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Contribution of spontaneous phase slippage to linear and nonlinear conduction
near the Peierls transition in thin samples of Tag

V. Ya. Pokrovskif and S. V. Zaitsev-Zotov
Institute of Radioengineering and Electronics of Russian Academy of Sciences, Mokhovaya 11, 103907 Moscow, Russia
(Received 19 July 1999; revised manuscript received 5 November 1999

In the Peierls state very thin samples of Jd8ross-section area 102 um?) are found to demonstrate
smearing of thd-V curves near the threshold field. With approaching the Peierls transition tempefature,
the smearing evolves into smooth growth of conductance from zero voltage interpreted by us as the contribu-
tion of fluctuations to the nonlinear conductance. We identify independently the fluctuation contribution to the
linear conductance nedi, . Both linear and nonlinear contributions depend on temperature with close acti-
vation energies-(2—4)x 10° K and apparently reveal the same process. We reject creep cbttimuous
charge-density wava€£DW'’s) as the origin of this effect and show that it is spontaneous phase slippage that
results in creep of the CDW. A model is proposed, accounting for both the linear and nonlinear parts of the
fluctuation conduction up tdp .

I. INTRODUCTION mal depinning of the CDW is probable. This interpretation,

Though the Peierls transition in quasi-one-dimensionagowever’ Is rather dubious for TaSwhere the mean-field

. ~approach fails neaffp: in highly anisotropic compounds
conductprs was discovered more _than 30 years ago, i, as Tagand K, MoOs, the onset of the gap nedi
mechanism and the role of fluctuations still remain an u

5 e _ , N UNYoes not follow the BCS dependeri®éland the pseudogap
settled problent:? The fluctuations in quasi-one-dimensional does not vanish tens of kelvins abotg. 31213

compounds below » are seen from various studies includ- |, the present paper the threshold rounding in thin

ing transport properties, such as the large width of the Peierlggmples of Tagis reported. Independently we observe a
transitiort? in comparison with that expected from the BCS- fiyctuation contribution to the linear conductivity. It is shown
type onset of the gap, the smeared edge of the Peierls gapat creep of thecontinuousCDW cannot account for the
revealed through the optical investigatiohand the appear- threshold rounding in TaS Alternatively, we show that
ance of spontaneous current noise, which is associated wipontaneous PS observed n€aresults in local creep of the
thermally initiated phase sliPS developing several kelvins CDW and contributes to the linear and nonlinear conductiv-
below Tp.* ity, in agreement with our experiment. The result is general-
A decrease of the cross-section aseaf the samples re- ized for large samples. We discuss the mechanism of the
sults in growth of the fluctuations. For example, in thePeierls transition in the light of the PS-induced creep.
samples ofo-TaS with s~10"2 um? and below, the
Peierls transition is smeared out and substantially shifted
down to lower temperatur@Conductance hysteresis in such Il. EXPERIMENTAL TECHNIQUE AND RESULTS
Fhm _samples is absent within decades of kerms beTqw Thin samples of Tagwere placed on sapphire substrates.
in this temperature range spontaneous PS I ob.served, e used vacuum-deposited indium contaét3he cross-
the conductivity .strongly deviates from the Arrhemug fed. section area of the samples was estimated from the values of
Another fluctuation effect known as threshold rounding CON+he room-temperature resistancex(80~* Q cm) and the
sists in smearing of the onset of the nonlinear current at thsihle contact separatiod. Similar results are observed on
threshold fieldE;.”™ This effect is found in NbSe The  fiye samples from high-quality batches. Most of the data re-
rounding increases both with increasifigand decreasing ported here are obtained on the representative sample with
thicknesst of the crystals; in the thinnest crystals the growththe dimensiond. =4.5 um, s=0.3x10"% um?.
of COﬂdUCtiVity starts from zero field. In Refs. 7-9 phase The dependencies of conduction on temperature and
slippage has been discussed as a possible basis of the roungitageV are presented in Figs. 1 and 2, respectively. One
ing, but the authors did not find enough arguments in favocan segFig. 1) that the Peierls transition is smeared out in
of this explanation. Another interpretation was found to becomparison with the transitions in usual-sized samples
more reasonabl&® the rounding was attributed to the ther- (shown with a dotted ling in agreement with Ref. 5. Devia-
mally assisted creep of charge-density wal@®W'’s) in the  tion from the Arrhenius law is observed tens of kelvins be-
framework of the weak-pinning mod&f. This approach im-  low T (indicated by an arroyy the latter being considerably
plies that in very thin samples the pinning energy of theshifted downwardsin comparison withT p=220 K observed
phase-correlation volume becomes comparable Withand  in thick samples. The activation dependemceexp(—A/T)
activated creep of the continuous CDW within the correla-with A=800 K extrapolated from the low temperatures is
tion lengthsL, . is possible. Estimates for Nbgbased on shown by the broken line; we denote the resulting conduc-
the mean-field BCS dependence ofT), showed that ther- tivity as o, . We shall consider the temperature and sample-
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FIG. 1. Temperature dependence of the low-field resistance for 4 a5 5 55 5 65 7 75
the representative sample measureya20 mV (T<178 K) and 109 T(K™
atV=10 mV (T>178 K). The broken lineg, , shows the extrapo-
lation of the low-temperature conductivity, = exp@/T), A=800 FIG. 3. Temperature dependencies of the excess linear conduc-
K. The dotted line is normalized to a low-temperator€l) curve tivity (dots, nonlinear conductivity for two values of below
for a typical thick pure sample. Vi *, V=120 mV; +, V=160 mV. The open circles show the fit
of the nonlinear conductivity in accordance with E§) with V¢
size dependence of the Peierls gap, 20 be insignificant, =220 mV (E;=480 V/cm (see text The inset shows the total

which is supported by the results of Refs. 3, 9, and 13. Thergonductivity (dots together with nonlinear conductiviticircles at
the differenceso=o— o, can be considered as the fluctua- fixed V=300 mV (v>Vy).
tion contribution to the conductivity. The Arrhenius plé¢
vs 1/T is shown in Fig. 3 with dots. The dependence is closeassume that at higher temperatures the valu&-pis ap-
to a straight line up toT~Tp; the activation energyV,  proximately the same. Thus, the nonlinear conductionvfor
being about 2400 K, is well abovA. For samples with <0.2 V will be referred to as subthreshold nonlinear conduc-
higher cross-section areas we obtained somewhat larger aion, while atV well above 0.2 V collective conduction is
tivation energies, up toW~(5—7)x 10° K for the normal-  expected. Below we shall see that this division is not un-
sized samples, as it was reported earfter. physical.

Turning to theo vs V dependencefFig. 2) we note that One can sedFig. 2) that the rounding progresses with
the onset of the nonlinear conduction is smeared, the threslapproachindl's . At high temperaturesT=170 K) it is im-
old rounding being clearly seen aboVe=120 K. The scale possible to define a voltage range of linear conduction: the
of the voltages applied corresponds to large fields, above monlinearity starts from zero voltage. Figure 3 shows the
kV/cm. At lower temperature@bout 120 K the onset of the nonlinear conductancer, =o(V)—o(0), at fixed values
nonlinear conduction is relatively sharp, and we can estimat®¥ <V as a function ofT, together withéa(T). One can see
the threshold for collective conduction &~0.2 V (E; that do(T) and o,(T) behave in similar ways up td

~400 V/cm), in accordance with the size effecwe shall ~175 K, while at higher temperatures,, deviates down-
wards. Evidently the excess conductividy- and the thresh-
10 . : old rounding have a common underlying mechanism at least
Z;T=2°9'3K at the lower temperatures. The possibility of coupling of

nonlinear conduction belo® with an enhancement of low-
field conductivity was also noticed in Ref. 7 for thin samples

_—/ 4

— A

-‘___/ of NbSe,.

i ] The scaling observed resembles that between the linear
I e and nonlinear conductioabove \; (Ref. 16 known for dif-

ferent CDW conductors, including Ta” Our samples also
demonstrate such a scaling: The inset to Fig. 3 shows the
I ) dependencer(T) together witho,(T) at fixedV>V+. In

s (@'

agreement with earlier observations, both values depend on
temperature in a similar way, with the activation energi.

It is clear that the scaling betweean, (T) (V<V;) and

6o (T) is quite different, as the slopes of the curves corre-
spond to much higher activation energi#gs> A.

T=118.9K]
0 0.2 0.4 0.6
Voltage (V)

I1l. DISCUSSION
FIG. 2. Voltage dependencies of the conductivityM) at T

=209.3, 203.4, 197.4, 191.4, 1845, 176.8, 171.2, 165.9, 160.1, The large values oE+ result from the small transversal
154.6, 149.3, 144.3, 139.1, 133.6, 128.8, 123.9, and 118.9 K. Theimensions of the samples, in accordance with the size effect
broken line shows an example of the fitef,(E) by Eq.(5), where ~ observed in Ta$® As both transversal dimensions of our
E+=480 Vicm,o,=0— 0, (see text TaS; samples are of the same order of magnitﬁdﬂe
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expect the pinning to be one-dimensional, rather than two-
dimensional, as in the thin samples of Np$&8Following

the explanations of rounding in Nb$E™® we could assume
that the pinning energies of phase-correlation volumes in
TaS; nanosamples are small enough to enable thermal depin-
ning of phase-coherent volumes.

The lowest-energy local depinning of the CDW results in
a phase gain by the value 27 over the phase-correlation
length?® Such a deformation will cause a CDW stress, re-
sulting in a local variation of resistance by percents for our
samples! Meanwhile, metastable states cannot exist in such
thin samples in the vicinity of p : the hysteresis loop devel-
ops only below 140 K in the representative sanjjpeusual-
sized pure samples the hysteresis develops 5—-7 K b&jow : L:
(Refs. 4 and 2f. So, any deformation immediately relaxes
via a PS event, i.e., a plastic deformation of the CDW. The Length
PS event is followed, sequentially, by local creep of the
CDW.2! This results in a phase perturbation of the same FIG. 4. Phase®) redistribution following a PS event at zero
order of magnitude as the initial elementary act of créep, (broken ling and nonzero field = 3 Er (solid line) according to the
and so PS is to be taken into account. Below we discuss iffitical-state model. The PS-induced creep results in an average
detail the conditions for the spontaneous (R&fs. 4, 6, and shift of the charge density to the right.

23) and its effects on the conductivity.

It is remarkable that the activation energy for the fluctua-whered¢/dq characterizes the CDW elastic modulgshe-
tions is nearly independent of the field applied while it ising the in-chain component of the CDW wave vector. Note
belowE+ : the slopes of the excess linear conductivity and ofthat L, appears to be of the order of the phase-correlation
the nonlinear conductivity a¥=160 mV (which is quite length** Under an external electric fieB<Er, the creep
close toV~200 m\) are close, while the activation energy Proceeds asymmetrically with respect to the point of the PS
for the creep should run to zero Bt—E+.2* So the process Nucleation, giving the divergence tf,, at E—Er.”! The
initiating the fluctuation conduction is other than creep of thenéw period is distributed so that thi/dx=E;+E from
CDW. At the same time, at low temperatures 130 K) the ~ one side of the maximum remnant deformation antE+
nonlinear conductivity becomes distinguishable only close to- E) from the other sideFig. 4). The resulting progress of
E;, i.e., reveals itself as the threshold rounding.ESois a  the CDW (and of the coupled chargee2per chain in the
characteristic field for the fluctuation conductivity, and thedirection defined byE could be estimated asL=3(L,
latter is in a way coupled to the CDW creep. This apparent—L1), whereL, andL, are the lengths of the phase pertur-
contradiction is removed by the the following consideration.bations in the two directionéFig. 4).>” With the condition

Evidently, the mechanism initiating the conductivity is the that the areas under the triangl€$g. 4) should be equal and
PS: the high activation energy is typical for PS in A48  correspond with the phase gainr2we obtain from simple
and its independence & at T>120 K was reported in Ref. calculations
25. At the same time, according to Ref. 21 each PS event is

{, do/dx

followed by temporary creegearrangemeinpf the CDW in SL(E) 1 . E 1 ©
the vicinity of the point where the PS occurred. In the pres- 327, 1-(E/En)?

ence of an external electric field the creep prevails in the

direction defined by the field and provides a mechanism oft the PS nucleation rate per unit lengthugT,E), then the
the CDW conduction below . At E— E; the CDW phase- resulting mean current is

correlation length diverge®, so E; is expected to be the

critical point for the conduction. A hypothesis that phase | ps=2evdl 3

slippage (in particular, edge dislocationscould facilitate

CDW creep was also mentioned in Ref. 7. per chain. As each PS evefftuctuatoy affects the length
In the case of one-dimentional pinnirghich could be ~L,,_, L,,v=f may be considered as a typical frequency of

applied to our samplesand PS involving the whole cross- switching of independent fluctuators. The temperature de-
section area, we can estimate the current induced by the Ppendence of the PS rate could be empirically presented as
For simplicity let us consider the initial state to be uniform, exp(—WIT),28 where W~ (5—7)x 10® K.**>% So, Egs.(2)
i.e., the shift of the chemical potenti&i=const. Entering of and(3) give the dependence of the excess current botfi on
a new period in the absence of external field is followed byand E. As E—E+; an unphysical divergence dfg occurs,
CDW creep under the internal electric fielfis,;=d{/dx.  because in the model we have neglected the time of creep,
The creep proceeds while the effectsf;; exceeds the effect 7, following each PS event. With approachifg; 7.,
of impurities, which we for simplicity describe by the aver- grows together witi_, (Fig. 4), and the PS frequency be-
age valueEr . The resulting phase perturbati@fig. 4 cov-  comes dominated by #/,. At low temperatures whehis
ers the lengtht relatively small,| r.5 becomes noticeable only f@& close to
E;: Equations(2) and(3) thus feature the threshold round-
L, ~2\m(d{/dqg)/E, (1) ing. At higherT (andf) the area of validity of Eq(3) shrinks
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10— : : : . about 5 times largefsee Ref. 31 One can see correlation
g e o between the two dependences.
£, . . veseses”® ° 1 From Eq.(4) we obtain reasonable estimates of the fre-
A . ‘ N o * quencies of switching for the fluctuators. To observe distinct
* * " e owax* T ] excess conductivityat 140 K for the representative sample,
10" . . * . Fig. 3), we should takd ~ 10" Hz. This is only two to three
180 ™ 210 220 orders of magnitude higher than we were able to see directly

from the time domains of the fluctuatiofé® the latter being
FIG. 5. TheT dependence d; for the sample with. =4 um, restricted by the electric scheme. Thus, both the values and
s=1.5x10"2 un?. *, direct measurements; dots, from the values the activation energy for the linear and nonlinear fluctuation
of do/d(E?) and 5o (see text currents are fairly described by the model proposed.
It is worth mentioning that the dependence|dfVv/dlI
down to smalletE|. In the limit of small|E|, neglecting the vs T below T presented in Ref. 7 fits the Arrhenius law
dependence of on E,?® we obtain: fairly well with W~4500 K, in agreement with the PS mea-
surements at the contacfs.
E 1/E\3 The lowering of W with the decrease of the sample’s
B E(E_T) }Ehﬂnl- (4 cross-section area also finds natural explanation within the
model proposed. In fact, a large threshold field corresponds
Thus, spontaneous PS gives contributions both to lingar ( to high_inhomogeneous stress of the CDW in the thin
and nonlinear I(,)) currents. Note that extrapolation Bfto samples™
Et gives a relation betweelpg andf that is very similar to
that between the CDW current and the fundamental fre- (£®)Y2~ 2 7E+(dZ/dQ). (6)
qguency. This is natural, because B+ E; each pair of elec-
trons entering the CDW via a PS event creeps along th@he stress lowers the barrier for the PS in certain pdihts.

°l

Ipszgef

whole sample. The decrease of the sample cross-section area reveals itself
From Eqg.(4) we obtain in the growth ofE, and thus results in the lowering of the
activation energies fobo(T) and o, (T). Earlier we have
1 E? explained in a similar way the broadening of the range of the

(5)  fluctuations and of the Peierls transition along the tempera-
ture scale in the thin samplé$Note that the model of ther-
) o mal depinning of the phase-coherent voluftegives a
whereo is the PS-induced part of the linear conductivity. At mych stronger size dependence of the excess conductivity:
fixed E/Er (E<Ef) the fluctuation nonlinear conductivity the depinning energy is proportional &3° So, for the
should have the same temperature dependence as the Iin%qnnme withs=1.5x10"3 um? we should expectV to be
conductivity: both are dominated By-exp(~WIT) [Eq.(4)].  about 7000 K(instead of 3400 K and the excess conduc-
Neglecting the dependence®f on T we see that the scaling tjyity should become negligible in the thick samples. Actu-
betweendo and oy, is the same as that observed in Fig. 3. 3]ly, we found no qualitative difference between the excess
For a quantitative comparison ofo and o, note that conductivity of the thick and thin samples. The activation
[do/d(E?)]2E7 is simplyoy(= o) [Eq. (5)]. To check this, energy forso(T) in thick samples is (5 7)x 10° K,*5in
we show the value[do/d(E?)]2EZ in Fig. 3, where agreement with the activation energy found from the noise
do/d(E?) is determined from the best fit af(V) (V<V1) probing of the spontaneous PShe threshold rounding is
with parabolic dependencies afit} is a fitting parameter. also noticeable in thick samplé$3 though the study of the
An example of the fit ofr(V) by Eq.(5) is shown in Fig. 2 nonlinear fluctuation conductivity is complicated because of
with a broken line. For the representative sample we geits narrow temperature range and sniafl.
E;=480 V/cm. For different samples, the values obtained Note that the dependencés(T) follows the activation
from the fit by Eq.(5) agree with the results of direct mea- law up to Tp, and even a little bit above itFig. 3), no
surements, though they are somewhat lafger. feature being observed @t . So, the state a little bit above
Additional evidence of the correlation between the threshT, could be considered as a CDW saturated with climbing
old field and nonlinear fluctuation conduction is provided bydislocations rather than a single-electron state. The conduc-
the measurements of another sample with approximately thgon of such a mixture is supplied by the processes of nucle-
same length but larger cross-section ares=1.5 ation and motion of the domain boundaries, which exert high
X107 um?, and somewhat larger activation energy forinternal electric fields to the domains. The fact that the de-
6a(T), W=3400 K. A similar treatment of-,; with the help  pendencies characterizing the nonlinear conductivity deviate
of Eq. (5) gave us the dependen&s(T). In addition, we from the Arrhenius law at lower temperatures thém(T)
were able to measurg(T) up to T=Tp and highel® di-  could be ascribed to the growth Bf nearTp (Fig. 5); note
rectly, as the onset of sharp nonlinear conduction. This waalso that with increasing the model fails first at finiteE,
possible after subtracting the part of conductivit? from  and then aE—0.
eacha (V) curvel® The values oE; determined both ways In conclusion, we have observed the fluctuation contribu-
are presented in Fig. 5 as a function of temperature. Bottion to the conductivity of thin samples afFTaS;, which
dependences show mesoscopic-type irregular variations @bmprises linear and nonlinear parts. We have shown that
E; with temperaturé? thoughE; obtained from Eq(5) is  the spontaneous phase slippage observed in the CDW in the

O'nI:EO'IE_T!
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vicinity of Tp results to the excess conductivity whose tem-Then the system acquires the features of a 2D crystal exhib-
perature and electric-field dependences match our experiting the Kosterlitz-Thouless transitioR.This approach can
mental observations. explain the lowering ofTp in thin crystals and gradual
The simple model proposed requires further developmenpower-law dependences of,, on (T).

In particular, the mechanism of PS nucleation and evolution
should be considered in terms of nucleation and propagation
of dislocation loops in the CDWP. A possible contribution

of glide of the dislocation lines to the curréht* also re- We are grateful to P. Monceau for help in the experiment,
quires analysis. In the case of butkree-dimensional3D)]  Yu. I. Latyshev, Ya. S. Savitskaya, and V. V. Frolov for
samples the loops cover only part of the cross-section areagroducing the samples, and S.N. Artemenko and A.A. Sin-
so transversal interaction of the chains while the local creephenko for fruitful discussions. This work was supported by
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