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Thermal fluctuations of charge-density waves studied by NMR
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Thermal fluctuations of a pinned incommensurate charge-density wave in zero external electric field were
studied by NMR. Low-frequency random incoherent fluctuations of the amplitude and phase of the modulation
wave affect the shape of the homogeneous decay of the transverse nuclear-spin magnetization. Phase fluctua-
tions induce a characteristic exponential decay with the exponent proportional to the time varialife as
whereas the amplitude fluctuations result in a decay linear Fhe two types of fluctuations show very
different temperature behavior. The phase fluctuations exhibit a Weddpendence and are present in the
whole incommensurate phase, whereas the amplitude fluctuations are significant only in the close vicinity of
the Peierls transition temperature, where they behave critically. The above effects are predicted on the basis of
Landau theory using the assumption that the spectral density of phase fluctuations exhibits a central peak to
account for the slow relaxational processes and memory effects in the presence of impurities. Theoretical
predictions are compared to tH8Rb NMR experiment in blue bronze RMoOs;, and a good agreement
between the theory and experiment was found. The results show that the thermally induced phase fluctuations
are slow and take place on a spatial scale of a small fraction of the charge-density-wave wavelength, thus on
the subnanometric scalgS50163-18209)13929-§

I. INTRODUCTION different models. In one approach, the electrically charged
impurities are treated as static quenchetiocated at ran-
Frohlich! predicted in the early 1950s that an incommen-dom positionsx; and possessing a short-range Coulomb po-
surate(INC) charge-density wavéCDW) could slide fric-  tential Vyd(x—Xx;) that interacts with(one-dimensional
tionless throughout the crystal lattice, representing a colleccharge density of the CDW condensate
tive transport mechanism that could lead in perfect crystals _
to superconductivity. This situation was never encountered p(X)=p+poCoq 2KeX+ ¢(X)]. (1)
in real crystals where the impurities and CommensurabilityH
potential of the underlying lattice pin the INC modulation
wave and drastically restrict its translational degrees of free
dom. A weak external dc electric fiellof the order 10—100
mV/cm is, however, in many cases sufficient to depin the i 2 2 *11/3
CDW and puts it into motioA.The resulting sliding modu- eo={Mm EoVopo) “m/m} @
lation gives rise to a nonlinear electric conducti¢itaccom-  where n; is the concentration of impuritiesEy=vL !
panied by a little understood coherent voltage noise in th€L being a lattice constantm is the free-electron mass and
|-V characteristicd;* exhibiting well-defined Fourier com- m* the effective mass of the CDW condensate. A conse-
ponents in the spectrum. The CDW sliding motion, under theyuence of pinning is the vanishing of the nonlinear dc elec-
electric field much larger than the threshold fi@¢ for de-  trical conductivity'** at T=0 and the introduction of a gap
pinning, was found to be coheréntwith the phase coher- in the phason excitation spectrdfAn applied electric field
ence of the CDW extending to macroscopic distances. Theelow the threshold value effectively lowers the pinning
drift velocity » and the drift frequencyy of the coherently  energy and makes it vaniShat E=E;. The electric-field
sliding CDW can be, to a good approximation, relatediby depinning at E~E; can be regarded as a critical
=\vq, where\ is the CDW wavelength. At lower electric phenomenon®
fields of the ordelE<E+, the coherent motion transforms It has been argued that the assumption of mobile
into a more stochastic one, accompanied by memory aninpurities' instead of static frozen might yield a better de-
hysteresis effects These effects are believed to result from scription of the pinned CDW. Here the mobile defects rear-
the competing impurity pinning and electric-field depinning range in a way to minimize their Coulomb interaction energy
forces that frustrate the CDW and trap it into metastablewith the CDW by shifting in space for a small fraction of the
states. It was argued that the pinning to impurities shouldCDW wavelength. Due to the CDW periodicity, the new
result atT=0 in a spin-glass-like orderifigof the CDW,  arrangement of impurities also becomes periodic and forms
which breaks into domains that freeze with random phasethe so-called defect density wav&6DDW). The description
relatively to each other. of the CDW motion in a periodic DDW potential, where the
The problem of CDW impurity pinning was studied by CDW moves in the presence of an electric fiflscE; by

erepg is the amplitude of the modulations wave dgdthe
Fermi wave vector. The pinning energy at temperaflire
=0 in the absence of electric field was calculated t¥*Be
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sudden phase slipsof 27, seems to explain the anomalous soidal electric-field gradierEFG) tensor at the positions of
motional narrowing of the NMR spectrdfhin NbS;. This  8’Rb nuclei and result in a homogeneous decay of the trans-
narrowing occurred at an unexpectedly high CDW drift fre-verse nuclear-spin magnetization that is proportional to time
quency vy of 15 MHz instead of expected 30 kHz, corre- ast®? The decay power coefficiestis characteristic for a
sponding to the width of the statf®Nb NMR spectrum. stochastic motion in a sinusoidal EFG and can be accurately
The above impurity-pinning models were derived for zeromeasured in a spin-echo-decay experiment.
temperature T=0) and neglect thermal fluctuations of the
CDW due to the coupling to the lattice heat bath. Most of the
experiments on CDW sliding under the electric field can be,
however, still well explained on the basis of these zero- At nonzero temperature the incommensurate CDW under-
temperature models, demonstrating that thermal fluctuationgoes random stochastic fluctuations in the amplitude and
are relatively unimportant for the CDW dynamics in the phase. We assume a plane-wave—type modulation and disre-
presence of a strong or moderate electric field. On the othejard the possible soliton effects. The staflc<(0) modula-
hand, thermal fluctuations should play an essential role in thgon po COS 2<FX (neg'ecting the trivial constant phase S}“ft

CDW dynamics in the absence of the electric field. It iShas to be replaced by a time-dependent expression
believed that they provide a mechanism for selecting be-

tween different metastable states, which is absent at zero .

temperature. At finite temperature thermal fluctuations will p(X)=p+[potAp(Xt)Jcod 2kex+Ab(x, )],  (3)
drive the system out of the metastable states towards an over-

all ground state. Thermal fluctgatl_ons also effectively Iowerwhere Ap(x,t) and Ad(x,t) represent the amplitude and
the temperature-d_epe_ndent pinning _enelzq;]') and can hase fluctuations that have zero time average. We assume
cause thermal depinning of the CDW in an analogous way t at the fluctuations are small and linearize B)

the electric-field depinning. It was predicted in a self- '

consistent harmonic phonon approximatfbrthat there

II. SPECTRAL DENSITY OF FLUCTUATIONS

should exist a “depinning” temperaturg, above which the p(X,1)~p+ py€oS KX+ Ap(X,t)cos Kex
pinning energy vanishege(T,)=0] and the modulation .
wave slides free. Thermal fluctuations also provide a mecha- +pol P(X,t)sin Kex. 4

nism for a possible rearrangement of mobile impurities into a

periodic defect density wave. Consequently, the nonlinear df, the above linearized expression the amplitude and phase

electrical conductivity of a pinned CDW that is zero Bt  fluctuations are decoupled and represent normal excitations

=0, is restored at finite temperature due to the thermal decamplitudons and phasonef the INC phase. The inclusion

pinning and appears as a thermally activated protess. of higher-order terms, however, couples the two types of
The electric-field depinning of the CDW is rather easy toexcitations.

observe experimentally. There the modulation wave propa- |n the following we shall be interested in the spectral

gates with a constant average drift velocity along a givernyensities of the Fourier component§w,q) (7=p,d) of
direction and gives rise to nonlinear effects in bulk transporthe fluctuations, defined by

quantities like the ac electrical conductivity w). Thermal
depinning, on the other hand, is much more difficult to ob-
serve. It gives rise to stochastic motion with no preferred .
direction, so that the average drift velocity is zero and the A”(X’t):;q 7(w,q) expli(ax+ o)}, ®)
bulk transport properties are basically unaffected. In addi-

tion, local spectroscopic methods like NMR shaat in the ) )

absence of an external electric field, the pinning drastically’hereq is the wave vector of the fluctuations. The spectral
restricts the CDW translational degrees of freedom. Thélensities(|7(w,q)|*) (the brackets ) designating a thermo-
CDW is observed static within the experimental precision indynamic ensemble averageere computed within the Lan-
the whole temperature range below the Peierls transition. Ifi@u theory for an INC structure characterized by a two-
thermally induced motion of the modulation wave exists, it iscomponent — order  parameterQ=p exp(¢). For an
performed on a spatial scale of a small fraction of the cDwuUnderdamped mode, damped with a constant fagtde-
wavelength, thus in the subnanometric region. The depinnin§n€d through the dissipation functiorR=(/2)(9Q/
frequencies can also be very slow, as demonstrated by tfé)(9Q*/dt)] and possessing an effective masqdefined
appearance of a central peak in the excitation spectfisn, Via _the7 kinetic energyK = (u/2)(dQ/dt)(9Q*/dt)] one
that the depinning process can appear quasistatic on the obtains

servation time scales of most spectroscopic techniques. Such

small-scale slow molecular motions are difficult to observe

experimentally and that seems to be the reason why there is (|p(q,0)|2)= I'kgT (68

no direct observation of the CDW thermal fluctuations re- ' 7TVM[(Q,Z_A/ZA_ Kq2)2+1“2w2]’

ported so far. In this paper we present—to the best of our

knowledge—the first direct observation of the CDW thermal

fluctuations in blue bror_12e B.lgl\/lo_03 by NMR spectros- TkeT

copy. Random stochastic fluctuations of the amplitude and (|4(q,)|?)= > 5 7 s o
phase of the INC modulation wave time modulate the sinu- mVpoul[ (0= kq)“+ 0]

(6b)
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HereI'=vy/u, V is the crystal volume, and, and x are  ent nature of the fluctuations, the corresponding frequency
defined via the long-wavelength amplitudon and phasonehanges are also stochastic and cannot be refocused in a

dispersion relations spin-echo experiment. These fluctuations determine the ho-
5 5 ) mogeneougadiabati¢ shape of the NMR spectrum.
wa(Q)=Ax+«Q%, (7 Following Abragant? the free-induction deca(t) of

the transverse nuclear-spin magnetization is obtained as
05(q)= k0’ (7b)

t
The termA o (T,—T)¥? represents an intrinsic gap in the G(t)=exp[—iQot}<<exp{ —if [Q(X,t')—Qo]dt'] >> :
amplitudon spectrum whereas the phason brdah (7b)] 0 x

is considered to be gapless. It is well known that a gapless (11

phason can exist only in an ideal, defect-free INC structureThe inner brackets of the symbg )), represent a thermo-
whereas in real systems impurities and commensurability €fgynamic ensemble average, whereas the outer bra¢kkts
fects introduce a finite gap in the phason branch. In ougepresent the average over the static inhomogeneous distri-
model we shall, however, keep using the gapless phasomytion of resonance frequencies. For the case of the

dispersion relation due to the fact that a pronounced centratequency-space relation given by E40), one get® using
peak was observed in many real CDW systéfiteat should  x = cos XX,

not exist in the presence of a gap. It is, however, straightfor-

ward to include the phason gy, in Eq. (6b) by making a 1 dXx

substitutionkq?— A% + k2. Here we also mention that one ( >x:f ——=- (12)

can obtain the spectral densities for an overdamped mode by “IV(1=X5)

limiting the kinetic coefficieniu—0 in Egs.(6a) and(6b). The NMR spectrum () is obtained by taking a Fourier
The NMR line shape will be affected by the low- transform ofG(t),

frequency part of the spectral densities. If we exclude a nar-

row temperature region near the phase-transition point, all o ,

the quantities in the square bracket of E6a) can be ne- H(w)= fo G(texpiwt}dt. (13

glected with respect té&, (which is of the order of hard

phonon frequencigsso that the amplitudon spectral density Inserting Eqs(10) and(4) into Eq. (11) we get

can be approximated by a white ndie

G(t)=exp{ =i Qot{({(G1(t)Go(t)))y, (14
I'kgT h
(lp(a=0w=0))=—2 g Wnere
TYH2A G,(t)=exp{—iapgt cos Kex} (153
that isq and w independent. d
The phason fluctuations are, on the other hand, of relax@"
ational character, i.e., the phason mode is overdarhphd. t
the most interesting regiofsmall ») Eq. (6b) yields' Gz(t)zexp{ —iaf [Ap(x,t")cos Kex
0
) N I'kgT
pol|#(q,0)[%) = VL 20 ©) +poA B(x,t')sin 2kFx]dt’}. (15b)

Awp=xq?/T. Like in the case of diffusive-type fluctua- gecay and its Fourier transform determines the static inho-
tions, this width is proportional t@?. Here it should be mogeneous NMR line shape

stressed that the phason spectral density of(8qis essen-
tially independent of the effective magas This can be easily 1
verified by recalling thal’= v/ and k=D/u, whereD is (@)= ,
the coefficient of the invariafpQ/ dx|? (the elastic termin V1-[(w—Q)/Q4]?
the Landau thermodynamic potentfal.

(16)

where ) =apy*T,—T. The spectrum exhibits a typical
shape with two edge singularities @+ ), that are sepa-
rated by Z);.

The NMR resonance frequendy(x,t) of a quadrupolar ~ The termG,(t) represents the homogeneous decay and
nucleus at a sit& in a sinusoidal EFG is related to the order includes the effects of thermal fluctuations. We perform first

parameter of the INC modulatigs(x,t) at that sit¢?’ In the ~ the ensemble average by taking the order-parameter fluctua-
simplest case this relation is linear, tions to be stationary and Gaussian and use the refation

2
Qx )=+ ap(xt), (10 <exp[ —i th(t’)dt’}> =exp[ < —% ftw(t’)dt’ >]
0 0

and p(x,t) is given by Eq.(4). Random incoherent fluctua-
tions of the CDW amplitude and phase will produce random 17
fluctuations of the resonance frequency. Due to the incoheWe get

Ill. THE ADIABATIC NMR LINE SHAPE
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1- coswt a’TkgTk T

Gy(t)=exp —a?| 2 (|p(w,q)|?) ——— cos 2kx A= o : (25

(Ga(1)) p{ 2 D F A Al (T T)?
1— coswt In the calculation of the phason damping constaptone

+p3>, (|p(0,9)|?) ———sir’ 2kex| ¢ . encounters an integral of the form
©,q w
(18) le—cos,wt o 2 3/2f

. —w5/2 dw L[T]O—3§/2+t 3 2, (26)

Here we took into account that phasons and amplitudons are

normal excitations of the INC phase so that the cross termghere the first term on the right-hand side diverges, but does

of the type(p) vanish. We perform next the summation ot depend on the time variable. This divergence is a conse-

over g by replacipg the summation by an integration oVerguence of the diverging phason spectral derfsity. (23)] at

half of the Brillouin zone between 0 arg, w—0. We can keep this term finite by integrating from a
small nonzero lower limi® (thus leaving out thev=0 sin-

1 V (kp lari i i ime-
< 2 gularity) and find the damping constant, of the time

zq: 2 2720 adq, (19 dependent phason-induced decay as

. . > 213
wherekp is the Debye wave vector. We define _ a kBT\/f 28 -
7\ 12732, 32 '
V (ko kK
— 2\ ~2 —

(In(@)?)= 4772]0 (In(w,9)[%)g°da, n=p,¢ Comparing the temperature dependencies oand\ ,, we

(20) observe that the amplitude fluctuations are significant only in
the close vicinity of the phase-transition temperatiiie
and perform the integration using Eg) and (9). This  where they show critical behavior. The phase fluctuations

yields for the amplitude fluctuations are, on the other hand, relatively weakly temperature depen-
dent and are present in the whole INC phase, thus also far
l“kBTk3D away fromT, . These features reflect the fact that the spectral
(lp(w)|*)= m’ (21) density of the amplitudon fluctuations contains low frequen-
A

cies only in the close vicinity off;, where the amplitudon

whereas for the phase fluctuations we get an expression gap A, comes close to zero, whereas the phason-induced
central peak is present in the whole INC phase, showing only

I'kgT (ko q2dq a weakT dependence.
pold(@)[?)=— zf - (22 Equation(24) shows that the amplitude and phase fluctua-
4muklo (Folk)"+q tions result in different exponential decays of the transverse

nuclear-spin magnetization. The amplitudon-induced decay
is linear in the timet, whereas the phason-induced decay is
proportional tot®2 (G,(t)) can be measured directly as a

decay curve of the transverse magnetization in a two-pulse

The function under the integral sign in E@2) is dropping
off rapidly for largeq, so that the upper limit of integration
can be extended to infinity. Using the equality

v X2 - spin-echo experiment. Sind&,(t)) depends on the space
f dx= —— coordinatex and thus via Eqs(10) and (16) varies with
01+x* 2\/5 frequency over the inhomogeneous NMR spectrum, one has
to determine the spin-echo decay curves in a frequency-
we get selective way at different points on the Fourier-transformed
spectrum. The spectral edge singularities occur at the condi-
2 2 |<|3T\/F tion 2kpx=nr, so that cos@x==*1 and sin R-x=0, and
pollp(w)| >:8\/§w2 PEZN (23 the spin-echo decay on the singularities is amplitudon in-
H duced. The middle of the inhomogeneous spectrum corre-
After integrating oveiq we still have to perform the summa- sponds to the condition K2x=(2n+1)=w/2 so that
tion over w. This yields the homogeneous free-induction de-cos Z-x=0 and sin R-x==x1, and the decay in the center is

cay of the form determined by the phase fluctuations. Since the importance
of the amplitude fluctuations vanishes rapidly on going away
(Ga(1)) =exp{ — (A at) O 2Kex— (A 4t) ¥ sin? 2Kex}. from T,, the spectrum is expected to show only &

(24 phason-induced damped at temperatures that are not very

The amplitudon damping coefficient, is easily obtained by close to the transition point.

using
IV. RESULTS AND DISCUSSION
°°1—cos<utd —zt Thermal fluctuations of the CDW were studied in blue
o o2 ©=5h bronze Rl MoO; by 8’Rb NMR. Blue bronze undergoes a

Peierls metal-to-semiconductor transition to an INC CDW
whence we get state aff, =182 K. A monocrystal sample was placed in the
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Y FIG. 2. 8Rb 2D NMR spectrum of blue bronze &t=80 K,
showing separated inhomogeneous,)( and homogeneousy()
/ 40 line shapesy, (¥"Rb)=88.34 MHz.
Ay o length at 80 K amounts d about 0.5 nm. The CDW fluc-
R N R a— tuations on the spatial scale of the ordeid? with frequen-
v-vo (kHz) cies larger than the inhomogeneous spectrum width of 12
kHz would produce motional narrowing of the spectrum, and
FIG. 1. Temperature dependence of tHRb central transition  the typical double-horned static shape would be destroyed.

NMR spectra(site two of a RhygMoO; monocrystal,vo(]Rb)  The fact that the measured shape of &b spectrum
=88.34 MHz. The inset shows the temperature dependence of thelosely resembles the static line shape demonstrates that ther-

- 500

splitting of the edge singularities. mal fluctuations take place only on a scale of a small fraction
of the CDW wavelength, that is on the subnanometric scale.
magnetic field with thé axis (along which the CDW propa-  The presence of slow dynamic processes in the INC phase

gate$ perpendicular to the field. The crystal was then rotated®f R 3M0oO; was observed also in the temperature depen-
aroundb to a position where the resonance frequency dedence of the’’Rb NMR spin-lattice relaxation tim&; (Fig.
pends linearly on the order parameter, so that the static ird. It was predictetf that the phason fluctuations provide a
homogeneous line shape can be described by(Hg). The  very efficient spin-lattice relaxation mechanism in the INC
87Rb central transition spectt&b site two°® are displayed in phase, resulting in a very short afieindependent value of
Fig. 1 as a function of temperature between 210 and 10 KT1 throughout the whole INC phase. Such a behavior is in-
The inset shows the temperature dependence of the splitting

2Q), of the edge singularities, which becomes nonzero at 182 1500
K. The line shape is typical for the presence of a static INC
modulation wave and shows an inhomogeneous broadening.

The degree of this broadening was determined in a two- 1200
dimensional2D) NMR experiment for the separation of in- L °
homogeneous and homogeneous line sh&pesthis experi- . ®
ment the inhomogeneous and homogeneous lines appear 2 900 ~
separated in two orthogonal frequency domains of the 2D — - [y
spectruml(v¢,v,). The 2D experiment was performed at + 600 ° /
T=80 K (Fig. 2. The ratio of the full widths at half height \..i.'l'
of the inhomogeneousry domain and homogeneousy(
domain spectra was found to v\ /A vyon= 122, dem- 300 |-
onstrating that the spectrum is strongly inhomogeneously

broadened. The observed static line shape already enables i | 4 T | |
one to estimate the spatial scale on which the thermal fluc- 0 : ' : ! !
tuations of the CDW—if present—are performed. The fre- 100 140 180T(K) 220 260 300
guency splitting of the edge singularities corresponds via the

frequency-space relation of E¢LO) to half-wave length of FIG. 3. Temperature dependence of fiRb spin-lattice relax-
the CDW in real space. In blue bronze thi2= 7/2kr wave-  ation timeT, in blue bronze. Solid line is a guide for the eye.
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FIG. 4. A ®Rb spin-echo decay curve a@=110 K in blue :2 250 .
bronze. The solid line represents the fit with E2@), yielding the 2 5 °
decay exponent=1.5. A fit of the formM (t) «exp{—A\t} (dashed i
line), corresponding to the=1 case, is shown for comparison. 200 — (b)
deed observed in Fig. 3. It is interesting that becomes 150 Lt | | ! ! { |
short already more than 10 K above the actual transition 60 80 100 120 140 {60 180 200

temperature, demonstrating the existence of slow pretransi- T(K)
tional dynamics. Similar effect was observed in blue bronze

also in a neutron-scattering experiméhtyvhere this slow

pretransitional dynamic was attributed to the critical grOWththermal phase fluctuations, is shown as a dashed (idempera-

of the centra! peak_and anomalous mode softening. ture dependence of the damping constapt Solid line is the fit
A conclusive evidence for the presence of thermal fluc . 1o Eq.(27) plus aT-independent term
tuations was obtained from the measured spin-echo decay ' ’
curves in a two-pulse Hahn echo experiment that yields th%Tz/:-; term The fit yielded the values B
homogeneous free-induction decay functi@,(t)). The  _ 2k \/fllé 32, 3928240 s1K2% and A=166.7
time delay between pulses was varied over three orders of (2 K8 MK o sk Tan '
magnitude from 4Qusec up to several ten msec. The decays . These values show that at, e.§+150 K the phase

o : . 0
curves were determined in a frequency-selective manndjuctuations-induced broadening contributes 40% to the total

: width of the homogeneous spectrum. In order to check for
from the spectra. A typical decay curve BE110 K, ob-
tained from the intensity in the middle of the spectrum, isthe frequency dependence of the parametead)\ ;, the

displayed in Fig. 4. Experimental points were fitted with thean"’llys‘IS was madg al§9 on othgr parts of the inhomogeneous
ansatz spectrum, but no significant variation over the spectrum was

found. TheT dependence of also shows that the thermal
(29) phase fluctuations provide the dominant damping mechanism
in the whole investigated temperature range, whereas the am-
where the power coefficient was treated as a fit parameter. plitude fluctuations were not detected. Such behavior is con-
The fit (solid line in Fig. 4 reproduces well the experimental sistent with the prediction of the ER5) and demonstrates
data yielding the valuex=1.48+0.05 that is in perfect that the amplitude-induced damping might be significant
agreement with the theoretical valdg predicted for the only in the close vicinity ofT, .
mechanism of thermal phase fluctuations. A monoexponen- The above results demonstrate that the thermal phase fluc-
tial fit (e=1), which cannot reproduce the experimentaltuations of the CDW in RpMoO; exist in the whole mea-
points, is shown for comparison. The large difference besured temperature rangd T~110 K) of the INC phase in
tween thex=1 and3 curves demonstrates the high precisioncontrast to INC dielectrics, where the thermal order-
to which the exponent can be determined. The temperature parameter fluctuations were observed only in a very narrow
dependence o is shown in Fig. §). In the temperature temperature range of a few tenths of a degree just below the
range between 175 and 150 &.amounts to about 1.65 that phase transitioA>?®> The CDW phase fluctuations are per-
is slightly above the theoretical value 1.5, whereas belovformed on a scale small compared to the CDW wavelength,
150 K the averager value becomes almost perfectly 1.5. thus deeply in the subnanometric regime. Together with the
The temperature dependence of the damping coeffidignt low-fluctuation frequencies in the kHz range this clarifies
is displayed in Fig. 8). According to Eq.(27), A, should  why thermal fluctuations in the CDW systems were not di-
depend on temperature @&°. The best fi{solid line in Fig.  rectly observed so far.
5(b)] was made with the ansakz,= A+ BT?? that includes,
in addition to the phason term, a temperature-independent
contribution. The inclusion of th&-independent contribution
is reasonable, as it implies that the homogeneous linE at  The dynamics of an incommensurate CDW was studied in
=0 does not become infinitely sharp after vanishing of thethe absence of an external electric field. The decay of the

FIG. 5. (a) Temperature dependence of the decay exponent
The theoretical valuer= 2, characteristic for the mechanism of

M(t)=Mgexp{—(Ayt)“},

V. CONCLUSIONS
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transverse nuclear-spin magnetization in a spatially inhomomal fluctuations supports the hypothesis that at finite tem-
geneous sinusoidal EFG has demonstrated that the CD\eratures the CDW can reach an overall ground state even in
performs thermally induced incoherent phase fluctuationshe presence of randomly distributed impurities and weak
that result in a characteristic exponential NMR spin-echo deexternal electric field and is not trapped into a spin-glass—
cay with the exponent proportional to the time variable adike metastable state forever, as expected at zero temperature.
%2 Phase fluctuations of a pinned CDW are performed on &hermal fluctuations essentially present a mechanism for se-
scale of a small fraction of the CDW wavelength, that is, onlecting between different metastable states that is absent at
the subnanometric scale. The fluctuation frequencies ar€=0 and drives the combined CDW-impurity system to-
slow and affect the homogeneous NMR line shape that isvards a global ground state. The above described NMR
sensitive to incoherent motions in the kHz range. The flucimethod for the detection of thermal fluctuations should be
tuations are weakly temperature dependent and were olglirectly applicable also to other systems in which the thermal
served in the blue bronze compound in the whole measureghotion of superstructures is of interest. Among these are
temperature rangé~110 K) below the Peierls transition. spin-density-wave systems, modulated magnetic structures,
These small-scale slow phase fluctuations very likely resuland vortex lattices in type-Il superconductors.

from the partial thermal depinning-repinning process of the
CDW at impurity- or commensurability-induced pinning
centers, resembling a diffusive random walk. Such small-
scale slow motions are extremely difficult to observe, and we Blue-bronze crystals were synthesized in the laboratory of
believe that the present study presents—to the best of olrrofessor T. Sambongi at Hokkaido University during the
knowledge—the first direct experimental observation of ther+ealization of the research program of K.B. supported by
mal fluctuations in the CDW systems. The existence of therMatsumae International Foundation.
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