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Probing localization effects in Li0.9Mo6 O17 purple bronze: An optical-properties investigation
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We report the polarized reflectance and optical conductivity of the quasi-one-dimensional conductor
Li0.9Mo6 O17 as a function of temperature. The compound displays an unusual 共non-Drude-type兲 mobile carrier
response at low-energy, with partially screened vibrational features along the highly conducting b axis. In
addition, we observe Mo d→d transitions near 0.42, 0.57, and 1.3 eV, and an O p→Mo d charge-transfer band
near 4 eV. Perpendicular to the b axis, Li0.9Mo6 O17 exhibits semiconducting behavior with an optical gap of 0.4
eV and electronic structure similar to that of the b axis at higher energies. The substantial temperature dependence of the vibrational modes in this direction reveals that the lattice of Li0.9Mo6 O17 is not rigid. However, no
noticeable change in the lattice through the 25 K metal-insulator transition is observed. Comparing x-ray and
infrared data for several model materials, we establish an upper bound on the size of any lattice distortion in
Li0.9Mo6 O17 . Based upon these combined results, we argue that localization effects dominate the bulk and
microscopic properties of this material.
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PACS number共s兲: 71.30.⫹h, 71.45.Lr, 78.30.⫺j, 78.40.⫺q

I. INTRODUCTION

The low-dimensional conductor Li0.9Mo6 O17 共Li purple
bronze兲 was extensively studied in the 1980s following the
discovery of superconductivity at 2 K and an associated
metal-insulator transition near 25 K.1,2 The metal-insulator
transition appears as a resistivity upturn and was proposed to
be due to a charge-density wave 共CDW兲 distortion.3 As a
consequence, Li purple bronze attracted attention as a CDW
superconductor,4,5 which is of interest because competing
density wave and superconducting states could be stabilized
by application of pressure or magnetic field. The 2 K superconducting transition was quickly confirmed,3,6 but the nature of the 25 K metal-insulator transition is an ongoing
puzzle.3,6 –19
Four different models have been proposed to describe the
25 K transition in Li0.9Mo6 O17 : CDW, spin-density wave,
localization, and Luttinger liquid.3,6 –18 In the CDW scenario,
electron-phonon coupling induces a distortion and opens a
gap at the Fermi surface. As described below, much 共but not
all兲 of the experimental evidence points in this
direction.3,8,9,19 Spin-density wave models require a characteristic shape and an anisotropic drop in the susceptibility at
25 K which is not observed, and existing localization models
require strong disorder effects that would seem to preclude
low-temperature superconductivity. Neither model captures
0163-1829/2004/69共8兲/085120共9兲/$22.50

the essential characteristics of the material. Evidence for an
alternate, perhaps Luttinger liquid state above 25 K comes
mainly from selected photoemission studies,11–18 the absence
of an optical gap,20 and arguments that Li0.9Mo6 O17 is a
correlated 共rather than classical兲 quasi-one-dimensional
metal at low temperature. Among the distinguishing characteristics of a Luttinger liquid are low-dimensionality, strong
electron correlation, spin-lattice-charge separation, peaks
in the spectral function, and zero conductance at low
temperature.21–26
Among the aforementioned models, the CDW scenario of
the 25 K transition is widely supported by the physicalproperties investigations,19 although there are important
holes in this picture, as described below. The transport data
present an especially compelling case for the CDW superconductor model in Li0.9Mo6 O17 . 3,8,9,19 Pressure stabilizes
the superconducting state, whereas it suppresses the 25 K
transition above 12 kbar.9 This effect has been associated
with an increased density of states at the Fermi level with
pressure. In contrast, an applied magnetic field suppresses
T c . 27 The inverse correlation between the superconducting
transition temperature and the metal-insulator transition is
consistent with a CDW instability taking place at 25 K. The
thermopower of Li0.9Mo6 O17 is holelike, with a decrease below 25 K.8 The Hall effect also shows a drop in the number
of carriers, but it indicates a mobility increase in the low-
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temperature phase.19 The heat capacity displays a broad feature at 25 K that was interpreted as evidence for a thermodynamic transition.3 A 0.45b * nesting vector was predicted
for Li0.9Mo6 O17 , 10 and the slight band dispersion in the
transverse direction suggests that incomplete nesting is
possible.30,31 A portion of the recent photoemission work is
also consistent with the CDW picture of the 25 K metalinsulator transition,16 –18 and a far-infrared density wave gap
(2⌬⬃80 meV) has been extracted from the results.17 At
base temperatures, Li0.9Mo6 O17 is a BCS superconductor,
with H c2 ⫽0.85 T, coherence length  ⫽194 Å, and ⌬
⫽0.45 meV in the b direction;3 the superconducting carriers
are thought to condense from the remaining 共unnested兲 parts
of the Fermi surface.
From the evidence in the preceding paragraph, it may
appear that the case for the CDW mechanism is strong. There
are, however, several open problems. One of the most important manifestations of a CDW transition is a structural distortion concomitant with the metal-insulator transition.32
Such a structural change provides direct evidence of CDW
formation.33 The structure of Li0.9Mo6 O17 is typical of many
low-dimensional transition metal oxides, consisting of four
MoO6 octahedra and two MoO4 tetrahedra per unit cell.
Along the conducting b axis, two Mo5⫹ atoms in neighboring MoO6 octahedra form double zigzag chains together with
their corner sharing axial oxygens between them.34 Note that
the structure of Li0.9Mo6 O17 is quite different from the more
two-dimensional Na, K, and Tl purple bronzes,35–37 all of
which indisputably display CDW transitions.19 Despite extensive efforts, no lattice instability has been found in
Li0.9Mo6 O17 near 25 K.38 There are two ways to interpret
these results: 共1兲 there is no structural distortion or 共2兲 the
structural distortion is extremely weak and below the sensitivity of the best experimental work at this time. The lack of
a clear structural instability is the major motivation for invoking an alternate model of the 25 K metal-insulator transition. The optical properties of Li0.9Mo6 O17 also diverge
from what is expected for a CDW material.20 Degiorgi et al.
report temperature-independent vibrational properties, with
no evidence for a lattice distortion at 25 K.20 In addition,
no optical gap was observed at low temperature. Instead,
the low-energy dynamics were interpreted with a Drude
model, assuming a free-carrier response over the full
temperature range.20 These results spurred additional electronic structure work, especially in the area of photoemission. However, the photoemission results are controversial
because different investigations point variously towards
either CDW or Luttinger liquid behavior.11–18 Certainly,
the aforementioned optical-properties work combined with
selected photoemission studies11–15 suggest that the
CDW channels may be blocked, and demand that other
models of the 25 K metal-semiconductor transition be
considered. Recent electronic structure calculations also
point toward the importance of electron correlation in this
systems.30
In order to address continuing questions on the dynamics
of this prototypical quasi-one-dimensional material and provide additional information about the 25 K transition, we
investigated the variable temperature polarized reflectance

and optical conductivity spectra of Li0.9Mo6 O17 . In so doing,
we find an unusual mobile carrier response at low energies,
evidence for a nonrigid lattice, and reason to reassign the
optical excitations based upon new electronic structure calculations and photoemission results.12,30,31 Despite the temperature dependence of the vibrational properties and our
careful search for indirect evidence of a structure modification at 25 K, we do not find any noticeable change in the
lattice through the 25 K metal-insulator transition. Therefore,
if this transition is of charge-density wave type, the distortion
is extremely small. Considering the significant influence of
the previous optical-properties study of Li purple bronze, we
also present a more complete view of the variable temperature dynamics and an analysis of the optical conductivity,
both of which point toward localization as the dominant effect in this material.
II. EXPERIMENT

Single crystals of Li0.9Mo6 O17 were grown using the temperature gradient flux method, as described by McCarroll
and Greenblatt.2 Appropriate amounts of Li2 MoO4 共99⫹%兲,
MoO2 共99%兲, and MoO3 共99.9995%兲 were pressed into rods,
sealed in evacuated quartz tube, and heated in a three-zone
tube furnace. The temperature controllers were collectively
programmed to optimize the growth. The final products appeared as purple platelets, with typical dimensions ⬃3⫻1
⫻0.3 mm3 ; they were separated from the flux by ultrasonic
treatment in alternately diluted hydrochloric acid and distilled water. The single phase nature of the samples was confirmed by x-ray powder diffraction.
The resistivity, heat capacity, and susceptibility (M /H) of
Li0.9Mo6 O17 were checked 共Fig. 1兲 and compared with previous reports.1,3 The b-axis resistivity of Li0.9Mo6 O17 was
measured between 2 and 300 K by the standard four-probe
technique, and it clearly displays the 25 K metal-insulator
transition 关Fig. 1共a兲兴. The qualitative temperature dependence of the resistivity is consistent with the previous results,
although it is lower by a factor of 6.1
The heat capacity of a 0.96 mg crystal was measured near
25 K using a sensitive ac-calorimetric technique, described
in detail elsewhere.39 Oscillating power was supplied with
light chopped at a frequency 共22.5 Hz兲 between the external
and internal thermal relaxation rates, and the oscillating temperature, inversely proportional to the heat capacity of the
sample and its addenda, was measured. A black PbS film was
evaporated on the surface so that the absorbed power was
independent of temperature; since the absorbed power was
not known, the specific heat was normalized, after correcting
for the small 共few percent兲 addendum contribution, to the
value at 39 K reported in Ref. 3.
The behavior of our specific-heat data is similar to that
reported in Ref. 3, but the anomaly near 25 K is much
smaller. The difference is likely a consequence of our increased precision. As mentioned above, the authors of Ref. 3
interpreted this broad peak in specific heat to signify a CDW
transition 共with most of the Fermi surface lost at the transition兲, but it is usual for specific-heat anomalies at CDW transitions to be much sharper and range in magnitude from their
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FIG. 1. 共a兲 dc resistivity of Li0.9Mo6 O17 along the b axis. 共b兲
Heat capacity of Li0.9Mo6 O17 , plotted as C/T vs T. The bottom line
shows ⌬C/T obtained by subtracting a straight line from the C/T
data in the vicinity of the 25 K transition. 共c兲 Close-up view of the
susceptibility (M /H) of Li0.9Mo6 O17 near the 25 K metal-insulator
transition. Closed 共open兲 symbols represent the susceptibility data
taken with increasing 共decreasing兲 temperature. The inset displays
the susceptibility (M /H) of Li0.9Mo6 O17 between 2 and 300 K. The
solid line in both the main panel and the inset shows a Curie-Weiss
susceptibility fit to the data.

mean-field value, ⌬C/T⫽1.4⌬ ␥ , where ␥ is the Sommerfeld coefficient in the electronic specific heat, to a few
times greater than this 共e.g., in quasi-one-dimensional
materials with large fluctuations兲. For example, in wellknown quasi-one-dimensional blue bronze (K0.3MoO3 ),
⌬C/T⬃4.2⌬ ␥ . 40 From the scatter in our data for
Li0.9Mo6 O17 shown in Fig. 1共b兲, we estimate an upper limit
to an anomaly of ⌬C/T⬍3 mJ/mol K2 . Then from the
low-temperature value of ␥ 0 ⬃6 mJ/mol K2 of Ref. 3, our
results suggest that less than 25 % of the Fermi surface is
destroyed if the transition is mean field, with the fraction a
few times smaller than this if there are quasi-onedimensional fluctuations.
The susceptibility M (T)/H of Li purple bronze was determined in the temperature range T⫽2 –300 K, with a magnetic field H 储 c axis, i.e., normal to the growth plane of the
crystals. The sample 共32 mg兲 consisted of ⬃10 small crystals, glued on a thin Mylar disk. The measurements were
conducted in a Quantum Design MPMS-7 SQUID-based
magnetometer, in a fixed magnetic field H⫽10 kOe ⫽ 1 T.
As noted below, the magnetic moment of the Li purple
bronze was small and consequently the background of the

mounting disk and materials were carefully accounted for in
separate measurements. The resulting susceptibility M /H 共in
units of cm3 /mole formula unit兲 is shown versus T on a log
scale in the inset to Fig. 1共c兲. The main panel of Fig. 1共c兲
shows an expanded plot of the susceptibility at low temperatures. Our measured susceptibility is smaller than that reported previously.1 Experimentally, several different mechanisms can contribute to the observed susceptibility: Pauli
paramagnetism, Landau diamagnetism, core diamagnetism,
and perhaps an orbital paramagnetism 共all of which are temperature independent at sufficiently low temperature兲, and a
Curie-Weiss contribution due to local moments. The solid
line shows a Curie-Weiss susceptibility  ⫽  0 ⫹C/(T⫹⌰)
fitted to the data for T⭐100 K. The Curie constant C corresponds to a concentration of ⬃2⫻10⫺3 per mole formula
unit of local moments with S⫽1/2, g⫽2, i.e., ⬃360 ppm
relative to Mo content. The ⌰ value is antiferromagnetic in
sign, with ⌰⫽6 K and  0 ⬃⫹0.18⫻10⫺4 cm3 /mol formula
unit.
Most notable is an absence of any discernable anomaly in
the region near 25 K. Aside from the Curie-Weiss-like term,
the remaining 共nominally temperature independent兲 term  0
is rather small. This is due to a near-cancellation of the Pauli,
Landau, orbital, and core terms; for example, we estimate the
core contribution41 alone to be ⫺2.7⫻10⫺4 cm3 /mol formula unit, which is much larger in magnitude than  0 . While
this cancellation means that one cannot reliably isolate the
Pauli susceptibility,  Pauli ⬀ ␥ , it also makes the susceptibility highly sensitive to any change in  Pauli . Indeed, for a
CDW transition, one expects a change in the Pauli susceptibility ⌬  Pauli ⬃⌬N( ⑀ F )  B2 with ⌬N( ⑀ F )/N( ⑀ F )⫽⌬ ␥ / ␥ 0 ,
where N( ⑀ F ) is the electronic density of states and ␥ is the
Sommerfeld coefficient in the electronic specific heat. From
the data in Fig. 1共c兲 and the absence of any discernable
anomaly in  near 25 K, it is clear that the change in ␥ and
N is less than a few percent near the metal-insulator transition. Hence, both the specific-heat and susceptibility data
suggest that the resistivity increase at 25 K does not signify
a thermodynamic anomaly.
For reflectance experiments, the crystals were cleaved
along the ab plane, resulting in a smooth surface. Near normal polarized reflectance measurements were carried out
over a wide energy range with a series of Fourier transform
and scanning grating spectrometers, covering the energy
range from 6 meV to 5.6 eV (50–45 000 cm⫺1 ). The resolution was 2 cm⫺1 in the far and middle infrared and 2 nm in
the near infrared, visible, and near ultraviolet. The principal
axes of Li0.9Mo6 O17 were chosen as those displaying the
greatest optical anisotropy. Standard wire grid, film, and
prism polarizers were used over the full frequency range,
providing directional selection along the chosen optical axes,
which correspond to parallel and perpendicular to b 共which is
close to the a axis兲, respectively. Variable temperature experiments were carried out at 10, 50, 100, 200, and 300 K
using an open-flow liquid helium cryostat and temperature
control system. In order to obtain the absolute reflectance,
we corrected for the response of the aluminum reference mirror as well as for scattering effects of the sample. The latter
was done by evaporating a thin aluminum film on the sample
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FIG. 2. 共a兲 Reflectance spectra of Li0.9Mo6 O17 at 10, 50, 100,
200, and 300 K along the b axis. The inset shows a close-up view
of the partially screened middle-infrared vibrational modes. 共b兲
Optical conductivity of Li0.9Mo6 O17 at 10 共solid line兲 and 300 K
共dotted line兲 along the b axis. The intermediate temperature optical
conductivity spectra are not shown for clarity. Assignments for
the electronic excitations are indicated in this panel. The inset
displays a close-up view of the low-energy optical conductivity
vs energy on a linear scale. The room-temperature dc conductivity
(⬃625⍀ ⫺1 cm⫺1 ) is also indicated.

and using it as a reference. The optical conductivity spectra
were obtained via Kramers-Kronig analysis of the reflectance
spectra.42 Standard peakfitting techniques were used, as appropriate.

of Fig. 2, where the plot has a linear 共rather than logarithmic兲
scale. Note that this behavior is different from that reported
previously, where a Drude response was used to describe the
low-energy electrodynamics of Li0.9Mo6 O17 . 20 The peak
near 0.1 eV is reminiscent of a bound-carrier excitation, and
the optical conductivity drops below this energy. As  1 approaches zero energy, the results are in overall reasonable
agreement but somewhat higher than the dc conductivity
(⬃625 ⍀ ⫺1 cm⫺1 ). Despite clear carrier localization and
the decrease in  1 below 0.1 eV, there is no evidence for an
optical gap. Possibly, one could argue for a pseudogap-type
structure in the far infrared, based upon the aforementioned
evidence for carrier localization. However the residual conductivity of Li0.9Mo6 O17 is substantial, ⭓2000⍀ ⫺1 cm⫺1 , at
all temperatures.43 Note that selected photoemission measurements predict a gap near 80 meV,17 in the vicinity of the
drop in  1 . Our spectroscopic measurements show only that
there are important localization effects at this energy scale,
although it is likely that these two effects are related. With
decreasing temperature, spectral weight moves from the
higher-energy tail of this structure (⬃0.1–0.3 eV) to lower
energy 共below ⬃0.1 eV). This change in spectral weight is
discussed in detail below, but it is worth noting here that,
based on the shift of oscillator strength and the reduced value
of  dc below 25 K, the carriers are slightly more localized at
low temperatures. A non-Drude line shape with suppressed
conductivity near zero energy has been observed in many
correlated electron systems including high-T c cuprates, organic superconductors, heavy fermion materials, bronzes,
and manganites.44 –53 Even though the exact mechanism responsible for the suppression of the Drude peak is still not
clearly understood, it is widely thought that electron interactions and localization effects due to the reduced dimensionality, electron-lattice interaction 共polaron defects兲, or disorder play an important role.45,52–55
In order to further investigate the temperature dependence
of the unconventional mobile carrier response of
Li0.9Mo6 O17 along b, we analyze the low-energy oscillator
strength using the partial sum rule, where the spectral weight
is defined as
Nef f

III. RESULTS AND DISCUSSION
A. Optical properties of Li0.9Mo6 O17 along the b axis

Figure 2 displays the variable temperature polarized reflectance and calculated optical conductivity of Li0.9Mo6 O17
along the b axis. The spectra are typical of a quasi-onedimensional conductor, with high reflectance at low energies,
partially screened vibrational features, a sharp plasma edge,
and broad electronic excitations at higher energy. Overall,
these features become more pronounced in the lowtemperature response.
The low-energy optical conductivity of Li0.9Mo6 O17 displays an unusual mobile carrier response along the b axis. It
is not Drude-like at any temperature that we investigated.
Instead, it exhibits unconventional behavior, suggesting partial localization superimposed upon a large residual conductivity. The localization can be more clearly seen in the inset
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Here, N e f f is the effective number of electrons participating
in optical transitions below the cutoff energy, and e, m, m * ,
and V e f f are the free-electron charge, free-electron mass,
effective mass, and volume of one formula unit, respectively.
Figure 3 displays the oscillator strength sum rule for
Li0.9Mo6 O17 along the b axis at 10 and 300 K 共in the energy
range from 0.006 to 1 eV兲. The inset of Fig. 3 shows the
temperature dependence of the spectral weight below the
0.35 eV cutoff energy, as indicated by the dashed line in Fig.
3. This rendering provides an opportunity to focus on the
low-energy portion of the spectral response. The results imply that either 共1兲 the effective mass of Li0.9Mo6 O17 decreases on approach to the 25 K metal-insulator transition, or
共2兲 the effective number of carriers participating in the lowenergy, localized excitation increases with decreasing tem-
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FIG. 3. Optical sum rule for Li0.9Mo6 O17 , evaluated along the b
axis at 10 共solid line兲 and 300 K 共dashed line兲. The vertical dashed
line indicates the cutoff frequency chosen for the variable temperature analysis in the inset. The inset displays the spectral weight
关 N e f f (m/m * ) 兴 below the 0.35 eV cutoff energy as a function of
temperature. The 25 K metal-insulator transition temperature is indicated by a vertical line in this panel.

perature. Option 共2兲 is ruled out by previous thermopower
and Hall-effect data, which show a decrease in the number of
carriers below 25 K.19 Assuming that the unusual low-energy
spectral response is attributable to mobile carriers, the oscillator strength variation is consistent with a change in effective mass at the 25 K metal-insulator transition. Since
1/m * ⬃  2 ⑀ (k)/  k 2 , this result can be interpreted as a small
increase in the curvature of the Fermi surface with decreasing temperature.
Despite the overall high conductivity of Li0.9Mo6 O17 , we
observe a number of weak vibrational features along the b
direction. A close-up view of these modes is shown in the
inset of Fig. 2共a兲. The 54, 89, and 123 meV 共437, 720, and
988 cm⫺1 ) modes are assigned as Mo-O stretching motions.
Within our sensitivity, the temperature dependence of these
features is limited. In the previous report,20 the b-axis vibrational modes of Li0.9Mo6 O17 were fully screened.
Broad electronic excitations are observed at 0.42, 0.57,
1.3, and 3.9 eV in the b-polarized optical conductivity spectrum of Li0.9Mo6 O17 共Fig. 2兲. Based on recent electronic
structure calculations10,30,31 and photoemission work,12 we
assign the 0.42, 0.57, and 1.3 eV bands as Mo d→d transitions. Although Li0.9Mo6 O17 is a mixed-valence compound
共with Mo5⫹ and Mo6⫹ sites兲, the large Mo-Mo distances
preclude substantial intensity in charge-transfer excitations.
Thus, the three electronic excitations below 2 eV correspond
to localized intraatomic transitions. The intense band at 3.9
eV is attributed to O p→Mo d charge-transfer excitations.
Note that these assignments are different from those reported
in the previous optical study.20 With decreasing temperature,
the Mo d→d excitations display the usual blue shifting,
whereas the O p→Mo d charge-transfer band red shifts at
low temperature.
B. Optical properties of Li0.9Mo6 O17 perpendicular
to the b axis

Figure 4 shows the reflectance and optical conductivity of
Li0.9Mo6 O17 polarized perpendicular to the b axis 共close to
the a direction兲 at 10 and 300 K. The strong anisotropy be-

FIG. 4. 共a兲 Reflectance and 共b兲 optical conductivity of
Li0.9Mo6 O17 polarized perpendicular to the b axis at 10 共solid line兲
and 300 K 共dotted line兲. We assign the electronic excitations and the
optical gap as indicated in the lower panel.

tween the E 储 b and E⬜b spectra demonstrates that
Li0.9Mo6 O17 is a quasi-one-dimensional conductor from the
dynamics point of view, consistent with the transport properties. However, we find that the optical anisotropy is
⬃100:1 in the far infrared, substantially larger than that predicted from dc values 共10:1兲.1 This result indicates that Li
purple bronze is, from an optical-properties point of view,
much more one dimensional than previously anticipated. In
the ⬜b polarization, the material displays a semiconducting
response characterized by medium (⬃50%) reflectance and
strong unscreened vibrational features in the infrared. Using
a linear extrapolation of the leading edge of the first absorption band in  1 to zero conductivity, we extract an optical
gap 2⌬ of ⬃0.4 eV. The electronic structure of Li0.9Mo6 O17
in the ⬜b polarization is quite similar to that along the
chains. We assign the two broadbands centered at 0.6 and 1.4
eV as Mo d→d transitions, counterparts of the 0.57 and 1.3
eV bands of similar origin in the b direction. These bands
sharpen at low temperatures. Interestingly, the lowest-energy
共0.42 eV兲 Mo d→d excitation observed in the E 储 b spectra is
not apparent in the E⬜b response, indicating the anisotropic
nature of the lowest excited state of molybdenum d electrons
in Li0.9Mo6 O17 . We assign the 4.1 eV band as an O p
→Mo d charge-transfer excitation. Upon cooling, the 4.1 eV
charge-transfer band red shifts slightly and displays a significant decrease in oscillator strength.
Close-up views of the infrared reflectance and optical
conductivity of Li0.9Mo6 O17 , polarized in the ⬜b direction,
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FIG. 5. Close-up view of the variable temperature reflectance of
Li0.9Mo6 O17 , polarized perpendicular to the b axis. The curves have
been offset for clarity.

are shown in Figs. 5 and 6. The vibrational modes display
substantial temperature dependence, different from the previous result.20 The effect is particularly evident in Figs. 5共b兲
and 6共b兲. This observation demonstrates that the lattice of
Li0.9Mo6 O17 is not perfectly rigid. Detailed mode assignment
is difficult due to the low 共monoclinic兲 symmetry and six
independent Mo sites per unit cell.34 Moreover, the Mo-O
bond lengths range from 1.718 to 2.147 Å,34 resulting in
Mo-O stretching modes of the MoO6 and MoO4 building
block units that span a wide energy range. This broadening
causes the superposition of low-energy stretching modes
with high-energy bending modes, as indicated by the rich
spectrum between 32 and 52 meV 关Fig. 5共c兲兴. Despite this
overlap, we can make a few general assignments, as follows.
Because of their short bond lengths, the higher-energy modes
are related to the stretching motions of molybdenum and
nonsharing oxygen atoms in the MoO4 tetrahedra. Other
strong modes shown in the range 75–115 meV are due to
Mo-O stretching of the octahedra. The spectrum in Fig. 5共c兲
contains low-energy Mo-O stretching, O-Mo-O bending, and
the vibration of lithium atoms in the large vacant site surrounded by MoO6 octahedra and MoO4 tetrahedra. The
lowest-energy mode near 12 meV is possibly due to an external lattice motion. Close-up views of the optical conductivity in this range are shown in Fig. 6.
It is well known that vibrational spectroscopy can be a
sensitive, indirect indicator of a lattice distortion and concomitant charge disproportion. The clear vibrational structure
in the ⬜b response of Li0.9Mo6 O17 therefore provides an
independent opportunity to search for evidence of a structural change at the 25 K metal-insulator transition. To this
end, we closely examined the temperature dependence of the
vibrational modes of Li0.9Mo6 O17 共Figs. 5 and 6兲. As discussed previously, if the 25 K transition is driven by a CDW

instability, a lattice distortion is expected. Our results show
that the majority of vibrational modes display the usual lowtemperature behavior: sharpening and blue shift with decreasing temperature. However, within the sensitivity of our
measurements, we are unable to detect a substantial change
in any vibrational mode through the 25 K metal-insulator
transition. The 99.5 meV Mo-O stretching mode is the most
likely candidate to violate this general conclusion, and we
show an enlarged view of this mode and an analysis of its
oscillator strength trends in the inset of Fig. 6共d兲. Unlike the
other vibrational modes, the oscillator strength of the 99.5
meV feature 关peak 2 in the inset of Fig. 6共d兲兴 decreases with
decreasing temperature. Its integrated area is plotted in comparison with the adjacent feature 共peak 1兲, which shows normal temperature dependence.
There are many examples in the literature where both
variable temperature x-ray and infrared spectroscopy have
been used to investigate the microscopic details of transitions
with small lattice distortions.56 – 64 Comparison of the size of
the lattice distortion as measured by x-ray scattering with the
infrared signature of model compounds therefore provides a
way to establish an upper bound on the size of any lattice
distortion in Li0.9Mo6 O17 . As the first inorganic spin-Peierls
material, CuGeO3 has been extensively investigated, making
it an excellent model compound for our purposes. Here, the
lattice constants change by ⬃0.004% just below the 14 K
spin-Peierls transition temperature.56 Concomitant formation
of zone-folding modes is observed in the infrared (⬍0.5%
change in reflectance兲 as well.57,58 Considering the size of
the fine structure apparent in the vibrational spectrum of
CuGeO3 , the x-ray and infrared results on other model materials with incommensurate CDW distortions 共blue bronze,
tungsten bronzes, and TTF-TCNQ兲,19,44,65– 69 as well as the
typical noise level of our measurements, we estimate that
any lattice distortion in Li0.9Mo6 O17 is very small, on the
order of ⭐0.001% change in the lattice constants. This estimate is consistent with the heat capacity and susceptibility
results, which suggest that if the 25 K transition is due to a
CDW distortion, only a few percent of the Fermi surface is
involved in the nesting.
IV. CONCLUSION

We report the polarized reflectance and optical conductivity of the quasi-one-dimensional conductor Li0.9Mo6 O17 at
temperatures above and below the 25 K metal-insulator transition. Our results differ from those of the previous optical
investigation in several important ways. At low energy, the
b-polarized optical conductivity displays an unusual 共nonDrude兲 mobile carrier response, as well as partially screened
vibrational modes. No charge-density wave gap opens below
the metal-insulator transition temperature, although the optical conductivity does decrease in the vicinity of the predicted
gap, a sign of electronic localization.  1 displays substantial
residual conductivity underneath this feature. Taken together,
these results show that the low-energy dynamics of Li purple
bronze are unusual. It is an open question as to how such a
localized material becomes a superconductor at base temperatures. Likely, there is a small fraction of the Fermi sur-
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FIG. 6. Close-up view of the variable temperature optical conductivity of Li0.9Mo6 O17 , polarized perpendicular to the b axis. The insets
in panel 共d兲 show a magnified view of the modes near 99 meV as well as the integrated area of these features vs temperature.

face that is not localized and is able to support lowtemperature superconductivity. Recent electronic structure
and photoemission results motivate us to reassign the broad
electronic structures near 0.42, 0.57, and 1.3 eV as Mo d
→d transitions, and we attribute the peak near 4 eV to an O
p→Mo d charge-transfer band. The optical spectra of
Li0.9Mo6 O17 perpendicular to the b axis display semiconducting behavior, with an optical gap of ⬃0.4 eV, rich vibrational structure, and a series of electronic excitations that
are similar to those along b. These vibrational modes have
substantial temperature dependence, sharpening, and blue
shifting with decreasing temperature. We therefore conclude
that the lattice of Li0.9Mo6 O17 is not completely rigid, meaning that there is weak temperature dependence to the infrared
spectrum. However, within the sensitivity of our measurements, we find no obvious change in the vibrational spectra
through the 25 K metal-insulator transition. This result suggests that if the 25 K transition is driven by a charge-density
wave mechanism, the lattice distortion is quite small. Comparison with model compounds, where both high-quality
x-ray and vibrational-properties data are available, allows us

to set an upper bound on any distortion in Li purple bronze
as less than ⬃0.001%. In addition, studies of the heat capacity and magnetic susceptibility indicate that there is no thermodynamic anomaly at the 25 K metal-insulator transition.
Taken together, these results point toward localization as the
dominant effect in this material.
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J. Marcus, and C. Schlenker, Phys. Rev. Lett. 85, 3985 共2000兲.
15
G.-H. Gweon, J.W. Allen, and J.D. Denlinger, Phys. Rev. B 68,
195117 共2003兲.
16
K.E. Smith, K. Breuer, M. Greenblatt, and W. McCarroll, Phys.
Rev. Lett. 70, 3772 共1993兲.
17
J. Xue, L.-C. Duda, K.E. Smith, A.V. Fedorov, P.D. Johnson, S.L.
Hulbert, W. McCarroll, and M. Greenblatt, Phys. Rev. Lett. 83,
1235 共1999兲.
18
K.E. Smith, J. Xue, L.-C. Duda, A.V. Fedorov, P.D. Johnson, W.
McCarroll, and M. Greenblatt, Phys. Rev. Lett. 85, 3986 共2000兲.
19
J. Dumas and C. Schlenker, Int. J. Mod. Phys. B 7, 4045 共1993兲.
20
L. Degiorgi, P. Wachter, M. Greenblatt, W.H. McCarroll, K.V.
Ramanujachary, J. Marcus, and C. Schlenker, Phys. Rev. B 38,
5821 共1988兲.
21
S. Tomonaga, Prog. Theor. Phys. 5, 544 共1950兲.
22
J.M. Luttinger, J. Math. Phys. 4, 1154 共1963兲.
23
F.D.M. Haldane, J. Phys. C 14, 2585 共1981兲.
24
J. Voit, Phys. Rev. B 47, 6740 共1993兲.
25
C.L. Kane and M.P.A. Fisher, Phys. Rev. Lett. 68, 1220 共1992兲.
26
M. Bockrath, D.H. Cobden, J. Lu, A.G. Rinzler, R.E. Smalley, T.
Balents, and P.L. McEuen, Nature 共London兲 397, 598 共1999兲.
27
In the Na, K, and Tl purple bronzes, an applied magnetic field
stabilizes the associated CDW states, introducing dramatic
metal-insulator transitions at low temperatures 共Refs. 28 and
29兲.
28
M.L. Tian, S. Yue, S. Li, Y. Zhang, and J. Shi, J. Appl. Phys. 89,
3408 共2001兲.
29
M. Tian, S. Yue, and Y. Zhang, Phys. Rev. B 65, 104421 共2002兲.
30
Z. Popovic and S. Satpathy 共unpublished兲.
31
M.-H. Whangbo 共unpublished兲.
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