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Abstract. We present the first direct observation of temperature-dependent Fermi wave vectors
in the quasi-one-dimensional conductor K0.3MoO3. By monitoring the position of these vectors
through the Peierls transition using angle-resolved photoemission spectroscopy, we demonstrate
that the temperature dependence of the charge-density-wave vector observed in earlier experiments
is actually that of the Fermi wave vectors.

Low-dimensional materials exhibit a number of unique properties closely related to the
anisotropy of their Fermi surfaces. Of particular interest are the phase transitions to the state
characterized by a charge-density-wave (CDW) instability [1–4]. Much attention has been
paid to a class of quasi-one-dimensional (1D) oxides known as blue bronzes with the generic
chemical form A0.3MoO3 (A = K, Rb, or Tl). These compounds possess a highly anisotropic,
layered crystal structure. Sheets of corner- and edge-sharing MoO6 octahedra extend along
the 1D direction b, parallel to the (201̄) cleavage plane. These sheets are separated by the ‘A’
cations. The prototypical blue bronze is K0.3MoO3. This material has a metal–semiconductor
transition at around 180 K, identified as a Peierls transition, which results in the formation
of a gap at the Fermi surface [5]. Electronic structure calculations indicate that two separate
quasi-1D bands cross the Fermi level (EF ) in K0.3MoO3.

When a CDW instability occurs in a system that has more than one band crossing EF ,
there are two distinct possibilities. One is exemplified by NbSe3 [1] where the system shows
two successive transitions with the formation of different CDWs. The other possibility occurs
in K0.3MoO3 [3] where diffraction studies clearly reveal just one single CDW with wave vector
along the b-direction [6–8]. In the latter case, the CDW wave vector, qCDW , is also found to be
temperature dependent. At higher temperatures it is incommensurate with the lattice, and at
∼100 K it approaches the value expected for a commensurate phase, i.e. ∼0.75b∗ (b∗ = 2π/b

is the reciprocal-lattice unit corresponding to the chain direction). This value of qCDW can be
related directly to the Fermi surface nesting vectors given by band-structure calculations: these
predict two Fermi wave vectors, kF1 = 0.33b∗ = 0.274 Å−1 and kF2 = 0.42b∗ = 0.349 Å−1,
yielding a nesting vector (kF1 + kF2) = 0.75b∗ = 0.6234 Å−1 [9]. Several mechanisms for
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the temperature dependence of qCDW have been proposed [7, 10, 11] but to date there has been
no experimental evidence that distinguishes between the models. Specifically, there are two
distinct possibilities:

(i) qCDW(T ) follows a hidden dependence of (kF1 + kF2)(T );
(ii) qCDW(T ) deviates from (kF1 + kF2) due to phonon dispersion or due to a breaking of the

charge-conjugation symmetry.

In principle, angle-resolved photoemission spectroscopy (ARP) is an experimental probe
that can be used to distinguish between these two models, since it can be used to measure the
Fermi wave vectors directly. Early ARP work on K0.3MoO3 performed at 300 K reported only
one band crossing the Fermi level at kF � 0.312 Å [12], while a more detailed study revealed
the existence of two bands [13] in the vicinity of EF , in agreement with theory [9]. However,
there have been no reports of ARP studies of the temperature dependence of these Fermi wave
vectors. In view of the temperature dependence of qCDW found in x-ray and neutron scattering,
the availability of such data would help in our understanding of CDWs in the blue bronzes and
other quasi-1D materials. To be successful, such a study requires a considerable improvement
in the momentum resolution of ARP in order to bring it to the same level as that obtained
routinely in x-ray and neutron scattering experiments.

We report here the first direct observation of temperature-dependent Fermi wave vectors
in K0.3MoO3. We identify two parallel bands dispersing along the chain direction �X towards
EF and crossing at momentum values kF1 and kF2 (see figure 1). We find that the Fermi wave
vectors are temperature dependent and that the temperature dependence of the sum (kF1 +kF2)

is identical to that of qCDW found in x-ray and neutron studies. Our results show unambig-
uously that the temperature dependence of the nesting wave vector is due to that of the Fermi
wave vectors, thereby providing strong constraints on any theoretical description.

The photoemission experiments were performed with a hemispherical electron energy
analyser SES-200 (Scienta) using photons from the U13UB beamline at the National
Synchrotron Light Source. The photon energy used in this study was 21.4 eV. The total energy
resolution obtained was ∼15 meV, while the momentum resolution was better than 0.01 Å−1.
Single crystals of K0.3MoO3 were grown by using the gradient flux technique [14]. They were
mounted on an open-cycle He refrigerator. By changing the rate of He flow, we were able
to stabilize sample temperatures between 15 K and 300 K with an accuracy of ±1 K. Clean
stoichiometric surfaces of K0.3MoO3 were prepared by cleaving samples along the (201) plane
in situ. Sample alignment was verified by means of low-energy electron diffraction which
showed sharp spots with virtually no diffuse background The base pressure in the chamber
was below 3 × 10−11 Torr. The spectrometer is capable of multi-channel data collection such
that the output signal is a three-dimensional map with the X- and Y -axes corresponding to the
emission angle and the kinetic energy of photoelectrons respectively. The Z-axis is the raw
photocurrent intensity at each XY -point.

Figure 1(a) displays a typical ARP map of the electronic structure of K0.3MoO3 in the
region close to the Fermi level crossings. This is a full, essentially continuous, three-dim-
ensional map of the photocurrent in this region of energy and momentum space—this is in
contrast to photointensity maps generated for one value of energy (usually EF ), where intensity
is recorded at discrete points in angle space by physically moving either the analyser or the
sample. To extract conventional energy distribution curves (EDCs) from figure 1(a), one
simply cuts the intensity map at the desired point along the x-axis, i.e. at the desired value of
the momentum. However, a plot such as figure 1(a) is more useful than conventional EDCs
since it also shows the variation of the photocurrent with momentum at any particular energy.
The experimental data reveal the existence of two bands that are parallel in the vicinity of the
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Figure 1. (a) A photoemission intensity map of K0.3MoO3; intensity increases from blue to red;
(b) the band structure of K0.3MoO3 from reference [9]; (c) a schematic sketch of the Fermi surface
(for details see the text).
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Fermi level and split by ∼480 meV. Figure 1(b) shows the results of a tight-binding band-
structure calculation [9] and the experimentally observed emission features in figure 1(a) are
clearly related to the bands found in the calculation, indicating that they are formed by the d
bands of Mo. The calculated splitting of 160 meV is, however, three times smaller than that
found experimentally. In figure 1(c), we show a schematic Fermi surface. It is composed of
two lines of opposite curvature, suggesting that the lower Fermi surface of the first band is
nested in the upper Fermi surface of the second band and vice versa [7, 9]. Consequently, the
single CDW observed in x-ray and neutron scattering experiments has a wave vector which
equals the sum of the two Fermi wave vectors, (kF1 + kF2). These wave vectors can now be
determined with high precision using the data of figure 1(a).

In general, there are two ways of using ARP to measure Fermi wave vectors. The first
involves measuring a series of EDCs, and tracking the dispersion of an emission feature as
it crosses above EF . This is quite sufficient for simple systems, but becomes problematic
for complex conductors since knowledge of model spectral functions is required, which is
an area of intense theoretical discussion [15]. Alternatively, one can measure the intensity
of photoelectrons versus momentum at EF . Such a method was in fact successfully used
for measuring the Fermi surface in the normal state of the high-temperature superconductor
Bi2Sr2CaCu2O8 [16] and more recently for the demonstration of the absence of well-defined
quasiparticle excitations in the same material [17]. Exploiting the natural capabilities of our
spectrometer, we use the latter method. The procedure simply consists of taking intensity
versus momentum profiles at EF from the ARP map in figure 1(a) and identifying the points
of highest intensity. We recently reported the use of this technique to successfully measure
the Fermi surface in another quasi-1D system [18].

Figure 2 shows the photoemission intensity at EF as a function of sample temperature and
momentum. This set of constant-energy profiles was obtained by integrating the temperature-
dependent 3D ARP maps in an energy window of EF ± 5 meV. Each profile consists of two
well-defined peaks, corresponding to the two bands crossing EF , from which kF1 and kF2

can be immediately identified. To verify that they do correspond to Fermi level crossings, we
produced a traditional energy distribution curve (EDC) by cutting the photocurrent map in an
angular window of 0.2◦ centred at angle corresponding to kF2. The result is shown as an inset
in figure 2. The solid line through the data points is a Fermi edge of the Au film deposited on
the sample. We clearly observe significant intensity at EF , and an unambiguous Fermi cut-off.
This is in sharp contrast to earlier reports [13] based on the use of an electron spectrometer with
conventional, i.e. ±1◦, angular resolution. (Significantly, we found that cutting the intensity
map at slightly different angles or using a window of 2◦ results in EDCs with intensity greatly
suppressed at EF .) When the temperature is lowered below 180 K, the intensity of both peaks
gradually decreases, reflecting the gap opening at EF associated with the Peierls transition.
The data reveal that the gap does not open fully, and there is enough intensity at EF for us
to track the position of the Fermi wave vector(s) through the Peierls transition. This could
either be due to fluctuations of the CDW order parameter [4] or the formation of amplitude
solitons [19]. However, the data of figure 2 also show that there is a reduction of the splitting
between the peaks, implying an increase of (kF1 + kF2) for temperatures between 180 K and
100 K. This increase is dominated by the movement of kF1 towards kF2. While the former
exhibits a strong temperature dependence, the latter does not appear to show any systematic
shift with temperature, but we cannot exclude a slight temperature dependence of kF2 beyond
our momentum resolution.

For a more quantitative analysis, the constant-energy profiles were fitted using a least-
squares procedure to two Gaussians representing peaks at kF1 and kF2, respectively. A linear
background was superimposed to account for scattered electrons. The intrinsic widths of the
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Figure 2. Results of the least-squares-fit analysis of intensity versus electron momentum profiles
at the Fermi level. The inset shows the EDC measured at the emission angle corresponding to
the Fermi wave vector kF2. The solid line represents the experimentally determined Fermi edge
measured from an evaporated gold film.

Gaussians were found to decrease slightly upon cooling the sample. The solid line through the
data points in figure 2 represents the results of the fit. The value of [1−(kF1 +kF2)] determined
in this manner is plotted versus temperature in figure 3. On the same figure, we have also shown
the temperature dependence of the reduced wave vector of the CDW, (1 − qCDW), obtained
from the inelastic neutron scattering [8]. The two curves coincide well, showing that the
temperature dependence of the nesting wave vector is due to that of the Fermi wave vector.
We now consider the implications of this result.

It was suggested earlier by Pouget et al that there exists a flat band just above EF in
K0.3MoO3 which can be thermally populated [7]. The temperature dependence of qCDW can
then be attributed to charge transfer between the two bands crossingEF and the third band. Such
an explanation can also account for a temperature-dependent kF . (Band-structure calculations
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Figure 3. The temperature dependence of [1 − (kF1 + kF2)] derived from the data in figure 2
(crosses) and the temperature dependence of (1−qCDW ) measured by means of neutron scattering
in reference [8].

do indeed show a third band located at 0.012 eV above EF at �, but it disperses rapidly to
higher energies away from the zone centre [9].) However, a natural consequence of this would
be a continuous change in kF between 180 K and 300 K. Our results, on the other hand, indicate
that kF begins to saturate at higher temperatures, thereby ruling out a simple charge-transfer
model. There have also been explanations for the temperature dependence of the nesting wave
vector. Noguera and Pouget [10] have shown that a nonlinear electron dispersion as well as
a finite phonon dispersion can lead to the thermal dependence of the nesting wave vector.
Artemenko et al [11] have also proposed a similar explanation but differing in detail. In both
of these models, the thermal dependence of the nesting wave vector follows from a shift in
the chemical potential. However, such models cannot explain our results for the temperature
dependence of the Fermi wave vectors that we obtained at a constant energy EF . The absence
of any detectable shift of the bands at high binding energies is also not consistent with a shift
in the chemical potential. Indeed, the ARP data show that the temperature dependence of the
nesting wave vector in K0.3MoO3 is predominantly (if not completely) due to a change in the
electronic structure.

Since the change in the Fermi wave vectors of K0.3MoO3 occurs between 100 K and 200 K,
it is reasonable to associate any change in the electronic structure with a change in the coupling
between chains belonging to different unit cells (the smallest electronic scale in the problem).
This can happen if, for instance, the Mo–O distances in the basal plane change continuously
with temperature. To explore this possibility, we have calculated the Fermi surface using a
tight-binding model. The model Hamiltonian represents an array of coupled chains with two
chains per unit cell. The coupling between these two chains, t⊥, is chosen to be 0.3 (in units
of the intrachain hopping integral t). The coupling t ′⊥ between adjacent chains belonging to
different unit cells is chosen to be 0.1 in the same units. If we change t ′⊥ in our tight-binding
model by 10%, we find that the splitting between the Fermi wave vectors along the 1D direction
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k⊥ = 0 changes by 5%. The result of such a calculation is shown in figure 4 with full and
dashed lines representing, respectively, the initial Fermi surface and that corresponding to
the t ′⊥ reduced by 10%. Experimentally, the splitting reduces by 10% as the temperature is
lowered. For a given number of electrons, this would also imply a change in the Fermi wave
vector transverse to this direction. Hence, the CDW nesting vector should also change along
the transverse direction. This and related consequences are being currently investigated.

ΓY Y

Χ

Figure 4. The Fermi surface of an array of coupled chains with two chains per unit cell calculated
using a tight-binding model (solid lines). Reducing the interchain splitting by 10% leads to the
Fermi surface indicated by the dashed lines.

To summarize, using ARP with high momentum resolution we have directly measured
two Fermi wave vectors in quasi-one-dimensional K0.3MoO3. By monitoring the temperature
dependence of the Fermi wave vectors from 300 to 40 K, it was possible for the first time
to compare the temperature dependence of the Fermi wave vectors and the CDW nesting
vector. Our results show unambiguously that the temperature dependence of the CDW nesting
vector observed in x-ray and neutron scattering experiments is primarily due to a change in
the electronic structure.
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