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Charge-density-wave phase reconstruction in the photoinduced dynamic phase transition
in K 0.3MoO3
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Charge-density-wave~CDW! strain in a quasi-one-dimensional conductor K0.3MoO3 is studied with high-
resolution x-ray diffraction. It is found that photoexcitation promotes the relaxation of the CDW strain imposed
by the external electric field, which can drastically affect the dynamic phase transition of the CDW motion
from a sliding state to a creep state. The deformation of the CDW structure in the creeping phase is also found.
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I. INTRODUCTION

Charge-density-wave~CDW!1 and vortex lattices in a
type-II superconductor2 are model systems to study the d
namic response of the elastic periodic medium under the
fluence of randomly distributed pinning sites. The respo
is governed by the interplay between deformation ene
pinning potential, and external field. In the case of a CD
the overall evolution of the dynamic phase response can
classified into three phases:3 ~1! a deformed solid at res
~pinned!, ~2! a plastic creep, and~3! a sliding solid. Severa
phase diagrams in the external force and temperature p
have been proposed.4 In the pinned and creep phases, t
long-range order of the periodic structure is destroy
through the accumulation of internal deformation by the
ternal field. However, it is predicted that the long-range or
of the system will recover in the sliding phase because of
weakening of the effective pinning potential. Up to no
such a reordering has been found only in the vortex lat
systems.5 The discrepancy between theory and experimen
the CDW system remains a current problem.

We formerly reported that photoexcitation can drastica
affect the creep-to-slide dynamic phase transition of
CDW in a quasi-one-dimensional conductor K0.3MoO3.6

Upon illumination by a laser light in the creep phase, t
creeping current increases, and the external voltage requ
for the dynamic phase transition to the sliding phase
comes higher. In the sliding phase, the illumination can
tally arrest the collective motion of the CDW under a mod
external drive field. The effect vanishes when the excitat
photon energy is below the single-particle gap7 of the
K0.3MoO3. We attribute these photoeffects to a local and m
mentary destruction of the CDW order that leads to the ph
slip and the redistribution of the CDW phase bypassing
pinning sites.

Sliding CDW materials are known to show uniqu
memory effects8 because the phase configuration against
pinning sites can assume extremely complex form w
nearly degenerate local minima.9 Once the CDW deforms
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around a pinning site, it is hard to relax due to the poten
from the nearby pinning sites, which results in the histo
dependent response of the system. That is, the CDW
sponse to the external field is governed by the internal de
mation. This internal structure of the CDW was studied
several methods such as conductivity measurem
on the multicontacted sample,10 electromodulated IR
transmission,11 and x-ray diffraction.12–15 The latter has a
high resolution, and has been well exploited for many CD
materials.16 In this paper, we investigate the relation betwe
the photoinduced dynamic phase transition and the CD
phase deformation in K0.3MoO3 directly by high-resolution
x-ray scattering.

A CDW is accompanied by a lattice distortion of the for

uW ~rW !5DW sin@QW •rW1f~rW !#, ~1!

whereQW 52kWF is the CDW wave vector,DW is the amplitude
of the complex CDW order parameter, andf is the position-
dependent phase. With some approximation, the intensit
the first CDW satellite peak at a scattering vectorqW is pro-
portional to the spatial Fourier transform of the exponen
phase-phase correlation function,17

I ~dqW !;uJ1~qW •DW !u2E drWeidqW •rW^ei [f(rW)2f(0W )]& , ~2!

wheredqW 5qW 2(GW 6QW ), GW is a reciprocal-lattice vector an
J1(x) is the Bessel function of order 1. The correlation fun
tion in Eq. ~2! dominates the satellite peak profile. Basica
one can imagine two types of the peak profile change: p
shift and broadening.12 For our experimental geometry de
scribed below, we can attribute the peak shift to the tilt of t
CDW phase front, while the broadening is inversely prop
tional to the CDW phase-coherence length normal to
chain @the (2a* -c* ) direction#. Experimentally, a broaden
ing of the CDW satellite peaks in K0.3MoO3 was observed in
the presence of electric field around or larger than the thre
old of the sliding conduction.12,13 In some cases, a shift o
©2002 The American Physical Society07-1
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split of the satellite peak, accompanied by the broaden
along the (2a* -c* ) direction, was observed14,15 and usually
attributed to the inhomogeneity of the electric field in t
sample.18 (2a* -c* ) is perpendicular to both the one
dimensional structure and the cleavage plane of K0.3MoO3.

II. EXPERIMENT

K0.3MoO3 has a monoclinic structure with the spa
groupC2/m, and theb-axis is parallel to the chains of MoO6
octahedra.19 Sample crystals are synthesized by means of
electrolytic reduction of a KMoO4-MoO3 melt.20 The typical
sample size is 1.33130.2 mm3. Indium electrodes were
evaporated onto a freshly cleaved surface. The sample
glued to a sapphire plate and mounted in a closed-cycle
frigerator.

Synchrotron x-ray-diffraction measurements were p
formed at beam line-4C at the Photon Factory, KE
Tsukuba. The incident beam is monochromated by a Si~111!
double crystal, and focused on the sample position by a b
cylindrical mirror. An x ray with an energy of 10 keV wa
used. The resolutions estimated from the Bragg reflectio
~12, 0, -6!, which is nearby the measured superlattice pe
were 0.0037 and 0.0019 Å21 along the (2a* -c* ) and b*
directions, respectively. The sample was set so that the s
tering plane is parallel to the (2a* -c* )-b* reciprocal plane.

III. RESULTS AND DISCUSSION

A. I -V characteristics

I -V characteristics of the sample measured at 12 K
shown in Fig. 1. As is often observed at low temperature1 a
clear switching behavior atVs with increasing applied volt-
age, and a hysteresis behavior atVs8 with decreasing voltage
can be seen~the current is limited to 500mA to protect the
sample!. Below Vs , the current is carried by the creepin
motion of the CDW.21 The observed switching correspon

FIG. 1. Photoinduced change of theI -V characteristics mea
sured at 12 K. The creep-to-slide transition voltage (Vs) and the
creep current~below Vs) increase with the illumination intensity
The current is limited at 500mA for the sample protection and t
avoid Joule heating. The inset shows the electrical contact arra
ment, the optical fiber for the light illumination, and the x-ray sc
tering geometry.
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to the creep-to-slide dynamic phase transition, as repo
earlier.6 The voltage at the deformed solid to the plastic cre
phase transition is about three orders of magnitude sma
than Vs ~Ref. 13!, therefore, we cannot resolve it. With
weak light illumination~photon energy 2.33 eV!, the creep
current increases and the sliding voltageVs becomes higher.
With increasing illumination intensity,Vs increases mono-
tonically. Clearly, optical excitation affects the dynam
phase transition of the CDW from creep to slide. We attrib
these optical effects to the photoinduced phase slip and
redistribution of the formerly deformed CDW phase, whi
stabilize the creeping phase.

The contact arrangement is shown in the inset of Fig
As discussed by Tamegaiet al.,15 the electric field in the
sample can be inhomogeneous, leading to the largest s
of the CDW phase at the sample surface. This is conven
to study the relation between the CDW strain and the pho
induced dynamic phase transition, because the penetra
depth of the visible light is small (;0.1 mm).22

B. Conduction delay

Figure 2 shows the persistence of the photoexcitation
fect. We applied the rectangular voltage pulses~5 Hz and 50
ms in duration! to the sample, and the transient current w
measured by inserting a reference resistor of 1 MV to the
circuit. With the light illumination~2.33 eV, 50 mW/cm2,
and 70 ms in duration! between the voltage pulses, the ons
of the sliding motion begins to exhibit a delay timet. The
CDW conduction delay was closely investigated by Le
and Sherwin,23 andt was interpreted as the time needed f
the internal strain buildup toward the threshold for pha
slippage. Their interpretation is consistent with our idea t
photoexcitation leads to the redistribution of the CDW pha
The persistence of the photoeffect is strong evidence of
photoinduced change of the internal deformation. T
change of the CDW internal structure by light illuminatio
can be seen directly in the experiments shown below.

C. Diffraction measurements

We cooled the sample down to 12 K without applyin
external voltage, and investigated the profiles of the CD

e-
-

FIG. 2. Photoinduced switching delay measured at 12 K. U
polar voltage pulses~6 V, 5 Hz, and 50 ms in duration! were applied
to the sample, and the current was measured by the reference
tor of 1 MV inserted in the circuit. With laser irradiation
(50 mW/cm2, 70 ms, indicated by shaded box!, the onset of the
sliding motion develops a delayt for the following pulse.
7-2
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satellite peaks. Scans of the~11, 0.75-d, 25.5) CDW satel-
lite peak in the (2a* -c* ) direction are shown in Fig. 3.d
indicates the small deviation ofQW from the commensurate
value of 0.75. Data are normalized by the peak height of
profile before the application of the electric field~we defined
this as an initial state!. With a constant current of 100mA
applied to the sample at a time 0, a clear shift of the p
position and a broadening of the profile were observed
reported earlier.12–15 The observed evolution of the intern
deformation was slow, and the height of the peak pro
reduced to the half-count of the initial value in about 20 m
50 min after the application of the current, we reversed
polarity of the current@Fig. 3~b!#. Then the peak began t
move to the opposite direction. The time evolution of the f
width at half maximum~FWHM! of the peak profile is
shown in the inset of Fig. 3~b!. The FWHM of the peak
profile slightly recovered due to the change in the curr
polarity, but never recovered to its initial value, and began
increase further with the duration of the current applicati
These results are consistent with those of previous rep
After the current was removed, a small relaxation of the p
profile was observed, as discussed below~we refer to this as
thermal relaxation hereafter!. The peak profile can be totall
recovered only through the thermal cycling above the Pei
transition temperature (Tp5183 K).

To distinguish the photoinduced change of the inter
deformation from the thermal relaxation, we measured
peak profile in the following sequence:~1! we cooled the
sample without external field~initial state!, ~2! we applied an

FIG. 3. Scans of the~11, 0.75-d, 25) satellite peak in the
(2a* -c* ) direction measured at 12 K.~a! Change of the peak profile
by a constant current of 100mA. ~b! After the 50 min of current
application, the polarity of the current was reversed, and scans
taken successively. The inset shows the time evolution of
FWHM of the peak profiles. Solid lines are guides to the eye,
the horizontal bar indicates the resolution.
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electric field of 1 V (,Vs) to investigate the CDW deforma
tion in the creep phase,~3! we applied an electric field of 6 V
(.Vs) for about 9 min to induce a large internal deformati
in the sample,~4! we measured the thermal relaxation until
subsided~it took about 40 min!, and~5! we illuminated the
sample with a laser light~1.84 eV, 56 mW/cm2). After each
procedure, one peak profile was measured, each profile b
called as scan 1, scan 2, etc.

Successive scans of~13, 0.75-d, 26.5) CDW satellite
peak in the (2a* -c* ) direction are shown in Fig. 4. Sma
change of the peak profiles after the procedures~2!, ~4!, and
~5! are barely discernible. To investigate the observed cha
closely, we took differential profiles between two success
scans, viz. 2-1, 4-3, and 5-4, as shown in Figs. 5~a!–5~c!,
respectively. In the creep phase@Fig. 5~a!#, the shift of the
peak profile toward a higher wave number can be seen, s
lar to that observed in the sliding phase. For the therm
relaxation@Fig. 5~b!#, the recovery of the peak profile is o
the same order of magnitude as that of the creep motion,
the shape of the difference profile is nearly symmetric w
respect toh50.65, and looks like a second derivative of th
peak. In Fig. 5~c!, a photoinduced shift~a first-derivative-like
shape! of the peak profile toward a lower wave number c
be clearly observed. This photoinduced change occurs im
diately after the application of the laser light.

After the application of the laser light, we executed t
thermal cycling up to 50 K to investigate the thermal rela
ation of the CDW internal deformation. The observed chan
of the peak profile is shown in Fig. 6. The narrowing of t
FWHM indicates the recovery of phase coherence in
(2a* -c* ) direction. The difference profile is nearly symme
ric with respect toh56.50, and similar to the shape show
in Fig. 5~b!. Therefore, the relaxation of the internal defo
mation after the removal of external field seen in Fig. 5~b!
should result from the phase relaxation caused by the the
fluctuation.

D. Discussion

We first discuss the effect of the Joule heating and
laser heating. We have investigated the peak profiles of

re
e
d

FIG. 4. Scans of the~13, 0.75-d, 26) satellite peak in the
(2a* -c* ) direction measured at 12 K. Two and three nearly ov
lapping curves are shown: a cooled state without an external
~scan 1!, with a voltage of 1 V (,Vs) in the creep phase~scan 2!,
after the application of 6 V (.Vs) for 9 min ~scan 3!, 36 min after
the removal of the voltage~scan 4!, and immediately after the ap
plication of light ~1.84 eV, 56 mW/cm2) ~scan 5!. Solid lines are
guide to the eye, and the horizontal bar indicates the resolution
7-3
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~12, 0, 26) Bragg reflection with and without a simulta
neously applied current of 500mA, and confirmed that the
shift of the satellite peak through the lattice expansion fr
Joule heating can be negligible. With a light illumination
100 mW/cm2, the temperature rise of the sample surfa

FIG. 5. The difference profiles of the superlattice peak shown
Fig. 4. ~a! Difference between the profiles of scan 2 and scan
indicating the tilt of the phase front in the creep phase.~b! Differ-
ence between scan 4 and scan 3, indicating the thermal relaxa
~c! Difference between scan 5 and scan 4, which shows the ph
induced relaxation of the phase front. Each profile is fitted with
first or second derivative of the Gaussian function~solid lines!.

FIG. 6. The relaxation of the CDW internal deformation by t
thermal cycling up to 50 K. The narrowing of the peak profi
indicates the recovery of the phase coherence in the (2a* -c* ) di-
rection. The solid line shows the fit by a second derivative of
Gaussian function.
15510
e

can be estimated to be less than 0.01 K for our experime
condition using the known thermal conductivity.24 So our
present measurements are free from heating effects.

As mentioned earlier, the observed profiles of the CD
satellite peaks are dominated by two factors: a tilt of t
CDW phase front and a loss of coherence of the CDW pha
each causes a peak shift and a broadening of the peak pr
respectively. The peak profiles in Fig. 4 can be fitted w
Gaussian functions. Therefore, the shift and broadening
the peak profile shown in Fig. 5 can be expressed with
first and second derivatives of the Gaussian peak pro
respectively. In the creep phase, the difference profile@Fig.
5~a!# can be fitted with the first derivative of the initial~scan
1! Gaussian profile. Considering the electrode arrangem
and the least electric conductivity in the (2a* -c* ) direction,
the electric field is expected to be large along the sam
surface@the b* -(a* 12c* ) plane# but not so deep in the
sample. Therefore, the asymmetric shape of the differe
profile can be explained by the small tilt of the phase fro
near the sample surface, leaving the phase coherence i
(2a* -c* ) direction largely unaffected@Fig. 7~b!, where the
local distortions leading to the reduced coherence are
depicted#. With the external voltage larger thanVs , many
parts of the CDW wave front tilt in proportion to the electr
field in the sample@Fig. 7~c!#. When we remove the voltage
thermal relaxation occurs. The difference profile in Fig. 5~b!
can be fitted with the second derivative of the Gaussian p
file of scan 3, indicating the recovery of the phase cohere
rather than the recovery of the tilt of the phase front. Co
sidering the penetration depth of the visible lig
@;0.1 mm ~Ref. 22!#, which is about 100 times smaller tha
the penetration depth of the x-ray in our experimental se
(;12 mm), the photoinduced change of the CDW deform
tion occurs only near the sample surface. The difference p
file in Fig. 5~c! can be fitted by the first derivative of th

n
,

on.
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e

e

FIG. 7. A schematic picture of the tilting of the CDW phas
front in the (2a* -c* ) direction. The effect of phase coherence~lo-
cal or in-chain distortion! is not depicted.~a! Cooled state without
external voltage.~b! In the creep phase; deformation occurs on
near the sample surface.~c! After the application of the externa
voltage larger thanVs . ~d! After the light illumination; the CDW
phase near the sample surface is reconstructed.
7-4
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Gaussian profile of scan 4, indicating the recovery of the
of the phase front within the penetration depth of the visi
light @Fig. 7~d!#.

The magnitude of the difference profile@up to 4% of the
total peak height; see Fig. 5~c!# indicates the existence of th
relatively large deformation in the sample surface, which c
be removed by light. The absolute amplitude of the diff
ence profile in Figs. 5~a! and 5~c! are nearly the same, while
the direction is just the opposite. This demonstrates that
light illumination can remove the considerable part of t
strain incurred in the creep state. Because the accumula
of the strain in the creep phase is the decisive factor for
creep-to-slide dynamic phase transition, the pronounced
fects of light illumination in Figs. 1 and 2 are quite reaso
able. The peak profile immediately shifts due to light app
cation, in contrast to the slow shift incurred by the extern
voltage or by the thermal relaxation, which is consistent w
the idea of single-particle excitation.25

Above data are all consistent with our interpretation of t
photoexcited dynamic phase transition;6 incident photons
happen to destroy the condensate in the highly distorted
gion around pinning sites near the sample surface, and
excited quasiparticles should recondense into a less
formed phase configuration, bypassing the pinning poten
leading to the relaxation of the phase strain and to the st
lization of the creep phase. The smallness of the penetra
depth of the visible light shows that the condition of th
d
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CDW phase in the most strained region~the sample surface
in our case! dominates the dynamics of the creep to sli
phase transition.

IV. CONCLUSION

In conclusion, we investigated the optical change of
CDW phase structure by high-resolution x-ray scattering.
found that the satellite peak of the CDW shifts in the cre
ing flow phase and shifts back with the photoexcitation. T
dynamic phase transition in the CDW from a creeping st
to a sliding state can be drastically affected by the condit
of the CDW phase deformation within the penetration de
of the visible light.
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