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Abstract

Thermally activated phase-slip processes near electrical contacts are responsible for the nonlinear current-voltage
characteristic in clean mesoscopic charge-density-wave systems. We calculate the phase-slip rate for a dislocation-
loop nucleation and that for a dislocation-pair nucleation, by taking account of the influence of long-range Coulomb
interactions. It is shown that due to a large charging energy associated with dislocation lines, the phase-slip rate is
greatly reduced for both the nucleation processes when the applied voltage is smaller than a threshold voltage. This
indicates that the collective current below the threshold voltage is strongly suppressed by the Coulomb blockade

of the phase slip.
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1. Introduction

The sliding motion of the charge-density wave
(CDW) must be accompanied by the conversion of an
injected single-particle current into a moving CDW in
the vicinity of an electrical contact [1-8]. It has been
accepted that the current conversion occurs via ther-
mally activated phase-slip processes. The phase slip
is induced by a dislocation-loop (DL) nucleation in
usual three-dimensional systems. Ramakrishna et al.
[2] calculated the phase-slip rate for the DL nucleation
at temperature T, and obtained a nonlinear current-
voltage characteristic Icpw o exp (—const./V,T),
where V, is a bias voltage applied between a pair of
electrical contacts. In contrast, if a sample is very
thin, the phase slip due to a dislocation-pair (DP)
nucleation becomes more important than the DL nu-
cleation. Maki [4] studied the phase slip due to the
DP nucleation and found that Icpw o« V¥, where the
exponent a depends on T'.
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We note that the role of long-range Coulomb interac-
tions is completely neglected in both the argument by
Ramakrishna et al. and that by Maki, so the resulting
current-voltage characteristics are justified only when
the Coulomb interaction is well screened by quasiparti-
cles. However, quasiparticle screening is far from com-
plete in most CDW materials, such as Ko.3MoOgs, TaSs
and (TaSes)21, at low temperatures.

In this paper we study the long-range Coulomb-
interaction effect on the thermal nucleation rate of the
phase slip. We consider clean samples of mesoscopic di-
mensions, where the role of impurity pinning is less im-
portant. Our attention is focused on the temperature
regime where T' < T, (T¢: transition temperature) but
quantum nucleation processes are still negligible. We
set h =k = 1.

2. Phase-slip rate

We first study the phase-slip rate for the DL nucle-
ation [7]. To do so we must evaluate the nucleation en-
ergy Fnuc of the DL of radius R. If Epy, is obtained,
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the phase-slip rate is given by I' o« exp (—&nuc/T),
where enue = maxpr{Fnuc}. This results in Icpw o
exp(—énuc/T). We decompose Enuc as Enuwe = Fpr +
Fes, where Epy, is the excess energy due to the DL and
Fes is the electrostatic energy caused by the bias volt-
age Vi.

We calculate Epr, as a function of R. In terms of the
phase field 6 and the scalar potential ¢, the free energy
is given by
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where s and v are the unit area of a single chain and
the anisotropy constant, respectively. Variation of F
leads to
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where ® = iep and Apn = +/svr/8e2. Brazovskii and
Matveenko [9] solved Egs. (2) and (3) taking account
of the unit vorticity around the DL, and found that the
excess energy is
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where c is a numerical constant of the order of unity.
The first term in Eq. (4) represents the charging energy
due to the charge imbalance caused by the DL, while
the second term comes from the internal loop energy.
Combination of Eq. (4) and the electrostatic energy,
which is obtaine as Fes = —eVamR? /s [2], yields

2
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where Vi, = (7/2)yvr/eApn. We see that Enyc mono-
tonically increases with an increase in R when V, is
smaller than the threshold voltage Vin. Thus, unless
the transverse size of the sample is extremely small,
the phase slip is forbidden when V, < Vin. Conse-
quently, the collective CDW current cannot flow. This
is attributed to the large charging energy associated
with the DL nucleation, so we call this phenomenon
the Coulomb blockade of the phase slip [7]. Above Vin,
we calculate enuc by minimizing Enu. with respect to
R. Finally, we obtain
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Icpw < exp ( (6)
for V, > Vin. Note that the threshold voltage is rewrit-
ten as Vin = (7/2)ywp /e (wp: plasma frequency in the
normal state).

We turn to the phase-slip rate for the DP nucleation.
Let L be the thickness of our thin sample. We evaluate
the nucleation energy FEnuc of the DP separated by a
distance R. By adapting Brazovskii and Matveenko’s
argument to the present problem, we obtain the excess
energy for the DP

Fop =~ EUFLR n CUFL 7 (7)
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where c is a numerical constant of the order of unity.
Combining Eq. (7) and the electrostatic energy, Fes =
—eVoLR/s [4], we find that the nucleation energy
Enue = Epp + Ees is

L L
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where Vin has been defined below Eq. (5). Note that
Eq. (8) is valid when R > L. If R <« L, the nucleation
energy is given by Eq. (5) instead of Eq. (8). From
Eqgs. (5) and (8) we see that the Coulomb blockade of
the phase slip also arises in this case when V, < Vip.
When vyor/2L > eV, — eVin > 0, we calculate enye by
minimizing Fnuc with respect to R, and finally obtain
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3. Summary

We find that the CDW current below the thresh-
old voltage Vin ~ ~ywp/e is strongly suppressed by the
Coulomb blockade of the phase slip caused by a large
charging energy associated with dislocation lines. The
nonlinear current-voltage characteristics are calculated
for both the dislocation-loop nucleation process and
the dislocation-pair nucleation process.
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