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Inelastic x-ray scattering study of charge-density-wave dynamics in the Rb0.3MoO3 blue bronze
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We present an inelastic x-ray scattering study of the quasi-one-dimensional blue bronze Rb0.3MoO3. The
charge-density-wave~CDW! dynamics is studied as a function of the temperature down to 40 K. At tempera-
ture higher than 100 K, the CDW-phase and -amplitude modes are identified, and found consistent with the
inelastic neutron scattering measurements. At 40 K, the phason is no longer observed. This is discussed in the
framework of current theories on the low-temperature CDW dynamics.
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Charge-density waves ~CDW! observed in low-
dimensional metals are fascinating examples of electro
crystals.1,2 They consist in the three-dimensional modulati
of the electronic charge density at twice the Fermi wa
vector 2kF , associated with a lattice distortion at the sam
wave vector. This collective state exhibits very original d
namical properties, such as the capability to transpor
nonohmic current. Indeed, due to its incommensurate
charged character, the CDW can be set in motion with
spect to the host lattice by applying an electric field larg
than a threshold value. The dynamics associated to the C
above and below the transition temperatureTP is also an
unclarified issue, both on the theoretical and the experim
tal sides. AboveTP , the dynamics of the Peierls instabilit
leading to the CDW state is generally described in the fram
work of weak electron-phonon coupling theory.3,4 This ap-
proach predicts the softening of the phonon mode couple
the electrons at 2kF ~the Kohn anomaly! and consequently a
soft mode-like type of dynamics. Such a Kohn anom
has been observed in K2Pt~CN!4Br0.3, 3H2O ~KCP!
~Refs. 5,6! and the blue bronze K0.3MoO3.7 However, in
(TaSe4)2I, 8 no phonon softening is observed close to t
Peierls phase transition, and recent inelastic x-ray scatte
~IXS! measurements on NbSe3 ~Ref. 9! indicate the absenc
of a Kohn anomaly in this compound as well. These res
led the authors of Ref. 9 to reconsider the ‘‘strong-couplin
theories,10 which predict an order-disorder type of dynami
for the Peierls transition, due to the existence of bipolar
aboveTP .

Below TP , weak-coupling theory predicts a splitting o
the soft mode into two branches, corresponding to CD
amplitude~amplitudon! and -phase~phason! excitations. In
reality once again, the experimental situation is not
simple. Though KCP and blue bronzes7 exhibit such ampli-
tude and phase modes, these features were observed n
in (TaSe4)2I ~Ref. 8! nor in NbSe3.9 Interestingly enough,
what makes the CDW state dynamics unique among inc
mensurate compounds is that the CDW-phase fluctuat
induce changes in the electron density which are coupled
long-range Coulomb interactions. Early theories11 soon
recognized that atT50 K the effect of such interaction
0163-1829/2004/69~11!/115113~4!/$22.50 69 1151
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is to transform the acousticlike longitudinal phason mo
into an optical one. At finite temperatures however, t
quasiparticles excited across the CDW gap screen
the Coulomb interaction and bring back the acoustic cha
ter of the phason.12,13 A dramatic temperature variation o
the phase mode is then expected, but has never b
evidenced.

The first neutron-scattering investigation of the pretran
tional dynamics of the Peierls transition in blue bronze7 re-
ported the observation of a Kohn anomaly at the wave ve
2kF , and belowTp , amplitudon and phason branches. Mor
over the study of the phason mode down to 100 K~Ref. 14!
revealed a considerable stiffening of the longitudinal pha
velocity, confirming the importance of Coulomb forces
CDW dynamics. However, inelastic neutron-scattering~INS!
results were limited by the low counting rate, which pr
vented any measurement at lower temperatures. Motiva
by the successful IXS experiments recently performed
NbSe3,15 we have carried out similar measurements on
blue bronze Rb0.3MoO3, from 170 K down to 40 K. Indeed
though limited with respect to energy resolution, IXS pr
vides an excellentQ resolution, about ten times better tha
INS, which can be an asset for the study of sharp Ko
anomalies.

Blue bronze Rb0.3MoO3
2 crystallizes in the monoclinic

C2/m spatial group with the cell parametersa518.54 Å, b
57.556 Å,c510.035 Å, andb5118.5°. It consists of clus-
ters of 10 MoO6 octahedra stacked along the direction@010#
and forming layers along the direction@102#. This structure
is conveniently analyzed by using the pseudo-orthogonal
sis of reciprocal vectorsb* , along the direction of the chains
2a* 1c* ;a12c, close to the perpendicular direction withi
the layer, and 2a* 2c* , perpendicular to the layers. In thi
framework, typical dimensions of single crystals are 130.5
30.2 mm3.

Electronic band-structure calculations16 have shown that
two quasi-one-dimensional~quasi-1D! bands built from the
combination of the Mo 4d orbitals and the O 2p orbitals
cross the Fermi level alongb* . The rubidium atoms donate
three electrons to each Mo10O30 cluster, which gives 2kF
©2004 The American Physical Society13-1
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53/4b* . However, the value of the Fermi wave vector a
curately measured by x-ray diffraction experiments is fou
to have an incommensurate value 2kF50.74860.001b* at
15 K.17

Indeed, the periodic lattice distortion~PLD! associated to
the charge-density wave gives rise to satellite reflections
cated at the reciprocal wave vectorGhkl1qc with qc
5(1,2kF, 0.5). The phase transition occurs at the critic
temperatureTP5183 K ~Ref. 18! whatever the cation, K, o
Rb ~Ref. 17!. The best refinement of the modulate
structure19 has shown that the PLD mainly affects the eig
Mo atoms located in the core of the cluster, which a
strongly
(;0.06 Å) displaced in the@101# direction ~transverse po-
larization!. The external Mo atoms and the alkali-metal a
oms are slightly displaced in phase in theb* direction~lon-
gitudinal polarization!, and the oxygen atoms undergo we
displacements.

The experiments have been performed at the IXS be
line ID28 at the European Synchrotron Radiation Facil
We used an incident photon energyEi517794 eV (l
50.6968 Å) provided by the Si~999!-reflection back-
scattering monochromator. Energy scans were performe
varying the monochromator temperature with respect to
of the analyzer crystal~more details can be found in Ref
20–22!. The energy resolution achieved in this configurati
was 3.18 meV~full width at half maximum!, a value ob-
tained from a fit of a satellite reflection energy scan at
K.23 Attempt to use a better energy resolution~1.5 meV!
through Si~11,11,11! reflection at an energyEi521747 eV
above the MoK edge led to prohibitive counting times. Le
us note that this resolution is about ten times larger than
energy resolution achieved by INS in Ref. 7~0.3–0.6 meV!.
In the ~999! configuration, most data were taken with coun
ing times never exceeding 10 min/points even at 40 K, le
ing to sweeping times of less than 3 h tospan the220,E
,20 meV energy range. For comparison, inelastic neutr
scattering needed counting times twice as long atT
5100 K on a blue bronze sample of exceptional s
(5 cm3).

A Rb blue bronze sample of standard shape and size
mounted on the cold stage of a closed-cycle helium cr
cooler, and was aligned to have its~H,0,L!-reciprocal plane
in the horizontal scattering plane. Due to the weak pene
tion depth (120mm) of the sample, we used a reflectio
geometry, which allowed measurements of reflectio
close to the 2a* 2c* direction. The strongest satellit
reflection was found to be at theQs5(15,0.75,27.5) recip-
rocal position. Entrance slits were set to 2003500 mm2 (H
3V), and most of the measurements were performed w
an analyser opening of 10360 mm (H3V). With this set-
ting, the half widths at half maximum of theQs satellite
reflection were found to be 0.0015 Å21, 0.0012 Å21, and
0.0022 Å21 in the b, a12c, and 2a* 2c* directions, re-
spectively.

As the purpose of this experiment was to study the lo
temperature CDW dynamics, we directly cooled down
sample to temperatures belowTp . Energy scans aroundQs
in the longitudinal directionb* were performed at 170, 100
11511
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40 K, and eventually at 130 K. In order to avoid stron
elastic contributions, the scans were taken at theQs
10.05(2a* 2c* )1dkb* positions, i.e., slightly off the sat
ellite position in the transverse direction. Due to the we
dispersion of the CDW-phase mode in this direction~see Fig.
3 in Ref. 8!, this procedure is expected not to change
results.

FIG. 1. ~Color online! Energy scans at the~15.1, 0.7510.02,
27.55) position, for four different temperatures. The solid line
the fit by the sum of DHO’s functions also indicated in the figu
the dotted, solid, dashed, dot-dashed, and dotted lines are the
tic, phase, amplitude, optic I and II modes, respectively.
3-2
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Typical scans obtained atdk50.02 are displayed on
Fig. 1. The lower intensity of the 130 K scans could be d
to a change in the alignment procedure after heating back
sample or to irradiation effects sometimes observed in s
chrotron radiation study of blue bronze.24 The solid lines are
fits by a convolution of intrinsic phonon line profiles and t
instrumental energy resolution profile. The latter was o
tained from a fit by a pseudo-Voigt function of a 40 K ener
scan at the exactQs position, where the elastic peak
largely dominant. The phonon line profiles used were
standard damped harmonic oscillator~DHO! function, with
the amplitude, the energy and the damping factorG as ad-
justable parameters. In most of the fits we used the sum
four DHO’s, two high-energy modes we called optics I and
at about 10 and 20 meV, the CDW amplitude mode and
phason mode, when necessary. To fit the energy scans
energy and the damping of the amplitude-mode were c
strained to be close to the values obtained from previ
INS,7,14 Raman25 and ultrafast reflectivity measurements26

@i.e., of the order ofEA56.5 meV andGA52 meV~Ref. 7!#.
Note that at 130 K, the quality of the fit could be improve
by adding a mode around 14 meV, but this did not chan
significantly the results.

The energy values obtained for the phason are indica
on Fig. 2. These values are in good agreement with the
persion obtained from INS and represented by the lines
Fig. 2 @the phason velocitiesv used here are 35, 56, and 8
THz Å ~Ref. 27! at 170, 130, and 100 K, respectively— s
Fig. 4 of Ref. 14#. The damping valuesGp at dk50.02 are
indicated in Table I.

Like GA , Gp increases with temperature, a behavior e
pected due to the increase of the quasiparticles number c
to TP . It is also noteworthy that although theGp values are
found to be smaller than theGA values of Ref. 7, theGp /GA
ratio is in good agreement with the damping constant ra
tA /tp obtained by ultrafast reflectivity measurements.26

TABLE I. Phason damping values atdk50.02.

T 100 K 130 K 170 K

Gp(IXS) 0.560.4 meV 1.260.4 meV 1.860.4 meV

FIG. 2. ~Color online! Dispersion curves of the phason mode
the longitudinal b direction at 100 K ~crosses!, 130 K ~open
circles!, and 170 K~triangles!. The solid, dashed, and dotted line
represent the slope of the dispersion curves obtained from IN
170 K, 130 K, and 100 K, respectively.
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Remarkably, an energy scan was still measurable at 4
with reasonable counting time, as discussed previously.
expected for such a temperature, the anti-Stokes lines
barely visible but the Stokes lines of the amplitude and
optics modes are still clearly present. As it can be seen
Fig. 1, no extra intensity is now observed between the ela
and the amplitudon peaks, and at higher energy the s
quality of fit is achieved with the amplitude and optic
modes we used at higher temperatures. This means tha
phason mode~at about 4–5 meV! is needed anymore to cor
rectly fit the data atT540 K. However, the presence of
weak mode at higher energies would be probably hidden
the other excitations. Nevertheless, the results show for
first time that the phason mode, if present, cannot have
same dispersion as at higher temperature. This is fully c
sistent with the trend towards Coulomb hardening alrea
observed by INS.14

Current theories of CDW dynamics12,13predict the phason
mode to be acousticlike at high temperature. For large va
of the CDW effective mass ratiom* /m the phason velocity
is given by

vf5vFA m

m*
„12 f s~T!…21/2, ~1!

where vF is the Fermi velocity andf s(T) is the reduced
density of condensed electrons@12 f s(T) is then the reduced
density of electron-hole pairs#. It was already shown in Ref
14 that with vF;1.93105 m/s, m* /m;150, and a T
50 K CDW gapD05575 K,28 the experimental phason ve
locities above 100 K were well accounted for from Eq.~1!.

When the temperature is lowered, the electrons exc
across the CDW gap cannot screen the CDW phase defo
tions anymore, because they are too few and too slow:
phason mode becomes opticlike, with a plasma frequenc
k50 given byvf5A3/2vA , wherevA is the frequency of
the amplitude mode. The crossover between these two
gimes is expected to occur atTcr;0.17D0.13,29In the case of
the blue bronze this temperature can be estimated to beTcr
;100 K. According to this calculation, the phason mode
expected to be opticlike at 40 K, with an energy gap equa
;8.5 meV.

It is however an experimental fact that there is no e
dence of the phason mode at 40 K. No excitation bel
about 5 meV is observed anymore and, as mentioned ea
in the text, a line at higher energies could have been diffic
to measure because of the vicinity of other lines. This is
the more true since the amplitude of the phason mode
reported to decrease below 100 K~see Fig. 2 in Ref. 26!. The
combination of these factors could explain why we do n
observe the phason line at around 8.5 meV, the energy ra
where it could be expected according to the previous disc
sion.

In conclusion, this IXS experiment shows that due to t
high brilliance of third generation synchrotron sources it
now possible to measure low-energy excitations in solids
inelastic x-ray scattering, even in cases where neutr
scattering experiments are already challenging. One ha
keep in mind however that the analysis of the data wo

at
3-3
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have been difficult without the prior INS measuremen
which allowed us to limit the number of parameters in t
fits. The results obtained at 40 K show no indication o
low-energy phason line, which calls for a more precise te
un

v.

y

an

ch

B

hy

n

h

11511
,

-

perature study of this reciprocal space zone, but confirms
trend towards a Coulomb hardening of the phase-mode
viously reported from INS measurements at higher tempe
tures.
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4E. Tutiš and S. Barisˇić, Phys. Rev. B43, 8431~1991!.
5B. Renker, L. Pintschovius, W. Gla¨ser, H. Rietschel, R. Come`s, L.

Liebert, and W. Drexel, Phys. Rev. Lett.32, 836 ~1974!.
6K. Carneiro, G. Shirane, S.A. Werner, and S. Kaiser, Phys. Re

13, 4258~1976!.
7J.-P. Pouget, B. Hennion, C. Escribe-Filippini, and M. Sato, Ph

Rev. B43, 8421~1991!.
8J.E. Lorenzo, R. Currat, P. Monceau, B. Hennion, H. Berger,

F. Levy, J. Phys.: Condens. Matter10, 5039~1998!.
9H. Requardt, J.E. Lorenzo, P. Monceau, R. Currat, and M. Kris

Phys. Rev. B66, 214303~2002!.
10S. Aubry and P. Quemerais, in Ref. 2, p. 285.
11P.A. Lee and H. Fukuyama, Phys. Rev. B17, 542 ~1978!.
12Y. Nakane and S. Takada, J. Phys. Soc. Jpn.54, 977 ~1985!;

K.Y.M. Wong and S. Takada, Phys. Rev. B36, 5476~1987!.
13A. Virosztek and K. Maki, Phys. Rev. B48, 1368~1993!.
14B. Hennion, J.-P. Pouget, and M. Sato, Phys. Rev. Lett.68, 2374

~1992!.
15H. Requardt, J.E. Lorenzo, R. Danneau, R. Currat, and

Monceau, J. Phys. IV12, Pr9-39~2002!.
16M.H. Whangbo and L.F. Schneemeyer, Inorg. Chem.25, 2424

~1986!; J.-L. Mozos, P. Ordejo´n, and E. Canadell, Phys. Rev.
65, 233105~2002!.

17J.-P. Pouget, C. Noguera, A.H. Moudden, and R. Moret, J. P
~France! 46, 1731 ~1985!. The deviation of 2kF from 0.75 is
usually believed to be due to residual charged impurities, eve
pure materials.

18J.-P. Pouget, S. Kagoshima, C. Schlenker, and J. Marcus, J. P
~France! Lett. 44, L113 ~1983!.
.

B

s.

d

,

P.

s.

in

ys.

19W.J. Schutte and J.L. De Boer, Acta Crystallogr., Sect. B: Stru
Sci. B49, 579 ~1993!.

20F. Sette, G. Ruocco, M. Krisch, C. Masciovecchio, and R. V
beni, Phys. Scr.,T66, 48 ~1996!.

21C. Masciovecchio, U. Bergmann, M.H. Krisch, G. Ruocco,
Sette, and R. Verbeni, Nucl. Instrum. Methods Phys. Res. B111,
181 ~1996!; ibid. 117, 339 ~1996!.

22R. Verbeni, F. Sette, M.H. Krisch, U. Bergmann, B. Gorges,
Halcoussis, K. Martel, C. Masciovecchio, J.F. Ribois,
Ruocco, and H. Sinn, J. Synchrotron Radiat.3, 62 ~1996!.

23This energy resolution was found to be narrower than the
usually obtained on ID28 with the same configuration fro
plexiglass.

24S. Ravy, P. Monceau, A. Ayari, R. Danneau, and H. Requa
ESRF Report No. HE-844, 2001~unpublished!.

25G. Travaglini, I. Mörke, and P. Waechter, Solid State Commu
45, 289 ~1983!.

26J. Demsar, K. Biljakovic`, and D. Mihailovic, Phys. Rev. Lett.83,
800 ~1999!.

27The phason velocityv expressed in THz Å here and in Refs. 7,
is given byn5vq, wheren is the frequency~in THz! andq the
wave vector~in Å21, with the standarda•a* 52p convention!.
Care must be taken that in theoretical papers the definition of
mode velocity isv5vfq, hencevf52pv.

28This value was obtained from magnetic susceptibility measu
ments by D.C. Johnston, Phys. Rev. Lett.52, 2049 ~1984!;
HigherD values have been obtained, but for the sake of con
tency with the INS analysis made in Ref. 7, we have used
value in the following.

29A crude estimation of this crossover temperature can be obta
the following way. The velocity of quasiparticlesvT is given by
the Maxwell-Bolzmann statistics at low temperature, i.
1
2 mDvT

25
1
2 kBT, with the effective massmD

2151/\2]2E(k)/]k2

5vF
2/D. As vT5vFAkBT/D decreases with temperature whi

the phason velocity given by Eq.~1! increases, the crossove
temperatureTcr is obtained whenvT.vf . For the blue bronze
this givesTcr;100 K.
3-4


