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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 variable ast3/2

whereas the amplitude fluctuations result in a decay linear int. The two types of fluctuations show very
different temperature behavior. The phase fluctuations exhibit a weakT dependence 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 the87Rb NMR experiment in blue bronze Rb0.3MoO3, 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 scale.@S0163-1829~99!13929-8#
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I. INTRODUCTION

Fröhlich1 predicted in the early 1950s that an incomme
surate~INC! charge-density wave~CDW! could slide fric-
tionless throughout the crystal lattice, representing a col
tive transport mechanism that could lead in perfect crys
to superconductivity. This situation was never encounte
in real crystals where the impurities and commensurab
potential of the underlying lattice pin the INC modulatio
wave and drastically restrict its translational degrees of fr
dom. A weak external dc electric fieldE of the order 10–100
mV/cm is, however, in many cases sufficient to depin
CDW and puts it into motion.2 The resulting sliding modu-
lation gives rise to a nonlinear electric conductivity2,3 accom-
panied by a little understood coherent voltage noise in
I -V characteristics,2–4 exhibiting well-defined Fourier com
ponents in the spectrum. The CDW sliding motion, under
electric field much larger than the threshold fieldET for de-
pinning, was found to be coherent2,5 with the phase coher
ence of the CDW extending to macroscopic distances.
drift velocity n and the drift frequencynd of the coherently
sliding CDW can be, to a good approximation, related byn
5lnd , wherel is the CDW wavelength. At lower electri
fields of the orderE<ET , the coherent motion transform
into a more stochastic one, accompanied by memory
hysteresis effects.4 These effects are believed to result fro
the competing impurity pinning and electric-field depinni
forces that frustrate the CDW and trap it into metasta
states. It was argued that the pinning to impurities sho
result atT50 in a spin-glass-like ordering6 of the CDW,
which breaks into domains that freeze with random pha
relatively to each other.

The problem of CDW impurity pinning was studied b
PRB 600163-1829/99/60~6!/3982~7!/$15.00
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different models. In one approach, the electrically charg
impurities are treated as static quenched,7–9 located at ran-
dom positionsxj and possessing a short-range Coulomb
tential V0d(x2xj ) that interacts with ~one-dimensional!
charge density of the CDW condensate

r~x!5 r̄1r0 cos@2kFx1f~x!#. ~1!

Herer0 is the amplitude of the modulations wave andkF the
Fermi wave vector. The pinning energy at temperatureT
50 in the absence of electric field was calculated to be9,10

«05$nip
2E0~V0r0!2m/m* %1/3, ~2!

where ni is the concentration of impurities,E05nL21

~L being a lattice constant!, m is the free-electron mass an
m* the effective mass of the CDW condensate. A con
quence of pinning is the vanishing of the nonlinear dc el
trical conductivity7,11 at T50 and the introduction of a gap
in the phason excitation spectrum.12 An applied electric field
below the threshold value effectively lowers the pinni
energy and makes it vanish11 at E5ET . The electric-field
depinning at E'ET can be regarded as a critica
phenomenon.13

It has been argued that the assumption of mob
impurities4 instead of static frozen might yield a better d
scription of the pinned CDW. Here the mobile defects re
range in a way to minimize their Coulomb interaction ener
with the CDW by shifting in space for a small fraction of th
CDW wavelength. Due to the CDW periodicity, the ne
arrangement of impurities also becomes periodic and fo
the so-called defect density waves14 ~DDW!. The description
of the CDW motion in a periodic DDW potential, where th
CDW moves in the presence of an electric fieldE<ET by
3982 ©1999 The American Physical Society
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sudden phase slips15 of 2p, seems to explain the anomalou
motional narrowing of the NMR spectrum16 in NbS3. This
narrowing occurred at an unexpectedly high CDW drift fr
quencynd of 15 MHz instead of expected 30 kHz, corr
sponding to the width of the static93Nb NMR spectrum.

The above impurity-pinning models were derived for ze
temperature (T50) and neglect thermal fluctuations of th
CDW due to the coupling to the lattice heat bath. Most of
experiments on CDW sliding under the electric field can
however, still well explained on the basis of these ze
temperature models, demonstrating that thermal fluctuat
are relatively unimportant for the CDW dynamics in th
presence of a strong or moderate electric field. On the o
hand, thermal fluctuations should play an essential role in
CDW dynamics in the absence of the electric field. It
believed that they provide a mechanism for selecting
tween different metastable states, which is absent at
temperature. At finite temperature thermal fluctuations w
drive the system out of the metastable states towards an o
all ground state. Thermal fluctuations also effectively low
the temperature-dependent pinning energy«(T) and can
cause thermal depinning of the CDW in an analogous wa
the electric-field depinning. It was predicted in a se
consistent harmonic phonon approximation10 that there
should exist a ‘‘depinning’’ temperatureTp above which the
pinning energy vanishes@«(Tp)50# and the modulation
wave slides free. Thermal fluctuations also provide a mec
nism for a possible rearrangement of mobile impurities int
periodic defect density wave. Consequently, the nonlinea
electrical conductivity of a pinned CDW that is zero atT
50, is restored at finite temperature due to the thermal
pinning and appears as a thermally activated process.11

The electric-field depinning of the CDW is rather easy
observe experimentally. There the modulation wave pro
gates with a constant average drift velocity along a giv
direction and gives rise to nonlinear effects in bulk transp
quantities like the ac electrical conductivitys(v). Thermal
depinning, on the other hand, is much more difficult to o
serve. It gives rise to stochastic motion with no preferr
direction, so that the average drift velocity is zero and
bulk transport properties are basically unaffected. In ad
tion, local spectroscopic methods like NMR show5 that in the
absence of an external electric field, the pinning drastic
restricts the CDW translational degrees of freedom. T
CDW is observed static within the experimental precision
the whole temperature range below the Peierls transition
thermally induced motion of the modulation wave exists, i
performed on a spatial scale of a small fraction of the CD
wavelength, thus in the subnanometric region. The depinn
frequencies can also be very slow, as demonstrated by
appearance of a central peak in the excitation spectrum,12 so
that the depinning process can appear quasistatic on the
servation time scales of most spectroscopic techniques. S
small-scale slow molecular motions are difficult to obse
experimentally and that seems to be the reason why the
no direct observation of the CDW thermal fluctuations
ported so far. In this paper we present–to the best of
knowledge–the first direct observation of the CDW therm
fluctuations in blue bronze Rb0.3MoO3 by NMR spectros-
copy. Random stochastic fluctuations of the amplitude
phase of the INC modulation wave time modulate the si
-
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soidal electric-field gradient~EFG! tensor at the positions o
87Rb nuclei and result in a homogeneous decay of the tra
verse nuclear-spin magnetization that is proportional to ti
as t3/2. The decay power coefficient3

2 is characteristic for a
stochastic motion in a sinusoidal EFG and can be accura
measured in a spin-echo-decay experiment.

II. SPECTRAL DENSITY OF FLUCTUATIONS

At nonzero temperature the incommensurate CDW und
goes random stochastic fluctuations in the amplitude
phase. We assume a plane-wave–type modulation and d
gard the possible soliton effects. The static (T50) modula-
tion r0 cos 2kFx ~neglecting the trivial constant phase shi!
has to be replaced by a time-dependent expression

r~x!5 r̄1@r01Dr~x,t !#cos@2kFx1Df~x,t !#, ~3!

where Dr(x,t) and Df(x,t) represent the amplitude an
phase fluctuations that have zero time average. We ass
that the fluctuations are small and linearize Eq.~3!,

r~x,t !'r̄1r0 cos 2kFx1Dr~x,t !cos 2kFx

1r0Df~x,t !sin 2kFx. ~4!

In the above linearized expression the amplitude and ph
fluctuations are decoupled and represent normal excitat
~amplitudons and phasons! of the INC phase. The inclusion
of higher-order terms, however, couples the two types
excitations.

In the following we shall be interested in the spect
densities of the Fourier componentsh(v,q) (h5r,f) of
the fluctuations, defined by

Dh~x,t !5(
v,q

h~v,q! exp$ i ~qx1vt !%, ~5!

whereq is the wave vector of the fluctuations. The spect
densitieŝ uh(v,q)u2& ~the bracketŝ & designating a thermo
dynamic ensemble average! were computed within the Lan
dau theory for an INC structure characterized by a tw
component order parameterQ5r exp(if). For an
underdamped mode, damped with a constant factorg @de-
fined through the dissipation functionR5(g/2)(]Q/
]t)(]Q* /]t)] and possessing an effective massm @defined
via the kinetic energyK5(m/2)(]Q/]t)(]Q* /]t)] one
obtains17

^ur~q,v!u2&5
GkBT

pVm@~v22DA
22kq2!21G2v2#

, ~6a!

^uf~q,v!u2&5
GkBT

pVr0
2m@~v22kq2!21G2v2#

. ~6b!
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Here G5g/m, V is the crystal volume, andDA and k are
defined via the long-wavelength amplitudon and phas
dispersion relations

vA
2~q!5DA

21kq2, ~7a!

vf
2 ~q!5kq2. ~7b!

The termDA}(TI2T)1/2 represents an intrinsic gap in th
amplitudon spectrum whereas the phason branch@Eq. ~7b!#
is considered to be gapless. It is well known that a gap
phason can exist only in an ideal, defect-free INC structu
whereas in real systems impurities and commensurability
fects introduce a finite gap in the phason branch. In
model we shall, however, keep using the gapless pha
dispersion relation due to the fact that a pronounced cen
peak was observed in many real CDW systems,12 that should
not exist in the presence of a gap. It is, however, straight
ward to include the phason gapDf in Eq. ~6b! by making a
substitutionkq2

˜Df
2 1kq2. Here we also mention that on

can obtain the spectral densities for an overdamped mod
limiting the kinetic coefficientm˜0 in Eqs.~6a! and ~6b!.

The NMR line shape will be affected by the low
frequency part of the spectral densities. If we exclude a n
row temperature region near the phase-transition point,
the quantities in the square bracket of Eq.~6a! can be ne-
glected with respect toDA ~which is of the order of hard
phonon frequencies!, so that the amplitudon spectral dens
can be approximated by a white noise18

^ur~q50,v50!u2&5
GkBT

pVmDA
4

~8!

that isq andv independent.
The phason fluctuations are, on the other hand, of re

ational character, i.e., the phason mode is overdamped.17 In
the most interesting region~small v! Eq. ~6b! yields19

r0
2^uf~q,v!u2&5

GkBT

pVm@k2q41G2v2#
, ~9!

describing a central peak with the half width at half heig
Dv1/25kq2/G. Like in the case of diffusive-type fluctua
tions, this width is proportional toq2. Here it should be
stressed that the phason spectral density of Eq.~9! is essen-
tially independent of the effective massm. This can be easily
verified by recalling thatG5g/m andk5D/m, whereD is
the coefficient of the invariantu]Q/]xu2 ~the elastic term! in
the Landau thermodynamic potential.17

III. THE ADIABATIC NMR LINE SHAPE

The NMR resonance frequencyV(x,t) of a quadrupolar
nucleus at a sitex in a sinusoidal EFG is related to the ord
parameter of the INC modulationr(x,t) at that site.20 In the
simplest case this relation is linear,

V~x,t !5V01ar~x,t !, ~10!

andr(x,t) is given by Eq.~4!. Random incoherent fluctua
tions of the CDW amplitude and phase will produce rand
fluctuations of the resonance frequency. Due to the inco
-
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ent nature of the fluctuations, the corresponding freque
changes are also stochastic and cannot be refocused
spin-echo experiment. These fluctuations determine the
mogeneous~adiabatic! shape of the NMR spectrum.

Following Abragam,21 the free-induction decayG(t) of
the transverse nuclear-spin magnetization is obtained as

G~ t !5exp$2 iV0t%K K expH 2 i E
0

t

@V~x,t8!2V0#dt8J L L
x

.

~11!
The inner brackets of the symbol^^ &&x represent a thermo
dynamic ensemble average, whereas the outer brackets^ &x
represent the average over the static inhomogeneous d
bution of resonance frequencies. For the case of
frequency-space relation given by Eq.~10!, one gets20 using
X5cos 2kFx,

^ &x⇒E
21

1 dX

A~12X2!
. ~12!

The NMR spectrumI (v) is obtained by taking a Fourie
transform ofG(t),

I ~v!5E
0

`

G~ t !exp$ ivt%dt. ~13!

Inserting Eqs.~10! and ~4! into Eq. ~11! we get

G~ t !5exp$2 iV0t%^^G1~ t !G2~ t !&&x , ~14!

where

G1~ t !5exp$2 iar0t cos 2kFx% ~15a!

and

G2~ t !5expH 2 iaE
0

t

@Dr~x,t8!cos 2kFx

1r0Df~x,t8!sin 2kFx#dt8J . ~15b!

The termG1(t) represents the inhomogeneous free-induct
decay and its Fourier transform determines the static in
mogeneous NMR line shape

I INH~v!5
1

A12@~v2V0!/V1#2
, ~16!

where V15ar0}ATI2T. The spectrum exhibits a typica
shape with two edge singularities atV06V1 that are sepa-
rated by 2V1 .

The termG2(t) represents the homogeneous decay a
includes the effects of thermal fluctuations. We perform fi
the ensemble average by taking the order-parameter fluc
tions to be stationary and Gaussian and use the relation21

K expH 2 i E
0

t

v~ t8!dt8J L 5expH K 2
1

2 F E
0

t

v~ t8!dt8G2L J .

~17!

We get
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^G2~ t !&5expH 2a2F(
v,q

^ur~v,q!u2&
12cosvt

v2
cos2 2kFx

1r0
2(

v,q
^uf~v,q!u2&

12cosvt

v2
sin2 2kFxG J .

~18!

Here we took into account that phasons and amplitudons
normal excitations of the INC phase so that the cross te
of the type^rf& vanish. We perform next the summatio
over q by replacing the summation by an integration ov
half of the Brillouin zone between 0 andkD ,

(
q

˜

1

2

V

2p2E0

kD
q2dq, ~19!

wherekD is the Debye wave vector. We define

^uh~v!u2&5
V

4p2E0

kD

^uh~v,q!u2&q2dq, h5r,f

~20!

and perform the integration using Eqs.~8! and ~9!. This
yields for the amplitude fluctuations

^ur~v!u2&5
GkBTkD

3

12p3mDA
4

, ~21!

whereas for the phase fluctuations we get an expression

r0
2^uf~v!u2&5

GkBT

4p3mk2E0

kD q2dq

~Gv/k!21q4
. ~22!

The function under the integral sign in Eq.~22! is dropping
off rapidly for largeq, so that the upper limit of integration
can be extended to infinity. Using the equality

E
0

` x2

11x4
dx5

p

2A2

we get

r0
2^uf~v!u2&5

kBTAG

8A2p2mk3/2Av
. ~23!

After integrating overq we still have to perform the summa
tion overv. This yields the homogeneous free-induction d
cay of the form

^G2~ t !&5exp$2~lAt !cos2 2kFx2~lft !3/2sin2 2kFx%.
~24!

The amplitudon damping coefficientlA is easily obtained by
using

E
0

`12cosvt

v2
dv5

p

2
t,

whence we get
re
s

r

-

lA5
a2GkBTkD

3

24p2mDA
4

}
T

~TI2T!2
. ~25!

In the calculation of the phason damping constantlf one
encounters an integral of the form

E
0

`12cosvt

v5/2
dv5 lim

d˜0

2

3d3/2
1t3/2

4

3
Ap/2, ~26!

where the first term on the right-hand side diverges, but d
not depend on the time variable. This divergence is a con
quence of the diverging phason spectral density@Eq. ~23!# at
v˜0. We can keep this term finite by integrating from
small nonzero lower limitd ~thus leaving out thev50 sin-
gularity! and find the damping constantlf of the time-
dependent phason-induced decay as

lf5S a2kBTAG

12p3/2mk3/2D 2/3

}T2/3. ~27!

Comparing the temperature dependencies oflA andlf , we
observe that the amplitude fluctuations are significant only
the close vicinity of the phase-transition temperatureTI ,
where they show critical behavior. The phase fluctuatio
are, on the other hand, relatively weakly temperature dep
dent and are present in the whole INC phase, thus also
away fromTI . These features reflect the fact that the spec
density of the amplitudon fluctuations contains low freque
cies only in the close vicinity ofTI , where the amplitudon
gap DA comes close to zero, whereas the phason-indu
central peak is present in the whole INC phase, showing o
a weakT dependence.

Equation~24! shows that the amplitude and phase fluctu
tions result in different exponential decays of the transve
nuclear-spin magnetization. The amplitudon-induced de
is linear in the timet, whereas the phason-induced decay
proportional tot3/2. ^G2(t)& can be measured directly as
decay curve of the transverse magnetization in a two-pu
spin-echo experiment. SincêG2(t)& depends on the spac
coordinatex and thus via Eqs.~10! and ~16! varies with
frequency over the inhomogeneous NMR spectrum, one
to determine the spin-echo decay curves in a frequen
selective way at different points on the Fourier-transform
spectrum. The spectral edge singularities occur at the co
tion 2kFx5np, so that cos 2kFx561 and sin 2kFx50, and
the spin-echo decay on the singularities is amplitudon
duced. The middle of the inhomogeneous spectrum co
sponds to the condition 2kFx5(2n11)p/2 so that
cos 2kFx50 and sin 2kFx561, and the decay in the center
determined by the phase fluctuations. Since the importa
of the amplitude fluctuations vanishes rapidly on going aw
from TI , the spectrum is expected to show only thet3/2

phason-induced damped at temperatures that are not
close to the transition point.

IV. RESULTS AND DISCUSSION

Thermal fluctuations of the CDW were studied in blu
bronze Rb0.3MoO3 by 87Rb NMR. Blue bronze undergoes
Peierls metal-to-semiconductor transition to an INC CD
state atTI5182 K. A monocrystal sample was placed in th
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magnetic field with theb axis ~along which the CDW propa
gates! perpendicular to the field. The crystal was then rota
aroundb to a position where the resonance frequency
pends linearly on the order parameter, so that the static
homogeneous line shape can be described by Eq.~16!. The
87Rb central transition spectra~Rb site two!5 are displayed in
Fig. 1 as a function of temperature between 210 and 10
The inset shows the temperature dependence of the spli
2V1 of the edge singularities, which becomes nonzero at
K. The line shape is typical for the presence of a static IN
modulation wave and shows an inhomogeneous broaden
The degree of this broadening was determined in a t
dimensional~2D! NMR experiment for the separation of in
homogeneous and homogeneous line shapes.22 In this experi-
ment the inhomogeneous and homogeneous lines ap
separated in two orthogonal frequency domains of the
spectrumI (n1 ,n2). The 2D experiment was performed
T580 K ~Fig. 2!. The ratio of the full widths at half heigh
of the inhomogeneous (n2 domain! and homogeneous (n1
domain! spectra was found to beDn INH /DnHOM5122, dem-
onstrating that the spectrum is strongly inhomogeneou
broadened. The observed static line shape already ena
one to estimate the spatial scale on which the thermal fl
tuations of the CDW—if present—are performed. The f
quency splitting of the edge singularities corresponds via
frequency-space relation of Eq.~10! to half-wave length of
the CDW in real space. In blue bronze thel/25p/2kF wave-

FIG. 1. Temperature dependence of the87Rb central transition
NMR spectra~site two! of a Rb0.3MoO3 monocrystal,n0( 87Rb)
588.34 MHz. The inset shows the temperature dependence o
splitting of the edge singularities.
d
-

n-

.
ng
2

g.
-

ear
D

ly
les
c-
-
e

length at 80 K amounts to23 about 0.5 nm. The CDW fluc-
tuations on the spatial scale of the order ofl/2 with frequen-
cies larger than the inhomogeneous spectrum width of
kHz would produce motional narrowing of the spectrum, a
the typical double-horned static shape would be destroy
The fact that the measured shape of the87Rb spectrum
closely resembles the static line shape demonstrates that
mal fluctuations take place only on a scale of a small fract
of the CDW wavelength, that is on the subnanometric sc

The presence of slow dynamic processes in the INC ph
of Rb0.3MoO3 was observed also in the temperature dep
dence of the87Rb NMR spin-lattice relaxation timeT1 ~Fig.
3!. It was predicted20 that the phason fluctuations provide
very efficient spin-lattice relaxation mechanism in the IN
phase, resulting in a very short andT-independent value o
T1 throughout the whole INC phase. Such a behavior is

he

FIG. 2. 87Rb 2D NMR spectrum of blue bronze atT580 K,
showing separated inhomogeneous (n2) and homogeneous (n1)
line shapes,n0 (87Rb)588.34 MHz.

FIG. 3. Temperature dependence of the87Rb spin-lattice relax-
ation timeT1 in blue bronze. Solid line is a guide for the eye.



tio
n
z

th

uc
c
th

s
a
n

is
he

r.
al

e
ta
be
on
re

t
lo
5.
t

e

at
th

otal
for

eous
as
l
ism
am-
on-

nt

fluc-

r-
row
the

r-
th,

the
es
di-

in
the

t
f
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deed observed in Fig. 3. It is interesting thatT1 becomes
short already more than 10 K above the actual transi
temperature, demonstrating the existence of slow pretra
tional dynamics. Similar effect was observed in blue bron
also in a neutron-scattering experiment,12 where this slow
pretransitional dynamic was attributed to the critical grow
of the central peak and anomalous mode softening.

A conclusive evidence for the presence of thermal fl
tuations was obtained from the measured spin-echo de
curves in a two-pulse Hahn echo experiment that yields
homogeneous free-induction decay function^G2(t)&. The
time delay between pulses was varied over three order
magnitude from 40msec up to several ten msec. The dec
curves were determined in a frequency-selective man
from the spectra. A typical decay curve atT5110 K, ob-
tained from the intensity in the middle of the spectrum,
displayed in Fig. 4. Experimental points were fitted with t
ansatz

M ~ t !5M0 exp$2~lft !a%, ~28!

where the power coefficienta was treated as a fit paramete
The fit ~solid line in Fig. 4! reproduces well the experiment
data yielding the valuea51.4860.05 that is in perfect
agreement with the theoretical value32, predicted for the
mechanism of thermal phase fluctuations. A monoexpon
tial fit (a51), which cannot reproduce the experimen
points, is shown for comparison. The large difference
tween thea51 and3

2 curves demonstrates the high precisi
to which the exponenta can be determined. The temperatu
dependence ofa is shown in Fig. 5~a!. In the temperature
range between 175 and 150 K,a amounts to about 1.65 tha
is slightly above the theoretical value 1.5, whereas be
150 K the averagea value becomes almost perfectly 1.
The temperature dependence of the damping coefficienlf
is displayed in Fig. 5~b!. According to Eq.~27!, lf should
depend on temperature asT2/3. The best fit@solid line in Fig.
5~b!# was made with the ansatzlf5A1BT2/3 that includes,
in addition to the phason term, a temperature-independ
contribution. The inclusion of theT-independent contribution
is reasonable, as it implies that the homogeneous lineT
50 does not become infinitely sharp after vanishing of

FIG. 4. A 87Rb spin-echo decay curve atT5110 K in blue
bronze. The solid line represents the fit with Eq.~28!, yielding the
decay exponenta51.5. A fit of the formM (t)}exp$2lt% ~dashed
line!, corresponding to thea51 case, is shown for comparison.
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BT2/3 term. The fit yielded the values B
5(a2kBAG/12p3/2mk3/2)2/354.0 s21 K22/3 and A5166.7
s21. These values show that at, e.g.,T5150 K the phase
fluctuations-induced broadening contributes 40% to the t
width of the homogeneous spectrum. In order to check
the frequency dependence of the parametersa and lf , the
analysis was made also on other parts of the inhomogen
spectrum, but no significant variation over the spectrum w
found. TheT dependence ofa also shows that the therma
phase fluctuations provide the dominant damping mechan
in the whole investigated temperature range, whereas the
plitude fluctuations were not detected. Such behavior is c
sistent with the prediction of the Eq.~25! and demonstrates
that the amplitude-induced damping might be significa
only in the close vicinity ofTI .

The above results demonstrate that the thermal phase
tuations of the CDW in Rb0.3MoO3 exist in the whole mea-
sured temperature range (DT'110 K! of the INC phase in
contrast to INC dielectrics, where the thermal orde
parameter fluctuations were observed only in a very nar
temperature range of a few tenths of a degree just below
phase transition.24,25 The CDW phase fluctuations are pe
formed on a scale small compared to the CDW waveleng
thus deeply in the subnanometric regime. Together with
low-fluctuation frequencies in the kHz range this clarifi
why thermal fluctuations in the CDW systems were not
rectly observed so far.

V. CONCLUSIONS

The dynamics of an incommensurate CDW was studied
the absence of an external electric field. The decay of

FIG. 5. ~a! Temperature dependence of the decay exponena.
The theoretical valuea5

3
2 , characteristic for the mechanism o

thermal phase fluctuations, is shown as a dashed line.~b! Tempera-
ture dependence of the damping constantlf . Solid line is the fit
with the Eq.~27! plus aT-independent term.
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transverse nuclear-spin magnetization in a spatially inho
geneous sinusoidal EFG has demonstrated that the C
performs thermally induced incoherent phase fluctuati
that result in a characteristic exponential NMR spin-echo
cay with the exponent proportional to the time variable
t3/2. Phase fluctuations of a pinned CDW are performed o
scale of a small fraction of the CDW wavelength, that is,
the subnanometric scale. The fluctuation frequencies
slow and affect the homogeneous NMR line shape tha
sensitive to incoherent motions in the kHz range. The fl
tuations are weakly temperature dependent and were
served in the blue bronze compound in the whole measu
temperature range~'110 K! below the Peierls transition
These small-scale slow phase fluctuations very likely re
from the partial thermal depinning-repinning process of
CDW at impurity- or commensurability-induced pinnin
centers, resembling a diffusive random walk. Such sm
scale slow motions are extremely difficult to observe, and
believe that the present study presents—to the best of
knowledge—the first direct experimental observation of th
mal fluctuations in the CDW systems. The existence of th
e
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mal fluctuations supports the hypothesis that at finite te
peratures the CDW can reach an overall ground state eve
the presence of randomly distributed impurities and we
external electric field and is not trapped into a spin-glas
like metastable state forever, as expected at zero tempera
Thermal fluctuations essentially present a mechanism for
lecting between different metastable states that is abse
T50 and drives the combined CDW-impurity system t
wards a global ground state. The above described N
method for the detection of thermal fluctuations should
directly applicable also to other systems in which the therm
motion of superstructures is of interest. Among these
spin-density-wave systems, modulated magnetic structu
and vortex lattices in type-II superconductors.
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