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Dramatic impurity effects on the charge-density wave in potassium molybdenum bronze
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Potassium molybdenum bronze, KQ3QMo03, undergoes a charge-density-wave (CDW-) driven
phase transition at 180 K, below which nonlinear current-voltage characteristics are observed.
Behavior is similar to that observed in NbSe3 and is currently understood based on models which in-
volve charge transport by the CD%. The effects of impurities on CDW phenomena has been a sub-

ject of considerable interest. Two types of substitutional doping are possible in the KQ 3QMo03 struc-
ture. In the alloy system, KQ 3Q „Rb„Mo03, disorder is introduced on the alkali sublattice while in
the alloy system, KQ 3QMol „W„O3, the isoelectronic element tungsten is substituted for molybde-
num. We show that the effects of tungsten substitution are very large, 1arger than such doping ef-
fects in other CD% systems, whereas alkali substitution produces only small effects. The data ob-
tained on the KQ 3QMol „%„03system suggest that the low-temperature CD% coherence length be-
comes very short at low tungsten concentrations.

INTRODUCTION

The blue potassium molybdenum bronze, Ko 30MOO3,
undergoes a charge-density-wave- (CDW-) driven phase
tfansltlon at 180 K. In the CD% state, Ko 30MOO3
shows a variety of nonlinear effects such as nonohmic
current-voltage characteristics above a sharp threshold
field. Such nonlinear behavior has been associated with a
moving CDW ("sliding CDW") in NbSeq and related
transition-metal trichalcogenides and recently has been
seen in transition-metal tetrachalcogenide halides such as
(TaSe4)2I. Impurities play a major role in CDW trans-
port.

'

Ong et al. showed that the threshold field Ea in-
creased with increasing impurity concentration ' in agree-
ment with ideas of Lee and Rice on the pinning of a rigid
CDW to impurities. Recently, it has been suggested that
TaS3 (Ref. 8) and K030Mo03 (Ref. 9) are commensurate
at low temperature. The observation of a finite threshold
fiel'd in TaS3 and Ko 3OMo03 at low temperature is then
inconsistent with the pinning of a rigid CDW and sug-
gests charge transport mediated by CD% discommensura-
tions' or dislocations. If so, impurity pinning would
remain important even in the commensurate phase.

The effect of impurities on CDW phenomena has been
the subject of considerable interest. Theoretical models
that go beyond the mean-field description suggest that in-
finite long-range order cannot be established in CDW sys-
tems in the presence of impurities or defects. " There is,
strictly speaking, no phase transition or temperature at
which the derivatives of the free energy show discontinu-
ous or singular behavior. Rather, local CDW distortions
are induced about each impurity. These distortions have a
moderate amplitude even above the phase-transition tem-
perature of the pure material (To), but the distortions
have a short range (short coherence length). The coher-
ence length grows rapidly as the temperature is decreased
in the vicinity of To, but it saturates at some temperature
below To-. The limiting value of the coherence length is
determined by the strength of the impurity potential and

the impurity concentration. This expected finite CDW
coherence has not yet been experimentally observed. ' In
sliding-CDW conductors such as NbSe3, impurities or
other disorders have been shown to result in increased
threshold fields for the depinning of the CDW, ' '
but little is known about changes in other solid-state prop-
erties.

Two types of substitutional doping are possible in the

Ko 3OMo03 structure. By substituting rubidium for potas-
sium, forming the alloy system Ko 30 „Rb„Mo03, disor-
der can be introduced on the alkali sublattice. Ko 3OMo03
and Rb{)30Mo03 have isomorphous structures and nearly
identical properties including sliding-CDW behavior, thus
observed changes can be attributed to alkali disorder.
Since the conduction band is based on a combination
of Mo t2g orbitals and oxygen pm. orbitals in the MoO3
layer, 16 the effects of alkali disorder are expected to be
weak. Either isoelectronic or nonisoelectronic substituents
can occupy the molybdenum site. Although some doped
samples of K03OMo03 have been examined, ' no sys-

tematic studies have been reported. Tungsten, which is
isoelectronic with molybdenum, can be substituted for
molybdenum to form the alloy systems

K030Mot „W„O3 (x &0.40). The presence of the W im-

purity should have a strongly perturbing influence by
directly disrupting the number of overlapping Mo d, or-

bitals near the W-impurity site, producing large effects on
the onset temperature and on the threshold field. In this

study, we show that the effects of tungsten substitution
are larger than those produced by doping of other CDW
systems, whereas alkali substitution produces only small
effects.

SAMPLE PREPARATION
Crystals were grown electrochemically as described else-

where. ' 99.9% KqMo04, RbzMoO4, and MoO3 (Cerac)
were dried before use. The molybdenum-to-tungsten ratio
in the melt controlled the tungsten concentration in the
tungsten-doped samples. Fluorescence microprobe exam-
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ination showed that the tungsten concentration was con-
stant within a given batch of crystals and that the
tungsten concentration in the crystals scaled with the
tungsten concentration in the melt. Chemical analysis of
selected samples (by Schwartzkopf Analytical Labora-
tories) showed that the tungsten concentration in the crys-
tals was a factor of four greater than the tungsten concen-
tration in the melt. The mass of crystals grown from each
melt was a small fraction of the initial-melt mass to en-
sure compositional uniformity in the crystals. Alkali con-
centrations were controlled by the rubidium to potassium
concentrations in the melt with concentrations in the crys-
tals verified by atomic absorption analysis. Powder x-ray
diffraction confirmed that the monoclinic KQ 3QMOG3
structure was maintained in all of the samples studied
here.

MEASUREMENTS

Electrical resistivity measurements parallel to the
monoclinic b axis were made in four-probe configurations
on cleaved samples with ultrasonically soldered indium
contacts. Rectangular samples were chosen. Current con-
tacts covered the ends of the sample completely to ensure
a uniform current distribution in the sample. Typically, p
versus temperature was obtained by cooling from room
temperature to 4.2 K at 1 K/min (slowed to about 0.5
K/min near the transition). Uncertainties in the absolute
accuracy of the resistivity as large as 20%%uo are due to un-
certainties in measurements of sample size and to the fi-
nite size of the voltage contacts.

Magnetic susceptibility was measured on a number of
samples from 4.2 to 300 K using the Faraday technique.
Details of this apparatus are described elsewhere. ' The
relative accuracy of Xg is approximately + 1 )& 10
emu/g or less depending on the sample size, but the abso-
lute accuracy of the susceptibility relative to several stan-
dards is 2%. The susceptibility anisotropy of nominally
pure KQ 3QMo03 at room temperature as discussed in de-
tail elsewhere, is approximately a factor of 0.9 in the
(201) cleavage plane and a factor of 2.5 perpendicular to .

these planes. However, the susceptibility anomaly is simi-
lar in shape and amplitude in all crystal orientations thus
allowing reliable determination of relative changes in the
susceptibility of doped samples. The samples consisted of
a number of rectangular crystals whose b axes are parallel
to the long crystal length. These crystals were held in a
thin quartz tube so that the b axes of the crystals were
close to perpendicular to the magnetic field. Since the
sample tube was free to rotate, upon application of the
magnetic field, the sample rotated to the maximum sus-
ceptibility direction perpendicular to the b axis. However,
since some of the crystals were not perfectly aligned, we
obtained values of the susceptibility in several samples of
KQ3QMo03 that were up to 10—15% smaller than the
largest principal value (0. 114)& 10 emu/g at 300 K).
All of the samples had the same room-temperature value
independent of composition within the +7% scatter that
was expected due to this misorientation of the crystallites.
There was no systematic trend in the variation of the
room-temperature susceptibility with composition (within
this 7% scatter). Since the changes in the susceptibility

induced by the CDW are much larger than this scatter, we
chose to normalize all of the data to the same value of
0.114X10 emu/g at room temperature. Small Curie
contributions to the susceptibility were subtracted out fol-
lowing usual procedures. ' Samples showed no evidence
of ferromagnetic impurities.

RESULTS
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FIG. 1. Susceptibility vs temperature for a series of
tungsten-substituted Kp 3pM003 samples.

Figure 1 shows the gram susceptibility as a function
of temperature for a series of tungsten-substituted
KQ3QMo03 samples. In nominally pure KQ3QMo03, the
susceptibility is paramagnetic with a small temperature
dependence from room temperature to about 200 K.
Below this temperature the susceptibility drops steeply to
diamagnetic behavior at low temperature. A small anom-
aly of unknown origin is noted near 40 K. At very low
tungsten substitutional doping levels, &2 mol%%uo W, the
anomaly near 180 K is observed to round and broaden.
Well above or below 180 K, the susceptibility is identical
with KQ 3QMOO3, including the presence of the small kink
anomaly near 40 K. As the tungsten concentration is in-
creased further, the anomaly continues to round and
broaden and the size of the susceptibility drop below the
transition decreases. Figure 2 shows the numerical
derivative of the data obtained by least-squares fitting six
data. points at a time to X=a+b hT+c(b. T) . The six
data points generally span 3 or 4 K, and we plot the value
of b at the temperature of the first point. In the pure
sample, a sharp peak in the derivative occurs at 180.5 K,
but the peak is rapidly broadened and shifted in tempera-
ture with small W substitution.

Figure 3 shows the resistance versus temperature for
nominally pure KQ 3QMOO3. Metallic behavior is observed
from room temperature to 180 K. Below this, the resis-
tance rises steeply and the material becomes semiconduct-
ing. The inset shows in detail the behavior near the 180-
K transition. A slight rounding in the resistive change
near TQ could be intrinsic, arising from fiuctuations, or
extrinsic, caused by residual defects or impurities. Figure
4 shows that the resistance data can be fitted to a log p-
vs-1/T form below about 67 K. Data could not be ob-
tained below =30 K because the material becomes highly
resistive. The activation energy obtained from Fig. 4 is
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350 K, leading to a ratio of gap to transition temperature
of 2b, /T0-3. 9. This gap is close to the BCS value ob-
tained from a simple one-dimensional CDW model, '

(2b, /T0-3. 7), but is much smaller than that obtained
for other materials tetrathiafulvalene-tetracyanoquino-
dimethane (TTF-TCNG), 2b, /To —10 (Ref. 22), 2H-
TaSe~, 2b, /TO=25 (Ref. 23). However, some caution
should be exercised in interpreting the resistivity, in this
manner, since the data also fits a log p-vs-1/(T ) form
below about 150 K, as shown in Fig. 5. Our inability to
measure the resistivity below 30 K precludes us fro~ ob-
taining data over a sufficiently large resistivity range to
differentiate between these two fits to the data.
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FIG. 4. log resistance vs inverse temperature for Kp 3pMo03.

Figure 6 shows the resistivity normalized to the room-
temperature value vs temperature for a series of tungsten-
substituted Kp 3pMOO3 samples. Even at very low
tungsten-doping levels, a rapid rounding of the break near
To is observed. The effects of the doping extend to tem-

peratures well above To. By 3% tungsten, the resistivity
no longer shows metalhc-type behavior below room tem-
perature, but rather increases with decreasing tempera-
ture, with the increase becoming steeper below 180 K. To
examine the transition more carefully, a plot of
p 'dp/dT versus temperature is shown in Fig. 7. Again
we can observe the anomaly to shift rapidly to lower tem-
perature and broaden with increasing tungsten concentra-
tion.

Susceptibility versus temperature was also measured in
a series of rubidium-substituted Kp 3pMo03 samples; simi-
lar behavior is observed for samples in this series. Differ-
ences in the behavior are more easily observed in the nu-

merical derivative (taken as described above) versus tem-
perature as shown in Fig. 8 for Rb030Mo03
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FIG. 3. log resistance vs temperature for Kp 3pMo03. Inset
shows the region of the phase transition in detail. FIG. 5. log resistance vs 1/T for Kp 3pMo03.
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dT&/dx makes it somewhat surprising that nonlinear
behavior in the electric properties at 77 K is still observed
with 12 mo1% W substitution. It would appear then
that even the short coherence-length distortions about
each impurity can lead to some sort of collective effects in
the electrical response. It may be that at low temperatures
these incoherent distortions freeze into a random configu-
ration analogous to spin glasses and that the nonlinear
behavior is associated with the dynamics of this distribu-
tion of domains.

In contrast to the strong effects of tungsten substitu-
tion, the effects of disorder produced by alkali substitu-
tion are quite small. Using the derivative of the suscepti-
bility of Kp p5Rbp. 25Mo03, we find d T /dx = 1.2
K/mol % alkali substitution, approximately 30 times
smaller than the rate of change induced by tungsten sub-
stitution.

The decrease in susceptibility of Kp 3pMOO3 below the
CDW onset temperature results from the loss of the Fer-
mi surface by the formation of gaps. Consequently, the
Pauli susceptibility due to the carriers is lost. The total
susceptibility well below the transition temperature is a
sum of core diamagnetic and Van Vleck paramagnetic

contributions. The latter is due to the second-order cou-
pling of the fully occupied d subband formed by the gaps
to all of the unoccupied d bands. Part of the Van Vleck
contribution, therefore, is inversely proportional to the
CDW gap. When impurities are present, a local gap and
susceptibility may be defined using the coherence length
as a scale. As the impurity level is increased, the distribu-
tion of the local gap energies broadens and some states
may appear in the gap due to the disorder. ' ' The in-
crease in the low-temperature susceptibility with increas-
ing tungsten concentration reflects the decreasing average
local gap that occurs as the coherence length is dimin-
ished (or equivalently, it reflects the decreasing CDW dis-
tortions of the lattice with increasing tungsten concentra-
tion). The data obtained on the Kp 3pMoi „W„O3 system
suggest that the CDW coherence length becomes very
short at low tungsten concentrations.
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