
Charge-density-wave gap in the quasi-two-dimensional conductor Na0.9Mo6O17 measured by
angle-resolved photoemission spectroscopy

P.-A. Glans, T. Learmonth, and K. E. Smith*
Department of Physics, Boston University, 590 Commonwealth Avenue, Boston, Massachusetts 02215, USA

T. Valla and P. D. Johnson
Department of Physics, Brookhaven National Laboratory, Upton, New York 11973, USA

S. L. Hulbert
National Synchrotron Light Source, Brookhaven National Laboratory, Upton, New York 11973, USA

W. McCarroll and M. Greenblatt
Department of Chemistry, Rutgers University, New Brunswick, New Jersey 08903, USA

�Received 9 January 2005; published 14 July 2005�

The charge-density-wave gap in the quasi-two-dimensional conductor Na0.9Mo6O17 has been measured
using angle-resolved photoemission spectroscopy. The gap opening is accompanied by the creation of a new
zone boundary and a subsequent backfold of the bands. The position of the point of minimum binding energy
of the band dispersion has been determined in both energy and momentum. A change of the momentum of this
point at very low temperatures is consistent with the existence of a second phase transition, previously ob-
served by magnetic susceptibility and specific heat measurements. Symmetry arguments are used to show that
the features found in the electronic structure are best described by using the monoclinic nomenclature, even
though the measured low-energy electron diffraction patterns are hexagonal.
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INTRODUCTION

The electronic properties of quasi-low-dimensional mate-
rials have been the focus of enduring scientific interest.1,2

Such materials often exhibit charge-density waves �CDWs�
and periodic lattice distortions �PLDs�. The CDW wave vec-
tor q can be determined by the Fermi surface and can be
either commensurate or incommensurate with the underlying
lattice. When the CDW forms �at a temperature of TCDW�, the
nested portions of the Fermi surface are destroyed and a gap
opens up in the electronic density of states. Depending on
how much of the Fermi surface is destroyed, the CDW can
lead to either a metal-to-semiconductor transition or a metal-
to-metal transition. These effects are generally associated
with quasi-one-dimensional �1D� materials. In order to ex-
plain the existence of charge CDWs, PLDs, and Peierls tran-
sitions in both organic and inorganic quasi-two-dimensional
�2D� conductors, the concept of hidden Fermi surface nesting
was introduced by Whangbo et al.3,4 In this model, the real
2D Fermi surface is viewed as a combination of quasi-1D
structures, with distinct 1D nesting vectors.3,4 Indirect ex-
perimental confirmation of this model came from x-ray dif-
fraction measurements, which showed that the displacement
vector of the structural instability in the quasi-2D conductors
K0.9Mo6O17 and Na0.9Mo6O17 are consistent with the pre-
dicted “hidden” quasi-1D nesting wave vector.3 The first di-
rect verification of the veracity of this model was obtained in
a moderate resolution angle-resolved photoelectron spectros-
copy �ARPES� study of Na0.9Mo6O17.

5

The CDW transition temperatures for K0.9Mo6O17 and
Na0.9Mo6O17 are TCDW=120 and 80 K, respectively.1 Both

materials exhibit a metal-to-metal transition as confirmed by
resistivity measurements.1 While the crystal structure of
K0.9Mo6O17 is hexagonal,6 the structure of Na0.9Mo6O17 is
monoclinic pseudohexagonal.7 Due to the similarities in
crystal structure, calculations of the electronic structure of
KMo6O17 have been used to understand the properties of
Na0.9Mo6O17.

3,8 Experimental results for T�TCDW indicate
mixed results for this assumption.5,9 The data presented by
Breuer et al. allowed for mirror operations along the X and Y
directions in the Brillouin zone and translations by hexago-
nal lattice vectors, which lead to two 1D Fermi surfaces be-
ing reported.5 Gweon et al. assumed a hexagonal symmetry
and the full Fermi surface map was created by 120° rota-
tions; they reported three 1D Fermi surfaces.9 Thus while
experimental data supports calculations of the electronic
structure of K0.9Mo6O17, there remains some uncertainty in
the applicability of these calculations for Na0.9Mo6O17.

We present here results of a new high-resolution ARPES
study of the electronic structure near the Fermi level �EF� of
single-crystal Na0.9Mo6O17. Measurements were made at
temperatures between 23 and 200 K, above and below TCDW.
Our data reveal the existence of two closely spaced bands
that disperse parallel to each other along most of the �M
direction in the bulk Brillouin zone. The two bands remain
separated as they cross EF, leading to two discrete Fermi
wave vectors �kF� for T�TCDW. We also observe the opening
of a band gap at EF for T�TCDW at specific parts of the
Brillouin zone, as well as backfolding of the bands due to
creation of a new zone boundary. Finally, while we are able
to fully determine the size and location in the zone of the gap
in one symmetry direction, we did not observe the gap in a
hexagonally equivalent position in the zone.
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EXPERIMENT

The experiment was performed at the normal incidence
monochromator beamline U13UB at the National Synchro-
tron Light Source at Brookhaven National Laboratory. The
spectra were taken using a Scienta SES-200 spectrometer.
The spectrometer is mounted at a fixed angle of 45° to the
incoming photon beam and the emission angle was varied by
rotating the sample. Total energy resolution was set to better
than 15 meV, as measured from the Fermi edge of Sr2RuO4
kept at �5 K. The instrument has an angular resolution of
better than ±0.1°, which corresponds to a momentum reso-
lution of ±0.0038 Å−1 �equivalent to 0.6% of the �M dis-
tance in the bulk Brillouin zone of Na0.9Mo6O17� for k� at the
selected photon energy. Single crystals of Na0.9Mo6O17 were
grown by a temperature gradient flux technique. The samples
were mounted on a liquid He cryostat, and cleaved in situ at
liquid He temperatures in an ultrahigh vacuum chamber with
a base pressure of better than 1�10−10 Torr. The tempera-
ture was controlled by a Lakeshore temperature controller
and a calibrated silicon sensor mounted on the cryostat. Ori-
entation of the crystal was checked by low-energy electron
diffraction �LEED� after the photoemission experiment be-
cause the Na0.9Mo6O17 surface is very sensitive to electron
irradiation. The LEED pattern showed pinpoint sharp spots
for about 10 s, after which time the spots became dim, indi-
cating surface damage due to the electron beam. While the
bulk crystal structure has been determined by x-ray diffrac-
tion to be monoclinic, the LEED patterns were observed to
be hexagonal. We note that the crystal structure of
Na0.9Mo6O17 is very similar to that of K0.9Mo6O17.
Na0.9Mo6O17 can be thought of as being hexagonal but with
a slight distortion, making it monoclinic. We use the hexago-
nal labeling scheme in this paper for the following reasons.
First, we could not distinguish experimentally between the
�L and �Z directions in the ARPES spectra, both coinciding
with the �M direction in the hexagonal Brillouin zone. This
will be discussed further below. Second, the locations in k

space of the L and M points relative to the � point are almost
identical, as is the distance between the Z point and the mid-
point between � and M. Finally, the measured LEED pattern
is clearly hexagonal.

RESULTS AND DISCUSSION

Figure 1 presents photoemission intensity maps recorded
in the �M direction at the indicated temperatures, above and
below the CDW transition temperature of 80 K. At all tem-
peratures, three bands are clearly visible. Two of these bands
disperse parallel to each other towards EF with maximum
binding energy at the zone center �. We designate these as
bands 1 and 2, with band 1 lying closest to EF at all values of
k�. The third band is much less dispersive and is observed at
a binding energy of approximately 0.8 eV at all sample tem-
peratures; this band is designated as band 3. At 200 K, bands
1 and 2 are observed to cross EF in the vicinity of
k� =0.35 Å−1 �see Fig. 1�e��. For temperatures �100 K �Figs.
1�a�–1�d��, the two bands do not cross EF, but reach a mini-
mum binding energy and disperse away from EF to higher
binding energies as k� is increased above 0.35 Å−1, indicating
the creation of a new zone boundary at this point. The dis-
persion of the bands is indicated on each of the panels in Fig.
1, where the positions of the peaks were determined by fit-
ting the energy distribution curves �EDCs� to Lorentzian line
shapes. Note that even though the centroids of the dispersive
bands do not cross EF for T�100 K, the leading edge of
band 1 does reach EF, and consequently there is some emis-
sion intensity at EF. For this reason, energy gaps reported in
this paper are the energy difference between EF and the point
of maximum intensity of a band at a particular k�. The mea-
sured bands agree in general with those from published tight-
binding calculations.8 These calculations show that the bands
are primarily derived from the t2g block of Mo 3d states
located on innermost two sublayers of the Mo6O17 layer. The
measured bandwidth is approximately twice that calculated;

FIG. 1. �Color online� Intensity maps collected in the �M direction. �a�–�e� are for 23, 50, 80, 100, and 200 K, respectively. The position
of the maximum intensity for each band is marked by squares for band 1 and circles for band 2. The positions were extracted by fitting two
Lorentzians to EDCs.
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underestimation of bandwidths is a known issue for tight-
binding calculations.

Figure 2�a� plots the minimum binding energy of bands 1
and 2 as a function of sample temperature �100 K. Figure
2�b� plots the value of k� for which the minimum binding
energy occurs for both bands, also as a function of sample
temperature. �As shown in Fig. 1, for 200 K, both bands 1
and 2 cross EF, so at that temperature the minimum binding
energy of these bands is zero.� As the temperature is reduced,
changes in the minimum binding energy for both bands can
be observed in Fig. 2�a�. Band 2 shows the greater shift in
energy. The minimum binding energy for band 2 changes
from 0.15 eV at T=100 K to 0.20 eV at T=23 K �below
TCDW�, while the minimum binding energy for band 1
changes from 0.04 eV at T=100 K to 0.07 eV below TCDW.
The position along �M where the bands make their closest
approach to EF also varies as the temperature is reduced. At
100 K, above TCDW, the points of minimum binding energy
for both bands occur well past half the distance between �
and M ��M /2=0.3275 Å−1�. For 80 and 50 K, the points of
minimum binding energy are at �M /2, but at 23 K the points
of minium binding energy again shift to ��M /2. In contrast,
the energy gap for bands 1 and 2 does not behave anoma-
lously at 23 K �Fig. 2�a�.�

At 200 K both bands 1 and 2 cross EF at Fermi wave
vectors of kF1=0.304 Å−1 and kF2=0.334 Å−1. These are less
than and greater than qCDW/2 �0.3275 Å−1�, respectively. At
T=100 K, the point of minimum binding energy of band 2 is
at 0.345 Å−1 �53.1% of �M�, while the point minimum bind-
ing energy of band 1 is at 0.340 Å−1 �51.9% of �M�. As the
temperature decreases through 50 K, the points of minimum

binding energy of both bands lie at the same place in k space
and also coincide, as expected, with qCDW. �The nesting vec-
tors for K0.9Mo6O17 have been shown to be qa= �a* /2 ,0 ,0�,
qb= �0,b* /2 ,0�, and qa+b= �a* /2 ,b* /2 ,0�.10 Since the crystal
structure of Na0.9Mo6O17 is very similar, we expect a similar
qCDW=0.655 Å−1.� However, as the temperature is decreased
to 23 K, k� for the point of minimum binding energy of the
bands increases. We note that a second transition has been
observed by magnetic susceptibility and specific heat mea-
surements in the vicinity of 30 K.1 The origin of this transi-
tion is not known, although there has been speculation that it
could be driven by a spin-density wave �SDW�. The change
we observe for the point of minimum binding energy k� is
quite small, from 50.0% to 50.9% of �M when going from
T=50 K to T=23 K. While the CDW is commensurate be-
low TCDW, �with the possible exception of at the lowest tem-
peratures�, we do have evidence of a noncommensurate pre-
cursor state at T=100 K, above TCDW. This is seen in Fig.
1�d�, where a point of minimum binding energy can be ob-
served for both bands, and neither band crosses EF. A sliding
incommensurate CDW can give rise to nonlinear transport
properties. However, a sliding incommensurate CDW has not
been observed, either because the deviation from commen-
surate is very small or the CDW is pinned.

FIG. 3. �Color online� A comparison between two sets of EDCs,
both recorded in the �M direction �as determined by LEED�. Both
sets were recorded with the sample at approximately 50 K. The
EDCs in �a� are the same data as in Fig. 1�b�. �c� shows the hex-
agonal Brillouin zone for KMo6O17, which is almost isostructural
with Na0.9Mo6O17. In �a� there is a backfolded band and in �b� there
is no backfolding and both bands cross EF.

FIG. 2. �a� Magnitude of the energy gaps for bands 1 and 2 as a
function of sample temperature. �b� Position in k space of the points
of minimum binding energy for bands 1 and 2 as a function of the
sample temperature. See text for details.
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If the surface Brillouin zone is hexagonal, the same elec-
tronic structure should be measured along every �M direc-
tion, since all are equivalent. “Figures 3�a� and 3�b� present
two sets of EDCs for data taken at T�50 K, for states along
what should be two equivalent �M directions, based on the
LEED pattern. In Fig. 3�c� the hexagonal and the monoclinic
Brillouin zones are included to show how the respective
zones relate to each other. �The EDCs of Fig. 3�a� represent
the same data as in Fig. 1�b��. Clear differences are visible
between the EDCs of Fig. 3�a� and Fig. 3�b�. Specifically, the
bands in Fig. 3�b� cross EF and the bands in Fig. 3�a� do not.
The EDCs in Fig. 3�b� were recorded at a temperature no
higher than 50 K, well below the transition temperature. The
markers in Fig. 3�a� are at the exact same positions as for the
intensity map in Fig. 1�b�. The markers in Fig. 3�b� are at the
peak positions as determined by fitting to momentum distri-
bution curves �MDCs�. When recording the data for Fig.
3�b�, data were taken from well into the second Brillouin
zone �not shown�. In the second zone the two bands are
repeated as expected. The difference between kF1 and kF2 in
the first and second zones is very small. From this one can
conclude that the data in Fig. 3�b� are from the �M direction
�or at least from a line slightly displaced from, but parallel
to, the �M line�. The difference between kF1 and kF2 in Fig.
1�e� is even smaller, so this measured direction is at least not
displaced any further from �M than the data in Fig. 3�b�, if
at all. The theoretical calculations for K0.9Mo6O17 predict the
two Fermi-level crossings to be at their closest point to each
other in the �M direction. This may indicate that we have
two nonequivalent �M directions, at least in the CDW phase.
A possible explanation would be that we have measured �M
and �M� directions. However, as we have previously re-
ported, it is more probable that there are two plus four
equivalent directions, as is suggested by the two overlaid
zones presented in Fig. 3�c�.5 Two �M directions coincide
with �Z in the monoclinic zone scheme and four �M direc-

tions coincide with the monoclinic �L directions. A problem
with assuming threefold rotational symmetry for qCDW is that
there is no reason for the wave vector to favor “positive”
directions over “negative.” The measured effects of qCDW
�the gap, in this case� should show up with sixfold rotational
symmetry. Since this is not observed, it is clear that the gap
opens up within a “two plus four” symmetry.

CONCLUSION

We have found and characterized the CDW gap in the
sodium purple bronze, Na0.9Mo6O17. The gap opening is ac-
companied by the creation of a new zone boundary and a
subsequent backfold of the bands. The position of the point
of minimum binding energy in the band dispersion has been
determined in both energy and momentum. A change of the
momentum of the point of minimum binding energy at very
low temperatures is consistent with the existence of a second
phase transition, previously observed by magnetic suscepti-
bility measurements and specific heat measurements. Sym-
metry arguments have been used to show that the features
found in the electronic structure are best described by using
the monoclinic nomenclature, even though the LEED pat-
terns are hexagonal and evidence for the short periodicity
��Z� has not been found in the data.
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