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The charge-density-wavéCDW) structure of the monophosphate tungsten broni#,f0gs the m=10
member of théPO,),(WO5),,, series has been solved at room temperature from single-crystal x-ray-diffraction
data. In agreement with previous x-ray diffuse scattering experiments, intense first-order satellite reflections at
+2a* reduced wave vectors as well as second-order satellite reflectiond @t were observed. The CDW
structure was refined in a four-dimension@D) formalism and found to have the superspace group
P2, («00) 0. The modulation, of the displacive type, involves mainly the tungsten atoms inside the different
WOg octahedra of the W@type slab. The W displacements, which are mostly oriented in the direction of the
segment of 10 W@octahedra building the slab, tends to be oriented in opposite directions between neighbor-
ing segments. It is suggested that for the largmembers these features represent a good compromise between
the CDW instability of the metallic bronzes, related to their quasi-1D electronic structure, and the incipient
antiferroelectric lattice distortion of the insulating oxide W@hich corresponds to the limih— oo of this
series. These structural features play a crucial role in setting the coupling between the differently oriented 1D
portions of the Fermi surface required for the hidden nesting mechanism at the basis of the stabilization of a
CDW ground state in the Re@ype metallic W and Mo bronzes and oxides.

[. INTRODUCTION concomitant reduction of screening of the Coulomb repul-

sions, will certainly enhance the electron-electron interac-

tions. Finally, it is interesting to remark that the antiferro-
Beside the cuprates with high-temperature superconduGsiectric (AFE) insulator WQ corresponds to the limim

tivity, (AO),(A’CuO;_,)m,* the manganites with colossal _,« of the MPTBp family.

magnetoresistance, Ln,A,MnO3,2 and the spin gap vana-

dates AV,0s,% the monophosphate tungsten bronzes with

pentagonal tunnels, MPTBRPO,) 4 WO5),,,* form a new B. CDW instabilities of the MPTBp’s

family of oxides exhibiting low dimensional metallic prop- In the structure of the MPTBp's each W@pe slab can
erties together with charge-density-wal@DW) instabili- be decomposed into three arrays of parallel chains running

ties. N o
. along thea*=b anda directions. Each chain is composed of
Several members of the MPTBp family §n<14) have segments ofn corner-sharing octahedra. Band-structure cal-

been isolated and characterized by single-crystal X-rayg lations, using a tight-binding extended dkel approxima-

diffraction, d|7ffuse _ scattering, and  conductivity {5 show that a quasiplanar Fermi surfd&®) can be as-
measurements.” Examination of the different crystal struc- sociated to each chain arr#y/As a result, the total FS can be
tures determined for then=2, 4, 5, 6, 7, 8, and 12 approximately described by the superimposition of three FS
members,** leads to the same general building principle sheets, each being perpendicular to a given chain direction.
with only local variations, which induce slight distortions Each type of chain can undergo &2CDW instability, kg

and symmetry changes. All these structures can be describ@ging the Fermi wave vector related to its one-dimensional
by a regular stacking of perovskite W®@pe slabs, whose (1D) band structure. In agreement with this expectation,
thickness increases wittm. These slabs are connected x-ray diffuse scattering experiments have revealed such 1D-
through PQ tetrahedra so that large;§cages with pentago- CDW instabilities, especially for the lown (i.e., m<8)

nal windows are formed at the junction. These cages armembers. Below a critical temperatur@,, these instabili-
either empty or can be partially occupied by Neations, as ties condense into a 3D ordered CDW ground state. For the
recently found in the N&PG,),(WO;),,, series for G=x m=6 members, the critical wave vector of the CDW modu-
<1 andm=6."° Each tetrahedral (P§group behaves as an lation observed below, can be accounted for by a hidden
electron reservoir which donates one electron to thesWOFS nesting mechanisthwhich connects the crossing points
slabs. In(PG,)4(WOs),, this charge transfer to the WO of a couple of two differently oriented quasiplanar FS. In
slabs leads to an average electron concentrationnofeB2c- these members several successive CDW transitions have
tron per W atom, and thus to a metallic behavior. Howeverpeen observed, due to the different ways to couple the dif-
when m increases, the decrease of carrier density, and thierently oriented quasi-1D FS.

A. Generalities
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For the m=8 members, incommensurate CDW transi- broad diffuse segments centeredjgt=q,= za* and extend-
tions with T, ranging between 30 and 220 K have been ob-ing in the interslalc* direction. They can be detected until
served. However, it should be noted that while the 4, 5, about 600 K. On cooling down the diffuse scattering sharp-
and 6 members exhibit several successive incommensurags and in the same tingg decreases. At about 400 K this
sinusoidal-like modulations with similar wave vectdtshe  wave vector locks in at the commensurate vale 2a*,
m=7 and 8 members show complex CDW incommensuratvhich is the value observed at RT, temperature at which the
modulations with many harmoni¢s® Only short-range- modulated structure has been refined in the present paper.
order modulations were observed in the= 8 member® For  The T, of the CDW transition is estimated at about 450 K,
them=9 members, several structural phase transitions withemperature at which there is an anomaly in the thermal de-
T, ranging from 330 to 730 K have been detected. Dependpendence of the resistivity.
ing onm, their critical wave vectofdenotedyy, q4:, andq,
below) has been found to be either in commensurate or in-
commensurate relationship with the reciprocal wave vectors Il. EXPERIMENT
of the MPTBp lattice®

The assignment of the CDW instabilities to the WO
chains running along the anda=* b directions can easily be Platelike dark blue crystals of ,®/,00gs (M=10) were
done for the lowm members i=<8) owing to the observa- prepared by the chemical vapor transport technique using the
tion below room temperatur@®T) of x-ray diffuse scattering following procedure. A mixture o{NH,4),HPO, and WG,
pretransitional fluctuations under the form of diffuse sheetsvas first heated at 600 °C in air during 12 h to decompose
perpendicular to tha or a=b chain directions. On the con- the ammonium phosphate. An appropriate amount of metal-
trary such assignment cannot be unambiguously performekt tungsten powder was then added before the mixture was
for the highm members n=9) because the phase transi- heated in an evacuated silica ampoule at 1000 °C during 2
tions occur above RT in a temperature range where there @ays. A portion of abau2 g of theresulting polycrystalline
in addition a strong anisotropic diffuse scattering due to thersample was then subsequently taken for the crystal growth,
mally excited low-frequency phonon modes. which was carried out in a quartz tube 20 cm long and 1.8

For them=9 members, in addition to the CDW instabili- cm internal diameter. After sealed under vacuum, the tube
ties of modulation wave vectorgy and/or gy, a simple Wwas introduced in an horizontal furnace with a temperature
commensurate modulation of critical wave veotgr which ~ gradient of about 10 °C/cm between the hot z¢h200 °Q
component is;a* in the (a, b) plane, was found. While and the cold zon€1000 °Q. The tube was kept under these
4= 0, for them=9 memberg, remains close ta, for the ~ conditions during two weeks. Platelike crystals grew in the
m=10 and 11 members. Thg, instability, of smaller criti- ~ central part of the tube.
cal wave vector, becomes the dominant one forrtive12
and 13 members. Then=14 member apparently exhibits
only the g, modulation. The mechanisms at the origin of
such complex phase diagrams are not clearly understood. A A lot of crystals obtained from the different preparations
possible explanation, proposed in Ref. 6, is that, as the thickwere tested by the inspection of x-ray patterns obtained from
ness of the W@ slabs increases with, the layered MPT- single-crystal rotating and Weissenberg methods. Weissen-
Bp’s may develop the AFE instability of the 3D perovskite berg photographs showed that nearly all the samples were of
WOQO;, which critical wave vector, located ai, in the poor quality with a stacking disorder revealed by the appear-
MPTBp frame, could be, by its closeness, in competitionance of diffuse streaks sometimes more intense than the fun-
with the g4 CDW instability of the metallic layers. damental Bragg reflections. However, among the hundred of
crystals tested, two crystals showed well defined Bragg spots
with no diffuse lines. The best crystal was studied in detalil
and its diffracted intensity was registered later on an auto-

In order to understand more deeply the relationship bematic diffractometer. The unit-cell parameters found are
tween the various CDW instabilities undergone by the MPT-those expected for then=10 compound §=5.3A; b
Bp’s a detailed structural determination of their modulated=6.5A, c=35.8A), attesting the obtention of \W,Ogg.
phases is required. Such a structural determination is the ol#s usual, the crystal was(@01) plate, with[110] as the long
ject of the present paper. It concerns time=10 member direction. The crystal was mounted with theaxis as the
(P,W5,1Ogg), Which also offers the opportunity to study the rotation axis and Weissenberg patterns fridmdl ] to [h3l]
competition between thgy andq, structural instabilities. layers were taken. Satellites of first and second order were

The m=10 member is a poor metal. Preliminary evidenced on each side of the festoons of the fundamental
measurements show that its electrical resistivity, which ba- Bragg reflections. In agreement with previous x-ray diffuse
sically increases on cooling from 600 Khe highest tem- scattering investigatiorfsfestoons of intense first-order sat-
perature measurgdntil about 200 K, exhibits a weak bump ellite reflections, at théa* and 2a* [i.e., (1—2)a*] re-
at 460 K followed by a swallow minimum around 430 K. duced wave vectors, as well as festoons of weaker second-
Them=10 member, as well as the=11 member, behaves order satellite reflections, at theZa* reduced wave vectors,
in an unusual manner, with respect to the other membersyere observed. No festoons of third-order satellite reflec-
because its CDW critical wave vectogy varies in tions, at the+ 2a* reduced wave vectors, could be detected
temperaturé.The high-temperature pretransitional structural(they were, however, detected in the preliminary study re-
fluctuations of then=10 member appear under the form of ported in Ref. 5 This provides evidence for a structural

A. Synthesis and sample preparation

B. Preliminary x-ray photographic study

C. m=10 member
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FIG. 2. Schematic representation in the reciprocal space of the

FIG. 1. Weissenberg patterns of the RT modulated structure nglitting of the Bragg reflections due to the twinning.

P,W,Oggs. (a) hOI layer: note the occurrence of satellite reflections
by “waves.” (b) h2l layer: note that the fundamental reflections ible with the observation of nearly all the fundamental reflec-
are splitted while the satellite reflections seem to be unique. Not¢ions for the two variants, even the weakest ones. The second
also the deformation of thed2l |* row for weakd values, which is  explanation could account for the observations if the satellite
consistent with a monoclinic lattice symmeftwyhite arrows. reflections were only issued from the block arrangement of a
polysynthetic twin, each block itself contributing to the fun-
damental reflections. Calculations based on the approach de-
veloped by H. Bant® show that this explanation induces

. . satellite extinction conditions which are not observed. To
The zero layer Weissenberg pattdffig. 1@] shows a o cidate this intriguing point, we have performed a diffrac-

single set of festoons of main Bragg rgﬂ_ections. However, ir’{ometer(Enraf Nonius CAD4 investigation of the crystal.
the upper layers, one observes a splitting of these festoons,

V\{hjch increases whek increa}ses. This splitting is clearly C. X-ray diffractometer investigation

visible for thek=2 layer Weissenberg pattern shown Fig. v th i off fil fth .
1(b). Moreover, these patterns show that the rows parallel to To study accgrateyt € tW,"n € ects,*pro es o the recip-
a* appear always under the form of straight lines, whereaZ2Cal rows ranging fronih06]* to [h56]* both with h>0
those parallel toc* are often deformed in the central part. andh<0 have been collected. This data collection supports

These observations are consistent with the presence of a wfit/ite Well the previous twin hypothesis. However, as the
made of two monoclinic lattice variants; the monoclinic lat- angle remains closg to 907, the distance be_tween the two
tice can thus be viewed as due to a weak distortion of af€CiProcal lattices is always smallt*/a* being less than
orthorhombic lattice in théa, b) plane, which leads to g  0-02 for the[h16]* row and less than 0.07 for ttj¢146]"
angle different of 90°. The twofold axis is then toeaxis "W _ _

and/or the lattice mirror is théd01) plane. This setting was _ AS observed on the Weissenberg patteffig. 1), the
kept in the following because it corresponds to that alreadytrongest fundamental reflections appear on ~waves - on
used for the MPTBp series of orthorhombic or pseudo-€ach festoon. Thus along a row such[&€6]", one ob-
orthorhombic symmetry, wherealways corresponds to the S€rVes fundamental reflections of strong intensity mostly for

lattice modulation at the critical wave vectgy= aa* at RT,
a=3, within experimental errors.

largest unit cell parameter. positive integeih values(Fig. 3), whereas those of negative
The symmetry element of the twin is eithetI@0) mirror 3000 R —

or a[010] twofold axis. In the reciprocal space, tb® and = .

c'* reciprocal vectors of the two variants as wellafsand £ 2500 | [h 4 6] ]

a’* are oriented in opposite direction, wherdgsandb’* S

are separated by an angle of 1.2°4@.6°) (Fig. 2. In the 2 2000 | ]

direct spacea anda’ made the complementary angle, while &

theb andb’ directions are the same and thosecahdc’ are 3 1500 | ]

opposite. Unfortunately, the existence of monoclinic twins,
which is due to the ferroelastic character of the high- 7 1000
temperature phase transitidrprevents us to find an un-
twinned crystal at RT. The structure was thus solved from = 500
the twinned crystal. 2
Surprisingly, the Weissenberg patterns taken from the up~= o h hnvart b e
per layers do not reveal such a splitting for the festoons of 6 5 4 B3 2 4 0 1 2 838 4 5 g
first- and second-order satellite reflections. Possible explana h value (step a*/50)
tions could befi) that the intensity of the satellite reflections
due to the second component is too weak(ior that the FIG. 3. Scan(by step ofa*/50) of the[h46]* row. Note that
modulated structure is due to a particular arrangement of theain Bragg reflections belonging to a single twin are observed for
twinned structural blocks. The first explanation is incompat-h>0.

sit
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h values are systematically weak. In this scan (26) re-  yet elucidated, in théP0,),(WOs),, series. It was thus de-
flection appears to be unique, with an intensity of about 270@ided to collect the intensity of fundamental and satellite
on a arbitrary scale. It thus arises from a single twin comporeflections and to solve the modulated structure using the

nent, sayA. However, around the symmetricad@ reciprocal ~ four-dimensional4D) superspace formalism.
position two small peaks appear; one peak is just located at

the reciprocal coordinate @), with an intensity of about D. Registration of the diffracted intensity

600, and the other one, of an intensity of about 500, is 10- The conditions used for the data collection are in Table I.
cated on its left side. This second peak is due to the twinThe intensity of the fundamental reflections has been col-
ning: it corresponds to th€246) reflection of the second |ected first, then the intensity of the satellites of first order
component, say. If we consider only the heights of the and finally that of the satellites of second order. Satellites
peaks one can estimate a twin ratio of about 18%0/2700.  were recorded using the prograsnat.?! The registration has

At the (246) reflection of theA component corresponds also been performed during more than one month. For each fun-

the (346) peak of theB component with an intensity of the damental reflection, the type of scan and its angular range

order of 600<0.18=108 lost in the foot of the inteng@46) have been chosen in prdgr to include sy;tema'ucally the two
. o components of the twin without overlapping the closest sat-
reflection of theA component and thus not visible on the

. . . ) . ellites. The result of this procedure has been scrupulously
scan of F'g 3. Along this row, there is no intensity detect- verified on each intensity profile before the data analysis.

able at the @6, 446, and 96 reciprocal positions. The struc- More than 104000 reflections measured in two equivalent

ture factor(F) of the corresponding Bragg reflections should monoclinic areas have been corrected as ufi@ientz and

be very weak. However, there are two peaks which appear ipolarization, standards, absorption effectShe reflections

their neighborhood. They are due to the twin comporint having a too weak intensityl<3c(l)] and those with

for the left ones and to the satellites of second order for theloubtful profiles have been rejected. The absorption correc-

right ones. tions, using crystal morphologyhave been performed after
The analysis of such scans explain well the quasisystemmeasurement of the crystal size with a microscapesitu

atic splitting observed in the x-ray patterns for the fundameniocation of the faces indices, and verification of their index-

tal reflections: if the structure factors of both the46) and  ation with an optical two-circle goniometer. The twin effect

(h46) reflections are noticeable, the twin law induces a syshas also been corrected. AII these corrections have been done

tematic doubllng of the peaks. On the contrary, if one of theusing theJANAgs program??

reflection, say I(|46), is very weak, and if the other reflec-
tion, (h46), is significant, only an unique peak will be ob- Ill. RESOLUTION OF THE STRUCTURE
served. Because of the twin effect, its equivalent reflection,
which corresponds to the second component of the twin, will
also be observed alone, close to a point of integer coordi- The 4D approach appears to be more suitable than the
nates. When this phenomenon takes place for several fundalassical formalism, based on the superced,p7c), to solve
mental reflections it should be used profitably to refine thehe modulated structure for several reasdisit leads to a
unit-cell parameters, as described in details elsewHere.better description of the crystal symmetry, thus defined from
Thus by centering a great number of such unique peaks the@ 4D group rather than from a classical 3D Shdiji) it
crystal orientation of one of the twin components can beintroduces modulation functions allowing to describe the dis-
reachedTable ). tortion of the basic structure by atomic displacement waves
The same features are observed for the satellite reflecunning along[100], and (iii) it mainly reduces the number
tions. For examples in the scan of the36]* row (Fig. 4), of parameters which have to be refined knowing that all the
the first-order satellite reflections with<O are well defined orders of the satellite reflections are not observed. In this
while those withh>0 are broadened. Fdi<0 the well respect, the observation of only first-and second-order satel-
splitted satellites, of reduced wave vectar§a*, belong to lite reflections justifies this procedure.
a single twin while the ones fdr>0 are broadened because  Within this framework, the complete diffraction pattern
the twinning duplicates them. can then be indexed with four integer indidaeldm with re-
Several conclusions can be drawn at this sta@e: spect to the set of basis vect@$, b*, c*, andqgy, where
P,W,Ogs has a monoclinic pseudoorthorhombic lattice with gg= ea* (a=2) is the modulation wave vector and the
the largest parameterbeing the twofold axis(ii) the exis-  satellite order. The modulation is of the planar monoclinic
tence of a systematic twin phenomenon is confirmed and atype? i.e., qq is parallel to the mirro001). The only ex-
the positions of the observed reflections are well identifiedfinction rule, | =2n+1, observed for th€000) reflections
(iii) from the important asymmetry observed between thdeads to the super space groBf;(«00)O0.
diffracted intensities, the actual symmetry should be quite In a crystal characterized by a one-dimensional incom-
different from the expected orthorhombic oftee intensity mensurate modulation, all the sectidnsf the 4D space are
difference is certainly amplified by the presence of heavyequivalent. They lead to the same modulated structure in the
atoms such as the JWand(iv) there is a lattice modulation physical 3D space modulo an arbitrary phase shift. In con-
giving rise to satellite reflections with a strong intensity, astrast, if the modulation is commensurate, only some sections
shown Fig. 4. Despite all these difficulties, the quality of thedescribe the actual symmetry of the crystal. In the present
present crystal gave the opportunity to investigate the struazase, only one type of section of monoclinic symmetry has
tural origin of the CDW modulations observed, but still not been considered: it is defined ly=v/142° where v is an

A. Crystal symmetry
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integer. Thus, the modulated structure Q¥\B Ogg Was re-
fined in the particular sectiar=0. The 3D space groufsG)
related to the supercell structure turns then toR#y, the
SG of the average structure.

The only extinction condition observed in the set of fun-
damental reflections are for (QOwith | =2n+ 1, consistent
with the presence of a twofold axis; Z2along [001]. Other
extinction conditions, such as those due to glide plane

P. ROUSSELet

al. PRB 62

TABLE I. Crystal data and details of the structural refinement.

Crystal data

Empirical formula
Formula weight
Crystal system
Super space group
a, b, c[A]

a B y[°]

VvV [A%

Z

D (cald) [g/cnT]

F (000

u (Mo Ka) [cm™ Y]

PsW,Ogg
4888.8
monoclinic

P2, (a00) O
5.3052) 6.5512) 35.8238)
90 90 90.6»,3)
1244.86)

1

6.519

2084

462.6

Data collection

Temperatur¢K ]
Radiation[A]

0 range[°]

Scan(type and range[°]

Dataset

293
A=0.71073
2 450
3, 1+0.35tang) for fundamentals

3, 0.6+ 0.35tang) for satellites
—10:h:10; —13:k:13; 01:70; —2:m:2

Mo K

a

Recorded reflectiondwo independent monoclinic spages

Fundamental 1st order, 2nd order

20611, 41337, 41250

Recorded unique reflections:

Fundamental, 1st order, 2nd order

10337, 20674, 20630

Observed datél =3.00(1)]

Fundamental 1st order, 2nd order

6146, 4831, 1906

Used unique reflections:

Fundamental, 1st order, 2nd order

3212, 3111, 1403

Refinement
N par 596
Riov Ros Riy Ry 8.67, 6.70, 10.01, 14.48
Secondary extinction type | 0.1™®
Max and min electron residual +1.4e”, — 1.2 (at ~0.6 A of Wia)
Weighting scheme unit
Twin ratio 0.151)
2000

B. Average structure

ntensity (arbitrary units)

normal toc, are only approximate. The strategy used to solve=
the structure of then=10 member was to start with the
idealizedP2,2,2, space groufsuch an orthorhombic lattice
description, which is that of the evem members of the

[h 3 6]

1500 |- E

1000 -

500 |- -

6 5 4 3 -2 A1 0 1 2 3 4 5 6
h value (step a*/50)

series, governs all the tilting of the W@ctahedrg then to FIG. 4. Scan(by step ofa*/50) of the[h36]* row. Note that
deduce the amplitude of the atomic displacements and t@ell splitted first-order satellite reflections belonging to a single
continue the refinement in te2; group withc as the two-  twin are observed fon<0. The four satellites due to twinning are
fold axis. The average structural model agrees well with thabnly observed foh>0.
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\ 2=0.170, y=0.753 2=0.170, X=0.767 y=0.753, X=0.767
e : Y N ' 204 x4 ! 04
:v.-, . / ; k 1.2 1.2 ! 1.2
X e N R \
v 4 \ / \ Y
: . \wsp y: N 0.8 0.8 0.8
b! T //
W2b / N 2 Voc \ W ‘ 0.4 ;
th \ = : 0.4 f 0.4
0905 \\‘
. . 0.75 0.0 -
FIG. 5. Projection along(100) (_)f the average structure_ of 0.85 0.65 0.75 0.85% 5155 0.1650.175 0.185
P,W,qOgg (R=0.067 for 3212 reflections and 237 parameterhis Y y z
figure shows the tilting of the octahedra, which remains compatible
with the orthorhombic space group2,2,2;. A segment of ten FIG. 6. Four-dimensional Fourier mag {,J alongx, y, andz
WO; octahedra delimited by two PQetrahedra, together with the around the Wa atom. The dashed lines represent the model used in
labeling of its W atoms, is highlighted. the refinement. Contour’s interval arees5A3,

describing all the members of th€Q,),(WO3),m Series  finement, only the first harmonics were introduced and arbi-
whose structure is knowm{=4, 5, 6, 7, 8, 12 The crystal  {rary phases were given to the displacement functions. For-
structure results from the regular stacking of W@pe slabs,  tynately, as the amplitudes of the displacement are small, the
all of the same thickness, interconnected with slices of POconyergence was ensured in spite of the wrong initial phases.
tetrahedra. It is also possible to describe the slabs as a setphe second harmonics were then introduced to improve the
parallel chains of W@ octahedra sharing corners in one of previous model.

the three main Cartesian directions of the perovskite struc- Refinements showed that W atom positions undergo a sig-
ture_: for example five octahedra in the approximate directiorhificant modulation, as also proved from Fourier maps
[0 4 1], nearly all tilted in the same sense, or ten octahedra imround the Wa (see Fig. 6. On the contrary, oxygen and
the directions close tfl2 8 1 or [128 1], as shown in Fig. phosphorus displacements are negligible and consequently
5. This last description, which involves the thickness paramthe polyhedral building is not disturbed nor distorted through

eterm, remains valid whatevem. the modulation effects. So, the tilting of all the octahedra
remains similar to that given by the2,2,2, space group
C. Modulated structure found for the other evem membergFig. 5).

, As previously found by Frost-Jensenal.?® the introduc-

The components of the displacement vedi6rof the uth  {jon of a modulation of the thermal parameters of some at-
atom were written as Fourier series limited to the first andy s in the refinement of a modulated structure can lead to a
second harmonics since the satellite reflections yith>2 significant improvement of the reliabilitR factor. Such a
were not observed, leading to the relation modulation was assumed for the W atom. It leads tB a
decrease from 18.4 to 14.5% for second-order satellites, and
from 12.5 to 10.0% for the first-order satellites. The main
reflections are less affected by the modulation of the thermal
parametergR decreasing from 8.0 to 6.7%The physical

(i=1,2,3. explanation of such an effect is that, because of the displa-
cive modulation, the surrounding of the W atoms changes
In this expressionx =dgq-(rg+p)=0dq-ro5+sis an internal  with the internal parameterin a noticeable way throughout
parameterr s defines the average position of théh atom in  the crystal. Thus, as the interatomic potential varies sjth
the origin unit cell(a, b, ¢ andp is a lattice vector; only the the atomic thermal motion becomes also a functios. of
s=0,13 2 2 4 2 and$ values are physical points. Though theR factors are rather high, it is clear that the

To determine a model for the displacive modulation, 4Dbasic features of the modulated structure appears to be reli-
Patterson maps were calculated from the whole set of refle@able. However, it should be outlined that the anisotropic ther-
tions. In the favorable case, where no fortuitous peak supemal parameters of W4, W2a, and W4 atoms cannot be
position occurs, it is possible to derive both the amplitudedefined within a classical ellipsoid model. This may be due
and the phaséwith an uncertainty ofr) of the displacement to insufficiencies in the absorption corrections or in the twin
function of theuth atom?’ It is thus sufficient to perform a corrections. Further, it must be kept in mind that the struc-
map about one Harker peak of this atom. Because of thaure is intrinsically complex to solve(i) it is a modulated
pseudo-orthorhombic symmetry which leads for the W atomsnd twinned structure with a rather longparameter render-
to superimposed Harker peaks, this method did not allow tang the intensity measurements trickii, the absorption co-
obtain reliable results. A trial and error method was therefficient is high y,=463cm 1) and the crystal shape is
used by estimating the displacement amplitudes of the Weomplex and difficult to modeljii) the structure is pseudo-
from the anisotropic thermal parameters derived from thesymmetric which limits the convergence of the refinement
study of the average structure. In the initial stage of the rebecause of the introduction of likely correlated parameters,

2
UKXE) = nzl A¥ cog 27nxy) + BE, sin(2mnx;)
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200dT.nd _ g In order to check the validity of the model, statistical
2 _order_,:;,::»-3oFundamey/' tests, such as those recommended by Wdtkinere per-
= Eao LS formed. Let us calF, the observed structure factor akd
150 /_/ the calculated one. The pl&t, vsF,, shown in Fig. 7, gives
] / ‘ the dispersion of the results for the fundamental as well as

for the first- and second-order satellite reflections. One can

see that there isa priori, no systematic errors in the final

results(as for instance a systematically overestimated value
of F. with respect toF,). Similarly, the difference K,

/ —F.) vs sind/A showed no peculiarity, contrary to a previ-

ous study performed on a twinned crystal of the same

 al family.!* Moreover, the plots K,—F.) vs h, k and| re-

rF 1 storder vealed no anomaly for a special class of reflecti¢ess for

‘ instance a better agreement for the low valuek)oOne can

thus conclude, after this series of statistical tests, that there

are no noticeable systematic errors in the last stage of the

refinement of the modulated structure of\WROgs. Final

FIG. 7. ObservedK,) vs calculated ;) structure factors for . .
the different classes of reflections considered in the text. The “n_atomlc parameters for the tungsten atoms are listed Table Il.

earity assesses the quality of the data and of the refinement, - arameters corresponding to the anisotropic thermal param-
eters and to their modulation are available from the corre-
(iv) there are about 600 parameters to refine simultaneouslgponding author. Final atomic and thermal parameters con-
and, finally, (v) the presence of stacking faults involving cerning the O and P atom&e., the atoms which are not
WOs-type slabs of different thickness and/or of slabs underaffected by the modulatiorare given Table Ill. The inter-
going ag,=3a* modulation(as revealed by the presence of atomic distances in the average structure as well as the mini-
residual diffuse streaks on the x-ray patterns of samples studrum and maximum distances in the modulated structure are
ied in Ref. § cannot be completely ruled out. given Table IV. A complete list of the O-O distances and the

o
L 1004

50 4

o — ) ) L) 1
0 50 100 F 150 200
o

TABLE IlI. Fractional atomic coordinates and RT Fourier amplitudes of the modulation function of the tungsten atogié,sdcp
(labeling given Fig. &

Atom wave X y z Atom wave X y z
Wia ré 0.51773) 0.75234) 0.16971) Wib ri 0.01354) 0.253@4) 0.287€1)
B, 0.02456)  —0.02147) 0.002a1) B, 0.00315) 0.00065)  —0.00091)
Al —0.02066) 0.01145)  —0.001G1) A¥ 0.00185) —0.00036)  —0.00051)
B, 0.00088)  —0.00068)  —0.00112) B, 0.00848) 0.00288)  —0.00112)
AL, —-0.01128)  —0.00058)  —0.00092) At 0.00478) 0.0035%9) 0.00061)
W2a ré 0.01194) 0.08524) 0.12781) W2b r 0.52084) 0.59905) 0.330G1)
B, 0.025G7)  —0.01497) 0.002a1) B, —0.01217) 0.01248) 0.00081)
At 0.01677)  —0.01496) 0.00071) Al 0.00486) —0.005@6)  —0.0021)
B, —0.00298) 0.001G6)  —0.00041) B, —0.0021) 0.004G9) 0.001G2)
At 0.01089)  —0.01527) 0.00221) At 0.0031) —0.0081) —0.00082)
W3a ré 0.50594) 0.41956) 0.08471)  W3b ri 0.01685) 0.92224) 0.37441)
B, —0.01017) 0.00049)  —0.00161) B, —0.00327) 0.00316) 0.000a1)
At 0.02297)  —0.01187) 0.00221) Af —0.01878) 0.007G8) 0.00072)
B, 0.0041) 0.012@9)  —0.00112) B, 0.0051) —0.0011) 0.00012)
At —-0.0071) 0.0021) —0.00192) AL, —0.0121) 0.0041) 0.00062)
Wia ré 0.00594) 0.74944) 0.04211)  W4b ri 0.50884) 0.26044) 0.41531)
B, —0.025@6) 0.01826)  —0.00171) B, —0.001167) 0.01217) 0.00031)
A —0.01697) 0.01648)  —0.00082) Al —0.02396) 0.01765) 0.00311)
B, —-0.01779) 0.00568)  —0.00012) B, 0.01048) -0.014G8) 0.00072)
At 0.00497)  —0.003§7) 0.00131) At 0.02528) -0.013q7)  —0.00211)
W5a ré 0.4895%4) 0.08465) 0.0(0) W5b r 0.016%4) 0.58214) 0.45811)
B, 0.00668)  —0.0031) 0.00141) B, 0.02017) —-0.01786)  —0.00221)
Al —-0.02037) 0.01327)  —0.00222) Al —0.00548) 0.00097) 0.00032)
B, —0.001(1) —0.001(1) —0.00132) B, —0.0071) 0.01817) 0.00092)

Al —0.0041) 0.00Q1) —0.00042) Al —0.0061) 0.00648) 0.00132)
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TABLE lIl. Fractional atomic coordinates and isotropic displacement paramgéydor the P and O atoms which are not affected by
the modulation.

Atom X y z B(A? Atom X y z B(A?
P(a) —0.0112) 0.4492) 0.19885) 1.8(2) 0O9%a 0.7795) 0.5824) 0.072718) 1.1(3)
P(b) —0.4721) 0.9411) 0.25923) 0.129) 0% 0.7384) 0.0473) 0.39127) 0.5(3)
Ola 0.0306) 0.2645) 0.1751) 1.35) O10a 0.2805) 0.6244) 0.06338) 1.2(3)
O1lb 0.4995) 0.7444) 0.28349) 0.7(3) Ol 0.2295) 0.0955) 0.39949) 1.54)
0O2a 0.0165) 0.9024) 0.091@7) 0.7(3) Olla 0.70Q05) 0.8975) 0.02699) 1.54)
0O2b 0.5195) 0.4324) 0.37377) 0.6(3) Ollb —0.1915) 0.3854) 0.43328) 1.1(3)
0O3a —0.2110) 0.88Q0) 0.158@0) 0.83) Ol2a 0.495%7) 0.2415) 0.04799) 1.85)
03  -02370)  0.4200)  0.30500)  1.7(5) 0120 0.0154)  0.7654) 0417G7)  0.73)
Oda —0.2884) 0.2284) 0.11517) 0.8(3) Ol3a —0.2254) 0.2384) —0.01436) 0.4(2)
O4b 0.8034) 0.7284) 0.34787) 0.8(3) 013 0.7165) 0.7104) 0.477]9) 1.1(4)
Oba 0.2204) 0.2883) 0.1095%6) 0.4(2) 0Ol4a 0.4969) 0.59Q7) 0.1271) 1.000)
O5b 0.3134) 0.7664) 0.35447) 0.903) Ol14 0.0155) 0.0894) 0.327@9) 0.7(3)
O6a 0.2755) 0.9115) 0.15649) 1.24) Olm: 0.2154) 0.5854) 0.18878) 0.7(3)
O6b 0.2275) 0.4385) 0.30699) 1.4(4) Ol1% 0.3205) 0.091(4) 0.271Q@9) 1.34)
O7a 0.0228) 0.5887) 0.00481) 1.000) Oléa 0.021) 0.3608) 0.24Q2) 1.000)
O7b 0.4955) 0.0914) 0.45928) 0.5(3) Ola 0.51Q5) 0.8955) 0.21818) 0.83)
08a 0.1965  0.9464)  0.02018)  1.1(3) 017a 0.7324)  0.5494) 019748  0.93)
08b 0.3144) 0.4324) 0.44038) 0.93) Ol —0.2170) 0.0500) 0.2650) 1.95)

whole list of the W-O distances according to the internal
parameter are available from the corresponding author. If the
average W-O distances are considered, it should be note %
that for the WQ octahedra located in the middle part of the
slabs the six W-O distances are gathered about their mea
value 1.92 A, as usual for all the other members of the
MPTBp series ih=4 exceptegdwhile for WOg octahedra on
the sides of the slab, i.e., those close to the, Rfrahedra,
the six W-O distances are more spread, illustrating the faci
that the W atoms are displaced with respect to the center 0p(y
the oxygen octahedra.

i

S

IV. DISCUSSION

X
&%
3

A. RT displacive modulation

<

The most important result of the refinement of the modu-
lated structure of BV,¢Ogg is that the displacive modulation P8
involves mainly the W atoms inside the different \A/@cta-
hedra of the W@type slab. The best way to visualize these
W displacements is to decompose the slab into segments Cpy
ten WQ; octahedra sharing corners in tfi2 8 1] direction,
as highlighted in Fig. 5. A given segment is bounded at eacl
end by a PQtetrahedroriP(a) or P(b)]. The W displace-
ments, with respect to their position in the average structure P(®
have been calculated for all the independent W atoms. The)
are represented Fig. 8 by arrows in a section of the;\4l&b P(b
by a plane including the (vertical axi3 and the[12 8 1]
directions. This figure, where the W displacements are, for| 3
clarity, magnified ten times, shows that the W atoms are
mostly displaced in the direction of the segments of tengO €
octahedra, the maximum W displacement being of 0.19 A. In Fib
order to verify this assertion, i.e., to be certain that the dis- |G, 8. Section of one W@layer of the Ax bx ¢ supercell of
placement normal to the section plane is small, the segmem{w,0,; by a plane including the superstructuaedirection and
highlighted on Fig. 8, for which the W displacements are thethe[12 8 1] direction of the segment of ten W@ctahedra outlined
greatest, has been selected. The projection of the W displacegig. 5. The arrows represent, magnified by 10, the W displacements
ments into the thre€a, b), (b, c), and(c, @ basic planes with respect to their position in the averaB@, structure.
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& For high values ofm, it is reasonable to assume that the
e structure of the slabs tends to the one of Yv@espite the
e L o geometrical influence of the RQ@etrahedra located on each
7a » side of the slabs. It is thus interesting to compare the struc-
. tural modulation of PW,Ogg With those found in WQ At
Ta high temperature, W9undergoes an AFE displacement of
the W atoms with respect to an hypothetical perovskite basis
S lattice 231 WO, shows a complex phase diagram with, in

addition to the high-temperature AFE displacement of the W
atoms, several antiferrodistortive transitions related to differ-
ent kinds of rotations of the Wgoctahedr&? In the high-
temperature phase, the W atoms are displaced from the cen-
amplitude of the displacement varies with the W atom. Fi-ter of the WQ octahedron towards an oxygen atom along
nally, it is worth noticing that if one considers the segment ofone of the perovskite unit-cell directions. This displacement
ten WQ; octahedra oriented in tHe-12 8 1] direction of the  is in phase(i.e., ferroelectri¢ along the octahedra in this
slab, which is approximately perpendicular to the one alonglirection and out of phas@e., AFE) in the two perpendicu-
the[12 8 1] direction, the W displacements are roughly per-lar directions.
pendicular to the segment direction. The superstructure of#/,;0gg bears some resemblance
Figure 8 shows that the W displacements in the segmentsith the AFE structure of W@by (i) the ferroelectric-like
located on each side of the highlighted one are mainly oridisplacement of the W in the segmene., perovskite di-
ented in the opposite direction. Such an alternate change oéction (Fig. 9), (ii) the AFE-like order of these displace-
the main direction of W displacements from one segment tanents between neighboring segme(fiiy. 10).
the next one cannot be repeated all over the W@e slab Upon heating, the critical wave vectay=32a* of the
because the superstructure contains an odd numb@pef  modulation continuously evolves towards the valgg
riodicities. Thus with respect to the alternate order, the tung= 1a* .® Therefore one expects, as this last wave vector leads
sten displacements must be either canceled or reversed 9 a doubling of thea parameter, that the modulated structure
some segments in order to ensure tlagpériodicity. In order  of the WO, layers of BW,qOgg Will become, upon heating,
to quantify this effect we have calculated the sum of the Wcloser to the AFE one of W9 In this respect it is interesting
displacementsi.e., the polarizationof each segment. Figure to remark that, in a preliminary study of the modulation ex-
10 shows how this vectorial quantity behaves for the sevemibited at RT by the largen memberg, it was possible to
segments of the unit cell aloray If (+) and(—) denote the  account for the distribution of intensity of thg superstruc-
sense of the polarization of each segment, the sequenggre spots using the AFE structure of W@ model the W
(=)H)(E)HE) () (=) (+) - is observed in this direc-  displacementdi.e., ferroelectric displacement of the W in

tion. The superstructure thus includes a defect of alternatiothe segment direction and out of phase between neighboring
(i.e., of AFE ordef every seven periodicities, which could segments

give rise to a net polarization. More precisely, the results
reported Fig. 10 show also that there is no real compensation _ _ y
between the polarization of ther) and (—) sublattices and C. Basic structural instability

thus that each slab must exhibit a net polarization. The ferroelectric-like polarization of the segment of ten

Figure 8 shows that for a given segment the displacemenfyo, octahedra in RWV,Ogg recalls the polarization of the
is not the same for all the W atoms. It can even occur incpw found in the lowm members of the MPTBp’s. In the
opposite directions for W atoms belonging to the same segm=4, 6, and 7 members the CDW transitions are announced
ment. These features show that the defect of orientation hasb’y an important regime of 1D structural pretransitional fluc-
more complex structure than the one depicted by Fig. 10yations located on tha+ b chains. They give rise to a size-
Figure 8 shows also that the magnitude of the W displaceaple x-ray diffuse scattering which was quantitatively ana-
ments near the P atoms at the two extremities of a given sIa@zed in Refs. 5 and 33. The important finding of this
is quite different: the displacement of Whear PD) is al-  analysis is that the main polarization of the CDW instability
ways very small while that of Wi near P@) is sometimes  corresponds to a ferroelectriclike displacement of the W at-
Important. oms inside each segment wf octahedra. In the incommen-

Because of the zero* component of the modulation, the syrate modulation it is only the amplitude of this “ferroelec-
modulated structure contains \WQayers identical to that tric” wave which is modulated with the 2/2k periodicity
shown in Fig. 8 translated Hy. By this operation, a segment from one segment to the other along the chain direction.
of given polarization is, in most of the cases, surroundednterestingly, this study showed that the average direction of
alongb by two segments where the W displacements are imyolarization makes an angle with the segment direction
the opposite direction. This leads generally to an AFE-likewhich decreased whem increased from 4 to 7. This result
order alonga andb. The modulation of two successive slabs and our study fom=10 show that, asn increasedi.e., as
in the ¢ direction are related by the screw axisymmetry.  the octahedra are less disturbed by the presence of the termi-
nal PQ groups, the W displacements tend to align with the
segment direction.

In the MPTBp series, of formuldPG,),(WOs),,,, the In relationship with these findings, the x-ray patterns of
thickness of the WQ@type slabs increases with tlevalue. the MPTBp’s exhibit at RT, whatever the value, very

FIG. 10. Variation along the superstructure directmmf the
sum of the RT W displacementis.e., the polarization of each
segment of ten octahedra represented Fig. 8.

B. Comparison with the antiferroelectric structure of WO 5
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broad diffuse lines along about the*2+3b* directions of  creases the occurrence of intergrowth defects involving other
the reciprocal space. This diffuse scattering, which occurs ifmembers of the series increases. In that case there is a charge
a direction perpendicular to that3 2b—0.25%) of the seg-  transfer between the layers of differemt values and the
ment ofm octahedra, means that each individual segment i§umber of conduction electrons does not remain exactly 2
the object of an incipient structural instability. As the struc-€lectrons per segment ofoctahedra. This leads to a spread-
ture factor of this diffuse scattering is that of the segment oing of the FS which is more likely its main cause of broad-
m W atoms(which mostly scatter the x raysthe basic in- ening. Finally, let us remark thaj, is also the modulation
stability corresponds to an in phaiee., ferroelectric-like ~ Wave vector common to the high members.

displacement of the W atoms. The pretransitional CDW fluc- In a general way, the thermal variation of the modulation
tuations observed in the lom members are located inside wave vector from itsg, high-temperature value can be de-
these broad diffuse lines. All these features mean that botcribed by the establishment of a periodic lattice of defects
the CDW instabilities and the AFE instability of the MPT- inside an underlying AFE lattice. If one neglects the varia-
Bp’s involve the same type of critical ferroelectric-like dis- tion of the amplitude of the polarization, Fig. 10 shows that

tortion of the segment af octahedra. a defect leads to a phase shift ®fbetween two successive
AFE orders. In this picture the repeat distance between two
D. CDW modulation of P,W,Ogs successive defecter the size of the regular AFE domajns

will decrease upon cooling, reaching at RT. In presence
Among the MPTBp’s then=10 and 11 members present o gisorder such a periodic order of defects cannot be set on
a singular behavior. At the difference of the other members, |ong distance. In case of strong disorder, which seems to be
undergoing several phase transitions, where each transitigftesent in the second batch of crystals, the diffraction only
stabilizes a different modulation, these two members exhibite\eals theg, AFE short-range order; the coherence length

only a single phase transition with a temperature-dependenj the order thus corresponding to the average size of the
modulation® The mechanism driving the structural phase AFE domains.

transitiorts) for the largem members is not known. HOW-  \yjth respect to the AFE order of insulating WQhe RT
ever, let us mention that preliminary measurements of e, |attice periodicity of the phase defects of this order could
thermal dependence of the electrical resistivity of the po  attributed to the setting of the CDW in metallic
— 9 :

= 10 member,’ suggest, by the observation of an anomaly alp\W,,0gg the electron being more localized in the phase
about 450 K, that the structural phase transition could be ofjofects It is also interesting to remark that if h&* modu-

the _C,DW type. In that context the _CDW instability could be lation, associated with the first-order satellite reflections, cor-
stabilized by a FS nesting mechanism. Indeed band-structufgs,ongs to the k2 critical wave vector of the 1D electron
calculations performed in an extendeddial model for the o5 asqnciated to ther b chains, the second-order satellite
m=38 and 12 membef?é m:mager thatgg COUI? t;]e a goc:cd Jeflections ata*[=(1-$)a*] correspond to its K critical
lnestmg Wavebvector ohr the o 'qu]"e parts of the FSr? th&yave vector. By its wave vector this last instability recalls
arge m members. In that case the FS nesting mechanisfyg o - instability which becomes the dominant one for the

could be similar to that Qf the upper transition of “."EEG larger m members(i.e., when the electron density, which
member, where the nesting of the two bands associated to ﬂ&%creases ast@/ becomes smallgr

chains parallel to theatb directions stabilizes theyqy

=(0.385,0,0) modulatiof;the increase ofj; when m in-

creases being due to the emptying of the band associated to E. Coupling between the lattice and electronic degrees
the chains running along and to the concomitant filling of of freedom in the MPTBp’s

the bands associated to the-b chains. The thermal varia- The ferroelectric-like displ t of the W at
tion of the modulation wave vector may be caused by th ; Ic-like dispracement of the W atoms away
improvement of this nesting when the FS thermal broadeninigom their average position in the V¥®ctahedra and their

decreases upon cooling. It is also possible that such a therm FE'“ke order between neighboring segme(sise arrows in

variation allows to nest at low temperature the quasi-LD Fs & ©) 162C5 0 2 S2eehE SParhe O/ 08 SECTOne BRar
associated to the chaims because with the electron conser- 9y 9 :

vation law® of the low symmetry 'of tht_e oct_ahedra such quantities are
' changed at first order in lattice displacements. The change of
2kd+4kd=1 interatomic distances which thus result leads to a modulation
F F ’ . . . . . )
of the electronic density. In short this gives rise to a first-
its 2ki wave vector amounts tga*, which also corre- order electron-phonon coupling necessary to achieve the for-
sponds, within a reciprocal-lattice wave vector, to the seconghation of CDW. More precisely, the ferroelectric-like dis-
harmonic of the primary modulation of wave vectok‘éz placement of the W atoms changes the relative position of
=3g*, the energy levels of thg,; W orbitals and thus those of the
It is also interesting to remark that in a batchm&=10  segments ofm octahedra on which the three sets of 1D bands
crystals prepared in different conditidfishe modulation re-  running along the anda+ b directions are constructéflin
mains short-range ordered around thecritical wave vector —addition, the AFE-like order modulates the transfer integrals
on all the temperature range. This could be due to the stabbf these bands. This kind of lattice displacement will provide
lization of theq, order because of an excessive broadeninghe first-order electron-phonon coupling required to achieve
of the FS, possibly due to a large amount of defects in théhe simultaneous nesting of the differently oriented 1D FS of
structure. In this respect it has been shown from highthe MPTBp’s. Such a transition-metal displacement could be
resolution electron microscope studieshat whenm in-  also present in the other oxides and bronzes built with
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ReOy-type layers, such as the purple bronze and,®jg, ferroelectric polarization. Such measurements are, however,
which exhibit a CDW ground state due also to a hiddenquite difficult to perform because of the metallic-like con-
nesting mechanism!®*’ ductivity of the samples.

F. Secondary distortions of BW,3Ogg V. CONCLUSION

1. Monoclinic distortion and twin phenomenon .
o ) . ) ) In the present work we have determined the RT CDW
The weak monoclinic lattice distortion observed at RT ingtrycture of BW.,Ogg the m=10 member of the series of

P,W,q0gg With ¢ as the twofold axis, associated with a twin monophosphate tungsten bronzes §RONO3) -
phenomenon, is not unique among the MPTBp's since it has The modulation is mainly due to a displacement of the
also been observed in the modulated structure of rthe tungsten atoms inside the \WOoctahedra forming the
=12 m=137" and m=14 (Ref. 36 members. However, o, type slabs. This feature and the large amplit¢e@.1
x-ray measurements upon heafispow that, abovd, the &) of the displacement account for the high x-ray intensity of
symmetry becomes orthorhombic and the twinning disapthe satellite reflections observed. The anionic sublattice of
pears. Since below, the AFE-type modulation is set, it is tjited octahedra is apparently not disturbed by the modula-
thus easy to correlate the monoclinic distortion and the lattion. Another important feature revealed by this structural
tice twinning with the occurrence of the AFE-like order. By determination is that the W displacements are mainly aligned
the onset of the ferroelectric-like W displacement in a givenyth the average direction of a segment of ten y\@tahe-

set of segments of ten Wbctahedra, th@+b anda—b  gra bounded at each end by a A@trahedron, giving rise to
chain directions become no longer equivalent. This leads t0 g main polarization of the ferroelectric type at this segment.
deviation from 90° for they angle betweera andb. The  Thjs and the AFE-like order between segments are probably
decrease oy could probably be stabilized by a better gain of the right lattice displacements allowing the simultaneous
nesting energy. Therefore the orthorhombic symmetry is\esting of the differently oriented quasi-1D FSef. 17 at

changed into a monoclinic one with the binary axis directegpe origin of the CDW instabilities of the Re@ype W and
alongc. The two components of the twin are due to the twop g oxides and bronzes.

possible choices for the W ferroelectric-like displacement in - Apother important feature of thea b ¢ superstructure

the segments of ten octahedra. is that the W displacements tend to alternate between neigh-
boring segments along. The presence of an AFE-like
modulated order with a2/q4 periodicity could be the com-
The space group of the superstructure Q¥VBOgs is  promise found for the largen members to stabilize a CDW
P2,, with the twofold screw axis directed alomg The ori-  ground state, as in the lowm members, while keeping the
entation symmetry of the crystal, 2, allows the establishmenfAFE modulation of WQ.
of a ferroelectric macroscopic polarization along thdirec- During the completion of this work, an x-ray determina-
tion. Figure 10 shows that, at RT, because of thdattice  tion of the CDW modulated structure of\WgOs,, the term
periodicity and of the inequality in the W shift amplitudes, m=4 of this series, has been independently perforffied.
each WQ layer exhibits, in a direction close to the segmentThe crucial role of W atoms in the onset of the CDW modu-
direction, a weak spontaneous polarization. This polarizatiotation is also emphasized but compared [VROgg, the W
cannot be reversed by the application of the screw axis syndisplacements are very weak and differently oriented. The
metry directed along when one passes from a layer to the weakness of the W displacements can be accounted by the
next one. This allows the setting of a macroscopic polarizatarge difference ofl; between then=4 andm=10 mem-
tion along thec direction. Its magnitude is, however, not bers(80 K versus 450 K The different orientation of the
known. It should be interesting to perform dielectric mea-displacement can be understood by the irrelevance of the
surements in order to verify the onsetTatof a spontaneous AFE instability of WO, in such a lowm member.

2. Average ferroelectric polarization
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