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Dimensional crossover of quantum nucleation processes in charge-density-wave phase slips
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A phenomenological model for quantum phase slips of charge-density waves that takes into account the
system-size effect is presented. The process of quantum nucleation leading to the phase slip changes from
vortex-pair to vortex-ring creations as the external electric field increases, which is analogous to the evolution
of a ripple in a rectangular water tank. The crossover field is determined by the system size. The present model
describes a number of features observed in the nonohmic conductivity ig &&a%ow temperature.
[S0163-182608)52004-9

Since the beginning of 1980, the applicability of quantumclarifies previously uncertain points and provides a physical
mechanics on a macroscopic scale has been tested througitture of nonohmic conductivity at low temperatures, that
typical quantum effects. One such effect is macroscopids, the phase slip mod@f-°
guantum tunnelingMQT), which has been established via  Zaitsev-Zotov’'s most important discovery was to find a
guantum tunneling of the phase difference of Josephsosacaling form of nonlinear conductivity expressed as
junctions with small capacitande® It has been clarified that exp(—const?), where e is an applied electric field. This
tunneling on a macroscopic scale is strongly affected by théorm was a problem for the existing tunneling modglwith
macroscopic degrees of freedom. Later, MQT was verified irexp(—constk). To overcome this problem, Duan has pro-
various macroscopic systems, including the domain wall irposed a homogeneous quantum phase-slippage model based
ferromagnetsand the spin-density wave iTMTSF),PF,.> on the vortex-ring creation in bulk CDW systertisThis

Although the charge-density wavéEDW's) are another successfully explains the scaling form. However, he implic-
type of macroscopic quantum phenomena, the issue of quaitly assumes that the low-temperature conduction of thick
tum tunneling in CDW’s(Refs. 6 and Y remains unsettled samples proceeds by the same mechanism as in thin ones.
for two main reasons: at high temperatures quantum profhus his model cannot explain the system-size effect. The
cesses are probably masked by classical processes, and theng-temperature conduction in thick and thin samples of
is a lack of the evidence associated with macroscopic numifa$; is similar, but there are important differencés: (a)
bers of electrons. Zaitsev-Zotov recently made aThe In(E,T) as a function of temperature does not level out
breakthrouglf. He observedtemperature-independemion-  for T=4.2 K, whereas in thin samples it levels out Bt
linear conduction at low temperatures and that the electrie<10 K. (b) At T<10 K, the slope of the Arrhenius plot of
current is transferred by portions of charge corresponding tthe currentdIn[I(E,T)])/d(1/T), increases with a decrease in
displacement of the CDW’s by a distance of the order ofthe electric fieldE, whereas it decreases in thin samples.
their wavelength. Although he tried to explain his experi- In this paper, we consider the effect of system size on
mental results in terms of quantum creep, they might be posjuantum nucleations mechanisms leading to phase slips in
sibly explained by MQT of CDW phase slips. The interpre-the CDW of Ta§. In particular, we make a possible conjec-
tation of the results are still an open question. At least hdure to explain the experimental results in terms of the di-
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mensional crossover of the qguantum nucleation from a vor- Y
tex pair to a vortex ring as a function of an applied electric
field. x

The slope of the Arrhenius plot of the current is thought X e
to be created by the competition between classical and quan:

Tttt
IREER]

tum processes. The first differen@ might be understood
by considering the electric field to be fixed. The tunneling
process is temperature-independent, while the thermal acti- FIG. 1. The time evolution of a ripple created by one drop of
vation process depent_js exponentially on temperature. T'Water. A topological dislocation will grow in the same way.
crossover from a classical to a quantum process occurs as the

temperature is reduced past a certain point, and finally the,, \yith time. At first, the ripple will spread in concentric

tunneling process becomes dominant at low temperaturegjrcjes R=finite). After it reaches a long edge of the tank,
The crossover temperature shifts to a higher temperature e water wave front will be parallel to the edge

the tunneling rate increases. One can easily imagine that t —infinity) and will move toward another edge. This
temperature-dependent current regions will shrink when th imple analogy demonstrates the continuous changes from
tunneling rate is high. We will show later that the tunneling jjny to pair creations: that is the appearance of anisotropy
rate in a thick sample is lower than that in a thin sample. In.om an isotropic situation. This is a key idea for the mecha-
fact, Zaitsev-Zotov argued this in his experimént. nism of change of nucleation processes in one sanifke
Next, we discuss the electric field dependence of thgq 1
slope. In general, both tunneling and thermal activation rates “\ow let us apply this idea to the CDW system. The phase
increase with an increasing external electric field. The slop%"pS in CDW behave like water drops: a phase slip proceeds
decreases ag increases if il'nemal 9€ <l wnneing 7€, from a vortex ring to a vortex pair. In the imaginary-time

where I irermar @nd I'iunneiing @re thermal activation and tun- path-integral formalism, the rate of quantum phase slips is
neling rates, respectively. In the thick sample, this situatiorbypressed as

is supposed to be attained. On the other hand, in the thin
samples, temperature-independent current has already been I'=Aexd —ASgyo/f], (1
observed at lower electric fields. Then, the angle of the slope
increases as the external electric field increases. This meanéhere ASg, is the difference between saddle-point action
that the above relation changes tol'emalde — and metastable-state action. The action is basically described
>l ynneiing d€. This cannot be explained by monoscaling as
theory. An important clue to solving cagb) is also con-
tained in Zaitsev-Zotov’s experiments; the form of scaling ASgy=— a®P’RP e+ BPIRP 2
seems to turn into &# from 1/e in an external electric field ) ) ) _ )
at 2 K (see the inset of Fig. 3 of Zaitsev-Zotowntil now, ~ WhereD is a system dimension arflis the bubble radius.
all previous tunneling theories were considered not to bd he first term of the right-hand side of E¢@) is volume
changed in their scaling form regardless of the electric fielnergy of a bubble gained from an external electric field and
magnitudes. If we accept the change of scaling form as #'e second is the surface tension energy of the bubble. The
function of an external electric field in one sample, it may beextremal of the actionASg,,y, determines the tunneling rate
possible to attairI nemal 9€> I ynneing J€. In what fol-  since the prefacth, originating fr(_)m small ﬂuctuatlo_ns _
lows, we investigate the sample-size dependence of the tu@round the tunneling path, is less important. The action is
neling rate and the change of scaling form as a function of agstimated by using the radius expressed as
external electric field.

First let us consider how the scaling form changes as a gPD 1
function of an external electric field. The scaling form is Rmzm p ()
determined by the type of nucleation process of a bubble «
leading to phase slips. Maki pointed out that the process ighjch is derived fromyA Sgy/dR=0. Ry, is inversely pro-
related to the anisotropy of the system; a phase vortex-paiortional to an external electric field. The largeris, the
process gives rise to aelécaling form in a strongly aniso- gsmajlerR,, . Therefore, it is important to know wheth&,
tropic system, Wh_lle a phas_e vortex-ring process leads to g larger than the system size. It determines the nucleation
1/€? scaling f(_)rm in a more isotropic system. U_nfortunately, process: (i) L,<L,<Ry: phase slips occur coherently at
the vortex pair and ring creations have been discussed sepgnole cross sections. It is not necessary to create the phase
rately, since anisotropy was previously thought to be a PECUs|in center at thexy plane. (i) L, <Ry<L.: the phase slip
liar characteristic of the sample matter. In this case, the sCaloceeds through the vorteeir creatio%s.(iii) Ru<L,
ing form cannot be changed in one sample. Here we insist L,; the vortexring creation is dominant. In this way, the

that this anisotropy depends on sample-size effect. nucleation process changes from a vortex pair to a ring. The
Ta$ is nearly isotropic within they plane perpendicular  ,4ximum action is given as

to the conduction direction becaugg~ £,~ 10 A. Thus we
discuss how anisotropy results from such an isotropic situa- (D+1) ) [ (D) D (D+1)
tion. Suppose that you dropped one drop of water in the ASeua (Ru) :E B ['8 N i €0 ]
center of a rectangular water tank. It will create a ripple on fi AD+1 4P D+1] Lo D

the water surface that will spread through the whole water (4)
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The crossover fielde;,, can be estimated by settingy, Next, we discuss the crossover field to explain cdpe
=L,/2 as To do this, it is necessary to compare the action #11D
with that in 2+1D. Unfortunately, the parametet§ "% and

. :i B°'D ) eg“l) may depend on many factors and are difficult to esti-

L, a(D)(D+1)' mate using the existing theories. Instead of the theoretical

values, we have used the experimental data. Zaitsev-Zotov
To evaluate the sample-size-dependent tunneling rate arfilted his data ad**9=1{"Yexd—el"V/e] and 1@+
the crossover field, we recall the previous theotfeSince :|82+1)exq_682+1)/62]_ The former is a good fit for lower
the amplitude coherence length of the CDW is orders ofie|ds, while the latter is good for higher ones. Using the
magnitude smaller than typical sample dimensions, the CDW,4),es 17 Y=0.015 A, !"V=900 Vicm, I#TV=15

. . . . 0
phase slip should pe three dlmen5|ofﬁa[D)_. Startmg_from a %107 A and 682+1):17 433 \B/cn?, we obtained 43.8
3+1D phase Hamiltonian, one can obtain the action

V/cm as the crossover field. This is almost consistent with
the field where the slope appears in Fig. 2 of Zaitsev-Zotov.
ASeu=Ao |  II  dx*[(9,A¢)2+2(3,A¢-3,4)], The current @™1) is indeed smaller thaH*™1). This means
#=0123 that at low temperatures where the thermal activation is re-
6) ally excluded the quantum phase slip rate is slowing down as
wherex* is one component of four-dimensional space-timethe field increases. This may cause the situation that makes a
coordinates:x’=r, x!=x, x*=y, and x3=z, A¢ is the slope in KU/T) curves:d I hermal 9€> T wnneling! I€-
phase difference from the metastable statg)( defined by In summary, we have discussed the quantum phase slips
A¢p=¢d— ¢y, andA, is constant* We ignore the impurity  of charge-density waves in TaStaking into account the
potential because the temperature-independent behavior system-size effect. The phase slip process has been changed
the current at fixed is observed only in a pure sampfeln by increasing the external electric field from a phase vortex

the 1+1D case, the action is given by pair to a phase vortex ring. The present model describes a
number of features observed in the nonohmic conductivity in
(1+1) _ VF “ 2 TaS; at low temperatures. Our model will be tested by ob-
ASeue AO(LXU ) ﬂ:lz)l;z,gdx [(9,A¢) serving the crossover field predicted by E&) through

samples with various dimensions.
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