, 28]. However,

dielectric behavior are rarely reported for 2D-CDW compounds, the reason maybe the large

screening effects from the normal carriers. Nevertheless, for the polarization properties of

the 2D-CDW system 1T-TaS2, an extremely large dielectric constant is still expected, as
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suggested by Vaskivskyi et al. [10]. In our experiments, below T= 180 K in the CCDW

phase, relatively small minus θ(ω) could be identified well, revealing capacitive responses,

as shown in Fig. 3 (a). For dielectric spectra εr1(ω), only trivial dispersions appear above

107 Hz, as shown in Fig. 3 (b). At present, we can not obtain a whole relaxation behavior

of the corresponding polarization process for the limited measuring frequency range. With

decreasing temperature below 50 K, the whole dielectric spectra are suppressed whereas the

linetypes remain unchanged.

The large electric constant in MHz region ∼ 104 is very interesting, though in 1D incom-

mensurate CDW systems such a value is not noticeable. In a 2D-CCDW, the whole CDW

condensates are very difficult to be driven by a moderate electric field since the existence

of strong pinning by the underlying lattice, so the collective motion of the CCDW could be

neglected and thus its contribution to the static dielectric constant would be much smaller

than the incommensurate CDW system [27]. As discussed by Lunkenheimer et al., hopping

charges transport can also give rise to large values of the dielectric constant. In Ref. [29]

Hambourger et al. observed the disorder induced localization. However, we noted that the

temperature upper-limit for the dominance of hopping in disorder system is lower than ours,

further, it can be excluded since the tendency of the dielectric spectrum is inconsistent with

the relation: εr1(ω) ∝ ωs (s<0) up to 10 MHz at the measurable temperatures, see the

fitting dotted-curves in Fig. 3 (b). On the other hand, the interfacial effects such as, e.g.,

a grain boundary or a surface depletion layer also contributes colossal dielectric constant.

However, the positively charged carriers with density larger than 1019/cm3 in the CCDW

phase will exclude the Schottky-barrier effects. As for the polaron contribution to the di-

electric constant, we note that in the infrared conductivity spectrum, no such characteristic

could be identified without photo-excitations [30].

Here, we propose that the polarization properties of 1T-TaS2 could be described by

the well-known soliton model used in 1D-CDW, though, to the best of our knowledge,

theoretical verification of the phase solitons has not yet been done for 2D-CDW systems.

The existence of CDW phase solitons — the topological phase defects — has been confirmed

in quasi-one-dimensional systems [31–34]. Up to date, more work has indicated that solitons

contribution must be a key to the unconventional nature associated with CDW system [35–

37]. In very recent studies, Rojo-Bravo et al. presented that the transport mechanism of

travelling soliton lattice may open new perspectives in controlling correlated charges over
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long distances, explaining the main features of sliding CDW systems [38].

In Ref. [39], Krive et al. proposed that the phase solitons contribute the dielectric

susceptibility remarkably. As shown in Fig. 5 (a), the localized compressions or rarefaction

in the local condensed electron density (or deformations of the CDW phase ϕ) correspond

to the soliton-antisoliton pair. In Fig. 5 (b), a schematic figure of the charge density and

the lattice arrangement has been shown [40, 41]. It is plausible that the central Ta atoms

would attract more electron cloud, and then a commensurate CDW establishes. For the

equation of motion relevance to CDW phase, d2ϕ/dt2− c2
0∇2

xϕ+ω2
F dV (ϕ)/dϕ = 0, where c0

is a characteristic velocity of the undeformed condensate and ωF the pinning frequency, the

realistic pinning potential of the phase V (ϕ) would have a periodic form as expected [33, 34].

Thus the exact solutions of the equation should include the soliton-antisoliton ′doublet′ [42].

Instead of separating into the discrete soliton or anti-soliton which is infinitely far apart with

each other in infinite time, the relative separation for the members of the doublets oscillate

periodically [42]. 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 [39]: εϕ ∼ ε∆(Es/ω0)ln(Es/ω0), where Es/ω0 = ∆/MωQ, ∆ is

the energy gap in the electronic spectrum, M is the commensurability index and ωQ is bare

frequency of phonon with momentum Q=2kf . As suggested by Krive et al., εϕ ∼ 101∼2ε∆,

where ε∆ is about 103. Thus the relaxation of the BSPs may be an alternative, if in 2D-

CCDW, the phase soliton model still works. In Fig. 3 (b), the fitting by Cole-Cole model at

T= 15 K is consistent with the experimental data, though the whole dispersion could not

be identified at present.

For the observation of large dielectric constant, there is another explanation: the spon-

taneously arising interfaces caused by electronic phase separation or charge order, which

are often found in many transition-metal oxides. Though the true reason for the colossal

polarization has not been completely clarified yet, it seems well possible that at least in some

cases internal interfaces between the different phase-separated regions may play a role [41].

It is suggested that the dielectric behavior of these spontaneously forming heterogeneous re-

gions represents a kind of the long-known Maxwell-Wagner (MW) polarization effects, with

the only difference is that the heterogeneity arises on a much finer scale close to crystal unit
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cell. As shown in Fig. 5 (b), the density of charges in a CCDW system arrange periodically

in real space, which would have an intrinsic similarity in polarization properties with the

charge ordering systems.

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. Under a weak

applied dc electric field E, the bound soliton-antisoliton pair has no contributions to the dc

transport due to its charge neutrality as a whole entity, but it does contribute polarizations

nontrivially [36, 39].

The increase in the field strength suppresses the dielectric constant distinctly in MHz

frequency region, the relative dielectric constant εr1 decreases from about 1.25 ×104 to 1.05

×104 in the field of 10 V/cm at 2.0 MHz. One may argue that the self-heating effect could

make the study complex or that under the dc bias current the true temperature of the

sample should be higher than the measured temperature, here we would clarify that EB

is moderate, and further as shown in Fig. 4, in very contrast, the higher temperature the

stronger polarization. Thus it is confirmed that the dielectric constant εr1 decreases with

the increasing of dc bias. Qualitatively, εr1 ∝ Nα, where N is the number of the dipoles per

unit volume, α is the polarizations coefficient. If N remains unchanged under electric field,

then α should decrease. However, as α presents the local polarization, its decreasing will not

change the dc conductivity, which is in contradiction to the experimental data. Hence, N

would decrease under an external dc bias field, which is consistent with the soliton tunnelling

model, as shown in Fig. 5(c). As the applied dc field increases, the potential barrier for

the BSP activation would decrease. For the solitons having positive charges, the preference

direction of tunnelling would be along the external electric field, whereas the inverse applies

for the negatively charged solitons, as shown in Fig. 5(c). Consequently, the probability of

solitons tunnelling enhances, inducing the suppression of polarization by dc bias.

For origination of the suppressed dielectric constant under dc bias, the ′grain and grain

boundary′ model should also be discussed. It often describes a reduction of the dielectric

constant with increasing dc bias in ceramic systems. The mechanism is that in such a

system, double back-to-back Schottky potential barriers in micrometer scales are created
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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 [43].

However, in the present experiments below T=50 K, such polarization (often exhibits at

higher temperatures) should be frozen out at such a lower temperature.

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

Intrinsic nonlinearity which are unrelated to CCDW ground state of 1T-TaS2 must also

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 incredible order 1.0 µm. 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 105 cm2/(V·s). However, σdc at T=20 K is about 2.5 (Ω·cm)−1 and the

density of carriers is order of 1019/cm3 [9], thus the mobility would be estimated to be only

several cm2/(V·s). Further, the experimental results from Ref. [29] also support a mobility

less than 20 cm2/(V·s). Hence it would be plausible to believe the non-linear conductivity

is associated with the CCDW condensate.

The previous studies reported that in the presence of the non-linear conductance the

changes of Hall coefficient could be neglected, indicating that either the density of carriers

does not change under the applied electric field, or alternatively, the enhanced number of

positively charged identities equal to the negatively charged carriers. We have captured

the experimental data in Ref. [9], as shown in Fig. 1 (b). Uchida et al. proposed that the

non-linear conduction in 1T-TaS2 might possibly be explained in terms of the collective exci-

tations in pinned CDW. They unconvincingly excluded the possibility of soliton-antisoliton

pairs by the nearly unchanged Hall experimental data, however, it is plausible that (if simi-

lar pair-creation occurs in 2D CDW system) the soliton contribution to the Hall coefficient

could be negligible.

In Ref. [10], 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. However,
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the field independent Hall coefficient calls for a nearly equal enhancement of the positive and

negative conductivity driven by dc electric field. Thus unless this model provide trapped

states bearing equally positive and negative charges, or it would be contradict with the

reported Hall data. On the other hand, for the large dielectric constant as we observed, a

reasonable explanation has not established yet by the model in Ref. [10].

In Ref. [44], 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 found

that a non-linear conductivity emerges. However, the associated feature of the CVC is

downward in their model, which is inconsistent with our experimental data.

We suggest to turn back to the BSP model, though the intrinsic charge dynamics or

transport properties are not known well by scientists up to now. It is plausibly assumed

that the soliton and the anti-soliton are bound with each other, thus neither could 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, see Fig.

5(b). Consequently, the probability of solitons tunnelling or the delocalization tendency

enhances, driving a non-linear dc conductivity, accompanied by the suppressed dielectric

constant. Additionally, a remarkable kink appears in the logarithm of conductivity vs inverse

temperature of 1T-TaS2, as shown in Fig. 6. This behavior is very similar to the case in

o-TaS3, where the change of the excitation energy below T = Ts, is proposed to be due to

the dominance of solitons transport [6, 16].

IV. SUMMARY

In summary, we have studied the electric field dependent charge dynamics in the in-plane

of 1T-TaS2 single crystals in the CCDW phase. A large dielectric constant of order 104 is

observed and attributed to the polarization of BSP. The dielectric spectra disperse slightly

in our measured temperature and frequency range. We propose that the delocalization

of bound solitons could be the driving force of the reduction of ε1(ω) and the non-linear

conductance with increasing of dc bias.
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FIG. 1: (Color online) (a) The current voltage characteristics of 1T-TaS2 crystal at various tem-

peratures below 50 K. (b) The experimental data of field dependent Hall effect and the current

voltage characteristics of 1T-TaS2 crystal reported in previous reports [9], we captured these data

for comparison. The dashed line expresses the linear conductance behavior.
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FIG. 2: (Color online) (a) The current voltage characteristics up to 25 V/cm of 1T-TaS2 crystal at

30 K. (b) The conductivity spectra of 1T-TaS2 crystal at 30 K under various bias. The notations

SH, NL and NM present the conductivity from self-heating, non-linear conductance and normal

carriers respectively.

15



104 105 106 107

-4

-2

0

 100 K
 70 K
 50 K
 40 K
 30 K
 25 K
 20 K
 15 K

 

 

θ(
ω

) (
de

gr
ee

)

Frequency (Hz)

(a)

106 107
0.0

0.5

1.0

1.5

2.0

 15K
 20K
 25K
 30K
 40K
 50K

1T-TaS
2

 

 

ε r1
(ω

) (
10

4 )

Frequency (Hz)

(b)

FIG. 3: (Color online) (a) The spectra θ(ω) of 1T-TaS2 in the CCDW phase at various temperatures

below 100 K. (b) The temperature dependent dielectric constant of 1T-TaS2 in MHz region below

50 K. Note that the dotted lines can not fit the data at T=15 K and 25 K, but the dashed curve

(Cole-Cole model) does well.
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FIG. 4: (Color online) (a) The dc bias dependent dielectric constant of 1T-TaS2 in MHz region at

T=15 K. (b) The temperature dependent εr1(ω) at various MHz of 1T-TaS2 single crystal samples.
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FIG. 5: (Color online) (a) Real-space picture of a materialized soliton-antisoliton pair, showing the

qualitatively position-dependent phase φ(x, t) at a fixed time, excess charge density ρ(x) ∝ ∂φ/∂x

[42]. (b) The schematic pattern of the charge arrangement of 1T-TaS2 in real space. Note the

charge ordering of the star of David cluster. The wave form presents the commensurate charge

density relative to the lattice. (c) The schematic pattern of doublet, or the bound soliton-antisoliton

pair (shown by bell-like curves, red for positively charged solitons while blue for negatively charged

solitons) tunnelling under dc bias. The label of the horizontal axis x presents the position of the

real space whereas for the vertical axis, u presents the potential energy. Note that the arrows

present the preference directions of the tunnelling.
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FIG. 6: (Color online) Logarithm of conductivity vs inverse temperature of 1T-TaS2 crystal with

the transition TCCDW =185 K. The dashed and dotted lines are guided to the eyes. Inset: the

similar experimental from Ref. [23].
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