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The monophosphate tungsten bronzes (PO2)4(WO3)2m form family of two-dimensional metals which ex-
hibit charge density wave~CDW! instabilities. These materials are generally built by the regular stacking of
(a,b) layers in which chains made of segments ofm WO6 octahedra directed along thea anda6b directions
are delimited. Their electronic structure thus originates from quasi-one-dimensional~1D! bands located on
these chains. As a consequence their Fermi surface~FS! exhibits large flat portions whose nesting gives rise to
successive CDW instabilities. Here we present a structural study of the CDW instability of the (PO2)4(WO3)10

member formed by the alternate stacking of layers built with segments ofm54 andm56 WO6 octahedra. Its
ab initio electronic structure calculation shows that the FS of this member exhibits large flat portions which can
be extremely well nested. Its best nesting wave vector accounts for the modulation wave vector stabilized by
the CDW transition which occurs at 156 K. Because of the regular stacking of layers of differentm values the
FS is slightly split. The unusual thermal dependence of the x-ray satellite intensity provides evidence that the
two types of layers become modulated at different temperature. This also leads to a slight thermal sliding of the
CDW-nesting modulation wave vector, which can be accounted for within the framework of a Landau-
Ginzburg theory. In addition, the observation of a global hysteresis in the thermal cycling of the satellite
intensity, as well as the degradation of the interlayer order upon cooling, suggest the formation of a disordered
lattice of dilute solitons. Such solitons allow to accomodate the charge transferred between the two types of
layer. Finally the relevance of local charge transfers, at intergrowth defects, for example, to create pinned
discommensurations that break the CDW coherence is emphasized in this whole family of bronzes.

DOI: 10.1103/PhysRevB.66.075116 PACS number~s!: 71.45.Lr, 71.18.1y, 61.10.2i
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I. INTRODUCTION

A. Generalities

Because of their unconventional electronic, magnetic,
structural properties transition metal bronzes and oxides
extensively studied.1–3 Such original features originate from
the possibility to obtain partial oxidation states of the tran
tion metal ~M! in an anisotropic structure built with MOn
(n54, 5, 6! entities between which there is an anisotrop
overlap of thet2g transition-metal electronic levels. Amon
these compounds the spin gap vanadatesAV2O5,4 whereA is
a monovalent metal, and the molybdenum bronzes
oxides1 have been particularly studied. The quasi-on
dimensional~quasi-1D! bronzes such as the vanadates
hibit charge localization effects, while the blue bron
K0.3MoO3 is a quasi-1D conductor presenting a charge d
sity wave~CDW! -Peierls ground state.1 In the CDW ground
state the electronic density is modulated with the 2kF wave
vector (kF is the Fermi wave vector of the 1D electron ga!.
CDW’s are observed among the low-dimensional metals
especially in quasi-1D electronic systems, due to the str
nesting property of their Fermi surfaces~FS’s! by the above
0163-1829/2002/66~7!/075116~16!/$20.00 66 0751
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quoted 2kF wave vector. In this respect the study of th
quasi-2D compounds is particularly interesting because t
electronic structure is intermediate between that of the
conventional quasi-1D systems and that of the more conv
tional 3D metals. Currently only few quasi-2D systems e
hibiting CDW transitions have been discovered. Besides
transition-metal dichalcogenides studied in the early 197
CDW instabilities have only been reported in the molybd
num purple bronzesAMo6O17 and in molybdenum oxide
Mo4O11.1 However, the CDW instability of the 2D Mo com
pounds has been explained by a hidden nesting mechan
which stabilizes the critical wave vector connecting diffe
ently oriented 1D portions of the FS.5

Recently, the observation of successive CDW transitio
in a series of quasi-2D conductors, the monophosphate tu
sten bronzes~MPTB!, (PO2)4(WO3)2m (m54 –14), has re-
newed interest in 2D inorganic conductors.2,3 The MPTB’s
are built by stacking along thec* direction of (a,b)
ReO3-type layers of corner sharing WO6 octahedra.6 The
width of these layers, which are made of elementary s
ments ofm WO6 octahedra, increases withm. Each WO3
layer is isolated from the next one by a slab of phosp
©2002 The American Physical Society16-1
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tetrahedra (PO4). The connection between the PO4 and the
WO3 slabs creates pentagonal tunnels giving the name
monophosphate tungsten bronze with pentagonal tun
~MPTBP’s! to the series. If one discards the presence
stacking defects~the occurrence of which increases withm)
most of the MPTBP’s are made of a regular stacking of id
tical layers. However, if two successive WO3 layers are iden-
tical from a chemical point of view, their crystallograph
orientation differs. There are two layers per unit cell who
orientations are related by a ‘‘21’’ screw axis symmetry if m
is even, or by a ‘‘n’’ glide plane symmetry, ifm is odd. These
regular members will be notedm/m below. However, in the
specific case of P4W10O38, the most stable crystalline phas
consists in an alternate stacking alongc* of m54 and m
56 conducting layers~see Fig. 1!.7 In this member, noted
m/m54/6 below, them54 andm56 layers are not related
by symmetry. It is only recently that the less stablem/m
55/5 regular member has been synthesized and tha
physical properties have been studied.8

In the MPTBP’s, each PO4 unit gives one electron to th
WO3 layers, which leads to an average oxidation state
6-2/m for the tungsten atom. Due to the layered structu
these bronzes are quasi-2D conductors, with (2m)(2/m)54
conduction electrons per unit cell containing two WO3 lay-
ers. In the regular members made of identical layers, e
layer accomodates two electrons per (a,b) area containing a
single segment ofm octahedra. This number must devia
from 2 in the 4/6 member, because them54 and m56
layers are not related by symmetry.

Previous extended Huckel9 andab initio10 band-structure
calculations have shown that the electronic structure of
regularm/m members exhibits a hidden 1D anisotropy.
this respect the conducting layer can be decomposed
three different arrays of chains directed along thea and a
6b directions. Along each chain direction there is a stro
overlap of a given combination of the threet2g orbitals of the
tungsten atoms in an octahedral environment. Each cha
constituted of segments ofm WO6 octahedra tilted with re-
spect to its running direction. Because of the strong dir
tionality of thet2g orbitals, there is a weak coupling betwee
neighboring parallel chains, which leads to the 1D anis
ropy. The hidden one dimensionality also appears on the
pology of the FS: the global FS of the regular members
be decomposed into three pairs of quasiplanar sheet

FIG. 1. Structure of P4W10O38 showing the alternation of layer
of m54 andm56 WO6 octahedra in thec* direction.
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quasi-1D FS’s. Each quasi-1D FS can be associated with
set of parallel and weakly coupled chains. A similar deco
position of the layered structure into three sets of chains
been performed in the purple bronzes and in Mo4O11 ~Refs. 5
and 9! and the prediction that their global FS is the superi
position of quasi-1D FS’s has been recently confirmed
photoemission studies.11

B. An overview of the physical properties of the regular
MPTBP’s

The physical properties of the MPTBP have been pre
ously investigated by combined electronic and structu
measurements. In all them/m members with 4<m<14, one
or several phase transitions have been observed with, h
ever, characteristics that strongly depend on them value of
the member.2,3.

For the members withm54, 5 ~6!, two ~three! CDW
transitions are observed.12–14. Their critical wave vectors and
Peierls transition temperatures (Tc) are given in Table I.8 At
these transitions the transport properties exhibit singulari
in their thermal dependence, and a gap appears in the m
netic susceptibility. These transitions involve the three set
chains previously quoted. Indeed, x-ray diffuse scattering
vestigations show that these chains exhibit 2kF pretransi-
tional fluctuations aboveTc , which are revealed by the pres
ence, in the reciprocal space, of diffuse sheets perpendic
to the chain directions and located at the reduced wave
tor 2kF away from the Bragg reflections.12 These diffuse
sheets are the fingerprints on the lattice degrees of free
of the CDW nesting instability which connects the quasi-1
portions of the FS. At the upper CDW transition (Tc1) satel-
lite reflections appear at the intersection of two sets of d
fuse segments out of three, which means that the modula
involves simultaneously two types of chains. Its critical wa
vector corresponds to a common nesting wave vector of
sets of quasi-1D FS’s associated with these chains. The lo
CDW transition (Tc2) occurs in order to nest the remainin
part of the quasi-1D FS and the electron and hole pock
which are formed at theTc1 transition. These findings agre
with the previously quoted hidden nesting scenario,5 which
has been invoked to explain the CDW transitions of t
quasi-2D molybdenum oxides and bronzes. Table I sho
that for the three low-m members (m54, 5, 6! the CDW
transitions occur at about similar critical temperatures:Tc1
ranges from 80 K to 120 K andTc2 from 50 K to 60 K. But

TABLE I. Critical temperaturesTci and critical wave vectorsqi

for the small-m members of the (PO2)4(WO3)2m family.

Member Tc ~K! qi

m54 Tc1580 (61) q15„0.333(5),0.295(5),0…
Tc2552(61) q25„0.340(5),0.000(5),0…

m55 Tc1583(65) q15„0.32(1),0.29(1),0.0(1)…
Tc2560(62) q25„0.36(1),0.00(5),0.0(1)…

m56 Tc15120(61) q15„0.385(5),0.000(5),0…
Tc2562(61) q25„0.310(5),0.295(5),?…
Tc3530 q35„0.29(2),0.11(2),?…
6-2
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SLIDING CHARGE DENSITY WAVE IN THE . . . PHYSICAL REVIEW B 66, 075116 ~2002!
in the m56 member, the sequence of CDW transitions
reversed with respect to that of them54 andm55 mem-
bers. However the incommensurate components of the C
modulation wave vectors remain very close, which me
that the FS is only slightly modified from them54 to the
m56 member.

The members withm larger than 6 are bad metals13–15. At
the difference of the low-m members where the conductivit
sizably decreases, their electrical conductivity decrea
weakly or even increases when the temperature decre
These features indicate a tendency towards a more loca
behavior of their electronic wave function. Although seve
CDW-like transitions with incommensurate modulations
with long period superstructures are observed in the largm
members, their CDW modulation behaves differently fro
that of the small-m members.16 In particular, the detection o
many harmonics shows that the modulation is strongly
harmonic, at variance with the low-m members where a
sinusoidal-like modulation is observed. This nonsinusoi
character, which means that the modulation varies spat
more rapidly than for the low-m members, can be the finge
print of a CDW built with more localized conduction ele
trons. The localization can be explained~1! by an enhance-
ment of the electron-electron interactions arising from
reduction of screening effects caused by the decrease o
electronic density, or/and~2! by an increase of the electron
phonon coupling as one approaches the insulating o
WO3, which corresponds to the limitm infinite of the
MPTBP series.

The MPTBP’s of intermediate m values (m57,8) exhibit
particularly interesting phenomena. The CDW transiti
leads to anomalies in the charge transport properties w
the magnetic susceptibility remains unaffected, which s
gests a decoupling between the charge and spin degre
freedom. In them57 member, a triply incommensurat
CDW modulated state appears at a nearly first-order tra
tion. It corresponds to the successive development of
monics of a primary 2kF modulation, which exhibit globa
hysteresis phenomena.12 Interestingly, them57 member be-
comes also a superconductor below 0.3 K.17 Two different
types of incommensurate CDW short-range orders occu
the same temperature range in them58 member.16 Their
competition probably prevents the stabilization of a we
defined long-range CDW order. These unusual features c
be due to the simultaneous presence of competingn2kF in-
stabilities (n51,2,3, . . . in them57 member andn52,3 in
the m58 member!.

The CDW critical temperature jumps abruptly abo
room temperature~RT! in the m>9 members. The CDW
ground state stabilizes long-period superstructures in th
<m<12 members and an incommensurate modulation in
m513 member.16 An additional phase transition or a shor
range order form510 and 11, which leads to a doubling o
the lattice periodicity alonga, is also observed in all them
>9 members. In them514 member, this last modulatio
~notedqAF below! remains the only one observed below
high-temperature first-order phase transition. This comm
surate modulation recalls the antiferroelectric~AF! order of
WO3. The relationship between the CDW and AF pheno
07511
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ena is supported by a recent determination of the RT CD
modulated structure of them510 member,18 which shows
that the CDW modulation itself corresponds to a ferroel
triclike shift of the W atom from the center of the WO6

octahedra in the segment direction with an opposite pha
~i.e., AF-like phasing! between neighboring segments of th
layer. In them59 members the electrical resistivity exhibi
very broad humps starting at the structural transitions~see
Fig. 8 in Ref. 15 form>9, Figs. 4 and 5 in Ref. 19 form
510 and 12, respectively, and Fig. 2 in Ref. 20 form513)
and the increase of which seems to be governed by
growth of the AF order parameter.16

The sharp jump ofTc from below RT, in them<8 mem-
bers, to above RT, in them>9 members could be associate
with the onset of the high-temperature AF instability of WO3
with which the CDW instability seems to be coupled. This
shown, for example, by the sliding of the modulation wa
vector in them510 andm511 members starting from a
high-temperatureqAF value.16 In addition, the second-orde
CDW transitions of them>9 members occur without the
onset of a well-defined regime of 1D fluctuations, in contr
with those exhibited by them<8 members. This means tha
the fluctuations are driven by short coherence length (j0)
effects, probably of the size of the ferroelectric segment. T
behavior recalls the CDW transitions of the transition-me
dichalcogenides, which seem to be driven by loc
phonons.21 In that case the phonon entropy, usually neglec
in the BCS-like theory of the Peierls transition, plays a ma
role in the mechanism of the CDW transition. The lattic
entropy mechanism of Ref. 21 leads to a CDW with lar
atomic displacements achieving local chemical bondin
This is the case for them510 member, where W displace
ments as high as 0.2 Å are obtained in the structural refi
ment of Ref. 18. The lattice-entropy mechanism also imp
the formation of a large Peierls gap (2D0) related toj0 by
the relationship

j0'\vF /pD0 ~1!

(vF is the Fermi velocity of the 1D electron gas!. As the total
energy is minimized~i.e., the Peierls gap is maximized!, if
the pattern of displacements minimizes bond-length diff
ences between pairs of atoms, such a mechanism tend
lock the CDW to the lattice by the formation of superstru
tures.

The interesting feature of the MPTBP’s is that whatev
m, the same layered structure is maintained. With the
crease of the thickness of the layer the physical propertie
the MPTBP’s change drastically. By stacking conducting la
ers with differentm values, in order to induce a charge tran
fer between these different layers, or by inserting alkal
metals in the channels, in order to change the aver
conduction-electron density per layer, one expects to furt
modify the physical properties inside the same crystall
network. In that context several bronzes have been syn
sized and are now under study. Here we present a comp
investigation of one of them.
6-3
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C. The mÄ4Õ6 alternate member

As previously mentioned, them/m54/6 bronze consists
in an alternated stacking ofm54 andm56 conducting lay-
ers. The space group of the 4/6 member isP21, with a
55.28 Å ~binary axis direction!, b56.56 Å, c520.57 Å,
anda596.18° if one uses the convention of them/m mem-
bers to label the crystallographic directions.7 This alternate
member is particularly interesting because, as them/m
54/4 andm/m56/6 regular members exhibit CDW insta
bilities with slightly different incommensurate critical wav
vectors~see Table I!, one expects original features comin
from the competition between the CDW’s issued from t
m54 and m56 layers.

The electrical resistivity22 of them54/6 bronze decrease
almost linearly on cooling from 550 K until about 180 K
Below this temperature the resistivity stays constant u
about 120 K, then the resistivity decreases progressiv
more steeply below 80 K with a slope anomaly at 30 K. T
resistivity of the 4/6 member does not exhibit the hum
anomalies of the 4/4 and 6/6 regular members belowTc1 and
Tc2. A hump anomaly is, however, induced by a magne
field of 16 T: the resistivity increases between about 180
and 80 K ~an additional very weak hump anomaly can
guessed around 150 K!, then drops until 30 K, the tempera
ture below which it further increases. The absolute value
the thermopower22 decreases linearly with the temperatu
until 180 K, then its slope decreases by a factor of 2 u
about 100 K, the temperature below which it further i
creases until 30 K. Quantum transport measurements re
the presence of small electron and hole pockets at low t
perature, and angular dependent magnetoresistance os
tions, detected below 30 K, indicate that the associated
lindrical FS is only weakly corrugated.22

The purpose of this paper is primarily to report an exte
sive x-ray investigation of the CDW instability exhibited b
them/m54/6 bronze. It completes a study published in R
23. The findings will be contrasted to those already obtai
in the regularm54, 5, and 6 members. The results will b
also discussed in the light of anab initio band-structure cal-
culation, which is necessary to determine self-consiste
the charge transfer between them54 andm56 layers. This
will enable us to account for the observed CDW critic
wave vector as the one achieving the best nesting of
global FS.

II. EXPERIMENT

A. Synthesis and characterization

The study has been performed on an unique crystal
pared by the chemical vapor transport technique. A mixt
of (NH4)2HPO4 and WO3 in appropriate proportion is firs
heated at 600 °C in air. Powdered metallic tungsten is t
added and the medley is heated in a silica tube at 1000 °C
2 days. In order to obtain monocrystals, the resulting po
crystalline sample is sealed in a quartz tube and placed
furnace with a temperature gradient of 10 °C/cm~from
1200 °C to 1000 °C) for 1 week.
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The crystal selected for our study was a 1 mm2

30.3 mm black platelet. It has been characterized by
Weissenberg method using thelCu51.542 Å radiation is-
sued from a classical tube in order to measure its unit
and to verify its crystalline quality. The measured cell para
eters were those expected for the 2m5416 phase and the
extinction rules were compatible with those of theP21 space
group. The sample was found to be of quite good quality
twinned. The twins are related by a twofold axis along theb
direction. In the reciprocal space, the presence of twin
crystals gives rise to additional spots only along thec* axis
direction. In this direction the Bragg reflections of the twi
are separated byD l 52(b* cosa* /c* )k, k being the miller
index in theb* direction.

B. X-ray diffuse scattering and diffraction experiments.

Preliminary results have been obtained using thelCu
51.542 Å radiation issued from either a classical tube o
rotating anode~for the intensity measurements!. All the beam
lines were equipped with a doubly bent graphite monoch
mator. The investigation has been performed with the
called fixed film-fixed crystal method, well adapted to dete
weak diffuse scattering effects. Then the thermal depende
of the intensity of selected CDW reflections has then be
measured with an Ar-NH4 gas linear detector. Additiona
laboratory measurements of the position of the satellite
flections were also performed with a homemade three-ci
diffractometric setup mounted on a rotating anode. The th
experimental setups used were equipped with a cryoco
operating from room temperature down to 25 K.

Finally, accurate measurements of the position and
width of the satellite reflections have been performed us
the Wiggler beam line DW22 at the synchrotron radiati
facility of LURE. Here the beam was monochromatized by
~sagitally! focusing double crystal silicon~111! monochro-
mator and the diffracted beam was registered on a four-ci
diffractometer equipped with a cryocooler operating down
15 K. The energy of the incoming photons was 18 KeV
order to minimize the absorption effect by the crystal. T
crystal was glued with its binary axisa roughly aligned
along theV axis of the diffractometer.

III. RESULTS

A. X-ray diffuse scattering investigation

1. A high-temperature modulation

X-ray experiments performed at RT and down to 200
do not reveal the thin diffuse lines previously observed in
other regular low-m members of the series.12 Only very
broad diffuse trails directed along the 2a* 63b* directions
can be guessed@Fig. 2~a!#. Such diffuse trails have bee
already observed in almost all the MPTBP’s in the sa
temperature range. They originate from the low-frequen
vibration modes of the segments ofm octahedra previously
considered. These modes, which are uncoupled from
ment to segment, correspond to an in-phase acousticlike
6-4
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SLIDING CHARGE DENSITY WAVE IN THE . . . PHYSICAL REVIEW B 66, 075116 ~2002!
placement of them tungsten atoms of the segment, recalli
the ferroelectriclike distortion of the segment previous
mentioned.

Inside these diffuse trails 2D or 3D diffuse spots are
tected below 220 K@see arrows on the x-ray pattern of Fi
2~a!#. We have measured the peak intensityI of these diffuse
spots as a function of the temperatureT. Figure 3 gives the
thermal variation ofT/I below 195 K, showing clearly that i
vanishes upon cooling. This means thatT/I , which according
to the fluctuation-dissipation theorem corresponds to
structural counterpart of the CDW susceptibility, behav
critically. The extrapolation to zero of the thermal depe
dence ofT/I allows to expect a second-order structural tra
sition at about 15362 K(5Tc1).

Consistently, the diffuse spots condense into well-defin
satellite reflections belowTc1. All the satellite reflections,
shown by black arrows on the x-ray pattern of Fig. 2~b!, are
observed at quite large diffraction angles, which is typical
a displacive structural transition. Using the laboratory d
fractometric setup, the measurement of the satellite reflec
position gives, with respect to the main Bragg reflecti
frame, a reduced wave vector of the modulation ofq1
5„0.33(2),0.33(2),0.00(2)…. Within the given experimenta
errors q1 is found to have commensurate components~see
below for a more accurate determination of the componen!.
The intensity of the satellite reflections is'531023 times
that of an average main Bragg reflection. Satellite reflecti

FIG. 2. X-ray patterns of the 4/6 member taken at 200 K~a! and
25 K ~b!. In ~a! the arrows point towards the diffuse spots. In~b! the
black ~white! arrows point towards theq1 and q2 satellite reflec-
tions. Thea* andb* directions are indicated.
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are also detected at theq185„0.33(2),20.33(2),0.00(2)… re-
duced wave vector related toq1 by the monoclinic symmetry
of the high-temperature lattice. However at the present st
of our investigation it is not clear ifq1 andq18 belong to the
same domain, which would lead to a 2q modulation pattern,
or to two different domains, which would lead to a singleq
modulation pattern.

Figure 4 gives the thermal variations of the intensity
two q1 satellite reflections located, respectively, at the~a!
Q15(2,1,0)2q1 and ~b! Q25(3,21,21)2q1 reciprocal
positions. The intensity of theQ1 reflection grows steeply
below about 156 K, which is close to the temperature (Tc1)
at which theq1 critical scattering diverges. However Fig
4~a! shows that theQ1 satellite intensity behaves nonmon
tonical in temperature and that the cooling and heating cy
differ sizably below 130 K. Upon cooling, after a stron
increase belowTc1, the intensity of theQ1 satellite reflection
saturates between about 130 K and 100 K, then further
creases, reaching a maximum around 80 K before decr
ing. Upon heating, theQ1 intensity stays constant until 10
K, then shows a dip around 120 K, further increases u
130 K, and abruptly decreases untilTc1. The Q2 satellite
intensity exhibits also a nonregular behavior in temperat
and a hysteresis between the heating and cooling cycles
pecially visible below 100 K. However its thermal varia
tions, shown Fig. 4~b!, differs from those of theQ1 reflection
previously described. Upon cooling, after a weak incre
belowTc1, theQ2 satellite intensity strongly increases belo
125 K. Then the intensity exhibits a secondary maximu
around 110 K followed by a weak dip around 90 K before
further increase below 90 K. Upon heating, theQ2 satellite
intensity first decreases, then saturates around 100 K be
decreasing, more strongly until 125 K. Then above this te
perature it saturates at a weak value untilTc1.

In conclusion, the satellite reflection intensity exhibits,
addition to its onset atTc1, anomalies in its thermal depen
dence around 120–130 K (T*) and 80–100 K (T**). Such
unusual dependence is not exhibited by the CDW sate

FIG. 3. Temperature dependence of the inverse peak intensI
of theq1 critical scattering measured atQ15(2,1,0)2q1, corrected
by the thermal population factor. The quantityT/I extrapolates to
zero at the critical temperatureTc1.
6-5
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intensity of the regular low-m members, which increase
regularly when the temperature decreases.12 These anomalies
are the fingerprints of an unconventional behavior of
CDW transition of the 4/6 member.

2. A weaker additional modulation

Another type of satellite reflection is observed at the
duced wave vectorq25„0.33(2),0.00(2),0.00(2)… at low
temperature@white arrows on the x-ray pattern of Fig. 2~b!#.
The intensity of theq2 satellite reflections is one order o
magnitude smaller than that of theq1 ones. It is thus difficult
to determine precisely the temperature below which theq2
satellite reflections appear. The photographic investiga
still shows very weakq2 reflections at 130 K, which are no
detectable at 150 K. The present investigation cannot de
mine if the q2 reflections appear atTc1 with an extremely
weak intensity, or at a different critical temperature (Tc2
.T* ). In addition, one has, within experimental errors,q2

5q11q18 modulo a reciprocal wave vector. Thus, one can
exclude, if theq1 andq18 modulations are present in the sam
domain, that theq2 modulation should be a harmonic of th
modulation. However in that case one expects to detect

FIG. 4. Thermal dependence of the peak intensity of theq1

satellite reflections located at~a! Q15(2,1,0)2q1 and ~b! Q2

5(3,21,21)2q1 reciprocal positions. The cooling and heatin
curves are shown by empty and full circles, respectively.Tc1 and
T* are indicated. The background intensity~BKG! is indicated.
07511
e

-

n

r-

t

so

satellite reflections at the reducedq35q12q18 wave vector.
They have not yet been observed.

No additional structural effect has been detected until
K, the lowest temperature reached. This means that no s
tural modifications seems to occur at the temperat
;30 K at which transport properties exhibit addition
anomalies.

B. Accurate measurement of the q1 modulation

1. Thermal variations of the modulation wave vectorq1

The first purpose of the synchrotron experiment was
verify the commensurate value of theq1 reduced wave vec-
tor. For that, we have accurately recorded the intensities
sued from the satellite reflection located atQ35(3,1,1)
2q18 and the~8,4,3! Bragg reflection diffracted by thel/3
wavelength~not totally eliminated by the monochromator!.
If q18 presents commensurate (1/3,1/3,0) components, b
reflections should be superimposed. At 25 K we have p
formed intensity scans along several reciprocal directio
We have verified that theh and l components of the satellite
and of thel/3 Bragg reflection are identical within the ex
perimental errors. This indicates that thea* and c* compo-
nents ofq1 are commensurate~with a relative precision of
231023 in reciprocal space units!. But, as shown by the
intensity scan of Fig. 5~a!, we have observed that in the (k,l )
plane the satellite reflection and thel/3 Bragg reflection are
not superimposed alongb*. The b* component ofq1 is thus
incommensurate: if one setsqb* 5b* /31Dqb* , the shift
along thek direction of the satellite reflection with respect
the l/3 Bragg reflection isDqb* 5@(1.560.2)31022#b* at
25 K. It is interesting to remark that in the regularm54
member the high-temperature CDW modulation wave vec
is also shifted alongb*, but in the opposite direction and
with a larger amplitude than for the 4/6 member:Dqb* 5
2(3.831022)b* ~see Table I!.

The same experiment has been repeated at several
peratures between 25 K andTc1 ~Fig. 5!. Only theb* com-
ponent was found with an incommensurate value at all te
peratures with, however,Dqb* decreasing with increasing
temperature. Figure 6 shows thatDqb* begins to decrease
above 60K and saturates atDqb* 5(0.431022)b* above
125 K. As this last shift is only twice the experimental u
certainties, one cannot exclude thatq1 becomes commensu
rate in the vicinity ofTc1. But it is interesting to remark tha
q1 seems to vary in a limited temperature range which see
to be bounded byT* and T** , temperatures at which
anomalies are observed in the thermal dependence of
satellite intensities. However as there is only one determ
tion of Dqb* performed betweenT* and T** , additional
measurements have to be performed in order to substan
this statement. In the regularm54 bronze, recent synchro
tron measurements have shown that there is not such a
ing of the incommensurateb* component of theq1 modula-
tion wave vector belowTc1.

2. Measure of theq1 satellite reflection width

The profile of theQ3 satellite reflection has been me
sured along the three main reciprocal directions. Along
6-6
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FIG. 5. Isointensity two-
dimensional (k,l ) map around the
Q35(3,1,1)2q18 satellite reflec-
tion and thel/3 harmonic of the
~8,4,3! main Bragg reflection at
~a! 25 K, ~b! 100 K, ~c! 125 K,
and ~d! 140 K. The (k,l ) scale in
~a! is larger than in~b!–~d!. The
black circles indicate the center o
the reflections.
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a* and b* directions the profile can be well fitted by
Gaussian with a width corresponding to the experimen
resolution ~i.e., the width of the neighboring main Brag
reflections!. This means that at the scale of our experimen
resolution there is a long-range CDW order in theab layer.
Along the interlayerc* direction, the profile of the satellite
reflections can be well fitted~Fig. 7! by a Lorentzian whose

FIG. 6. Thermal variation of the splitting alongb*, Dqb* , be-
tween theQ3 satellite reflection, and thel/3 harmonic of the~8,4,3!
main Bragg reflection.
07511
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width is much larger than that of the main Bragg reflectio
alongc* . It is thus not necessary to perform a deconvoluti
of the measured profile with the experimental resolution
that direction in order to obtain the realq-space profile. The
1D Fourier transform alongc* of this profile gives the
position-position correlation function, which describes t
loss of long-range order in the interlayer direction. With
Lorentzian satellite profile in the reciprocal space, one
duces that this correlation function varies ase2z/ l in the di-
rect space, wherel 5Dqc*

21 , Dqc* being the half-width at
half maximum of the Lorentzian. One measuresl 5520 Å at
140 K, l 5220 Å at 100 K, andl 5120 Å at 25 K. These
measurements surprisingly show that the CDW order d
riorates along the interlayer direction when the temperat
decreases fromTc1. It is interesting to remark that in the
regularm54 member, no thermal variation of the satelli
width is observed. Surprisingly, the synchrotron investigat
of the m54 member shows that theq1 satellite reflections
are broader than the experimental resolution along all
reciprocal directions (a* , b* , andc* ).

IV. AB INITIO BAND-STRUCTURE AND FERMI-SURFACE
CALCULATIONS

In order to perform the electronic structure calculation
the 4/6 member we have used a density-functional the
6-7
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~DFT! total-energy schema24 based on ultrasoft pseudo
potentials25 with a plane-wave basis set cutoff energy of 4
eV. The exchange and correlation energy was calculated
ing the local-density approximation. The conditions of calc
lation were identical to those used for the calculation of
electronic structure of the regularm54 member.10 This will
allow a clear comparison of the band structure and of the
between the 4/4 and 4/6 members.

The calculation gives, as expected, six conduction ba
crossing the Fermi level. The energy dispersion of th
bands is much less dispersive along thec* direction than
along thea* and b* directions by a factor of 50–1000 de
pending on the band. This means that the electron w
functions of the conduction bands are basically uncoup
from layer to layer and thus that the band structure can
viewed as the superimposition of that of them54 and m
56 layers. From each layer originate three bands which
mainly dispersive along thea* and d6* reciprocal direction
and which thus can be associated to the chainsa (a*
52p/a) and a6b (d6* 52p/ua6bu) as for the regular
members.9,12 The bandwidth is'2 eV for the chainsa and
'1 eV for the chainsa6b. Similar values of the bandwidth

FIG. 7. Scan alongc* of the Q3 satellite reflection at~a! 25 K
and ~b! 140 K. The reflection located atl 51.1 is a satellite reflec-
tion issued from the twin. The full line is the result of a fit of th
profile by a Lorentzian.
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have been found in theab initio calculation of the electronic
structure of the regularm54 member.10 These findings
agree with magnetotransport measurements22 which show
that the FS is weakly corrugated in thec* direction and that
the ratio of the interlayer to intralayer transfer integrals is
the order of 631023.

The average conduction-band dispersion alongc* de-
creases from.1021 eV for them/m52/2 member~where
only chainsa are present! to .1022 eV for the m/m54/4
member, then to less than 1023 eV for them/m54/6 mem-
ber. A straightforward explanation is that whenm increases,
the conduction electrons become more and more confine
the center of the layer where the WO6 octahedra are les
distorted by the presence of the PO4 groups. This statemen
has been confirmed by our DFT calculation of them/m
54/6 member. The calculation shows that in them54 layer
the electron density, which is maximum on the two inner
atoms of the segment of four WO6 octahedra, still spreads o
the two outer W atoms in contact with the PO4 groups, while
in the m56 layer there is a maximum of density on the tw
inner W atoms of the segment of six WO6 octahedra and
nearly no density on the two outer W atoms in direct cont
with the PO4 groups.

Figure 8 shows, in thec* 50 reciprocal layer, the FS
originating from the six conduction bands. As there is
substantial dispersion alongc* , it basically gives the section
of the ‘‘cylindrical’’ shape of the total FS. The FS clearl
exhibits 1D parts perpendicular to thea* andd6* reciprocal
directions~i.e., respectively, parallel to theGY and XY di-
rections of Fig. 8!, which thus can be associated with chai
a and a6b. The FS is split along these directions, as e
pected by the presence of uncoupled parallel chains ha
different filling factors in them54 andm56 layers. The 1D
parts of the FS are less warped and the hybridization
between bands associated with different chains are small
the 4/6 member than in the 4/4 member.10 The first feature

FIG. 8. Fermi surface of the 4/6 member in thec* 50 plane of
the Brillouin zone. Theq1 , q18 , andq2 wave vectors of the modu
lation are indicated.
6-8
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means that there is less interchain coupling, i.e., lessd-type
coupling between thet2g orbitals of the same nature on W
atoms bridged by the oxygen common to neighboring cha
of octahedra~the degree of the coupling is governed by t
tilt angle of the octahedra!. The second feature means th
there is less mixing between the chains, i.e., less hybrid
tion between thet2g orbitals of different nature in a given
octahedron~the strength of the hybridization is governed
the distortion of this octahedron!. All these features are thos
expected from the structural refinements6 showing that the
layers are made of more regular WO6 octahedra whenm
increases.

With the above quoted decomposition of the total FS i
partial FS’s associated to the three types of chains, one
compute the average Fermi wave vector related to the fil
of each type of chain. From Fig. 8 one gets 2kF

a

50.29(1)a* for the chainsa and 2kF
d50.34(2)d6* for the

chainsa6b ~the uncertainties take into account the warpi
of the FS!. As the total number of electrons per chain
given by its 4kF wave vector and as there is one chaina and
two chainsa6b per layer and two layers per unit cell, th
leads to a total of 2(4kF

a /a* )14(4kF
d /d6* )53.960.2 con-

duction electrons per unit cell. This value, within experime
tal errors, accounts for the four electrons donated by the4
groups. The average 2kF

a value thus calculated for the 4/
member, 0.29(1)a* , is closer to the 2kF

a50.30(2)a* value
experimentally determined in the 6/6 member than t
found, 0.33(2)a* , for the 4/4 member. This is the opposi
situation for the 2kF

d average value where that calculated f
the 4/6 member, 0.34(2)d6* , is closer to the 2kF

d

50.35(2)d6* value experimentally determined in the 4
member than those found 0.39(2)d6* and 0.38(2)d6* for the
6/6 member and 5/5 member, respectively.8

The difference of Fermi wave vectors between the
band structures originating from them54 and m56 type
layers is given by the splitting of their FS. From Fig. 8
amounts toD2kF

a50.016a* and D2kF
d50.03d6* for the

chainsa anda6b, respectively. These 2kF differences lead
to a charge transfer of aboutdr'0.08 electrons between th
m54 and m56 layers if one assumes that the outer a
inner components of the FS shown in Fig. 8 belong to d
ferent layers~This hypothesis is sustained by the observat
that the total FS of Fig. 8 exhibits hybridization gaps on
when the partial FSs associated with the same layer cro!.
The sign of the charge transfer has not been determi
However one expects, because the network of octahed
more regular in them56 layer than in them54 layer, that
the t2g levels will be of lower energy in them56 layer than
the m54 layer. This hypothesis agrees with photoemiss
measurements26 which show that the binding energy of th
t2g levels increases whenm increases. In that case on
should have 21dr electrons per segment ofm octahedra in
them56 layer and 22dr electrons in them54 layers. With
this interpretation both 2kF

a and 2kF
d increase from them

54 layer to them56 layer. In the extended Huckel calcu
lation of the electronic structure of the 4/6 member, p
formed in the hypothesis of no charge transfer between
layers,27 there is a decrease of 2kF

a and an increase of 2kF
d
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from them54 layer to them56 layer, which is consisten
with the sense of variation of 2kF values observed in the
regularm members.

By the presence of flat portions, the FS shown Fig
exhibits remarkable nesting properties which must be at
origin of the structural instabilities exhibited by the 4
member. These properties will be considered in the follow
section in relationship with the discussion of the structu
results.

V. DISCUSSION

A. The nesting instability and the Tc1 transition

Figure 8 shows that the extremities of theq
1

critical wave
vector nest remarkably the flat portions of the FS, wh
form a lozenge around theX point of the Brillouin zone. In
addition, theq1 wave vector, which is almost parallel to th
edges of the lozenge, achieves a high degree of nesting
tween the edges linked byq

1
. This process leads to the nes

ing of the FS associated with the chainsa6b. Theq1 wave
vector, as well as theq2 one, nest also approximately the F
associated with the chainsa. According to Fig. 8 there is a
difference of 0.04a* (50.05 Å21) between 2kF

a50.29a*
of the average FS and theqa50.33a* component ofq1 and
q2. This difference being comparable to the inverse CD
thermal coherence length on the chainsa at Tc1, given by

j th~T!5
\vF

A2pkBT
, ~2!

and which amounts toj th
21(Tc1).0.04 Å21 from the results

of m/m54/4,10 the critical development of the CDW insta
bility on the chainsa is not inhibited by the misfit of the
wave vectors. All these considerations show that theq1
structural transition is due to a CDW instability as in th
other regular low-m members.2 In addition, one expects, be
cause of the quite good nesting properties of the loze
parts of the FS, that the electron-hole response function
exhibit a stronger divergence in them/m54/6 member than
in the m/m54/4 member, which has less flat FS portion
This qualitatively explains why the CDW transition of th
4/6 member occurs at a critical temperatureTc15156 K,
twice larger than that atTc1580 K of the upper CDW tran-
sition of the 4/4 member for which a modulation at about t
same wave vector is stabilized~see Table I!.

Upon cooling, the thermal dependence of the transp
properties22 changes gradually aboveTc1 in a temperature
range starting at about 180 K. This change could be
plained by the formation of a pseudogap associated with
presence of sizable pretransitional fluctuations. In this con
tion the x-ray diffuse scattering investigation shows that
terchain CDW correlations are present in a large tempera
range extending to about 60 K aboveTc1. The presence of
such intralayer 2D correlations can be understood by the
that whenq1 remains parallel to the edges of the lozenge t
is a best nesting of the FS and thus a maximum in
electron-hole response function. The increase of dimens
ality of the pretransitional fluctuations could also explain t
6-9
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enhancement of theTc1 critical temperature in the 4/6 mem
ber with respect to that of the low-m regular members, which
differently exhibit an important regime of 1D pretransition
fluctuations.

B. A two-order-parameter CDW transition

Curiously the transport measurements do not reveal
bump anomaly starting atTc1 observed in them/m54/4
member.22 In addition, the decrease by a factor of 2 of t
slope of the linear dependence of the thermopower22 sug-
gests that belowTc1 the CDW modulation is only set in on
layer out of two. The absence of a bump anomaly could t
be explained if gaps are only opened on the FS origina
from the electronic wave functions of one layer and if t
other layer remains metallic belowTc1. This implies that the
nesting process considered in the preceding section conn
in fact only half of the global FS, say, the FS associated w
the m56 layer~see Sec. III below!. In this scenario only this
layer becomes modulated atTc1, which thus sets the orde
parameterr1. A suitable explanation of the thermal behavi
of the transport properties and of the unusual variation of
intensity of theQ1 @Fig. 4~a!# and Q2 @Fig. 4~b!# satellite
reflections can be simply provided if there is another or
parameterr2 which accounts for the CDW modulation of th
other ~say, m54) layer, and whose thermal dependence
different from that ofr1. In the case of a singleq modula-
tion, these order parameters enter in the expression of
satellite intensity in the form

I ~Q!5ur1F6~Q!1r2F4~Q!u2d~Q2G6q1!, ~3!

where Fm(Q) is the structure factor accounting for th
modulation of themth-type layer:

Fm~Q!5(
j

f j~Q!~Q•ej !exp~ iQ•r j !,

and in which the atomj located inr j and with atomic form
factor f j (Q) is displaced with a polarizationej . In the ex-
pression~3! the large increase of theQ1 satellite intensity
belowTc1 reflects the rapid growth ofr1, while the increase
of the Q2 satellite intensity belowT* .125 K reflects the
growth or a sizable increase ofr2. In the first situation,
shown Fig. 9~a!, which corresponds to the case where ther1
andr2 order parameters are of different symmetries, the t
order parameters develop ‘‘independently’’ and regularly
temperature~in that case there is at lowest order a biqu
dratic coupling betweenr1 andr2). In the second situation
shown Fig. 9~b!, which corresponds to the case wherer1 and
r2 have the same symmetry, ther1 andr2 order parameters
appear atTc1, thenr2 exhibits a rapid increase aroundT* ~in
that case there is at lowest order a bilinear coupling betw
r1 and r2). The nonmonotonic variation of the satellite in
tensity at lower temperature can be explained by interfere
effects between the two contributions entering in Eq.~3!
when the amplitudes of the two order parameters beco
equally important.Fm(Q) being complex numbers, the mag
nitude of the interference effect also varies with the sate
positionQ in reciprocal space.
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C. A sliding modulation

As shown Fig. 6, theb* component of theq1 wave vector
varies in temperature principally between about 120
(.T* ) and 80 K (.T** ). The sizable increase of ther2
order parameter occurs at about the temperatureT* . This
means that the start of the sliding of theq

1
wave vector

seems to be correlated with the growth of ther2 modulation.
Under cooling, the modulus ofq1 increases. In the FS

nesting scenario considered in Sec. V A, this correspond
a change of nesting from the inner lozenge centered at thX
point of the Brillouin zone towards the outer lozenge. In S
IV we have provided evidences that the inner~outer! lozenge
would correspond to the FS associated with them56 ~m54!
layer. Thus from the sense of variation of the modulati
wave vector one can justify the assertion previously ma
that the FS associated with them56 layer will be nested at
Tc1 and that the sliding of the modulation wave vector occ
in order to enhance the nesting with the FS associated
them54 layer. The best nesting will be achieved for a wa
vector connecting one edge of the lozenge of the FS of

FIG. 9. Schematic representation of the thermal dependenc
the two order parameters of the CDW transition of the 4/6 mem
in the case ofr1 and r2 order parameters of different~a! and of
same~b! symmetry.
6-10
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SLIDING CHARGE DENSITY WAVE IN THE . . . PHYSICAL REVIEW B 66, 075116 ~2002!
m56 layer to the opposite edge of the lozenge of the FS
them54 layer. According to the FS calculation of Fig. 8 th
would lead to a variation of 0.03b* , assuming that the charg
transfer between the layers does not change during the
ing of the CDW~see Sec. V D below!. This number is rela-
tively close to the experimental variation of 0.012(4)b* for
the total shift ofDqb* ~Fig. 6!. However the quality of the
nesting must be appreciated on the total FS and not only
the lozenges around theX point. Finally, let us remark tha
the shift of the wave vector is less than the inverse of
CDW coherence length~estimated for the chainsa6b at
j th

21(T).0.05 Å21, in the temperature rangeT* –T** ,
from the data of the regularm54 member,10! the sliding
mechanism is not energetically prohibited. However the
lationship between the sliding and the growth of the mo
lation on them54 layer must be clarified. This will be don
using the phenomenology of the Landau-Ginzburg theory
the phase transitions in Sec V E below.

The nesting of the total FS is certainly completed arou
T** when the thermal variation ofq1 saturates and when th
thermal variation of the thermopower deviates from the l
ear behavior expected in a metallic state. Magnetotrans
measurements at low temperature22 show, by the detection o
small electron and hole pockets, that a quite good nestin
achieved. Thus the sliding of the modulation wave vec
renders the 4/6 member semimetallic. The same electr
ground state is achieved in the other low-m regular members
by a different mechanism in which successive CDW tran
tions are set.2,3 As the 4/6 member is made of different la
ers, the sliding of the nesting wave vector is probably
most economic way to achieve a semimetallic state. T
gradual appearance of a semimetallic state in temperatur
a sliding modulation mechanism probably explains why
resistivity of the 4/6 member does not exhibit the bum
anomaly observed in the regularm members at their succes
sive CDW transitions.

D. Comparison with other quasi-1D systems made of two
types of metallic chains differently filled

It is interesting to compare our findings in the 4/6 memb
with the results previously obtained in quasi-1D conduct
made with spatially separated chains for the purpose of
termining in which condition a CDW instability can be set
the presence of two different 1D electron gases having,
spectively, the 2kF

I and 2kF
II critical wave vectors.

A first family of materials which has been extensive
studied is the charge-transfer salts made of segregated s
of donors and acceptors.28 But in most of them the number o
electrons on the acceptor stack amounts to the numbe
holes on the donor stack, which implies 2kF

I 52kF
II within

one reciprocal-lattice wave vector. However, TTF-TCNQ
particularly interesting because after a 2kF

I CDW order
which develops on the TCNQ sublattice, the developmen
the 2kF

II CDW on the TTF sublattice at lower temperatu
leads to the sliding of the transverse component of the mo
lation ~in the direction where the TCNQ and TTF stac
alternate!. The growth of the amplitude of the modulation o
the TTF stacks controls the transverse shift of wave vecto29
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In addition, the interchain CDW order in this direction im
proves on cooling with the growth of the TTF order para
eter and thus with the increase of the interchain coupling.30 It
is thus interesting to remark that the opposite behavior
curs in the 4/6 member, where the CDW order in thec*
interlayer direction degrades on cooling.

A second family of materials is the transition-met
trichalcogenides.31 Monoclinic NbSe3 and TaS3 crystallize
with two different types of conducting chains~called types I
and III in the literature! with slightly different band filling
~i.e., 2kF wave vectors!. Although the 2kF

I 22kF
II difference

is quite small (0.018b* and 0.006b* in NbSe3 and TaS3,
respectively! and is comparable to the 2kF difference be-
tween chains located on them54 and 6 layers of the 4/6
member~see Sec. IV!, two successive and independent CD
transitions corresponding to different transverse CDW
ders, each affecting a given sublattice of chains,
observed.31 The orthorhombic variety of TaS3 is more inter-
esting because the CDW modulation wave vector varies
temperature and saturates at a commensurate value a
temperature.32 The behavior bears some resemblance w
that shown by the 4/6 member. However the chain array
the orthorhombic structure is so imperfectly known so tha
detailed theory cannot be built.

Several theories33–36 have considered the case of a CD
instability on two Peierls chains with nearly equal 2kF wave
vectors. In three of them33–35the problem has been analyze
in the limit of very strongly coupled CDW’s: the relativ
phase between the CDW located on the two types of ch
is then fixed and there is a single lattice deformation~i.e., a
single order parameter!. The deformation can be describe
by a lattice of amplitude solitons. Each band exhibits tw
energy gaps with a midgap subband built by the soliton e
tronic states. When the gap~i.e., the order parameter! in-
creases, the periodicity of the soliton lattice decreases. W
the gap becomes larger than the band splitting (\vFukF

I

2kF
II u) the deformation acquires a sinusoidal shape with

kF
I 1kF

II critical wave vector. In parallel, there is a continuo
electron transfer between the two bands which termina
when both bands are equally filled. This description w
only a single order parameter does not correspond to
situation observed in the 4/6 member.

When there is a weak bilinear coupling between the CD
on chains I and II~for example, due to the direct Coulom
coupling between the CDW’s!, their relative phase is no
longer fixed and two lattice deformations or order parame
~one per chain! must be considered. This is a quite difficu
problem to solve because generally a charge transfer betw
the two types of chains accompanies the relative growth
the order parameters. A simplified solution is given in R
36. The three types of solutions found are summarized in
Appendix. They have some relevance with our findings
the m/m54/6 bronze, as we shall see in the following se
tion. The interesting point of the theory of Ref. 36 is that a
local variation of 2kF , which leads to a shift ofp of the
phase of the modulation, generates a discommensuration
bears a net electric charge ofe.40
6-11
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E. A disordered dilute soliton lattice in the 4Õ6 member?

Several basic ingredients of Bjelis and Barisic’s theor36

are observed in the CDW modulation of the 4/6 member:
presence of two order parameters~Sec. V B!, a sliding modu-
lation which saturates at low temperature~Sec. V C!. But the
main characteristic of a soliton lattice~SL! consisting in the
presence of sideband satellite reflections~Figs. 11 and 12! is
not observed. However if the discommensurations are di
dered it would be difficult to observe the sidebands, but

FIG. 10. ~a! Variation of the potentialV(r ) as a function ofr
5r2 /r1. The situation depicted corresponds to the case~c!. Sche-
matic representation of the thermal variation of the wave vectoqx

of the main reflection~s! of the Peierls modulated chains for~b!
V(0 K).V(TSL), ~c! V(Tc).V(TSL).V(0 K), and ~d! V(TSL)
.V(Tc).
07511
e
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stead one should observe a broadening of the satellite re
tion, especially in theb* direction of the sliding of the
modulation. A broadening of theq1 main satellite reflection,
in excess of the experimental resolution~of 631023 Å21,
half-width at half maximum!, is however not observed in th
(a* ,b* ) reciprocal plane. This means that if a SL is prese

FIG. 11. ~a! Spatial representation of the soliton lattice in th
relative phase of the CDW located on chains 1 and 2.~b! Spatial
variation of their phasew i and ~c! Fourier transform of their indi-
vidual modulation.

FIG. 12. Diffraction pattern of the modulated Peierls chains a
function of the ratioV(TSL)/V(0 K). When this ratio increases th
separation between the sidebands increases and the soliton do
lengthL decreases.
6-12
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SLIDING CHARGE DENSITY WAVE IN THE . . . PHYSICAL REVIEW B 66, 075116 ~2002!
at low temperature, it must be relatively diluted. Anoth
possibility is that the coupling between CDW’s would b
strong enough to keep the modulation sinusoidal. This w
correspond to the situation depicted in Fig. 10~b!. In that
case the expression~A7!, taken from the Landau-Ginzbur
theory given in the Appendix, can account quite well for t
thermal variation of the modulation wave vector. This la
expression clearly shows that the sliding of the wave vec
is related to the relative growth of ther2 order parameter on
the m54 layer, through the ratior 5r2 /r1. It explains ~i!
the nonvariation of the wave vector aboveT* whenr2 is not
enough developed,~ii ! the rapid variation of the wave vecto
at temperature belowT* when r2 increases strongly, an
~iii ! the low-temperature saturation at the wave vectorkF

I

1kF
II when the ratior tends to 1. All this behavior relies als

on the microscopic mechanism of a progressive nesting
proposed in Sec. V C.

In fact it is very difficult to discriminate between a dilut
SL and a sinusoidal modulation, which corresponds to
limit where the separation between the discommensurat
becomes very large. Such a distinction will be even m
difficult to do in presence of disorder in the SL. In this sit
ation only local measurements could reveal the presence
dilute and/or disordered discommensuration lattice.

However, according to our results, two aspects of
modulated structure of the 4/6 member seem to indicate
presence of a dilute SL. The first one is that the pinning
discommensurations by the local minima of the poten
provides a simple explanation of the hysteresis phenom
observed belowT* between the cooling and heating cycl
of measurement of the satellite intensity~Fig. 4!. The second
feature concerns the broadening upon cooling of theq1 sat-
ellite reflections alongc* ~Fig. 7!, which should have a natu
ral explanation in the presence of a low-temperature~disor-
dered?! lattice of discommensurations. In that case,
regions where the amplitude or the phase of the CDW mo
lation remains not spatially uniform, as in the discommen
rations, are the weak links in the interchain coupling. A
kind of randomness in the repeat periodicity of the disco
mensuration lattice, should drive an interchain disorder.
addition, the increase amount of discommensurations u
cooling would explain the observed enhancement of the
terchain disorder.

The profile of the satellite reflection in the transverse
rection, z, is proportional to the displacement-displaceme
correlation function

^uu~qx1dqz!u2&5(
pm

^up~x!um* ~x!&exp~ idpmdqz!, ~4!

whereup(x) is the lattice modulation, given by Eq.~A1!, in
thepth chain~layer! anddpm is the distance between thepth
andmth chains~layers!. On the right-hand side of Eq.~4! the
average is performed in the chain~layer! direction,x. If the
disorder originates from the randomness in the relative ph
of the modulation between successive chains~layers!, the
interchain dependence of^up(x)um* (x)& will be given by

^^exp@ i ~wp2wm!#&&'exp~2dpm / l !, ~5!
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where on the left-hand side of Eq.~5! there is a second
average on the chain~layer! taken at the origin. The expo
nential decay in the right member of Eq.~5! is the one ex-
perimentally deduced from the Fourier transform of the p
file of the satellite reflections of the 4/6 member, as seen
Sec. III B 2 (l being the length of the coherent domains!.
Many models of disorder in 1D leads to an exponential
cay of the correlation function. For example,~1! if there is a
random distribution of domain size, withm being the prob-
ability to cross a domain wall per unit length, it is easy
show,37 if the phase coherence is completely lost on cross
a domain wall, that

l 5m21 ~6!

and~2! if there are random phase jumps ofa, in linear con-
centrationn, one gets after some calculation38

l 5@n~12cosa!#21. ~7!

In these models the decrease ofl upon cooling comes
from the increase ofm or n ~and a). In particular,m or n
should increase with the linear density of discommensu
tions. More precisely the interchain~interlayer! order in the
SL limit implies, as shown in Fig. 11, the simultaneous pre
ence of discommensurations, which assure opposite p
jumps of6p on neighboring chains~layers!. If this does not
occur, a defect, where a phase shift ofa51p or 2p is
lacking, will be generated. In that case, the expression~7!
reduces tol 5(2n)21. For chains~layers! of discommensu-
rations randomly distributed alongz one hasn'1/L times a
geometrical factor (L is the mean length between discom
mensurations, as defined in Fig. 11!. This geometrical factor
is estimated at about 2b/c in the 4/6 member (b is the lattice
periodicity in the direction of the layer where the wave ve
tor slides andc/2 is the interlayer periodicity!. Assuming a
fully developed SL with ^w8&5p/L5DkF , one gets l
'pc/4bDkF . If one takesDkF equal to the range of sliding
of the wave vector, 0.012b* , one obtainsl'200 Å, which is
relatively close to the experimental value of 120 Å at 25

In fact the 4/6 member develops a CDW modulation p
tern, which is more complex than that considered for
purely 1D two-chain systems because~1! the q1 CDW
modulation wave vector has two nonzero components in
conducting layer and~2! the local displacement pattern cou
be the superimposition of two modulation waves with, r
spectively, theq1 and q18 wave vectors, as seen in Se
III A 2. The observation of weakq2 satellite reflections
(2q25q11q18), up to at leastT* , suggests that the two
modulations are simultaneously present in the same dom
In that case if one assumes that each modulation occurs
the same amplitudeu0, the modulation pattern of a give
layer can be expressed in the form

u~r !5u0@cos~q1•r1c!1cos~q18•r1c8!#,

u~r !52u0$cos@q2•r1~c1c8!/2#cos@~q12q18!•r /2

1~c2c8!/2#%,
6-13
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u~r !52u0$cos@2px/31~c1c8!/2#cos@2py/31yDqb* b

1~c2c8!/2#%. ~8!

This pattern corresponds to commensurate CDWs runn
along the chainsa ~coordinatex), the amplitude of which is
incommensurately modulated in theb direction ~coordinate
y). It is alongb, where the modulation wavelength varies
temperature, that the SL previously considered could fo
As the amplitude of the CDW’s strongly varies in theb
direction, the discommensuration lines should be orien
perpendicularly to this direction or along the segment dir
tion. The presence of such a complex SL does not change
main conclusions of the interpretation given in this sectio

F. The q2 modulation

At the present stage of our investigation, two possibilit
remains open to account for the observed weakq2 satellite
reflections. The first possibility is thatq2 corresponds to a
two-CDW instability involving chainsa because its nonzer
a* component could approximately nest the FS associa
with chainsa, as seen in Sec. V A. The second possibil
considered at the end of Sec. V E is thatq2 corresponds to a
side effect of theq1 andq18 modulations; these last modula
tion involves the chainsa6b as seen in Sec. V A.

VI. CONCLUSION

The alternate 4/6 member stabilizes CDW modulatio
whoseq1 andq2 critical wave vectors are very close to tho
found in the low-m regular members~Table I!. As these
wave vectors are fixed by the FS nesting mechanism,
topology of the FS remains very close in all these memb
However the CDW transitions, which all achieve a low
temperature semimetallic state, do not proceed in the s
manner in the regular and alternate members. In the reg
member it proceeds by setting successive second-o
Peierls-like transitions, which successively stabilizes diff
ent intralayer ‘‘hidden’’ nesting wave vectors along the s
quenceq1 thenq2 in the m54 and 5 members or along th
reverse sequenceq2 then q1 in the m56 member. In the
alternate 4/6 member theq1 critical wave vector is stabilized
at high temperature by the nesting of the FS of them56
layer, then this wave vector progressively slides in orde
nest also the FS of them54 layer.

We have accounted for the thermal variation of theq1
modulation wave vector of the 4/6 member using a mod36

derived from the Landau-Ginzburg theory of the phase tr
sitions in which the relative phase between CDW located
structurally different layers can vary, and where the char
transferred between the layers could nucleate discomme
rations. We suggest that a disordered and dilute SL co
result of such a mechanism.

Such an interpretation could also be invoked form>7
members, where the amount of intergrowth defects increa
with m and the conditions of preparation of the sample.41 In
relationship with the study of the 4/6 member it is tempti
to suggest that the intergrowth defects could lead to lo
charge transfers between adjacent layers of differentm val-
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ues. It would result a smeared FS exhibiting a distribution
2kF values, the broadening of which will smoothen its ne
ing properties and thus the divergence of the associa
electron-hole response function. However, a local CDW
der could remain present in these disordered bronzes. T
by analogy with the findings in the 4/6 member, we sugg
that discommensurations could be nucleated on the cha
transferred at the level of the intergrowth defects, break
the long-range CDW order observed in the defect-f
bronzes. Moreover, a dense and disordered discommen
tion lattice has been effectively imaged by electron micr
copy in them512 bronze doped with Ge.39 The presence of
such nucleated discommensurations on stacking faults
vides a suitable explanation for many observations p
formed in them>7 members, where the quality of the CDW
diffraction pattern~i.e. number of harmonics of modulation
thickness of the satellite reflections! depends on the sample
probably through its amount of stacking faults!. Such
charged defects should perturb considerably the electr
properties of these large-m members and be invoked to ex
plain their electronic properties.15

APPENDIX

The results of the calculation of Ref. 36 can be summ
rized in the following way. If one writes the lattice deforma
tion in chain direction,x, for the two types (i 51,2) of chains
in the form

ui~x!5r i exp@ i ~kF
I 1kF

II !x#exp~ iw i !, ~A1!

the Landau-Ginzburg expansion of the free energy, inq
space, for bilinearly coupled chains~by L) can be put under
the standard form

F~q!5F1~q!1F2~q!1F1,2~q! ~A2!

with

Fi~q!5ai~T!r i
21b0r i

41a0j0
2@~r i8!21r i

2~w i86DkF!2#,

F1,2~q!52Lr1r2cos~w12w2!,

andDkF5kF
I 2kF

II , which will be taken to be greater than
below.

In these expressions the prime means a spatial deriva
In the gradient termj0 is the CDW coherence length define
by expression~1! or ~2!. We shall also neglect the possibilit
of interchain electron charge transfer when the CDW mo
lation develops, which means thatDkF remains constant in
temperature~the interchain charge transfer, also conside
in Ref. 36, will not change the nature of the solutions b
their domain of stability will be modified!.

If one setsw15g1b andw25g2b the minimization of
F with respect tog gives

g852~12r 2!~11r 2!21~b82DkF!, ~A3!

wherer 5r2 /r1 and

F~q!5F1~q!1F2~q!1F1,2~q! ~A4!
6-14
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with

F i~q!5ai~T!r i
21b0r i

41a0j0
2~r i8!2,

F1,2~q!5r2
2~11r 2!21@4a0j0

2~b82DkF!2

12LV~r !cos2b#.

whereV(r )5r 1r 21.
F1,2(q) is a sine-Gordon equation. The minimum of i

kinetic-energy term, which occurs forb85DkF ~i.e., b
5DkFx1cte), tends to promote the natural 2kF wave vector
of each chain and thus the ordering of CDW with differe
wave vectors. Its bilinear coupling term tends to promote
ordering of a unique CDW of mean wave vector. In this lat
term, the phase shift 2b5p ~for L.0) between CDW mini-
mizes the interchain coupling energy, which is generally
Coulomb origin. In the free energy, one sets, as usual,

ai~T!5a0~T/Tci21!. ~A5!

As Tc1.Tc2, r2 will be less thanr1 in the whole tem-
perature range, thusr<1. The behavior of the two orde
parameters is shown in Fig. 9~b!, with Tc given by
a1(Tc)a2(Tc)'L2 and T* 'Tc2. When T increases,r in-
creases and thusV(r ) decreases, as shown in Fig. 10~a!. The
nature of the solution which minimizes the free energy
pends upon the ratio of the cost of elastic distortion energ
create discommensurations over the gain of interchain c
pling energy to form domains with the same modulation:

V~TSL!5a0~j0
2DkFp/2!2/L. ~A6!

Depending on the value ofV(TSL) with respect to
V(Tc)' a1 /L andV(0 K)52 three cases must be consi
ered.

~i! V(0 K).V(TSL) @Fig. 10~b!#, which corresponds to
the limit of strong coupling between CDW’s~largeL). The
bilinear coupling term is always dominant in the sin
Gordon equation. One has, withb5p/2 in the whole tem-
perature range, a sinusoidal modulation. Withb850, the
common modulation wave vector is given, from the expr
sion ~A3!, by

qx5kF
I 1kF

II1g8 ~A7!

with g85w185w285(12r 2)(11r 2)21DkF .
Its rate of variation depends uponr: it is small betweenTc

and T* when r is weak, strong just belowT* when r in-
creases, then it saturates to zero at low temperature ifr→1.

~ii ! V(TSL).V(Tc) @Fig. 10~d!#, which corresponds to the
limit of weak coupling (L). The CDW’s are nearly decou
pled. The kinetic-energy term is dominant in the sine-Gord
equation. Each CDW tends to stabilize its own 2kF wave
-
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vector. The SL already appears atTc . In the limit L→0 one
hasb85w1852w285DkF and thusg850.

~iii ! V(Tc).V(TSL).V(0 K) @Fig. 10~c!#, which corre-
sponds to Coulomb couplings between CDW’s of interme
ate strength. There is a uniform modulation betweenTc and
TSL and a SL develops belowTSL .

Figure 11~a! represents schematically, in the real spa
such a SL in the relative phase 2b between the two types o
CDW. It is composed of domains of lengthL, with the com-
mon modulation wave vectorkF

I 1kF
II , separated by discom

mensurations where the phasew i of each type of chain si-
multaneously experiences jumps of1p and 2p in such a
way to keep a relative phase shift of 2b5(2p11)p be-
tween the chains (p is an integer!, as shown Fig. 11~b!. At a
phase jump of6p must be associated a charge of6 e.40 The
spatial average of the 2kF wave vector of each chain is thu
given bykF

I 1kF
II1^w i8&, with ^w i8&52^w28&5p/L ~the natu-

ral 2kF
I and 2kF

II wave vectors are recovered for a dense
when p/L5DkF in the limit L→0). The wave vector in
excess ofkF

I 1kF
II on chain 1 forms1p discommensurations

corresponding to charges1e, while the wave vector in de-
fect of kF

I 1kF
II on chain 2 forms2p discommensurations

corresponding to charges2e. The conservation of the tota
number of electrons between the two kinds of chains requ
an equal amount of1e and2e charges. The minimization
of interchain Coulomb energy requires that a charge1e on a
given chain will be surrounded by a charge2e on the neigh-
boring chain and thus that opposite discommensurations
each other, as shown in Fig. 11~b!, in order to keep locally
the charge neutrality.

The Fourier transform of the SL, shown in Fig. 11~c!,
consists of two main reflections at the average 2kF wave
vector of each chain surrounded by sidebands of sate
reflections having the reciprocal periodicity6n2p/L (n is
an integer! of the lattice of discommensurations. The sid
bands are due to the intermodulation of the natural perio
ity of one chain by the natural periodicity of the other cha

Figure 12 summarizes the evolution of the diffraction p
tern of the modulated Peierls chains in its ground state a
function of V(TSL)/V(0 K). The density of discommensu
rations increases whenV(TSL)/V(0 K) increases. Since
V(TSL)/V(r ) decreases when the temperature increases
expects a continuous evolution of the diffraction pattern w
T, analogous to that shown by Fig. 12 whenV(TSL)/V(0 K)
decreases. On that basis we have represented in Figs. 1~b–
d!, the expected variation of the wave vector of the ma
reflections of the modulated chain for the three cases con
ered previously. In this figure we have assumed a continu
evolution ofqx in temperature between 0 K andTc . How-
ever the determination ofqx(T) requires the minimization of
the total free energy, which remains to be done in the gen
case.
uc-
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