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I. Introduction

The term bronze, originally coined for Na,WO; com-
pounds by Wohler in 1825, is now applied to a variety
of crystalline phases of the transition metal oxides;
these are usually ternary compounds of the type
A,M,0, with intense color and metallic luster, metallic
or semiconducting properties, and resistance to attack
by nonoxidizing acids, but binary oxides with similar
properties also qualify. Ternary bronzes have been
prepared in which M is Ti, V, Mn, Nb, Ta, Mo, W, or
Re and A is H, NH,*, or an alkali, alkaline earth, rare
earth, group 11, group 12, or other metal ion.

The alkali metal tungsten bronzes, A,WQO;, have been
studied most intensively and have been reviewed in the
past.2® Extensive reviews including all bronze phases
studied were presented by Banks and Wold® and Ha-
genmuller® nearly 20 years ago. A brief review of the
molybdenum bronzes (results up to ca. 1980) was given
more recently in a chapter on lower valence molybde-
num oxides.® A recent review of transition metal oxides
with quasi-low-dimensional properties updates some of
these results.’

Interest in all types of transition metal oxide bronzes
has continued in recent years. A computer search of
“tungsten bronzes” and “vanadium bronzes” in Chem-
ical Abstracts came up with 670 and 331 references,
respectively, since 1967. However, in the past 5 years
most of the interest has focused on the study of mo-
lybdenum bronzes and especially on the so-called “blue
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bronzes” A;3MoO; (A = K, Rb, T1). This interest is
primarily concerned with structural and physical
properties, unique to some of these bronzes, which in-
clude highly anisotropic transport properties charac-
teristic of quasi-one-dimensional and quasi-two-di-
mensional (quasi-1D and quasi-2D) metallic systems,
the metal-to-semiconductor transition driven by a
charge density wave (CDW) state, and superconduc-
tivity. Nonohmic behavior of the conductivity with
increasing dc electric field above a small threshold po-
tential (E1) and a collection of related phenomena
previously associated with a moving of “sliding” CDW
in the chalcogenides NbSe;,® TaS,,? and (TaSe,),I'" have
also been observed in these structurally different classes
of oxide materials and are intensely studied in several
laboratories worldwide.!! These new findings on the
nonlinear transport and related properties of K,3Mo004
and Rbg3Mo00O; have been recently reviewed in several
articles'? and chapters in a series of books written on
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quasi-low-dimensional materials.”%

Molybdenum bronzes may be classified on the basis
of similarity of color, stoichiometry, and structure as
the biue bronzes, Ay ;MoO; with A = K, Rb, and TI; the
red bronzes, A, 3sMoO; with A = Li, K, Rb, Cs, and TI;
and the purple bronzes, A;yMogz0;; with A = Lj, Na,
K, and TL. The most recently prepared rare-earth
molybdenum bronzes, Ag4sMoQOj; (A = La, Ce, Eu, Gd,
Lu), appear to form yet another new class in this sys-
tem.’® Csg;0M00Q;, a blue bronze, is unique both in
stoichiometry and in structure.

In contrast to the W bronzes, which have simple
three-dimensional (3D) structures of corner-sharing

- WOg octahedra with the A cations located in cubooc-
tahedral cavities, the Mo bronzes have complex, lay-
ered-type structures with edge- and corner-sharing
MoOg octahedra forming infinite two-dimensional
sheets which are held together by A cations (with the
exception of Li;33sMoQ; and LiggMogO,; as will be
discussed later). While the W bronzes A,WOQO, are
nonstoichiometric (0 < x < 1), these Mo bronzes are
stoichiometric or very nearly so.

The bronzes Naggy49:M0O3, Kog9-093M003, Ko sMoOs,
and Rbg 2;MoQ;, which are prepared by high-pressure
synthesis and are isostructural with their W bronze
analogues, have not been studied extensively, but are
known to be metallic.®5 A relatively new class of com-
pounds are the hydrogen molybdenum bronzes H,MoO4
(0 < x < 2.0), in which the hydrogen is topotactically
inserted into the MoQ3; matrix to yield four unique
phases: Hj 53 040Mo00Q;, blue, orthorhombic; Hogs 1 g4
MoO;, blue, monoclinic; Hj 551 72M0Qs, red, monoclinic;
and H,MoO,, green, monoclinic. The structure of each
is closely related to that of the structure of the MoQjg
host, and the properties vary with H content.® This
article will review primarily the ternary molybdenum
bronzes, although some new results on related binary
and ternary molybdenum oxides, which are not strictly
conventional bronzes but exhibit similar quasi-low-di-
mensional behavior, will also be discussed.

II. Preparation

The first molybdenum bronzes, Ky3;Mo0Os, K 3:Mo00O,,
and NagoMog0,,, were prepared by Wold et al.'* by
electrolytic reduction of A,M00,~MoO; melts!* under
carefully controlled conditions of temperature and
composition. This technique has been used in slight
variations to produce a variety of alkali metal molyb-
denum bronzes,'*%?’ Tl,;M003,% and Ay gMoQ; with A
= La, Ce, Eu, Gd, and Lu!® in single-crystal form. Most
of the crystals grown in this way are usually platelet-
like, elongated along one of the crystal axes, and typ-
ically 5 X 2 X 1 mm?3 in size. The crystals can be cleaved
easily parallel to the platelet plane.

Polycrystalline samples of a variety of alkali metal
bronzes have been prepared from stoichiometric mix-
tures of A;MoO,, MoO;, and MoO, in evacuated sealed
gold tubes at various temperatures;?®3! all of the known
Mo bronzes may be prepared similarly in polycrystalline
form in evacuated quartz tubes at the appropriate
temperature for each.32-38

More recently, a temperature gradient flux technique
has been developed for the growth of good-quality sin-
gle-crystal molybdenum bronzes from a stoichiometric
mixture of reactants according to the equation nA,-
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Figure 1. Schematic band structure applicable to the bronzes
above the Peierls transition (after ref 52).

MoO, + 2(1 - n)MoO; + nMoO, — 2A,M00;.3238 In
a typical experiment the reactant mixture is pelletized
and sealed in an evacuated quartz tube which is placed
in a two-zone furnace. The charge end of the ampule
is placed in the hot zone and a temperature gradient
is maintained across the length of the tube by setting
the cool end of the furnace ~50 °C lower than the hot
zone. For compositions 0.2 < n < 0.5, melting of the
charge throughout the tube is facilitated by appropriate
adjustment of the temperature of the two zones. Sin-
gle-crystal bronzes grow in the melt; different types of
bronzes may grow at different regions of temperature
in the same ampule. The type of bronze and the quality
of the crystals in each case are highly dependent on the
value of n and on the temperature gradient of the
furnace. Optimal conditions of these parameters have
been determined for the growth of large, good-quality
single crystals of most of the common ternary molyb-
denum bronzes.??38 Large single crystals of the binary
phases of the Mo,0;; and MoQO, oxides -can also be
obtained by the temperature gradient flux technique.

The alkali metal molybdenum bronzes, isostructural
with known tungsten bronzes, have been prepared by
high-pressure reaction between either alkali metal
molybdate, MoO;, and Mo metal powder® or alkali
metal azide and MoQ;** at 65-kbar pressure and
770-1270 K. These phases have been reviewed in detail
before®*® and will not be discussed here.

Chemical or electrochemical reduction of MoOj; in
acidic media was shown to yield a series of solid phases
H,Mo0j; (0 < x < 2.0).4-5! Deuteriated molybdenum
bronzes, D,MoQs, have also been prepared for various
values of x,4748

III. Band Structure

Figure 1 shows a schematic diagram of the band
structure developed by Goodenough®? for ReQj; and first
applied to the molybdenum bronzes by Dickens and
Neild.5® It is assumed that the local octahedral coor-
dination of the metal atom by six oxygen atoms largely
determines the common bonding pattern in the bronzes
(A,MO;) and the parent oxide (e.g., MoO3, WO;, and
ReQ;). For a discrete MOg unit (in the 4d transition
metal series) 5p, 5s, and 4d(e,) orbitals overlap with six
sp hybrid orbitals of the oxygen atom to give a set of
six bonding ¢ and six antibonding ¢* molecular orbitals.
In the extended lattice, the discrete energy levels arising
from this structure unit will broaden into bands. The
metal 4d(t,,) orbitals can overlap with three of the
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surrounding oxygen p orbitals per octahedron to form
bonding 7 and antibonding #* bands. The ¢ and =
bands are filled and constitute the valence bands sep-
arated by a large energy gap (3-4 eV) from the #*
conduction band. This band is empty in WO; and
Mo0Qj;, so these materials are insulators, but is partially
filled in ReOg, which is a metal. In the bronzes AM,0,,
the A cations transfer their valence electrons to the
usually empty 7* levels with strong d character. The
extent of delocalization of the d electrons characterizes
the transport and optical properties of any specific
bronze. The orbitals of the A cation do not contribute
to the formation of these levels as confirmed by several
experiments.545

In the vanadium bronzes, A,V,0;, the 3d electrons
are mostly localized, and these compounds are semi-
conductors, although some of the 8-A,V,0; phases show
quasi-1D metallic behavior. In contrast, the 5d elec-
trons of the tungsten bronzes, A,WQ;, are delocalized
because of the greater radial extension of the 5d or-
bitals,® and these compounds are metals at all tem-
peratures. In the molybdenum bronzes the 4d orbitals
have a radial extension intermediate between the 3d
(localized) and 5d (delocalized) states, and these ma-
terials show complex electronic behavior; the blue
(A43Mo003) and purple (AygMogO;;) bronzes are metallic
at ambient temperature, but exhibit a metal-to-semi-
conductor and a metal-to-metal transition, respectively,
while the red bronzes (A;33MoO;) are semiconducting.
Interestingly, the A¢gMoO; rare-earth bronzes also
exhibit semiconducting character, even though the
composition roughly corresponds to one-third of the
alkali metals in the A, sMoO; phases.)®* However, the
structural properties of the rare-earth bronzes are yet
to be determined. Recent band calculations using a
tight-binding band scheme by Whangbo et al. on both
the blue®” and purple bronzes® are consistent with the
schematic band structure in Figure 1, but provide
greater detail as will be shown later.

IV. The Blue Bronzes (A, ;M00,)

A. Crystal Structure

The structure of K;sMoQ; was first solved by Gra-
ham and Wadsley.?®* More recent single-crystal X-ray
diffraction structural refinement of K;3MoO3, Rbg -
Mo003,% and Tl;sMoQ;?% shows that all of these blue
bronzes are isostructural and form with monoclinic

symmetry, in space group C2/m with 20 molecules per

unit cell, in an arrangement essentially as originally
determined by Graham and Wadsley. The structure
is built of infinite sheets of distorted MoOg octahedra
held together with the A cations as shown in Figure 2a.
The MoOg layers consist of clusters of ten edge-sharing
octahedra linked by corners in the [010] and [102] di-
rections (Figure 2b). Another view of the structure as
infinite chains of MoOg octahedra sharing corners along
the monoclinic b direction is illustrated in Figure 2a.
Of the three crystallographically unique Mo sites per
cluster only two of them, Mo(2) and Mo(3),%280 are in-
volved in these infinite chains. Moreover, it has been
established by bond length-bond strength considera-
tions® that over 80% of the 4d electron density is found

on the Mo(2) and Mo(3) sites®% in the chains along the,

b axis.
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Figure 2. (a) Crystal structure of the A;3MoO; blue bronzes
showing infinite chains of Mo(2)— and Mo(3)-oxygen octahedra
parallel to b. (b) Infinite layers of MoOg octahedra made up by
corner sharing of the basic ten-cluster MoOg edge/ corner-sharing
octahedra along the b and [102] directions (after ref 12a).

TABLE 1. Unit Cell Parameters of A,3;MoO; Bronze
Phases

Ko30MoOs®  TlyMoOs®  Rby3MoOs°
unit cell monoclinic monoclinic monoclinic
space group  C2/m C2/m C2/m
a, A 18.2587 (7) 18.486 (1) 18.6354 (3)
(18.543 (3))

b, A 7.5502 (4) 7.5474 (6) 7.555 (1)
(7.567 (4))

c, A 9.8614 (4) 10.0847 (7) 10.094 (2)
(10.087 (2)) ’

8, deg 117.661 (4) 118.377 (6) 118.842 (5)

(118.39 (2))

%The values given in ref 64 have been transformed to a C2/m
unit cell. ?Reference 34; the values in parentheses are given by ref
28. The small differences between the two values may reflect
small deviations in T stoichiometry or other concentrations of
lattice or impurity defects.

Unit cell parameters of the known A ;MoQO; phases
are given in Table 1. The data show significant vari-
ations in a, ¢, and 8 with A ion; however, the unique
monoclinic b axis remains practically unchanged with
increasing effective size of the A cation. This suggests
that the chainlike coupling of corner-sharing MoOg
octahedra along the b axis is independent of the nature
of the A ion in the blue bronzes. Since the stoichiom-
etry corresponds exactly to the formula A;3MoO;
(A3Mo,404), all crystallographic sites are occupied and
therefore no crystallographic disorder is expected. In
the next section it will be shown how the low-dimen-
sional electronic, magnetic, and optical properties are
accounted for by the structure.

B. Physical Properties: The Peierls Transitlon

Wold et al.* and Bouchard et al.15 were first to study
the electrical properties of unoriented samples of
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Figure 3. Temperature variation of the resistivity of TlysMoOj:
(a) current and voltage in the plane of the platelet crystals parallel
to the b axis; (b) current and voltage perpendicular to b and the
(201) cleavage plane. Inset shows detail of decreasing resistivity
with decreasing temperature in the range ~250-200 K.

K;.sMoO; about 20 years ago and established the ex-
istence of a metal-to-semiconductor transition at ~180
K. Later, it was shown by Perloff et al.1¢ that the
electrical conductivity is highly anisotropic. Fogle and
Perlstein®? proposed several models to account for the
metal-to-semiconductor transition, including the
Mott-Hubbard model®® with a short-range electron—
hole attraction and an excitonic-insulator model® for
the semiconductor state. They also noted that for
K3Mo,,03 with three electrons per lattice point, a new
Brillouin zone could form at the Fermi surface (Ey) by
a doubling of the periodicity due to a small distortion
of the Mo,(Og, clusters, which could also lead to the
observed metal-to-semiconductor transition. However,
they failed to find a lattice distortion by X-ray dif-
fraction.1®%® In addition, they reported nonohmic be-
havior of conductivity at low temperature above a
critical voltage, although the source of that behavior
then was not recognized.

More recently, Brusetti et al.”! reexamined the con-
ductivity, thermopower, and magnetic properties of
K3MoOj3; and have shown that the resistivity of K s-
MoOQ; is about an order of magnitude larger along [102]
in the plane of the layers than along b, and even higher
along the [201] direction perpendicular to the layers of
MoO; octahedra. Similar anisotropy of the temperature
variation of p is found for RbysMoO; and Tl; ;MoO,,
which is illustrated for the latter in Figure 3.12:2528,34

The optical reflectivity data obtained by Travaglini
et al.% for K,3;Mo0O; and Jandl et al. for Rby sMoO4®
established that above 180 K these bronzes are truly
quasi-1D metals. At 300 K, the blue bronzes show a
metallic behavior with a plasma edge for light polarized
along b, and semiconducting type behavior with an
absorption edge of light polarized along [102]. The
plasma frequency, w, = 2.7 eV, along b corresponds to
a carrier concentration resulting from a complete charge
transfer of the valence s electrons of the alkali metal
into the 7* conduction band (Figure 1). w, « 0.03 eV
along [102] indicates that the carrier concentration in
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the semiconducting direction is 4-5 orders of magnitude
less than in the metallic direction.®® These results are
in excellent agreement with the structural data dis-
cussed above which show that >80% of the 4d electrons
are on Mo sites involved in infinite chains of corner-
sharing MoQg octahedra parallel to the b axis of the
monoclinic unit cell. In terms of the schematic band
structure (Figure 1), the 4d electrons are delocalized in
the 7* conduction band which forms primarily by the
overlap of Mo(2) and Mo(3) 4d(t,,) and oxygen p(w)
orbitals. Thus while the bonding is clearly 3D in the
blue bronzes, the transport and optical properties are
quasi-1D, because the distribution of unpaired electrons
is very anisotropic.

In the semiconducting state, the gap was found to be
0.15 eV. However, the resistivity does not follow a
simple activated behavior below the transition tem-
perature (T < 180 K), except in the narrow temperature
interval 30 < T' < 70 K, where the activation energy E,
~ 0.03 eV.1621 Below 30-20 K the crystals are highly
resistive (¢ ~ 10714 (€ ¢cm)™?) and show nonlinear (no-
nohmic) behavior of conductivity for very small values
of dc current.®? The low-temperature conductivity is
not intrinsic and is associated with defects of impurity
levels in the gap. Electron spin resonance (ESR) studies
corroborate the presence of Mo®* (4d') localized states
at low temperature;® these and similar states may well
be responsible for the transport properties below 100
K

The thermopower is highly anisotropic above 180 K
in the plane of the layers, consistent with 1D character;
it does not follow 1/T behavior below 180 K down to
38 K, supporting the extrinsic nature of conductivity
in the semiconducting state.1®6° The Hall coefficient
is positive above 180 K and changes sign at the tran-
sition, !5 indicating that at least two bands (one elec-
tron and one hole) are involved in transport. Raman
scattering studies’>"2 show the appearance of a line at
~50 em™ in the semiconducting phase which has an
anomalous temperature dependence below 180 K, sug-
gesting that it is related to the CDW state. A specific
heat anomaly, found in Ky 3sMoO; and Rby sMoOj; be-
tween about 150 and 190 K, is additional evidence of
the CDW-driven phase transition.”

The idea that the electronic energy of a 1D metal
could be lowered by a charge density wave (CDW) was
first predicted by Peierls” and Fréhlich.” In 1D con-
ductors a coupled instability of the conduction electrons
and phonons at 2ky (where kp is the Fermi wave vector
or reciprocal unit cell dimension of the 1D metal) at low
temperature leads to a modulation of the charge density
coupled to a lattice distortion of a CDW state which is
accompanied by an opening of a gap at the Fermi
surface as shown in Figure 4. The states near the gap
below the Fermi energy (Ef), which are pushed down
in energy, are occupied, while those that are raised are
empty; the total electronic energy is therefore lowered.
If the decrease in electronic energy is greater than the
potential energy cost of the lattice distortion, a charge
density wave will spontaneously appear. Subsequent
work has shown that this instability is not restricted to
one-dimensional systems. In the past 15 years CDW
has been experimentally verified in a number of qua-
si-low-dimensional organic and inorganic compounds,
including NbSeg, TaS,, TaSe,, (NbSe,) 551, and (Ta-
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Figure 4. Peierls distortion in a one-dimensional metal with a
half-filled band (after ref 76): (a) undistorted metal; (b) Peierls
insulator with period doubling.

Sey),I, and is fairly well understood in the transition
metal di- and trichalcogenides.”®”’

A chemically and structurally different class of com-
pounds, the blue bronzes, are new examples of materials
which exhibit a CDW-driven metal-to-semiconductor
transition. Although a CDW-driven phase transition
generally results in anomalies in the temperature var-
iation of the resistivity, magnetic susceptibility, and
specific heat, unambiguous evidence of the CDW state
is the observation of superlattice lines by electron,
X-ray, or neutron diffraction which confirm the mod-
ulation of the lattice sites. X-ray diffuse scattering
studies by Pouget et al.?® have shown conclusively that
the transition at 180 K in the blue bronzes is a Peierls
transition leading to an incommensurate semicon-
ducting CDW state. When the wave vector, @, of the
distortion is commensurate with the lattice, the dis-
tortion of the charge and atomic displacement simply
gives the crystal a larger unit cell. Specifically, if =
a*/3 (where a* = K/a; K = 1 or some other constant)
then the unit cell dimension a is 3 times the old unit
cell dimension and the crystal is periodic. When g is
incommensurate, no unit cell can contain the exact
period of both the wave and the underlying crystal
lattice. The crystal is no longer periodic; the whole
sample is the unit cell. In K,3MoO; and RbysMoO;
(T1,sMoO; has not yet been studied by diffraction
techniques below the transition) even at room tem-
perature diffuse streaks normal to the b* direction are
observed which condense into well-defined superlattice
reflections below 180 K.% The satellite reflections are
located at (1 - gp)b* (b* = K/b) from the main re-
flections, where g;, the component of @ along b, is 0.26
=+ 0.01 at 110 K.?

Analysis of the X-ray data shows that motion of the
Mo(2)-0¢ and Mo(3)-0g octahedra is mainly involved
in the structural distortion and that the alkali metals
are not significantly affected. Similar X-ray diffraction
studies by Sato et al.” of the superlattice reflections of
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the blue bronzes confirmed these findings. The tem-
perature dependence of the  vector studied by various
investigators’®! indicates that 1 — g, is incommensurate
with decreasing temperature and approaches a com-
mensurate value of 0.75 near 100 K. According to
Fleming et al.% a true lock-in incommensurate-to-com-
mensurate transition occurs near 100 K. This is con-
sistent with the data of Pouget et al.?! and with recent
8Rb NMR data of Rby3sMoO; which show a narrowing
of the NMR line around 90 K corresponding to a finite
number of sites with substantial hysteresis.®> However,
the existence and the nature of the incommensurate—
commensurate transition near 100 K remain contro-
versial; recent NMR results seem to incidate that the
system remains incommensurate down to the lowest
temperatures.”>® Careful heat capacity measurements
of Rby sMoOj; between 50 and 150 K show a kink at 100
K, but there is no conclusive evidence of a phase tran-
sition.®

The thermal variation of the satellite intensity follows
approximately the Bardeen—-Cooper-Schrieffer (BCS)
law predicted by mean field theory.?>®” However, the
ratio of the Peierls gap 2A to the Peierls temperature
kTp is found to be ~8, compared to ~3.5 predicted by
the simple mean field theory.

Pouget et al.® have shown that the wave vector of the
Peierls distortion along the chain direction is 2kp =
8/4b*. If there is complete charge transfer from the A
metal to the conduction band, there will be 3 conduc-
tion electrons per A;Mo,y03. The &y value is consistent
with either a doubly degenerate conduction band or two
one-dimensional bands overlapping at the Fermi sur-
face. Recent tight-binding band calculations on an
Mo,(O4 slab of the blue bronze structure by Whangbo
and Schneemeyer are consistent®” with two overlapping
d-block bands roughly three-fourths filled as shown by
Figure 5a. The upper and lower Fermi surfaces of the
first band (Figure 5b) are found to be nested (Figure
5d) to the lower and upper Fermi surfaces of the second
band (Figure 5c), respectively, by an identical wave
vector 1 - g, = 0.75b*. This explains why there is a
single CDW in the blue bronze, as proposed by Pouget
et al.®® The band calculations also predict a third d
band which lies only 0.012 eV above the Fermi level.%’
Thus thermal excitation of electrons from the two
conduction bands into the bottom of the third band will
decrease the 1 - g, value of the latter bands. This
accounts for the temperature dependence of 1 - gy,
which increases gradually from ~0.72b* at room tem-
perature to ~0.75b* below T..

More recently, an X-ray photoemission spectroscopy
(XPS) study of Ky 3MoO4 showed a conduction band
extending 2 eV below the Fermi level with largely Mo
4d character,%® corroborating the band calculation.?’
Angular-resolved UV photoemission studies measured
at 300 K on K ;MoOj; crystals establish that 0.27 < kg
< 0.36 A"1.% This is in excellent agreement with the
value obtained from the position of the X-ray satellite
reflections in the low-temperature CDW phase (2ky =
0.75b*, kp = 0.312 A1), This direct measurement of kg
corroborates the model of 2k instability responsible for
the phase transition at 180 K, and this may be the first
example where this is so clearly established.

The magnetic susceptibility, x, of Ky sMoO; has been
measured by several investigators!®?,242668% gan{ ig
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Figure 5. (a) The bottom four d-block bands calculated for a
real Mo;(Ojy slab of K;3MoO; along I' — X’ and ' — Y’ (ap-
proximately along the b and [102] directions). The dashed line
refers to the Fermi level. (b,c) The Fermi surfaces associated with
two partially filled d-block bands of a real Mo,,Og slab, where
the wave vectors of the shaded and unshaded regions lead to
occupied and unoccupied band levels, respectively. (d) Nesting
of the Fermi surfaces of the first and second band. (a—d after
ref 57.)
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Figure 6. Temperature variation of the magnetic susceptibility
of KysMoO; as a function of temperature for different orientations

of the magnetic field (after ref 24).

found to be highly anisotropic as shown in Figure 6. In
most metals, x is temperature independent. The ob-
served susceptibility is the result of several contribu-
tions: x = X4ia + XPauli + XVan Vieck- 'Lhe anisotropy of
x is attributed to the Van Vleck paramagnetism due to
the anisotropy of the band structure. The weak tem-
perature dependence of x in K;3sMoQO; between ~180
K and room temperature is consistent with fluctuations
into the Peierls state as expected in a one-dimensional
system. This temperature dependence can be ascribed
to a pseudogap of 200 K above 180 K.% The zero tem-
perature Peierls gap is ~1200 K, which is in fairly good
agreement with the value obtained by optical studies.”
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The decrease in the magnetic susceptibility from ~180
K is due to the opening of a gap at the Fermi surface
associated with the CDW transition and to the van-
ishing of Pauli contribution. A small anomaly of un-
known origin is observed near 50 K, which was also seen
in the susceptibility of Tl;;Mo00Q;.3

The similarities of the structural and transport
properties of Kg3Mo00;, RbgsMoOg, and Tl ;MoO4
suggest that a similar mechanism of transport is oper-
ative in all three systems. The nearly identical T, values
close to 180 K in each indicate that the electronic
properties are determined primarily by the MoQOg oc-
tahedral network, which is nearly the same in each
bronze as evidenced by the almost identical values of
the crystallographic b dimension (Table 1).

The effect of various substitutional impurities on the
electrical properties of the blue bronzes has been in-
vestigated. Substitution of nonisoelectronic vanadium
in Ky 3Mo,_. V.03 with x = 0.04 stabilizes the semicon-
ducting state, and no transition is found in the resis-
tivity.?! It is possible that the smaller V5* (0.46 A) ions
substituting for Mo®* (0.59 A) produce some structural
distortion which stabilizes the semiconducting phase.
Alternatively, the V ions may interfere with the overlap
of Mo ty, and O p= orbitals and induce localization.
The substitution of Rb for K even in large concentra-
tions (50 atom %) does not modify the physical prop-
erties strongly as expected, since the properties of the
K and Rb blue bronzes are very similar and the alkali
metal does not participate in the band structure.?¢ In
contrast, substitution of isoelectronic W for Mo has a
dramatic effect and decreases the transition tempera-
ture sharply even at low doping levels of W
(Ko3sMo;_,W.0; with x = 0.004); the metallic-type be-
havior vanishes at x = 0.03 W content at room tem-
perature and below,?® again indicating that disorder in
the Mo chain induces localization. 3"Fe Mossbauer
studies of Fe substituted for Mo in K, sMo0Oj also give
evidence of local distortions taking place at the Peierls
transition.®* Iron ions appear to substitute for the alkali
metal ions and act as impurity traps pinning the
CDW .2

A recent study of cesium substitution indicates that
a large concentration of Cs (~50 atom %) in
(Rb;_,Cs,)3sMo0, yields the blue bronze with an order
of magnitude increase in the conductivity and a small
shift in the metal-to-semiconductor transition to lower
temperature; this is somewhat surprising, since the Cs
analogue of Aj3sMoO; does not appear to form.%

C. Moving Charge Density Waves

Frohlich first suggested motion of an incommensurate
CDW as leading to enhanced conductivity.” Nonlinear
conductivity attributed to the sliding of CDW was first
reported for NbSe; in 1976 by Monceau et al.? Since
then, a considerable amount of work has been devoted
to the study of moving CDW’s and associated phenom-
ena in NbS; and, additionally, in TaS;, (TaSe,),l, and
the blue bronzes.!112

Dumas et al. were the first to establish that K,3MoO;
shows nonlinear transport due to the sliding of CDW.%
Since the discovery of nonlinear transport, the blue
bronzes have been studied extensively.111227.91.9¢ There
are four important phenomena associated with the
moving CDW which have been characterized.
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Figure 7. Current—voltage characteristics of Tly3MoO; at liquid
N, temperature.

1. Nonlinear dc Conductivity

Figure 7 shows the current—voltage (I-V) character-
istics of Tl ;MoQg at T = 77 K. Current is proportional
to voltage (ohmic behavior) below a threshold field, E,
~300 mV/cm for this sample and typically 10-200
mV/cm (very small electric fields). In the ohmic re-
gime, the phase of the CDW is “pinned” to the lattice
either by impurities and defects or by commensura-
bility. Above Er, the CDW is “depinned”, begins to
move in the applied field, and contributes the additional
conductivity, resulting in a nonlinear (nonohmic) cur-
rent—voltage response.

The threshold field has been studied as a function of
the concentration of defects created either by electron
irradiation or by doping. Er is found to increase line-
arly with concentration of defects introduced by elec-
tron bombardment.? A similar, linear dependence of
Er with increasing amounts of W substitution into Mo
sites in Ko 3MoOj, is observed. A linear increase of Et
with impurity or defect concentration is attributed to
strong pinning centers; the CDW phase is determined
by a single impurity atom. Rb impurities substituted
for K provide so-called weak pinning centers;?® Er in-
creases as the square of the impurity concentration. In
this case the CDW phase is averaged over an array of
impurities.

2. ac Response to a dc Bias

Additional evidence for CDW motion is provided by
the time-dependent voltage response to a dc current
bias. Known also as “noise”, this takes the form of a
broad-band response and a discrete frequency response
(narrow-band noise) for applied dc electric fields above
Er; the latter is illustrated for a sample of K, ;Mo00Oj3 in

Figure 8¢ Narrow-band noise has been- difficult to-

observe in bronze crystals. The noise spectrum consists
of one fundamental frequency, F;, the so-called
“washboard” frequency and its harmonics. While the
origin of the narrow-band noise remains controversial, %2
it is associated with an absorption by the CDW at a
frequency corresponding to the CDW velocity (the
“washboard frequency”). Putting it another way, the
effect is due to the interaction of the CDW phase dis-
tribution with the impurity potential, or washboard,
arising from the distribution of defects and impurities
in the sample.

Another manifestation of noise is the observation of
transient voltage oscillations to a current step response
of K;sMoO3.% These oscillations result from enhanced
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Figure 8. Fourier analysis of the narrow-band noise voltage of
KysMoO; at 77 K. Threshold current: I, = 130 pA (after ref 12a).

damping of the CDW at a frequency which is equal to
the narrow-band noise frequency even though steady-
state oscillations are not observed.

Current oscillations with very low frequency (in the
hertz range) have also been found in the blue bronze.?
These pulses might be related to the existence of CDW
domain boundaries or possible dislocations in the CDW
lattice.!?

3. Enhanced ac Conductivity

Cava et al. have measured the ac conductivity of
K(sMoQ; in the temperature range 60 < T' < 101 K and
frequency range 5 Hz to 13 mHz.%" In the pinned CDW
state, the relaxation is that of a single process with a
distribution of relaxation times, characteristic of the
response of a nonrigid CDW.

At dc biases below Et the frequency-dependent con-
ductivity can be interpreted in terms of parallel con-
ductivity of “normal” electrons thermally excited above
the CDW-induced gap together with relaxation oscil-
lations of the pinned CDW itself.”” At dc biases above
Er, the response is that of an absorption by the CDW
at a frequency corresponding to the CDW velocity (the
washboard frequency). The relaxation rate of the CDW
decreases with decreasing temperature and apparently
goes to zero at low temperatures. The static dielectric
constant, ¢;, deduced from these data is of the order of
107 and follows an Arrhenius-type law. The static di-
electric constant, which measures the polarizability of
the sample, is enormous.

4. Hysteresis and Memory Effects

In sliding CDW conductors the ohmic and nonlinear
responses are functions of the electrical and thermal
history of the sample.**1%- The observed-hysteresis-is-
attributed to deformations of the moving CDW. After
moving, the pinned CDW never relaxes completely to
the ground state; instead it finds a metastable state that
depends on the previous history of the sample. A
metastable state results in a macroscopic polarization
of the sample, and a decay of this polarization may be
infinitely long.

Experimentally, metastability of the CDW response
was first seen by Gill in NbSe;. Gill measured the
sample resistance following a bias pulse large enough
to depin the CDW.?? He observed that whenever the
sign of a pulse was reversed, the sample conductivity
at the leading edge of the pulse was initially higher than
the steady-state value as shown in Figure 9. This
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Figure 9. Response of Ky3;Mo00; to a repetitive series of con-
stant-current pulses consisting of two positive pulses followed by
one negative pulse. All pulses are in excess of threshold (after
ref 102).

manifestation of metastability is now known as the
“pulse sign memory effect”. The conductivity decay
occurs on time scales of several hundred microseconds
in KosMo00,;.1% This is because the CDW phase, which
is distorted upon the application of a pulse, remains in
a high elastic energy metastable state after the pulse.
If the next pulse is in the opposite direction, the CDW
cannot start moving immediately. Instead it must first
distort in the opposite sense by progressing through a
hierarchy of metastable states.

Experimentally, metastability also has other mani-
festations.192-1% Tt has been shown that metastable
states result in transient changes in the moving state
and long-term changes in the properties of pinned
CDW. Thermally stimulated depolarization (T'SD)
experiments show that a metastable CDW state is
characterized by a frozen dipole moment.1® When the
CDW has been frozen into a metastable state by cooling
to 4.2 K in the presence of small electric fields, K-
MoO; acts as a current source on heating. As the sam-
ple is warmed and the induced dipoles thermally relax,
the image charges flow through the external circuit,
producing currents as large as 10® A in K;;MoO;. This
implies enormous polarizations, confirming the dielec-
tric results. The current emitted is dependent on the
magnitude of the field applied on cooling, reflecting
differences in the frozen-in metastable states. The re-
laxation of the CDW from its metastable state is
thermally activated and occurs with a distribution of
relaxation times. X-ray scattering experiments on
K;3sMo0O; show that there is a metastable, field-induced
loss of crystalline order in field-cooled specimens.107-1%
For temperatures below 100 K, the relaxation time from
metastable states exceeds hours. The disorder is
characterized by local motion of the CDW rather than
a microscopic loss of long-range order. This loss of
order is in the transverse direction (i.e., between the
infinite chains of Mo octahedra) according to the X-ray
results.

The unifying feature of these measurements is that
the nonlinear CDW response is dominated by a large
number of degrees of freedom. CDW transport is best
viewed as motion of a deformable medium, rather than
the sliding of a rigid object.

V. The Purple Bronzes (A, ;Mo;0,;)

A. Crystal Structure

The first purple molybdenum bronze, NaygMogO;7,
was prepared more than 20 years ago by Wold et al. by
fused-salt electrolysis.!* The crystal structure of this
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Figure 10. Idealized structure of K,4MogzO,; viewed along the
a axis showing the infinite layers of corner-sharing molybde-
num-oxyggen polyhedra stacked along ¢ and held together by K
ions located in icosahedral sites (after ref 27).

bronze was partly solved by Stephenson on a twinned
crystal, who reported an “average” distorted perovsk-
ite-type structure.!’® Reau et al. have prepared poly-
crystalline specimens of AyyMogO;; with A = Li, Na,
and K and reported all three eompounds to be iso-
structural, pseudohexagonal, monoclinic phases.®® Ga-
tehouse et al. prepared untwinned single crystals of the
Li, Na, and K purple bronzes and attempted to solve
the structure of each by X-ray analysis.!'l112 They
solved the structure of the Na and K phases based on
centered monoclinic symmetry; however, they were
unable to solve the structure of the Li compound, which
they reported to have primitive monoclinic symmetry.!12
A more recent redetermination!!® of the crystal
structure of KyyMog0,7, shown in Figure 10, is in es-
sential agreement with that reported by Gatehouse et
al.® The crystal structure is trigonal with space group
P3. The ideal structure of hexagonal K,sMogO,; can
be described in terms of slabs of Mo—O corner-sharing
polyhedra. Each slab of Mo-O polyhedra consists of
four layers of ReOj-like MoOg octahedra sharing corners
which are terminated on either side by a layer of MoO,
tetrahedra which share corners with adjacent MoOq
octahedra. These slabs are perpendicular to the ¢ axis
and are separated from each other by a layer of po-
tassium ions in a KO, icosahedral enrivonment of ox-
ygens. The MoO, tetrahedra in adjacent layers do not
share corners, so that the Mo-O—-Mo bonding, infinite
in the a and b directions, is disrupted in the ¢ direction.
The effective Mo valences are +6 on the Mo (Mo(1) of
Figure 10) in tetrahedral sites and +5.1 and +5.8 on the
two crystallographically nonequivalent Mo in octahedral
sites (Mo(2) and Mo(3), respectively, in Figure 10).
Thus the 4d electrons of molybdenum atoms are located
in the two-dimensional slabs of octahedra and the
structural properties are expected to lead to a very
anisotropic Fermi surface which is consistent with the
observed quasi-2D conductivity.?? The structure is very
similar to the monoclinic form of Mo,0,;.11
Recently, the structure of LiygMogO;; has been solved
by Onoda et al.!® In Figure 11 the crystal structure
projected in the ac plane shows significant differences
from that of the K;9Mog0O;; structure (Figure 10).
There are six crystallographically unique molybdenum
ions in the unit cell; Mo(3) and Mo(6) are tetrahedrally
coordinated while the other molybdenums occupy oc-
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Figure 11. Crystal structure of LiggMogO,7 projected in the ac
plane. Open and hatched circles indicate atomic positions at y
=1/, and 3/,, respectiely (after ref 115).

tahedral sites. Chains of four MoOg octahedra corner
share along the [102] direction, and ReOg-like slabs are
formed by three of the corner-sharing MoOg octahedra.
The slabs are interconnected by corner-sharing oc-
tahedra and tetrahedra (Figure 11) along the ¢ direction.
Thus, unlike in the K;3Mog0,7 structure, the Mo—0O-Mo
interactions along the ¢ direction are uninterrupted.
However, the Mo-O-Mo network has a much higher
degree of cross-linking in the ab plane than parallel to
¢, 80 a quasi-low-dimensional character is maintained.
The Li* ions occupy large nine-oxygen-coordinated
cavities created by the 3D molybdenum polyhedral
network structure. The effective Mo valences are 5.05,
5.72, 5.76, 5.01, 5.76, and 5.76 for Mo(1), Mo(2), Mo(3),
Mo(4), Mo(5), and Mo(6), respectively. Thus in con-
trast to K;9MogO;; all the molybdenums have appre-
ciable conduction electrons. Nevertheless, most of the
electrons are located on Mo(1) and Mo(4) octahedral
sites, which are associated in pairs to form -Mo(1)-O-
(11)-Mo(4)-0(11)- double-zigzag chains, extending
along the b axis. The Mo ions involved in MoO, and
MoQ; polyhedra interconnecting the slabs each have a
valence of 5.76 and fewer unpaired electrons. Therefore
the structural properties should lead to highly aniso-
tropic electronic transport.

The crystal structure of NagyMogO,; has been re-
determined very recently;!!¢ the monoclinic space group
of C2 symmetry as previously suggested by Gatehouse
et al.1b112 hag been confirmed. The structure of the Na
compound is essentially identical with that of the
K0'9M06017 phase.“s

Recently, single crystals of the thallium analogue of
the purple bronzes, TIMogzO,7, have been prepared by
the gradient flux technique.’® On the basis of a sin-
gle-crystal X-ray determination of the unit cell param-
eters, this phase appeared to be isostructural with the
K compound.?® This has been confirmed by a recent
structural investigation,!’” which shows that although
the space group of TIMogO,; is P3m1, different from
that of Kq9MogO,7, which is P3, the structural differ-
ences are very small and affect only two of the oxygen
positions. Furthermore, the A site is fully occupied only
in the thallium bronze.117
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TABLE 2. Unit Cell Parameters of A;sMo;0,; Phases
LipsMog017® NaggMogO1,? Ko gMogOy*  TIMogOyr*

unit cell monoclinic  monoclinic  trigonal trigonal
space P2,/m. C2 P3 Piml
group
a, A 9.499 (1) 9.591 (2) 5538 (1)  5.543 (2)
(9.487) (9.565) (6.557 (3))
b, A 5.523 (1) 5.518 (1) 5538 (1)  5.543 (2)
(5.519) (5.525) (5.557 (3))
c, A 12.762 (2) 12.983 (2) 13.656 (2)  14.000 (2)
(12.748) (12.978) (14.030 (4))
B, deg 90.61 (1) 89.94 (1)
(90.59) (90.09)

%Reference 115; values in parentheses are from NDPPA data.!!®
bReference 116; in parentheses are values for a NagsMogO;; composi-
tion obtained by least-squares refinement of powder data.*® ¢Reference
113. 9Reference 35; values given in parentheses are from ref 117.

In Table 2 crystallographic parameters of the
AysMogO,; phases are summarized. The compounds in
Table 2 are listed in order of increasing effective ionic
radii for A* in a 12-coordinated oxygen polyhedra.!!®
When the monoclinic cell parameters of the Li and Na
phases are approximated to a pseudohexagonal cell with
Gpex = b and ¢y, =~ ¢ for easier comparison with K-
Mo¢O,7 and TIMogO;5, it is seen that ay,, is practically
unchanged with increasing effective size of the A cat-
ions. This indicates that the 2D network structure of
the MogO;, infinite slabs is independent of the nature
of the A cation (except, of course, in the case of the Li
purple bronze, where the polyhedral Mo network is
significantly different; however, even in the Li com-
pound the Mo—O—-Mo interactions in the slabs along b
are very similar to those in the other purple bronzes).
In contrast, ¢}, increases dramatically with increasing
ionic size of AT in the bronze. Despite the similarity
of the effective ionic radii of TI* (1.70 A) and Rb* (1.72
A), efforts in our group to synthesize the Rb analogue
have not been successful so far.

It appears that TIMogzO;, like K sMogO, 7, has a fixed
composition, unlike NaggMogO;7;, which has a small
range of nonstoichiometry in Na (0.84 < Na <
0.96).39%,35 However, while in TIMogO;; all the alkali
metal sites are fully occupied, in the Na and K phases
these sites are about 0.1 mol™? vacant.

B. Charge Denslty Wave Instabllities

The results of four probe resistivity measurements
for LipsMogOy7, NaggMogOy7, KosMogO)7, and TIMog0,;
single crystals are shown in Figures 12, 13, 14, and 15,
respectively.2285120121 The resistivity is strongly an-
isotropic and orders of magnitude higher along the ¢
axis than in the plane perpendicular to ¢, where it is
nearly isotropic in each case, except for Li;MogO;; for
which a large anisotropy is present in the ac plane. The
purple molybdenum oxide bronzes are quasi-2D metals
and exhibit a metal-to-metal transition (T,) at low
temperature. However, the transition temperature at
the transport anomaly varies over a wide range, de-
pending on the nature of the alkali metal ion, in con-
trast to the blue bronzes, for which the metal-to-semi-
conductor transition (T,) is ~180 K for each of the
reported three phases (A;sMoOg A = K, Rb, T]). A
change in the sign of the temperature dependence of
the resistivity is found at approximately 24, 80, 120, and
113 K for the lithium, sodium, potassium, and thallium
purple bronzes, respectively. Furthermore, while the
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Figure 12. Temperature variation of the resistivity of LigMogO,;
from 0.3 to 300 K: (a) current in the plane of the platelet crystal;
(b) current perpendicular to the plane of the platelet parallel with
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Figure 13. Temperature variation of the resistivity of Nagg-
Mog0,; from 15 to 300 K: (I) current in the plane of the platelet
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Figure 14. K,sMogO,;: resistivity vs temperature measured with
the current along and perpendicular to the ¢ axis (after ref 22).

resistivities of the Na, K, and Tl compounds show a
sigmoidal-shaped transition similar to that found in the
quasi-1D compound NbSes,? the lithium phase shows
a sharp increase (about an order of magnitude) in the
resistivity at ~24 K and a transition to a supercon-
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Figure 16. Temperature variation of the susceptibility of K;o-
Mog0;; measured with the magnetic field parallel or perpendicular
to the ¢ axis (after ref 124).
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Figure 17. Temperature variation of the magnetic susceptibility
Of NaO.QMOGOI’].

ducting state at T, ~ 1.9 K.}21-128 This suggests that
the electronic properties of the purple bronzes are
somehow affected by the nature of the alkali metal ion,
probably by subtle structural variations of the respec-
tive compounds. The significantly different transport
behavior of the Li compound is consistent with the
structural properties of the Li compound, which were
shown to be substantially different from those of the
Na, K, and Tl analogues.

The temperature variation of magnetic susceptibility,
x, of LiggMogO;,; shows Pauli paramagnetic behavior
and no anisotropy down to 4 K.121% In K,;MogO;, the
susceptibility exhibits a large anisotropy similar to the
behavior seen in the resistivity and a sharp decrease in
the susceptibility at ~120 K corresponding to the onset
of the anomaly in the resistivity (Figure 16). At T <
70 K the susceptibility increases and another transition
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Figure 18. Temperature dependence of the magnetic suscep-
tibility of TIMogO;,.

is evident in the vicinity of 30 K.1* The origin of this
last transition is unknown; it has been suggested that
it may be related to the onset of a spin density wave
(SDW).1% The sodium purple bronze shows similar
complex behavior (Figure 17): there appears to be a
small drop in the susceptibility near ~80 K, where p
begins to increase, a definite transition at T' < 100 K,
and another transition at T ~ 40 K similar to the 30
K transition observed in the K compound. The tem-
perature dependence of the susceptibility of the thal-
lium purple bronze (Figure 18) shows a transition at 110
K, which is also seen in the resistivity; the transition
near ~30 K is not observed in the resistivity (Figure
1 5).35,117

As was discussed above, the structure of AgyMogO;;
bronzes with A = Na, K, and Tl consists of layers of
corner-sharing MoQg octahedra and MoO, tetrahedra
that make up the MogO,; slabs, which are connected by
the alkali metal ions. The 4d electrons are delocalized
primarily on the octahedral molybdenums in the 2D ab
planes, which are well separated along the ¢ direction.
This gives rise to the observed quasi-2D metallic be-
havior. Although the structure of Li;yMogO;; is con-
siderably different from that of the Na, K, and Tl
analogues as also reflected in its markedly different
electronic transport properties, nevertheless, the qua-
8i-2D (or perhaps quasi-1D) character is maintained.

In quasi-2D metals the Fermi surface may be qua-
si-cylindrical with respect to an axis perpendicular to
the 2D plane and will often show nesting with a wave
vector @ parallel to this plane. Such materials are
unstable toward lattice distortions of the wave vector
@, which can lead to an opening of a gap at the Fermi
surface. This decreases the electronic energy of the
system.

In quasi-1D metals the gap opening at the Fermi
surface is normally complete, and the Peierls transition
is a metal-non-metal transition. In a quasi-2D metal
the Peierls-like transition is associated with gap open-
ings only over part of the Fermi surface, and therefore
a metal-metal transition is observed. In the AjgMogO;
phases the increase in the resistivity and decrease in the
magnetic susceptibility at the metal-metal transition
result from the loss of Fermi surface due to formation
of gaps associated with the CDW state. Both X-ray
diffuse scattering and electron diffraction studies have
established that the transition seen in K;sMogO,; and
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NaggMogO;; at ~120 and ~80 K, respectively, is due
to a CDW instability which leads to a structural tran-
sition of a commensurate 2a X 2a X c state.}?6:1%7
Diffuse scattering seen at room temperature in the
single-crystal Weissenberg X-ray photographs of TIl-
MogO,; may also be an indication of lattice instability.*
A broad endothermic peak ~120 K in the DSC is fur-
ther evidence of a structural distortion in this com-
pound.?

Assuming that the basic band structure is primarily
determined by the Mo—O polyhedra and in view of the
similarity of the MogzO,; network structure of the Na,
K, and T1 phases, similar electronic behavior might be
expected. We already noted that the onset of the CDW
instability varies from 80 K for Na, to 113 K for T1, to
120 K for K. Although the qualitative shape of the
temperature dependence of resistivity at the CDW
transition is “sigmoidal” in these three purple bronzes,
the temperature variations of the transport properties
show significant differences in detail (Figure 12-17).
For example, K;9Mog0,; is metallic between ~80 and
2 K, but shows an anomaly in x below ~30 K; in
NagygMogO;; the resistivity is metallic in the range ~
65-30 K beyond the Peierls-like transition, but p in-
creases again below ~30 to 1.5 K. x vs T indicates even
more complex behavior of NayyMogO,; as discussed
above (Figure 17). In TIMogO,; the resistivity is tem-
perature independent below ~5 K down to ~1.6 K, the
limit of temperature measurement. An unambiguous
transition to a superconducting state has been observed
only in Li;gMogO;; thus far, and nonlinear transport
properties attributed to the sliding of the CDW, al-
though sought for, have not been detected in these
compounds. The significant differences seen in the
transport properties of the A;gMogO,; (A = Na, K, T])
purple bronzes as a function of the A cation are in
contrast to the Ay ;MoOj blue bronzes (A = K, Rb, and
T1) where the transition temperature of the CDW state
and general behavior of the transport properties are
nearly identical. There is structural evidence that the
quasi-2D nature of the KysMogO,; lattice is maintained
in all of these analogues. However, the nature of the
A metal ion subtly affects the molybdenum environ-
ment and valency in the slabs. This appears to have
a considerable effect on the band structure.

The anomalous behavior of LiygMogO,; compared to
that of the Na, K, and Tl analogues has been clarified
to some extent by the structural determination. On the
basis of the distribution of electrons, which are located
primarily on the double chains of Mo(1) and Mo(4)
along the b axis, the large anisotropy observed in the
conductivity is accounted for (o,:0,:0, >~ 250:10:1). The
question whether the sharp upturn in the resistivity at
24 K is due to a CDW-driven transition or a localization

- effect has not been answered unambiguously. Sato and

co-workers cite the absence of a decrease in the mag-
netic susceptibility in the vicinity of 24 K as an argu-
ment against the formation of a CDW statel?3 and
attribute the resistivity upturn at 24 K to electron
localization.123%* However, similar effects have been
observed in the susceptibility of NbSe; where the CDW
onset at 32 K affects only the resistivity.1?® So whether
CDW or localization is responsible for the anomaly in
the resistivity at 24 K can only be resolved by diffrac-
tion experiments below T, Matsuda et al. attempted
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Figure 19. Thermopower vs temperature for KygMogO,; (after
ref 22).
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Figure 20. Specific heat (C,) of a single crystal of K¢sMog0,;
as a function of temperature (after ref 126).

to find evidence for a competition of CDW and super-
conductivity in mixed (Li;_,K,);9Mo0g0;; and
(Li,;Na,);sMogO;; phases, but the transition from su-
perconductivity to CDW behavior is abrupt at x = 0.48
and x = 0.4, respectively, due to the structural phase
transitions.1?32 However, their electron tunneling
measurements of a single crystal of (LipgsNagss)oo-
Mog0;; show unambiguously that the superconductivity
is intrinsic, that the observed energy gap is consistent
with the BCS value, and that superconductivity and the
sharp resistivity upturn at ~24 K originate from the
same electron system in LigoMogO;;.12%

The specific heat anomaly found for LiygMogO;; be-
tween 2 and 34 K% is in agreement with the transition
temperature seen in the resistivity (Figure 12) at ~24
K and shows that a considerable amount of short-range
order persists above T, Similar specific heat data of
Liy9Mog0;; down to 1.6 K show a deviation from line-
arity below 72 ~ 2.5, which most likely corresponds to
the superconducting transition,21% also seen in the
resistivity (Figure 12), and which was also confirmed
by ac susceptibility measurements at ~2 K.121,122

The thermoelectric power (TEP) measured for K, o
Mog0O,; (Figure 19) is small and negative above 120 K,
becomes positive at 120 K, and shows a maximum at
70 K. This indicates that at T > 120 K the major
carriers are electrons while at 7' < 120 K the dominant
carriers are holes. This behavior is consistent with a
structural transition occurring below 120 K due to the
partial opening of a gap at the Fermi surface, which
leads to a change in the concentration of both types of
charge carriers.

In KogMogO,; the electrical resistivity (Figure 14), the
specific heat (Figure 20),}%¢ and the intensity of X-ray
diffraction superlattice spots (2.5, 2.5, 2) (Figure 21) as
a function of temperature strongly suggest that the
transition is due to the opening of gaps at the Fermi
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Figure 22. Specific heat (C,) of Na;gMo,0,; as a function of
temperature (polycrystalline samples).

surface, which start at ~120 K and are fully opened at
~80 K. The satellite intensity is temperature inde-
pendent at T < 80 K. The resistivity decreases as the
temperature is further lowered T < 80 K, presumably
because the gaps begin to close. The electronic energy
gained by the distortion of the Fermi surface can no
longer compensate the energy needed to distort the
lattice as the temperature is lowered.

The specific heat of NaygMogO;; in the temperature
range 1.5-40 K (Figure 22) shows an anomaly at ~30
K, also seen in the resistivity and susceptibility, which
suggests a second transition.!®® The TEP of TIMogO,;
above ~120 K is negative and increases linearly with
decreasing temperature as expected for metallic be-
havior. An anomaly is observed at ~120 K and S in-
creases sharply and becomes positive, indicating that
at low temperatures the carriers are mainly holes.!!’
The specific heat measured from 300 to 90 K shows a
soft maximum at ~117 K, confirming a phase transi-
tion near this temperature,!” which leads to the partial
opening of gaps at the Fermi surface suggested by the
transport and magnetic properties (Figures 15 and 18).

The thermal data of the purple bronzes are summa-
rized in Table 3. «, the coefficient of the linear term
in the low-temperature heat capacity, is significantly
larger for the Li and Na compounds. This may be
related to electron correlations and in LijoMogO,; is
consistent with the larger resistivity below T. The
largest Debye temperature, 0p, of LissMogO;; reflects
the increased three-dimensionality as evidenced by the
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TABLE 3. Thermal Data for the Purple Bronzes and Molybdenum Oxides Mo,0,,°

AH

AS, ’ Y

T, K md mol! K1 J mol! md mol? K2 fp, K ref

Lio sM0gOy7 24 240 2.6 5 365 27
6 410 123

NagsMogO17 80 10 290 27
Ko sM0eO17 120 530 64 1.6 320 27
3.9 123

T1Mog0,4 120 314 £ 17 36 £ 2 117
117 35

7-Mo,Op, 109 560 70 3 330 27

25 37 0.9
¥-Mo,0y; 100 2.6 410 27

¢ T, is the onset temperature of the charge density wave transition. v is the coefficient of the linear term in the low-temperature heat
capacity. fp is the Debye temperature, AH is the enthalpy variation associated with the transition, and AS is the entropy of the transition
obtained as AH/T,. The accuracy of AH and AS is limited by the difficulty in estimating the background heat capacity. ® The exact nature
of the resistivity upturn at ~24 K (i.e., whether it is due to a CDW or SDW or localization effect) has not been unambiguously clarified in

the Li compound.
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Figure 23. log (resistivity) vs inverse temperature for
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3D network structure, and is related to the smaller size
of the Li* ion and the tighter coordination of Lit vs
Nat, K*, and TI1* as indicated by the structural data.
At the onset of the CDW instability, T, increases from
Li to K with increasing effective ionic radius of the
alkali metal (in 12-coordination); T, of Tl is anoma-
lously low in terms of the larger effective ionic radius
of Tl compared to K. However, in the Tl phase, the
alkali metal sites are fully occupied, which may give it
the additional stability against the Peierls-like distor-
tion.

Dramatic effects are observed in the electronic
properties of tungsten-doped LiysMog0,7.3611612 Eyen
at the lowest W-doping levels (~0.18 atom wt %) the
superconducting state near 2 K disappears. A rounding
and broadening of the metal-metal transition temper-
ature are seen with increasing tungsten content, which
may be attributed to local distortions around the sub-
stitutional impurity. In contrast to Kg3Mo;_,W,0; in
which T, decreases with increasing W content, in
LigoMog_,W,0,; the transition temperature increases
with increasing tungsten content. In addition to the
metal-metal transition at ~24 K, another activated
conduction state is observed at lower temperature as
shown in the log p vs 1/T plots in Figure 23. This
low-temperature anomaly is attributed to impurity
defect levels in the gap region. Phases containing more
than 6% tungsten are semiconducting over the mea-
surement range of 298-1.5 K. These strong effects are
similar to what was observed in K;sMo,;_,W,0;? and
indicate that W substitution in the Mo polyhedra in-
terferes with overlap of Mo t;,4d and oxygen #2p or-
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Figure 24. Temperature variation of the resistivity of

(Na,.,Li;)gsMogO,;.

bitals, which determine the band structure.

The effect of alkali metal ion substitution on the
electronic properties of LiygMogO;; was studied in
(Li;_K,)0sMo0g0O,7; and (Li;.Na,)o9MogO,; phas-
es.36116128  Quhgtantial Na and K content merely
broadens the metal-to-metal transition at 24 K and the
superconducting state is still observed at ~2 K for x
< 0.4 and x < 0.48, respectively (Figure 24). This is
taken as strong evidence that the transition at 24 K is
electron-phonon mediated and driven by a CDW (or
SDW) instability primarily due to the anisotropic Fermi
surface of the quasi-2D (or quasi-1D) MogzO,; lattice,
rather than a localization due to disorder (Anderson
type).

The only study of pressure effects on the electronic
properties of the purple bronzes was carried out on
K 9M0g0,7.13% These data indicated that the room
temperature resistivity decreased under pressure, which
may be consistent with a semimetallic behavior; the
pressure increases the overlap of the highest occupied
bands and therefore the carrier concentration. The
temperature of the onset of the CDW appears to be
decreased by low applied pressure (P ~ 0.50 GPa),
similar to what has been found in layered di-
chalcogenides!?! and where it has been attributed to the
distortion of the Fermi surface under pressure. The
nesting of the Fermi surface, responsible for the CDW
would be reduced by the pressure and therefore the
onset temperature decreased. At low temperature, the
increase of the resistivity under pressure (Figure 25)
suggests a semiconducting-type behavior which may
indicate a weak localization of carriers due to pres-
sure-induced defects. This is similar to the low-tem-



44 Chemical Reviews, 1988, Vol. 88, No. 1

1
Ko.gM0g017

0.75

0.50r

£ (P.T)/p(0,300K)

0 L L
0 100 200 300
T(K)

Figure 25. Resistivity vs temperature at zero pressure and at
1.15 GPa for KygMogO,;. The resistivity is measured in the plane
perpendicular to the ¢ axis (after ref 130).

perature properties of the Fe-doped K, yMogO;; under
zero pressure!® and also to that of NaygMogO;,; where
impurities and defects may be responsible for the in-
crease in p and x seen at low temperature, due to weak
Anderson localization.

The electronic properties of potassium molybdenum
purple bronze, K,,Mogz0,;, were recently examined by
a tight-binding calculation on a single MogO; layer.132
The calculations show the presence of three partially
filled d-block bands, which are essentially derived from
the t,, orbitals of the Mo0Q; octahedra (Mo(2) of Figure
10 with oxidation state 5.1) belonging to the innermost
two sublayers of MogOy;. Figure 26a shows the bottom
portion of the d-block bands of the real MogO,; layer
The Fermi surfaces (Figure 26b—d) of the three partially
filled bands show that K;sMogO;; is a 2D metal, its
CDW at 120 K results from the nesting of one of the
three Fermi surfaces (Figure 26d), and the remaining
two provide electron and hole carriers below 120 K.
The band calculations are also valid for NagsMogO,
and T1IMogO,7, which are isostructural with KqgMog0;7.

Preliminary results of a similar tight-binding calcu-
lation on LijgMogO,; indicate that this material is a
quasi-1D metal, because two partially filled d-block
bands originate primarily from the -Mo(1)-O—Mo-
(4)-O- double chains extending along the b axis.!®> The
two partially filled bands are dispersive along the chain
direction (primarily along the b axis). Each of these two
bands provides a 1D Fermi surface nested by a vectar
g =~ (0, 0.45b*, 0). Therefore, the band calculations
suggest that Li;oMogO,; is susceptible to either a CDW
or SDW formation associated with the nesting vector.132
According to Frohlich, sliding CDW can lead to su-
perconductivity.” In general, Fréhlich superconduc-
tivity is not observed because of CDW pinning, which
gives rise to nonlinear conductivity. If a CDW is re-
sponsible for the resistivity upturn at ~24 K, the ab-
sence of nonlinear conductivity in LiygMogO,; implies
that CDW pinning might not occur in this compound.
It is possible that superconductivity at 1.9 K is the
consequence of Frohlich mechanism rather than the
normal BCS mechanism. However, observation of both
the resistivity upturn att ~24 K and superconductivity
at ~2 K in (Li;.,Na,)ooM0g0;; (x < 0.48) and
(Li;—,K,)0sMogOy; (x < 0.40), despite random potentials
expected due to the presence of mixed alkali metal ions,
is inconsistent with the formation of a sliding CDW at
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Figure 26. (a) Bottom portion of the d-block bands of the real
Mo0,; layer of K;gMogO;;. (b—d) Fermi surfaces for the first,
second, and third d-block bands (from the bottom) of the MogO,;
layer. (e) Two pairs of nested pieces of the Fermi surface asso-
ciated )with the second d-block band of MogO;; layer. (a-e after
ref 58.

~24 K. The absence of anomaly in the magnetic sus-
ceptibility of Li;gMogO;; down to 4.2 K, however, is
consistent with a SDW instability being responsible for
the resistivity upturn at ~24 K.132

We have looked for nonlinearity of the -V charac-
teristics in all of the purple bronzes, but detected only
linear behavior. These materials are very conducting
below the transition temperature and the maximum
threshol voltages that can be achieved are small (<100
mV/cm).

VI. The Red Bronzes (A, ;5M00,)

Wold et al. reported on the preparation of the first
red molybdenum bronze, Kq3;Mo00;, by fused-salt
electrolysis.!* They found Kg3;MoQO; to be semicon-
ducting with a positive temperature dependence and
a room temperature resistivity of ~10* Q@ cm. Later,
Bouchard et al. confirmed these results and showed that
the susceptibility was nearly temperature independent
and positive.! They attributed this behavior to spin
pairing of the d electrons or the formation of Mo** ions
(d?) with low-spin configuration (S = 0). Stephenson
and Wadsley determined the crystal stucture and
showed that the monoclinic structure (space group
C2/m) is built of infinite sheets of corner/edge-sharing
distorted MoQg octahedra which are joined together by
the K* ions which are in an irregular eightfold coor-
dination.!3® The structure is very similar to that of the
blue bronze except that in the red bronze the unit of
structure is six edge-shared octahedra which then corner
share along b and the [102] direction to form the infinite
layers (Figure 27). If all the potassium sites are oc-
cupied, Ky 3:MoO; = KyMogO;4, and hence two electrons
per MogO;s cluster. Dickens and Neild®® measured the
electronic spectra and showed the donor levels to be at
least 0.75 eV below the bottom of the conduction band
(Figure 1). They also measured the ESR spectra and
found a well-resolved signal at g ~ 1.96, which they
attributed to Mo®* centers. ESR studies by Bang and
Sperlich® indicated two types of resonances, one of
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TABLE 4. Unit Cell Parameters of A,3;;Mo0; Phases
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Lip 3sMoOy¢” K;3sMo0;° Tly,33Mo04° Rb, 33M00,¢ Cs0.33M004°

color blue red red red red

unit cell triclinic monoclinic monoclinic monoclinic monoclinic

space group Pi C2/m c2/m C2/m C2/m

a, A 13.079 (2) 14.278 (8) 14.537 (1) 14.809 (8) 15.862 (2)
(14.541 (3))

b, A 15.453 (2) 7.723 (5) 7.7230 (5) 7.726 (5) 7.728 (2)
(7.780 (2))

c, A 7.476 (1) 6.387 (4) 6.4096 (4) 6.410 (4) 6.4080 (7)
(6.414 (2))

a, deg 96.97 (2)

8, deg 106.56 (2) 92.34 93.096 (5) 93.8 (5) 94.37 (1)
(93.09 (2))

v, deg 103.368 (9)

¢ Reference 138. ®Reference 63. °Reference 34; values in parentheses reported by ref 114. 4Reference 31. ¢Reference 141.

) .
Figure 27. Idealized structure of Kg33MoO; (after ref 134).

which was assigned to unpaired d electrons delocalized
over six MoOg¢ octahedra (i.e., in one cluster) while the
other was assigned to pairs of exchanged coupled d
electrons.13 :

More recently, Travaglini et al.}® measured the op-
tical reflectivity of K, 33Mo0Qj single crystals in the in-
frared and visible range in the temperature range 4-300
K using polarized light. These data indicated that this
compound is a 0.5-eV energy gap semiconductor with
very strong anisotropy in the infrared and visible range.
These investigators derived a microscopic model to
explain the metal-semiconductor “transition” between
the blue bronze and the red bronze in terms of a formal
Mott transition.’” This is attributed to the substantial
elongation of Mo—O bond distances along the b axis in
K;33Mo0; compared to those in K,3;MoO; such that the
dtyg—pm, Mo—O-Mo overlap is less than necessary for
delocalization. It would be interesting to see the effect
of pressure along the b axis on the electrical properties.

Reau et al. reported on the red bronze Rbg33,Mo0Q,,
which, based on its unit cell parameters, appears to be
isostructural with the K analogue.®* In another com-
munication these authors reported on a blue-violet
monoclinic phase, Li,Mo0O; (0.31 < x < 0.39), which
they prepared by a solid-state reaction. Later, single
crystals of a blue-violet bronze, Li; 53M00O3, prepared
by electrolysis were shown to be the same phase as the
one reported by Reau et al. and shown to be a semi-
conducting with a room temperature resistivity of 10°
2 cm.?® More recently, large single crystals of Ligss-
MoO; have been prepared by the gradient flux tech-
nique.?2 An X-ray crystal structure determination by
Tsai et al.138 showed that this bronze is triclinic, not

monoclinic as previously reported. The structure is
completely different from that of the K and Rb red
bronzes, forming a 3D network of corner- and edge-
sharing distorted MoQOg and LiOg octahedra. The lo-
cation of lithium atoms at completely occupied octa-
hedral sites establishes the stoichiometric composition
Lij33sMoO3 = LiMo3;0y. Along the ¢ direction MoOg
octahedra are connected by corner sharing to form in-
finite chains and the Mo-O-Mo bond distances are
regular within the critical distance!® for good dt,,~p7
overlap. Furthermore, bond length-bond strength type
calculations!®® show the unpaired 4d electrons on mo-
lybdenums in this chain. Although the electrical con-
ductivity is highest along this direction, the behavior
is semiconducting.?’

The structure of the thallium analogue of Ag33Mo00,
red bronzes was determined recently.}? Tl,3,MoQ; is
isostructural with the K and Rb phases; it is a p-type
semiconductor and p at room temperature is ~10° Q cm
as in the other red bronzes.3#140 Unit cell parameters
of the known Ag 33Mo0QO; phases are listed in Table 4.
As in the blue bronzes, a, ¢, and 8 increase fairly regu-
larly with increasing size of the A* cation in the iso-
structural monoclinic phases (K, T1, Rb, Cs) while b
remains remarkably constant but significantly larger
than b in K;3MoQO; (Table 1). The ¢ dimension in
Lig 3sM00j3, corresponding to the direction of chains of
corner-sharing MoOjg octahedra in this bronze, is sur-
prisingly short, in fact shorter than 4 in the blue
bronzes. However, metallic behavior is not observed
along this direction, probably because of band filling.

Reid and Watts prepared monoclinic copper-colored
Cs,MoQj; bronzes by fused-salt electrolysis.® The X-ray
crystal structure of this phase, corresponding to a
Csp.95M00; composition, was shown to be similar to but
not identical with that of Ky 33Mo003; by Mumm and
Watts.!® Strobel and Greenblatt prepared a red bronze,
Cs.3sMoOs, also by fused-salt electrolysis and showed
it to be semiconducting with p ~ 10° Q@ cm at room
temperature;?® when this bronze was ground into a
powder, it turned blue and the powder pattern could
not be indexed with the cell parameters reported for a
red Cs bronze by Mumme and Watts.® More recently,
Cs;.33M00; red bronze crystals were grown by the gra-
dient flux technique by Ramanujachary et al.’® An
X-ray structure analysis showed that this phase is iso-
structural with K;3;3sMo004;1* moreover, the X-ray
powder pattern of the polycrystalline blue phase which
results upon grinding of the red bronze crystals could
be indexed with the lattice parameters determined by
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TABLE 5. Crystallographic Data for Cs,MoQO; Bronzes

Greenblatt

compd color a, A b, A ¢, A 8, deg space group ref
Cs03:M00; red 15.862 (2) 7.728 (2) 6.4080 (7) 94.37 (1) c2/m 141
Cs.9sM00; copper 6.425 (5) 7.543 (5) 8.169 (5) 96.50 (5) P2, or P2,/m 18
Cso 25M005° blue 19.063 (5) 5.5827 (23) 12.1147 (28) 118.94 (2) c2/m 143
¢ Formula may be represented as CsMo,..0,, (x = 0.13).
TABLE 6. Unit Cell Dimensions of H.M0oO; Bronze Phases :
compd color a, A b, A c, A 8, deg space group ref
H, 5:Mo0; blue 3.896 14.07 3.736 90.0 Cmem 48
H,,05M005 blue 14.53 3.796 3.864 93.74 monoclinic 48
H, ¢sMo00O; red 13.97 3.770 4.055 93.97 monoclinic 48
H, ,Mo0; green 13.55 3.897 4.053 94.63 monoclinic 48
MoO3® 3.962 13.86 3.697 90.0 42

%q,b,c orthorhombic -+ b,a,c monoclinic.

this structural investigation.

Differential scanning calorimeter (DSC) measure-
ments at high pressure indicate a phase transition at
553 °C and 100-psi pressure; T, decreases with in-
creasing pressure.!*? The pressure variation of resis-
tivity at room temperature, with the pressure applied
perpendicular to the platelet direction of a single crystal
of Csy33Mo00s, indicates a phase transition at about the
pressure expected from the DSC results. The resistivity
of Csy33Mo0Q, decreases by several orders of magnitude
with increasing pressure.’*? Measurements of p vs P at
various temperatures are in progress.!4?

A blue Cs;10M00; semiconducting phase appears to
be yet another structurally different Cs~Mo~O phase.?
A redetermination of the composition by elemental
analysis as well as a structural determination by X-ray
diffraction indicates that the actual stoichiometry is
Csp25M00;.143 This phase is monoclinic with a unit cell
that bears no obvious relationship to the unit cells of
other alkali metal molybdenum bronzes (Table 4). The
structural determination confirmed that Cs; ;;M0Oj; has
a completely different structure than the Ay;sMoO; blue
bronzes.!*® The anomalies in the susceptibility and the
resistivity vs temperature suggest that this material
undergoes a phase transition near 200 K. The suscep-
tibility anomaly is similar in shape and even the tem-
perature at which it occurs to the anomaly observed in
the Ag3MoO; blue bronzes.?? However, the resistivity
of Cs;5Mo0Q; is semiconducting above as well as below
the anomaly. Consequently, if the sample is single
phase, this transition cannot be due to a CDW. Unit
cell parameters of the different semiconducting Cs—
Mo-O phases are summarized in Table 5. The ques-
tion of whether or not there are two structurally dif-
ferent red Cs—Mo—O bronze phases remains unresolved.

VII. Hydrogen Molybdenum Bronzes

MoO; has a unique layer structure in which infinite
chains of corner-sharing MoQOg octahedra are fused to-
gether by edge sharing to form corrugated layers;!* the
layers are stacked parallel to one another and are held
together by van der Waals forces (Figure 28). The
Mo-O distances along the O(2)-Mo-O(2’) corner-
sharing direction of the MoQOjg octahedra are distorted
to form alternate long, 2.25-A bonds and short, 1.73-A
bonds. At ambient temperature chemical reduction
using metal/H* couples (e.g., Zn/HCI)* or electro-
chemical reduction in aqueous acidic media* (MoO; +
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Figure 28. Schematic diagram of the structure of MoQj (after
ref 51).
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Figure 29. Schematic structures of (a) Hys;sMoO; and (b)
H, ¢sMoO; (after ref 51).

xH* + xe- — H,Mo0Oj;) leads to the formation of hy-
drogen molybdenum bronzes, H.MoO, with 0 < x < 2.

The existence of a series of hydrogen molybdenum
bronzes H,MoQ; was first reported by Glemser et al.4!
A more complete investigation by Birtill and Dickens*’
indicated the presence of four distinct phases in
H,MoO; for 0 < x < 2. Ranges of homogeneity exist
for three of these phases with the following approximate
limits: blue, orthorhombic, 0.23 < x < 0.4; blue,
monoclinic, 0.85 < x < 1.04; red, monoclinic, 1.55 < x
< 1.72. The green, monoclinic fourth phase with x =
2.0 appears to have fixed composition. Unit cell pa-
rameters of typical compositions of these phases along
with that of MoQyj are given in Table 6. Comparison
of their lattice parameters with those of MoQOj indicates
that hydrogen is inserted into the MoQOg matrix with
minimal structural rearrangement.

A powder neutron diffraction study of Dy 3sMoO; has
shown that the deuterium atoms are attached to the
bridging oxygen atoms O(2) as O-D groups (Figure
29a).#8  In Hj3sMoO,; the distortion involving the
bridging oxygens is removed, and two symmetrical
Mo-0(2) bonds, each 1.96 A long, are formed. The
presence of OH groups is also supported by the inelastic
neutron scattering spectra of Hy 3,M0Q3, where an ab-
sorption at 1267 cm™ may be assigned to an Mo-O-H
bend.*® For the monoclinic phases Hyg3sMoQOs, H; gs-
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MoO,, and H, MoO;, inelastic neutron scattering
studies show only peaks associated with OH, groups as
evidenced by a strong peak at 1620 cm™.48 Moreover,
a powder neutron diffraction study of D; ¢sMoQO; re-
vealed that the deuterium atoms are attached to the
terminal oxygen atoms, O(3) in MoO;, as OD, groups
(Figure 29b).5! The Mo-0(3) bond is substantially
longer (2.18 A) in the D, ¢MoO; compound than in
MoO; (1.68 A), indicating reduction of 7 bonding in the
Mo—0(3) bond due to formation of O(3)-D, bonds. The
arrangements of the hydrogen atoms in Hy3;MoQO; and
H; ¢sMoO; shown in Figure 29 are also consistent with
the second-moment values obtained from NMR mea-
surements.!4?

The H,MoQ; phases are deeply colored, mixed ion-
ic/electronic conductors. They exhibit metallic prop-
erties with weak, temperature-independent paramag-
netism and no ESR signal down to 4.2 K.1#%6147 These
results suggest that the electronic structure of H,MoO,
phases is similar to that of other metallic molybdenum
bronzes discussed above, with partially occupied metal
dt,,—0xygen 2p7 bands.

Igroton mobilty in H MoOj; has been studied by NMR
techniques.*>14514 QOnly H,; ;Mo0O; shows substantial
proton mobility with D(298 K) = 108 cm? s71,145148
Diffusion of protons between layers (Figure 29b)
probably takes place via a Grotthus type mechanism.%

The properties of H,MoOg bronzes have led to their
investigation for possible applications as gas sensors,!*
electrochromic materials,!°® hydrogen storage materi-
als,!®! and hydrogenation catalysts.!52

VIII. Molybdenum Oxides: n-Mo,0,,
v-Mo,0,,, and Mo,0;,_, Magnell Phases

A. Introduction

Although these are binary molybdenum compounds,
they exhibit bronze-like structural and physical prop-
erties. The Mo,0,; phases are very similar to the purple
bronzes both in their structural and in their physical
properties.?’” However, in contrast to the purple
bronzes, these compounds undergo a CDW transition
to an incommensurate state. MogO,3 is a member of
the Mo, 0s,_; homologous series of oxides and the first
example of this class of materials to show quasi-low-
dimensional transport behavior.!*® Higher members of
this series, MogQOys and (Mog 5sW.12)10029, also indicate
a CDW-driven phase transition.!>*

B. Structure

Mo,0,, forms in a high-temperature orthorhombic v
phase and low-temperature monoclinic # phase; the
transition temperature y — 7 is ~610 °C.1® Refine-
ments of the crystal structures have been performed for
both types by Kihlborg!!* and a rerefinement of the
~-Mo,0;; has been reported recently by Ghedira et al.}%
In both the y and % structures, there are four inde-
pendent Mo sites: Mo(1) occupies the tetrahedral site
while Mo(2), Mo(3), and Mo(4) are located in octahedral
positions. The MoOg octahedra corner share to form
infinite three-octahedra-thick slabs which are connected
by MoQ, tetrahedra. The cation charges are 5.99, 5.85,
5.40, and 5.02 for Mo(1), Mo(2), Mo(3), and Mo(4),
respectively; thus the 4d electrons are located in slabs,
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Figure 30. Idealized structures of (a) -Mo,O;; and (b) v-MoOy;,
showing MoO; octahedral slabs and MoO, tetrahedral planes (after
ref 27).
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Figure 31. Schematic structure of Mo, 03,.; (here n = 9) pro-
jected along the [010] direction (after ref 155e).

which are parallel to the (bc) plane, the plane of high
conductivity. The structure is very similar to that of
the Ay gMogO,; system (Figure 10), except that the alkali
metals are absent and the tetrahedral planes are con-
nected to form a three-dimensional network structure
of Mo polyhedra. The a axis of Mo,O;; corresponds to
the ¢ axis of the purple bronzes. In 3-Mo0;; two
consecutive slabs are identical, while in y-Mo,0;; they
are mirror images of one another as shown in Figure 30.

The structure of MogOy was determined by Magneli
long ago'® and refined by others.''* The structure of
Mo,Os,,_; phases in general can be described as built up
of corner-sharing MoOg octahedra forming blocks of
ReQOj; type which extend infinitely through the crystal
in two dimensions and have a finite characteristic width
of n octahedra in the third direction; the blocks are
mutually joined by octahedra sharing edges as shown
in Figure 31.155¢

Recently, the structural properties of MogOq; have
been determined by single-crystal X-ray diffraction at
360 and 100 K, respectively.}**d MogOy; has an incom-
mensurate structure at room temperature, and an in-
commensurate-commensurate phase transition takes
place at about 285 K. The structure of the normal
phase at 370 K is essentially the same as that presented
by Magneli for room temperature. The structure of the
commensurate phase at 100 K can be described mainly
by the inhomogeneous rotations of MoOg octahedra.

More recently, detailed single-crystal X-ray structural
studies were carried out for MogOs and (Moggs-
Wo.12)10020, Tespectively.15%¢ A structural phase tran-
sition is observed at 500 K for MogOs and at 612 K for
the (MoggsWo14)10029 phase. Superlattice peaks ob-
served at room temperature at (0.5, 0.5, 0.0) for MogQOyg
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TABLE 7. Unit Cell Dimensions of Mo,0,; and Mo,0;,., (n = 8-10)

crystal
compd system a, A c, A 8, deg space group ref
v-Mo,Oy; orthorhombic 24.487 (1) 5.457 (1) 6.752 (1) Pn2;a 156
7-Mo,Oy, monoclinic 24.54 5.439 6.701 94.28 P2,/a 114b
MogOy; monoclinic 13.4 4.04 16.8 106.1 P2/c 157
MogOyq monoclinic 29.194 (3) 8.083 (1) 16.816 (3) 95.47 (1) C2/c 155¢e
(Mo, 3sW 1210029 17.437 (3) 8.029 (1) 16.787 (3) 111.70 (1) P2/c 155e
soof . !
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- P e Figure 33. (a) Magnetic susceptibility of 4-Mo,0,; corrected for
Sk , e the Curie contribution as a function of temperature. The magnetic
" )t L field is parallel to the b or a* axis (after ref 27). (b) Magnetic
Kl . susceptibility corrected for the Curie~Weiss contribution: bottom
s 700 700 300 curve, parallel to the a axis; top curve, perpendicular to the a axis
o (@) (after ref 159c¢).
7 nsr As in the purple bronzes, the resistivity along the a
N\ | axis (p ) is 50~100 times greater than in the (bc) plane
\. § 7 (py), indicating quasi-2D metallic behavior. These
- Y% - properties are well accounted for by the crystal struc-
§ < o Rt ture in which the 4d electrons are confined in the MoOyg
2 Y, 28§ 55 o0 octahedral layers (as in the AygMogzO;; phases) well
:, separated from each other by MoO, tetrahedra. This
yooW . should result in an anisotropic and quasi-cylindrical
d Fermi surface with large areas parallel to a*. The
RERPEY nesting therefore affects only small portions of the
g 100 200 360 surface and induces only partial gaps at the transition.

Figure 32. Temperature variation of the resistivity of (a) 5-
Mo,0,; along the a, b, and ¢ axes (after ref 160) and (b) v-Mo,0y;
in a direction parallel and perpendicular to the slabs (after ref
159b).

and at (0.0, 0.5, 0.0) for (MogggWo,12)10029 are not de-
tected above the transition temperatures in either
phase. This suggests that the transitions take place
from the high-temperature phase (T > 500 and 612 K,
respectively) to the commensurate phases directly.
Room temperature unit cell dimensions and space
group information of the Mo,O;; and Mo,0s,_; phases
discussed here are given in Table 7.

C. Charge Denslty Wave Instabliitles

The transport properties and magnetic susceptibility
of both v- and 5-Mo,0;; have been measured on powder
samples by Gruber et al.1%® Single-crystal studies of the
anisotropy of the electrical resistivity, thermopower,
magnetic susceptibility, and specific heat measurement
of both compounds show evidence of CDW instabilities.
The temperature dependence of the resistivity (Figure
32) and of the magnetic susceptibility (Figure 33) is
highly anisotropic and shows metallic behavior below
the transition for both phases. However, the resistivity
of v-Mo,0y, increases below the onset of CDW at T', =
100 K.23153,158 t the lowest temperatures while in -
Mo,0,;, p shows a maximum at T,; = 109 K and a
second transition at T, = 30 K, particularly evident as
a small peak in the resistivity along b (Figure 32).160

This increases the resistivity below T, but the com-
pounds remain metallic, similar to the purple bronzes.

The main difference between the two compounds is
the temperature dependence at the CDW gaps: in #-
Mo,0,; the opening of the gaps appears, to be complete
near 50 K,'® and the Fermi surface undergoes a second
instability, corresponding to the second transition. In
v-Mo,0,;, the gaps continue to open up down to 4.2
K.15% Despite the slight difference of structure, the
conduction electron concentration, the Fermi surface,
and the band structure are expected to be very similar
in the two compounds; therefore the differences ob-
served may be due to different electron-phonon cou-
pling strengths. Analogous variations in the behavior
of different A,¢MogO,; compounds were also attributed
to differences in electron-phonon coupling effects.

In both compounds, the magnetic susceptibility shows
a strong anisotropy below the onset of CDW (Figure
33).16%-161 The susceptibility is attributed to Pauli and
Van Vleck paramagnetism and to core and the free-
electron Landau diamagnetism; the small values of x
are due to a partial compensation between these con-
tributions. The large anisotropy below T, is probably
due to a large anisotropy of the Landau diamagnetism
associated with closed orbits in the (bc) plane.160-161

The thermopower S in both compounds is negative
and linear with temperature from 300 K to T.. The
temperature variation of S of y-Mo,0O,; is shown in
Figure 34. Below T, |S(T)| shows a large increase and
a maximum which may indicate the contribution of
charge carriers of both signs. Although the dominant
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Figure 34. Thermopower of 43-Mo,0,, as a function of temper-
ature (after ref 160).

carriers are always electrons, the contribution of holes
becomes more important at lower temperatures (T <
50 K). This is consistent with the presence of electron
and hole pockets left by the opening of CDW gaps. A
second transition (T,) seen in the resistivity and sus-
ceptibility of 7-Mo,O,; also shows an anomaly in S(T)
below T,,.}6

The CDW transitions have also been studied by
specific heat measurements.1%%160 In 4.Mo,0,; the

CDW transition at ~100 K could not be detected.}%P

However, both transitions were observed in the C, vs
T data of n-Mo0,0,,.1®° The thermal data obtained from
these measurements are summarized in Table 3. The

Debye temperature 6y, of 330 K found for y-Mo,0,; is -

significantly lower than 6 = 418 K of y-Mo,0,;, which
shows that the lattice rigidity is stronger in the latter;
this corroborates the presence of larger electron-phonon
interactions in y-Mo,0;; and the opening of gaps down
to 4.2 K. This is also consistent with the fact that the
v phase is the stable phase at high temperature.’® The
nonzero value of vy coefficient for both compounds
clearly establishes that the low-temperature phases are
metallic and therefore the negative temperature coef-
ficient of the resistivity below T, is due to a partial
opening of gaps at the Fermi surface. Furthermore,
from the v values, rough estimates of the density of
states, g(Ey) at the Fermi level in the low-temperature
phase compared to g(Ef) calculated from the temper-
ature dependence of the thermopower above T, indicate
that the opening of CDW gaps lead to significant de-
crease of the density of states at the Fermi level.15%160
X-ray diffuse scattering and electron diffraction studies
show the presence of weak incommensurate superlattice
spots below T8l in contrast to the purple bronzes
which are characterized by a commensurate CDW.

The wave vector component along b* is g, = 0.23 =
0.015 in both Mo,0,;; compounds, which supports the
previous contention that the Fermi surfaces of both
compounds are similar. However, nonlinear transport
due to the sliding of incommensurate CDW have not
been observed in these oxides so far.

The magnetotransport properties of n-MosO;; also
corroborate the anisotropic 2D properties of the Fermi
surface and show that the gap openings at the transition
leave very small electron and hole pockets.15%%161

Sato et al.}s3 studied the temperature dependence of
electrial resistivity in MogQO,s (Figure 35). The resis-
tivity is highly anisotropic indicative of possible qua-
si-1D behavior. The high-temperature behavior appears
to be metallic, and a CDW-like transition occurs in the
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Figure 35. Temperature variation of the resistivity of Mo, Os,.;
along the principal directions. Rough values of the specific re-
sistivities are indicated at the corresponding temperatures. Here
the g)axis is defined in the crystallographic shear plane (after ref
154b).
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Figure 36. Temperature dependence of the magnetic suscep-
tibility of MogOs. The T-independent diamagnetic part and the
Curie paramagnetic part due to lattice imperfections have been
subtracted (after ref 153a).

vicinity of 200 K. The resistivity peaks near 150 K
along all three crystallographic directions. The increase
in the resistivity at low temperatures is attributed to
localization effects. The magnetic susceptibility of a
polycrystalline sample (Figure 36) shows a sharp de-
crease in the susceptibility corresponding to the tran-
sition in the resistivity. Similar anisotropies and
anomalies can be seen in the temperature dependence
of resistivity (Figure 35) and susceptibility of MogOq.
(1\'1)0105,4 W12)10039 appears to be semiconducting (Figure
35),154¢

The anomalous temperature dependence of resistivity
in MogO,3 and MoyOgs, the observation of superlattice
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Figure 37. A section of the La,Mo,05 structure showing corner
sharing of Mo,0, in the crystallographic ac plane (after ref 163).
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Figure 38. Temperature variation of the resistivity and magnetic
susceptibility of La,Mo,0; (corrected for paramagnetic impurities)
(after ref 163).

reflections below the critical temperature in all three
Mo,03,-; (n = 8,9, 10) compounds support formation
of CDW in all these phases.

IX. La,Mo,0,: A Rare-Earth Molybdenum
Bronze

Recently, single crystals of the purple, bronze-like
La,Mo,0; were grown by fused-salt electrolysis.®? A
single-crystal structure determination showed that the
basic building blocks of the structure are two MoQOg
octahedral which share a common edge to form a fused
Mo,0;; unit. These units then share corners to form
Mo-O layers as shown in Figure 37.18 The layers are
held together by the lanthanum ions. Although the
structure is 3D overall, it can be considered as 2D with
respect to the Mo-O network. The Mo-Mo distance
in the Mo,0,, groups is 2.478 A, one of the shortest
Mo-Mo distances thus far reported in molybdenum
oxide systems (the reported Mo—Mo distance in LiMoO,
is 2.46 A, the only shorter reported Mo-Mo bond!é4).

La;Mo,0; has a room temperature resistivity of about
103 @ cm.1% The positive coefficient of the temperature
dependence of the resistivity above 200 K indicates
metallic behavior. A large increase in the resistivity
(Figure 38) at 125 K is probably associated with a phase
transition. This anomaly shows up in the magnetic
susceptibility, which indicates weakly temperature de-
pendent Pauli paramagnetic behavior above the tran-
sition temperautre (Figure 38).1% Recent measurements
of the electrical resistivity along the three unit cell
directions showed that p, =~ 6.4 X 1072 Q cm, p, =~ 5.2
X 102 Q cm, and p, ~ 4 X 108 Q.18 The high con-
ductivity along the ¢ axis is expected by the structural
properties. The lowest conductivity direction, along b,
is also predicted by the structure due to the absence of
Mo-0-Mo interactions between planes of MoOg oc-
tahedra.

The band structure of La,Mo,0; recently determined
by Whangbo and Canadell!% by tight-binding calcula-
tions (Figure 39) reveals two partially filled d-block
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Figure 39. Six low-lying d-block bands for a 2D ‘Mo,0,%" slab,
where T, X, and Y are the wave vector points (0, 0), (a*/2, 0),
and 0, ¢*/2), respectively, in the first Brillouin zone of the re-
ciprocal space (i.e., I — X corresponds to the direction along a,
and I' — Y to that along ¢). The dashed line refers to the Fermi
level (after ref 166).

bands. The Fermi surfaces of these bands lead to
nesting. The charge-density wave dssociated with these
nesting vectors is likely to be responsible for the phase
transition in La,Mo,0-, which occurs around 125 K.
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