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Abstract
The electric pulses induced responses of 1T-TaSs in the commensurate charge-density-wave phase
in hysteresis temperature region (160~210 K) have been investigated. We observed an abrupt jump
of the resistance excited by pulse, followed by a slow relaxation process in a time scale of ~100 s.
At a fixed temperature, the various electric pulses can drive the system to multi meta-stable states.
We propose that the spontaneous evolution or slow relaxation of the system by pulse excitations

corresponds to the rearrangements of the textures of CCDW domains.



The strongly correlated electronic materials are the interesting systems for condensed
matter scientists, as the carriers couple together and thus novel physical properties appear!.
The layered transition-metal dichalcogenides drive much attention in recent years, esp 17T-
TaS,: the observed ultra-fast resistance switching??, the supercooled nearly commensurate
charge-density-wave (CDW) phase at lower temperatures?, photosensitivity from visible to
terahertz at room temperature®, and electrically driven reversible insulator-metal phase

46 Though the microscopic mechanisms have not been disclosed until now, it

transition
is believed that the associated transport properties are attributed to the novel electron
structures.

1T-TaS, is one of the classical two-dimensional (2D) CDW systems. At room tem-
perature, it reveals the nearly commensurate (NC) CDW. With decreasing temperature,
a commensurate (C) CDW phase appears below 180 K whereas for heating process the
CCDW state maintains up to 220 K, above which the NC phase establishes” . Scanning
tunnelling microscopy has revealed that the NCCDW phase consists of trigonally packed
CCDW domains separated by metallic regions that are not fully distorted?. As expected,
the CCDW ground state is the starting point to understand the charge dynamics of the
system®10713 Besides the observations of hidden states and supercooled states at lower tem-
peratures, the region 160 ~ 210 K is also interesting due to the remarkable hysteresis in dc
transport properties, also known as the temperature region of metastability'*. Photoemis-
sion spectroscopy, infrared conductivity and thermoelectric potential also exhibit hysteresis

1517 Naively, understanding the properties in the hysteresis region would be in-

features
evitably related the CCDW and NCCDW phases.

Because of the close proximity of the various competing charge ordered phases in en-
ergy, several external perturbations or excitations can effectively modulated the CCDW

241819 rajsing interesting questions about the dynamics near the phase transitions.

phase
Based on the accumulated results, the charge transport properties of 1T-TaS, are determined
by sample dimensions, thermal history, photo excitation, electric field and pressure. These
characteristics are believed to be supported by the intrinsic electrons and lattice structures,
which range from microscopic processes of single carriers, through mesoscopic ordering of
polarons, up to macroscopic frustrated structures®!220:2%,

The charged objects ranging from microscopic to macroscopic scales require that the re-

sponses in time domain should cover a wide range, therefore the time dependent responses



must be a useful probe for investigating the charge transport behavior, especially for the
domains or domain walls??2. For a macroscopic sample, the NCCDW phase can not be su-
percooled and is not sensitive to medium electric fields at low temperatures®?, however, in
the temperature region of metastability, the various activations may enable the transitions
from a metastable state to other equilibrium state, and thus exhibiting more exotic proper-
ties. Further the potential applications for photon-electric devices or macroscopic sensors,
also call for investigating the charge transport properties in bulk 1T-TaS, samples.

In this article, we systematically investigated the electric pulses induced responses of the
CCDW phase of 1T-TaS, in the hysteresis temperature region. The pulses could drive the
system to multi non-equilibrium states, exhibiting abrupt resistance jumps followed by slow
relaxation processes exceeding several hundreds of seconds. To the best of our knowledge,
the observed slow relaxations of the meta-stable states in the hysteresis temperature region,
has not been reported yet.

The growth of 1T-TaS, single crystals could be found elsewhere?®. In the experiments, we
focused on the in-plane transport properties of the sample with surface area 1.0x0.2 mm? and
thickness (along c-axis) about 20 ym, and the distance between the two potential electrodes
is about 0.60 mm. After the sample was deposited on a polished sapphire, it was fixed
mechanically and meanwhile connected electrically by silver paint. To check the validation of
our experiments carried out in vacuum, two other approaches (the mounted sample, placed
in nitrogen atmosphere or clamped mechanically between two sapphire substrates) were
also applied, and the experimental results reproduced well. In CCDW state, the contact
resistance is less than 1% of the bulk resistance, providing reliable measurement results.
The experimental temperatures were monitored by a Cryo-con 32 controller with stability
better than 0.01 K. To avoid Joule heating, a train of 50-us electric pulses were applied to
investigate the effects mainly from electric field.

The temperature dependent resistivity pg.(7), the CCDW transition temperature
Teepw=180 K, see Fig. 1(a), and the hysteresis feature upon warming are consistent with

3524 " In the following of context, the experimental data were obtained at

previous reports
fixed temperatures by warming the cryostat from a deep CCDW state below T'=120 K. The
voltage or current data were recorded automatically by a computer. We will focus on the
dc transport behavior of 1T-TaS, at fixed temperatures in the range 160 ~ 210 K.

Fig. 1(b) clearly shows the current voltage characteristic (CVC) of a typical 1T-TaS,



sample, an abrupt jump appears when the electric field exceeding 10 V/cm (~600 mV).
Similar results were reproduced well for other samples. Though these data were recorded by
sweeping dc current, the Joule heating is negligible due to good thermal dissipation by the
sapphire substrate?®; moreover, the resistance near zero current along the sweeping upon
increasing current is distinctly different from the case of the inverse sweeping, corresponding
to two different resistance states of the sample. We propose that this can not originate from
the destruction of the sample under continuous dc current, as the subsequent measurements
reproduced the previous data within experimental errors. The sweeping results definitely
showed that the sample states are related to the history of the measurement. After several
sweeping cycles, the resistance of the sample reaches an equilibrium, similar to the results
reported by Yoshida et al., though the samples dimensions and measurement temperatures
are different?.

The transitions from one meta-stable state to another by current sweeping indicate that
the electric field may have essential effects on the system. To disclose the evolution of the
transport properties by dc current, we investigated the electric pulse response of 1T-TaS,
samples systematically in the time domain. To avoid the Joule heating, the duration of

pulses should be well shorter than 75y, the relaxation time of the sample by self-heating,
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TSH = where N,; is the number of moles of material with specific heat ¢ and
thermal conductance 2, L and S are the length and the cross-section area of the specimen,
respectively. In our experiments, Njy; ~6.7x1078 mol, ¢=19.0 J/(mol-K) at 200 K?7. For
heat flow parallel to ab-plane, T7gg ~ 27 ms, whereas for the perpendicular direction, 795 ~
80 us?®2%. For an anisotropic system, the accurate calculation of the thermal relaxation time
is difficult as the heat flows both directions at the same time. In experiments, for the pulses
with duration less than 200 us, the undistorted wave form of the response indicates that the
thermal effects could be neglected.

As shown in Fig. 1(c) after electric pulses, a jump appears indicating an abrupt decrease
of the resistance, followed by a slow relaxation process, and then gradually saturates. With
the decrease of temperature, as the CCDW condensation enhances, the less disturbance
from the same electric field excitations and the magnitude of the resistance jumps decrease
[Fig. 1(d)]. The sudden resistance jump may occur in a time scale of micro second or below,

not related to heating effects. The inset of Fig. 2(a) shows typical oscilloscope traces of the

voltage response of the sample to rectangular pulses, indicating a negligible thermal effects.



It is obvious that pulses change the configuration of the system to a new meta-stable state
or that they tune one meta-stable state to another, possibly towards the minimum energy
of the whole system. Further, the pulses subsequently applied again transfer the system
state to other new ones. In our experiments, though we only used 5 voltage magnitudes at
each temperature, it is believed that further applying pulses could also drive the system to
distinct states with larger conductivities, till the NCCDW phase. In other words, there are
multi meta stable states between CCDW and NCCDW phases, thus the energy differences
between the meta-stable states would be very small. If it is the case, the thermal energy
200 K (17 meV) would smear out the distinctions between the multi meta-stable states'¢:3!,
which is in conflict with the experimental data. Consequently, a reasonable mechanism is
needed to explain the data, the multi meta-stable states induced by electric pulses®?.

The Frenkel-Kontorova (FK) model of the incommensurate commensurate transition is
a good selection to elucidate the behavior of the CDW systems. Vaskivskyi et al. have
used this model to analyze charge transport properties in hidden states of 1T-TaS, at lower
temperatures. The model was originally devised to describe an array of atoms connected
with harmonic springs, interacting with a periodic potential for a commensurate and incom-
mensurate case in 1D case®*. Here we apply the FK model to the present system and the
discrete responses of the resistance saturations observed in Figs. 1(d) and 2(a) correspond

to discrete solutions of the Hamiltonian:

)] (1)

1 2m
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where z,, are the positions of the n-th density wave maxima and a is the period of the
underlying lattice.

It has been known that for Eq. 1, the periodicity 27 /¢; or wave vector ¢;, changes as some
parameters (temperature, pressure etc.) vary, forming the Devil’s staircase®>. The numerous
minima of the energy given by Eq. 1 form different meta-stable states of the system. A
meta-stable state is expected to be a NCCDW-like phase with CCDW domains separated
by metallic regions that are not fully distorted, where the conductance of the whole system
varies with the ratio of the two components. Thus it is plausible that the multi equilibrium
states in Figs. 1(c) and 1(d) correspond to different textures of the domains.

The data in Figs. 1(d) and 2(a) are reminiscent of the results of Vaskivskyi et al.,

in which the slow relaxations are clearly observed below 70 K**. However, we emphasize



the very different temperature range. Moreover, we notice a distinction that there are no
steps superposed on the relaxation curves in our results. As the magnitude of the pulse
increases, the absolute jump increases and the expected resistance of the final equilibrium
state decreases, though attempting to obtain its real value exceeding our endurance. We
will discuss the reasons in the latter context.

The relaxation to a stable equilibrium state is well described by a stretched exponential

3435 A possible mechanism is that the pinning

model or by logarithmic time dependence
centers prevent the wave numbers of the CDW’s from reaching their equilibrium value after
an electric pulse excitation and hence a non-equilibrium gap establishes. This viewpoint is
from 1D CDW system, where the phase transitions from ICCDW to CCDW occurs®. In
the 2D NCCDW 1T-TaS, crystal, the system consists of trigonally packed CCDW domains
and partly distorted metallic regions under electric pulses, thus may be adaptive to this
framework. As the non-equilibrium gap is time dependent, the conductivity or the Ohmic
resistance R of the specimen changes accordingly. Moreover, it is assumed that the relaxation
to the equilibrium is induced by thermally activation. The relaxation rate v depends on the
temperature and on the local pinning strength h in the form v = (1/7,,)exp(—h/kgT) where
1/7p is related to the phonon frequency.

For a wide distribution of the pinning strengths P(h), the characteristic of the decay of
metastable states is I(t) = [;* dhP(h)exp[—y(h)t], which was originally applied for spin
glasses by Ma3®. Such a decay is qualitatively similar with the analysis method in Refs.3%37.
We can quantify the decay times in pure 1T-TaS, by plotting a stretched exponential function
(solid curves in Fig. 2) of the form R(t) = Ry[l — exp|—(t/7)"], with Ry the measured
equilibrium value after long time as expected, 7 the characteristic time of the decay, [
represents the distribution of the pinning energies, the larger 5 means the fast saturation
towards a equilibrium state, indicating a large weight at lower energies of pinning strength®.
As shown in Fig. 2, for the electrical pulse of 15 V3, neglecting the jump we obtain the
parameters $=0.364+0.01, 7=460 s, fits well. The 3 is much less than the result in Ref.?"
where $=1.5040.1, obtained by the analysis of the two-time correlation function in the
ICCDW state. However, due to the different temperature regions, the results from Refs.3
and®” may be corresponding to different physical mechanisms.

The slow relaxation process 7=460 s, requests a large pinning strength h or a large energy

barrier, Egr ~ 6500 K, if the phonon frequency is taken as 100 cm~! and kg7 ~16.8 meV. It



is a remarkably large value, compared with the thermal energy (~ 400 K) or the CCDW gap
(~1100 K) from infrared spectrum'®. According to the magnitude of the measured energy
scale in Ref.??, the considerable energy barrier Ezr stands out and may be expected to act
on individual domains, not associated with single particles. In other words, Egr corresponds
to the pinning energy per domain in 1T-TaS,, though it is very difficult to characterize using
conventional methods. Thus the following picture emerges for charge dynamics of 1T-TaS,
in metastable temperature range: within the electric pulse duration, the CCDW phase is
excited to bear a considerable strain or distortions and the NCCDW-like textures establish,
absorbing or storing the extra energy from the external electric pulses, see Figs. 3 (a-b).
After the electric pulse, to minimize or release excess energy of the system, an collective
rearrangements of the CCDW domains from disturbed configurations to an ordered texture
are requested, see Figs. 3 (c-d).

At a fixed temperature and under electric pulse of large magnitude, the CCDW phase
and the resistance may be suppressed remarkably [Fig. 2(a)], and the equilibrium state
may be corresponding to ordered smaller domains surrounded by the metallic regions with
higher conductivities, as shown in Fig. 3(d). Hence it is believed that the larger change
in conductivity by large electric pulses would mean stronger disorder of the domains, and
consequently more time is necessary for the system to relax to an equilibrium state.

To demonstrate the connections between the observed resistance jump and the CCDW
patterns, we propose a rough model to give an explanation. As shown in Fig. 4(a), the
whole induced pattern has been transformed to a rectangle region for convenience, where the
configuration of the CCDW domains are separated by metallic regions with low resistivity.
The unit cells connect in series along the current direction, but in parallel perpendicularly.
Obviously, the conductance of such a disordered state equals the re-arranged pattern in Fig.
4(b), in which the same cells have been aggregated. By adjusting the order of the rows
in Fig. 4(b), the total resistance still keeps unchanged (Fig. 4(c), the CCDW component
increases monotonically from top to bottom). Further, it is plausible that if the unit cells
were taken much smaller, even a much more complex pattern could be approximated. For
convenience, we focus on the case of a boundary of a straight line, as shown in Fig. 4(d).

To calculate the resistance in Fig. 4(d), the following parameters have been used: sample
length x width xheight(thickness)=L x W x h; the length of the transition region ¢§, A is

the distance between the center of the transition region and the starting side, the total



resistance Rp=Rcn + Runo + Real|Rya. It is obvious that Reg=pc(A — §/2)/(W - h),
whereas Ryn=py (L — A —0/2)/(W - h), here pc and pys are the resistivity of the CCDW
domains and the metallic regions, respectively. The last term R ||Rya could be calculated
by the integration method: the differentiate unit cell as indicated by dz connecting in parallel

with each other:

o / W 1 (2)
Real|Rya 0 PC%ZV)HE + PM[(s;'(iiW)x}
. ' Weh (W dz — W-h 1
The integration term can be calculated out as W [V o = ot ln;, where
n = e Thus Rr=gfpl(A=0/2) +n(L—A=0/2) + 51(2(_77;)]7 indicating the resistance of the

pattern is determined by both A and 6. As expected, the parameter A reflects the excitation
effects of pulses and may correspond the total residual CCDW component, hence an abrupt
decrease (Rr/Rc < 1.0) of the resistance exhibits (Fig. 5). After the end of the electric
pulses, as the system gradually evolve towards a more stable state, the patterns may adjust
themselves to an idealized order, 6 — 0. This evolution corresponds to the vertical arrow
line in Fig. 5, where § decreases and therefore the resistance enhances gradually. In Fig. 5
the several thick crosses indicate the resistance of the eventually ordered states induced by
electric pulses.

The slow relaxation process can be qualitatively explained by the generic Ostwald ripening
model used for nucleation in crystal growth®. In thermodynamically driven spontaneous
process of a multiphase systems, large droplets grow at the expense of smaller ones to lower
the overall energy. The droplets with size larger than R, (critical radius) grow, while less
than R, shrink. To reduce the interfacial free energy of the system, the smaller droplets with
high-curvature condense onto large, low-curvature droplets. For the present case, the energy
gain comes from the fact that the energy per domain in the CCDW state is lower than
the energy of an isolated one or a small cluster. It is likely that the main process may be
the smaller domains merging into the existing larger ones, and in addition there would also
include the shape readjustments of the clusters. Considering the time scale of the nucleation
and growth process®, the present clusters or domains would be much larger than a single
David star. In very recent reports®', Frenzel et al. observed the smooth evolution from NC
to C charge ordering over hundreds of CDW periods, indicating the existence of intermediate
electronic phases with unique CDW order. To disclose weather the NCCDW components in

such intermediate electronic phases are responsible for the charge dynamics observed in our



experiments is the following work.

In summary, the electric pulse induced responses of 1T-TaS, in the hysteresis temperature

region has been investigated. At a fixed temperature, the pulses could drive the system to

multi equilibrium states, exhibiting abrupt jumps followed by the slow processes exceeding

several hundreds of seconds. We propose that the spontaneous decay or slow relaxation of

the system by electric pulse corresponds to the rearrangements of the textures of CCDW

domains.
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FIG. 1: (Color online) (a) The temperature dependent resistance (normalized to 300 K) in the
ab-place of 1T-TaSy crystal. The short lines in red color indicate the several fixed temperatures
at which the responses excited by electrical pulses were measured. (b) The typical current voltage
characteristics (by sweeping current) up to 650 mV of 1T-TaS; at 200 K. For clarity, only the data
of two cycles are shown. (c) Time dependence of dc resistance Rg at T=200 K, after the electric
pulses®?. The inset is the schematic circuit of the measurement with a reference resistor Ry =20 .
After 5 s of the end of the pulse, the resistance is timely measured. (d) Similar to (c), at various

temperatures.
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FIG. 2: (Color online) (a) Relaxation of the resistance R at 195 K after electric pulses®’. For each
measurement, the sample was excited by electric pulses with duration 50-us to avoid Joule heating.
The inset shows typical oscilloscope traces of the voltage response of the sample to rectangular
pulses. Fits to R(t) using a stretched exponential function. (b) Time dependence of Ao /oq after
electric pulses at 195 K. The decrease as time elapses corresponds to the spontaneous decay of

meta-stable states.
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FIG. 4: (Color online) (a) The schematic non-equilibrium pattern of the clusters induced by
electric pulses, the star regions denote the CCDW domains, whereas the others corresponds to the
metallic regions with high conductivity. (b) The re-arranged pattern of (a), by aggregating the
same textures in each row. (c¢) The further adjusted pattern of (b) without changing the total
resistance. The dashed line only indicates an approximate boundary. (d) The schematic figure for
calculating the total resistance, the dx indicates a differential unit. For convenience, we focus on

the case of a straight boundary line.
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FIG. 5: The resistance of a typical pattern calculated using Eq. 2. R¢c and Rj; are the resistances
of the pure CCDW and pure metallic states of the sample, respectively. The several thick crosses

on the line with 6=0 indicate the resistance values of the eventually ordered states.
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