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a b s t r a c t

The charge density wave (CDW) can be strained by applied voltage or by charge transfer at junctions, or

by an electric field which can also put the CDW into sliding. Such strains can give rise to local or long-

range modulational instabilities. We consider and perform a numerical modeling for two cases of

strained CDW, the case of voltage is applied along and across conducting chains. We consider the effect

of random and periodic dislocation array on the X-ray profile and present the plausible scenario of a

very long-wave coherent periodic unharmonic superstructure.

For the voltage allied across the chains, we confirm the reconstruction of the junction by creating an

array of dislocations, whose number increases by steps with increasing voltage. The dislocation cores

concentrate most of the voltage drop across the junction, giving rise to an effective tunneling. We

compare the results with the experiments on coherent micro-diffraction in blue bronzes and with

tunneling experiments in NbSe3 and TaS3.

& 2008 Elsevier B.V. All rights reserved.
1. Introduction

Charge density wave (CDW) is a crystal of singlet electronic
pairs, which is typically formed in quasi-one-dimensional con-
ductors. A unique property of electronic crystals is related to the
possibility of the collective current conduction by sliding. This
property is ultimately related to the appearance of inhomoge-
neous superstructures under stresses.

The CDW can be strained by applied voltage or by the charge
transfer at junctions, or by an electric field which can also put the
CDW into sliding. Such strains can give rise to local or long-range
modulational instabilities. We study coherent electronic states in
junctions at a restrained geometry and consider the role of
dislocations in the local reconstruction of the electronic ground
state. The dynamics of these topological defects should play an
important role in the sliding process of the CDW.

We perform numerical modelling for two groups of experi-
ments: the interlayer tunnelling in NbSe3 and TaS3 [1] and the
coherent X-ray diffraction in blue bronze [2].
2. Field effect reconstruction by dislocations

Experiments on the interlayer tunneling in CDWs [1] have
recovered an unexpected feature: a threshold voltage, whose very
low value can be associated only with the scale of the small
interchain phase coupling. Moreover, the experiments indicated
ll rights reserved.
that the voltage applied to the whole stacked junction drops
mostly on a single elementary interlayer spacing. It happens when
the electric field in this junction exceeds a threshold value for
phase decoupling in neighboring CDW layers. This decoupling
should proceed via developing an array of dislocation lines
entering to the junction area at a sequence of critical voltages,
seen in the experiment. The dislocation core is expected to work
as a self-tuned microscopic tunneling junction concentrating the
voltage drop. At last we are able to model this phenomenon of the
junction internal reconstruction.

We consider a stack of weakly interacting parallel conducting
chains supporting an incommensurate CDW, see Fig. 1. The CDW is
described by the complex-order parameter (COP) C ¼ A exp(if)
corresponding to the CDW amplitude A and the phase f. The
voltage V is applied across the chains giving rise to a profile of the
electric potential F and the electric field E ¼ �rF. The deformations
of the COP originate the charge density in the bulk r ¼ A2qf/qx. The
surface charge density is En/4p, where En is the normal component of
the electric field at the surface. The system state is determined by a
minima of the total energy functional W

W ¼

Z
O

LðC; FÞdx dyþ
1

4p

Z
S

EnFds

where the integrations go over the bulk O or the surface S of the
stack. The local energy L has the form

LðC; FÞ ¼ �a1jCj2 þ a2jCj4 þ a3ððqxCÞ2 þ bðqyCÞ2Þa4rF� a5jrFj2

The coefficient bo1 comes from the interchain coupling; it
characterizes the elastic anisotropy of the CDW. The con-
stants ai40, i ¼ 1,y, 5 are the temperature-dependent material
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Fig. 1. The geometry for the modeling. x, y are the coordinates along and across the

chains.

Fig. 2. COP phase (a, b) and its contour plots (c, d) near (a, c) and we
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parameters. Within the limited goals of this article, we shall choose
the parameters ai for the convenience of the presentation, rather than
their physical reality. The following figures show the results of
simulations.

In Fig. 2, we present COP phase and its contour plots near and
also well above the threshold voltage. At low applied voltage V,
the CDW stays homogeneous, the COP is constant, the electric
potential is constant in x-direction and interpolates between V/2
and �V/2 linearly in y-direction. With increasing V above a critical
value, a grid of dislocations starts to form (Fig. 2d). With a further
increase of V, the number of dislocations increases sequentially;
they enter the sample by pairs. The presence of dislocation lines
can be seen by plotting the COPs phase. The phase develops jumps
(Fig. 2a and b) which are antisymmetric with respect to the
dislocation cores. (Jumps themselves are not physical—the phase
here is defined as a 2p periodic branch changing within [�p, p]).
ll above (b, d) the threshold voltage; vector plot for the COP (e).
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Fig. 3. COP amplitude (a, b), electric potential F (c, d) and its contour plot (e, f) near (a, c, e) and well above (b, d, f) the threshold voltage.
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The physical circulation of the COP phase is seen at the vector
plots of Fig. 2e.

Fig. 3a and b shows that the amplitude A of the COP is zero at
the dislocation core as it should be for a vortex.

The electric potential becomes inhomogeneous in both x and y

directions, Fig. 3c–f. The voltage drop concentrates near the
dislocation cores indeed.

The presented modeling confirms qualitatively and illustrates
the conjectures derived from tunneling experiments performed
upon the overlap junctions [1].
3. Dislocation arrays and their manifestation in X-ray diffraction

The CDW has a basic space periodicity �10 A, which gives rise
to standard diffraction peaks. In the long-range-ordered phase,
below the transition temperature, the peak width is usually
thought to be determined by the lattice defects, and in pure
systems it can fall below the experimental resolution [3]. The
evolution of space correlations in the sliding state, which manifest
themselves through the peak shape, is one of the fundamental
questions in the theory and the challenging experimental goal. It
was found [2] that under the electric field the system develops a
very long wave, 1mm scale, and surprisingly coherent periodic
unharmonic superstructure.

The intensity of X-ray scattering I(q) is determined by the
correlation function S(x) describing an intrinsic disorder or
inhomogeneity:

IðqÞ ¼

Z 1
�1

dx SðxÞ exp ðiqxþ ijÞ
����

����
2

(1)

The X-ray experiment on the blue bronze alloys [3] usually
recover the ‘‘square Lorentz’’ intensity profiles which correspond
to a simple exponential decay of the long-range order in the real
space. Hence, we shall choose here S(x)� exp (�|x|/Z) where Z is
the correlation length. Furthur we present the comparison
between experimental data taken at various values of the current
and computer calculations for various correlation lengths.

Far from the deformed regions the strains rj must vanish,
j ¼ constant. So the primary contribution is the generic peak at
Q ¼ Q0, ideally I(q)�d(q). Consider a vicinity of the crystal surface
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Fig. 4. Left: CDW X-ray peak evolution in blue bronze [2], right: modeling of the peak evolution in the presence of dislocations.
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within the (x, y) plane, occupying the semispace y40. Let the
single-edge dislocation line be centred at a point (X, Y) lying
in z-direction, with Burgers vector in x-direction b ¼ (b,0,0).
At the surface there should be no normal strain qj/qy ¼ 0. Hence
the CDW deformations are provided by the dipole: the actual
DL at (X, Y) and its image at (X, �Y). The CDW phase j can be
written as

jðx; y;X;YÞ ¼ arctan

ffiffiffiffiffiffi
Kx

Ky

s
Y � y

x� X

" #
þ arctan

ffiffiffiffiffiffi
Kx

Ky

s
Y þ y

x� X

" #

where Kx, Ky are the CDW elastic modules. Furthur we rescale
coordinates x, y, and inverse momenta according to (Kx,y)1/2

without changing the notations.
Now consider the sequence of parallel non-correlated disloca-

tions with coordinates (X, Y) taken to be random in X along the
surface, but at a fixed depth Y ¼ cnst. This situation corresponds to
a ‘‘plastic bending’’ when the surface layers are relatively
elongated or stretched. Averaging over random positions of DLs
and the final integration in Eq. (1) can be performed exactly, and
we arrive at the expression [4]

IðqÞ / e�ndðqÞ þYðqÞ
ffiffiffiffiffiffiffiffiffiffiffi
nY=q

p
exp½�n� qY �I0 2

ffiffiffiffiffiffiffiffi
nYq

p� �
where n ¼ 2pY/l and l is the mean spacing among the DLs. Here,
Y(q) is the Heaviside step function and I0 is the modified Bessel
function. The first term describes the bleaching of the bare peak
while the second one yields new shapes.

When the electric field E4Ec is applied, the CDW starts to
move, but the dislocations are still pinned and form the random
structure. At even higher E, the DLs are expected to be depinned
and start moving with the CDW. Recall the dislocations in CDW
are charged repulsive, so under motion they will form a periodic
grid structure. This creates the long-range modulations of the
initial CDW and results in the formation of the fringes-satellite
CDW peaks. With increasing electric field, more dislocations
are depinned and start to contribute to the moving grid. Then the
distance between dislocations in the real space diminishes, and in
the k-space the distance between fringes grows. When all the
dislocations are depinned, further increasing the driving field does
not change the distance between the fringes anymore.

This scenario describes qualitatively the complex of experi-
mental observations [2]. Dislocation lattice gives no displacement
of the main CDW diffraction peak at low field, and fringes do not
disappear at very high electric field. There is an interval for
applied electric field when the distance between fringes increases.

The results of modelling of the structural factor and compar-
ison with experimental data are presented in Fig. 4.
4. Conclusions

Structures of dislocations and their flows is an ingredient of
behavior of CDWs and other electronic crystals. They effect the
sliding near surfaces, the current conversion near contacts, and
the field effect geometries.

The presented results confirm, illustrate and give details to the
concepts developed in relation to the tunneling experiments in
NbSe3 and TaS3 [1].
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Dislocation grids may originate diffraction peak splitting and
formation of the fringes [1].
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