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Abstract: The electrical and superconducting properties of hexagonal alkali tungsten brah¥es fA = K, RbD,
Cs) were examined by calculating the electronic band structure of a representative hexagonal tungsten bronze and

analyzing reported crystal structures a\Os; (A = K, Rb,

Cs). These bronzes possess one-dimensional (1D) and

three-dimensional Fermi surfaces. The metal-to-semiconductor-to-metal transitions and superlattice reflections in
KxWOs; and RRWO; are explained by a charge density wave (CDW) associated with the 1D Fermi surface. There
occurs a maximum in the plots of the CDW onset temperafgreersusx for K,WO3; and RRWOs. The presence

of this maximum and the absence of a CDW inM¥®; reflect the balance of two opposing energy factors, the
electronic instability and lattice stiffness, in forming a CDW. The dependence of the superconducting transition
temperaturélc on x suggests that a CDW transition removes lattice phonons conducive for superconductivity.

1. Introduction

The structures and physical properties of hexagonal alkali
tungsten bronzeAWOs; (A = K, Rb, Cs; O< x < 3) have
been the subject of numerous studie® These bronzes have
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Figure 1. Schematic diagram of an electrical resistivigyversus
temperaturel which shows a metal-to-semiconductor-to-metal phase
transition. Tg represents the onset temperature of the metal-to-
semiconductor transition.

a three-dimensional (3D) W{attice made up of corner-sharing
WOg octahedra, and the alkali cations™ Are located in the
hexagonal tunnels of the lattide!* Thallium and indium
tungsten bronzes, JWOs and Iy 30W0Os,>2*are isostructural
with the hexagonal alkali tungsten bronzes, but other alkali
tungsten bronzes VO3 and NgWO3?® belong to a different
structural type and are isostructural with cubic hydrogen tungsten
bronze QW03.286 The maximumx value of/z in A,WO3 (A
= K, Rb, Cs) results when all the alkali atom sites in the
hexagonal tunnels are occupied. Thglock bands of the W@
lattice become partially filled by the electrons donated from
the alkali atoms, which renders metallic properties toVi®©;
(A =K, Rb, Cs).

The hexagonal tungsten bronzes exhibit puzzling electrical
and superconducting propertigs2® K WOs; and RRWO; show
a metal-to-semiconductor-to-metal phase transition (Figure 1)
in their electrical resistivity along the crystallographic
c-direction!®2%but not along the directions perpendicular to the
c-direction2021 The metal-to-semiconductor phase transition
in AZWO3 (A = K, Rb) reduces the density of the carriers
responsible for the electrical conduction along thdirection,
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Figure 2. CDW onset temperatur€s as a function ofx in K,WO;
and RRWO; (adapted from ref 20).
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Figure 3. Superconducting transition temperatgas a function of
x in K\WOs, RbWO;, and CeWO; (adapted from ref 20). Theéc-
versusx relationships determined for the region> 0.26 in four
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for RbWO; practically coincides with the correspondiig-
versusx plot. Thus, the metal-to-semiconductor phase transition
is intimately related to the structural phase transition causing
the superlattice reflections. It was suggested that the superlattice
reflections arise from the Rb atom ordering in the hexagonal
tunnels?-23 However, a slightly different picture emerged from
single-crystal X-ray and neutron diffraction studies Q%03.8°

The superlattice reflections of /O3, although they occur at
close toc*/2, are not commensurate and are not explained by
the ordering of K atom8.

Transport properties of a metal are described in terms of its
Fermi surfacé’3° The levels of an electronic energy band
are described in terms of wave vectors, so the occupied and
unoccupied levels of a partially filled band are described by
different wave vectors. The Fermi surface of a partially filled
band, which is the boundary surface separating the occupied
from the unoccupied wave vectors, may consist of several
pieces. When a piece of a Fermi surface overlaps another piece
when translated by a vectq it is said that the Fermi surface
is nested by the vectay. A metallic compound with nested
Fermi surface has a tendency to lower its electronic energy by
undergoing a periodic lattice distortion that opens an energy
gap at the Fermi level. This tendency is referred to as a charge
density wave (CDW) instability and is a solid-state analog of
the first-order JahnTeller instability in molecules with incom-
pletely filled degenerate levels. A CDW formation reduces the
carrier density at the Fermi level and leads to a metal-to-
semiconductor transition. In cases when Fermi surface nesting
is incomplete, only the nested portion of Fermi surfaces is
removed by the associated CDW formation, thereby causing a
metal-to-semiconductor-to-metal transition. The periodic lattice
distortion arising from a CDW formation gives rise to super-
lattice reflections ay in diffraction measurements.

So far no electronic band structure study of hexagonal bronzes
AWO;3 (A = K, Rb, Cs) has been reported, although a cubic
sodium bronze, N&VO;, was examined by electronic band
structure calculation¥. Consequently, attempts to explain the
physical properties of AVO3; (A = K, Rb, Cs) were not based
on their electronic structures. For example, Wanlass and Sienko
ascribed the absence of superconductivity idMOs and
RbWO;3; aroundx = 0.25 to the ordreing of A cation vacancy
sitesl® Others suggesté# 20 that aroundx = 0.25, KWOs

separate studies are all different, probably because sample qualities wereind RQWOs; undergo a different type of phase transition due

different. Nevertheless, they all agree in that the region of no
superconductivity around = 0.25 is much narrower in RW/Oj3 than
in K\WOs.

because Hall effect studies of RBO; show that the phase
transition is accompanied by a large increase in Hall coefficient
Ry.18 In sharp contrast, such a resistivity anomaly as found
for K\WO3 and RRWOs is not observed for G&/0s.° The
onset temperaturés (Figure 1) of the metal-to-semiconductor
transition in KWO3z; and RRWO; depends om, the Tg-versusx
plots show a maximum around= 0.25, and thelg is higher

for K,WO; than for RQWO;3; at mostx values (Figure 23820
The superconducting properties ofMOs are also complex
(Figure 3). The superconducting transition temperafigef
Cs\WO;3; decreases gradually with increasing® K,WO; and
RbWO;3; show no superconductivity in the regionxf= 0.25,

so that their superconductivity occurs in two separate regions

of x.18:20 The region of no superconductivity is much wider in
KxWOs5 than in RRWOs.

Powder neutron diffraction studies of RBBO; show that
when the temperature is lowered beldy there occur super-
lattice reflections atc*/2,21 which reveals that the unit cell
doubles along the-direction. TheTs-versusx plot determined

to the A" cation ordering. In a series of studies, Sato ét&i
emphasized local phonon effects & Due to the absence of
their electronic band structures, the anomalous transport proper-
ties of the hexagonal tungsten bronzeg\V; (A = K, Rb,

Cs) have remained unexplained. From the metal-to-semicon-
ductor-to-metal transition, abrupt increasdlnnear the metal-
to-semiconductor transition, and superlattice reflections in
KxWO3 and RRWO;, it is most likely that these bronzes have

a CDW instability along thec-direction. It is important to
examine this possibility and a plausible reason why/@3;
behaves differently than do, O3 and RRWO;. To probe
these questions, we calculate the electronic band structure of a
representative hexagonal tungsten bronzg,®/ O3, using the
extended Hakel tight binding (EHTB) metho® and analyze
reported crystal structures ol WOz (A = K, Rb, Cs). The
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atomic parameters of W and O needed for EHTB calculations
were taken from the previous wofR.

2. Structural Properties

To understand the structures of hexagonal tungsten bronzes

AWO; (A = K, Rb, Cs), it is convenient to describe its ideal
structure derived from WgoctahedraX). The WG; chain @a)

—
1
c = c
Y4
|
2a 2b 2c
3

is obtained from W@octahedra by sharing their “axial” oxygen
(Oay atoms. A top projection view of a W§3chain can be
represented bgb. In the side projection viesc, the plane of
the four “equatorial” oxygen atoms ¢ of each WQ
octahedron is represented by ag©&0.qedge. A WO triple-
chain 3 results when three W§Xxhains are joined together by
sharing their Qatoms. When O, triple-chains3 are fused
together by sharing their outero@£atoms, the ideal 3D WD
lattice 4 is obtained. The outer Qatoms form hexagonal rings

4

(Oegls, and these rings form hexagonal tunnels along the
c-direction, where alkali metal atoms A can reside. If an alkali
atom is located at the midpoint between every adjacea{O
ring (5a), then the resulting 3D lattice has the composition
AW30g per unit cell. This ideal 3D lattice may be referred to
as AysWOs.

(=0
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Figure 4. Schematic top view of the tilted W¢ctahedra in AVOs,
where the rhombus represents a unit cell.

a

Hexagonal tungsten bronzes\WWO3z°~7° possess structures
slightly different from the ideal structure described above. In
most cases, the alkali atom sites are not completely occupied,
sox < Y3, In the (Qga square of a W@octahedron, the W
atom is shifted toward onedg-Ocqedge 6). In a WG; chain,

6

the (Qg)s squares of adjacent WCoctahedra are tilted in
opposite directions as depictedfa. For six WQ octahedra
forming a hexagonal ring, the axes of their tilting are arranged
as presented ib. Also shown in7b are the directions of the
W atom shifts within the (@)s squares. A schematic top view

SN
> 3
A0 TR

’a 7b

of the tilted WQ octahedra is presented in Figure 4. An
important consequence of this tilting is that adjacent)¢dings

of a hexagonal tunnel are puckered to adopt “chair” structures
(5b). Thus, each (&)s ring makes three shortd-+A contacts

to an adjacent alkali atom A, and the unit cell of the resulting
3D lattice is doubled in size along tleaxis direction. As a
consequence, hexagonal tungsten bronzes have the formula
AexWgO1g per unit cell.

The puckering of adjacent (s rings allows short @;+-A
contacts, thereby providing a more compact packing &f O
anions around each*Acation. However, this puckering does
not provide an optimum packing for’K If a K* cation were
to occupy the midpoint between the triangular faces of two
adjacent puckered s rings (hereafter referred to as the
symmetrical site), the shortest «Oe distance would be 3.30
A8 which is significantly longer than the sum of the ionic radii
of K* and G~ ions. (For example, the ionic radii of'K Rb*,
and C¢ are 1.37, 1.52, and 1.67 A, respectively, for six-
coordinate sites, and 1.51, 1.61, and 1.74 A, respectively, for
eight-coordinate sites. The ionic radius ot Qs 1.40 A for
the six-coordinate sit&) Shorter k--Ocqcontacts result when

(33) Shannon, R. DActa Crystallogr A 1976 32, 751.
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the K* cation is shifted toward one of the two ¢ rings.
Each K" cation can occupy one of the two asymmetrical
positions around each symmetrical si€)( When the crystal
structure of KWQOj; is determined with the space grolés/
mcm which forces each K cation to occupy the symmetrical
site, the “temperature” factds for the K position becomes
large®7:° The crystal structure of Q&/O3z determined with the
space grou6z/mcmshows that the temperature factor for'Cs
is smaller than those for other atofsThus the C$ cations

occupy the symmetrical sites, which is understandable because

Cst is much larger than K The structure of RWO; was
also determined with the space groBfs/mcm?® This study
did not report the temperature factor for the'Riosition but
concluded that the Rbcations occupy the symmetrical sites
based on the electron density map around.Rb

The phonon (i.e., lattice vibration) properties of the 3D WO
lattice should be influenced by the size of Aations in AWOs;.
The O-0—0-0 dihedral angle of a puckered {g ring is
larger in Ky 2dW0Oj3 (28.0°)° than in Cg 29WOs3 (21.8),12 which
shows that the puckered £ rings are more squeezed and
flattened in Cg2dWOs than in Ky2dWOs. When a larger A
cation is in the hexagonal tunnel, it fits more tightly with two
adjacent puckered Qs rings so that the vibrational motions
of the Qqatoms are more restricted, and the Wéitice should
become stiffer. The lattice stiffness ofyWO3 should also
increase as the occupancy of th& gation site increases.

3. Electronic Band Structure

In describing results of our EHTB calculations, it is important
to note the orbital interaction patterns leading to thgbtock
bands of a crystal lattice based on corner-sharing §WO
octahedr@® The local coordinate of a Wigbctahedron can be
chosen as ir8,where the locak-axis of a W@ octahedron is

y
| e9] | & LX
x2-y? Xz yz
8

pointed along thes-axis direction of AWOs, so that the 4-
block levels of WQ are given by the?—y?, xz, andyzorbitals.
In the bg-block bands of AWO; the metal d-orbitals interact
primarily with the oxygen p-orbitals in a-type antibonding
manner. Thex2—y? orbital does not interact with the Q
p-orbitals Qa), but it does with the @ p-orbitals @b). In

z
0 L .

9a

contrast, thexz and yz orbitals interact with the p-orbitals of
both Qi and Qq (10aand10b). Along each corner-sharing
octahedral W@ chain 2, the xz and yz orbitals makesn-type
interactions, while the?—y? orbital makes)-type interactions.

1. Partially Filled t¢-Block Bands. Since AWO;3 has the
formula As\WeO1s (x < 1/3) per unit cell, the 4g-block bands of
AWO; consist of 18 bands. Given a complete charge transfer
from the alkali atoms A to the 3D Wgattice, there are at
most two (i.e., &) electrons per unit cell to fill thexg-block
bands. Therefore, only a few bands lying at the bottom of the
tog-block bands become partially filled. In interpreting the
electrical properties of AVOg, it is sufficient to examine these
partially filled bands.

Lee et al.

z
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e O ‘e O Y
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Figure 5 shows the dispersion relations of the bottom portion
of the bg-block bands, which were calculated for the 3D WO
lattice taken from the crystal structure ofo gWOs.” The
dashed lines of Figure 5 refer to the Fermi levels appropriate
for x = 0.18, 0.25, and/;. We first consider the ideal case of
x = 13. The band dispersion relations alofigZ (i.e., along
the c*-direction) reveal that the bottom three bands are partially
filled. The dispersion relations alodg—X andI'-M (i.e., in
the a*b*-plane) show that the lowest-lying band (i.e., band a)
does not cross the Fermi level, but the other two bands (i.e.,
bands b and c¢) do. Consequently, band a is 1D, and bands b
and c are 3D, in nature. Asdecreases fror/; to 0.18, the
Fermi level is lowered and eventually cuts band a around the
point K = (a*/3, b*/3, 0). Forx = 0.18, therefore, band a
deviates from 1D character, while bands b and ¢ keep their 3D
character.

The orbital nature of the three partially filled bands can be
examined by calculating contributions of the yz andx?—y?
orbitals to the ig-block bands. Figure 6 shows plots of the
projected density of states calculated for xiayz orbitals (solid
line) and for thex?>—y? orbital (dotted line), where the dashed
lines refer to the Fermi levels appropriate for= 1/3, 0.25, and
0.18. All three partially filled bands associated with 028
< Y3 are based on thezandyz orbitals, and the?—y? orbitals
contribute to bands lying above the Fermi level. Thus, in
hexagonal tungsten bronzegVQOs, it is thesr-bands resulting
from thexzandyz orbitals that become partially filled and are
responsible for their electrical properties.

2. Fermi Surfaces. Bands b and c lead to 3D Fermi surfaces
and hence do not cause a CDW instability. For simplicity, these
surfaces are not shown. Figures-tashow stereoviews of the
Fermi surfaces resulting from band a fo= 0.18, 0.25, and
1/3, respectively. Forx = 0.25 and%3, this Fermi surface

-9.0

-9.2

-9.4

-9.6

Energy (eV)

-10.0

K MT z

Figure 5. Dispersion relations for the bottom portion of thgllock
bands of the 3D Welattice of AWO;. The bottom, middle, and top
dashed lines refer to the Fermi levels corresponding=00.18, 0.25,
and¥s, respectively.T' = (0, 0, 0),X = (a*/2, 0, 0), K= (a*/3, b*/3,
0), M = (a*/2, b*/2, 0), andZ = (0, 0, c*/2).
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40 F T T T — T = increases in the 1D Fermi surface sheets.x At0.18, the two
i sheets are merged together around the K point through a funnel-

like structure. Thus, the 1D character of band a increasgs as
increases from 0.18 td;. The quasi 1D Fermi surface provides
an approximate nesting and can give rise to a CDW instabil-
ity.29:30 A flatter Fermi surface has a better nesting and thus a
stronger CDW instability. Therefore, the electronic instability
7] favoring a CDW formation (associated with band a) should
increase ag increases from 0.18 tHs so that the CDW onset
temperatur@ should increase gradually with increasighe
- prediction is in agreement with experiment whes 0.25, but
it is not whenx > 0.25 (Figure 2). This discrepancy will be
discussed further in section 4.1.

As x increases from 0.18 tHs, the average spacing between
the two Fermi surface sheets in Figure 7 increases gradually.
The nesting vectoq determined from the well-nested regions

PDOS
8

0 i T ety ¥ |"-_" 1 1 R T )
-105 -10.0 -9.5 -9.0 -8.5 -8.0 -7.5

Energy (eV) (aroundX andM) is ~0.5c* for x = 0.25, which gives rise to
Figure 6. Projected density of state (PDOS) plots calculated for the a nearly “half filled” character for band a. Far= 0.18 and
tog-block bands of AWO;. The solid curve refers to thedyz orbital 15, the nesting vectors can be approximatedgby ~(0.5 —

contribution and the dotted line to tk&—y? orbital contribution. The €)c* and ~(0.5+ €)c*, respectively, where is a small positive

left, middle, and right dashed lines refer to the Fermi levels corre- number.

sponding tox = 0.18, 0.25, and/;, respectively. 3. Orbital Nature of the 1D Band. It is of interest to
examine why band a has 1D character, because it plays an
important role in governing the physical properties of hexagonal
tungsten bronzes , MVO; (see section 4). The 3D Wattice

is made up of W@chains, so we first considersaband of a
WOs chain. AtT' = 0 and Z= c*/2, the metalxz (or y2) orbitals
interact with the @ p-orbitals as depicted idla and 11b,

11a 11b 1ic

respectively. The @ p-orbitals do not mix with the metadz
(or y2) orbitals atI', but they do in an antibonding manner at
(b) Z. Consequently, the energy of thisband increases as the
wave vector varies fronT" to Z (119. This explains the

dispersion relations of bands-a along thel'=Z direction in
Figure 5.

The nodal properties of band alat= (0, 0, 0),X = (a*/2,
0, 0), andM = (a*/2, b*/2, 0) are schematically presented in
Figures 8a-c, respectively. These diagrams show only the W
xzlyz hybrid orbitals on arab-plane containing the W atoms.
The T, X, and M points have a common feature that their
c*-components are zero. At these points, therefore, the band
orbital in each W@ chain of the WQ lattice has the orbital
patternlla AtZ = (0, 0,c*/2), X' = (a*/2, 0, ¢*/2), and M
= (a*/2, b*/2, c*/2), the band orbital in each W{3chain has
the patterrllb. Thus band a is dispersive along ttfedirection
(i.e., alongI'=Z, X—X', andM—M").

Figure 7. Stereoviews of the 1D Fermi surfaces oM#O; calculated Figures 8a-c show that af", X, andM, every adjacent W

for x = 0.18 (), 0.25 (b), andls (c). xzlyz hybrid orbital is combined out-of-phase in the W-atom
plane. This means that there occurs a node in the vicinity of

consists of two warped sheets perpendicular tacthdirection. the Qqposition in every W-Ogq—W linkage, and the WOg—W

Thus, band a provides a 1D metallic character along the linkages do not allow an efficient mixing of the.gp-orbitals3°
c-direction, as expected from the dispersion relations in Figure Band a has a similar energy Bt X, andM, because the band
5. Asx varies from?/3 to 0.25 to 0.18, the extent of warping orbitals are largely composed of the ¥#yz hybrid orbitals.
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Figure 8. Nodal properties of band a of JWO; at (a)T’, (b) X, and
(c) M.

Along theI'=X and X—M directions, the energy of band a
changes only slightly, because thex#lyz hybrid orbitals cannot
mix efficiently with the Qg p-orbitals in the W-Oei—W

linkages. As a result, band a becomes much less dispersive

along any direction in tha*b*-plane (e.g..I'=—X and X—M)
than along the*-direction. This explains why band a has 1D
character.

4. Discussion

1. Tg-versusx Relationships. Our calculations reveal that
hexagonal tungsten bronzegsWO; (A = K, Rb, Cs) have 1D
as well as 3D Fermi surfaces. The partially filled 1D band of
AWO; (i.e., band a) is dispersive primarily alodg-Z, i.e.,
along thec-direction. The metal-to-semiconductor-to-metal
transitions in AWO3 (A = K, Rb), found from their electrical
resistivity along thec-direction, are explained in terms of the
CDW formation associated with the 1D Fermi surface. The
calculated Fermi surface nesting veajor ~0.5c* is consistent
with the observed superlattice reflection peaks QV®; (A
= K, Rb). However, C8VO; does not undergo a CDW
transition, although it has a 1D Fermi surface as VK3
and RRWOs. To understand this difference, it is necessary to
consider an energy term that disfavors a CDW formation. A
CDW formation involves a periodic lattice distortion, which

Lee et al.

lattice should increase as more alkali atom sites are occupied,
and that for a givex value, the stiffness of the lattice should
increase in the order, VO3 < RbWOs; < CsWOs. The lack

of a CDW transition in C&VO3 implies that its lattice is too
stiff to accommodate a CDW formation. The occurrence of a
CDW in K\WOs and RRWOs is consistent with the assertion
that their lattices are less stiff than that of,\8%0;. Since the

WOQO;3 lattice should be less stiff for VO3 than for RWOs,

a CDW formation would be more favorable fog\WOs. This
explains why the onset temperatdigof K,WOs3 is higher than
that of RRWO; for mostx values (Figure 2).

In A\WOs; the stiffness of the W@lattice should increase
with increasingx from 0.18 toY/s. This effect predicts tha@g
to decrease gradually asncreases. However, as pointed out
in section 3.3, the electronic instability associated with the 1D
band predicts th&g to increase gradually asincreases from
0.18 to¥/3. That is, the electronic instability and the lattice
stiffness have opposing influences on Theversusx relation.
The occurrence of a maximum in tig-versusx plots (Figure
2) can be considered a consequence of the two opposing effects.
Then the electronic instability dominates wher 0.25, while
the lattice stiffness does when> 0.25.

The above reasoning provides a natural explanation for the
difference and similarity in the slopes of tiig-versusx curves
in Figure 2. In thex >0.25 region, where the lattice stiffness
dominates, the slope is much stiffer for,l{O3 than for
RbWOs. Since the K ion is smaller than the Rbion, the
lattice stiffness should decrease more rapidly fQMO3 than
for RbWO; asx is decreased froflz. Consequently, the slope
of the Tg-versusx curve is much stiffer for KWO;3 in thex >
0.25 region. However, {VO3; and RRWO3 have similar slopes
in the x < 0.25 region of theTg-versusx curves. This is
understandable because the electronic instability dominates in
this region so that the cation size difference cannot strongly
influenceTg.
2. Tc-versusx Relationships. To discuss what structural
and electronic factors might be responsible for Theversusx
relationships in Figure 3, we assume that the BCS theory of
superconductivit$#38 is applicable to the hexagonal bronzes
AWO; (A =K, Rb, Cs), because the:’s of these compounds
are low. In the BCS theory, a superconducting state is caused
by electror-phonon interactions, and tfig of a superconductor
increases with an increase in the electrphonon coupling
constantl. This constant increases with an increase in the
electron density of states at the Fermi levéé), and also with
an increase in the softness of the lattice. A number of studies
on organic salt superconductors have shtwl that the
occurrence of superconductivity in a metal is prevented when
the metal undergoes a CDW formation and when the metal has
a random potential in the lattice. In a series of structurally
related organic superconducting salts, Taés generally found
to increase as the lattice becomes softer.

KxWO3; and RRWO;3 exhibit no superconductivity forvalues
around 0.25, where these bronzes have the strongest tendency

(35) Bardeen, J.; Cooper, L. N.; Schrieffer, J.Htys Rev. 1957, 108,

strains the lattice and hence destabilizes it. Thus, a lattice cannot; 175,

undergo a CDW transition unless the electronic energy gain

dominates over the destabilization caused by the lattice S##in.
A CDW formation would be favorable for a system with a soft
lattice. As the lattice becomes stiffer, the CDW formation

(36) McMillan, W. L. Phys Rev. 1968 167, 331.

(37) Whangbo, M.-H.; Williams, J. M.; Schultz, A. J.; Emge, T. J.; Beno,
M. A. J. Am Chem Soc 1987, 109, 90.

(38) Williams, J. M.; Schultz, A. J.; Geiser, U.; Carlson, K. D.; Kini, A.
M.; Wang, H. H.; Kwok, W.-K.; Whangbo, M.-H.; Schirber, J. Science

would become less favorable and hence occur at a lower 1991 252 1501.

temperature.
Our discussion of the crystal structure ofVOs3; (A = K,
Rb, Cs) in section 2 suggests that the stiffness of the 3 WO

(34) Whangbo, M.-H.; Seo, D.-K.; Canadell, E. ref 27, p 285.

(39) Geiser, U.; Schultz, A. J.; Wang, H. H.; Watkins, D. M.; Stupka,
D. L.; Williams, J. M.; Schirber, J. E.; Overmyer, D. L.; Jung, D.; Novoa,
J. J.; Whangbo, M.-HPhysica C1991, 174, 475.

(40) Williams, J. M.; Ferraro, J. R.; Thorn, R. J.; Carlson, K. D.; Geiser,
U.; Wang, H. H.; Kini, A. M.; Whangbo, M.-HOrganic Superconductors
Prentice Hall: New York, 1992.
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toward a CDW formation. In contrast, @03 is supercon- because the stiffness of the Wattice should increase with
ducting in the region ok, where both KWO; and RRWO3 increasing« and because thi: generally decreases as the latrice
show no superconductivity, and it does not exhibit a CDW becomes stiffer.

instability. After a CDW transition, most conducting electrons

associated with the warped 1D Fermi surface may be removed.5. Concluding Remarks

However, this cannot be responsible for the absence of

superconductivity in KWO; and RRWO; aroundx = 0.25, Our electronic band structure calculations show that hexago-

because conducting electrons associated with their 3D Ferminal tungsten bron_zesXWOg, (A =K, Rb_’ CS)_ possess 1D as
surfaces will remain after the CDW formation well as 3D Fermi surfaces. The partially filled 1D band of
' AWO; is dispersive mainly along thedirection. The metal-

When x < Y3 in AJWWQO;, some A cation sites of the ‘ conductor-t al transiti q latt fecti
hexagonal tunnels are vacant, and the alkali vacancies are'0-Semiconductor-to-metal fransitions and superiattice retiections

randomly distributed, thereby creating a random potential for observed for_ KWOs an_d RQWQ?’ are explamed_ in terms of a
conducting electrons. In general, superconductivity is sup- .CDW formation associated with .the 1D Fgrml surface. XAs
pressed by a random potential in the lattice. Thus from the increases from 0.18 t, th.e quasi-1D Ferrlnl'surfa(?gs become
disappearance of superconductivity inVKO; and RRWO; flatter, thereb_y strengthening the el_ectronlc instability tqward a
around x = 0.25, one might speculate that the extent of CDW fc_)rmatlon. H_ov_vever, the stiffness of th? Vy(]hmce
randomness in the potential is largest around= 0.25. should increase asis increased and as the cation is changed
However, this argument is not valid because\W®; is from K.+ to Rb" to Cs". The lattice stiffness makes a COW .
superconducting around= 0.25. formation unfavorable and counteracts the effect of the electronic
The superconductivity of KNO; and RRWOs can be mstabll.lty. The anomalies in th'EBTversusx plots are e_xplamed
suppressed around= 0.25, if their CDW formation removes by the interplay of_thg two opposing effects, the lattice stiffness
lattice phonons conducive for superconductivity. This argument and _the r_electronlc instability. The anomalotf_@_-versusx
predicts that a stronger tendency for CDW formation will make relgt|onsh|ps of AWO; sgggest that a COW trgr_lsmon removes
it less favorable to form a superconducting state. As already lattice phonons conducive for superconductivity.
pointed out, around = 0.25, KWO3 has a stronger tendency
for CDW formation than does R¥Os, so that the region of
no superconductivity is wider for VO3, CsWOj3 does not
undergo a CDW transition and is therefore superconducting in
the region ofx, where both KWO; and RRWO; show no
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