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We report the investigation of the dynamic behavior of charge-density waves �CDWs� in a
quasi-one-dimensional material K0.3MoO3 using x-ray scattering and multiple x-ray diffraction.
Under the application of voltages, we demonstrate that the occurrence of nonlinear conductivity
caused by CDW is through the internal deformation of the CDW lattice, i.e., a phase jump of 2�,
as the applied voltage exceeds the threshold. By measuring the evolution of peak width of satellite
reflections as a function of the field strength, we also report that the CDW lattice can be driven to
move and undergo a dynamic phase transition, i.e., from the disordered pinning state to ordered
moving solid state, and finally, to disordered moving liquid. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2738408�

I. INTRODUCTION

Nonlinearity is commonly observed in a very broad
range of natural phenomena, from classical/quantum me-
chanics to biology, such as the squeezed states in a Bose-
Einstein condensation1 and the conduction of DNA.2 The
character of such behavior is the changes of the symmetry or
the length scale of the states in the system. In condensed
materials, the nonlinear physical properties always go along
with the formation of a periodically modulated lattice caused
by the inhomogeneous distribution of charges or spins,
namely, charge- or spin-density waves, for instance, the non-
linear conductivity observed in K0.3MoO3 and 2H-NbSe2, or
charge/spin stripes3,4 in high-TC superconductors and
La2−xSrxNiO4, or other strongly correlated electron systems.

In such a periodically modulated system, its dynamic
behavior caused by the interaction between the lattice and
imperfections existing in the crystal is ubiquitous and has
been a long-standing problem because of the correlation to
the unusual physical phenomena, for instance, the charge-
density waves/spin-density waves to the nonlinear conduc-
tivity, the charge/spin stripes to the colossal magnetoresis-
tance �CMR� and the high-TC superconductivity,3 and the
vortex lattice to superconductivity.5 As in the static state, i.e.,
without the application of driving forces, the imperfections
in a medium result in a disordered ground state which pre-
vents the system from forming a long-range order at low
temperatures, therefore giving rise to unusual physical prop-
erties. In dynamic systems under a driving force, the disor-
dered medium produces a more fascinating phase diagram.6,7

Analogous to the vortex lattice, the inhomogeneous distribu-
tion of charge densities also forms a periodic lattice below
the transition temperature, namely, charge-density waves
�CDWs�.

In a system involving the instability of charge densities,
its ground state can be expressed as �=�0�1
+�iPi cos�2�Qir+�i��, where �0 is the undistorted electron
density, Pi the distorted amplitude, Qi the wave vector of the
modulation, and �i the phase.8 The appearance of imperfec-
tions distorts the lattice, and the phases �i are pinned by the
imperfections. It has been demonstrated that the phase �i

governs the dynamic behavior of this modulated lattice and
is therefore responsible for the occurrence of the unusual
physical phenomena, such as the pinning and memory effects
and sliding behavior.9 Theoretical investigations6,7 predicted
that the pinning forces become irrelevant when the system
enters the sliding phase. This, indeed, provides a natural ex-
planation for the dynamical narrowing of the half-width
above the threshold voltage. However, to understand how the
CDW adjusts to the pinning forces at different driving volt-
ages, a direct measurement for the spatial distortions of
CDW is desirable. In this report, in addition to the usual
transport and full width at half maximum �FWHM� measure-
ments of the CDW satellite reflections, we establish the con-
nection between the lattice distortions and the triplet phase in
x-ray scattering and thus demonstrate how the spatial distor-
tions of CDW can be measured directly. While the sliding
transition is already well studied, the technique we devel-
oped here can be applied to general periodic media driven by
external sources and provides a different perspective into
many interesting strongly correlated systems.

Since the triplet phase �3 of the multiple-wave diffrac-
tion plays an essential role in our study, it is helpful to illus-
trate its physical meaning and connections to lattice distor-
tions. The triplet phase �3 is defined as the phase of the
structure-factor triplet FG2

FG3
/FG1

, where Gi are reciprocal
lattice vectors and G1=G2+G3.10–12 Since they form a closed
triangle in the reciprocal vector space, it is straightforward to
show that the triplet phase �3 is invariant under arbitrary
choices of unit cells.13 This invariance provides a hint for its
connection to some physical quantity, which turns out to be
the internal distortion of the unit cell. Experimentally, this
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triplet phase can be determined by measuring the diffracted
intensity profiles of a three-wave �O ,G1 ,G2� diffraction in-
volving the G1 primary reflection, G2 secondary reflection,
and coupling G3=G1−G2 reflection. O stands for the direct
reflection of the incident beam.10 Let us consider a two-
dimensional square lattice with two ions in one unit cell, as
shown in Fig. 1. Without distortion, �a=0, the lattice has
inversion symmetry which ensures all structure factors are
real �under appropriate choice of the unit cell� and thus gives
�3=0. Under the driven voltage, the CDW is distorted and
twists the underlying lattice as well. For simplicity, let us
assume that it can be described by a lattice twist �a along the
direction of the CDW �x axis here�. Furthermore, let us
choose the reciprocal lattice vectors to be along the direction
of the CDW, i.e., G1=−�2g� /a ,0�, G2= �2l� /a ,0�, and G3
=G1−G2. The resultant triplet phase can be computed
straightforwardly,

tan �3 =

��
i

sin�Gi�a + �i�

r + �
i

cos�Gi�a�
,

where �1=� and �2,3=0. The other parameters are �= �m1

−m2� / �m1+m2� and r= �m1
3+m2

3� /2m1m2�m1+m2�. Two par-
ticular choices of l and g are given in Fig. 1 to demonstrate
the connection between the triplet phase �3 and the lattice
distortion �a.

In the realistic setup, the lattice distortion is rather small
�a /a�1 at all applied voltages, thus the expression of the
triplet phase simplifies, �3���a /a�3. Note that the cubic de-
pendence is generic due to the inversion symmetry of the
undistorted lattice and the zero vector sum of Gi. While this
result is derived from the simple model, it captures the ge-
neric dependence of the triplet phase even for the more com-
plicated crystal K0.3MoO3 we studied here. Therefore, the
triplet phase provides a direct measurement of the spatial
distortion of CDW at different driving voltages.

II. EXPERIMENT AND DISCUSSION

Now we turn to the experimental details and the ob-
served results of transport and x-ray measurements. A good
quality single crystal K0.3MoO3, being a quasi-one-
dimensional material, was used for this study. The crystal
structure belongs to the monoclinic system with a space
group C2/m. The lattice parameters of K0.3MoO3 are a
=18.162 Å, b=7.554 Å, c=9.816 Å, and �=117.393°.14 The
sample was characterized to have a mosaic width of �0.005°
and prealigned using an x-ray rotating anode source. The in
situ measurements were carried out on the beamline BL12B2
of SPring-8 synchrotron facility. Two gold stripes spaced
�3 mm were evaporated onto the sample surface as shown
in the inset of Fig. 1, so that the voltage was applied along
the b*, �010�, axis. The sample was glued on the cold head of
a cryostat mounted on a six-circle diffractometer. A Keithely
2400 source meter was used to generate the driving voltage,
and the I-V curve was measured in the two-probe setup. An
upper limit of the current was set to 300 mA in order to
protect the sample and meter.

Figure 2 shows the nonlinear conductivity of the sample
at T=70 K, indicating the transition from pinned CDWs to
sliding CDWs. Best fits to the data for the low voltage re-
gion, the I-V curve can be fitted well by an exponential for-
mula as reported by Ogawa et al.,15 indicating a CDW creep-
ing behavior. However, we did not observe the switching
phenomenon16 at VC for T=70 K because of thermal fluctua-
tions smearing out the switching transition.17 For the higher
voltage regime, the data were fitted to a power law,I� ��V
−VC� /VC��, giving rise to the threshold VC=0.165 V and an
exponent �=1.114, suggesting that the sliding CDWs behave
in a dynamic critical behavior.18–21 This is also analogous to
the motion of a disordered flux lattice observed in
2H-NbSe2, in which the scaling between the driving force
and velocity gives rise to a high exponent.22 This suggests
that the coupling between the imperfections and dimension-
ality could play an important role as the driving force ex-
ceeds the threshold. The threshold voltage VC for sliding
CDWs was also confirmed by a plot of dR /dV vs V �the inset
of Fig. 2�.

FIG. 1. �Color online� �a� �Top� Two-dimensional square lattice with distor-
tion �a. �b� �Bottom� Triplet phase �3 vs the distortion �a /a. Two specific
choices l=1, g=2 and l=1, g=3 are presented here.

FIG. 2. �Color online� I-V characteristic of K0.3MoO3 in a two-probe trans-
port setup at T=70 K. The data are displayed as the log-log plot. The red
line shows the linear behavior due to the thermal creeps of CDWs below the
transition point VC, and the green line is the best fit of the data, for V
	VC, to a power law I� ��V−VC� /V��. The inset for �dR /dV� clearly shows
a dip at the VC.
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Firstly, we report the evolution of CDW satellite reflec-
tion as a function of voltage, which was probed in situ using
x-ray scattering. Since the formation of density modulations
occurs at Tc�180 K, the sample was cooled down to 70 K.
The satellite reflection was located at the Bragg position G
= �13 q 6.5�, where q�0.748. Scans were performed through
the longitudinal direction of, �2 0 −1�, and the data were
convoluted with the x-ray resolution function obtained from
the nearby Bragg peak �12 0 −6�. As shown in Fig. 3, we
observed the narrowing of the CDW satellite reflection for
0.165 V
V
0.22 V, and then broadening for V	0.23 V.
As summarized in Fig. 7�a� below, VC�0.165 V, where the
creeping CDWs occur, the FWHM remain unchanged. This
means that the ordering of the quenched disordered CDWs
was not altered by the low driving force in this region. Be-
yond the threshold VC, the CDW reflection gets sharper but
weaker. This can be understood by the fact that a driving
force steers a pinned lattice and results in inhomogeneous
flow.23,24 As the driving force exceeds the threshold, VC

�0.165 V, the CDW lattice reorders along the longitudinal
direction �2 0 −1�, transverse to the field direction. As the
CDWs are driven to sliding along the direction �0 1 0�, the
coupling between the chains is further reduced,25 and could
result in the transition toward the smectic type of order6,27 in
region II. In this region, because of lack of switching behav-
ior at the threshold VC, the motion of CDW lattice can be
described as the critical phenomenon of a classical field as-
sociated with distortions and is still in an elastic flow
state.16,20 As the voltage exceeds 0.18 V, the lattice shows a
long-range-ordered state: temporal order. This motional or-
dered behavior by a driving force has also been reported in
the NbSe3.26 In contrast to the lattice existing near the thresh-
old �VC=0.165 V�, where both pinned and flowing regions
coexist, there only the flowing part remains in this motional
ordered state; namely, a moving solid phase.21,25,26 When V
	0.22 V, we observed continuous broadening of the width
and decreasing amplitude of the diffraction peak as the criti-
cal scattering, indicating that the moving solid phase starts
deforming and then becomes a moving electronic liquid
phase.

The other key quantity we studied is the triplet phase �3

of a three-wave multiple diffraction at different biased volt-

ages. To set up a three-wave �O ,G ,L� multiple diffraction
experiment, the crystal is first aligned for a reflection G, the
so-called primary reflection. It is then rotated around the re-
ciprocal lattice vector G with an azimuthal angle � to bring
in the secondary reflection L, which also satisfies Bragg’s
law. Namely, both G and L reflections take place simulta-
neously. O stands for the incident reflection. The interaction
of the multiply diffracted waves modifies the intensity of the
primary reflection. A portion of the multiple diffraction pat-
tern of the primary reflection G is shown in Fig. 4. Note that
the azimuthal angle was measured counterclockwise from �0
1 0� direction. The horizontal background is due to the re-
flection G. Relative intensity peaks and dips are marked with
Miller indices of the secondary reflection L. Thereafter, a
multiple-wave diffraction is denoted as L / �G−L� and the in
and out positions are indicated by “�” and “
” signs, re-
spectively. Intensity variation showing asymmetric distribu-
tion versus � gives the information about �3, which is the
phase of the structure-factor triplet FLFG−L /FG, where FG,
FL, and FG−L are the structure factors of the primary reflec-
tion G, the secondary reflection L, and the coupling reflec-
tion G−L involved in the three-wave diffraction.10–12

Previously,28,29 we demonstrated that the triplet phase �3 due
to the coupling between the CDW lattice and its host lattice
can be probed using multiple diffraction. Here we further
demonstrate that measuring the relative change in �3 ,��3,
caused by a driving force, makes the study of the internal
deformation of the CDW lattice possible.

We concentrated on the particular three-wave diffraction,
�0 0 0�, �13 q −6.5�, and �4 −8 4�, at �=108.53°, where the
primary reflection is �13 q −6.5� and the coupling reflection
is �9 8+q 10.5�. The profile asymmetry of the diffraction
intensity of �13 q −6.5� versus � at V=0 is typical for �3

=0. The phase variation ��3 due to nonzero applied voltages
was analyzed based on the dynamical theory for multiple
diffractions.10,12 Figure 5 displays the evolution of the profile
as a function of applied voltage. Clearly, the profile develops
different asymmetries only as the voltage approaches VC, and
then returns to the original value at low voltages. In the static
CDW state, the crystal lattice possesses a centrosymmetric
structure, and a change in the peak profile means that this
centrosymmetry is broken due to the relative motion of ions

FIG. 3. �Color online� Evolution of the peak profile of CDW satellite re-
flection at different voltages along the longitudinal direction �2 0 −1�. The
solid lines are the best fits convoluted with the resolution function. The bar
shows the resolution as obtained from a nearby Bragg reflection �12 0
−6�.

FIG. 4. Azimuthal scan of three-wave diffraction around the primary reflec-
tion G. Major peaks and dips are indexed in accordance with the calculation
of multiple diffraction pattern. The inset shows the experimental setup sche-
matically. The seemingly noisy background is caused by the presence of
many weak fractional reflections.
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by a driving force. This results in a nonzero ��3. The rock-
ing curve width of a Bragg reflection was also monitored in
order to make sure that the crystal was not destroyed by
applied voltages. Figure 6 shows two cases of the best fits of
the triplet phase ��3 at V=0.2 mV and 0.14 V. The analysis
is based on the dynamic theory for multiple diffraction.

As shown in Fig. 7�b�, the ��3 reaches maximum at V
=0.12–0.14 V. This can be understood as the internal distor-
tion of CDWs is saturated just before the sliding motion.
Classically, upon the application of bias voltage, the free
energy is minimized by the elastic energy cost due to CDW
distortion. After threshold, it is energetically favorable to slid
�increasing kinetic energy� rather than hold up the large elas-
tic energy. The estimated ��3 from curve fitting at 0.1, 0.12,
0.13, 0.14, 0.15, and 0.16 V are about 6°, 10°, 18°, 17°, 17°,
and 10°, respectively, and then decreases to 0° for V
	0.18 V, as shown in Figs. 5 and 7�b�. This evidences ex-
perimentally that the occurrence of nonlinear transport be-
havior is through a phase jump of 2� at the sliding threshold,
i.e., from the pinned to sliding states.

CONCLUSION

Based on all experimental results given above, the si-
multaneous studies on I-V curve, the relative phase change
��3, and the ordering the CDWs as a function of driving
voltage have provided evidence for the origin of the nonlin-
earity and the dynamic phase transition of a periodic me-
dium. The phase measurement using three-beam diffraction
is also demonstrated as a sensitive way to study the transport
phenomena in nonlinear systems. While it is already exciting
to observe these dynamic motions of CDW, it also opens up
many interesting issues requiring further studies. For in-
stance, crossovers between different types of dynamics could
be achieved by varying temperature, a global phase diagram
can be mapped out completely by varying temperature and
driving force, and a deeper understanding of the dynamic
motions of a periodic medium such as that existing in the
high-TC related perovskites can be achieved.
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