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The marked deviation from Fermi liquid behavior for the quasi-one-dimensional (1D) purple
bronze Li1−x Mo6 O17 (Li0.9 Mo6 O17 ) has generated much theoretical interest and has been observed
by both bulk transport and surface-sensitive spectroscopic probes. Here we present spectroscopic
scanning tunneling microscope (STM) images of 1D chains of molybdenum oxide units on the surface
of Li0.9 Mo6 O17 . We find that the Coulomb suppression of tunneling around the Fermi energy is
inhomogenous on the nanometer length scale, corresponding to inhomogeneity in the topography.
Furthermore, we report that chains on the surface exhibit quasi-particle resonances at varying
energies in their local density of states. These resonances break the particle-hole symmetry of the
Tomonaga-Luttinger liquid model. We discuss the implications of this phenomenon for modeling
the surface structure of Li0.9 Mo6 O17 as a quasi-1D quantum system.

I.

INTRODUCTION

1
Although Fermi-liquid theory satisfactorily describes electron behavior in typical conducting solids,
quasi-one-dimensional (1D) materials exhibit unique
properties that are currently best understood within the
framework of Luttinger liquid theory. Luttinger liquid
theory provides the best low-energy effective description
for a diverse array of physical models [1] and has notably
contributed to the study of the fractional quantum hall
effect [2] and to the description of the normal states of
high-temperature superconductors [3]. As rare alternatives to the predictions of Fermi-liquid theory, the unique
properties of Luttinger liquids continue to warrant extensive theoretical and experimental study in the recent
literature. [4–12]. In particular, scanning tunnelling microscopy (STM) has proven to be a powerful technique
for studying Luttinger liquids’ departure from the Fermiliquid model. Recent STM experiments have confirmed
several unique 1D behaviors in Luttinger liquids, including a lack of quasiparticle resonances and a power-law
suppression of density of states near the Fermi energy.
2
Previous spectroscopic work has characterized the
purple bronze Li0.9 Mo6 O17 as a model 1D system for
studying Luttinger theory, but its 1D to 3D transition
at low temperature is still poorly understood. Electrons in Li0.9 Mo6 O17 are thought to be largely confined
to zigzag chains of molybdenum oxide octahedra (Figure 1a), giving rise to the material’s 1D properties. Experimental evidence confirming this one-dimensional be-
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havior in Li0.9 Mo6 O17 includes its anisotropic resistance
[5], Coulomb suppression of density of states around the
Fermi energy [13], and violation of the Wiedemann-Franz
law due to spin-charge separation [6]. Recent theoretical work has helped to explain the robustness of quasione-dimensional behavior in Li0.9 Mo6 O17 at low energy
[10, 12]. Nevertheless, the transition of Li0.9 Mo6 O17
from a 1D to 3D interacting system at TC ≈ 1.9K
remains poorly understood. Experiments have refuted
a charge-density wave explanation [14], and some have
proposed that Li0.9 Mo6 O17 ’s observed superconductivity
arises through an unconventional spin-triplet mechanism
[15, 16].
3
Here we report STM evidence that the disordered
surface of Li0.9 Mo6 O17 at low temperature is not fully described by the bulk Luttinger-liquid model, despite having spatially-averaged properties that are consistent with
the 1D theory. In fact, our study of a disordered b-c crystal surface of Li0.9 Mo6 O17 shows three ways in which its
energetic spectrum is spatially disordered: the width of
the Coulomb gap, the value of the Luttinger-liquid alpha
parameter, and the energies and intensities at which resonance peaks appear in the local density of states. We
observed these resonance peaks frequently in the local
density of states (LDOS) spectra at various points on the
Li0.9 Mo6 O17 surface. The resonances appear to exhibit
lifetime broadening, consistent with a Fermi-liquid theory. We also observed that the value of α and the consistency of the Coulomb gap varied dramatically from point
to point on the surface, even in the absence of resonances.
Inhomogeneities on the surface of Li0.9 Mo6 O17 have been
mentioned elsewhere [13], but previous literature has not
yet produced a detailed experimental study, nor have any
quasiparticle-like resonances on the surface been previ-
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ously noted. In fact, earlier STM studies have focused
on spectra averaged over a Li0.9 Mo6 O17 surface [11, 13].
The inhomogeneities in LDOS spectra on Li0.9 Mo6 O17
that we observe are significant for understanding the 1D
to 3D transition of Li0.9 Mo6 O17 at low temperature as
well as the response of Luttinger-liquids to impurities and
boundary conditions.
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Data was collected using a home-built STM at a
temperatures of 4K or 6K. We cleaved single crystals
of Li0.9 Mo6 O17 in cryogenic ultra-high vacuum in situ
and inserted them directly into the STM. Measurements
were performed with a mechanically cut Pt-Ir tip, which
was cleaned by field emission and characterized on gold.
Spectroscopy was conducted using a lock-in technique at
1.115 kHz. Topographic and spectroscopic properties of
the 1D chains were verified using several tips.
5
We characterized our surface as the b-c crystal plane
of Li0.9 Mo6 O17 using topographic maps. The lattice parameters were measured by Fourier analysis of 30 topographic scans, as shown in Figure 1. We found Bragg
peaks for b = 0.98 ± 0.17 nm and c = 0.58 ± 0.06 nm,
agreeing with the neutron scattering measurements for
the lattice parameters of Li0.9 Mo6 O17 within our uncertainty [17]. We observe that our surface showed various reconstructions and that chains are clearly visible
despite the presence of nanometer scale disorder. There
are four possible crystal planes which we could have exposed: Mo1, Mo2-Mo4, Mo3-Mo5, and Mo6 [11]. Based
on the presence of alternating light and dark chains in the
topographic scans which indicate the presence of two inequivalent types of Mo atoms, we expect to have revealed
either the Mo2-Mo4 or Mo3-Mo5 planes. The general
spectral features that we observe on a 10nm scale are
consistent with the results of former experimental literature. We obtained spectra from points on the surface
using the proportionality of the differential conductance
of tunneling to the local density of states ρs (−eV ):
dI
4πe2 −s
≈−
e
dV
~

q

8mφ
~2

ρt (0)ρs (−eV )

(1)
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The spatially-averaged spectrum of our samples
agrees with a previous report [19] and is shown in Figure
2. Consistent with earlier results, our average spectra
show band features around ±200 mV, as predicted by
DFT calculations [4]. Our spatially-averaged spectrum
also appears to show a Coulomb suppression of tunneling
around the Fermi energy, which we henceforth refer to as
a Coulomb gap. Double-log scale plots of the data were
used to extract the value of the Luttinger liquid parameter α from the spatially-averaged spectrum. We found
α ≈ 0.44, in agreement with earlier results for averaged
spectra on Li0.9 Mo6 O17 within uncertainty [13, 19].
7
Despite the agreement of the spatially-averaged
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FIG. 1. Surface identification. (a) 30 nm topograph showing
chains of molybdenum oxide clusters in LPB at T = 4.8 K.
(b) 7 nm topograph of a different surface showing the interatomic spacing in more detail. (c) Fourier transform of the 30
nm topograph in Figure 1A, with circled peaks corresponding
to the lattice vectors. (d) Crystal structure of the b-c plane
of LPB showing a lattice plane parallel to that in topographs
(a) and (b). Crystal structure coordinates are from [17] and
image was produced with VESTA [18]. Setpoint parameters:
sample bias, Vsample = −400 mV (a and b); junction resistance, RJ = 40 GΩ (a) and −20 GΩ (b).

spectrum with previously reported results for
Li0.9 Mo6 O17 , the spatially resolved results show
significant spectral inhomogeneity.
Specifically, the
shape and width of the Coulomb gap varies substantially
across the surface. We identified edges of the Coulomb
gap as minima in the second derivative corresponding
to kinks in the local density of states spectrum below
and above the Fermi energy for individual points in our
data set. The distance from the Fermi energy to the
gap edge on the hole side was not strongly correlated
with the distance from the Fermi energy to the gap edge
on the particle side. Spectra with the same values of
positive or negative gap edge tended to occur in chains
that resembled the chains of atoms in the topography.
8 Variation in the Coulomb gap width on both the positive and negative side of the Fermi energy is one example
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FIG. 2. Spatial inhomogeneity of spectra. (a) Average spectrum over the region shown in inset. Inset: 30 nm topograph
of the a-b crystal plane of Li0.9 Mo6 O17 . The Coulomb gap
is delimited by dashed lines. A power law fit (α = 0.44) is
shown in red. (b) Log-log plot of average spectrum in 2a. (c)
Waterfall plot showing variance in the size and shape of the
Coulomb gap along the yellow line shown in the inset to 2a.
(d) Log-log plot of graph in 2c showing variance in the size
and shape of the Coulomb gap along the red line shown in
Figure 2a. Setpoint Parameters for spectra in 2b, 2c, and 2d
(S) and for topograph in 2a (T): sample bias, Vsample = −400
mV (S) and 100 mV (T); junction resistance, RJ = 1.6 GΩ
(S) and 10 GΩ (T); and root mean square (RMS) lock-in excitation, Vrms = 6 mV (S). Temperature: T = 6 K (S) and
4.8 K (T).

of the various types of spectral inhomogeneity apparent
in the waterfall plot shown in Figure 2, along with variation in the value of the Luttinger liquid-alpha parameter.
The shape of the Coulomb gap is not consistent among
the spectra shown and does not display the particle-hole
symmetry expected for the Luttinger liquid model near
the Fermi energy. The Luttinger-liquid alpha parameter
also varies across the Li0.9 Mo6 O17 surface. Log-log plots
of point spectra, which are expected to be linear near
the Fermi energy for a Luttinger liquid, display highly
nonlinear behavior (Figure 2d). Attempting to fit these
lines with a power-law exponent results in a variety of

9
The most interesting inhomogeneities that we observed on the surface of are the frequent resonance peaks
in the LDOS. These resonances manifest in conductance
maps as shown in Figure 3c-h and correlate to chain-like
features in the topography. These resonance peaks have
not been observed before in Li0.9 Mo6 O17 but are quite
common on the surfaces that we studied. In the topography shown in Figure 3, more than 50% of the roughly
83, 000 point spectra exhibited clearly identifiable resonances in their LDOS. Resonances can occur on both
the particle and hole sides of the spectrum, but appear
on the particle side with greater frequency. A considerable proportion of resonant spectra contain more than
one resonance peak, some containing up to three distinct
resonance peaks on the same side of the Fermi energy.
Spectra exhibiting resonances are generally particle-hole
asymmetric. Most of the resonances appear in the energy
range −100 mV to 100 mV.
10
Most of the resonances appear in chain-like patterns that correspond to the topographical features on
the Li0.9 Mo6 O17 surface. The conductance maps in Figure 3 demonstrate this chain-like behavior in the local
density of states at fixed energies across the surface. The
features in these conductance maps presumably show
chains of atoms resonating at different energies. In addition to these chain resonances, we sometimes observe
additional peaks corresponding to unique resonances at
each location along the chain. Thus, a given unit cell
of Li0.9 Mo6 O17 that is observed in the topography may
contain both a large resonance peak that is common to
all of its neighbors and some smaller resonances that are
unique to itself.
11
The fact that resonances appear close together in
linear patterns allows them to be grouped together as
chains. A custom code was used to select points that
resonated at the same energy and then group them into
features. Over 400 groups of resonances were identified
in this way. The output is shown overlaid on the topography in Figure 4a. Although the chains tend to form
clusters that resonate at similar energies, there are also
a number of cases where two chains resonating at different energies are close to one another. We restricted
our search for chains to those with resonances between
−120 mV and 120 mV, because most of the resonances
identified occurred within those boundaries.
12
Identifying chains also allowed us to obtain an approximate value for the spatial lengths of the resonance
features. Figure 4c shows the frequency at which chains
of a certain length resonate at a particular energy. Although there may be a slight average trend toward longer
chains resonating at lower energies, noise in the data renders it impossible to draw a statistically significant conclusion. Details about the algorithms used to find chains
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FIG. 3. Characterization of resonances. (a) Sample of resonances peaks at various energies, corresponding to points labelled
by the colored diamonds in Figure 3b. The spectral average over the entire surface is also displayed (bolded black line). (b)
Topograph showing points where the resonances from Figure 3a are observed. (c)-(h): Conductance maps showing chain-like
resonances at various energies. Setpoint parameters for spectra in 3a and 3c-3h (S) and for topograph in 3b (T): Vsample = −400
mV (S) and 100 mV (T); RJ = 1.6 GΩ (S) and 10 GΩ (T); Vrms = 6 mV (S). Temperature: T = 6 K (S) and 4.8 K (T).

and compute their length are contained in the Supplemental Material.
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Surprisingly, the resonances that we observe tend
to become broader at energies farther away from the
Fermi energy, in both the particle and the hole directions. The spectral resonances fit well to a Lorentzian
lineshape, given by
L(x) =

1
A
2Γ
π (x − x0 )2 +

,
1
2
2 Γ)

(2)

where A is the resonance amplitude and Γ the full-width
at half-maximum (FWHM). Using this formula, we calculated full-widths at half-maxima for resonance features
at each energy, averaged over points within a chain grouping. Figure 4b shows the result. We observe a clear increase in the width of resonances as the resonance energy
moves away from the Fermi energy, also known as lifetime broadening. Lifetime broadening is typically associated with three-dimensional phenomena and is particularly reminiscent of Fermi-liquid quasiparticle signatures
in LDOS spectra.

IV.

DISCUSSION

14
The new properties that we report for the
Li0.9 Mo6 O17 surface, in particular the presence of quasiparticle scattering at low energy, show that the traditional Luttinger liquid model is not adequate for fully
explaining the electronic properties of a disordered lowtemperature Li0.9 Mo6 O17 surface. Certain properties of
Li0.9 Mo6 O17 that resemble Tomonaga-Luttinger behavior did not completely break down even in our study, as a
feature resembling a charge gap was still observed at most
sites. Nevertheless, TL parameters such as the gap width
and α parameter did very across the surface, most likely
due to the presence of impurities and surface disorder.
As has been noted by DFT calculations, the properties of
Li0.9 Mo6 O17 are very sensitive to lithium stoichiometry
[8]. The sensitivity of Li0.9 Mo6 O17 to exact stoichiometry
may cause the spectral behavior of Li0.9 Mo6 O17 chains
to change in the presence of surface reconstructions such
as those observed on our Li0.9 Mo6 O17 surface. Variation
in the bulk concentration of Li atoms may lead to effects similar to those observed on the material’s surface,
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FIG. 4. Chain analysis. (a) Chains identified by software (see Supplemental Information) are shown superposed on the surface
topograph. The color of the chains corresponds to the sample bias at the chain resonance peak. (b) The average FWHM (full
width at half maximum) of Lorentzian fits to chain resonance peaks is shown in blue, as a function of chain resonance energy.
The red lines denote one standard error above and below the mean. (c) A logarithmic heat map shows the number of chains
of given length and resonance energy. The average chain length at each resonance energy is shown by the scatter plot of blue
squares.

but spatial inhomogeneity in the spectral properties of
Li0.9 Mo6 O17 on its surface may also be consistent with
the Luttinger model in the bulk.
15
On the other hand, quasiparticle-like resonances
in Li0.9 Mo6 O17 do not fit the conventional Luttinger liquid model. Traditional quasiparticle resonances indicate
the presence of fermionic bound states, whereas Luttinger liquids are expected to exhibit bosonic collective
excitations. Additionally, the quasiparticle resonances
that we observed break the particle-hole symmetry of
the Tomonaga-Luttinger liquid model. This suggests the
need for a revision to the Tomonaga-Luttinger liquid

model to describe Li0.9 Mo6 O17 chains on a disordered
surface. Quasiparticle resonances may arise from scattering of fermionic bound states off of impurities, as has
been proposed for similar chain-like resonances observed
in YBa2 Cu3 O6+x [20]. An alternate explanation for these
resonances in terms of a modified Luttinger theory would
need to account for resonances on both the particle and
hole sides of the spectrum, as well as for the comparatively large width of resonance peaks that we observe. By
providing a picture of the formation of quasiparticle-like
resonances in 1D systems, this research may help to elucidate the elusive mechanism behind the 1D to 3D tran-
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sition of Li0.9 Mo6 O17 at low energies and provide further
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