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A charge density wave system near commensurability and with strong
damping is considered, as a model for NbSe;. The observed threshold field
is associated with depinning of a commensurate part of the charge density,
while the excess charge, in form of phase kinks, contributes just to the
ohmic conductivity. The characteristic length associated with the fre-
quency generation is one lattice constant.

NIOBIUM TRISELENIDE, NbSe,, is of considerable
interest as a system with Frohlich conductivity due to
sliding charge density waves (CDW) [1]. The conduc-
tivity is strongly non-ohmic when the electric field £
exceeds a critical value £, [2], and well defined fre-
quencies appear in a d.c. field [3]. These phenomena
are associated with a depinning of the charge density
wave; however the depinning mechanism is not yet
understood. It has been suggested that the depinning
is a result of quantum tunneling [4, 5] or of depinning
from impurities [6~10].

We suggest here that the depinning field is an
intrinsic effect due to lattice pinning. The CDW wave-
vectors are [11] q; = (0, 0.243 = 0.005, 0) for the
transition at 7; = 142K and g, = (0.5, 0.263 + 0.005,
0.5) for the transition at T, = S9 K. The corresponding
band is almost 1/4 filled and the CDW is therefore
4.fold commensurate with the lattice, except for
relatively small regions where the excess charge is
localized as phase kinks or discommensurations
[12—-14].

In the absence of impurities phase kinks lead to
Frohlich type conductivity [15, 16]. We assume here
that in the presence of impurity or phonon scattering
the conductivity of the phase kinks is essentially ohmic
and that there is no sharp depinning field associated
with their motion. In contrast, parts of the CDW are
pinned by the lattice commensurability and their
motion requires a field stronger than some well defined
depinning field £ . The distinction between the motion
below and above £, is made more precisely below.

* On leave from the Department of Nuclear Physics,
The Weizmann Institute of Science, Rehovot, Israel.
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The contribution of the phase kinks to the current
is bounded due to their limiting velocity and various
damping effects. Therefore for strong enough fields the
whole CDW must move; in particular the motion of
charge far from centers of phase kinks requires passing
through a commensurability barrier. This is illustrated
in Fig. 1: The states y,, are degenerate ground states,
while E,, require higher energies. In presence of an elec-
tric field ¢,, > J/n = Yn 4 as function of time with the
field overcoming the loss in commensurability energy.

Consider a CDW of the form A cos (Q+r + ¢) where
Q is a commensurate wavevector and A is the correspond-
ing gap in the electron spectrum. The phase ¢ is space
dependent since f ¢'(y, t) dy % O (y is the chain direc-
tion) measures the deviation from commensurability or
the phase-kink density ny. If the phase is also time
dependent it describes an electric current. This current
has a component with a rapid spacial variation (periodi-
city ~ Q;l) and a slowly varying component associated
with the drift velocity ~ d;(y, t) of the whole Fermi sea
[16]. For example, if ¢(y, £) = ¢1(¥) — Q, vt then the
CDW is propagating with a uniform velocity v; the corre-
sponding current is uniform (~ v) plus oscillations on a
microscopic scale. In the d.c. measurements which we
consider here {2, 3, 7] the contacts are distributed over
a length of order 10”2 cm while the CDW wavelength is
of order 1077 cm. Therefore the microscopic oscillations
average to zero and the measured current J is a space
average of the drift velocity J ~ f #(v, f) dy. Hence only
time variations in the velocity can give rise to a time
dependence in the measured current.

We describe the ohmic regime by a moving solution
¢(x — vt) with velocity v and the corresponding current
is~ v [ ¢'(x —vt)dx ~ vn,. Since the velocity v is
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Fig. 1. Ion positions in a nearly commensurate CDW.
Dashed lines are the ion positions in the absence of the
CDW, defining the lattice constant 4. In presence of an
electric field ,, > ¢, = ¥n,; depinning the CDW as
well as moving the phase kink.
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Fig. 2. Schematic current field curve for low soliton
density n, £ = 0.1 with (a) low damping we/w, = 0.1
(see [21]) and (b) strong damping cwef/w, 2 1. The
intersections with the dashed line [equation (4)]
define the critical field, £..

limited, above some critical field £, the solution

¢(x, 1) will not be a moving type. This definition of

£, as a transition from moving to non-moving type
solution, has two consequences: (a) The moving
solution involves the low phase kink density n, while
the non-moving solution involves all the electronic
charge. (b) A moving solution cannot generate a time
dependent current since [ ¢'(x — v¢) dx is independent
of time. Thus only for £ > £, a time dependent current
can be generated.

To demonstrate these ideas we proceed with the
following model. In presence of an electric field the
current is written in the form [15—17)

J = Pesfs€ <_¢27 (1)
S

where (¢ ) is the space average of 3¢/t and S is the area
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per conducting chain. The coefficient po¢s gives the frac-
tion of the total charge which is carried by the electric
field. The total electron density is given by the volume
enclosed by the Fermi surface in the absence of the
CDW. Here we allow for the possibility that only a frac-
tion p.e; < 1 of this total density contributes to the
CDW current and determine pg¢; by experimental data.
If p, is the fraction of condensate electrons [6] then
Dest > P Since also normal electrons are dragged by the
moving CDW. Note that the CDW wavevector Q' pairs
any two degenerate states at k and £ + Q' over the
whole Brillouin zone, even if only part of these states are
at the Fermi level. Therefore a moving CDW drags the
normal electrons and pg¢; can be close to 1. In particular
pe > 0as T~ Topw but pese can remain constant.
Although a two fluid model is not strictly valid in
the presence of free carriers [ 18], we assume that the
CDW motion can be described by a phase equation with
a phenomenological damping constant I' [19]. In pre-
sence of 4th order commensurability this equation has
the form (15, 17]
* 4 Eif.

. R N 8 )
m ¢+1—‘¢—"7)12;~¢> +>\W251n 4¢) = %vFeE pc , (2)

where M*/m defines the Frohlich mass, W is the band-
width, vp the Fermi velocity and A is the dimensionless
electron—phonon coupling constant. Each term on the
left-hand side of equation (2) may involve a different
condensate density, which can be absorbed in the
relevant parameters. Also thermal fluctuations are
neglected in equation (2), since the system is rather
3-dimensional and phase kinks are in fact 2-dimensional
walls.

The characteristic parameters in the problem are:
The unit length £ = v W\/X/(4+/2A%) which satisfies
£> b since A€ W (b is the lattice constant); the pinning
frequency wq = (2m/M*\)Y 24A%/W, the crossover fre-
quency w, = 32A%(CAW?) and the field £, = 16A%,/
(evpAWpese). With these definitions equation (2) for
Y = 4¢ becomes

!
—L'—/;+—w~—gw”+sin¢/ =ﬁ£. (3

0o c 1

This equation has been studied in the context of

Josephson junctions [20, 21]. In the commensurate
situation, where ¢ is independent of x, there is a
depinning field which is E, = E for (w./wo)? < 0.703,
while for larger values of (w/we)?, E. is decreasing
[20]. For NbSej the a.c. conductivity data [22] (see
below) shows that w, < wq, so that £, = E, if the
system were commensurate. For wo/w, = o the time
average ¢ w )¢, which determines the d.c. current, is
related to the field by
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E = E\(1 +()Hwd)V2, 4)

Equation (3) in the presence of a phase-kink lattice
has been investigated by Marcus and Imry [21]. Fora
given phase kink density n, (i.e. ng! is the mean
distance over which  changes by 27) they show that a
propagating kink lattice of the form Y(x —vt)isa
solution of equation (3). The current is then determined
by ()= [ Y(x — vr) dx/L = — 2nvn,, where L is the
length of the system. The velocity v is in the range
0 < v < wek corresponding to fields O S E < £, At £,
the second order derivatives in equation (3) cancel each
other so that the solution must satisfy equation (4).
Since at £ = E, also (/) = — 2mwqkny, we obtain

E, = E {1 + QangEwe/w, )Y 2. (5)

The current—field curves are shown in Fig. 2. For
law fields the current is ohmic; the velocity (for low
kink density, ni€ < (27)°1) is found from a linear
response analysis [21]

v = dnw tElE;. (6)
The kink conductivity is then
O = Petsmengtw,/(8SE). (N

In the weak damping case, wy < w, the velocity v
in equation (5) approaches the limiting velocity wgof
(i.e. the phason velocity) for some £ < £, and then the
kink conductivity becomes nonlinear (curve a in Fig. 2).

For strong damping equation (6) yields v < ok
even at £ = E| and non-linearity in the kink conduc-
tivity appears at most in the range £, < £ < £, which is
narrow for sufficiently low kink density 2nngtwefw, <
0.5 (curve b in Fig. 2). Therefore for strong damping and
low soliton density the kink conductivity is essentially
linear for £ < E.

Note that for very strong damping w, < w, the
velocity weé is high and higher order damping terms in
equation (2) may be important. In fact, if wy is the pin-
ning frequency, it is estimated that wgy ~ 10%w, [7]. In
this case equation (5) is not reliable; however we may
still use it, considering wq as a phenomenological
parameter which sets an upper bound on the kink
velocity which is not necessarily related to the
phason velocity.

The propagating kink lattice solution is possible
only for £ < E; for E > E the solution changes
qualitatively, involving Y(x, ) which changes slowly
in space relative to the change with time. We approxi-
mate this situation by a space independent solution,

and consider the overdamped case
J(t)w, + sin Y(t) = E[E,. (8)

The solution (up to an integration constant) is
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i = W(EVEY(EYET — 1]
1+ (E1/E) sin (wo t VEJEY — 1)

The time average yields equation (4) and the d.c. current
[equation (1)] is

©

Jepw = petf (10)

\/‘___2——
s VEIED

Equation (9) shows that a d.c. field above threshoid
E > E,, leads to a time dependent current. This time
dependence is due to the commensurability energy
which changes with time as the field drives the phase
Y(?). The fundamental frequency of equation (9) is
Q(E) = w[(E,/EY* — 1]"? and is therefore propor-
tional to the current

2nJcpw/(eS2) = pers[(2S).

These frequencies have indeed been observed
experimentally [3, 23, 24]; the left-hand side yields
~ 4 x 10" cm™2. The area of the unit cell, perpen-
dicular to the b-axis, is 148 A?; there are however two
equivalent chains in the unit cell which contribute to
each CDW transition [25]. Therefore the area per con-
tributing chain is S = 74 A? and equation (11) yields
Dess =~ 0.6. Considering the experimental accuracy of
~ 30% this is rather close to 1, i.e. most of the elec-
trons move with the CDW. Note also that the ratio of
current to frequency is independent of temperature,
even if T~ Tepw [23, 24]. This confirms our previous
assertion that p.¢¢ can be very different from p,.

Equation (11) may also be understood as a current
of particles with density n and drift velocity v4 so that
Jepw = nevy. If a space periodicity A is now introduced
then v4 becomes time dependent, a frequency 2 =
2mvg/ A is generated and 2nJ cpw/(e€2) = nApegs. In our
case the periodicity is generated by the lattice, i.e.
A=bandn = (2b5)"! corresponding to 1/4 electron
per atom per spin for a 1/4 filled band.

In models based on impurity pinning [6—10] A =
nlk g~ 4b where kp is the Fermi wavevector. The
corresponding density is 2kg/(nS) so that nA = 2/S
which is a factor 4 higher than above. For impurity
pinning of a phase-kink lattice, each kink has charge
e/2 so that nA = (25)7!, same as in our model. Bak
[26] has used this mechanism to deduce that the phase-
kink charge pagse/2 is close to ¢/2. (Here however
A ~ 30b and the corresponding drift velocity is larger
by a factor ~ 30, e.g. of order~ l cm sec™!
10Acm™2)

The oscillating current in a d.c. field was also
observed in TaS; {27}, with the left-hand side of
equation (11) being ~ 2 x 10" cm™2. The area of the
unit cell is 560 A? but it contains 24 nearly equivalent
chains, which is consistent with the Hall constant [28].

(1

atJCDw jond
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Therefore the area per contributing chain is 23 A* which
vields peee = 0.9. Since TaS; is commensurate [29] our
depinning mechanism is even more obvious.

Finally we comment on two additional features of
the experimental data — temperature dependence of
£, and a.c. conductivity data. The critical field £, shows
a minimum near 7 ~ 0.8 Tepw [1, 2]. In equation (5)
A(T) and I'(T) indeed yield opposite temperature
dependencies. As 7T increases, A(T") decreases, vanishing
at Tepw, while I'(T) increases {from the high field
conductivity [1,2]) asT ~ 7™ with 1 £ x < 3. However
a more detailed microscopic derivation is needed for this
analysis.

The a.c. conductivity shows a crossover behaviour as
in a relaxation oscillator model [7, 8] with w, ~ 108
sec™!. This corresponds to equation (3) with a time
dependent field, space independent solution (1, = 0)
and wq > w,. However the data shows [22] that the
crossover region is very broad (from 107 sec™* to 10°
sec™') and cannot fit a single crossover frequency. The
conductivity in presence of phase kinks can be evaluated
within linear-response theory, as done for the polariz-
ability [30]. The effect of the phase kinks is to break
translation invariance so that the a.c. field can couple
to all extended phonon modes with wavevectors q. This
introduces new crossover frequencies at w.(1 + £2¢%)
which smear the crossover region, in qualitative agree-
ment with experiment.

In conclusion, we have shown that lattice commen-
surability can explain the depinned CDW phenomena in
NbSe;. This is supported by the observation of the same
phenomena in the similar but commensurate TaS;.
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