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Tunneling Theory of Charge-Density-Wave Depinning
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Introduction of a correlation length into the tunneling theory of depinning of charge-
density waves by an electric field leads to a threshold field and to an expression for non-
Ohmic conductivity in excellent agreement with experiments on the linear-chain com-
pounds NbSe3 and TaS3. An extension of the theory leads to results for the frequency de-
pendence of' the ac conductivity, also in agreement with experiment.

PACS numbers: 72.15.Nj

Early measurements" of the remarkable non-
Ohmic conduction observed in the linear-chain
compound NbSe, suggested an expression for the
field-dependent conductivity of the form

I/E =v. +o, exp(-E, /E).

The second term on the right-hand side is attrib-
uted to moving charge-density waves (CDW's)
that appear below Peierls transitions at 58 and
142 K. This form suggested Zener tunneling
across a pinning gap, but the magnitude of the
gap required, 8„ is much smaller than the ther-
mal energy of individual electrons. I suggested'
a modified expression based on tunneling by co-
herent CD%'s which have energies orders of mag-
nitude larger than those of electrons. The theory
gave the following expression for E,:

co~ding to the Zener diagram (Fig. I), there is
no tunneling unless e*EL&8„and for E &Er
=8, /e*L tunneling can occur only over a fraction
[I- (Er/E)] of the length L. Further, since fields
outside the length L are not effective one must re-
place 2$, in (2) by L. The result of these correc-
tions is to replace the probability for tunneling
across the gap, exp(-E, /E), by

~()=(I- ')e '""', (3)

where x ~E/E r, giving

o =v, +o,P(r).

Only one parameter, E~, is involved when L,

The universal function (3), plotted in Fig. 2,
gives an excellent fit to the field dependence of

E, =~8, '/4ffe +, =h, /2~~*, (2)

where 8, is the pinning gap in the electron spec-
trum in the absence of the Peierls gap, e*/e
= m/MF is the ratio of band mass to the Frohlich
mass of the CDW (which includes lattice motion),
and $, =2Itv F/m8, is the coherence distance analo-
gous to that in superconductors.

Later Fleming and Grimes' showed that there
is no added conductivity below a threshold field
E~ and this has been confirmed by many other ex-
periments. ' This suggested that an impurity
pinning model based on sliding friction of the
CDW proposed by Lee and Rice' is the appropri-
ate one. On the other hand, Drill et al.' showed
that data on NbSe, could be fitted approximately
by a modified tunneling formula in which E is re-
placed by E -Er (for E &Er) in the denominator
of the exponent in (I).

I show here that a threshold field appears in a
different way if one introduces a correlation
length I for the CDW, across which the field
must be applied to be effective in accelerating
the wave. If, as is the case for NbSe„L «2$,
two corrections must be made in (I). First, ac-

FIG. 1. Zener diagram showing one effect of a cor-
relation length, L, on tunneling. The distance over
which tunneling can occur is reduced by the gap length,
~~/e*E, giving an effective le gtnh L@z/e "E. There
is a threshold field, Ez=S~/e*L below which tunneling
cannot occur.
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ductances of several orders of magnitude.
As they point out, the pinning field can be de-

rived from an expression for the commensura-
bility energy derived by Lee, Rice, and Ander-
son." For N =4, their expression for the gap
reduces to

h~=b p /EFW,
0.
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FIG. 2. Conductivity of NbSe3 above threshold plotted
in reduced units. The smooth curve is a plot of the
tunneling probability P(x) from Eq. (3). The dc data
are not derived from experimental points but from
smooth curves drawn through the points by Richard and
Monceau (Ref. 6). The points for 59.9 K refer to the
CDW for the 142 K transition, with 0& =1500 (0 cm)
and Ez =2.75 V/cm. The ac data are from experimental
points in a plot of Gruner et al. (Ref. 8).

conductance in NbSe, taken at a variety of temper-
atures and for samples with varying impurity con-
centrations. " As an example, data of Richard
and Monceau' on NbSe, at four different tempera-
tures are plotted in reduced units in Fig. 2.

Values of the parameters o~ and E~ can be de-
rived either by fitting o = o, + o, P (E/E r) to low
field data or by plotting o as a function of 1/E
and extrapolating to E =, with E~ derived from
the limiting slope. Values derived by the two
methods are in excellent agreement. Plots of o,
and E~ as functions of temperature are given in
the inset of Fig. 2. Values of I- are estimated to
be as large as 10 ' cm, so that tunneling occurs
over very large distances near threshold.

In the case of impurity pinning, h~ is proportion-
al and I. inversely proportional to impurity con-
centration c&, so that E~ varies as cq

' in agree-
ment with experiment. ' One expects in analogy
with the expression for acceleration of the cur-
rent in superconductivity theory' that I- =2l,
where l is the mean free path of the electrons.

Commensurability pinning occurs in TaS„
where a CDW forms along the chain direction
with a wavelength four times the lattice spacing.
Non-Ohmic conduction has been studied by Tako-
shima et. ,

"who find a threshold field, E~-100
V/cm, above which there is a rapid rise in con-

or

I, = (e*V,/h(u)I, (h(u/e*),

o((u) =od, @(u/e+).

(6)

Thus the ac conductivity should follow exactly the
same relation as a function of frequency that the
dc does of voltage. The threshold frequency is
~r =8, /@. Plotted in Fig. 2 are data of Gruner
et al. ' on the frequency-dependent conductivity
of NbSe, at 42 K. Here x is cu/~r, with &ur/2~

where 2~p is the Peierls gap of the CDW, EF the
Fermi energy, and W-4EF the bandwidth. With
b, p-600 K and Ep-2400 K, 8,-0.6 K-10 "erg.
ln this case, the coherence distance, $» is of the
order 2&&10 ' cm and e/e*, estimated from E,
—600 V/cm, is of the order of 3 &&10'; a reason-
able value. Estimating the correlation distance
L from the threshold field (e*IEr =@,), l find L
-2xl0 ' cm, about five times larger than 2$,.
Thus the exponential does not need to be modified,
but the factor (1-x ') should be included in the
tunneling probability. Since E,-10E~ for TaS„

P(x)- (1-x ')e (6)

The tunneling theory gives reasonable orders of
magnitude for commensurate as well as impurity
pinning.

It is possible to relate non-Ohmic behavior with
the frequency-dependent ac conductivity. In a
theoretical study of tunnel junctions as detectors
and mixers, Tucker" derived an expression for
the current resulting from a voltage V = V,
+V, cosset applied across a non-Ohmic junction.
He found for small V, the following simple result
for the ac component of the current:

I, = (e V,/2K(d)[I, (V, + 5e/e)

I,(v, -K~-/e) ],
where I,(V,) is the dc current for voltage V,. To
apply this expression to transport by CDW's, I
take V, =EI., the voltage across the correlation
length L, and replace e by e*. Resistive terms
are assumed to dominate. When V, =0, the ac
response is
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=1.5&&10" Hz. This implies @,=@&or =9.5&&10 "
erg. Such a small gap makes sense only because
of the large number of electrons involved in mo-
tion of the CDW.

The success of the tunneling theory when ap-
plied to NbSe, and TaS3 suggests the possibility
of applying the theory to non-Ohmic conduction
observed in other linear-chain compounds.

I am indebted to G. Gruner, N. P. Ong, and
P. Monceau for valuable correspondence and to
them as well as to T. Sambongi for sending pre-
prints of their data in advance of publication. I.
am also indebted to J. B. Tucker for a discussion
of his theory.
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If neutrinos dominate the mass density of the Universe, they play a critical role in the
gravitational instability theory of galaxy formation. For neutrinos of mass 30m3& eV, a
maximum Jeans mass M&~ ~ 4& 10 m30 && is derived. On smaller scales, neutrino fluc-
tuations are damped, and the growth of baryon fluctuations is greatly inhibited. Structures
on scales )~&m may collapse, forming galaxies as in Zel'dovich's 'pancake" theory.

PACS numbers: 98.50.Eb, 14.60.Gh, 95.30.Cq, 98.80.Ft

The idea that massive neutrinos may solve the
missing-mass problem in galaxies and in clusters
of galaxies, as well as dominating the mass con-
tent of the Universe, has been explored by many
authors. " The recent experimental reports of
electron-neutrino mass detection' and neutrino

oscillations, 4 coupled with the natural appearance
of a neutrino-flavor mass spectrum with split-
tings of order of those between the three lepto-
quark families in extensions of grand unified
theories to So(10),' suggest that we take serious-
ly the astrophysical implications of a neutrino
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