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Abstract. The potassium doped monophosphate tungsten bronzes KxP4W8O32 are two-dimensional metals
which show a metal-to-metal transition at a critical temperature which depends on the doping level. The
metal-to-metal transition is accompanied by the formation of a commensurate charge density wave with
wave vector (π/b,0) which is independent of the doping level. Undoped P4W8O32, on the other hand, has
two metal-to-metal transitions which are connected to the formation of incommensurate charge density
waves. We measured the infrared reflectivity of the series KxP4W8O32 (x = 0 - 1.57) in the spectral range
from 100 to 10 000 cm−1 for room temperature and well below the critical temperature. Polarization-
dependent infrared spectra find a two-dimensional behavior in the normal and the charge density wave
state and show signatures of hybridization between one- and two-dimensional conduction bands. In undoped
P4W8O32 the essentials of the charge density wave state can be understood from the nesting vectors of
the calculated Fermi surface and two gaps are observed in the infrared spectra. The gap sizes are a factor
of about 2.5 bigger than the predictions from mean-field theory in the weak-coupling limit which suggests
medium- or strong electron-phonon coupling. For potassium doped KxP4W8O32 one gap is observed in
the charge density wave state. The energetics of the charge density formation may be dominated by the
energy required for the lattice modulation.

PACS. 71.45.Lr Charge-density-wave systems – 78.66.-w Optical properties of specific thin films – 78.30.-j
Infrared and Raman spectra – 71.20.-b Electron density of states and band structure of crystalline solids

1 Introduction

Low-dimensional metallic oxides have been the subject
of extensive research associated with electronic instabil-
ities such as the superconducting or the charge density
wave (CDW) state [1–4]. Crucial for the formation of the
charge density wave state are the nesting properties of
the Fermi surface (FS). The Fermi surface of an ideal
one-dimensional metal consists of two parallel sheets at
±kF (Fermi wave vector). The FS is perfectly nested with
the nesting vector 2kF and completely removed during
the transition into the CDW state establishing a metal-
to-insulator transition. For two-dimensional metals only
parts of the FS are nested. In the CDW state only the
nested parts of the FS are destroyed and electron- or hole
pockets are left on the FS giving rise to a metallic behav-
ior. Consequently in two-dimensional metals the transition
into the CDW state is a metal-to-metal transition.

The monophosphate tungsten bronzes (PO2)4-
(WO3)2m (MPTB) with m ranging from 4 to 14 are

a e-mail: dressel@pi1.physik.uni-stuttgart.de
b CNRS-UMR 6508

attractive model systems for a study of the properties
of two-dimensional metals [5,6]. The MPTB’s are built
of infinite W4O16 layers of ReO3-type WO6 octrahedra
connected by PO4 tetrahedra which create pentagonal
tunnels. The W5d and O2p conduction electrons are
located in the W4O16 layers creating a quasi two-
dimensional electron system. The lattice is orthorhombic
with a and b (parallel to layers) only weakly dependent
on m while c increases with m. The conduction band
filling is independent of m thus by changing m the
low-dimensional character of the conduction bands can
be modified without changing the conduction band
filling. The MPTB’s show CDW states below critical
temperatures (T ′Cs) which increase with m.

A possibility to study the influence of the conduction
band filling on the electronic structure of the MPTB’s
without significantly changing the structure is to dope
them with alkaline metals. In this study we will report
polarization dependent infrared spectra of single crystals
of the potassium doped m = 4 member of the MPTB fam-
ily KxP4W8O32 for x = 0, 1.05, 1.2 and 1.57. The num-
ber of conduction electrons per unit cell is 2 + x/2 [7].
The crystal structure of KxP4W8O32 is similar to that
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Fig. 1. Doping dependence of the critical temperature of
KxP4W8O32 (data from Ref. [9]).

Fig. 2. Calculated band structure of KxP4W8O32 (reproduced
from Ref. [7]). The Fermi level for x = 0 is shown as dashed
line.

of P4W8O32. But for KxP4W8O32 the WO6 octrahedra
strings in successive W4O16 layers are all oriented parallel
to the same direction, whereas for P4W8O32 they are stag-
gered. Therefore the tunnels delimited at the borders of
the W4O16 layers and the PO4 tetrahedra are hexagonal
for KxP4W8O32 but pentagonal for P4W8O32. Due to this
differences the crystal structure of KxP4W8O32 is mono-
clinic and not orthorhombic [8] (we will not interchange a-
and b-axis on switching from the orthorhombic to the mon-
oclinic structure as it is often done in literature). The K+

ions are located in the hexagonal tunnels and do not order
until the maximum potassium content x = 2 is reached [9].
P4W8O32 shows anomalies in the resitivity at TC1 = 80 K
and TC2 = 52 K which are associated with the forma-
tion of incommensurate CDW’s at (0.66π/a,0.59π/b) and
(0.68π/a,0), respectively [10,11]. For KxP4W8O32, on the
other hand, there is only one anomaly in the resistiv-
ity at a doping dependent TC which has its maximum
value (∼ 160 K) for x = 1.3 (Fig. 1) [9]. Below TC there
exists a commensurate CDW at (π/b,0). The k vector
associated with the CDW is independent of the doping
level [9]. Band structure calculations (Fig. 2, reproduced
from Ref. [7]) show three bands crossing the Fermi level
for P4W8O32 and KxP4W8O32 assuming rigid-band fill-
ing. One band (labeled a in Fig. 2) is one-dimensional in
character while the other conduction bands (labeled b in

Fig. 2) are two-dimensional in character. The Fermi level is
shown for undoped P4W8O32. From the calculated Fermi
surfaces, nesting vectors can be determined; two of which
are roughly consistent with the CDW k vectors deter-
mined by X-ray scattering for P4W8O32. For KxP4W8O32

the band structure calculations predict doping dependent
nesting vectors which, as pointed out above, is not what
is observed experimentally.

In this report the electronic structure of P4W8O32 and
KxP4W8O32 (x = 1.05, 1.20 and 1.57) is studied in the
normal- and the CDW state using polarization dependent
infrared reflectivity measurements on single crystals in the
spectral range from 100 to 10 000 cm−1, with the focus
on the spectral range in the far infrared (FIR) where the
optical conductivity is strongly temperature- and doping-
dependent.

2 Experimental

The P4W8O32 and KxP4W8O32 single crystals were grown
as described elsewhere [12,13]. The crystals have the form
of thin platelets of typical dimensions 1.5−3×4×0.5 mm3

with the long dimension being parallel to b and the sam-
ple surface normal parallel to the c direction. The samples
were mounted on circular apertures of 1–2.5 mm diam-
eter with the b axis horizontal and the a axis vertical.
Then the aperture was fixed to a sample holder in an op-
tical cryostat. As a reference an evaporated Al mirror of
thickness 1 000 Å was used. The infrared radiation was
introduced into the optical cryostat via polyethylene win-
dows in the FIR region. In the middle and near infrared
(MIR and NIR) ZnSe windows were used. The reflectivity
spectra were mesured using a Bruker IFS 113v Fourier-
Transformation Infrared spectrometer (FT-IR) near nor-
mal incidence. The spectra were recorded polarization de-
pendent with the electric field polarized either parallel to
the b axis or parallel to the a axis using grid polariz-
ers on polyethlene, CaF2 and KRS-5 substrates in the
FIR, MIR and NIR, respectively. The energy resolution
was set to 2 cm−1 in the FIR and MIR and 4 cm−1 in
the NIR. The infrared radiation was detected using a He-
cooled Si Bolometer in the FIR and nitrogen-cooled MCT
and InSb detectors in the MIR and NIR, respectively.
For the Kramers-Kronig analysis the reflectivity data are
extrapolated to zero frequency using the Hagen-Rubens
law [14,15]

R = 1−
(

2ω
πσdc

)1/2

(1)

with the dc conductivities taken from reference [9]. For
extrapolation to infinity a standard expression

R ∝ a1

ω2
+
a2

ω4
(2)

was used. The findings of this study are not influenced by
the extrapolation method used. The real and imaginary
part of the dielectric function is deduced by Kramers-
Kronig analysis from the reflectivity. The discussion will
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Fig. 3. Reflectivity of KxP4W8O32 at room temperature (nor-
mal state) and in the CDW state for the electric field vector
parallel to the a axis. Extrapolations to zero and infinity are
indicated by dashed lines.

focus on the real part of the optical conductivity which
is a measure of the absorption and calculated from the
imaginary part of the dielectric function according to [15]

σ1 =
ωε2
4π
· (3)

3 Results and discussion

Figures 3 and 4 present the reflectivity of KxP4W8O32 for
x = 0, 1.05, 1.2 and 1.57 for the electric field vector paral-
lel to the a and b axis, respectively. Reflectivity data are
shown for room temperature (normal state) and for tem-
peratures below the critical temperature(s) (CDW state).
Overall KxP4W8O32 shows a metallic behavior with no
significant polarization dependence in the a-b plane. There
are temperature and doping dependent absorption struc-
tures below 2 000 cm−1, which are readily seen in the opti-
cal conductivity shown in Figures 5 and 6 for electric field
vector parallel to the a and b axis, respectively.
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Fig. 4. Reflectivity of KxP4W8O32 at room temperature (nor-
mal state) and in the CDW state for the electric field vector
parallel to the b axis. Extrapolations to zero and infinity are
indicated by dashed lines.

3.1 Normal state

Firstly, we want to discuss the room temperature data i.e.
the normal state. A look at the bandstructure reveals that
for the infrared spectral range one can expect that there
are three groups of transitions. First there are the intra-
band transitions due to the partly filled one-dimensional
(band a in Fig. 2) and two-dimensional (bands b in Fig. 2)
conduction bands. Then there are interband transitions
between the conduction bands. The energy scale of these
transitions may range from infinitesimal small for inter-
band transitions at the k space points where the one- and
two-dimensional conduction bands cross (at 50% of the
distance between Γ and X, for example) up to 600 meV
(∼ 4 800 cm−1) for transitions from bands b into band a at
M. The third group is comprised of interband transitions
from the conduction bands into unoccupied higher-lying
bands which are possible for excitation energies from ap-
proximately 200–250 meV (∼ 1 600–2000 cm−1) upwards.

The experimental optical conductivity (see Figs. 5
and 6) indeed seems to be comprised of three contribu-
tions. There is an overall downward slope of the optical
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Fig. 5. Real part of the optical conductivity of KxP4W8O32

at room temperature (normal state) and in the CDW state
as calculated from reflectivity data for the electric field vec-
tor parallel to the a axis (Fig. 3). Dashed lines indicate that
extrapolated reflectivities were used for the calculation.

conductivity for increasing frequency which can be as-
signed to intraband transitions in the conduction bands.
Superimposed on this are broad peaks which roughly come
in two groups divided by a dip in the optical conductivity
at approximately 1 200 cm−1 (150 meV). From the ener-
getics one can conclude that the dip marks the border be-
tween the low-energy interband excitations near crossing
points of the conduction bands and the higher energy in-
terband transitions between the conduction bands and
from the conduction bands to the higher lying bands. X-
ray scattering reveals the presence of pretransitional CDW
fluctuations for P4W8O32 and KxP4W8O32 at room tem-
perature. This could lead to absorption structures due to
a pseudogap associated with the fluctuating CDW as ob-
served in K0.3MoO3 [16–18]. One has to note, however,
that then a dip in the optical conductivity before the ab-
sorption peak is expected due to suppression of intraband
transitions. This is not observed in our room temperature
data.

As there is no significant polarization dependence in
the spectra we want to focus in the following mainly on
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Fig. 6. Real part of the optical conductivity of KxP4W8O32 at
room temperature (normal state) and in the CDW state for the
electric field vector parallel to the b axis. Dashed lines indicate
that extrapolated reflectivities were used for the calculation.

data recorded with the electric field vector polarized along
the b axis. In Figure 7a the b axis room temperature
optical conductivities of KxP4W8O32 are compared for
x = 1.05, 1.20 and 1.57. Also shown are fits using

σ1 = σ1d + σ1l(1) + σ1l(2) + σ1g(1) + σ1g(2) (4)

which is the minimum number of terms necessary to give a
reasonable representation of the experimental curves. σ1d,
σ1l and σ1g are the real parts of the optical conductivi-
ties calculated from the Drude model, the Lorentz model
and a phenomenological gap model, respectively, and will
be defined later. The contributions of the different terms
to the fit are shown for the example of x = 1.57 in Fig-
ure 7b. A similar fit of room temperature b axis optical
conductivity for the undoped compound is presented in
Figure 8.

The Drude model is used to model contributions to
the absorption due to intraband transitions [15,19] (σdc:
dc conductivity, γd: damping constant, ν: frequency)

σ1d =
σdcγd

2

ν2 + γd
2

(5)
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Fig. 7. (a) Comparison of the normal state optical conductivities (electric field parallel to the b axis) for doping levels x =
1.05, 1.20 and 1.57. Fits to the experimental data are shown as dotted lines. The inset shows the fitted frequency and oscillator
strength of the lowest-lying interband absorption peak as a function of doping for room temperature. Selected error bars are
shown for reference. In (b) the different contributions to the fit are shown for one doping level (for details see text and Tab. 1).

Table 1. Parameters for fits to room temperature optical conductivities of KxP4W8O32 using equations (5–7) (Figs. 7 and 8).

x = 0 x = 1.05 x = 1.2 x = 1.57

Drude σdc = 2378 (Ωcm)−1 σdc = 10140 (Ωcm)−1 σdc = 19133 (Ωcm)−1 σdc = 7760 (Ωcm)−1

γd = 851 cm−1 γd = 154 cm−1 γd = 202 cm−1 γd = 145 cm−1

Lorentz(1) f = 1.6×106 cm−2 f = 8.4×107 cm−2 f = 2.2×108 cm−2 f = 5.0×107 cm−2

ν0 = 378.2 cm−1 ν0 = 575.9 cm−1 ν0 = 508.3 cm−1 ν0 = 530.0 cm−1

γl = 81.2 cm−1 γl = 505.4 cm−1 γl = 508.3 cm−1 γl = 396.0 cm−1

Lorentz(2) - - f = 5.6×106 cm−2 f = 9.3×106 cm−2

- - ν0 = 759.0 cm−1 ν0 = 759.0 cm−1

- - γl = 181.0 cm−1 γl = 122.0 cm−1

Gap(1) Σg = 3.0×107 Ω−1cm3/2 Σg = 1.0×108 Ω−1cm3/2 Σg = 1.0×108 Ω−1cm3/2 Σg = 1.2×107 Ω−1cm3/2

νg = 560.0 cm−1 νg = 825.0 cm−1 νg = 825.0 cm−1 νg = 825.0 cm−1

γg = 0 cm−1 γg = 0 cm−1 γg = 0 cm−1 γg = 0 cm−1

Gap(2) Σg = 2.5×108 Ω−1cm3/2 Σg = 7.0×108 Ω−1cm3/2 Σg = 3.8×108 Ω−1cm3/2 Σg = 5.5×108 Ω−1cm3/2

νg = 1180.0 cm−1 νg = 1280.0 cm−1 νg = 1200.0 cm−1 νg = 1280.0 cm−1

γg = 2900 cm−1 γg = 2900 cm−1 γg = 2000 cm−1 γg = 3300 cm−1

while for symmetrical peak-like absorption features due to
interband transitions the Lorentz model [15,19] (f : oscil-
lator strength, ν0: peak frequency, γl: damping constant)

σ1l = 0.5f
γlν

2

(ν0
2 − ν2)2 + (γlν)2 (6)

is utilized. Asymmetrical absorption structures due to in-

terband transitions are fitted using a phenomenological
gap model (Σg: absorption strength, νg: gap frequency,
γg: damping constant in cm−1).

σ1g =
Σg

ν2 + γ2
g

√
ν − νg (7)

The parameters of the fits are given in Table 1.
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From Figures 7a and 8 it is evident that there is a
drastic change in the strength of the absorption below
1 000 cm−1 with doping. In this energy range the optical
conductivity is dominated by intraband transitions in the
conduction bands and absorption peaks due to interband
transitions. Both the intraband absorption as well as the
lowest-lying interband absorption peak significantly gain
in strength upon approaching x = 1.2 and then loose it
again for higher doping. These features are fitted by a
Drude and a Lorentz term. In the following we want to
focus on the lowest-lying absorption peak modelled by a
Lorentz term. The values for Lorentz peak frequency and
strength are displayed in the inset of Figure 7a for room
temperature. It is obvious that the aforementioned maxi-
mum in oscillator strength at x = 1.2 is accompanied by a
local minimum in the frequency of the lowest-lying absorp-
tion peak. As the peak energy is smaller than ∼ 600 cm−1

(75 meV) a look at the band structure shows that only
interband transitions between occupied and unoccupied
portions of the conduction bands in regions of the k space
where the conduction bands cross or are becoming degen-
erate can be responsible for this absorption. Keeping the
band filling in mind (for x = 2 the Fermi level is ∼ 0.1 eV
higher in energy than for x = 0 [7]) crossing points of the
one- and two-dimensional bands where interband transi-
tions of the correct energy are possible are at 50% of the
distance between Γ and X and at 50% of the distance be-
tween Y and M. At the high-symmetry points Γ , X, Y
and M the two-dimensional conduction bands are degen-
erate but become non-degenerate between Γ and M and
also between X and Y. Due to the band filling low-lying
interband transitions of the correct energy scale are only
expected in the k space regions around Γ and M.

While there are plenty of possibilities for low-lying
interband transitions between the conduction bands it
remains to be clarified why the strength of the lowest-
lying absorption peak strongly increases at x = 1.2 (i.e.
close to the maximum of the critical temperature at
x = 1.3). One factor governing the strength of interband
transitions is the joint density of states (JDOS) [15]

JDOS(ω) ∝
∫

1
|∇Ea(k) −∇Eb(k)| dS (8)

with Ea(k) and Eb(k) the dispersions of bands a and b,
respectively. For parallel bands the JDOS diverges. One
possibility to explain the maximum in the strength of the
lowest-lying absorption for x = 1.2 are therefore paral-
lel bands. A look at the bandstructure calculation and
the k space regions which are relevant for the lowest-
lying interband absorption peak for the doping levels con-
sidered shows that the conduction bands are not paral-
lel there (they are crossing or becoming degenerate). As
there is no big change in the slopes of bands a and b in
this k space region, the JDOS should not change drasti-
cally when filling up the levels from x = 0 to x = 1.57
leaving the strong doping dependence of the strength of
the lowest-lying absorption peak unexplained. But for the
crossing at 50% of the distance between Γ and X the dis-
persion relations of the one- and two-dimensional bands
have slopes of equal sign and not too different magnitude.
It is not unreasonable then to assume that in contrast
to the results of the band structure calculation the one-
and two-dimensional bands hybridize there. This idea is
supported by the the fact that there is a lowest-lying ab-
sorption peak for the electric field vector parallel to the
a and to the b axis which would be unexpected if band
a would be strictly one-dimensional in character without
admixtures from the two-dimensional bands b. The conse-
quences of this scenario are shown in Figure 9. Instead of
crossing, the one- and two-dimensional bands would repel
each other leading to a hybridization gap which has its
minimum value at 50% of the distance between Γ and X.
At this k space point the one- and two-dimensional bands
would have equal gradient and thus a divergent JDOS.
Around this point there would be a region in k space (in
the following called the hybridization region) where the
conduction bands would be nearly parallel and the JDOS
would still be enhanced. For doping levels x = 1.05 and
x = 1.57 the band filling may be in such a way that the
conduction bands are completely empty (lower panel in
Fig. 9) or full (upper panel in Fig. 9), respectively, in the
hybridization region. In this case the region of enhanced
JDOS would not contribute to the infrared absorption.
For a range of doping levels in between x = 1.05 and
x = 1.57 the band filling could be such that direct tran-
sitions from occupied states in band a into unoccupied
states in band b in the hybridization region are possible
(middle panel of Fig. 9). The enhanced JDOS does con-
tribute to the infrared absorption which consequently is
bigger than when direct transitions in the hybridization
region are not possible due to a lack of occupied or empty
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states. We suggest that the band filling for x = 1.2 fits
into the latter scenario.

3.2 CDW state

The low-lying interband absorption is not only strongly
dependent on the potassium doping but also shows pro-
nounced changes if the sample is cooled down below the
critical temperature. In Figure 10 the real part of the
optical conductivity in the CDW state is compared for
x = 1.05, 1.2 and 1.57.

Direct comparisons between the optical conductivity of
KxP4W8O32 at room temperature and in the CDW state
in the whole doping range are presented in Figures 5, 6
and 8. For the doped compounds there are three main dif-
ferences between the data in the normal state and in the
CDW state. In the CDW state a broad and shallow dip
develops in the optical conductivity at ∼ 300− 400 cm−1.
The lowest-lying absorption peak due to interband transi-
tions between the conduction bands has changed its form,
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Fig. 10. Comparison of the CDW state optical conductivities
((a) electric field parallel to the a axis, (b) electric field parallel
to the b axis) for doping levels x = 1.05, 1.20 and 1.57. Arrows
indicate the onset of single particle excitations across the CDW
gap.

intensity and for x = 1.2 also its energy. Superimposed on
this are, at least for x = 1.2 and x = 1.57, sharp structures
which with increasing doping gain in prominence. For the
undoped compound the two lowest-lying absorption peaks
significantly change their appearance, increase in strength
and show an energy shift. The increase in strength of these
peaks is accompanied by the formation of pronounced dips
on their low frequency flanks at approximately 330 and
480 cm−1.

We suggest that the dips in the optical conductiv-
ity are due to the opening of gaps in the CDW state
while the absorption peaks which border at the dips are
from single-electron excitations across the gap. Undoped
P4W8O32 would then have two gaps which we relate to
the two different CDW’s with vectors (0.66π/a,0.59π/b)
and (0.68π/a,0) i.e. the gaps at the two different parts of
the Fermi surface which are gapped. The fact that both
gaps appear already at 65 K (i.e. below TC1 but above
TC2) may be due to fluctuating CDW’s which exist above
TC. The doped compounds show one gap which is associ-
ated with the CDW with vector (π/b,0). The lowest-lying
absorption peak is no longer related to transitions across
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the hybridization gap but to the CDW gap which makes
it perfectly reasonable why its form, intensity and energy
changes when the sample is cooled down into the CDW
state.

Next we want to discuss the sharp structures which
appear for x = 1.2 and x = 1.57. They look like phonons
but it is rather improbable that they are regular infrared
active phonons which are less well screened by the con-
duction electrons in the CDW state. For x = 1.05 there
are no such structures in the optical conductivity in the
CDW state although the optical conductivity has about
the same size as for x = 1.2 and x = 1.57. For ener-
gies smaller than the energy of the CDW gap they appear
as sharp peaks while for energies larger than the gap en-
ergy they are present as sharp dips. They show a more
pronounced polarization dependence than the other struc-
tures in the optical conductivity. For x = 1.2, for example,
for the electric field vector parallel to the b axis, there
are no such structures in the optical conductivity below
the single-particle gap, only sharp dips for energies ~ω
> 2∆ (2∆: single-particle gap). For the electric field vec-
tor parallel to the a axis there are both sharp peaks for
~ω < 2∆ and dips for ~ω > 2∆. And as mentioned earlier,
these structures show a pronounced doping dependence as
they are not present in the optical conductivity for x = 0
and x = 1.05, first appear for x = 1.2 and dominate the
optical conductivity for x = 1.57. The behavior of these
structures is reminiscent of what is expected for so-called
phase phonons [20,21]. Phase phonons are collective con-
tributions to the infrared absorption in the CDW state
due to oscillations in the phases of the combined lattice
and charge distributions. They show up as peaks for ~ω
< 2∆ but as indentations (dips) in the absorption peak
due to single-electron excitations across the CDW gap for
~ω > 2∆ in agreement with our experimental findings.
The fact that the phase phonons gain in prominence as
the doping level is increased may explain why in X-ray
scattering experiments the intensity of the satellite spot
associated with the CDW decreases with doping [9].

Finally, we want to discuss the mechanisms for the
CDW formation. For undoped P4W8O32 the CDW vectors
are roughly in agreement with Fermi surface nesting vec-
tors deduced from bandstructure calculations [6,7]. This
suggests that Fermi surface nesting is the driving force
behind the CDW formation. Taking the onsets for the ab-
sorption due to single-particle excitations across the CDW
gap as a measure of the gap size (see arrows in Fig. 8) we
get approximately 330 and 480 cm−1 (∼ 41 and∼ 60 meV,
respectively) for 2∆. According to mean-field theory the
relation between critical temperature and single-particle
gap is 2∆ = 3.53kBTC in the limit of weak electron-
phonon coupling. Inserting TC1 = 80 and TC2 = 52 K
this gives a 2∆ of ∼ 24 and 15 meV, respectively [22].
The experimentally deduced 2∆ are a factor of about 2.5
bigger giving

2∆
kBTC

∼ 9 (9)

which indicates that P4W8O32 is not in the limit of weak
electron-phonon coupling. For the doped compounds the

onsets for the absorption due to single-particle excitations
across the CDW gap are between approximately 350 and
460 cm−1 (∼ 43 and ∼ 57 meV, respectively). Mean-field
theory in the weak-coupling limit predicts for 2∆ energies
of 41 meV and 49 meV for a TC of 140 and 165 K, respec-
tively, in fair agreement with experiment. This agreement
may be a coincident. In the mean-field-theory result the
CDW vectors are determined by the nesting vectors of the
Fermi surface. From the band structure calculations it is
then completely unexpected that the CDW vector is per-
pendicular to the chain direction as it is observed experi-
mentally. Furthermore the CDW wave vector does not de-
pend on doping for x≥ 1.05 which makes it rather unlikely
that for these doping levels the physics behind the metal-
to-metal transition is simply governed by Fermi surface
nesting and weak electron-phonon coupling. Partly this
discrepancy may be explained by the mixing between the
one-dimensional band a and the two-dimensional bands b
around (π/2a,0) which is not included in the bandstruc-
ture calculation. Also, as for undoped P4W8O32 we would
expect medium or strong instead of weak electron-phonon
coupling. For undoped P4W8O32 the decrease in electronic
energy by gapping of the nested parts of the Fermi sur-
face seems to dominate the energetics of the CDW forma-
tion; thus the CDW vectors are given by nesting vectors
of the Fermi surface. For doped KxP4W8O32 the energy
necessary to modulate the lattice with a nesting vector of
the Fermi surface may overwhelm the gain in electronic
energy due to gapping of the nested parts of the Fermi
surface. For this reason the CDW vector may not simply
be given by a nesting vector of the Fermi surface but by
that modulation vector of the lattice which results in a
minimum of the energy necessary to modulate the lattice.
The differences in the energetics of the lattice modula-
tion of undoped P4W8O32 and doped KxP4O8O32 may
be caused by the different couplings of the W4O16 layers
(pentagonal tunnels for P4W8O32 but hexagonal tunnels
for KxP4W8O32). On the basis of an X-ray diffraction
experiment on K1.35P4O8O32 below the critical tempera-
ture Dusek et al. have proposed that the release of internal
strain between the potassium atoms and the surrounding
PO4 groups is the driving force behind the transition [23].

4 Conclusions

The infrared reflectivity of the series KxP4W8O32 (x =
0 - 1.57) was measured in the spectral range from 100
to 10 000 cm−1 for room temperature and well below
the critical temperature. Polarization-dependent infrared
spectra find two-dimensional behavior in the normal and
the charge density wave state. The spectra show signa-
tures of hybridization between one- and two-dimensional
conduction bands close to (π/2a,0). In undoped P4W8O32

the essentials of the charge density wave state can be un-
derstood from the nesting vectors of the calculated Fermi
surface and two gaps are observed in the infrared spec-
tra. The gap sizes are a factor of ∼ 2.5 bigger than the
predictions from mean-field theory in the weak-coupling
limit which suggests medium- or strong electron-phonon
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coupling. For potassium doped KxP4W8O32 one gap is
observed in the charge density wave state. The energetics
of the charge density formation may be dominated by the
energy required for the lattice modulation.
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