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Ab initio Fermi surface and conduction-band calculations in oxygen-reduced Mo
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This article reportsab initio Fermi surfaces and conduction-band calculations of both stoichiometric and
oxygen-reduced Mo9 The data, based on a TB-LMTO approach in LDA, provide a convincing and detailed
interpretation of the one-electron removal XPS valence bands, where a clear energy gap is observed for the
stoichiometric samples, whereas a significant emission at the Fermi edge is measured for the oxygen reduced
system. In addition, the electrical conductivity, as deduced from the shape of the calculated Fermi surface, is
confined in thexz plane of the crystal, as required for Luttinger-liquid behavior. These results, when compared
to the conduction mechanism observed in the blue broz®KO,, clearly suggest that oxygen reduction and
doping can bring to very different processes for the electronic transport.
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[. INTRODUCTION served in the blue bronze are produced in the gap of the XPS
valence band by oxygen reduction. However, the problem of
The understanding of the mechanisms underlying thehe conductivity in the reduced compound has never been
physical properties of transition metals compounds is curaddressed.
rently one of the most compelling problems. In particular, the  This is a very interesting and paradigmatic case where the
interplay between the physical properties and the details dfermi surface and the details of the conducting bands can be
the crystal geometry, electronic structure, and stoichiometrgalculatedab initio because of the quite reducél,4 corre-
is quite obscure. For instance, confining ourselves to théation energy, compared to the band width. The aim of this
electrical properties, we can find normal metals such asrticle is to describe thab initio Fermi surface of stoichio-
ReQ; and TiO, large band gap insulators 48, Cr,O3, metric and reduced MoQand to give a very clear physical
a-Fe,03), semiconductors (GD), compounds that can be background of the electronic structure in these compounds.
subjected to a semiconductor-metal transition §Y®,0;,  The calculations, based on a TB-LMTO approach in LDA,
Fe;0,4, TiO3), and superconductors (LaBaCuO,,  also provide atom and orbital resolved DOS that describe the
YBa,C;07). character of the bonds and the transport band properties.
A particular class of compounds includes®, MoOs,  Both this information, i.e., Fermi surface and transport prop-
and the compounds obtained by doping these oxides with agrties, provide a map for electrical conduction and band
alkaline metal. These are effective low-dimensional systemsmapping measurements.
with a strongly anisotropic conductivity. Focusing on the Mo We find that the oxygen reduction, though it is not able to
compounds, it is observed that, while the quasi-1D metallicadd new electrons and new bands to the system, can shift
molybdenum purple bronze @sMoO;3) is superconduct- molybdenum 4 states into the gap of MoQ In addition,
ing, the blue bronzéhe K, 3 doped oxidgbecomes insulator  the calculations allow one to predict that the conductivity of
at low temperature, due to the formation of charge densityhe reduced compound is strongly anisotropic, mainly occur-
waves’ and that the pairing of localized electrons seems t@ing in thexz plane, unlike that of the blue bronze. This fact
occur without leading to superconductivity. These propertiess also stressed by the shape of the calculated Fermi surface
have been subject to intense stdd§and their full compre-  which does not cross the, axis, but intersectk, andk, in
hension has not been achieved yet. a few nested sheets.
Among others, the property of the blue bronze to show a
Luttinger-liquid physics is still under examinatié.How-
ever, the source of its metal character is quite clear: in the Il. STRUCTURE
blue bronze, potassium behaves similar to a donor of elec-
trons, towards one of the many inequivalent Mo sites. K MoO; has orthorhombic crystal symmet(gee Fig. ],
doping adds both electrons, and new band states to the sysith lattice parametera=3.92 A, b=13.94 A, c=3.66 A,
tem, and potassium originating electrons are captured by thand space groupbnm®
lowest energy free orbital of molybdenum. This simple The unit cell is made of four MoQunits(see Fig. 1L The
mechanism is accepted to qualitatively explain the conducthree oxygen atoms are all inequivalent, and they are
tive behavior of the blue bronZe. grouped into three classes! @ coordinated to a single Mo
As far as the insulating oxide MoQis concerned, we atom at a distance of 1.84 A, while’@nd O’ lie approxi-
experimentally observe that features similar to those obmately in thexz plane. Mo-O distance is 1.86 A in two
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FIG. 1. (Color) The unit cell of orthorhombic Mo©has three inequivalent oxygen atoms. Red is Mo, blugdbeen @, and cyan 0.
Inset: First Brillouin zone with high symmetry lines.

molecules of the cell and 2.05 A in the others; the M8-O MoO, DOS

distance is fixed at 1.90 A.

For convenience, the bulk can be thought as made of L S
MoOg octahedra asymmetrically sharing arf @om at a
corner. These octahedra are organized in bilayers along the
direction. However, these geometrical building units are
quite distorted, as they include variable Mo-O bond
lengths®?

Ill. STOICHIOMETRIC MoO

As a first step we have performed a tight binding LMTO-
ASA calculation of the electronic structure of the stoichio-
metric oxide within the LDA™*?The calculated DOS has an
occupied region about 6.7 eV wide, and a small 0.5 eV gap.
While we expect that the gap width is underestimated in the
LDA, we find good agreement between the calculated and
observed valence band widtkee Fig. 2.

The atom and orbital resolutigiigs. 3 and #of the total
DOS (Fig. 2) indicates that the valence band is composed of
hybridized O 2 and Mo 4 states. However, the dominant / "\.\
contribution to the occupied region comes from the @ 2
band. The Mo 4 contribution is quite uniformly distributed
in the occupied region, with the exception of tifepeak at . |6 ' '4 ' _'2 0 2 zI]. ' é |8
—6 eV, strongly hybridized with the, andp, components E-E_(eV)
of O”. Above the Fermi energy, it is possible to recognize F
(see Fig. 3 that the lowest energy unoccupied levels of Mo FiG. 2. Upper panel: the calculated LMTO DOS resolved in the
havexy, yz andxz character, while the remainingjorbitals  main orbital components of each atom type. Lower panel: the solid
raise above 4 eV. The gap has a mixed O-Mo and O-O typehick line is the total LMTO-ASA calculated DOS, the dotted line is
but the dominant character is O-Mo. This fact puts the comthe spectral function with self-energy correction, convolved with a
pound in the class of weakly interacting charge transfer oxGaussian of width 0.5 eV, and dots are XPS experimental points.

— with correlation
experiment
— single particle

DOS (arb. units)
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Mo 4d in MoO, LMTO-ASA DOS Orbital resolved Oxygen 2p DOS
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FIG. 3. Calculated orbital Mo @ component of the total tot:llgbg' Orbital and atom resolved oxygen contribution to the

LMTO-ASA DOS.

ides: we expect a small Coulonth,, interaction parameter The 3BS technique consists of a solid state configuration

compared to the valence band width and the insulating gagnteraction in which, together with the basic state with a
and, eventually, to the charge transtér between O and photohole added to the ground state, excited states of the
Mo.i3 ’ system are allowed to take part to the photoemission

The oxygen projected orbital resolution of the DQBe process>1® These states are obtained by removing an elec-

Fig. 4) also shows that the three oxygen atoms contribute ifron from the occuPiid vallence band, anhd prorr;ot;\g it to tf;}e
quite distinct zones of the spectrum to the DOS. In particulardnoccupied part of the valence band. The total effect on the

the contribution to the region higher in energy, close to the>Ndlé particle DOS is a combined effect of the scattering
top band edge, mainly comes from thgorbital of O'. The amplltpde in the Mo 'd.band and the Valu,e,dﬂdd' This
other O atoms contribute to the intensity in the deeper revalue is treated as a fitting parameter, and it is set to 2 eV for

gion. The band width of Ois fairly smaller than that of O theTiystem lunder eli(_aminatiop. h h off
and J’. As a matter of fact, its contribution to the total . e resu ts(see Fig. 2 confirm t at no such efects are
important in the present case, even if a small reduction of the

Mo 7% peak is observed. This fact was expected on the base
of the atom resolved DOS analysis, since O-Mo character of

oxygen classes. In contrast, both &nd O’ have a full 6 eV th s that th lost elect itati f th
bandwidth, though their main contributions are, respectively, € gap suggests that the smalflest electron excitation ot the

at—1 and—6 eV, suggesting a covalent bond. This mixed system should be an optical one, involving the creation of an

covalent-ionic character is also confirmed by cluster calcula,%)hxyg.]enI hqle a?d a rr}oltybder;fumt e!ectrc>tn. We concltjd('a :hat
tions performed for thez surface* e inclusion of correlation effects is not necessary to inter-

pret the XPS valence band of the oxide. Now, let us turn to

the examination of the effects of the oxygen reduction.
IV. ELECTRON CORRELATION

In addition to thg band calculatiqn we have performed a V. OXYGEN REDUCTION OF MoO 4
three body scattering3BS) calculation of the self-energy
effects, in order to investigate the role of electron correlation The XPS measurements have been performed using a
in the one-electron removal XPS valence band. The manynonochromatized Ak « lamp and a hemispherical analyzer.
body analysis of the photoemission spectrum indicates thathe pass energy for the analyzer was set at 5 eV. With this
no considerable correlation effects are expected in this casparameter the overall energy resolution for the spectrometer
thus enforcing the conclusions obtained within the LDA ap-was 0.4 eV as measured on the Adsg core level. The
proach. MoO; samples were high quality monocrystals cleaved at
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10 1% mbar. The background pressure during the whole ex- Reduced MoO, DOS

periment was never higher thanxd.0~° mbar. The oxygen

reduced MoQ@ was obtainedn situ by a 1 min mild sputter- ' T ' ' b

ing of the samples using a 500 eV low current"Aon flux. reduced O
The preferential oxygen sputtering in oxide systems is a

well-known mechanism. The Osland the Mo & emission

lines were used to monitor the reduction effects on the /‘/\/\/\/f\/\l(
samples. In stoichiometric MoOthe Mo 3d core lines are . 4 —f—
symmetric, whereas the Oslline shows a broadening to- reduced 0

ward the higher binding energy. This broadening, very
likely, reflects the different binding energies of the three non-
equivalent oxygen ions in the crystal. Unfortunately, the en-
ergy resolution in this experiment, i.e., about 0.4 eV, was not
sufficient to properly decompose the G Bpectrum and
identify the nonequivalent oxygen. Nevertheless, even a very

limited oxygen reduction induced a significant splitting of

the Mo 3d core lines. Therefore, the Arreduction process

was monitored by measuring the intensity of the Mas3 L L N
L

Intensity (arb. units)

core levels and calculating the ratio between the intensities om0

of the Mo 6+ component versus the Mo reduced compo- — theor

nents. The sputtering was stopped when the ratio was about

1/1. Also the relative intensity of the Oslemission versus

the total Mo 3 emission indicates an oxygen reduction of - W

the compounds, however, because of the limited resolution it 10 86 a0 o
would be quite ambiguous to infer, from the G &pectra, E-E, (eV)

about possible preferential sputtering among the nonequiva-
lent oxygen ions in the lattice. Nevertheless the core line FIG. 5. Single oxygen atom removed from MpOMTO DOS,
photoemission data clearly show that the rise of the gagnd mixing (lowest pane| compared to the experimental XPS.
emission is directly correlated to the enhancement of thglllgd _cwcles_, refer to th_e rgduced oxides, the dashed line to the
oxygen-reduced component in the Md 8ore line spectra. A Stoichiometric Mo@, as in Fig. 2
more prolonged sputtering led eventually to a complete re-
duction of the Mo ions with a significant enhancement of theone-electron removal valence band spectrum.
emission in the energy gap. A closer look at Fig. 5 clearly shows that, in each one of
the three limiting cases, the removal of a single inequivalent
oxygen atom has the effect of filling up Maldantibonding
orbitals located in the gap of stoichiometric Mp@hile the

The most striking difference between the XPS line shape 2p bonding orbitals still remain occupied, and shift about
in the oxygen reduced oxide and in the stoichiometric oxide2 eV lower in energy, in agreement with the experimental
is the appearance of a feature at the Fermi level, separated lopservation. The filled orbitals bond to oxygen along the
the MoO;-like band by a deep pifsee Fig. 5. direction of the longest Mo-O bond distance available. The

In order to describe the oxygen reduced oxide we haveheoretical one-electron removal XPS valence band can be
calculated the DOS in three limiting cases, obtained by creeasily fitted to the experimental one by mixing the three
ating oxygen vacanciefone oxygen type at a timeand limiting cases. This procedure does not change the qualita-
freezing all the remaining atoms to their bulk equilibrium tive picture of our model, since in every case Mo gtates in
positions. The resulting systems have the same stoichiometiijte gap appear, but it is performed in order to take into ac-
as MoQ, but they still have the space group symmetry ofcount the fact that oxygen resolution of the reduction process
MoOs. In the LMTO-ASA approach this is obtained by re- is not available. This method does not account for the effect
placing an oxygen atom with an empty sphere of the samef disorder, which would require a drastically different ap-
radius. In this way we are able to obtain three DOS’s, thaproach from the beginning. Finally, in the comparison of the
describe the reduction process assuming that it amounts &xperimental data and the calculated spectra some approxi-
creating oxygen vacancies without destroying the bulk ordemnation must be assumed about the cross section of the pho-

Obviously, this theoretical description of the oxygen-toemission process and the normalization of the calculated
reduced samples is based on rather crude approximatiospectra versus the measured emission. However, the com-
that render the present calculations as model-like. In fact, thparison between the experiment and the calculated spectra
oxygen reduction by Af sputtering is expected to introduce clearly indicates on a qualitative base the origin of the emis-
a disordered oxygen reduction rather than an ordered redusion observed in the band gap of oxygen reduced MoO
tion as assumed in the model. Nevertheless, the model helps We conclude that, though the features in the XPS valence
to rationalize the direct correlation between the oxygen reband are the same observed in the blue bronze, a different
duction and the emission detected in the energy gap of theechanism is to be invoked in order to describe the conduc-

VI. REDUCED MoO ; VALENCE BAND
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FIG. 6. Single oxygen atom reduced Mg®ands around the
Fermi energy.

tivity. In fact, the injection of electrons into the system, ob-
tained by K doping, also adds entirely new bands at the
Fermi level, while the reduction process creates extended
defects, that result in an electron transfer towards the lowest FIG. 7. (Color) Fermi surfaces of the reduced compounds. The
energy free orbitals. These cannot be bondinglike, since thépper panel is Oreduced, the middle is'Creduced, and the lower
bonding orbitals are already filled, but they are Wiﬁ sym- is O” reduced. The figures on the left are 3D view of the surface in

metry Mo 4d orbitals, which are the unoccupied lowest en_the reduced zone scheme. On the right a top vision of the same
ergy orbitals ' surface(i.e., viewing along thek, axis). The colors are arbitrary,

Finally the band calculation showig. 6) that, in every and denote the different band each sheet of the surface originates

case, the bands go across the Fermi level only alongk.the from.

andk, directions ("-X, andI'-Z, T-Y, S-Rin the reciprocal  oxygen reduced Mog) these levels are pulled into the gap
space, while the compound still has an insulating characterof MoO, by the action of the created extended defects. The
along thek, axis (Z-T, Y-I', X-S, R-U). differences are also stressed by the plot of the Fermi sur-
The Fermi surface can be plotted in the three reduceglces, that suggest a two-dimensional conduction for the re-
caseqFig. 7). It is evident the almost equivalent role played duced oxide, while a one-dimensional character for the blue
by O’ and 0" atoms lying in thexz plane. Removing each of bronze. These findings lead to the conclusion, relevant for
these atoms results in approximately the same Fermi surfadbe low-dimensional transition metal oxides, that reduction
shape rotated by 90°. These surfaces show a considerat#@d doping can bring to very different conductive behaviors,
nesting. Also it can be noted that none of the surfaces cuthough the XPS analysis of the valence band shows very

the k, axis, suggesting that no conduction is possible alongimilar features. o _
the y direction in the reduced compound. In conclusion this paper reportd initio Fermi surfaces

of MoO; and oxygen reduced MaQ From the detailed
shape of the calculated Fermi surface, these compounds
should exhibit a 2D character in agreement with possible
In summary, the band analysis, performed in the |imitingLuttinger-quuid behavior. Finally, the agreement between the
cases, where a single type of oxygen is removed at a timg&alculated density of states, based on a TB-LMTO approach
shows that the conduction band of the oxygen reduced comid LDA, provide a convincing interpretation of the one-

pound has Mo d character. We have compared the Xpseélectron removal XPS valence bands in these systems and
valence band in the reduced Mg@ that of the K doped constitute the route map for detailed Fermi surface measure-

blue bronze. In spite of the fact that the two line shapes arghents and transport measurements.
strikingly similar, we find that a different physical process is
the reason of the conductivity properties in these compounds.
In fact, while in the case of the blue bronze new Md 4 C.A. Rozzi thanks Dr. Catia Arcangeli for helpful discus-
levels are filled by the electrons added to the system, in theions and friendly collaboration.

VIl. CONCLUSIONS
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