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The monophosphate tungsten bronzes (PO2)4(WO3)2m with
pentagonal tunnels are quasi-two-dimensional conductors that
show charge density wave type electronic instabilities. These
series of compounds provide a model system where the low-
dimensional character and the average electron concentration
are functions of the m parameter. The low m compounds
(m 5 4, 6) show conventional charge density wave instabilities.
The m 5 5 compound exists with two di4erent crystal structures
and shows instabilities with slightly di4erent properties. We
report measurements of transport properties for the compounds
m 5 5, 7, 8, 9. We show that, for m > 7, these compounds exhibit
an upturn of resistivity and 5eld dependence of the magnetoresis-
tance characteristic of quantum interference e4ects. We also
report transport properties of the compounds KxP4W8O32 with
pseudo-hexagonal tunnels that show electronic instabilities with
critical temperatures depending on x. ( 1999 Academic Press

Key Words: charge density wave; magnetotransport; localiza-
tion; low dimensional.

INTRODUCTION

Low-dimensional metallic oxides exhibit two types of
electronic instabilities: Peierls type transition toward
a charge density wave (CDW) state or superconducting
instability. The existence of Peierls transitions is associated
to Fermi surfaces (FS) showing nesting properties in the
normal state. These instabilities give rise to gap openings
on the FS and to either metal}semiconductor transitions
or metal}metal transitions if electron and hole pockets
are left on the Fermi surface. This is the case of the quasi-
2D monophosphate tungsten bronzes with the general
formula (PO

2
)
4
(WO

3
)
2m

, where m can be varied from 4 to
14 (1}5).

These series of compounds have been synthesized and
their crystal structures studied more than a decade ago (6).
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Their lattice is orthorhombic or monoclinic (pseudo-or-
thorhombic) with pentagonal tunnels. It is built with ReO

3
-

type in"nite layers of WO
6

octahedra parallel to the (a, b)
plane, separated by PO

4
tetrahedra. Since the 5d conduction

electrons are located in the perovskite [WO
3
]-type slabs,

the electronic properties are quasi-2D and the Fermi surface
in the normal state is quasi-cylindrical. The thickness of the
perovskite [WO

3
]-type slabs, and therefore the c parameter,

is increasing with m, while a and b weakly depend on it.
A typical example of the crystal structure is given in Fig. 1a
for the m"6 compound.

The number of 5d electrons per primitive cell is always
4 regardless the value of m, while the average number of
conduction electrons per W atom is 2/m. The carrier density
is therefore decreasing with m. This may lead to a weaker
screening and to an increase of electron}electron interac-
tions. These compounds show high Peierls temperatures,
above room temperature for large values of m (4). A typical
example of charge density wave instabilities revealed by
resistivity measurements is shown in Fig. 1b for an m"6
compound. Two anomalies are observed at ¹

11
"120 K

and ¹
12
"62 K (4). X-ray di!use scattering (XRDS) studies

have shown that they correspond to incommensurate CDW
with wave vector components in the (a, b) plane q

1
"

(0.385, 0) and q
2
"(0.310, 0.295). A third instability has also

been detected at ¹
13
"30 K by X-ray with a wave vector

q
3
"(0.29, 0.11) (4, 9). One should note in Fig. 1b that a gi-

ant positive magnetoresistance is found at low temperatures
when the magnetic "eld is perpendicular to the (a, b) plane.
The compound m"4 shows two Peierls transitions at
¹
11
"80 K and ¹

12
"52 K revealed by resistivity and

XRDS measurements. XRDS studies show that they corres-
pond to an incommensurate CDW with wave vector com-
ponents in the (a, b) plane q

1
"(0.330, 0.295) and

q
2
"(0.340, 0) (4, 9).



FIG. 1. (a) Crystal structure of P
4
W

12
O

44
(m"6) showing the WO

6
octahedra and PO

4
tetrahedra (from Ref. 6). (b) Resistivity of an m"6

sample as a function of temperature for magnetic "eld B"0 and B"6 T.
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Band structure calculations using a tight binding ex-
tended HuK ckel method in a 2D approximation have been
performed (7). Three bands cross the Fermi level. Nesting
properties appear on the resulting Fermi surface obtained
from the superposition of the three corresponding sheets.
This is the so-called hidden nesting or hidden one dimen-
sionality, due to the presence of in"nite chains of WO

6
octahedra along the a, (a#b), and (a!b) axes. In this
approximation, the Fermi surface can be viewed as the
superposition of three quasi-1D Fermi surfaces.

Both the low-dimensional character and the average con-
duction electron density can be varied with the m parameter.
One can also vary the conduction band "lling by inserting
an alkaline element in the structure. This is the case in
K

x
P
4
W

8
O

32
with pseudo-hexagonal tunnels where the aver-

age number of conduction electron per W site is (4#x)/8
(8).

This article focuses on the series of monophosphate tung-
sten bronzes (PO

2
)
4
(WO

3
)
2m

with m"5, 7, 8, 9 and on the
compounds K

x
P
4
W

8
O

32
for which a ¹

#
(x) phase diagram is

given.

EXPERIMENTAL

Single crystals used in these studies have been grown by
chemical vapor transport technique (10, 11). The crystals are
platelets parallel to the (a, b) conducting plane and have
typical size (2]0.5]0.05 mm3). In the case of K

x
P
4
W

8
O

32
,

crystals as large as 6]2]0.4 mm3 have been obtained by
this method (12). To obtain low contact resistance, the
samples were washed in acetone and then in a 20% HF bath
for 1 h; rapidly after this washing, silver pads of 500 As were
evaporated: contact resistance typically less than 10 ) was
obtained. Due to the anisotropic transport properties of
these compounds, special care was taken to optimize the
homogeneity of the current lines: the silver pads were evap-
orated to cover also the edge of the samples. With this
method, unnested voltage (13) less than 10% of the meas-
ured voltage was easily obtained. This indicates that good
ohmic contacts were obtained.

RESULTS

1. Transport Properties and Instabilities in the Two m"5
Structural Varieties

The m"5 compound is di!erent from the other members
of the series. Contrary to the others, it exists with two
di!erent structures leading to di!erent transport properties.
In the "rst type, the crystal structure is built with alternate
layers of WO

6
octahedra of di!erent thickness: the structure

can be viewed as a regular intergrowth of m"4 and m"6
compound (6). In this case, an anomaly of the resistivity vs
temperature at ¹&160 K and a weaker one at &30 K have
been found, as illustrated in Fig. 2a. The anomaly at
&160 K is observed in the thermoelectric power S vs tem-
perature, as shown in Fig. 2b. S is always negative. The
change of the slope dS/d¹ below &160 K may indicate that
electron pockets become predominant in this temperature
range and that hole pockets become again dominant at
lower temperatures. The high temperature anomaly should
be associated with a Peierls instability since a structural
transition is observed at the same temperature (9).



FIG. 2. (a) Resistivity of an m"5 sample with an alternate 4/6/4/6
structure as a function of temperature. (b) Thermoelectric power of an
m"5 sample with an alternate 4/6/4/6 structure as a function of temper-
ature.

FIG. 3. (a) Resistivity of an m"5 sample with a regular 5/5/5 struc-
ture as a function of temperature. (b) Thermoelectric power of an m"5
sample with a regular 5/5/5 structure as a function of temperature.
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In the second type, the crystal structure is made of a regu-
lar stacking of WO

6
octahedra slabs, all with the same

thickness corresponding to the succession 5/5/5. Only one
anomaly in the resistance vs temperature curve is detected
at ¹&60 K, as shown in Fig. 3a. This anomaly is also
marked by a rather abrupt change in the slope dS/d¹ in the
thermoelectric power vs temperature curve, as indicated in
Fig. 3b (14).

Two structural instabilities have been found by XRDS
studies, one at &60 K the other at &80 K, with weak
satellite intensities (15). Our transport data support the
presence of a partial Peierls gap opening onset at 60 K
which would a!ect only a small portion of the Fermi
surface.
2. Charge Density Wave Instabilities and Quantum
Interference Ewects in the m"7, 8, 9 Compounds

The resistivity of the m"7 compound has been measured
down to 0.3 K. Below room temperature, on decreasing the
temperature, the resistivity increases up to 170 K where an
abrupt change occurs, associated to the "rst Peierls
transition at ¹

11
"188 K (Fig. 4a). Below this temperature,

the resistivity still increases, reaches a rather sharp max-
imum (&165 K), and decreases down to a broad minimum
(3). The o (¹ ) curve shows thermal hysteresis between
&100 K and ¹

11
. At ¹"0.3 K, this compound enters

a superconducting phase described elesewhere (16). To our
knowledge, this compound is the "rst superconducting
quasi-two-dimensional transition metal oxide bronze. On
Fig. 4a is also shown the resistivity curve obtained with
a magnetic "eld of 16 T applied parallel to the c axis.
The resistivity behavior is not strongly modi"ed by the mag-
netic "eld, the main di!erence being a more pronounced



FIG. 4. (a) Resistivity and magnetoresistivity of an m"7 sample.
(b) Magnetoresistance of an m"7 sample as a function of magnetic "eld at
indicated temperatures. (c) Magnetoresistance of an m"7 sample as
a function of magnetic "eld at low temperatures (¹(3 K); current along
the crystallographic a direction and magnetic "eld along c. The insert
shows the low-"eld part of the magnetoresistance.
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resistivity minimum shifted to a higher temperature
(&60 K). A second transition at ¹

12
"60 K has been detec-

ted by X-ray studies only (9). Both transitions are associated
with the existence of several harmonics of the incommensur-
ate CDW satellite wave vectors.
For ¹'10 K, the magnetoresistance (MR) increases
quadratically with magnetic "eld (Fig. 4b). At lower temper-
atures (Fig. 4c), the MR is more complex: it "rst increases
up to B&0.3 T and then decreases and passes through
a large minimum before it reaches a quadratic regime sim-
ilar to that obtained at high temperature. This low-"eld
behavior is reminiscent of what occurs in some disordered
systems (17).

In the m"8 member, two incommensurate CDW modu-
lations are detected by XRDS studies but no long-range
order is achieved by cooling down to the lowest measure-
ment temperature of &35 K (9). Only a short-range order
can be observed. The resistivity of the m"8 compound was
measured between 0.3 and 600 K (Fig. 5a). At high temper-
ature (¹'300 K), the resistivity is metallic type
(do/d¹'0). A broad minimum occurs just below room
temperature and for some samples a very weak change in
slope can be detected at the Peierls transitions (¹

11
&220 K,

¹
12
&200 K). The increase of the resistivity on lowering

temperature becomes faster below 50 K.
The MR of the m"8 compound is positive on the whole

explored range of temperature and magnetic "eld. However,
as in the m"7 compound, two temperature ranges for the
MR must be considered. Below 10 K (Fig. 5b), the MR
varies rapidly for "elds up to 0.5 T and slows down at higher
"eld. For ¹'10 K, a quadratic regime is reached similar to
that obtained in the m"7 compound (Fig. 5c).

In the m"9 member, two commensurate CDW modula-
tions toward a long-range order occur. The existence of
higher order harmonics of the CDW satellites show that the
instabilities are not conventional Peierls transitions (9). The
resistivity of the m"9 compound was measured between
0.3 and 580 K (Fig. 6a). The resistivity coe$cient do/d¹ is
always negative down to &200 K and the Peierls
transitions (¹

11
"565 K, ¹

12
"330 K), as obtained by

XRDS studies, are not clearly identi"ed on the o (¹) curve.
Below 50 K, similar to the m"7 and m"8 compounds, the
resistivity increases with decreasing temperature. No sign of
superconductivity was detected down to 0.3 K.

The MR behaves similarly to that of the m"7 com-
pound: at low ¹, the MR increases linearly with magnetic
"eld (Fig. 6b) up to 7 ¹ and slowly decreases at higher "elds.
The "eld 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. 6c), the B2 regime is
recovered.

3. Instabilities in K
x
P
4
W

8
O

32
The structure of K

x
P
4
W

8
O

32
is similar to that of

(PO
2
)
4
(WO

3
)
2m

(12). However, the unit cell is now mono-
clinic due to a di!erent arrangement of two successive
WO

3
-type slabs and the tunnels that are primarily pseudo-



FIG. 5. (a) Resistivity vs temperature for an m"8 sample; current
along (a#b) axis. ¹

11
and ¹

12
are the Peierls transition temperatures

obtained by XRDS measurements (9). (b) Magnetoresistance vs magnetic
"eld at ¹(1.6 K for an m"8 sample; B//c. (c) Magnetoresistance vs
magnetic "eld at indicated temperatures; B//c; I //(a#b).

FIG. 6. (a) Resistivity as a function of temperature for an m"9
sample; current along the a direction. ¹

11
and ¹

12
are the Peierls transition

temperatures obtained by XRDS measurements (9). (b) Magnetoresistance
as a function of magnetic "eld for an m"9 sample at ¹(10 K.
(c) Magnetoresistance as a function of magnetic "eld for an m"9 sample
at ¹'30 K. Solid lines are "ts according to a quadratic law.
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pentagonal become pseudo-hexagonal. In these tunnels
there are four crystallographic sites that can be statistically
occupied by the K atoms whose content x can vary from
x"0.75 to x"2. The crystal structure is illustrated
in Figs. 7a and 7b. Changing x leads to a change of
the conduction band "lling. Band structure calculations



FIG. 7. (a) Projection along b of the crystal structure of K
x
P
4
W

8
O

32
.

(b) Section of a slab of WO
3
-type normal to an axis of the WO

6
octa-

hedron.

FIG. 8. (a) Resistivity vs temperature of K
x
P
4
W

8
O

32
samples for

0.8(x(1.30. (b) Resistivity vs temperature of K
x
P
4
W

8
O

32
samples for

1.30(x(1.8.
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performed with x"0.8 show Fermi surface nesting proper-
ties similar to those of (PO

2
)
4
(WO

3
)
2m

(18).
Figures 8a and 8b show the resistivity versus temperature

curves for 0.86(x(1.94. o is characteristic of a metal
showing an anomaly at a temperature ¹

#
(x) marked by

a minimum followed by a small hump and a decrease of o at
lower temperatures. In contrast to the m'7 undoped com-
pound, no upturn of resistivity at low temperatures is ob-
served. The curve ¹

#
(x) "rst increases with x from

¹
#
"135 K (x"0.86) to a maximum of ¹

#
"165 K for

x"1.30. ¹
#

then decreases reaching 80 K for x"1.94
(Fig. 9). A large positive magnetoresistance is observed at
low temperatures. It increases quadratically with the mag-
netic "eld. Its anisotropy is consistent with a quasi-cylin-
drical Fermi surface (19). XRDS studies (19) show that the
wave vector of the modulation does not change with the
band "lling related to x. The satellite re#exions appear at
a commensurate value q"0.50a*.

DISCUSSION

Let us now summarize "rst the main experimental results
on the m"7, 8, 9 compounds and compare them to those
obtained on the low m compounds (m"4, 5, 6). All three
compounds with m"7, 8, 9 show an increase in resistivity
at low temperatures upon cooling while for low m com-
pounds resistivity saturates. At low temperatures
(¹(50 K), the resistivity coe$cient do/d¹ of the &&high-m
compounds'' is always negative in contrast to &&the low-m
compounds'' family, in which the resistivity behavior at low
¹ is similar to that of a metal with a residual resistivity less
than 1 m).cm. For the high-m compounds, the resistivity at
low temperatures is larger than 1 m).cm. The MR at low
¹ does not show any Shubnikov}de Haas oscillations as
observed in the m"4, 6 and m"5 with alternate 4/6/4/6



FIG. 9. Transition temperature ¹
#
as a function of the K concentration

x for K
x
P
4
W

8
O

32
.
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structure compounds (20). The MR is comparatively small:
for instance, at 4.2 K and 6 T, *o/o is always less than 3%,
whereas for the low-m family, under the same conditions,
*o/o is of order of 100%. The basic interpretation of these
transport measurements at low ¹ needs a model more
elaborated than that of the nearly free electrons used for the
low-m compounds. These results are discussed in the con-
text of quantum interference e!ects (QIE), which are due to
an elastic mean free path that is short compared to the
inelastic one.

The Peierls instability in the m"7 compound appears as
an anomaly on the resistivity vs temperature curve. At
temperatures above ¹

11
, the increase in o on lowering the

temperature could be due to the existence of a pseudogap.
This has been suggested earlier with respect to pretransi-
tional streaks on the X-ray patterns (21). The observed
increase in o below ¹

11
is a general feature of Peierls

transitions and is attributed to a loss of carriers as the
Peierls gap opens. At lower temperatures, the CDW state of
m"7 is characterized by a metallic behavior of the resistiv-
ity associated with the remaining parts of the Fermi surface.
The strong thermal hysteresis, which has also been observed
on the intensity of CDW satellite re#ections, is not under-
stood at the moment. It could be due to metastable con-
"gurations of CDW. A second CDW transition has been
observed by X-ray studies at ¹

12
"60 K. It does not appear

as a distinct anomaly on the resistivity curve as for ¹
11

. One
may note that both charge density wave anomalies in this
compound are associated with nonsinusoidal modulations
of the satellite wave vectors and therefore unconventional
CDW states.

The m"8 compound shows two successive Peierls in-
stabilities. Unlike all other compounds of the series, the
associated CDW}wave vectors of both transitions do not
condense into distinct satellite spots even at the lowest
temperatures as revealed by XRDS studies (9). This implies
that the CDWs are correlated over a "nite distance only.
The minimum at &260 K and the increase in o at lower
temperatures might be due to the gradual opening of Peierls
gaps at ¹

11
and ¹

12
. However, one also has to consider the
possibility of an intrinsic disorder caused by the uncor-
related CDWs that could decrease the conductivity. The
minimum of o at 260 K and the very weak anomalies at
¹
11

and ¹
12

could be a hint to pseudogap regime above the
Peierls transitions, similar to the one suggested for m"7.

Resistivity vs temperature data on m"9 do not reveal
any anomaly at ¹

11
"565 K. One should note that the

slope do/d¹ is negative in the normal and CDW states in
the m"9 as well as in the m"7 compound. The broad
maximum of the resistivity could be due to the gradual
opening of the Peierls gap, a!ecting the Fermi surface and
the charge carriers.

As mentioned above, the localization properties found at
low temperatures in the m57 compounds may be due to
QIE. This is related to comparatively short elastic mean free
paths in these materials. Two contributions to the QIE are
usually considered: the so-called weak localization if elec-
tron}electron interactions can be neglected and the so-
called electron}electron interaction in the other case.

In the weak localization regime, the properties depend on
several types of scattering times, namely, an inelastic scatter-
ing time q

*%
, a spin-orbit scattering time q

40
and a magnetic

scattering time q
B
. The magnetic scattering time depends on

the magnetic "eld and is related to a di!usion constant
D through q

B
"+/4eDB. The di!usion constant D may be

evaluated from the Einstein relation D"1/on(e
F
)e2 where

n(e
F
) is the density of states at the Fermi level. For example,

in the m"7 compound, using the data of Ref. (22) for the
linear contribution to the speci"c heat, c¹, with c"
n2k2

B
n (e

F
)/3, (c"136 mJmole~1K~2) one estimates D to be

at 1.6 K of the order of 5]10~2 cm2 s~1. This low di!us-
ivity value is comparable to what is found in a number of
transition metal oxides (such as the class of ABO

3
com-

pounds) showing weak localization e!ects (23). A weak
localization model is therefore appropriate.

The anomalous "eld dependence of the magnetoresis-
tance of the m"7 compound at low temperatures (Fig. 4c)
can thus be discussed along these lines. One expects
a change in sign of *o/o in some intermediate "eld range
(24). This is not inconsistent with the data for m"7 or
m"9 (Fig. 6b). These results are discussed in more detail in
Ref. (25).

In the case of the m"8 compound, the di!usion coe$c-
ient is evaluated at low temperature (¹&1.6 K)
D&3.5]10~1 cm2 s~1, using an experimental value for c of
14 mJmole~1K~1 (25).

However, contrarily to the m"7 compound, the mag-
netoresistance of the m"8 compound is always positive
and increases monotonically up to 16 T and down to 0.3 K.
This behavior cannot be quantitatively explained by weak
localization e!ects but rather by a consequence of elec-
tron}electron interactions.

The presence of quantum interference e!ects is due to an
elastic mean free path that is short compared to the inelastic
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one. This comparatively short elastic mean free path may
have several origins, such as (i) the presence of impurities,
(ii) the possibility of oxygen nonstoichiometry, and (iii) the
possibility of stacking faults of WO

3
layers through more or

less extended intergrowth defects as revealed by HREM
studies (26). The probability of such defects which involve
a local change of the m value increases as the thickness of the
WO

3
-type slabs increases.

One should note that in the m"8 compound the CDW
do not develop long-range order down to the lowest temper-
atures. These local uncorrelated Peierls lattice distortions
may also have an e!ect on the transport properties and
represent a possible source of intrinsic disorder besides the
mechanisms mentioned above.

In K
x
P
4
W

8
O

32
, the coupled electronic and structural

transition at ¹
#

is not a simple Peierls transition. In the
context of a Peierls-like transition, the absence of variation
of the wave vector with x could be related to a change in the
"lling of a nonrigid three-band system. The value x&4/3
for the maximum in the ¹

#
(x) curve corresponds on average

to 2/3 electrons per W site. The ¹
#
dependence on x suggests

that the relative "lling of the three bands crossing the Fermi
level varies with x and is associated with strong elec-
tron}lattice coupling inducing a lock-in type transition. In
the mean "eld approximation, the concentration x&4/3
would correspond to a maximum of the density of states at
the Fermi level, possibly related to two half-"lled conduc-
tion bands and one empty conduction band.

CONCLUSION

In summary, the monophosphate tungsten bronzes pro-
vide a model system for quasi-two-dimensional conductors
where the Peierls temperatures and the electrical resistivity
can be varied as a function of the m parameter. Resistivity
and magnetoresistance measurements have given informa-
tion on the low-temperature CDW state of the (PO

2
)
4

(WO
3
)
2m

phosphate tungsten bronzes for m"7, 8, 9 and of
K

x
P
4
W

8
O

32
. All compounds with m'7 exhibit an upturn

of resistivity at low temperatures. Quantum interference
e!ects can explain the magnetoresistance data. In the m"7
and m"9 compounds, the weak localization mechanism is
dominant while for m"8 the main contribution seems to be
the interaction between electrons. The m"7 compound is
a system that allows study of the interplay among charge
density wave, superconductivity, and weak localization ef-
fects. In the case of K

x
P
4
W

8
O

32
, the origin of the coupled

electronic and structural transition is not yet elucidated.
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