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Abstract. The monophosphate tungsten bronzes (PO2)4(WO3)2m are quasi-two-dimensional conductors
which show charge density wave type electronic instabilities. We report electrical resistivity and magnetore-
sistance measurements down to 0.30 K and in magnetic fields up to 16 T for the m = 7, 8 and 9 members
of this family. We show that these compounds exhibit at low temperature an upturn of resistivity and field
dependences of the magnetoresistance characteristic of localization effects. We discuss the dimensionality
of the regime of localization as m is varied. We show that for m = 7, the regime is quasi-two-dimensional
and three-dimensional for m = 8, 9.

PACS. 71.45.Lr Charge-density-wave systems – 72.15.Gd Galvanomagnetic and other magnetotransport
effects

1 Introduction

Quasi low dimensional conductors are known to exhibit
two types of electronic instabilities, either a Peierls type
one towards a charge density wave (CDW) state or a
superconducting one. In the transition metal bronzes
AxMyOz where A is a cation or any group of elements in-
ducing a partial filling of the conduction band, the CDW
instability seems to be the dominant mechanism. The ex-
istence of Peierls transitions is associated to Fermi sur-
faces (FS) showing so-called nesting properties in the nor-
mal high temperature state. These instabilities give rise
either to metal-semiconductor transitions, as it is the case
in the quasi-1D molybdenum blue bronzes, if the FS is
completely destroyed by the gap openings, or to metal-
metal transitions if electron and hole pockets are left on
the Fermi surface. This is the case of the quasi-2D molyb-
denum purple bronzes A0.9Mo6O17 (A= K, Na) and of
the monophosphate tungsten bronzes with the general for-
mula (PO2)4(WO3)2m where m is an integer which can be
varied from 4 to 14 [1–5].

These latter series of compounds have been syn-
thetized and their crystal structure studied more than a
decade ago [6]. Their lattice is orthorhombic or monoclinic
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(pseudo-orthorhombic) and built with perovskite ReO3-
type infinite layers of WO6 octahedra parallel to the a b
plane, separated by PO4 tetrahedra. Since the 5d conduc-
tion electrons are located in the perovskite [WO3]-type
slabs, the electronic properties are quasi-2D and the FS in
the normal state is quasi-cylindrical. The thickness of the
perovskite [WO3]-type slabs and therefore the c parame-
ter, are increasing with m, while a and b are only weakly
dependent on it. The number of electrons per primitive cell
is always 4 and independent of m while the average num-
ber of conduction electrons per W atom is 2/m. The lower
carrier density is therefore decreasing with m which may
lead to a weaker screening and to an increase of electron-
electron interactions. These compounds show high Peierls
temperatures, above room temperature for large values of
m [4].

The m = 7 member shows two successive Peierls tran-
sitions at Tp1 = 188 K and Tp2 = 60 K [7]. Both transi-
tions are associated with the existence of several harmon-
ics of the incommensurate CDW satellite wavevectors [8].
The second transition at Tp2 is detected by X-ray studies
only. In this m = 7 member a superconducting transition
takes place at temperatures close to 0.30 K. This com-
pound is, at present, the only known superconductor in
the series of monophosphate tungsten bronzes and in the
family of the quasi-2D oxide bronzes [9].

In the m = 8 member, two incommensurate CDW
modulations are detected but no long range order is
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achieved by cooling down to the lowest measurement tem-
perature of ∼ 35 K. Only a short range order can be ob-
served. In the m = 9 member, two commensurate CDW
modulations towards a long range order occur. The ex-
istence of higher order harmonics of the CDW satellites
show that the instabilities are not conventional Peierls
transitions [10].

In this article, we report electrical resistivity and mag-
netoresistance measurements down to 0.30 K and in mag-
netic fields up to 16 T for the m = 7, 8 and 9 members.
Some preliminary results are given in reference [11]. We
show that these compounds all exhibit at low tempera-
ture an increase of resistivity characteristic of quantum
interference effects. The dimensionality of the regime of
localization when m is varied is discussed and intrinsic or
extrinsic mechanisms which may be involved are proposed
for the different values of m.

2 Experiment and results

Single crystals used in these studies have been grown from
mixtures of (NH4)2HPO4 and WO3 as starting materials
by chemical vapor transport technique [12,13]. The crys-
tals are platelets parallel to the (a, b) conducting plane
and have typical size (2 × 0.5 × 0.05 mm3). In order to
obtain low contact resistance, the samples were washed
firstly in acetone and secondly in a 20% HF bath for one
hour; rapidly after this washing, silver pads of 500 Å were
evaporated: contact resistance typically less than 10 Ω was
obtained. Due to the anisotropic transport properties of
these compounds, special care was taken in order to opti-
mize the homogeneity of the current lines: the silver pads
were evaporated to cover also the edge of the samples.
With this method, unnested voltage [14] less than 10% the
measured voltage was easily obtained. The thermopower
was measured using a slow ac technique [15] between 4.2 K
and 300 K. The resistivity was obtained by standard four
point ac or dc technique and usually measured up to 6 T
and between 4.2 K and 300 K (600 K for m = 8 and m = 9
samples). Some of the best samples have been measured
up to 16 T and down to 0.3 K. In most of the magne-
toresistance measurements the magnetic field was applied
perpendicularly to the a, b plane with electrical current
flowing in this highly conducting plane. The results re-
ported here are obtained on samples for which the Peierls
transitions have been detected both by transport measure-
ments and X-ray diffraction studies. Since it is well-known
that CDWs are easily destroyed by defects, the samples
used in this study are expected to be of high quality.

2.1 m = 7 compound

Below room temperature, on decreasing the temperature,
the resistivity (Fig. 1a) increases up to 170 K where an
abrupt change occurs, associated to the first Peierls transi-
tion (Tp1 = 188 K). Below this temperature, the resistivity
still increases, reaches a rather sharp maximum (∼ 165 K)

(a)

(b)

(c)

Fig. 1. (a) Resistivity and magnetoresistivity of a m = 7
sample; current I along the crystallographic a direction and
magnetic field parallel to c. (b) Conductivity vs. logarithm of
temperature for T < 20 K, (m = 7). (c) Conductivity vs. tem-
perature for T < 15 K; current along the a direction; (m = 7).

and decreases down to a broad minimum without sig-
nature of the second Peierls transition (Tp2 = 60 K).
The ρ(T ) curve shows thermal hysteresis between roughly
100 K and Tp1 [15].

Below ∼ 20 K, the conductivity obeys a lnT law
(Fig. 1b). Linear or square root temperature dependences
may also give a good fit to the data but are valid in a
much more restricted temperature interval (Fig. 1c). At
T = 0.3 K, this compound enters a superconducting phase
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(a)

(b)

Fig. 2. (a) Magnetoresistance of a m = 7 sample as a function
of magnetic field, at indicated temperatures. (b) Magnetoresis-
tance of a m = 7 sample as a function of magnetic field at low
temperatures (T < 3 K); current along the crystallographic a
direction and magnetic field along c. The insert shows the low
field part of the magnetoresistance.

described elsewhere [9]. In Figure 1a is also shown a re-
sistivity curve obtained with a magnetic field of 16 T
applied parallel to the c axis. The resistivity behaviour
is not strongly modified by the magnetic field, the main
difference being a more pronounced resistivity minimum
shifted to higher temperature (∼ 60 K). Let us note that
Tp2 is not associated with an onset of the magnetoresis-
tance as it has been observed for the Peierls transitions
of the low m compounds [4]. For T > 10 K, the magne-
toresistance (MR) increases quadratically with magnetic
field (Fig. 2a). For lower temperatures (Fig. 2b), the MR
is more complex: it first increases up to B ∼ 0.3 T then
decreases, becomes negative and passes through a large
minimum before it reaches a quadratic regime similar to
that obtained at high temperature. This non-monotonous
low field behaviour is reminiscent of what occurs in some
disordered systems [16].

(a)

(b)

(c)

Fig. 3. (a) Resistivity vs. temperature for a m = 8 sample;
current along (a+ b) axis. (b) Conductivity vs. temperature at
T < 3 K for a m = 8 sample; current along (a+ b) axis. Solid
line is a fit according to a T 1/2 law. Insert: conductivity vs.
logarithm of temperature. (c) Conductivity vs. temperature at
T < 140 K for a m = 8 sample; current along (a+ b) axis.

2.2 m = 8 compound

The resistivity of the m = 8 compound was measured be-
tween 0.3 K and 600 K (Fig. 3a). At high temperature
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Fig. 4. Thermoelectric power vs. temperature for a m = 8
sample; thermal gradient along the crystallographic a direc-
tion. The insert shows the anomaly near Tp1.

Fig. 5. Magnetoresistance vs. magnetic field at T = 4.2 K
for two orientations of the magnetic field B ‖ c, B ‖ (a + b);
current along (a− b) direction.

(T > 300 K), the resistivity is metallic type (dρ/dT > 0).
A broad minimum occurs just below room temperature
and for some samples a weak change in the slope can
be detected at the Peierls transitions (Tp1 ∼ 220 K,
Tp2 ∼ 200 K). The increase of the resistivity on lowering
temperature becomes faster below 50 K. For T < 3 K,
the conductivity is well-described by a square-root
law (Fig. 3b). Between ∼ 5 K and 50 K, the conductiv-
ity increases approximately linearly with T (Fig. 3c). In
contrast with the m = 7 compound, the lnT behaviour
for the conductivity is not observed, as illustrated in the
insert of Figure 3b.

The thermopower (TEP) is always negative and its
absolute value increases with increasing temperature in
the range 8 K–300 K (Fig. 4). A TEP anomaly (inset
Fig. 4) between 170 K and 230 K signals the two Peierls
transitions detected by X-ray diffraction. The value of the
TEP is similar to that of the low m compounds.

The MR of the m = 8 compound is positive and
anisotropic on the whole explored range of temperature
and magnetic field. However, as in the m = 7 compound,
two temperature ranges for the MR must be considered.

Fig. 6. Magnetoresistance vs. magnetic field at T < 1.6 K for
a m = 8 sample; B ‖ c; I ‖ (a+ b).

Fig. 7. Magnetoresistance vs. magnetic field at indicated tem-
peratures; B ‖ c; I ‖ (a+ b).

Below 10 K (Fig. 5), the MR varies rapidly for fields up
to 0.5 T and slows down at higher field. The MR is larger
for B parallel to the c∗ direction than for B parallel to the
(a, b) plane.

Let us note that at very low temperature (∼ 0.3 K),
the MR displays a hump around 3 T which disappears pro-
gressively at higher temperature (Fig. 6). For T > 10 K,
a quadratic regime is reached similar to that obtained in
the m = 7 compound (Fig. 7).

2.3 m = 9 compound

The resistivity of the m = 9 compound was measured be-
tween 0.3 K and 600 K (Fig. 8a). The resistivity coefficient
dρ/dT is always negative down to 200 K and the Peierls
transitions (Tp1 = 565 K, Tp2 = 330 K) as obtained by X-
ray diffuse scattering [10] are not clearly identified on the
ρ(T ) curve. Below 50 K, similarly to the m = 7 and m = 8
compounds, the resistivity increases with decreasing tem-
perature. No sign of superconductivity was detected down
to 0.3 K. Below ∼ 40 K, the conductivity increases ap-
proximately linearly with temperature (Fig. 8b). The MR
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(a)

(b)

Fig. 8. (a) Resistivity as a function of temperature for a m = 9
sample; current along the a direction. (b) Conductivity as a
function of temperature, m = 9 sample; current along a.

behaves similarly to that of the m = 7 compound: at low
T , the MR increases linearly with magnetic field (Fig. 9a)
up to 7 T and slowly decreases at higher fields. The
field corresponding to the maximum of the MR (∼ 7 T)
is approximately temperature independent and is found
to be much higher than that found for the m = 7
compound (0.3 T). At higher temperature (Fig. 9b), the
B2 regime is recovered as in the other compounds, with a
B2 coefficient smaller than that of the m = 7 compound.
In the whole range of field and temperature explored, the
MR is always positive, in contrast with the complex MR
behaviour observed in the m = 7 compound where a neg-
ative MR is found at very low temperatures.

Let us now summarize the main experimental results
on the m = 7, 8, 9 compounds and compare them to that
obtained on the m = 4, 5, 6 ones. At low temperature
(T < 50 K), the resistivity coefficient dρ/dT of the “high-
m compound” is always negative contrarily to “the low-m
compounds” family, in which the resistivity behaviour at
low T is similar to that of a metal with a residual resis-
tivity less than 1 mΩ cm. For the “high-m compounds”,
the resistivity at low temperatures is larger than 1 mΩ cm.
The MR at low T does not show any Shubnikov-de Haas

(a)

(b)

Fig. 9. (a) Magnetoresistance as a function of magnetic field
for a m = 9 sample at T < 10 K. Dotted lines are fit according
to equation (8). (b) Magnetoresistance as a function of mag-
netic field for a m = 9 sample at T > 30 K. Solid lines are fit
according to a quadratic law.

oscillations as observed in the m = 4, 5, 6 compounds [17]
and is comparatively small: for instance, at 4.2 K and 6 T,
∆ρ/ρ is always less than 3% whereas for the low m-family,
in the same conditions, ∆ρ/ρ is of order of 100%. Clearly,
the basic interpretation of these transport measurements
at low T need a more elaborated model than that of nearly
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free electrons used for the low-m compounds. In the next
part of this article, it will be shown that quantum inter-
ference effects may satisfactorily account for these results.

3 Discussion

3.1 Peierls transition and CDW state

The Peierls instability in the m = 7 compound appears
as an anomaly on the resistivity vs. temperature curve.
Above Tp1, the increase of ρ on lowering the tempera-
ture could be due to the existence of a pseudogap. This
has been suggested earlier with respect to pretransitional
streaks on the X-ray patterns [8]. The observed increase of
ρ below Tp1 is a general feature of Peierls transitions and
is attributed to a loss of carriers as the partial Peierls gap
opens. At lower temperatures, the CDW state of m = 7
is characterized by a metallic behaviour of the resistivity
associated with the remaining parts of the Fermi surface.
The strong thermal hysteresis, which has also been ob-
served on the intensity of CDW satellite reflections [8],
is not understood at the moment. It could be due to
metastable configurations of CDW. A second CDW transi-
tion has been observed by X-ray studies at Tp2 = 60 K [8].
It could be related to the change of slope of ρ vs. T at low
temperatures but does not appear as a distinct anomaly
as it is the case for Tp1. One may note that both charge
density wave anomalies in this compound are associated
with non-sinusoidal modulations of the satellite wavevec-
tors and therefore with unconventional CDW states.

The m = 8 compound shows two successive Peierls
instabilities. Unlike all other compounds of the series,
the associated CDW-wavevectors of both transitions do
not condense into distinct satellite spots even at the low-
est temperatures as revealed by X-ray diffuse scattering
studies [10]. This implies that the CDWs are correlated
over a finite distance only. The high temperature metal-
lic behaviour of the resistivity can be attributed to the
undistorted Fermi surface in the normal state. The min-
imum and the increase of ρ at lower temperatures might
be due to the gradual opening of Peierls gaps at Tp1 and
Tp2. However, one also has to consider the possibility of
an intrinsic disorder caused by the uncorrelated CDWs
which could decrease the conductivity. The minimum of
ρ at 260 K and the very weak anomalies at Tp1 and Tp2

could be a hint to a pseudogap regime above the Peierls
transitions, similarly to the one suggested for m = 7. The
thermoelectric power shows distinct anomalies at the tran-
sition temperatures, which reflects a modification of the
Fermi surface by the CDW gap openings. The negative
sign of the thermoelectric power indicates that the ma-
jority charge carriers are electrons in both the CDW and
normal state of m = 8.

Resistivity vs. temperature data on m = 9 do not show
a distinct anomaly at Tp1. One should note that the slope
dρ/dT is negative in the normal and CDW state as well
as in the m = 9 as in the m = 7 compound. Below Tp1,
the maximum of the resistivity could be due to the gradual

opening of the Peierls gap, affecting the Fermi surface and
the charge carriers.

3.2 Low temperature regime

3.2.1 Theoretical background

a) Weak localization

All three compounds discussed here show an increase of
the resistivity at low temperatures upon cooling. We ob-
served temperature and magnetic field variations of the
resistivity that can be interpreted in the framework of
weak localisation theory [16,18,19].

In the case of weak disorder, the elastic mean free path
of an electron in a lattice is very short when compared
with the inelastic one. The motion of conduction elec-
trons, moving between two points in a crystal lattice is
diffusive. It is characterized by an electron diffusion con-
stant D which is related to the electrical conductivity σ
and the density of states at the Fermi level n(εF) by the
Einstein relation:

D = σ/e2n(εF). (1)

Among the various paths an electron can travel between
two points of the lattice, there is the particular case of
the electron returning to its starting point. In this case,
the partial wavefunctions of the electron along this path
can interfere constructively and the quantum mechanical
probability of the returning path is enhanced by a factor
of two compared with the classical probability. Such pro-
cesses lead to weak localization and are responsible for an
increase of the resistivity.

The constructive interference of the partial electron
wavefunctions can be destroyed by the effect of a magnetic
field B and inelastic scattering with electrons or phonons.
The corresponding scattering time for inelastic scattering
τie is :

τ−1
ie = τ−1

ee + τ−1
ep (2)

where τee is the electron-electron and τep the electron-
phonon scattering time. They have characteristic tempera-
ture dependences following power laws T−p with 1.5 < p <
2 and 2 < p < 4 for electron-electron [20] and electron-
phonon scattering [21] respectively.

An electromagnetic vector potential causes a phase
shift of the partial electron wavefunctions and thus
destroys their phase-coherence. This is known as the
Aharonov-Bohm effect. It is associated with a magnetic
scattering time τB = ~/4eDB. Finally, let us consider the
spin-orbit scattering time, τso, which is related to the in-
teraction of the spin of the conduction electron with the
orbital momentum. This effect is responsible for a reduc-
tion of the return probability of the electron.

The quantum correction to the conductivity is, in the
three dimensional (3D) case [22]:

δσ ∼ e2

~Lϕ
+ const. (3)
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Lϕ = (Dτϕ)1/2 is the phase coherence length, with τϕ ∼
T−p.

In the two-dimensional (2D) case,

δσd ∼
−e2

~
lnLϕ/` (4)

where ` is the mean free path and σd = σa where a is the
transverse size of the system.

An expression for the magnetoresistance has been
given by Altshuler and Aronov in the 3D case [19,23]:

∆ρ(B)
ρ

= −ρ e2

2π2~

√
eB

~

[
f3

(
4DeBτϕ
~

)]
(5)

where f3 is the Kawabata function [24] with limiting
values:

f3(x) =

{
0.605 x� 1
x3/2/48 x� 1

. (6)

For strong magnetic fields (x� 1) the magnetoresistance
decreases and follows the law:

∆ρ(B)
ρ

= −0.605ρ
e2

2π2~

√
eB

~
·

In the 2D case [23], for B perpendicular to the plane of
the system,

∆ρ(B)
ρ

= −ρ e2

2π2~
f2

(
4DeBτϕ
~

)
(7)

with

f2(x) =

{
lnx x� 1
x2/24 x� 1

.

b) Electron-electron interaction effects

In the presence of strong elastic scattering, the conduc-
tion electrons can also interact with each other. Unlike
the preceding case where interactions are neglected, we
consider now two interacting electrons with energies near
the Fermi level having a difference of the order of kBT .
The phase coherence of their wavefunctions is destroyed
after a time τT ≈ ~/kBT . An expression for the correction
to the conductivity in the 3D case due to electron-electron
interaction (EEI) has been derived [25]:

δσ ∝
√
kBT

~D
· (8)

In the 2D case, the correction can be written [25]:

δσ ∝
√
kBT

~D
× lnTτ

~
· (8′)

The magnetoresistance arising from spin splitting of con-
duction electron energies has been calculated by Lee and
Ramakrishnan [26]:

∆ρ(B)
ρ

= ρ
e2

2π2~
F̃σ
2

√
kBT

2~D
g3

(
g∗µBB

kBT

)
(9)

where the function g3(x) for the 3D case has the limiting
values

√
x − 1.3 for x � 1 and 0.053x2 for x � 1. g∗ is

the effective Landé factor of the electron. F̃σ is a function
which depends on the screening constant in a Hartree-Fock
approach.

In the 2D case, ∆ρρ ∝ g2(x).
The function g2(x) has the limiting behaviours: with

g2(x) =

{
ln(x/1.3) x� 1
0.084x2 x� 1

(10)

3.2.2 Analysis

a) m = 7 compounds

We can evaluate the diffusion constant in the case of the
m = 7 compound by equation (1) with values from the
electrical conductivity and from the linear contribution γT
to the specific heat at low temperatures. With the γ value
obtained in reference [15a], (γ = 136±14 mJ mole−1K−2)
and with γ = π2k2

Bn(εF)/3, one obtains D = 5.4 ×
10−2 cm2s−1 as determined from the extrapolated con-
ductivity at T = 0 K. This low diffusivity value is compa-
rable to what is found in a number of disordered transition
metal oxides (i.e.; in the class of ABO3 compounds) show-
ing weak localization effects [27].

At very low temperatures, the lnT behaviour of the
conductivity is consistent with equation (4) with τϕ ∼
T−p. It is characteristic of a quasi-2D regime, valid for
weak localization effects and electron-electron interac-
tions. This law is not observed in the m > 7 compounds.

We attribute to a classical contribution the high field
behaviour of the magnetoresistance, which follows a B2

law up to high temperatures. In an earlier paper [7], we
have evaluated the number of carriers and their mobil-
ities by using a fairly simple two-band model (one band
hole- and one band electron-like) associated with spherical
Fermi surfaces. Mobilites in the range of 140 cm2V−1s−1

had been obtained at T = 4.2 K. These values are much
smaller than those found in the compounds with low m
values (m = 4, 6) [4]. This result together with negative
magnetoresistance effects corroborate our weak localiza-
tion approach.

b) m = 8 compound

The results obtained on the m = 8 compound can also
be interpreted in the framework of quantum interfer-
ence effects. The diffusion constant can be obtained from
the conductivity and specific heat data. The linear co-
efficient of the specific heat has been found to be γ =
14 mJ mole−1K−1 [15b]. The diffusion constant is then
D = 3.5× 10−1 cm2s−1. This value is well above that of
the m = 7 compound.

The thermal dependence of the electrical conductivity
(Figs. 3a, b) reveal two regimes of quantum interference
effects. The T 1/2 behaviour for T < 3 K is characteris-
tic of a 3D regime of electron-electron interactions while
the linear regime below ∼ 40 K is characteristic of a 3D
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(a)

(b)

Fig. 10. (a) (∆ρ/ρ2)T−1/2 as a function of (B/T )1/2 for a
m = 8 sample (see text). Dots correspond to the same data as
in Figure 6; solid line: data obtained at fixed field B = 16 T as
a function of temperature. (b) (∆ρ/ρ2) as a function of B/T
for a m = 8 sample (see text).

regime of weak localization which could be associated to
the presence of fluctuating CDW domains.

Contrarily to the m = 7 compounds, the magnetore-
sistance of the m = 8 compound is always positive and in-
creases monotonically up to 16 T and down to 0.3 K. This
behaviour can be explained by a consequence of electron-
electron interactions. The magnetoresistance due to these
interactions is given in the 3D case by a scaling law of the
form:

∆ρ(B)
ρ2
√
T

= α

√
B

T
− β (11)

which corresponds to equation (9) in the limit x � 1.

Figure 10a shows a plot of ∆ρ(B)

ρ2
√
T

versus
√

B
T for the ex-

Table 1. Comparison of the coefficients α, β obtained from
the fit of the magnetoresistance data to the electron-electron
interactions model; m = 8 compound.

m = 8 experimental theoretical

α
�

Ω−1cm−1T−1/2
�

5.5 5.4

β
�

Ω−1cm−1K−1/2
�

2.3 2.2

perimental data with the magnetoresistance obtained as a
function of magnetic field at fixed temperatures (dots) and
as a function of temperature at fixed field values (line).
Except for T = 0.3 K, all curves superimpose. The above
scaling law (Eq. (11)) is well-obeyed except for T = 0.3 K.
In the limit of small

√
B/T values, the plot shows a pos-

itive curvature as expected from the limit of g3(x) for
x� 1.The plot becomes linear for higher values of

√
B/T

as expected from g3(x) for x� 1.
The obtained coefficients α and β are in good agree-

ment with the theoretical values (Tab. 1). At lower
√
B/T

values, Figure 10a shows a hump related with the low
temperature data. This hump disappears at higher tem-
peratures. It is possibly due to a classical origin or to a
contribution of weak localization. Figure 10b shows a plot
of the experimental data using the 2D model. The curves
do not superimpose. A 3D model for the quantum inter-
ference effects is therefore appropriate.

For T > 4.2 K, the magnetoresistance shows a quasi-
linear dependence with the magnetic field. Although a B2

is predicted by (Eq. (9)), the experimental values are too
large to be accounted for. This behaviour has therefore
probably a classical origin.

c) m = 9 compound

The quasi linear temperature dependence of the conduc-
tivity below ∼ 40 K is characteristic of a 3D regime of
weak localization. At magnetic fields such that gµBB

kBT
� 1,

the magnetoresistance decreases with increasing B and
follow a B1/2 law (Fig. 9a):

∆ρ/ρ = −ηB1/2.

We can then deduce the coefficient η from this fit and
compare it to the theoretical value given in equation (6)
in the limit x � 1. We find η = 5 × 10−3 ΩmT−1/2,
of the same order of magnitude as the theoretical value
7.2× 10−3 ΩmT−1/2.

3.2.3 Possible sources of disorder

The presence of quantum interference effects is due to
an elastic mean free path short compared to the in-
elastic one. This comparatively short elastic mean free
path is due to disorder. One should therefore analyse the
possible sources of disorder in the monophosphate tung-
sten bronzes (PO2)4(WO3)2m with m > 6. Electron mi-
croscopy studies show clearly that stacking faults of WO3
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layers corresponding to different m values are more and
more frequent when m is increased [28]. This corresponds
to intergrowth of layers of different m values compounds.
This kind of planar defects cannot be eliminated and have
to be taken into account in the large m phases. Since it
is unlikely that the impurities concentration is larger in
large m compounds than in the small m ones, we suggest
that the localization effects are generally due to these in-
tergrowth defects.

In the special case of the m = 8 compound, the CDW
do not develop long range order down to the lowest tem-
peratures. One therefore cannot exclude that these local
uncorrelated Peierls lattice distortions may have an effect
on the transport properties and represent a possible source
of intrinsic disorder besides the mechanisms mentioned
above. This disorder might be temperature dependent and
related to the size of the fluctuating CDW domains.

3.2.4 Dimensionality

The variation of the dimensionality observed in the lo-
calisation properties is striking. Our results indicate a
crossover between a 2D regime and a 3D one between
the compounds m = 7 and m = 8 and 9. The inter-
layer coupling is expected to decrease when m is increased,
which would increase the low dimensionality character.
One should note that the thickness of the WO3 layers
increases regularly with the c axis parameter when m is
increased. However, the c-axis parameter increases only by
∼ 20% when m varies from 7 to 9 [29]. Therefore, we sug-
gest that the change of dimensionality between the m = 7
and m = 8 and 9 is rather due to a rapid decrease of Lϕ
with increasing m. When Lϕ becomes smaller than the
layer thickness, a three-dimensional behaviour is expected
to be dominant. The decrease of Lϕ may be related to an
increase of disorder from m = 7 to m = 8 and 9, probably
induced by a larger number of intergrowth defects. This
latter mechanism is an additional one to the effect of the
increase of the layer thickness with m. Anyhow, these re-
sults indicate that the transverse coupling does not play
a major role for the localization properties and that the
transport data are dominated by the intralayers processes.

4 Conclusion

In summary, electrical resistivity and magnetoresistance
measurements have provided information on the low tem-
perature CDW state of the (PO2)4(WO3)2m phosphate
tungsten bronzes form = 7, 8, 9. All compounds exhibit an
upturn of resistivity at low temperatures. We have shown
that quantum interference effects can explain the resis-
tivity and magnetoresistance data at low temperatures.
These properties may be due to disorder induced by the
intergrowth of layers corresponding to different m values
in the large m compounds, since such properties are not
observed in low m (m < 7) compounds.

The dimensionality of the regime of localization is
found to vary with m. For m = 7, a quasi-two dimen-
sional description is appropriate. This latter compound
is a system which allows further studies of the interplay
between charge density wave, superconductivity and lo-
calization effects. For the m = 8 and m = 9 compounds,
three-dimensional models of quantum interference effects
can describe satisfactorily the results. The change of di-
mensionality between the m = 7 and m = 8 and 9 com-
pounds may be due to a rapid decrease of Lϕ associated
to an increase of disorder when m is increased.
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6. Ph. Labbé, M. Goreaud, B. Raveau, J. Solid State Chem.
61, 324 (1986); M. Borel, M. Goreaud, A. Grandin, Ph.
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