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The monophosphate tungsten bronzes JRAVO;),,, form family of two-dimensional metals which ex-
hibit charge density waveCDW) instabilities. These materials are generally built by the regular stacking of
(a,b) layers in which chains made of segments¥VOg octahedra directed along tlaeanda= b directions
are delimited. Their electronic structure thus originates from quasi-one-dimensgiddabands located on
these chains. As a consequence their Fermi suff@8eexhibits large flat portions whose nesting gives rise to
successive CDW instabilities. Here we present a structural study of the CDW instability of th,(®Q3) 1o
member formed by the alternate stacking of layers built with segmemts=0f andm=6 WO 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 diffiexahties 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.
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I. INTRODUCTION guoted X wave vector. In this respect the study of the
quasi-2D compounds is particularly interesting because their
electronic structure is intermediate between that of the un-
Because of their unconventional electronic, magnetic, andonventional quasi-1D systems and that of the more conven-
structural properties transition metal bronzes and oxides argonal 3D metals. Currently only few quasi-2D systems ex-
extensively studied-2 Such original features originate from hibiting CDW transitions have been discovered. Besides the
the possibility to obtain partial oxidation states of the transi-transition-metal dichalcogenides studied in the early 1970s,
tion metal (M) in an anisotropic structure built with MO  CDW instabilities have only been reported in the molybde-
(n=4, 5, 6 entities between which there is an anisotropicnum purple bronze#AMogO;; and in molybdenum oxide
overlap of thet,y transition-metal electronic levels. Among Mo,0O,;.! However, the CDW instability of the 2D Mo com-
these compounds the spin gap vanadatésOs,* whereAis  pounds has been explained by a hidden nesting mechanism,
a monovalent metal, and the molybdenum bronzes andhich stabilizes the critical wave vector connecting differ-
oxides have been particularly studied. The quasi-one-ently oriented 1D portions of the FS.
dimensional(quasi-1D bronzes such as the vanadates ex- Recently, the observation of successive CDW transitions
hibit charge localization effects, while the blue bronzein a series of quasi-2D conductors, the monophosphate tung-
Ko.3M00Os is a quasi-1D conductor presenting a charge densten bronzesMPTB), (PQ,)4(WOs3),,, (m=4-14), has re-
sity wave(CDW) -Peierls ground stateln the CDW ground newed interest in 2D inorganic conductérsThe MPTB's
state the electronic density is modulated with thie 2vave  are built by stacking along the* direction of (@,b)
vector (g is the Fermi wave vector of the 1D electron gas ReO;-type layers of corner sharing WQoctahedrd. The
CDW's are observed among the low-dimensional metals andiidth of these layers, which are made of elementary seg-
especially in quasi-1D electronic systems, due to the strongnents ofm WOg octahedra, increases with. Each WQ
nesting property of their Fermi surfacésS's) by the above layer is isolated from the next one by a slab of phosphor

A. Generalities
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TABLE I. Critical temperatured; and critical wave vectors;
for the smallm members of the (P94(WO3),,, family.

N /
A % N5
"V.%’A‘ﬂ’A Member T, (K) i

.%‘“'E'ﬂ.%f m=4  T,=80(x1) q,=(0.3335),0.2955),0)
@. - Tep=52(+1) q,=(0.3405),0.0045),0)

m=5  T,=83(+5) 9,=(0.371),0.291),0.0(1))
Tep=60(+2) q,=(0.361),0.00(5),0.0(1))
m=6  T4=120(*1)  g,=(0.3855),0.0045),0)

b ; VA VA ‘“’ A Tep=62(+1) q,=(0.3145),0.2955),?)
¢ Tes=30 d3=(0.292),0.11(2),?)
FIG. 1. Structure of PNV,¢O55 showing the alternation of layers
of m=4 andm=6 WOy octahedra in the* direction.

quasi-1D FS’s. Each quasi-1D FS can be associated with one
set of parallel and weakly coupled chains. A similar decom-

tetrahedra (P%). The connection between the P@nd the Cgosition of the layered structure into three sets of chains has
els

WO; slabs creates pentagonal tunnels giving the name
monophosphate tungsten bronze with pentagonal tunn
(MPTBP’9 to the series. If one discards the presence o
stacking defectgthe occurrence of which increases witt)
most of the MPTBP’s are made of a regular stacking of iden-
tical layers. However, if two successive W@yers are iden- ) ] )
tical from a chemical point of view, their crystallographic ~ B-An overview of the physical properties of the regular
orientation differs. There are two layers per unit cell whose MPTBP's
orientations are related by a j2screw axis symmetry if m The physical properties of the MPTBP have been previ-
is even, or by a “n” glide plane symmetry, ihis odd. These ously investigated by combined electronic and structural
regular members will be noted/m below. However, in the measurements. In all the/m members with & m= 14, one
specific case of RV;¢Ozg, the most stable crystalline phase or several phase transitions have been observed with, how-
consists in an alternate stacking alooyof m=4 andm  ever, characteristics that strongly depend onrthealue of
=6 conducting layergsee Fig. 1’ In this member, noted the membef:®,
m/m=4/6 below, them=4 andm==6 layers are not related For the members witm=4, 5 (6), two (three CDW
by symmetry. It is only recently that the less stabiém transitions are observéd:'* Their critical wave vectors and
=5/5 regular member has been synthesized and that ifeierls transition temperature$ are given in Table ¥.At
physical properties have been studfed. these transitions the transport properties exhibit singularities
In the MPTBP’s, each PQunit gives one electron to the in their thermal dependence, and a gap appears in the mag-
WO, layers, which leads to an average oxidation state ofietic susceptibility. These transitions involve the three sets of
6-2/m for the tungsten atom. Due to the layered structurechains previously quoted. Indeed, x-ray diffuse scattering in-
these bronzes are quasi-2D conductors, witm@2/m)=4  vestigations show that these chains exhibli- Zoretransi-
conduction electrons per unit cell containing two Why- tional fluctuations abové&., which are revealed by the pres-
ers. In the regular members made of identical layers, eactince, in the reciprocal space, of diffuse sheets perpendicular
layer accomodates two electrons park) area containing a to the chain directions and located at the reduced wave vec-
single segment ofn octahedra. This number must deviate tor 2kg away from the Bragg reflectiortd. These diffuse
from 2 in the 4/6 member, because the=4 and m=6 sheets are the fingerprints on the lattice degrees of freedom
layers are not related by symmetry. of the CDW nesting instability which connects the quasi-1D
Previous extended HucRednd ab initio*® band-structure  portions of the FS. At the upper CDW transitiofi.() satel-
calculations have shown that the electronic structure of théite reflections appear at the intersection of two sets of dif-
regularm/m members exhibits a hidden 1D anisotropy. Infuse segments out of three, which means that the modulation
this respect the conducting layer can be decomposed inttavolves simultaneously two types of chains. Its critical wave
three different arrays of chains directed along thanda  vector corresponds to a common nesting wave vector of two
+Db directions. Along each chain direction there is a strongsets of quasi-1D FS's associated with these chains. The lower
overlap of a given combination of the threg orbitals of the ~ CDW transition {T;) occurs in order to nest the remaining
tungsten atoms in an octahedral environment. Each chain gart of the quasi-1D FS and the electron and hole pockets
constituted of segments of WO octahedra tilted with re- which are formed at th&, transition. These findings agree
spect to its running direction. Because of the strong direcwith the previously quoted hidden nesting scenanahich
tionality of thet,q orbitals, there is a weak coupling between has been invoked to explain the CDW transitions of the
neighboring parallel chains, which leads to the 1D anisotquasi-2D molybdenum oxides and bronzes. Table | shows
ropy. The hidden one dimensionality also appears on the tghat for the three lown members =4, 5, 6§ the CDW
pology of the FS: the global FS of the regular members cairansitions occur at about similar critical temperaturég;
be decomposed into three pairs of quasiplanar sheets sanges from 80 K to 120 K andl., from 50 K to 60 K. But

een performed in the purple bronzes and in,llg (Refs. 5
f':md 9 and the prediction that their global FS is the superim-
position of quasi-1D FS’s has been recently confirmed by
photoemission studi€s.
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in the m=6 member, the sequence of CDW transitions isena is supported by a recent determination of the RT CDW
reversed with respect to that of tme=4 andm=5 mem- modulated structure of then=10 membef? which shows
bers. However the incommensurate components of the CDWhat the CDW modulation itself corresponds to a ferroelec-
modulation wave vectors remain very close, which meansriclike shift of the W atom from the center of the WO
that the FS is only slightly modified from th@=4 to the  octahedra in the segment direction with an opposite phasing
m=6 member. (i.e., AF-like phasing between neighboring segments of the
The members witm larger than 6 are bad met&is™ At |ayer. In them=9 members the electrical resistivity exhibits
the difference of the lown members where the conductivity very broad humps starting at the structural transititsee
sizably decreases, their electrical conductivity decreasesig. 8 in Ref. 15 form=9, Figs. 4 and 5 in Ref. 19 fam
weakly or even increases when the temperature decreases1g and 12, respectively, and Fig. 2 in Ref. 20 for= 13)
These features indicate a tendency towards a more localizeghd the increase of which seems to be governed by the
behavior of their electronic wave function. Although severalgrowth of the AF order parameté.
CDW-like transitions with incommensurate modulations or - The sharp jump of . from below RT, in then<8 mem-

with long period superstructures are observed in the latge- pers, to above RT, in the=9 members could be associated
members, their CDW modulation behaves differently fromy,ith the onset of the high-temperature AF instability of WO
that of the smalln members?® In particular, the detection of \yith which the CDW instability seems to be coupled. This is

many harmonics shows that the modulation is strongly ansphown, for example, by the sliding of the modulation wave
harmonic, at variance with the lom members where a yector in them=10 andm=11 members starting from a

sinusoidal-like modulation is observed. This nO”Si”USOidahigh-temperature]A,: value® In addition, the second-order
character, which means that the modulation varies spatiallsp\w transitions of then=9 members occur without the
more rapidly than for the lows members, can be the finger- gnset of a well-defined regime of 1D fluctuations, in contrast
print of a CDW built with more localized conduction elec- \ith those exhibited by then<8 members. This means that
trons. The localization can be explain€d) by an enhance- the flyctuations are driven by short coherence lengi) (
ment of the electron-electron interactions arising from aeffects, probably of the size of the ferroelectric segment. This
reduction of screening effects caused by the decrease of thanayior recalls the CDW transitions of the transition-metal
electronic density, or/an(®) by an increase of the electron- dichalcogenides, which seem to be driven by local
phonon coupling as one approaches the insulating oxidgnhonons™ In that case the phonon entropy, usually neglected
WO;, which corresponds to the limitn infinite of the i, the BCS-like theory of the Peierls transition, plays a major
MPTBP series. _ ~role in the mechanism of the CDW transition. The lattice-
The MPTBP's of intermediate m valuem¢ 7,8) exhibit  entropy mechanism of Ref. 21 leads to a CDW with large
particularly interesting phenomena. The CDW transitionatomic displacements achieving local chemical bondings.
leads to anomalies in the charge transport properties whilghis js the case for thenx=10 member, where W displace-
the magnetic susceptibility remains unaffected, which sugments as high as 0.2 A are obtained in the structural refine-
gests a decoupling between the charge and spin degrees @bnt of Ref. 18. The lattice-entropy mechanism also implies

freedom. In them=7 member, a triply incommensurate the formation of a large Peierls gapXg) related to&, by
CDW modulated state appears at a nearly first-order transing relationship

tion. It corresponds to the successive development of har-

monics of a primary R modulation, which exhibit global

hysteresis phenomenalnterestingly, then=7 member be- Eo~tive/mA (1)
comes also a superconductor below 0.3’Kiwo different 0 F 0

types of incommensurate CDW short-range orders occur in

the same temperature range in tine=8 member.® Their (v is the Fermi velocity of the 1D electron gas the total
competition probably prevents the stabilization of a We||-energy is minimizedi.e., the Peierls gap is maximizedf
defined long-range CDW order. These unusual features coulghe pattern of displacements minimizes bond-length differ-

be due to the simultaneous presence of competlky: in-  ences between pairs of atoms, such a mechanism tends to
stabilities f=1,2,3 ... inthem=7 member anth=2,3in  lock the CDW to the lattice by the formation of superstruc-
the m=8 membey. tures.

The CDW critical temperature jumps abruptly above The interesting feature of the MPTBP’s is that whatever
room temperaturdRT) in the m=9 members. The CDW m, the same layered structure is maintained. With the in-
ground state stabilizes long-period superstructures in the 8rease of the thickness of the layer the physical properties of
=m=12 members and an incommensurate modulation in théhe MPTBP’s change drastically. By stacking conducting lay-
m= 13 membet® An additional phase transition or a short- ers with differentm values, in order to induce a charge trans-
range order fom=10 and 11, which leads to a doubling of fer between these different layers, or by inserting alkaline
the lattice periodicity along, is also observed in all them  metals in the channels, in order to change the average
=9 members. In than=14 member, this last modulation conduction-electron density per layer, one expects to further
(notedgar below) remains the only one observed below amodify the physical properties inside the same crystalline
high-temperature first-order phase transition. This commenretwork. In that context several bronzes have been synthe-
surate modulation recalls the antiferroelectdd) order of  sized and are now under study. Here we present a complete
WO;. The relationship between the CDW and AF phenom-investigation of one of them.
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C. The m=4/6 alternate member The crystal selected for our study was a 1 fnm
X 0.3 mm black platelet. It has been characterized by a
Weissenberg method using the,=1.542 A radiation is-
sued from a classical tube in order to measure its unit cell
and to verify its crystalline quality. The measured cell param-
o ) eters were those expected for them24+ 6 phase and the
anda=96.18° if one uses the c_onvgnﬂo.n of ﬂ.“ém Mem-  axtinction rules were compatible with those of 12, space
bers to Ia_bel the_ crystallggraphlp direction$his alternate group. The sample was found to be of quite good quality but
member is particularly interesting because, as MM qyinned. The twins are related by a twofold axis along lthe
=4/4 andm/m=6/6 regular members exhibit CDW insta- girection. In the reciprocal space, the presence of twinned
bilities with slightly different incommensurate critical wave crystals gives rise to additional spots only along theaxis
vectors(see Table ), one expects original features coming gjrection. In this direction the Bragg reflections of the twins
from the competition between the CDW's issued from theare separated by l=2(b* cose*/c*)k, k being the miller
m=4 and m=6 layers. index in theb* direction.

The electrical resistiviif of them=4/6 bronze decreases
almost linearly on cooling from 550 K until about 180 K.
Below this temperature the resistivity stays constant until B. X-ray diffuse scattering and diffraction experiments.
about 120 K, then the resistivity decreases progressively, Preliminary results have been obtained using lhe,
more steeply below 80 K with a slope anomaly at 30 K. The=1 542 A radiation issued from either a classical tube or a
resistivity of the 4/6 member does not exhibit the humpyotating anodéfor the intensity measuremeitall the beam
anomalies of the 4/4 and 6/6 regular members beleyand  jines were equipped with a doubly bent graphite monochro-
Tco. A hump anomaly is, however, induced by a magneticmator, The investigation has been performed with the so-
field of 16 T: the resistivity increases between about 180 Kealled fixed film-fixed crystal method, well adapted to detect
and 80 K(an additional very weak hump anomaly can beweak diffuse scattering effects. Then the thermal dependence
guessed around 150)Kthen drops until 30 K, the tempera- of the intensity of selected CDW reflections has then been
ture below which it further increases. The absolute value ofheasured with an Ar-Nii gas linear detector. Additional
the thermopowéf decreases linearly with the temperature jahoratory measurements of the position of the satellite re-
until 180 K, then its slope decreases by a factor of 2 untikiections were also performed with a homemade three-circle
about 100 K, the temperature below which it further in- gitfractometric setup mounted on a rotating anode. The three
creases until 30 K. Quantum transport measurements feveékperimental setups used were equipped with a cryocooler
the presence of small electron and hole pockets at low teMyperating from room temperature down to 25 K.
perature, and angular dependent magnetoresistance oscilla- Finglly, accurate measurements of the position and the
tions, detected below 30 K, indicate that the associated Cyyjdth of the satellite reflections have been performed using
lindrical FS is only weakly corrugated. the Wiggler beam line DW22 at the synchrotron radiation

The purpose of this paper is primarily to report an exten+acility of LURE. Here the beam was monochromatized by a
sive X-ray investigation of the CDW InStabI|Ity exhibited by (Sagn’_a”)) focusing double Crysta| S|I|CO(|111) monochro-
them/m=4/6 bronze. It completes a study published in Ref.mator and the diffracted beam was registered on a four-circle
23. The findingS will be contrasted to those already Obtaine@iﬁractometer equipped Wlth a Cryocooler Operating down to
in the regularm=4, 5, and 6 members. The results will be 15 K. The energy of the incoming photons was 18 KeV in
also discussed in the ||ght of @b initio band-structure cal- order to minimize the absorption effect by the CrystaL The

Cu|ati0n, which is necessary to determine Self'consistentlbrystaj was g|ued with its binary axia rough'y a“gned
the charge transfer between time=4 andm=6 layers. This  aong the() axis of the diffractometer.

will enable us to account for the observed CDW critical
wave vector as the one achieving the best nesting of the
global FS. . RESULTS

As previously mentioned, thes/m=4/6 bronze consists
in an alternated stacking oi=4 andm=6 conducting lay-
ers. The space group of the 4/6 memberPig,;, with a
=5.28 A (binary axis direction b=6.56 A, c=20.57 A,

A. X-ray diffuse scattering investigation

II. EXPERIMENT
1. A high-temperature modulation

A. Synthesis and characterization X-ray experiments performed at RT and down to 200 K

The study has been performed on an unique crystal predo not reveal the thin diffuse lines previously observed in the
pared by the chemical vapor transport technique. A mixturether regular lomm members of the serigd.Only very
of (NH,),HPQO, and WG, in appropriate proportion is first broad diffuse trails directed along thex’2+ 3b* directions
heated at 600 °C in air. Powdered metallic tungsten is thesan be guesseffFig. 2@)]. Such diffuse trails have been
added and the medley is heated in a silica tube at 1000 °C falready observed in almost all the MPTBP’s in the same
2 days. In order to obtain monocrystals, the resulting polytemperature range. They originate from the low-frequency
crystalline sample is sealed in a quartz tube and placed in @bration modes of the segments wf octahedra previously
furnace with a temperature gradient of 10°C/difnrom  considered. These modes, which are uncoupled from seg-
1200°C to 1000 °C) for 1 week. ment to segment, correspond to an in-phase acousticlike dis-
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FIG. 3. Temperature dependence of the inverse peak intdnsity
of theq, critical scattering measured @, =(2,1,0)—q, corrected
by the thermal population factor. The quant®yl extrapolates to
zero at the critical temperatufie,;.

are also detected at thg = (0.332),—0.332),0.00(2) re-
duced wave vector related tp by the monoclinic symmetry

of the high-temperature lattice. However at the present stage
of our investigation it is not clear ifj; andq; belong to the
same domain, which would lead to @ 2nodulation pattern,

or to two different domains, which would lead to a single
FIG. 2. X-ray patterns of the 4/6 member taken at 20@Kand ~ modulation pattern.

25 K (b). In (a) the arrows point towards the diffuse spots(ithe Figure 4 gives the thermal variations of the intensity of
black (white) arrows point towards the, and g, satellite reflec- two q; satellite reflections located, respectively, at tlag
tions. Thea* andb* directions are indicated. Q:=(2,1,0)-q; and (b) Q,=(3,—1,—1)—q, reciprocal

positions. The intensity of th€, reflection grows steeply

placement of then tungsten atoms of the segment, recallingbelow about 156 K, which is close to the temperaturg,)
the ferroelectriclike distortion of the segment previouslyat which theq; critical scattering diverges. However Fig.
mentioned. 4(a) shows that the), satellite intensity behaves nonmono-

Inside these diffuse trails 2D or 3D diffuse spots are de+tonical in temperature and that the cooling and heating cycles
tected below 220 Ksee arrows on the x-ray pattern of Fig. differ sizably below 130 K. Upon cooling, after a strong
2(a)]. We have measured the peak intensitf these diffuse  increase belowl,, the intensity of theQ, satellite reflection
spots as a function of the temperatdreFigure 3 gives the saturates between about 130 K and 100 K, then further in-
thermal variation off /I below 195 K, showing clearly that it creases, reaching a maximum around 80 K before decreas-
vanishes upon cooling. This means tiak, which according ing. Upon heating, th€); intensity stays constant until 100
to the fluctuation-dissipation theorem corresponds to thé&, then shows a dip around 120 K, further increases until
structural counterpart of the CDW susceptibility, behavesi30 K, and abruptly decreases urifil;. The Q, satellite
critically. The extrapolation to zero of the thermal depen-intensity exhibits also a nonregular behavior in temperature
dence ofT/I allows to expect a second-order structural tran-and a hysteresis between the heating and cooling cycles, es-
sition at about 1532 K(=T.). pecially visible below 100 K. However its thermal varia-

Consistently, the diffuse spots condense into well-definedions, shown Fig. &), differs from those of th€; reflection
satellite reflections below ;. All the satellite reflections, previously described. Upon cooling, after a weak increase
shown by black arrows on the x-ray pattern of Figo)2are  below T, theQ, satellite intensity strongly increases below
observed at quite large diffraction angles, which is typical of125 K. Then the intensity exhibits a secondary maximum
a displacive structural transition. Using the laboratory dif-around 110 K followed by a weak dip around 90 K before a
fractometric setup, the measurement of the satellite reflectiofurther increase below 90 K. Upon heating, Qe satellite
position gives, with respect to the main Bragg reflectionintensity first decreases, then saturates around 100 K before
frame, a reduced wave vector of the modulation @f  decreasing, more strongly until 125 K. Then above this tem-
=(0.332),0.332),0.00(2). Within the given experimental perature it saturates at a weak value umty.
errorsq, is found to have commensurate componeiste In conclusion, the satellite reflection intensity exhibits, in
below for a more accurate determination of the componentsaddition to its onset aT;, anomalies in its thermal depen-
The intensity of the satellite reflections 465x 10 3 times  dence around 120—130 Krt) and 80-100 K T**). Such
that of an average main Bragg reflection. Satellite reflectionsinusual dependence is not exhibited by the CDW satellite
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Q1=(1.67,0.67,0) satellite reflections at the reducegd=qg,—q; wave vector.
1500 They have not yet been observed.
© I(cooling) No additional structural effect has been detected until 25
* I(heating) K, the lowest temperature reached. This means that no struc-
tural modifications seems to occur at the temperature
~30 K at which transport properties exhibit additional
anomalies.

500 | B. Accurate measurement of the g modulation

Intensity (a.u.)

1. Thermal variations of the modulation wave vectqgy

N BKG, The first purpose of the synchrotron experiment was to

0 50 100 150 Tey 200 250 verify the commensurate value of tigg reduced wave vec-
tor. For that, we have accurately recorded the intensities is-
sued from the satellite reflection located @5=(3,1,1)
—q; and the(8,4,3 Bragg reflection diffracted by th&/3

Q2=(2.67,-1.33,-1) wavelength(not totally eliminated by the monochromator

2000 o I (hoatin If g; presents commensurate (1/3,1/3,0) components, both

d g) X )
I o Icooling) reflections should be superimposed. At 25 K we have per-
formed intensity scans along several reciprocal directions.
We have verified that the andl components of the satellite
(b) and of thex/3 Bragg reflection are identical within the ex-
perimental errors. This indicates that th® and c* compo-
I W N nents ofq,; are commensuratévith a relative precision of
1200 b % C _2>< 1OT3 in reciprqcal space unitsBut, as shovyn by the
[ BKG intensity scan of Fig. @), we have observed that in thk, ()
1000 s s . . L - plane the satellite reflection and thé3 Bragg reflection are
0 50 100 T% 150 Ter 200 not superimposed alorgf. The b* component ofg, is thus
incommensurate: if one setg,» =b*/3+Aq,+, the shift
along thek direction of the satellite reflection with respect to
FIG. 4. Thermal dependence of the peak intensity of gge  the \/3 Bragg reflection is\gp« =[(1.5+0.2)x 10" ?]b* at
satellite reflections located aB) Q;=(2,1,0-q; and (b) Q, 25 K. It is interesting to remark that in the regular=4
=(3,—1,—1)—q, reciprocal positions. The cooling and heating member the high-temperature CDW modulation wave vector
curves are shown by empty and full circles, respectivély.and is also shifted alond*, but in the opposite direction and
T* are indicated. The background intens{®KG) is indicated. with a larger amplitude than for the 4/6 memberg,« =
—(3.8x10 ?)b* (see Table)l

intensity of the regular lowa members, which increases ~ The same experiment has been repeated at several tem-
regularly when the temperature decred$ehese anomalies Peratures between 25 K affd; (Fig. 5). Only theb* com-
are the fingerprints of an unconventional behavior of thePonent was found with an incommensurate value at all tem-
CDW transition of the 4/6 member. peratures with, however\q,« decreasing with increasing
temperature. Figure 6 shows that,« begins to decrease
above 60K and saturates atg,«=(0.4X10 2)b* above
125 K. As this last shift is only twice the experimental un-
Another type of satellite reflection is observed at the recertainties, one cannot exclude tligtbecomes commensu-
duced wave vecton,=(0.332),0.0q2),0.00(2) at low rate in the vicinity ofT,,. But it is interesting to remark that
temperatur¢white arrows on the x-ray pattern of Figi2]. g, seems to vary in a limited temperature range which seems
The intensity of theq, satellite reflections is one order of to be bounded byT* and T**, temperatures at which
magnitude smaller than that of tige ones. It is thus difficult  anomalies are observed in the thermal dependence of the
to determine precisely the temperature below whichdhe satellite intensities. However as there is only one determina-
satellite reflections appear. The photographic investigatiofion of Aq,. performed betwee* and T** , additional
still shows very wealkq, reflections at 130 K, which are not measurements have to be performed in order to substantiate
detectable at 150 K. The present investigation cannot detethjs statement. In the regulan=4 bronze, recent synchro-
mine if the g, reflections appear a;; with an extremely  tron measurements have shown that there is not such a slid-
weak intensity, or at a different critical temperatur€{ ing of the incommensurate* component of the; modula-
=T*). In addition, one has, within experimental errofs, tjon wave vector belowl ;.
=g, +q; modulo a reciprocal wave vector. Thus, one cannot
exclude, if theq; andg; modulations are present in the same
domain, that thej, modulation should be a harmonic of this  The profile of theQ; satellite reflection has been mea-
modulation. However in that case one expects to detect alssured along the three main reciprocal directions. Along the

1800

11600 -

1400

Intensity (a.u.)

Temvperature

2. A weaker additional modulation

2. Measure of theq, satellite reflection width
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FIG. 5. |Isointensity two-
dimensional k,I) map around the
Qs=(3,1,1)—q; satellite reflec-
tion and the\/3 harmonic of the
(8,4,3 main Bragg reflection at
(& 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 of
the reflections.

k

(d) 140K

a* and b* directions the profile can be well fitted by a width is much larger than that of the main Bragg reflections
Gaussian with a width corresponding to the experimentalongc*. Itis thus not necessary to perform a deconvolution
resolution (i.e., the width of the neighboring main Bragg Of the measured profile with the experimental resolution in

reflections. This means that at the scale of our experimentathat direction in order to obtain the regispace profile. The
resolution there is a long-range CDW order in tielayer. 1D Fourier transform along* of this profile gives the
Along the interlayerc* direction, the profile of the satellite position-position correlation function, which describes the
reflections can be well fittetFig. 7) by a Lorentzian whose loss of long-range order in the interlayer direction. With a

Lorentzian satellite profile in the reciprocal space, one de-
duces that this correlation function varieseas’' in the di-

0.02
rect space, Wheré=ch_*1, Ag., being the half-width at
0.016 - T I half maximum of the Lorentzian. One measures520 A at
I T 140 K,1=220 A at 100 K, and =120 A at 25 K. These
a measurements surprisingly show that the CDW order dete-
£ 0.012 riorates along the interlayer direction when the temperature
; { decreases fronT.,. It is interesting to remark that in the
T 0.008 - regularm=4 member, no thermal variation of the satellite
< width is observed. Surprisingly, the synchrotron investigation
0.004 | H of the m=4 member shows that they, satellite reflections
are broader than the experimental resolution along all the
0 reciprocal directionsd*, b*, andc*).

T(K)

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

FIG. 6. Thermal variation of the splitting aloriyf, Aqy, , be-
tween theQ; satellite reflection, and the/3 harmonic of th€8,4,3
main Bragg reflection.

In order to perform the electronic structure calculation of
the 4/6 member we have used a density-functional theory
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= 500+ FIG. 8. Fermi surface of the 4/6 member in ttle=0 plane of
E 1 the Brillouin zone. They,, q;, andq, wave vectors of the modu-
2 4004 lation are indicated.
[
g 3001 _ - . _
& ] have been found in thab initio calculation of the electronic
2 200- structure of the regulam=4 member’ These findings
g . agree with magnetotransport measurenféntghich show
£ 1004 that the FS is weakly corrugated in the direction and that
T the ratio of the interlayer to intralayer transfer integrals is of
0 T T T 1 T 1 _3
0.8 0.9 1.0 1.1 1.2 the order of 6<10 % . .
/ The average conduction-band dispersion alarigde-

creases from=10"1 eV for the m/m=2/2 memberwhere

®) only chainsa are presentto =102 eV for them/m=4/4
member, then to less than 1D eV for them/m=4/6 mem-
ber. A straightforward explanation is that whemincreases,
the conduction electrons become more and more confined in
the center of the layer where the \W@ctahedra are less
distorted by the presence of the P@roups. This statement
(DFT) total-energy schemdd based on ultrasoft pseudo- has been confirmed by our DFT calculation of tirém
potentialé® with a plane-wave basis set cutoff energy of 400=4/6 member. The calculation shows that in the:4 layer
eV. The exchange and correlation energy was calculated ushe electron density, which is maximum on the two inner W
ing the local-density approximation. The conditions of calcu-atoms of the segment of four W@ctahedra, still spreads on
lation were identical to those used for the calculation of thethe two outer W atoms in contact with the pP@roups, while

FIG. 7. Scan along* of the Q3 satellite reflection afa) 25 K
and(b) 140 K. The reflection located &t 1.1 is a satellite reflec-
tion issued from the twin. The full line is the result of a fit of the
profile by a Lorentzian.

electronic structure of the regular=4 member® This will in the m=6 layer there is a maximum of density on the two
allow a clear comparison of the band structure and of the Fshner W atoms of the segment of six W®ctahedra and
between the 4/4 and 4/6 members. nearly no density on the two outer W atoms in direct contact

The calculation gives, as expected, six conduction bandwith the PQ groups.
crossing the Fermi level. The energy dispersion of these Figure 8 shows, in the* =0 reciprocal layer, the FS
bands is much less dispersive along tfedirection than originating from the six conduction bands. As there is no
along thea* andb* directions by a factor of 50—1000 de- substantial dispersion alorgj, it basically gives the section
pending on the band. This means that the electron wavef the “cylindrical” shape of the total FS. The FS clearly
functions of the conduction bands are basically uncouple@xhibits 1D parts perpendicular to th& andd* reciprocal
from layer to layer and thus that the band structure can begjrections(i.e., respectively, parallel to thEY and XY di-
viewed as the superimposition of that of the=4 andm  rections of Fig. 8 which thus can be associated with chains
=6 layers. From each layer originate three bands which arg and a+b. The FS is split along these directions, as ex-
mainly dispersive along the* andd? reciprocal direction pected by the presence of uncoupled parallel chains having
and which thus can be associated to the changa* different filling factors in then=4 andm=6 layers. The 1D
=2m/a) and axb (di=2n/|axb|) as for the regular parts of the FS are less warped and the hybridization gap
members:'?2 The bandwidth is~2 eV for the chaing and  between bands associated with different chains are smaller in
~1 eV for the chaing*b. Similar values of the bandwidth the 4/6 member than in the 4/4 memb®iThe first feature
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means that there is less interchain coupling, i.e., &sgpe  from them=4 layer to them=6 layer, which is consistent
coupling between thé,, orbitals of the same nature on W with the sense of variation ofkZ values observed in the
atoms bridged by the oxygen common to neighboring chainsegularm members.
of octahedrathe degree of the coupling is governed by the By the presence of flat portions, the FS shown Fig. 8
tilt angle of the octahedjaThe second feature means that exhibits remarkable nesting properties which must be at the
there is less mixing between the chains, i.e., less hybridizaerigin of the structural instabilities exhibited by the 4/6
tion between the,, orbitals of different nature in a given member. These properties will be considered in the following
octahedrorn(the strength of the hybridization is governed by section in relationship with the discussion of the structural
the distortion of this octahedromAll these features are those results.
expected from the structural refineménghowing that the
layers are made of more regular \W©@ctahedra whem V. DISCUSSION
increases.

With the above quoted decomposition of the total FS into
partial FS's associated to the three types of chains, one can Figure 8 shows that the extremities of thecritical wave

compute the average Fgrmi wave vector related to the fillingecior nest remarkably the flat portions of the FS, which
of each type of chain. From Fig. 8 one Qgetkf2 form a lozenge around thé point of the Brillouin zone. In
=0.29(1)* for the chainsa and X{=0.34(2)d% for the  addition, theq, wave vector, which is almost parallel to the
chainsa=b (the uncertainties take into account the warpingedges of the lozenge, achieves a high degree of nesting be-
of the FS. As the total number of electrons per chain is tween the edges linked liy. This process leads to the nest-

given by its K- wave vector and as there is one phaiand _ing of the FS associated with the chaims b. The q; wave
two chainsa=b per layer and two layers per unit cell, this vector, as well as tha, one, nest also approximately the FS

d -
leads to a total of 2(KE/a*)+4(4kg/d%)=3.970.2 con-  ;qqqciated with the chairs According to Fig. 8 there is a
duction electrons per unit cell. This value, within experimen-jitarence of 0.04* (=0.05 A!) between R3=0.2%*

tal errors, accounts for the four electrons donated by the PO,

groups. The averagek2 value thus calculated for the 4/6 q,. This difference being comparable to the inverse CDW

member, 0.29(13*, is closer to the Rz=0.30(2)a* value  thermal coherence length on the chainat Ty, given by
experimentally determined in the 6/6 member than that

found, 0.33(2a*, for the 4/4 member. This is the opposite .
situation for the R‘,i average value where that calculated for én(T)=—",
the 4/6 member, 0.34(2)f, is closer to the RY V2mksT

=0.35(2)% value experimentally determined in the 4/4 ;.4 \vhich amounts t6;1(Te)=0.04 A~ from the results
member than those found 0.39¢(%) and 0.38(291% for the  of m/m=4/41° the critical development of the CDW insta-
6/6 member and 5/5 member, respectively. bility on the chainsa is not inhibited by the misfit of the
The difference of Fermi wave vectors between the 1Dyave vectors. All these considerations show that the
band structures originating from the=4 andm=6 type  stryctural transition is due to a CDW instability as in the
layers is given by the splitting of the(;r FS. From Fig. 8 it gther regular lown member In addition, one expects, be-
amounts t0A2kg=0.016* and A2kg=0.03% for the  cause of the quite good nesting properties of the lozenge
chainsa anda*Db, respectively. Thesek? differences lead parts of the FS, that the electron-hole response function will
to a charge transfer of abodp~0.08 electrons between the exhibit a stronger divergence in tine’m=4/6 member than
m=4 andm=6 layers if one assumes that the outer andin the m/m=4/4 member, which has less flat FS portions.
inner components of the FS shown in Fig. 8 belong to dif-This qualitatively explains why the CDW transition of the
ferent layergThis hypothesis is sustained by the observatior/6 member occurs at a critical temperatirg=156 K,
that the total FS of Fig. 8 exhibits hybridization gaps only twice larger than that af.;=80 K of the upper CDW tran-

when the partial FSs associated with the same layer Xrosssition of the 4/4 member for which a modulation at about the
The sign of the charge transfer has not been determinedgme wave vector is stabilizégee Table)l

However one expects, because the network of octahedra is Upon cooling, the thermal dependence of the transport
more regular in then=6 layer than in then=4 layer, that  propertied’ changes gradually abovE,; in a temperature
thet,, levels will be of lower energy in then=6 layer than  range starting at about 180 K. This change could be ex-
the m=4 layer. This hypothesis agrees with photoemissiorplained by the formation of a pseudogap associated with the
measurement8 which show that the binding energy of the presence of sizable pretransitional fluctuations. In this condi-
tog levels increases whem increases. In that case one tion the x-ray diffuse scattering investigation shows that in-
should have 2 &p electrons per segment af octahedra in  terchain CDW correlations are present in a large temperature
them=6 layer and 2- 5p electrons in then=4 layers. With  range extending to about 60 K aboVe,. The presence of
this interpretation both 2 and X¢ increase from then  such intralayer 2D correlations can be understood by the fact
=4 layer to them=6 layer. In the extended Huckel calcu- that whenqg, remains parallel to the edges of the lozenge this
lation of the electronic structure of the 4/6 member, peris a best nesting of the FS and thus a maximum in the
formed in the hypothesis of no charge transfer between thelectron-hole response function. The increase of dimension-
layers?’ there is a decrease ok and an increase oﬂé ality of the pretransitional fluctuations could also explain the

A. The nesting instability and the T, transition

f the average FS and tlig=0.33* component ofj; and

@
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enhancement of th&,, critical temperature in the 4/6 mem- P A
ber with respect to that of the lom-regular members, which
differently exhibit an important regime of 1D pretransitional
fluctuations.

B. A two-order-parameter CDW transition

Curiously the transport measurements do not reveal the P2
bump anomaly starting af.; observed in them/m=4/4
member? In addition, the decrease by a factor of 2 of the
slope of the linear dependence of the thermopétveug-
gests that below .; the CDW modulation is only set in one 0 T* Te,
layer out of two. The absence of a bump anomaly could thus
be explained if gaps are only opened on the FS originating
from the electronic wave functions of one layer and if the
other layer remains metallic beloWw,. This implies that the
nesting process considered in the preceding section connect @
in fact only half of the global FS, say, the FS associated with
the m=6 layer(see Sec. Ill beloy In this scenario only this P4
layer becomes modulated @t; which thus sets the order
parametep,. A suitable explanation of the thermal behavior
of the transport properties and of the unusual variation of the
intensity of theQ; [Fig. 4@)] and Q, [Fig. 4(b)] satellite
reflections can be simply provided if there is another order P
parametep, which accounts for the CDW modulation of the
other (say, m=4) layer, and whose thermal dependence is
different from that ofp;. In the case of a singlg modula-
tion, these order parameters enter in the expression of the
satellite intensity in the form

1(Q)=|p1Fs(Q) +poFa(Q[?8(Q-G=qy),  (3) 0 T+ Tc T

where F.,(Q) is the structure factor accounting for the
modulation of themth-type layer: ®)

_]V

v

) FIG. 9. Schematic representation of the thermal dependence of
Fm(Q)= 2 f(Q)(Q-g)expiQ-rj), the two order parameters of the CDW transition of the 4/6 member
' in the case ofp; andp, order parameters of differertq) and of
and in which the atonj located inr; and with atomic form  same(b) symmetry.
factor f;(Q) is displaced with a polarizatiog; . In the ex-
pression(3) the large increase of th®, satellite intensity
below T reflects the rapid growth qf;, while the increase As shown Fig. 6, th&* component of the); wave vector
of the Q, satellite intensity belowl* =125 K reflects the varies in temperature principally between about 120 K
growth or a sizable increase gf,. In the first situation, (=T*) and 80 K =T**). The sizable increase of the,
shown Fig. 9a), which corresponds to the case where ghe order parameter occurs at about the temperaitfre This
andp, order parameters are of different symmetries, the twgneans that the start of the sliding of tioe wave vector
order parameters develop “independently” and regularly inseems to be correlated with the growth of fhemodulation.
temperaturg(in that case there is at lowest order a biqua- Under cooling, the modulus o, increases. In the FS
dratic coupling betweep; andp,). In the second situation, nesting scenario considered in Sec. V A, this corresponds to
shown Fig. 9b), which corresponds to the case whpgeand  a change of nesting from the inner lozenge centered aXthe
p» have the same symmetry, tpg andp, order parameters point of the Brillouin zone towards the outer lozenge. In Sec.
appear af .4, thenp, exhibits a rapid increase aroufd (in IV we have provided evidences that the infeuten lozenge
that case there is at lowest order a bilinear coupling betweewould correspond to the FS associated withrtive 6 (m=4)
p1 andp,). The nonmonotonic variation of the satellite in- layer. Thus from the sense of variation of the modulation
tensity at lower temperature can be explained by interferenc&ave vector one can justify the assertion previously made
effects between the two contributions entering in E8).  that the FS associated with the=6 layer will be nested at
when the amplitudes of the two order parameters becom&_; and that the sliding of the modulation wave vector occurs
equally importantF,(Q) being complex numbers, the mag- in order to enhance the nesting with the FS associated with
nitude of the interference effect also varies with the satellitecthe m=4 layer. The best nesting will be achieved for a wave
positionQ in reciprocal space. vector connecting one edge of the lozenge of the FS of the

C. A sliding modulation
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m=26 layer to the opposite edge of the lozenge of the FS ofn addition, the interchain CDW order in this direction im-
them=4 layer. According to the FS calculation of Fig. 8 this proves on cooling with the growth of the TTF order param-
would lead to a variation of 0.@ , assuming that the charge eter and thus with the increase of the interchain coupfirg.
transfer between the layers does not change during the sligs thus interesting to remark that the opposite behavior oc-
ing of the CDW(see Sec. VD below This number is rela-  curs in the 4/6 member, where the CDW order in tife
tiver close to the experimental variation of 0012b4)for inter|ayer direction degrades on C00|ing_

the total shift ofAq,« (Fig. 6). However the quality of the A second family of materials is the transition-metal
nesting must be appreciated on the total FS and not only ofichalcogenided! Monoclinic NbSg and Ta$ crystallize

the lozenges around the¢ point. Finally, let us remark that \yith two different types of conducting chaitsalled types |

the shift of the wave vector is less than the inverse of theyng || in the literaturg with slightly different band filling
CDW coherence lengtliestimated for the chaina=b at (i.e., e wave vectors Although the 2<'F—2k2 difference

gt}l(T):o'OS A%, in the temperature Irlangé'* _T*.*’ is quite small (0.018* and 0.006* in NbSeg and Ta§,
from thg dat.a of the regullam=4 m‘?”.‘be ) the sliding respectively and is comparable to thekg difference be-
mechanism is not energetically prohibited. However the re-

lationship between the sliding and the growth of the modu-tWeen chains located on th=4 and 6 layers of the 4/6

lation on them=4 layer must be clarified. This will be done member(see Sec. 1Y, two successive and independent CDW

using the phenomenology of the Landau-Ginzburg theory 0];ransitions corresponding to different transverse CDW or-
the phase transitions in Sec V E below. ders, each affecting a given sublattice of chains, are

The nesting of the total FS is certainly completed arounchi“?erved’;-1 The orthorhombic variety of Tads more inter-
T** when the thermal variation @f, saturates and when the €sting because the CDW modulation wave vector varies in
thermal variation of the thermopower deviates from the lin-temperature and saturates at a commensurate value at low
ear behavior expected in a metallic state. Magnetotranspofémperaturé? The behavior bears some resemblance with
measurements at low temperaﬁ}mhow, by the detection of that shown by the 4/6 member. However the chain array of
small electron and hole pockets, that a quite good nesting e orthorhombic structure is so imperfectly known so that a
achieved. Thus the sliding of the modulation wave vectordetailed theory cannot be built.
renders the 4/6 member semimetallic. The same electronic Several theori€S—*®have considered the case of a CDW
ground state is achieved in the other lowregular members instability on two Peierls chains with nearly equdd-2wave
by a different mechanism in which successive CDW transivectors. In three of theti 3°the problem has been analyzed
tions are set® As the 4/6 member is made of different lay- in the limit of very strongly coupled CDW'’s: the relative
ers, the sliding of the nesting wave vector is probably thephase between the CDW located on the two types of chains
most economic way to achieve a semimetallic state. Thes then fixed and there is a single lattice deformatioa., a
gradual appearance of a semimetallic state in temperature Vgingle order parameterThe deformation can be described
a sliding modulation mechanism probably explains why the,y, 5 |attice of amplitude solitons. Each band exhibits two
resistivity of the 4/_6 member does not exhlblt_ the b“mpenergy gaps with a midgap subband built by the soliton elec-
a_nomaly observ_e'd in the regularmembers at their succes- tronic states. When the gafpe., the order parametein-
sive CDW transitions. creases, the periodicity of the soliton lattice decreases. When
the gap becomes larger than the band spIittiliig;,:(]k'F
—k2|) the deformation acquires a sinusoidal shape with the
ki-+ kg critical wave vector. In parallel, there is a continuous

Itis interesting to compare our findings in the 4/6 memberelectron transfer between the two bands which terminates
with the results previously obtained in quasi-1D conductorsyhen both bands are equally filled. This description with
made with spatially separated chains for the purpose of desnly a single order parameter does not correspond to the
termining in which condition a CDW instability can be set in gjy,ation observed in the 4/6 member.
the presence OfltWO diffeilren.tllD electron gases having, re- \when there is a weak bilinear coupling between the CDW
spectively, the ¢ and X critical wave vectors. ~on chains | and IKfor example, due to the direct Coulomb

A first family of materials which has been extensively coypling between the CDWs their relative phase is no
studied is the charge-transfer salts made of segregated staqkgger fixed and two lattice deformations or order parameters
of donors and acceptof&But in most of them the number of (one per chainmust be considered. This is a quite difficult
electrons on the acceptor stack amounts to the number foplem to solve because generally a charge transfer between
holes on the donor stack, which implieki2=2ki within  the two types of chains accompanies the relative growth of
one reciprocal-lattice wave vector. However, TTF-TCNQ isthe order parameters. A simplified solution is given in Ref.
particularly interesting because after &:2CDW order  36. The three types of solutions found are summarized in the
which develops on the TCNQ sublattice, the development of\ppendix. They have some relevance with our findings for
the %! CDW on the TTF sublattice at lower temperature the m/m=4/6 bronze, as we shall see in the following sec-
leads to the sliding of the transverse component of the modution. The interesting point of the theory of Ref. 36 is that any
lation (in the direction where the TCNQ and TTF stackslocal variation of X, which leads to a shift ofr of the
alternatg. The growth of the amplitude of the modulation on phase of the modulation, generates a discommensuration that
the TTF stacks controls the transverse shift of wave véctor. bears a net electric charge ef®

D. Comparison with other quasi-1D systems made of two
types of metallic chains differently filled
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0 —> stead one should observe a broadening of the satellite reflec-
T. T . . . g o
tion, especially in theb* direction of the sliding of the
V(Ts1) >V(Te)

modulation. A broadening of thg; main satellite reflection,

FIG. 10. (a) Variation of the potential(r) as a function of N excess of the experimental resolutitf 6x10°° Afl,
=p,/p,. The situation depicted corresponds to the qaseSche- half-width a‘f half maXImUm IS- however not Qbserved in the
matic representation of the thermal variation of the wave vegtor (a*,b*) reciprocal plane. This means that if a SL is present
of the main reflectio(s) of the Peierls modulated chains f¢i)

V(0 K)>V(Tg)), (c) V(T)>V(Ts)>V(0 K), and(d) V(Ts) ke ke ke +ke" k' +kg”
=V(To)- Ak 2L 2L
! <+ +——>
E. A disordered dilute soliton lattice in the 46 member? ' ’ L [

o _ o N Ak 2T 2k 2Bk <o'n <o
Several basic ingredients of Bjelis and Barisic’s thébry

are observed in the CDW modulation of the 4/6 member: the

presence Of two order parameté‘Eﬂec. \Vj 3’ a Slldlng modu- Dense Soliton Lattice V(TsL)/ V(0) Dilute Soliton Lattice
lation which saturates at low temperat8ec. V Q. But the b
main characteristic of a soliton latti¢§L) consisting in the FIG. 12. Diffraction pattern of the modulated Peierls chains as a

presence of sideband satellite reflectiofigs. 11 and 1Ris  function of the ratioV(Ts)/V(0 K). When this ratio increases the
not observed. However if the discommensurations are disokeparation between the sidebands increases and the soliton domain
dered it would be difficult to observe the sidebands, but indengthL decreases.

075116-12



SLIDING CHARGE DENSITY WAVE IN THE . .. PHYSICAL REVIEW B 66, 075116 (2002

at low temperature, it must be relatively diluted. Anotherwhere on the left-hand side of E@5) there is a second
possibility is that the coupling between CDW's would be average on the chaiflayer taken at the origin. The expo-
strong enough to keep the modulation sinusoidal. This willnential decay in the right member of Ec) is the one ex-
correspond to the situation depicted in Fig.(d0 In that  perimentally deduced from the Fourier transform of the pro-
case the expressioif\7), taken from the Landau-Ginzburg file of the satellite reflections of the 4/6 member, as seen in
theory given in the Appendix, can account quite well for theSec. IIB2 ( being the length of the coherent domains
thermal variation of the modulation wave vector. This lastMany models of disorder in 1D leads to an exponential de-
expression clearly shows that the sliding of the wave vectocay of the correlation function. For exampl@) if there is a
is related to the relative growth of the order parameter on random distribution of domain size, with being the prob-
the m=4 layer, through the ratio=p,/p;. It explains(i) ability to cross a domain wall per unit length, it is easy to
the nonvariation of the wave vector aboli® whenp, is not  show?’ if the phase coherence is completely lost on crossing
enough developedii) the rapid variation of the wave vector a domain wall, that
at temperature below* when p, increases strongly, and
(iii) the low-temperature saturation at the wave vedtor l=p~ 1t (6)
+ki when the ratia tends to 1. All this behavior relies also . . -
on the microscopic mechanism of a progressive nesting a@nd(z) _'f there are random phase jumps&fin linear con-
proposed in Sec. V C. centrationn, one gets after some calculatién
In fact it is very difficult to discriminate between a dilute
SL and a sinusoidal modulation, which corresponds to the
limit where the separation between the discommensurations .
becomes very large. Such a distinction will be even more N these models the decrease lofipon cooling comes
difficult to do in presence of disorder in the SL. In this situ- ToM the increase ofx or n (and ). In particular, u or n
ation only local measurements could reveal the presence of$1ould increase with the linear density of discommensura-
dilute and/or disordered discommensuration lattice. tions. More precisely the interchalinterlayey order in the
However, according to our results, two aspects of theoL limit |m.pl|es, as showq in Fig. ;1, the smultaneogs pres-
modulated structure of the 4/6 member seem to indicate th8"C€ Of discommensurations, which assure opposite phase
presence of a dilute SL. The first one is that the pinning ofUMPS of = on neighboring chaindayers. If this does not
discommensurations by the local minima of the potentia®cCur, & defect, where a phase shift@f + or — 7 is
provides a simple explanation of the hysteresis phenomerlgcking, will be ggqerated. In that case, the expression
observed belowl* between the cooling and heating cycles reduces td =(2n) . For chains(layers of discommensu-
of measurement of the satellite intensiig. 4). The second rations randomly distributed alorgone hasn~1/L times a
feature concerns the broadening upon cooling ofgheat- ~9eometrical factor [ is the mean length between discom-
ellite reflections along* (Fig. 7), which should have a natu- _mens_uratlons, as deflneq in Fig.)1This geom_etncal faptor
ral explanation in the presence of a low-temperatdigor- 1S €stimated at aboutiZc in the 4/6 memberl{ is the lattice
dered? lattice of discommensurations. In that case, thePeriodicity in the direction of the layer where the wave vec-
regions where the amplitude or the phase of the CDW modutor slides andc/2 is thellnterlayer periodicijy Assuming a
lation remains not spatially uniform, as in the discommensufully developed SL with(¢’)=m/L=Ake, one getsl
rations, are the weak links in the interchain coupling. Any=7C/4bAke . If one takesikg equal to the range of sliding
kind of randomness in the repeat periodicity of the discom©f the wave vector, 0.0, one obtain$~200 A, which is
mensuration lattice, should drive an interchain disorder. Ifelatively close to the experimental value of 120 A at 25 K.
addition, the increase amount of discommensurations upon In fact the 4/6 member develops a CDW modulation pat-
cooling would explain the observed enhancement of the int€f, which is more complex than that considered for the
terchain disorder. purely 1D two-chain systems becaug® the q; CDW
The profile of the satellite reflection in the transverse di-modulation wave vector has two nonzero components in the
rection, z, is proportional to the displacement-displacementconducting layer an?) the local displacement pattern could
correlation function be the superimposition of two modulation waves with, re-
spectively, theq; and g; wave vectors, as seen in Sec.
) . i IIIA2. The observation of weakg, satellite reflections
(lu(ax+aq,)| >:p2m (Up()um(x))explidpmddy), (4) (29,=q,+q}), up to at leastT*, suggests that the two
modulations are simultaneously present in the same domain.
whereu,(x) is the lattice modulation, given by E(AL), in In that case if one assumes that each modulation occurs with
the pth chain(layen andd,, is the distance between tigh  the same amplitude,, the modulation pattern of a given
andmth chains(layers. On the right-hand side of E¢4) the  layer can be expressed in the form
average is performed in the chajiayen direction,x. If the

|=[n(1—-cosa)] ™. 7

disorder originates from the randomness in the relative phase u(r)=ug[cogq;-r+¢)+cogqs-r+¢')],

of the modulation between successive chdilayers, the

interchain dependence 6fi,(x)u,(x)) will be given by u(r)=2uglcog -+ (y+ ¥’ )12]cog (ay—ql) - 1/2
((exfi(ep—em ) ~exp(—dym/1), 5 +(y—y)I2]},
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u(r)=2up{cog 2mx/3+ (y+ ¢')/12]cog 2wy/3+yAqy+b ues. It would result a smeared FS exhibiting a distribution of
) 2kg values, the broadening of which will smoothen its nest-
+(y—y)I2]}. (8 ing properties and thus the divergence of the associated
Thi it dst te CDW ._electron-hole response function. However, a local CDW or-
IS pattern corresponds to commensurate S TUNNINGe - could remain present in these disordered bronzes. Thus,
?"0”9 the chaina (coordmatex)_, the ar_“p"t_“de of Wh_'Ch IS by analogy with the findings in the 4/6 member, we suggest
mcc:n”.nmelnsurgteh:] modﬁlateddmltlh_nedlrectlo:w (cocr)]rdlnqte . that discommensurations could be nucleated on the charges
y). Itis alongb, where the mo lulation wavelength varies In .o nsferred at the level of the intergrowth defects, breaking
temperature, that the SL previously considered could formthe long-range CDW order observed in the defect-free
As the amplitude of the CDW's strongly varies in the 50,65 Moreover, a dense and disordered discommensura-
direction, the discommensuration lines should be oriente on lattice has been effectively imaged by electron micros-

perpendicularly to this direction or along the segment direc—Copy in them= 12 bronze doped with G¥.The presence of

tion. The presence of suc_h a compl_ex SIT doe_s not change tr%%ch nucleated discommensurations on stacking faults pro-
main conclusions of the interpretation given in this section.,ijes a suitable explanation for many observations per-
) formed in them=7 members, where the quality of the CDW
F. The ¢, modulation diffraction pattern(i.e. number of harmonics of modulation,
At the present stage of our investigation, two possibilitiesthickness of the satellite reflectiondepends on the samples
remains open to account for the observed waalsatellite ~ probably through its amount of stacking fagltsSuch
reflections. The first possibility is that, corresponds to a charged defects should perturb considerably the electronic
two-CDW instability involving chains because its nonzero Properties of these large-members and be invoked to ex-
a* component could approximately nest the FS associateBlain their electronic propertie’S.
with chainsa, as seen in Sec. VA. The second possibility
considered at the end of Sec. VE is tlgtcorresponds to a APPENDIX
side effect of they, andq; modulations; these last modula-

tion involves the chains+b as seen in Sec. VA, The results of the calculation of Ref. 36 can be summa-

rized in the following way. If one writes the lattice deforma-

tion in chain directiony, for the two typesi(=1,2) of chains
VI. CONCLUSION in the form

The alternate 4/6 member stabilizes CDW modulations _ KK . Al
whoseq; andq, critical wave vectors are very close to those Ui(x)=pi exii(ke+ke)x]Jexpli i), (AD)

wave vectors are fixed _by the FS ne_sting mechanism, th§pace, for bilinearly coupled chaifisy A) can be put under
topology of the FS remains very close in all these membersye standard form

However the CDW transitions, which all achieve a low-

temperature semimetallic state, do not proceed in the same F(q)=F1(q)+F(q)+F14q) (A2)
manner in the regular and alternate members. In the regular

member it proceeds by setting successive second-orddith

Peierls-like transitions, which successively stabilizes differ- ) 4 2 o 2 )
ent intralayer “hidden” nesting wave vectors along the se- Fi(@)=ai(T)pi+bopi’+ao&l (pi)“+ pi(ei = Akg)7],
guenceq, thenq, in them=4 and 5 members or along the

reverse sequence, then g, in the m=6 member. In the F1,0)=2Ap1p,C08 @1~ ¢2),

alternate 4/6 member tteg critical wave vector is stabilized ol . .
at high temperature by the nesting of the FS of the 6 ggﬁ)eka_kF ke, which will be taken to be greater than 0

layer, then this wave vector progressively slides in order to . . . —
- In these expressions the prime means a spatial derivative.
nest also the FS of thm=4 layer. . : .
. In the gradient terng, is the CDW coherence length defined
We have accounted for the thermal variation of the b . hall al | h bili
modulation wave vector of the 4/6 member using a m&del y expressiont1) or (2). We shall also neglect the possibility
. : of interchain electron charge transfer when the CDW modu-
derived from the Landau-Ginzburg theory of the phase tran;_.. . . .
. . : . lation develops, which means thAkr: remains constant in
sitions in which the relative phase between CDW located on he | hain ch f | idered
structurally different layers can vary, and where the Chargetsemperature(t_e Interchain charge transfer, also considere
' . in Ref. 36, will not change the nature of the solutions but
transferred between the layers could nucleate discommensy- . : o . o
. . . eir domain of stability will be modified
rations. We suggest that a disordered and dilute SL coul If one setso.— v+ 8 ande.— v— 3 the minimization of
result of such a mechanism. E with res esgzlt Y i\is $2=7~ P
Such an interpretation could also be invoked foe7 P o9
members, where the amount of intergrowth defects increases ' 2 2y—1 pr
) ’ " . =—(1-r9)(1+r —Akg), A3
with m and the conditions of preparation of the sanflen Y ( ) ) (B F) (A3)
relationship with the study of the 4/6 member it is temptingwherer =p,/p, and
to suggest that the intergrowth defects could lead to local

charge transfers between adjacent layers of diffenentl- F(a)=®,(q)+P,(q)+ P, ) (A4)
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with vector. The SL already appearsTat. In the limit A—0 one
hasB’ = ¢;=—¢,=Akg and thusy’ =0.
— 2 4 2/ 1 1 2 F
®i(a)=a;(T)p{ +bopi'+aoés(pi ), (i) V(T)>V(Ts)>V(0 K) [Fig. 10c)], which corre-
) - 0 ) sponds to Coulomb couplings between CDW'’s of intermedi-
Dy Aq)=p5(1+19) " [4apés(B' — Akg) ate strength. There is a uniform modulation betw@emnd

Tg. and a SL develops beloWs, .
+2AV(r)coszB]. S?:igure 11a) repregents schsématically, in the real space,

whereV(r)=r+r~1. such a SL in the relative phasgdetween the two types of

@, ,(q) is a sine-Gordon equation. The minimum of its CDW. Itis composed of domains“of lengtth with the com-
kinetié—energy term, which occurs foB’=Akg (i.e., B mon mod_ulation wave vectd«‘FJrk , separated by dis_con_]-
= Akex+cte), tends to promote the naturak2wave vector ~mensurations where the phage of each type of chain si-
of each chain and thus the ordering of CDW with differentMultaneously experiences jumps #fr and — in such a
wave vectors. Its bilinear coupling term tends to promote thévay 0 keep a relative phase shift o2 (2p+ 1) be-
ordering of a unique CDW of mean wave vector. In this latter'Ween the chainsg(is an integey, as shown Fig. ](b)4.0At a
term, the phase shift@= (for A>0) between CDW mini- Phase jump of- = must be associated a charge‘o.™ The

mizes the interchain coupling energy, which is generally Ofspanal average of thekg wave vector of each chain is thus

H | 1l ’ ; I\ N\
Coulomb origin. In the free energy, one sets, as usual, ~ 9'Ven Ibku+kﬁ+<‘Pi ), with (@)= — () =L (the natu-
ral 2k and K¢ wave vectors are recovered for a dense SL
ai(T)=ag(T/T4—1). (A5)  when w/L=AKkg in the limit A—0). The wave vector in

] ] excess okp+ kg on chain 1 formst 7 discommensurations,

As Te1>Tep, pp Will be less thanp, in the whole tem-  ¢orresponding to chargese, while the wave vector in de-

perature range, thus<1. The behavior of the two order fect of kL+kl on chain 2 forms— discommensurations,

parameters is ZShOW” in Fig. (19, with T. given by  cqresponding to chargese. The conservation of the total
a1(TJax(T)~A® and T*~T,. When T increasesy in- n mper of electrons between the two kinds of chains requires

creases and thug(r) decreases, as shown in Fig(d0The 44 equal amount of e and —e charges. The minimization

nature of the solution which minimizes the free energy de+y interchain Coulomb energy requires that a chargeon a

pends upon the ratio of the cost of elastic distortion energy tQiyen chain will be surrounded by a charge on the neigh-
create discommensurations over the gain of interchain coyssring chain and thus that opposite discommensurations face
pling energy to form domains with the same modulation: each other, as shown in Fig. (b, in order to keep locally
_ 2 2 the charge neutrality.
V(Ts)=ao(EpAkem/2)7/A. (A6) The Fourier transform of the SL, shown in Fig. (a1

Depending on the value o¥/(Ts) with respect to consists of two ma!n reflections at the. average 2vave .
V(T)~ a;/A andV(0 K)=2 three cases must be consid- vector of each chain surrounded by sidebands of satellite
ered. reflections having the reciprocal periodicityn2=/L (n is

(i) V(0 K)>V(Ts,) [Fig. 1b)], which corresponds to @M integey of the lattice of discommensurations. The side-

the limit of strong coupling between CDWiarge A). The bands are due to the intermodulation of the natural periodic-
bilinear coupling term is always dominant in the sine- ity of one chain by the natural periodicity of the other chain.

Gordon equation. One has, wifB= /2 in the whole tem- Figure 12 summarizes the evolution of the diffraction pat-
perature range, a sinusoidal modulation. Wgh=0, the tern of the modulated Peierls chains in its ground state as a

common modulation wave vector is given, from the expresfunction of V(Ts)/V(0 K). The density of discommensu-

sion (A3), by rations increases wheW(Tg)/V(0 K) increases. Since
V(Ts)/V(r) decreases when the temperature increases one
Oy=kk+kE+y' (A7)  expects a continuous evolution of the diffraction pattern with
T, analogous to that shown by Fig. 12 whé(rg)/V(0 K)
with y'=@1=@;=(1-r%)(1+r?) *Ake. decreases. On that basis we have represented in Figs- 10
Its rate of variation depends uponit is small betweem,  d), the expected variation of the wave vector of the main
and T* whenr is weak, strong just beloWw* whenr in-  reflections of the modulated chain for the three cases consid-

creases, then it saturates to zero at low temperature-if.  ered previously. In this figure we have assumed a continuous
(i) V(Ts)>V(T,) [Fig. 1ad)], which corresponds to the evolution ofg, in temperature between 0 K afg. How-

limit of weak coupling (\). The CDW's are nearly decou- ever the determination af,(T) requires the minimization of

pled. The kinetic-energy term is dominant in the sine-Gordorthe total free energy, which remains to be done in the general

equation. Each CDW tends to stabilize its owkg2wave case.
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