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First-principles study of the blue bronze K0.3MoO3
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~Received 12 March 2002; published 10 June 2002!

The electronic structure of the low-dimensional metal K0.3MoO3 has been studied by means of first-
principles density functional calculations. The dispersion of the partially filled bands is found to be in good
agreement with the presently available photoemission results. The Fermi surface of this material is shown to be
composed of two pairs of slightly warped sheets perpendicular to the highly conducting direction~the b axis!
which are nested by the 0.75b* wave vector. The nature of the relevant states for the conductivity and the
electronic instability is discussed. The present results provide a more realistic description of the electronic
structure of the blue bronze than the previous tight-binding ones.
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Low-dimensional molybdenum and tungsten oxides a
bronzes have been the focus of much attention because o
charge density wave~CDW! instabilities they exhibit.1–10

The discovery of nonlinear transport due to sliding of CD
in the K0.3MoO3 blue bronze8 was at the origin of the re
newed interest in many of these materials. Even if they
the more intensely studied among them, the blue bronzes
present the low-dimensional community with many puzzli
and very fundamental problems: the question of the sp
charge separation, the temperature dependence of the m
lation vector, etc.

The understanding of the structural and electronic ori
of these CDW instabilities has relied on the availability
calculated band structures and Fermi surfaces.7 In some
cases the Fermi surface clearly exhibits nesting featu
which are at the origin of the instabilities. In most cas
however, the Fermi surfaces are apparently non-nested
for some time it was difficult to understand the origin of t
instabilities. The development of the so-called hidden nes
concept5,11 provided a simple way for analyzing the appa
ently non-nested Fermi surfaces in terms of a superpos
of nested ones. These solids have complex unit cells and
it was only possible to calculate the Fermi surface us
extended Hu¨ckel-type calculations.7 These calculations wer
remarkably successful and in some cases were predic
Recent photoemission studies have provided a confirma
for these calculated Fermi surfaces.12–18The agreement wa
found to be less good for the band dispersion which, wh
calculated with the extended Hu¨ckel method, were found to
be too small by at least a factor of 2. In some cases like
blue bronzes there were some noticeable disagreemen
the relative dispersion of some bands.

First-principles calculations of the band structure a
Fermi surface of this type of materials have only be
scarcely reported so far. Yet, in view of recent progress
photoemission studies of these materials, these calcula
would be very helpful in rationalizing the experimental da
and providing a link between the crystal and electronic str
ture of these low-dimensional solids. To the best of o
knowledge, only the lowest members of the monophosph
tungsten bronzes have been the subject of detailed rep
concerning this type of calculations.19 Here we report a first-
principles study of the electronic structure of the potassi
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blue bronze, K0.3MoO3, one of the more widely studied
CDW materials. K0.3MoO3 is a quasi-one-dimensiona
~quasi-1D! metal20 which at 180 K undergoes a metal-to
semiconductor transition.21 X-ray diffuse scattering studie
showed that such transition is associated with an incomm
surate CDW instability.22 The basic band structure for thi
system was reported at the extended Hu¨ckel level by
Whangbo and Schneemeyer23 and a more in-depth analysi
of the nature of the electronic structure was later reported
Canadell and Whangbo.7 Let us note that Kaxiraset al.24

have also independently performed a first-principles study
this system although the computational approach emplo
is different.

The calculations were carried out using a numeri
atomic orbitals density functional theory~DFT!25,26 ap-
proach, which has been recently developed and designe
efficient calculations in large systems and implemented
the SIESTA code.27,28 We have used the generalized gradie
approximation to DFT and, in particular, the functional
Perdew, Burke, and Ernzerhof.29 Only the valence electron
are considered in the calculation, with the core being
placed by norm-conserving scalar relativistic pseud
potentials30 factorized in the Kleinman–Bylander form.31

Nonlinear partial-core corrections to describe the excha
and correlations in the core region were included for Mo32

We have used a split-valence double-z basis set including
polarization orbitals for all atoms, as obtained with an ene
shift of 500 meV.28 The integrals of the self-consistent term
of the Kohn–Sham Hamiltonian are obtained with the h
of a regular real space grid in which the electron density
projected. The grid spacing is determined by the maxim
kinetic energy of the plane waves that can be represente
that grid. In the present work, we used a cutoff of 200 R
which yields to a spacing between the grid points of arou
0.1 Å. The Brillouin zone~BZ! was sampled using a grid o
~53535! k points.33 We have checked that the results a
well converged with respect to the real space grid and the
sampling.

The crystal structure of K0.3MoO3 is centered
monoclinic34,35 and contains MoO3 layers in between which
the K atoms reside@see Fig. 1~a!#. The repeat unit of these
layers is the Mo10O30 group highlighted in Fig. 1~b!. The ten
octahedral units make chains along theb direction, which is
©2002 The American Physical Society05-1
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also the direction of high conductivity, through both ed
and corner-sharing between successive units. Edge-sh
between different chains leads to the MoO3 layers. As can be
easily seen in Fig. 1~b!, the chains contain two clearly dif
ferent types of octahedra:~i! those making quadruple chain
of corner-sharing octahedra alongb and, ~ii ! the so-called
hump octahedra, sharing two edges with octahedra of
outer part of the quadruple chain. Both bond-strength/bo
length correlations35 and extended Hu¨ckel calculations7,23

have suggested that the hump octahedra do not re
contribute to the conductivity of the blue bronze. Althou
the chemical formula for the repeat unit of the simp
monoclinic cell @shown as a parallelogram in Fig. 1~a!#
is K6Mo20O60, the centered nature of the crystal structu
allowed us to use a repeat unit half in size. As repeat vec
of the centered lattice we found it convenient to emp
a851/2(2a1b1c), b85b and c85c, wherea ~56.2311
Å!, b ~57.5502 Å!, andc ~59.8614 Å! are the repeat vector
of the simple monoclinic lattice.

The calculated band structure near the Fermi leve
shown in Fig. 2~a!, and the density of states for a much wid
energy range in Fig. 2~b!. The density of states diagram e
hibits a strong mixing between the molybdenum and oxyg
states, clearly showing the covalent character of the bind
in the MoO3 layers. In contrast, the potassium levels prac
cally do not contribute to the filled levels of the system@the
potassium contributions are found at energies higher t
shown in Fig. 2~b!# confirming that the potassium atoms a
as electron donors toward the MoO3 layers. The bottom of
the bands crossing the Fermi level are separated by a
0.35 eV from the top of the valence bands below, which

FIG. 1. ~a! Projection along theb axis of the crystal structure
of K0.3MoO3. The simple monoclinic cell is shown.~b! View of
one MoO3 layer where the basic unit of ten octahedra is hig
lighted.
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not contain large contributions of molybdenum and are
sentially made of oxygen lone pairs. Although not shown
Fig. 2~b!, further decomposition of the molybdenum cont
bution shows that the levels of molybdenum atoms in
hump octahedra do not contribute to the density of sta
around the Fermi level, confirming the previous more qua
tative results.

As shown in Fig. 2~a!, there are two partially filled band
with very strong one-dimensional character. The two ba
have noticeably different dispersions along the chain
rection, with a considerably larger energy difference atG,
whereas they run in an almost parallel way in the previo
extended Hu¨ckel band structure.23 The lower band is be-
tween four and five times more dispersive in the pres
calculations. These facts are in good agreement with b
the photoemission results12,14,17,18and the plane-wave calcu
lations24 so that the previous quantitative disagreement
tween the experimental and theoretical band structures o
blue bronze seems now to be solved~see Fig. 3!. The lower
band is cut by the Fermi level at 86% ofp/b whereas the
upper band is cut at 57% ofp/b. Again, these values are i
excellent agreement with those given by the most recent p
toemission studies, 90% and 59%, respectively.18

In order to give a more complete description of the nat
of the partially filled bands we show in Fig. 4 a representa-
tion of the crystal orbitals atG for the two partially filled
bands. These levels are essentially built from Modxz-type
orbitals~we assume a set of local coordinate axis in whicz

- FIG. 2. ~a! Band structure near the Fermi level calculated

K0.3MoO3 . G5~0,0,0!, X85( 1
2 ,0,0),Y85(0,1

2 ,0) andZ85(0,0,12 )
in units of thea8 * ,b8 * andc8* reciprocal lattice vectors;~b! Total
and projected density of states of K0.3MoO3 projected onto the Mo,
O, and K sites.
5-2
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BRIEF REPORTS PHYSICAL REVIEW B 65 233105
is the direction of the chains and the MoO3 layers are in the
xz plane!. In both of these levels the contribution of thed
orbitals of the hump octahedra is practically nil. Alldxz or-
bitals are in-phase in the lower band@see Fig. 4~a!# so that
the local pseudosymmetry is such that the Opz andpx prac-
tically cannot mix into it and thus, it is the lowest M
d-based level at theG point. The second band@Fig. 4~b!# has
opposite parity with respect to the twofold screw axis. Co
sequently, the Opz levels mix in an antibonding way at th
center of the quadruple octahedral chain. Because of the
malization condition, the contributions of the Modxz orbitals
of the inner and outer octahedra of the quadruple chains
come more different, breaking the local pseudosymmetry
allowing a smaller but significant antibonding mixing of th
other O pz orbitals. This description is in good agreeme
with the previous qualitative discussion based on sim
tight-binding ideas.7 What this description also makes cle
is that the reason for the difference between the fi
principles calculations and the previous extended Hu¨ckel re-
sults is that the Modxz-O pz interactions are considerabl
underestimated in the latter. The enhanced antibonding m

FIG. 3. Comparison of the ARPES~from Ref. 12! and the cal-
culated band structure~previous tight-binding—Ref. 23—and
present DFT results! for the blue bronze.

FIG. 4. Nature of wave functions associated with the two p
tially filled bands of the blue bronze at theG point: ~a! lower and,
~b! upper band. The Mo, O, and K atoms are depicted in bla
dark, and light gray colors, respectively.
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ing of O pz and the increased differentiation between the M
dxz contributions of the inner and outer octahedra of the q
druple chains via the normalization condition, make the
ergy difference between the two bands at theG andY8 points
very different.

The band dispersion along the interlayer direction is
tremely small so that in Fig. 5 we just report the calculat
Fermi surface in the (a8*, b8*) plane of the Brillouin zone.
It contains two pairs of slightly warped lines perpendicular
the chain direction. The warping is clearly smaller than in t
previous tight binding calculations, something which was
ready suggested by photoemission studies.12 In fact, the en-
ergy associated with the warping of both lines is such tha
is practically irrelevant at the temperature of the metal-
semiconductor transition. Thus, a single nesting vector
lead to the destruction of the complete Fermi surface with
the need to invoke opposite curvatures of the two partia
filled bands along the direction perpendicular to t
chains.23,36 The calculated nesting vector (q50.75b*) is in
fact imposed by the electron conservation rule once the
fectively one-dimensional nature of the Fermi surface is
cepted. Thus, the question of why the CDW wave vecto
incommensurate (q50.72b*) at 180 K immediately arises
Another interesting result of the present study is the abse
of any empty band lying very near the Fermi level that cou
be populated by thermal activation. The existence of suc
low-lying band was proposed36 in order to provide a ratio-
nale for the variation of the CDW wave vector with temper
ture as well as the contrasting behavior of resistivity a
susceptibility in the normal metallic state~i.e., the resistivity
is typical of a metallic system while the susceptibility exhi
its a gapped behavior!. This low-lying band does indeed exis
in the previous extended Hu¨ckel band structure but no evi
dence has been found in the photoemission studies.
band is also not found in the independent first-princip
study by Kaxiraset al.24 The reason for the discrepancy b
tween the extended Hu¨ckel and the first-principles calcula
tions lies in the above-mentioned underestimation of the
dxz-O pz antibonding interactions which leaves the thi
band atG @see Figure 2~a!# too low in energy. Anyway, this
result is significant in that it suggests that alternative exp
nations for the temperature dependence of the CDW w

-

,

FIG. 5. (a8 * ,b8 * ) plane of the Fermi surface calculated fo
K0.3MoO3 . G5~0,0,0!, X85(a8 * /2,0,0),Y85(0,b8 * /2,0) and Y
5(0,b* /2,0). Theq nesting vector is indicated.
5-3
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BRIEF REPORTS PHYSICAL REVIEW B 65 233105
vector and the apparent spin-charge separation in the no
state must be looked for. Those provided for instance by V
~temperature dependence of the susceptibility!37 or by Nogu-
era and Pouget38 ~temperature dependence of the wave v
tor! certainly deserve further attention.

In summary, the present first-principles calculations p
vide a description of the electronic structure of the K0.3MoO3
blue bronze in clearly better quantitative agreement with
more recent photoemission studies than the previous ti
binding ones. Thus, it is hoped that they provide a firm
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ground upon which to discuss the new experiments desig
to clarify the still puzzling features of the electronic structu
of this low-dimensional material.
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