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Charge-density-wave phase reconstruction in the photoinduced dynamic phase transition
in Ky3Mo0O;,
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Charge-density-wavéCDW) strain in a quasi-one-dimensional conductgysMoO; 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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[. INTRODUCTION around a pinning site, it is hard to relax due to the potential
from the nearby pinning sites, which results in the history-
Charge-density-wavéCDW)! and vortex lattices in a dependent response of the system. That is, the CDW re-
type-1l superconductérare model systems to study the dy- sponse to the external field is governed by the internal defor-
namic response of the elastic periodic medium under the inmation. This internal structure of the CDW was studied by
fluence of randomly distributed pinning sites. The responseeveral methods such as conductivity measurements
is governed by the interplay between deformation energypn the multicontacted sampt®, electromodulated IR
pinning potential, and external field. In the case of a CDWtransmissiort! and x-ray diffractiont?=%° The latter has a
the overall evolution of the dynamic phase response can bleigh resolution, and has been well exploited for many CDW
classified into three phasésl) a deformed solid at rest materialst® In this paper, we investigate the relation between
(pinned, (2) a plastic creep, an(B) a sliding solid. Several the photoinduced dynamic phase transition and the CDW
phase diagrams in the external force and temperature plansase deformation in &MoO; directly by high-resolution
have been proposédin the pinned and creep phases, thex-ray scattering.
long-range order of the periodic structure is destroyed A CDW is accompanied by a lattice distortion of the form
through the accumulation of internal deformation by the ex- . R
ternal field. However, it is predicted that the long-range order ur=A sSin Q- r+ c/)(F)], (1)
of the system will recover in the sliding phase because of the .. R
weakening of the effective pinning potential. Up to now, whereQ= 2k is the CDW wave vecton) is the amplitude
such a reordering has been found only in the vortex latticéf the complex CDW order parameter, agds the position-
systems. The discrepancy between theory and experiment irlependent phase. With some approximation, the intensity of
the CDW system remains a current problem. the first CDW satellite peak at a scattering veaois pro-
We formerly reported that photoexcitation can drasticallyportional to the spatial Fourier transform of the exponential
affect the creep-to-slide dynamic phase transition of thephase-phase correlation functibh,
CDW in a quasi-one-dimensional conductor, #100;.°
Upon illumination by a laser light in the creep phase, the
creeping current increases, and the external voltage required
for the dynamic phase transition to the sliding phase be- R,
comes higher. In the sliding phase, the illumination can towheresg=q—(G*Q), G is a reciprocal-lattice vector and
tally arrest the collective motion of the CDW under a modestJ;(x) is the Bessel function of order 1. The correlation func-
external drive field. The effect vanishes when the excitatiortion in Eq.(2) dominates the satellite peak profile. Basically
photon energy is below the single-particle §apf the  one can imagine two types of the peak profile change: peak
Ko sM0O;. We attribute these photoeffects to a local and mo-shift and broadening? For our experimental geometry de-
mentary destruction of the CDW order that leads to the phasecribed below, we can attribute the peak shift to the tilt of the
slip and the redistribution of the CDW phase bypassing th&€DW phase front, while the broadening is inversely propor-
pinning sites. tional to the CDW phase-coherence length normal to the
Sliding CDW materials are known to show unigque chain[the (2a*-c*) direction]. Experimentally, a broaden-
memory effect because the phase configuration against théng of the CDW satellite peaks ind$MoO; was observed in
pinning sites can assume extremely complex form withthe presence of electric field around or larger than the thresh-
nearly degenerate local miniMaOnce the CDW deforms old of the sliding conduction®*® In some cases, a shift or
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0163-1829/2002/68.5)/1551075)/$20.00 65 155107-1 ©2002 The American Physical Society



N. OGAWA, Y. MURAKAMI, AND K. MIYANO PHYSICAL REVIEW B 65 155107

optical fiber 1 T,
xray I 25 - -
1E3, _ b* —~ 20
] 23 g % 15
c 4
__1E5] 2 1.0
< =1 4
< ] © 05 :
5 . J .
E 1ET{ —— : 0.0 .
o 1 - T T T
0.0 0.2 04
1E-9 Time (s)
P FIG. 2. Photoinduced switching delay measured at 12 K. Uni-
1E-11 ; - é - ;'a, ' ‘.1 . é . é polar voltage pulse& V, 5 Hz, and 50 ms in duratigrmvere applied

Vottage (V) to the sample, and the current was measured by the reference resis-
tor of 1 MQ inserted in the circuit. With laser irradiation
FIG. 1. Photoinduced change of theV characteristics mea- (50 mWi/cnf, 70 ms, indicated by shaded Boxhe onset of the
sured at 12 K. The creep-to-slide transition voltage)(and the  Sliding motion develops a delay for the following pulse.
creep curren{below V) increase with the illumination intensity.
The current is limited at 50QuA for the sample protection and to 0 the creep-to-slide dynamic phase transition, as reported
avoid Joule heating. The inset shows the electrical contact arrang&arlier® The voltage at the deformed solid to the plastic creep
ment, the optical fiber for the light illumination, and the x-ray scat- phase transition is about three orders of magnitude smaller
tering geometry. than Vg (Ref. 13, therefore, we cannot resolve it. With a
weak light illumination(photon energy 2.33 ey the creep
split of the satellite peak, accompanied by the broadeningsurrent increases and the sliding voltagebecomes higher.
along the (2*-c*) direction, was observéd'®and usually ~ With increasing illumination intensityy/ increases mono-
attributed to the inhomogeneity of the electric field in thetonically. Clearly, optical excitation affects the dynamic
samplet® (2a*-c*) is perpendicular to both the one- phase transition of the CDW from creep to slide. We attribute

dimensional structure and the cleavage plane ©fM00Os;. these optical effects to the photoinduced phase slip and the
redistribution of the formerly deformed CDW phase, which
Il. EXPERIMENT stabilize the creeping phase.

The contact arrangement is shown in the inset of Fig. 1.

Ko3M0oO; has a monoclinic structure with the space As discussed by Tamegait al.’® the electric field in the
groupC2/m, and theb-axis is parallel to the chains of MGO  sample can be inhomogeneous, leading to the largest strain
octahedrd® Sample crystals are synthesized by means of thef the CDW phase at the sample surface. This is convenient
electrolytic reduction of a KMo@MoO; melt? The typical  to study the relation between the CDW strain and the photo-
sample size is 181x0.2 mn?. Indium electrodes were induced dynamic phase transition, because the penetration
evaporated onto a freshly cleaved surface. The sample wafepth of the visible light is small-€0.1 wm).?
glued to a sapphire plate and mounted in a closed-cycle re-
frigerator.

Synchrotron x-ray-diffraction measurements were per- ] o
formed at beam line-4C at the Photon Factory, KEK, Figure 2 s_hows the persistence of the photoexcitation ef-
Tsukuba. The incident beam is monochromated by(a1$i  fect. We applied the rectangular voltage pulé@$iz and 50
double crystal, and focused on the sample position by a benf?s in duration to the sample, and the transient current was
cylindrical mirror. An x ray with an energy of 10 keV was Measured by inserting a reference resistor of 1) b the
used. The resolutions estimated from the Bragg reflection ofircuit. With the light illumination(2.33 eV, 50 mW/crfy
(12, 0, -6, which is nearby the measured superlattice peak@nd 70 ms in duratigrbetween the voltage pulses, the onset
were 0.0037 and 0.0019 & along the (2*-c*) and b* of the sliding r_nonon begins to exhlblt_ a del_ay time The
directions, respectively. The sample was set so that the scetDW 00“0!“%“0“ delay was closely investigated by Levy
tering plane is parallel to the & -c*)-b* reciprocal plane. and Sherwirf? and r was interpreted as the time needed for
the internal strain buildup toward the threshold for phase
slippage. Their interpretation is consistent with our idea that
photoexcitation leads to the redistribution of the CDW phase.
A. |-V characteristics The persistence of the photoeffect is strong evidence of the
8hotoinduced change of the internal deformation. The
change of the CDW internal structure by light illumination
can be seen directly in the experiments shown below.

B. Conduction delay

Ill. RESULTS AND DISCUSSION

[-V characteristics of the sample measured at 12 K ar
shown in Fig. 1. As is often observed at low temperatuae,
clear switching behavior af with increasing applied volt-
age, and a hysteresis behaviovgtwith decreasing voltage, ) i
can be seelthe current is limited to 500uA to protect the C. Diffraction measurements
sample. Below Vg, the current is carried by the creeping We cooled the sample down to 12 K without applying
motion of the CDW! The observed switching corresponds external voltage, and investigated the profiles of the CDW
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] < 20 210004 / FIG. 4. Scans of th€13, 0.758, —6) satellite peak in the
104 (b) -100pA =48 ~"'\. (2a*-c*) direction measured at 12 K. Two and three nearly over-
» | . 2 12 -~ lapping curves are shown: a cooled state without an external field
£ 0.8 —wy— 45 minutes —_ . )
S 1 —&— 63 minutes 08| 4 100 yA (scan 3, with a voltage of 1 V &V,) in the creep phaséscan 2,
§ 061 _4_ 81 minutes "0 20 40 60 &0 after the application of 6 V¥ V) for 9 min (scan 3, 36 min after
g 04 0 Time (minutes) the removal of the voltagéscan 4, and immediately after the ap-
8 02 ! plication of light (1.84 eV, 56 mW/crf) (scan 5. Solid lines are
<z“> ] guide to the eye, and the horizontal bar indicates the resolution.
0.0
' electric field of 1 V K V,) to investigate the CDW deforma-

547 548 549 5':° 551 552 553 tion in the creep phas€3) we applied an electric field of 6 V
(>V,) for about 9 min to induce a large internal deformation
FIG. 3. Scans of thg1l, 0.758, —5) satellite peak in the inthe sample(4) we measured the thermal relaxation until it
(2a*-c*) direction measured at 12 (&) Change of the peak profile subsided(it took about 40 mip, and(5) we illuminated the
by a constant current of 10Q.A. (b) After the 50 min of current  sample with a laser lightL.84 eV, 56 mW/crf). After each
application, the polarity of the current was reversed, and scans wefgrocedure, one peak profile was measured, each profile being
taken successively. The inset shows the time evolution of thealled as scan 1, scan 2, etc.
FWHM of the peak profiles. Solid lines are guides to the eye, and gyccessive scans @13, 0.755, —6.5) CDW satellite
the horizontal bar indicates the resolution. peak in the (2*-c*) direction are shown in Fig. 4. Small
change of the peak profiles after the procedys(4), and
satellite peaks. Scans of tli#l, 0.758, —5.5) CDW satel- (5) are barely discernible. To investigate the observed change
lite peak in the (2*-c*) direction are shown in Fig. 3 closely, we took differential profiles between two successive
scans, viz. 2-1, 4-3, and 5-4, as shown in Fig®)-55(c),
&espectively. In the creep phaBeig. 5@)], the shift of the
peak profile toward a higher wave number can be seen, simi-
lar to that observed in the sliding phase. For the thermal
kelaxation[Fig. Sb)], the recovery of the peak profile is of
e same order of magnitude as that of the creep motion, but
e shape of the difference profile is nearly symmetric with

indicates the small deviation dﬁ from the commensurate
value of 0.75. Data are normalized by the peak height of th
profile before the application of the electric figlde defined
this as an initial staje With a constant current of 10QA
applied to the sample at a time 0O, a clear shift of the pea
position and a broadening of the profile were observed a$

reported earliet?=2® The observed evolution of the internal

deformation was slow, and the height of the peak profild®SPect to7=0.65, and looks like a second derivative of the
reduced to the half-count of the initial value in about 20 min.P&aK. In Fig. &), a photoinduced shifa first-derivative-like

50 min after the application of the current, we reversed the?"aP¢ of the peak profile toward a lower wave number can
polarity of the curren{Fig. 3b)]. Then the peak began to bfe clearly observed. Thls_ photoinduced c.hange occurs imme-
move to the opposite direction. The time evolution of the full diately after the application of the laser light.

width at half maximum(FWHM) of the peak profile is After the application of the laser light, we executed the
shown in the inset of Fig. ®). The FWHM of the peak thermal cycling up to 50 K to investigate the thermal relax-
profile slightly recovered due to the change in the currengtion of the CDW internal deformation. The observed change

polarity, but never recovered to its initial value, and began td®f the peak profile is shown in Fig. 6. The narrowing of the
increase further with the duration of the current application.FW*HM*'nd_'c""t‘?S the recovery of phase coherence in the
These results are consistent with those of previous report§2@ -C*) direction. The difference profile is nearly symmet-
After the current was removed, a small relaxation of the peaki® With réspect toy=6.50, and similar to the shape shown
profile was observed, as discussed belme refer to this as N Fig. 5b). Therefore, the relaxation pf the mte_rnal_defor-
thermal relaxation hereafterThe peak profile can be totally Mation after the removal of external field seen in Fig)5
recovered only through the thermal cycling above the Peijerishould result from the phase relaxation caused by the thermal
transition temperatureT(,= 183 K). fluctuation.
To distinguish the photoinduced change of the internal
deformation from the thermal relaxation, we measured the
peak profile in the following sequencél) we cooled the We first discuss the effect of the Joule heating and the
sample without external fiel@nitial state, (2) we applied an laser heating. We have investigated the peak profiles of the

D. Discussion
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_4_' FIG. 7. A schematic picture of the tilting of the CDW phase
- front in the (22*-c*) direction. The effect of phase cohererite
648 6.49 650 6.51 652 6.53 cal or in-chain distortiohis not depicted(a) Cooled state without
4 © external voltage(b) In the creep phase; deformation occurs only
2‘ & Scan5-Scand near the sample surfacé&) After the application of the external
] voltage larger tharv. (d) After the light illumination; the CDW
0_' phase near the sample surface is reconstructed.
21 can be estimated to be less than 0.01 K for our experimental
4] condition using the known thermal conductivifySo our
- present measurements are free from heating effects.
647 648 649 650 651 8652 653 As mentioned earlier, the observed profiles of the CDW
n satellite peaks are dominated by two factors: a tilt of the

) _ _ ~ CDW phase front and a loss of coherence of the CDW phase;

FIG. 5. The difference profiles of the superlattice peak shown inggch causes a peak shift and a broadening of the peak profile,
Fig. 4. (a) Difference between the profiles of scan 2 and scan 1’respectively. The peak profiles in Fig. 4 can be fitted with
indicating the tlt of the phase front in the creep phage Differ- 5 \sqjan functions. Therefore, the shift and broadening of
ence between scan 4 and scan 3, indicating the thermal relaxatiO{he peak profile shown in Fig. ’5 can be expressed with the

(c) Difference between scan 5 and scan 4, which shows the IOhOt(ﬁrst and second derivatives of the Gaussian peak profile
induced relaxation of the phase front. Each profile is fitted with the P P ’

first or second derivative of the Gaussian functisalid lines. ;)e(;)rieccz;alet))l)e/. filtrtlet(?svi?rﬁiz ﬁrhsa:S dee'r;[\r/]zgtisleﬁiﬁﬂgE;nFi)tzgggﬁ

1) Gaussian profile. Considering the electrode arrangement

(12, 0, —6) Bragg reflection with and without a simulta- : T S
. , and the least electric conductivity in thed2-c*) direction,
neously applied current of 50QA, and confirmed that the the electric field is expected to be large along the sample

shift of the_ satellite peak thr_ough the Iatt_lce expansion fromsurface[the b*-(a* + 2¢*) pland but not so deep in the
Joule heating can be negligible. With a light illumination of le. Therefore. th mmetric sh f the difference
100 mW/cnt, the temperature rise of the sample sun‘acesam.p €. 'herefore, e asyrmmetric shape ol the
profile can be explained by the small tilt of the phase front
near the sample surface, leaving the phase coherence in the
] (2a*-c*) direction largely unaffecte@fFig. 7(b), where the
g8/ (21,0755, ) local distortions leading to the reduced coherence are not
7 depicted. With the external voltage larger thary, many
] parts of the CDW wave front tilt in proportion to the electric
0 field in the samplégFig. 7(c)]. When we remove the voltage,
1 thermal relaxation occurs. The difference profile in Fih)5
] can be fitted with the second derivative of the Gaussian pro-
L S S o e file of scan 3, indicating the recovery of the phase coherence
647 648 649 650 651 6.52 6.53 rather than the recovery of the tilt of the phase front. Con-
1 sidering the penetration depth of the visible light
FIG. 6. The relaxation of the CDW internal deformation by the [~ 0.1 um (Ref. 23], which is about 100 times smaller than
thermal cycling up to 50 K. The narrowing of the peak profile the penetration depth of the x-ray in our experimental setup
indicates the recovery of the phase coherence in thé {) di- (~12 um), the photoinduced change of the CDW deforma-
rection. The solid line shows the fit by a second derivative of thetion occurs only near the sample surface. The difference pro-
Gaussian function. file in Fig. 5(c) can be fitted by the first derivative of the

12

Normalized
count difference (x102)
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Gaussian profile of scan 4, indicating the recovery of the tiltCDW phase in the most strained regi@the sample surface
of the phase front within the penetration depth of the visiblein our cas¢ dominates the dynamics of the creep to slide
light [Fig. 7(d)]. phase transition.

The magnitude of the difference profilep to 4% of the
total peak height; see Fig(&] indicates the existence of the
relatively large deformation in the sample surface, which can IV. CONCLUSION
be removed by light. The absolute amplitude of the differ-

ence profile in Figs. @) and §¢) are nearly the same, while In conclusion, we investigated the optical change of the

RS . . CDW phase structure by high-resolution x-ray scattering. We
the direction is just the opposite. This demonstrates that thFound Ft)hat the satellite r))leag of the CDW shi%s in the c?eep-

“ght. |II_um|nat|o_n can remove the considerable part of th.eing flow phase and shifts back with the photoexcitation. The
strain incurred in the creep state. Because the accumulatio

. . - c?ynamic phase transition in the CDW from a creeping state

gIetge-gf;iTjén(;hﬁa%?cephp:sé:as?résn;?t?oge(t:gselver:)icotg:uf:z:jtg 0 a sliding state can be drastically affected by the condition

p-to-siide dynamic phase : pro! of the CDW phase deformation within the penetration depth
fects of light illumination in Figs. 1 and 2 are quite reason-

able. The peak profile immediately shifts due to light appli-Of the visible light.
cation, in contrast to the slow shift incurred by the external
voltage or by the thermal relaxation, which is consistent with
the idea of single-particle excitatidn.
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