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Fano-type resonances in the 5d conduction-band intensity spectra have been observed at
the 5p1/; and 5p3,, photoabsorption thresholds for Na,WOj3 (0.4 <x <0.85), ReO;, WO,,
and W. The Na,WO; tungsten-bronze spectra exhibit a characteristic double resonance
structure different from the simple resonance peaks measured for ReO;, WO,, and W.
These results could be related to a mixed-valence character of the metallic bronzes in the fi-
nal state of the photoemission process. The complex structure of the photoelectron core-
level 4f spectra for Na,WO; and ReO; is discussed on the basis of these new findings.

I. INTRODUCTION

The sodium tungsten bronzes form a family of
nonstoichiometric compounds with the formula
Na,WO;. The sodium atoms are inserted into the
interstitial sites of the WO; lattice and x can be
varied between 0 and 1. The WO; network consists
of oxygen octahedra with W in the center sharing
common corners. These bronzes exist in a series of
crystal structures, depending on the concentration of
the sodium atoms and the temperature. The most
common phase is metallic pseudocubic perovskite
with x > 0.4.

The Na,WO; bronzes present a variety of in-
teresting electronic properties depending on x. In
particular, a nonmetal-metal transition occurs at
x ~0.25.! The electronic properties of the bronzes
have been shown to be related to the filling of a W
5d-type conduction band of the WO; matrix by elec-
trons from donor Na atoms. The Na, WO, proper-
ties are often interpreted on the basis of the band-
structure calculations for ReO;,2 because ReQO; is
isoelectronic to Na;WO; and because of the similari-
ty of optical,® energy-loss,* and photoemission® data
for these compounds. Despite a great number of
studies, fundamental questions like the origin of the
nonmetal-metal transition and the evolution with x
of the density of electronic states at the Fermi level
remain controversial.

Photoelectron spectroscopy is a probe of the elec-
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tronic density of states and should provide informa-
tion on these problems. However, the core-level
photoemission process in these narrow-band metallic
materials is complicated and so far no consensus ex-
ists for interpretation of the complex W4f x-ray
photoemission spectroscopy (XPS) spectra of
Na,W0;.%” In previous photoemission XPS mea-
surements®’ the relatively low energy resolution of
conduction-band spectra (used to examine the elec-
tron density of states), coupled with uncertainty in
the Fermi-level position and problems with surface
preparation of samples has prevented drawing defin-
itive conclusions on the x-dependent properties of
the electronic structure.

In this paper we present results on Nag g3 WO;,
Nay 4WO;, and ReO; obtained with high-resolution
angle-integrated photoemission experiments using
synchrotron radiation in the photon-energy range
20—130 eV. These measurements are compared
with data obtained on WO, and W. We focus main-
ly on the photoemission process. Besides photo-
emission spectra we present resonance studies near
the metal 5p excitation threshold. The data con-
cerning the x-dependent properties of the conduc-
tion band are reported elsewhere.”® We show that
the resonance of the 5d conduction-band intensity
observed for these materials in the (40—60)-eV
photon-energy range by constant-initial-state (CIS)
spectra is the result of a Fano-type interference
occurring at the 5p photoabsorption threshold. We
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observe differences in the shape of the CIS curves
between Na, WO; and ReO;, WO,, or W which may
be characteristic of a mixed-valence character in the
final state of Na, WO,.

II. EXPERIMENTAL TECHNIQUES
AND RESULTS

The experiments were performed at the Synchro-
tron Radiation Center of the University of
Wisconsin—Madison using a two-dimensional elec-
tron spectrometer!! combined with a toroidal grat-
ing monochromator. The overall experimental reso-
lution was better than 300 meV. The Na, WO; and
ReOj; crystals were cleaved along a (100) plane at
pressure of 2X107 Torr and measured at
510~ Torr. Figure 1 shows the energy-
distribution curves (EDC’s) in the region of the 4f
core levels measured at 110 eV. The corresponding
valence (O 2p) and conduction-band [W 5d (Re 5d)]
spectra taken at 60 eV are reported in Fig. 2. The
valence-band spectra. are qualitatively similar to
published XPS spectra®®; however, the sharp struc-
tures close to the Fermi level associated with the
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FIG. 1. 110-eV 4f core-level spectra of Nay,WO;,

Nag s3WOs, and ReO;. The bottom binding-energy scale

corresponds to the bronzes, the top scale to ReO;. The
reference level is the Fermi level.
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FIG. 2. Energy-distribution curves of the valence re-
gion from Nay4WO;, Nag g3WO3, and ReO; measured at
a photon energy of 60 eV. The vertical arrows show the
integration range for the 5d conduction-band intensities
reported in Fig. 3.

conduction band appear less intense in ultraviolet
photoemission spectroscopy (UPS) than in XPS.
This is due to a lower value for the W 5d (Re 5d) to
O2p cross-section ratio. More interesting are the
differences between the shape of the conduction
band and the valence-conduction gap when we com-
pare Naj g3WO; and ReO;. Figure 2 shows clearly
that ReO; has a wider conduction band while the
gap of 1.6 eV in Nagy 33WO; is reduced to a simple
minimum in the density of states for ReO;.

The core-level spectra display again the same
trends as in XPS except for a much higher cross sec-
tion for the Na2p core level in UPS. However, in
UPS the Na2p spectra present a surface-sensitive
component appearing at 0.7 eV higher binding enet-
gy than the bulk one. This does not affect the shape
of the W 4f spectra since we measured similar W 4f
spectra for Na, ;3WO; at 110 and 1486.6 eV in XPS
(Ref. 10) (less surface sensitivity). The shape of the
110-eV W 4f spectra can therefore be related to the
bulk properties of the bronzes. The 4f core-level
photoelectron spectra of Na, WO; and ReO; do not
show the simple spin-orbit doublet observed for W,
Re, or WO; but present a complex structure consist-
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ing of at least two overlapping spin-orbit doublets.

In a CIS experiment, the photon energy is varied
with the kinetic energy of the collected electrons to
maintain a constant photon-energy minus Kkinetic-
energy value. The CIS curves reported in Fig. 3 cor-
respond to the variation of the whole conduction-
band intensity extracted from a series of EDC’s for
Nao.4WO3, Na0,83WO3, RCO3, WOz, and W in the
photon-energy range 30—80 eV. All the spectra
show a double modulation of the 54 conduction-
band emission. The ReO;, WO,, and W spectra
only differ by the exact position of the maxima and
minima. For the two Na,WO;, a splitting occurs
giving four maxima; the curves are quite similar to
the results of Benbow et al.!? obtained for
Na, ;WO;.

III. DISCUSSION

A. The photoemission core-level
spectra of the tungsten bronzes

The 4f core-level spectra of Na,WO; and ReO;
are characterized by two overlapping 4fs,,, 4f7,
doublets whereas W or WQO; show only one doublet.
In a general discussion on the shape of core-level
photoemission spectra of metallic compounds, Cha-
zalviel et al.® have pointed out that three quantities
must be taken into account: the core-hole valence
Coulomb interaction Q, the valence correlation in-
teraction U, and the bandwidth W. If any of these
quantities is negligible it is possible to describe the
spectra with a known model, e.g., with the intrinsic
plasmon excitation model for negligible Q, with the
Friedel exciton model for negligible U, and with the
mixed-valence model for negligible W. In the case
of the bronzes, the existence of plasmon excitations
can be ruled out because the observed splitting in the
photoemission spectra is different from the value
determined by optical® or electron energy-loss spec-
troscopies.*!> Two kinds of models remain to
describe the spectra.

Focusing on the metallic Na, WO; results, Cha-
zalviel et al.® described the doublet at low binding
energy as the fundamental lines and the doublet at
higher binding energy as satellites whose origin is
due to excitations of the conduction band during
photoemission, probably through a Friedel exciton
mechanism where in the final state the 4f hole pulls
some of the 5d states below the Fermi level.'* In
this model the satellite is a manifestation of core-
hole screening effects in the final state of the photo-
emission process. The satellite and the fundamental
peaks can also be referred to as the “poorly-
screened” (or, more usually, shake-up) and “well-
screened” peaks in the Schonhammer-Gunnarsson
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FIG. 3. 5d conduction-band (see Fig. 2) intensity vs
photon energy for Nag 4WO;, Nag s WO;, WO,, W, and
ReO;. The data have been normalized with respect to
variation in photon flux and monochromator transmission
but not with respect to electron-energy-analyzer efficiency
and electron mean free path. The different sets of data
have been arbitrarily normalized in intensity. The vertical
arrows correspond to resonance minima near the 5p,,,
and 5p;,, ionization energies. The integer valence com-
pounds show simple structures whereas the tungsten
bronzes exhibit a double resonance structure.

treatment of this problem.!”” Recently, Beatham

et al.'® suggested that the results and conclusions
obtained by Chazalviel et al. for the Na,WO;
bronzes could be extended to a wide range of
narrow-band metallic oxides, including WO, and
implicitly ReO;. In this picture the Na,WO;
bronzes are simply considered as ordinary metals
and no distinction with ReO; is made.

The second kind of model is related to the
mixed-valence concept. It is usual to invoke a
mixed-valence situation in two cases, i.e., either
when the bandwidth W decreases to zero (the situa-
tion in some rare-earth materials) or when there is a
noninteger number of valence electrons!” (the situa-
tion in certain complex ions or compounds). The
tungsten bronzes belong to this latter category be-
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cause they have less conduction electrons than
tungsten atoms (x per WOj; cell). In the classifica-
tion of Robin and Day,!” the semiconductor bronzes
are called inhomogeneous mixed-valence compounds
(two oxidation states W8+ and W>* exist in the neu-
tral system,'® whereas the metallic bronzes are called
homogeneous mixed-valence materials. More gen-
erally, two pictures have been used to describe the
photoemission process in mixed-valence compounds,
an “initial-state” approach!® involving the fluctuat-
ing (hopping) time 7 and the photoemission time ¢,
and a “final-state” approach®®?! taking into account
the core-hole valence Coulomb interaction Q, the
valence correlation interaction U, and the bandwidth
W. 1In fact, these two descriptions become
equivalent in the narrow-band limit since they as-
sume the same stationary initial ground state, the
same energy shift between the two final-state config-
urations, and the same important parameter, i.e., the
bandwidth W. If the conduction band is narrow
enough, the hopping time A /W of one electron be-
tween two tungsten sites becomes longer than the
photoemission time and the Coulomb interaction Q
becomes high enough (Q > W) to induce a localiza-
tion in the final state. Thus, two final configura-
tions are expected in both cases. However, the rela-
tive intensity of these states and their energy separa-
tion (roughly a measure of Q) are the same in the
two descriptions only when the width value de-
creases to zero (Q>>W and 7>>t) (see Ref. 20).
According to these criteria, the applicability of a
mixed-valence model to describe the Na, WO; data
would be questionable since, in this case, W is about
2—3 eV and the doublets’ energy separation is ~2.5
eV whereas 7 10716 sec (Ref. 22) and 7~2X 10!
sec (W=Q and t=7). We suggest that an impor-
tant additional parameter is the existence of a nonin-
teger number of conduction electrons and that the
instantaneous charge distributions d%(W°*) and
d'(W31) can be revealed by the photoemission pro-
cess. This model was used to interpret data on semi-
conducting and metallic H, WO; (Ref. 23) bronzes
which showed a direct relation between the satellite
to fundamental peak intensity ratio and the expected
W8+_.W3+ configuration ratio. In this picture one
configuration d'! is expected for ReO; and the satel-
lite is explained by a model of the first class. In the
case of the Na, WO; bronzes a decision between the
two models cannot be made based only on the exist-
ing photoemission spectra due to the lack of quanti-
tative theoretical studies.

One experimental approach to resolve the problem
would be to vary parameters by tuning the excitation
energy hv to the threshold of photoionization of the
core levels. In a ‘“‘shake-up” model the satellite to
fundamental peak intensity ratio is expected to vary

with Av at threshold whereas it is expected to be
constant in a mixed-valence situation. Unfortunate-
ly, when Av decreases to the core-level photoioniza-
tion threshold the 4f photoionization cross section
decreases to zero and the 5p peaks are too broad to
be analyzed. We used the resonance effects to over-
come these difficulties.

B. Resonant photoemission

Figure 3 shows the intensity profile of the con-
duction bands for ReO3, WO,, and W and the posi-
tions of the 5p,,, and 5p;,, levels in these com-
pounds. It is seen that the double modulation of the
5d conduction band occurs just above the photoab-
sorption threshold of the 5p spin-orbit doublet.
Such resonances of the primary emission structure
or of a satellite structure have been already ob-
served?* in the valence 3d, 4f, or 5f cross sections of
numerous elements and compounds. They have
been explained by a Fano effect® related to the in-
terference of two excitation channels leading to the
same final state. Following the same model we ex-
plain the enhancement of the 5d emission by an au-
toionization decay process following 5p — 5d absorp-
tion transitions, which interfere with the direct 5d
emission. For example, in the case of ReO;, the
configuration d? can occur when a 5p hole is created
by a photoabsorption process giving

5p%5d' +hv—5p°5d?

the 5p°5d? configuration can decay through an au-
toionization process

5p55d*—5p%d®+e ,

where e denotes electron, which interferes with the
direct photoionization process

5p%5d' +hv—5p®d°+e

giving the resonance phenomenon.?’

It is the first time, to our knowledge, that such
5p—5d resonances have been shown in 5d com-
pounds. Williams et al.?® only observed 4f—5d
resonances in Pt at the 4f photoabsorption thresh-
old. The resonance curves of ReQ;, WO,, and W
have simple Fano-type line 'shapes which indicate
that multiplet splitting effects are negligible. This is
confirmed by the W 4f EDC spectra of W which is
free of multiplet splitting. In the absence of multi-
plet splitting effects band-structure effects should be
taken into account. The CIS curves of Na,WO;
present four maxima. Benbow et al.'? suggested
that this kind of oscillation could be a consequence
of the structure of the multiply-connected Fermi
surface in the repeated zone scheme but they did not
exclude the occurrence of 5p—5d excitations. We
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note that in ReO; which is characterized by the
same Fermi surface as Na, WO; such double struc-
tures are not detected and conclude that the oscilla-
tions predicted by Benbow et al. do not play a major
role in the (40—60)-eV energy region. In the same
way, we exclude any effect due to a possible Na2p
excitation (there are no Na empty states at the Fer-
mi level?’ and only one additional peak in the CIS
spectrum would be expected) or to a surface segrega-
tion effect (no such effect is detected in the W4f
EDC spectra). We therefore assume.that the origin
of the four structures is related to a Fano resonance
at the 5p excitation threshold as in W, WO,, and
ReO;.

We will now discuss these results in view of the
two models evoked to interpret the EDC spectra of
ReO; and Na,WO;. In the case of the shake-up
model, we expect two peaks in the EDC core-level
spectra and one peak in CIS’s. This has been ob-
served for CuO and NiO.?® In a rare-earth mixed-
valence system, we expect two peaks in both EDC
and CIS curves. In the case?® of SMBg the features
related to the two valence states 4f° and 4/° have
been observed both in EDC’s and CIS’s. The simi-
larity of the CIS curves for ReO3;, WO,, and W con-
firms that the satellite in ReO; can be seen as occur-
ring from a shake-up or a plasmon-excitation pro-
cess like those described in Ref. 6. It is tempting to
relate the double structure seen in the bronze case to
a mixed-valence character. However, the shape of
of the double structure seems independent of the Na
concentration as seen in Fig. 3 and only the overall
intensity is proportional to the number of occupied
5d states. Moreover, in the simple atomic model
used above to describe the resonance phenomenon in
ReO;, the 54° state cannot show any emission;

hence, we would have to assume a possible final-
state “hybridization” of the 5p>5d? and 5p>5d! con-
figuration to explain the results. Consequently, the
double structure seen in the CIS curves of Na, WO,
can be explained neither by a shake-up model nor by
a simple mixed-valence model but it definitively re-
veals differences in the photoemission process be-
tween materials of noninteger and integer number of
valence electrons.

IV. CONCLUSION

In conclusion, we have observed simple Fano-type
resonances in the 5d conduction-band CIS curves of
ReO;, WO,, and W and characteristic double reso-
nances for the Na, WO; bronzes. We suggest from a
comparison of EDC’s and CIS curves that at the
scale of photoemission process the Na, WO; bronzes
possibly reveal an intermediate valence character
whereas the related compound ReO; has integer
valence. More theoretical and experimental work on
such compounds is needed to show if the observed
effect is characteristic of the sodium bronzes or
more generally of narrow-band metallic compounds
with noninteger valence.
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