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Electronic signature of the vacancy ordering in NbO (Nb3;O3)
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We investigated the electronic structure of the vacancy-ordered 4d-transition-metal monoxide NbO (Nb;O3)
using angle-integrated soft- and hard-x-ray photoelectron spectroscopies as well as ultraviolet angle-resolved
photoelectron spectroscopy. We found that density-functional-based band-structure calculations can describe the
spectral features accurately provided that self-interaction effects are taken into account. In the angle-resolved
spectra we were able to identify the so-called ‘vacancy’ band that characterizes the ordering of the vacancies. This
together with the band-structure results indicate the important role of the very large inter-Nb-4d hybridization
for the formation of the ordered vacancies and the high thermal stability of the ordered structure of niobium

monoxide.
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I. INTRODUCTION

The transition-metal (TM) monoxide NbO is special.
Although many transition-metal monoxides adopt the highly
dense rock-salt crystal structure, NbO, synthesized already
more than 150 years ago [1], crystallizes in a structure in
which 25% of the Nb and 25% of the O ions are removed from
the rock-salt lattice. The Nb and O vacancies are ordered,
and there are no additional distortions of the lattice [2—4], see
Fig. 1. For clarity, the hypothetical rock salt and the actual
vacancy-ordered crystal structure of niobium monoxide will
be referred to as NbsO, and Nb3Os, respectively. Adding to
the astonishment, the vacancy order is robust, and the crystal
structure remains stable up until 2213 K, the melting point of
niobium monoxide [3,5-8].

Although the formation of defects or vacancies in either the
cation or the anion sites is in itself not a rare phenomenon
for TM oxides [9-11], the precise and robust ordering of
the vacancies in niobium monoxide give perhaps credit to
efforts that treat its crystal structure not so much as a defect
problem but as a three-dimensional network of corner-sharing
condensates of NbgOj, clusters. This is motivated by the
analogy with the TMgX |, clusters that form Chevrel phases
(X = halogen, chalcogen, or pnictide) [10,12,13]. Figure 1
(right) gives an illustration of such a building block.

Density-functional-based band-structure calculations have
been performed [12,14-16] to explain the properties of
niobium monoxide [17-20], and it was found that the Nb3;O3
structure is more stable than the NbysO4 structure by about
1 eV per NbO unit [15,16]. Our objective here is to test
experimentally the accuracy of the band-structure calculations
and to identify the bands in the measured spectra that are
characteristic for Nb3;O3 thereby proving that the vacancies
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FIG. 1. Crystal structure of the standard rock-salt lattice (left) and
the long-range vacancy-ordered rock-salt lattice with one quarter of
the atoms missing from both sublattices (right). The large and small
spheres depict niobium and oxygen atoms, respectively. Niobium
monoxide in the hypothetical rock-salt structure is labeled as Nb,O4
and in the real vacancy-ordered structure is labeled as Nb3;O;.

are ordered and that band formation is an essential ingredient
for the formation of vacancies in niobium monoxide.

II. METHODS

Angle-integrated photoelectron spectroscopy measure-
ments have been carried out at three facilities: (1) the Dragon
beamline 11A at the National Synchrotron Radiation Research
Center (NSRRC) in Taiwan with the energy of the soft
x rays set to hv = 700 eV, (2) at the Max-Planck-Institute
photoemission facility in Dresden having a monochroma-
tized Al-K,hv = 1486.6 eV x-ray source, and (3) at the
Max-Planck-NSRRC hard x-ray photoelectron spectrosopy
(HAXPES) end station [21] at the Taiwan undulator beamline
BL12XU of SPring-8 in Japan with the photon energy set
to hv = 6.5 keV. The photoemission facilities in Taiwan (1)
and Japan (3) were equipped with MB Scientific A-1 electron
energy analyzers, and the one in Dresden (2) was equipped
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with a VG Scienta R3000. Angle-resolved photoelectron
spectroscopy (ARPES) was performed at the (1) NSRRC
Dragon beamline 11A with the photon energies varied between
90 and 185 eV in order to cover the fifth Brillouin zone
of niobium monoxide. Single crystals of niobium monoxide
were grown by the traveling-solvent floating zone method. The
samples were ex situ aligned using a Laue camera and cleaved
in situ under ultrahigh vacuum conditions. The [001] crystal
direction is set at normal emission to the electron analyzer lens
opening.

The electronic structure calculations were performed using
WIEN2K, an augmented plane wave plus local orbitals program
[22]. Two kinds of parametrization of the exchange-correlation
potential were employed: the Perdew, Burke, and Ernzerhof
(PBE) parametrization within the generalized gradient approx-
imation (GGA) [23] and a screened hybrid functional for all

the electrons [24-26]. The screened hybrid functional (E?and)
was constructed such that a part («) of the semilocal PBE-GGA
exchange (ESS%) was replaced by the short-range part of the
Hartree-Fock exchange (EF) according to

EMi — Y 4 (1 — o) ESOA  EGGA (1
where ESGA is the correlation energy. We varied o from 0 to
0.3, and the best fit was found for « = 0.14 as will be shown
below. The Brillouin zone was sampled by a well-converged
mesh of 5000 & points in the full zone. The experimental lattice
constant @ = 4.21 A has been used throughout [4].

III. RESULTS

A. Valence-band photoemission spectra

Figure 2 displays the valence-band (VB) photoemis-
sion spectra of niobium monoxide taken with hv =
700, 1486.6 eV, and 6.5 keV photon energies. The 700 eV
spectrum was taken at room temperature with an overall energy
resolution of 0.7 eV, the 1486.6 eV spectrum was taken at room
temperature with 0.4 eV resolution, and the 6.5 keV spectra
were taken at 80 K with 0.17 eV resolution. All spectra are
normalized to their integrated intensities after the subtraction
of the standard integral background to account for inelastic-
scattering processes [27]. All the spectra show a clear cutoff
at zero energy (Ep, Fermi level), consistent with the system
being a good metal [17,28-30]. All spectra are comparable to
one another in terms of the total bandwidth and peak positions,
affirming their intrinsic nature. The intensities of the spectral
features vary with photon energy, reflecting the photon energy
dependence of the photoionization cross sections of the atomic
orbitals contributing to the VB: Nb-4d, O-2p, and Nb-5s
[31-34].

We have used two different geometries for the 6.5 keV
spectra. In the so-called horizontal geometry, the electron
energy analyzer was mounted horizontally and parallel to
the electrical-field vector of the photon beam, whereas in
the vertical geometry, it is perpendicular to the electrical-
field vector and the Poynting vector of the beam [21]. The
spectral intensities depend strongly on the polarization of the
light and are given by the so-called S-asymmetry parameter
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FIG. 2. Valence-band spectra of niobium monoxide taken with
photon energies hv = 700,1486.6 eV, and 6.5 keV together with the
total and orbital projected partial density of states calculated using the
hybrid functional and PBE-GGA exchange-correlation functional.

of the photoionization cross sections of the various atomic
shells involved [31-34]. In particular, it has been shown
experimentally [21] that the s contribution to the spectra is
substantially reduced in the vertical geometry. The differences
in the 6.5 keV spectra for the two geometries thus give an
indication for the energy distribution of the Nb-5s states.

VB photoemission spectra have been reported previously
for very low-energy incident photons with ~v = 30, 68, and
83.8 eV [18,19]. Considering the enormous energy difference
of the incident photons with the present experiments, the peaks
around —1.5 and —7 eV energies along with a shoulder around
—5.5 eV are qualitatively similar with those earlier reports
[18,19]. Yet, we are now able to discern additional features
due to the improved energy resolution and larger variation of
the photoionization cross sections, which help us to present a
more precise analysis of the electronic structure of niobium
monoxide as discussed below.

We begin by comparing the experimental VB spectra with
the calculated density of states (DOS) for Nb3;O3 using the
PBE-GGA exchange-correlation functional (Fig. 2, bottom
panel). To facilitate an easy comparison, the calculated DOS
was multiplied with the Fermi function. At first glance, the
general features of the experimental data seem to be repro-
duced by these calculations with the spectral weight closest to
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the Fermi level (0 to —4 eV) originating mainly from Nb-4d
states, whereas the spectral weight at deeper energies (—5 to
—10 eV) are an admixture of Nb-4d and O-2 p states. On closer
inspection, certain discrepancies emerge: First and foremost,
the widths of the measured spectra (~10 eV) are larger than
the calculations (~8.5 eV) thereby reducing the separation
between the centers of the Nb-4d- and O-2 p-derived spectral
weights. As a consequence, the shoulder around —5.5 eV in
the experiment is seen at —4.8 eV in the calculated DOS.
Additionally, the Nb-4d-derived peak at —1.5 eV energy in
the experimental spectra is shifted slightly closer to the Fermi
level in the calculations. Such discrepancies are reminiscent
of spurious self-interaction effects not sufficiently accounted
for in conventional density-functional theory (DFT).

An approach to improve the orbital energies is to make
use of hybrid functionals where an admixture of the exact
Hartree-Fock exchange to conventional DFT functionals is
incorporated [24,25]. We therefore have carried out such
calculations by also varying the mixing parameter o [see
Eq. (1)] from O to 0.30, applied not only to the Nb-4d states,
but also to all electrons in the system. The optimal mixing
parameter for Nb3O3 turned out to be 0.14, smaller than the
standard value of 0.25 generally used for semiconducting
or insulating 3d-TM oxides and perhaps not inconsistent
considering the fact that niobium monoxide is a 4d system
and a good metal too. The resulting Nb-4d, O-2p, and Nb-5s
partial DOS are plotted in Fig. 2. The width of the VB using the
hybrid functional is more extended than that of PBE-GGA and
agrees better with the experimental spectra. The O-2 p-derived
shoulder around —5.5 eV, the Nb-4d peak around —1.5 eV,
and the van Hove-like peak around —7.5 eV are reproduced
precisely in our calculations. The hybrid-functional approach
thus provides a highly accurate description of the valence-band
spectrum.

We would like to note that the photoionization cross section
for Nb-5s is tremendously enhanced when using the 6.5 keV
light [32-34] with the result that the Nb-5s contribution to
the valence band can be observed in the HAXPES spectrum,
although the contribution by itself is tiny: We have enlarged
the calculated Nb-5s partial density of states by a factor of
10 in Fig. 2 to make it visible. In Appendix we explain in
more detail why Nb-5s does not play an important role for the
physics of niobium monoxide.

B. Nb3;O; versus NbsO,4

It should be noted here that the presence of defect-free
fcc NbyOy4 previously was deemed hypothetical already based
on the finding that the Nb3;Oj3 structure is more stable than the
Nb,4Oy structure by about 1 eV per NbO unit [15,16]. Also, the
comparison of the DOS to the then available spectroscopic data
supported this notion [14,18]. To confirm that such is still the
case, even when considering self-interaction corrections, we
performed hybrid-functional calculations for NbsO, as well
with the same lattice constant a = 4.21 A as Nb3;Os. The
resulting total and projected DOS are presented in Fig. 3:
Indeed the DOS of NbsO, (middle panel) are very different
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FIG. 3. Total and projected DOS for Nb;O; (top panel) and the
hypothetical fcc NbyO, (middle panel) using the screened hybrid
functional with @ = 0.14. The bottom panel shows the DOS for the
Nb metal in the fcc crystal structure. A lattice constant of a = 4.21 A
has been used for all three calculations.

from that of Nb3Oj3 or to our experimental VB spectra (Fig. 2),
thus confirming the hypothetical nature of fcc NbsO4. One
immediate striking difference between the DOS of NbsO4 and
that of Nb3Oj3 is the much larger energy spread of the occupied
DOS of NbsOy, i.e., extending to —12.5 eV energy, whereas
the DOS of Nb3;O3 ends already at —10 eV. The fact that the
O-2 p-derived states in Nb, O4 extend to such a deep energy and
become separated with a gap from the Nb-4d-derived states
reflects the higher Madelung potential in the denser NbsOy4
structure. Therefore, the smaller Madelung energy of Nb3;O3
must be (over)compensated by another electronic mechanism
for the structure to be more stable.

The top and middle panels of Fig. 3 show a break down
of the Nb-4d orbitals contributing to the VB. One clearly can
observe that the e, bands of the NbsOy4 structure are essentially
above the Fermi level. In Nb3 O3, the situation is quite different:
Part of the e, band, namely, 4d;,:_,2, is now extending well
below the Fermi level. This constitutes a gain in the formation
energy, and its origin has been discussed in the past in terms of
a local cluster [10,12,35]. In Nb4QOy, each Nb is octahedrally
coordinated by six O ions, and the hybridization between them
leads to a splitting of the Nb-4d levels into t,, and e, states.
Since the 7 bonding for #,, is significantly smaller than the
o bonding for e,, the lowest Nb-4d states are derived from
the 1, states. With Nb having the formal 2+ valence and thus
the 4d> configuration, the occupied states then are made of
only ., whereas e,’s remain essentially unoccupied, see the
middle panel of Fig. 3. In Nb3;Os3, Nb is locally square planar
coordinated by four O ions. The lack of “apical” oxygens in
this coordination makes that there is no o bond for the 4d;,2_,2
orbital so that this state does not get pushed up in energy by the
O-2p. Together with the large inter-4d hybridization, 4d;,2_,2
can develop bands, part of which is low enough in energy
to become occupied [10-12,16,35,36], see the top panel of
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FIG. 4. Calculated band
character for NbzO;
with o = 0.14.
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Fig. 3. Obviously, with 4d3,2_,» becoming partially occupied,
t, should move up somewhat to conserve the number of
electrons, but apparently this does not cost too much energy so
that in the end there is a net gain of 1 eV per NbO unit [15,16]
for Nb3; O3 in comparison to NbsOy.

It is important to note that the inter-4d hybridization is
quite large. This can be illustrated by calculating the band
structure of the fcc Nb metal with the same lattice constant
as the hypothetical fcc NbsO4. The results are presented in
the bottom panel of Fig. 3. One can observe that both the
Nb-4d t,, and e, bands have widths of roughly 9 eV. Such
widths imply that correlation effects will not have a chance to
stabilize magnetic or insulating states and that a nonmagnetic
metallic solution for the ground states of Nb;sO,4 and Nb3O3
will be preferred. It is also precisely this large inter-4d
bandwidth which allows for the partial filling of the 4d;,2_,2
band once it is not pushed up anymore to high energies by
O-2p as Nb is in a local square planar symmetry in the Nb3; O3
structure.

We would like to point out that the situation in 3d-transition-
metal monoxides is quite different. We have calculated that,
for example, the inter-3d bandwidth for fcc V with the VO
lattice constant of @ = 4.073 A is about 4 eV and for fcc Ni
with the NiO lattice constant of @ = 4.176 A is about 2 eV (see
Appendix, Fig. 7). With such smaller one-electron bandwidths,
electron correlation effects will manifest with the result that
magnetic and insulating solutions can (and are) realized
thereby reducing tremendously the effective or ARPES dis-
persions of the 3d-derived bands. Thus for 3d oxides one may
very well need quite different energy considerations to explain
the formation of defects which then also will have a more
localized nature. A band-structure approach alone may not be
adequate.

With the inter-4d bandwidth in niobium monoxide being
very large, the interaction between the vacancies will also
be long ranged so that ordering of the vacancies can be
expected readily and, consequently, ‘vacancy’ bands are
formed [14,16]. To illustrate this, we display in Fig. 4 the
k-dependent band structure where we have put labels for
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FIG. 5. (a) Experimental ARPES images along M-X-M with
hv =168 eV. (b) Calculated band structure along M-X-M us-
ing the screened hybrid functional with o = 0.14. The ‘vacancy’
band is highlighted using the dotted and dashed lines in both
panels.

the orbital characters of the various bands. These results
are very similar to earlier studies [14,16,37,38] but with the
difference that we used hybrid functionals with &« = 0.14 in
order to have the best agreement with the experiment (Fig. 2).
One clearly can see that below the Fermi level there are
heavily dispersing bands with a predominantly Nb-4d;,._,>
character. These are the ‘vacancy’ bands of niobium
monoxide [14,16].

C. Angle-resolved photoemission spectrum

Our next task is to show experimentally that these ‘vacancy’
bands indeed exist, and by that, to justify the band-structure
approach for the understanding of the vacancy formation and
ordering of the vacancies in niobium monoxide. Figure 5(a)
depicts the experimental intensity image of the ARPES
spectrum of niobium monoxide along the M-X-M path
measured at hv = 168 eV (see Appendix, Fig. 8 for the
experimental details). The dispersing features in the image can
be grouped into three energy sections: (i) the electron and hole
pockets spanning from Eg to —1.4 eV; (ii) one medium and
one strongly dispersive band spanning —2 to —4.5 eV; (iii) a
dense set of oxygen bands below —5 eV. Figure 5(b) displays
the calculated band structure along the same M-X-M path. We
can observe good general agreement between the measured
and the calculated band structures. In all three energy sections
mentioned above the band energy positions and dispersions are
well reproduced. Of utmost relevance to our paper is the middle
section where we can observe a dispersive band which we have
highlighted using the dotted and dashed lines in Figs. 5(a) and
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5(b). This is the Nb-4ds,._,» ‘vacancy’ band as predicted by
the band-structure calculations.

IV. SUMMARY

To summarize, we have performed angle-integrated and
angle-resolved photoelectron spectroscopy measurements on
niobium monoxide to investigate its electronic structure and
the relationship with the vacancy-ordered crystal structure. We
have established that band theory provides a good approach
and can describe the valence-band features accurately by also
taking into account corrections for self-interaction effects.
The large inter-Nb-4d bandwidth plays an important role
in the stabilization and ordering of the vacancies, and this
is demonstrated clearly by the identification of the so-
called ‘vacancy’ band in the experimental angle-resolved
spectra.
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APPENDIX
1. The role of the Nb-5s states

In order to estimate the relative importance of the
Nb-5s states for the electronic structure of Nb3O3, we have
performed additional calculations by removing the Ss states
from the basis set. To facilitate the calculation, we have used
FPLO, a full-potential nonorthogonal local orbital code [39].
Figure 6 displays the band structure of Nb3Oj3 including (the
orange lines) and excluding (the blue-green lines) Nb-5s. We
can observe that the removal of Nb-5s does not cause bands

0Of |
o} A
S -
L 4l |
>
>
©
c
w6l |
8} |
Nb3O3 with 5s
Nb3O3 without 5s
105 X M R r M

FIG. 6. Calculated band structure of Nb;O; including (the orange
lines) and excluding (the blue-green lines) the Nb-5s states. The arrow
indicates the ‘vacancy’ band. See the text for details.
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FIG. 7. Total and d-projected density of states for fcc NbO, Nb,
VO, V, NiO, and Ni. The calculations were performed using the
WIEN2K code and the PBE parametrization within the GGA.

to disappear in the occupied part of the band structure. In
particular, the so-called ‘vacancy’ band (as indicated by the
arrow) is still fully present. The removal of Nb-5s only causes
small changes in the energy positions of some of the bands.
We also have calculated the total energy of Nb3;Oj3 including
and excluding Nb-5s: The difference is 0.29 eV per formula
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FIG. 8. Schematics of the experimentally probed cuts on the
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photon energies indicated. An inner potential of V; = 9 eV has been
used. Cuts which pass through the high-symmetry points at normal
emission are highlighted by the thick red lines. The electron energy
analyzer has a £18° angular acceptance with a work function of
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unit. This is a modest amount when compared, for example, to
the difference in the total energy of niobium monoxide in the
Nb3Oj3 versus the NbsOy4 structure, which is about 1.3 eV per
formula unit. We therefore can safely conclude that the Nb-5s
states are playing only a minor role for the physics of niobium
monoxide.

2. Inter-transition-metal d hybridization in rock-salt oxides

In order to estimate the inter-transition-metal hybridization
strength in transition-metal 44 and 3d monoxide oxides with
the rock-salt crystal structure, we calculate the band structure
of fcc NbO/VO/NiO and fcc Nb/V/Ni with the same lattice
constant as NbO/VO/NiO, respectively. See Fig. 7, which also
includes the e, and t,, projections.

3. ARPES: momentum space mapping

The schematics of the momentum space mapping for
the niobium monoxide ARPES experiment is depicted in
Fig. 8. The sample is oriented with the [001] surface normal
directed to the electron energy analyzer. An inner potential
of Vo =9 eV has been used based on the extremal behavior
observed in the energy dispersions of various Nb and O derived
spectral features as a function of photon energy. A photon
energy interval of 90-185 eV allows for the full coverage of
the fifth Brillouin zone of niobium monoxide.
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