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Optical investigation of the origin of switching conduction in charge-density waves
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Low-temperature dynamical properties of the sliding charge-density @bgV) in Ky ;M0oO; was inves-
tigated using the optical modulation of the phase strain. An intimate relation between switching transition, size
effects, and photoeffects was found, and discussed in terms of the plastic ground state of the CDW. Large
evolution of the sliding threshold voltage and clear conduction delay were also observed, and manipulated
through photoexcitation. Optical excitation is more effective in the plastic state, and it is confirmed that the
switching occurs through the inhomogeneous breaking transition of the rigid but fragile CDW.
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I. INTRODUCTION plastic mediunt® At these temperatures, the number of free

The charge-density wavéCDW)12 is condensation of carriers become too small to screen elastic phase deforma-

electron-hole pairs with a Peierls gap at the Fermi |eve|ﬂons(called Coulomb harder?it)dl?’A F‘“mfbef of evidences
Since electrons directly interact with electric field including @€ been reported about the transition from screened to un-

light, there have been numerous reports on optical investigacreéened responsé Recently, the existence of two relax-

tion of its physical properties, ranging from classical reflec-aon processes and their close refationship with the 1ssliding
tivity measurements to electromodulatednd ultrafast threshold field were reexamined by Stangs et al.
pump-probé spectroscopy, as in other highly correlated ma_through low frequency dielectric spectroscopy and thermally

terials. However, the number of experiments utilizing Iightﬁtr'lmlg?tt%i ?g%iggﬁ;og Zﬁﬁjrr'nm?nqgs'tv-l\;gegr;’r?fﬁer\slegnsgle't_'
not as “probe” but as “stimulus” has been limitéd com- 9 P

parison with that on superconductors which have the formaireasw|g temperature and the subsequent freezing of one pro-

analogy with CDW. There are two kinds of low-energy col- ess at around 23 K. The high-temperature process was

. o : ascribed to the dynamics of the collective elastic deforma-
lective excitation in the CDW. The phase mo@hason is  tjons of the CDW phase, whose relaxation time increased

infrared active and the amplitude mogEmplitudon is nor-  continuously with decreasing temperature, whereas the low
mally a Raman mode, but in the presence of impurities itemperature process was assigned to the remaining degrees
may also become infrared active. Therefore, with optical exof freedom after the elastic ones are frozen out, i.e., topo-
citation, these two modes of collective excitation should|ogical or plastic deformations of the CDW phase, such as
arise in addition to semiconductorlike single particle excita-splitons!® domain walls, and dislocation loops.Their re-
tion above the Peierls gap. In the ultrafast pump-probe measults indicate that the high-temperature polarization occurs
surements, excited quasiparticles induce amplitude oscilleevercoming the elastic pinnings, while the low-temperature
tions and overdamped phason relaxation of the CDWe  response appears through the breaking of the CDW or nucle-
sliding motion of the CDW can be regarded as phase modation of the phase defects. These two relaxation processes
excitation, going along with the amplitude mode at phasecoexist around 25-40 K. In the plastic state, it is important
slip center$. Considering the critical behavior in the sliding that the relaxed particles do not stay near the Peierls gap
transition, it is natural to expect a significant change in theedge as semiconductorlike electrons and holes. Instead they
dynamics of the CDW by optical excitation. acquire a form of the amplitude soliton with smaller
Switching and hysteresis iivV curves have been ob- energy*® With the amplitude of the CDW passing through
served in typical sliding CDW materials as NaSeTaS;,2  zero, the amplitude soliton becomes a static phase slip center
and K, s3MoO3,° and usually become more pronounced at lowthus playing a key microscopic role in effects of depinning.
temperatures. Although the originof these phenomena has We have reported that the photoexcitation drastically
not been clearly understood yet, various forms of CDW plas€hanges the sliding dynamics of kMoO; at low
ticity and inhomogeneity, including a nucleation of phasetemperature$? With photoillumination, both the creep cur-
dislocatiort® and shear deformation between CDW chains orent and the sliding threshol¥, increase. In the sliding
two-dimensionally coupled sheéfshave been proposed to phase slightly abov#,, the motion of the CDW can be to-
account for the properties of the creep motion and the trantally arrested by illumination. The photoeffects can be clearly
sition between creep to slide at the threshold voltdgeln  distinguished from heating effects of illumination and are
the sliding CDW system, the dynamics of the CDW at highpersistent. These effects can be observed with photon energy
temperatures are relatively well explained by the extende@xceeding the Peierls gap and in the temperature range below
Fukuyama-Lee-Ric¢FLR) model? including screening by ~25 K. We have interpreted that the optical modulation of
uncondensed carriers. However, this model neglects th€DW phase strain mainly causes these effects in the follow-
CDW amplitude fluctuation, such as phase slippages, anithg way. With external electric field, the CDW phase deforms
gualitative deviations have been reported experimentally aaround a pinning site. If photons happen to hit the conden-
lower temperatures, where the CDW is well described as aate near the pinning site, quasiparticles are excited above
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FIG. 1. Temperature dependence of 1h¥ curves. The tem- 10
perature increment was 2 K. The inset shows the electrical contact
arrangement in which the protection resistor is present. =z
g 10°} 100
the Peierls gap. Then the excited quasiparticles releases their =
energy through electron-electron and electron-phonon inter- o 0 mW/em”
action, and finally recondense into the CDW with less de- 10710
formed phase configuration, which should be energetically 18 K
more favorable. This process results in effective phase slips 0 1 5 3
and stress relaxation, which stabilize the creep phase, and the (b) Voltage (V)

sliding transition is postponed to a higher voltage. The

photoinduced change of the CDW phase deformation was FIG. 2. lllumination intensity dependence of thev curves

confirmed by high-resolution x-ray diffraction stuéfy. measured ai@) 12 and(b) 18 K. Light intensity was increased as 0,
Many unique properties of the CDW arise from the nearly6.125, 25, 100 mW/cf In (b), the hysteresis is small and not

degenerate large number of metastable states in the phagepicted for clarity.

deformation and its glassy relaxation. However, it has been

believed that the only way to remove the phase strain is bySis at low bias was negligible, assuring that the measure-

thermal cycling. This restriction can now be overcome by thement was performed in nearly thermal equilibrium state.

photoexcitation process. In this article, we investigate théVith increasing temperature, the creep current increased and

relation between the switching transition, size effects, andheVsdecreased. The hysteresis loop became smaller and the

the Coulomb hardening in the sliding conduction throughtransition atVs began to be rounded. The switching motion
optical excitation experiments. and large hysteresis were observed bete@5 K.

I-V responses under light illuminatiofphoton energy
=2.33 e\ measured at 12 and 18 K are shown in Fig. 2. The
incident polarization is parallel to the chain structyibedi-

A. Sample preparation rection) hereafter, although no dependence on polarization

Single crystals of ksMoO; were synthesized by means Was ot_)served, which_ is consistent with thg amplitude mode
of the electrolytic reduction of KMo@MoO; melt2! Atypi- ~ €xcitation observed in pump-probe experimengs. 12 K,
cal sample size is 1:31x 0.2 mn? after the cleavage. The (he creep current increased with illumination, wherags
samples were glued to sapphire plates and indium electrod&$S0 increased showing clear contrast with its temperature
with several gap separation were evaporated onto the sufependencerig. 1). At18 K, the effects of optical excitation
face. The measurements have been performed in a two-profpgcame smaller both in the creep current and in the shift of

geometry. The resistance of the contacts was much smalléfs These photoeffects can be seen only belew5 K,
than the sample resistance. where the switching and hysteresis in th¥ curves can be

observed. This is the same temperature range in which the
elastic degrees of freedom of the CDW should be frozen out.
If we assume that the temperature variation oflthécurves
Temperature variation of thieV curves of a sample with is due mainly to the difference in the number of normal
an electrode gap of 60@m is shown in Fig. 1. A protection carriers, the change of only 3¢4(18 K)/n(12 K), assuming
resistor of 1 M) was inserted to the circuit. Without this activation behavidrin thermally excited carriers results in
resistor, the current exceeded milliamperé/gtand the ex- the drastic change in the switching motion as shown in Fig.
perimental results became more and more irreproducible dug. Therefore it is natural that the small number of photoex-
to the Joule heating. As is often observed ig K00, cited carriers induce a large variation in the switching tran-
switching and hysteresis behavior\atis obvious. Thel-V  sition. However, the photoeffect is different from the tem-
response at low bias voltage is already nonlinear, and domperature effect in that the temperature should shift the ground
nated by the creep motion rather than the thermally excitedtate of the CDW from plastic to elastic, whereas the photo-
normal carriers across the Peierls gafthe current hyster- excitation keeps the ground state plastic, because the lifetime

II. EXPERIMENTS AND DISCUSSION

B. |-V characteristics
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proposed at low temperatures as discussed above, the
rounded -V curves in the 5Qum-gap sampléFig. 3) clearly
show the existence of the contact-related strain in the same
scale. This strain increases the phase slip?tatad the in-
homogeneity in the conduction, leading to a partial sliding
motion of the CDWA! This partial sliding should be accom-
panied by continuous nucleation of phase dislocations be-
tween mobile and immobile regions or at contacts. This is
12 . . tomwem® L . consistent with the highly dissipative sliding motion in the
0% 0.2 0.4 0.6 small-gap sample, in which the current growth is moderate
Voltage (V) and thel-V curve can be measured without a protection re-

_ sistor. In contrast, the large-gap sample must be protected by
~ FIG. 3.1-V curves of a sample with a small electrode gap undery series resistor against the sudden increase of the current in
light illumination at.6.2 K Thg hystere§|s & is relatively small e sliding regime, and its low sliding resistance is probably
and not shown. Light intensity was increased as 0, 6.125, 2546 1o the large coherence, barely disturbed by the phase
100 mw/cnt. Upper inset shows the |IIum_|nat|on Intensity depen- defects, and the large sliding volume in the depth direction of
dence of Cree.m”angle’ at 0.3V and slide currenicircle, at the sample. If this is the case, the photoinduced recovery of
0.7 V). Lower inset shows the contact arrangement. . L LT

the switching behavior in the small-gap sample signifies the

of the quasiparticles should be very shbaind affects only a  feduction of the phase defects and the increase of the phase
small part of the samplmear the surface within the penetra- coherence. This is consistent with the linear increase of both
tion depth of the ligh{~100 nm?23]. the creeping and sliding current by illuminati¢fig. 3 upper
Figure 3 shows the evolution of theV curves of a inse). The nonlinear increase oWy with illumination
sample with a smaller electrode gap of st under laser intensity“’. may have its origin in the compgtition. b_etv_veen
illumination of varying intensity. The data were measured athe creation of the phase defects and their annihilation by
6.2 K. In this case, no protection resistor was inserted to th@Ptical excitation. However, we cannot estimate the effi-
circuit. In contrast to the sample with a wider gap, a cleaiciency of the optical excitation because the quantum effi-
switching behavior is absent in tHeV curve in the dark, Cl€ncy and also the conduction cross section are not clear at
which is consistent with several reports on size effects. Podhis moment. _ _ _
sible cause for the difference will be discussed later. As we Unlike many other CDW materials with a needlelike crys-
have fabricated many samples with various electrode gap4d! Shape, 163MoO; grows three dimensionally to a large
most of the samples with the gap smaller than 200 volume. The problem c_>f inhomogeneity is thus more severe
showed the roundettV curves. On illumination with laser @nd has been preventing the measurements of the interfer-
light, however, the switching behavior is recovered. As is thee"Ce phenomena such as the narrow band ndi8&) and
case with the sample with a wider gap, the increase of théh® mode locking. The observation of NBN in thinned
creep current and pronounced shift\afas a function of the ~ S@mples of i§ s;MoO; (Ref. 30 indicates that the CDW in the
light intensity were observed. Both in the creep and the slidéléavage plangb-(a+2c)] is relatively coherent, and the
regime, current increased linearly with illumination intensity coupling in the depth direction disturbs the coherent sliding
as shown in the upper inset of Fig. 3. motion. Considering the weakest electronic coupling in the
Finite size effects have been playing a key role in underdepth directioA' and our contact geometry, the sliding mo-
standing the CDW physics, since the phase coherence lengi9n should be triggered by the depinning of the two-
extends to the order of micrometers and the collective dydimensionally coupled CDW sheet near the sample sufface,
namics of the CDW sensitively depends on it. The photoin-dragging the neighboring sheets and chains. This model can
duced recovery of the switching in tHeV curve (Fig. 3 ~ partly explain the sensitive dependence of the bulk sliding
shows the intimate coupling between the size effects, thgonducno_n on light illumination. As_ the elastic degrees of
switching transition, and the photoeffects. Previous studiefieedom is taken over by the plastic one at these tempera-
on finite size effects show a crossover from three-tures, the notion of FLR length cannot be applied directly to
dimensional to two-dimensiorfdlor from two-dimensional ~the observed size effects.
to one-dimension& collective pinning by reducing the
thickness and the width of the crystal. In these experiments,
rounding of thel-V curve at the threshold was observed and
explained by the thermal fluctuation due to the reduction of CDW is a model system of the boundary friction inside a
total energy in the phase coherent domain. With decreasingrystal. The pinning in the rest state and the damping in the
the electrode gap<100um for Ta$), the blurring of the sliding state correspond to the static friction and the kinetic
dV/dI-1 curve was also reportétland ascribed to the inho- friction, respectively. In usual boundary friction systems, the
mogeneity of the electric field and the contact-related straircoefficient of static friction increases logarithmically with a
accumulation. duration of contact, which has been explained by the in-
In Ky3MoOj;, the contact-related straitor phase slip crease of the “real” contact aréaHowever, exponential
regiort’) extends over 10@m (Ref. 28 at 80 K. Although time dependences of the static friction force are known in
the appearance of a new ground state of the CDW has be@old works of metaf and lubricated boundary frictior#én

10°®

Current (A)

C. Start-stop measurement
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& F-vmeasurements The time constant,, is about 15 s, which is much smaller
g ® than the observed phase relaxation time in the x-ray
> .
> 38 2 experiment® at these temperatures. The temperature depen-
2 00 % dence of this time constant was not clear because of the
«u 2> limited temperature range.
34k ' omwen We applied laser light2.33 eV, 100 mW/crf) just after
the strain induction. Immediately after illuminating the
0 40 80 120 sample for 1 sV tends to get higher in accordance with the
b (sec.) illumination intensity[Fig. 4(b)]. It then saturates exponen-

) . tially within a fixed time constant,,, although the saturation
FIG. 4. (@ Time evolution of the threshold voltagé, after a values depend on the light intensity. Figure 5 shows the illu-

sliding motion measured at low temperatures. Vertical arrows show .~~~ "~ . L
the definition ofa and 8 in Eq. (1) for the case of 8 K(b) lllumi- mination intensity dependence of the initial threshold voltage

nation intensity dependence of the time evolutiotVgieasured at & and the final voltaga+p). Both increased almost lin-

8 K. Light intensity was increased as 0, 12, 25, 50, 100 mW/cm €arly with illumination intensity. _
Vertical arrow on the right indicates the change which can be in- We assume that the observed time dependence can be

duced only through optical excitation. Solid lines in the plots are fitaccounted for by two factorgl) The stress-dependent pin-

with Eq. (1). Inset shows the experimental procedure. See text foning potential is affected by the partial removal of the stress

detail. through thermal relaxation or photoexcitation af®) the
static friction between mobile and immobile regions in the
sample increases, for example, as the phase dislocations are

which respective time evolution is explained by the recoveryannih”ated' Both come into play in the relaxation of the
- . . e . h rain. B he ph ffect isfagte do n k
of dislocations or interdiffusion of the chains of grafted mol- phase stra ecause the photoeffect is famie do not take

les. | h ds. the ti luti £ th i fri the mobile impurity scenario into consideration. The relax-
ecules. In other words, the time evolution of the Static Tric- 546 of the phase deformation has been modeled as relax-

tion force depends on the microscopic mechanisms of thgiion in a hierarchy of potential barriers as shown in Fig? 6.
phenomena occurring at boundaries. In CDW systems, sé¥rhe sliding motion induces large phase deformation, and its
eral experiments on the time evolutioné{ after the termi-  gecay occurs sequentially as follow4) initial relaxation to
nation of sliding motion have been reporieédnd explained  the nearest metastable stéteexd —(t/ ”]), (2) escape over
in terms Of the I’ela_)(ation_ -Of the phase deformation or tthW energy barrieri(ln t)_a]’ (3) relaxation down a hierar-
thermal diffusion of impurities® chy of barriers. Logarithmic or stretched exponential time
In studying the waiting-time dependence\Qfafter a mo-  dependence of the depolarization has been reported
mentary slide’’ we found a large evolution o¥/s below  experimentally® In this model, photoexcitation promotes the
20 K. The data were measured with large-electrode-gapelaxation, further than the thermal relaxation, down the hi-
samples hereafter. The experimental procedure was as fatrarchy of potential barriers to the ground state, through ef-
lows [Fig. 4(b) insef: Without laser irradiation, we initiated fectively reducing the height of potential barriers between
a sliding of the CDW by applying a large electric field to metastable wells. Here, thermal relaxation corresponds to the
prepare the sample in a highly distorted statdich is the time-dependent increase 6 in Fig. 4(a), and the additional
same as thd-V measurement oveY,). Shortly after, we relaxation can be observed in the changé®f B) as indi-
switched-off the electric field, and then measured\thafter  cated with a vertical arrow in Fig.(8). This is a clear ex-
some waiting timd,,. ample of the optical control of the CDW internal deforma-
In the dark at 8 K,V increased about 20% within 60 s tion.
[Fig. 4(®], and the waiting time dependence can be well As introduced formerly, two modes of relaxation have
fitted with an exponential function been distinguished in the frequency-dependent dielectric
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FIG. 6. lllustration of a potential landscape and internal degrees
of freedom(deformation. A circle represents a state of the system.
With electric field larger thaV, the phase deforms and simulta-  FiG, 7. Procedure and examples of the conduction delay with
neously the potential energy increases through the elastic distortiogng without light illumination measured at 12 K. When we illumi-
or the creation of the phase defects. The system is then trapped ingte the sample before the step voltage application, the delay time
nearby potential well and begins to relax thermally down the hierncreases depending on the illumination intensity and the bias volt-

archy. Optical excitation effectively reduces the barrier height anchge. Small polarization current at time 0 and large current noise in
promotes the relaxation, which should be deeper in the potentighe sjiding regime can be seen.

hierarchy and faster than that of the thermal relaxation process.

created a phase distortion in the sample with a voltage pulse
measurementS. The high-temperature mode freezes outlarger thanV,, and subsequently applied a rectangular pulse
around 23 K, leading to an infinite relaxation time for this of fixed voltage to measure the conduction delay. The delay
mode. On the other hand, the relaxation time of the lowtime r, was measured 2048 times at each condition. We have

temperature mode is estimated to be 10 s around 15 K, observed clear delay with the samples showing switching
which nicely coincides with the observed time constapt  conduction.

In addition, large time evolution o¥s has been observed
only below 20 K, the same temperature range where switch-
ing and hysteresis afg can be seen. This confirms that the 600 | a2V
sliding transition, accompanied by a switching and the time
evolution of Vg have their main origin in the low-
temperature mode of relaxation, i.e., in the plastic deforma-
tion of the CDW. Optical instant modulation of the CDW
phase strain can also be clearly observed in the delayed con-
duction as shown below.

®
£

400

200

400 |

<T4> (mMsec.)

28 30 32 |

200 Voltage (V)

Counts (arb. unit)

D. Conduction delay 200 300

With controlled illumination, we can prepare a phase dis-
tribution with a varying degree of relaxation, which is desir-
able in the deformation-sensitive experiments. One of the 200 ¢
unique phenomena observed in the sliding CDW system is
the delayed conduction. If a voltager currenj step slightly
larger thanVg is applied, the sliding motion starts with a
certain delay in time. Such delayed conduction can be ob-
served in many driven dynamical systems as Josephson tun-
nel junctiond! and phase-slip centers in high-
superconductor® In CDW systems, the delay time; has 0
statistical distributions with sensitive dependence on the ini- 0 40 80 120
. . . . . . . T4 (msec.)
tial phase configuration, and is considered as the time during
which the internal phase strain evolves sufficiently large to g, g, (g Distribution of the delay timer with respect to the
tear the CDW Several experiment§*® and numerical  applied voltage. Voltage increment was 0.1 V. Inset shows the
studie$”*® have been reported, but the microscopic mechamean value/7;) vs voltage. The solid line indicates its power law
nism has not been elucidated. dependenceb) lllumination intensity dependence of the distribu-

Examples of the conduction delay measured at 12 K ar@on of r;. The light intensity was increased as 0, 12.5, 25, 50,
shown in Fig. 7. The threshold voltadg of this sample was 100 mW/cn?. Inset shows the mean valge,) vs illumination in-
about 2.6 V at this temperature, and current was monitoregknsity. Solid line is from Eq(3). Vertical bars in the insets indicate
with a reference resistor of 1 ¥l inserted in the circuit. We the FWHM of the distribution.

—
o
=

0 mwem’® ' 120
~

100 0 40 80

lllumination intensity (mWicm?)

Counts (arb. unit)

100 mw/em?®
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The bias dependence af; is shown in Fig. 8). At  tion in the CDW/S there are many other possible explana-
aroundV,, 74 has a broad distribution with slight asymmetry tions such as the Wigner time delay in a quantum mechanical
in its profile, which reflects both the distribution of the initial scattering* and the depinning process in boundary friction
phase configuratidfi and the relaxation tim#& With increas-  systems$® The photoinduced increase of the conduction de-
ing bias voltagesy and its distribution become smaller. The lay shows its clear relation with phase deformation. However
mean valu€ 7y) as a function of applied bias is shown in the the microscopic measurements on the mechanism of depin-

inset of Fig. 8a), which obeys the power law ning is indispensable to totally understand the dynamics of
v\ CDW.
Tq * (_ - 1) ’ (2)
Vs lll. CONCLUSION

with §=2.03. This is consistent with previous reports on
NbSe (Ref. 49 (some samples obey~2) and on
K.sM005,%° but shows some deviations from the theoretical
predictions from the amplitude-collapse modét0.5) and
the mean-field phase slip modgi~ 1).48

When we illuminate the sampl@.33 eV, 60 mgjust be-
fore the application of a voltage pulggig. 7), both 7y and its
fluctuation increase monotonically with light intensityig.
8(b)], clearly showing the persistence of the photoeffect a L - : :
has been utilized in optical memory effeétsThis result can o sliding motion, which can be promoted through optical

: . 7 . excitation. We conclude that various unusual properties in
_be explame_d by the photomduced increasy/gfis dlscussgd_ the CDW dynamics at low temperature are the basic features

. %f the plastic ground state after the freezing out of elastic
force_ (V/.VS_.l)' I We assume a Imeay dgpendencg\/gfon egrees of freedom. We believe that we can prepare nearly
illumination intensity as can 'be seen in Fig. 5, the increase o s-cooled state of the CDW phase configuration by optical
74 can be well expressed with a function excitation, which is indispensable for the controlled experi-
\% 2 ments. Photoexcitation is thus an effective tool to investigate
(Che V() B ' 3) the low-temperature dynamics of the CDW.

as shown in the inset of Fig.(I®. Then, the problem again ACKNOWLEDGMENTS
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We have found a coupling between the switching transi-
tion, conduction delay, size effects, and photoexcitation ef-
fects in the CDW conductor §MoO3. The contact-related
strain disturbs the coherent motion of the CDW and should
lead to inhomogeneous conduction, fragmentation, and dis-
sipation in the sliding CDW. The photoexcitation removes
the phase strain and recovers the coherence of the CDW. We
also observed the time evolution Wf after the termination
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