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Angle-resolved and angle-integrated ultraviolet-photoemission-spectroscopy (UPS) inves-
tigations have been carried out over the entire concentration range 0 <x <1 of the
sodium-tungsten-bronze system Na,WOs. The results indicate that the rigid-band model
used by several authors fails to explain the x dependence of the electronic structure. For
the metallic samples with x > 0.3, the top of the valence band and the bottom of the con-
duction band remain at 3 and 1 eV, respectively, and the width of the occupied part of
the conduction band is independent of x. The peak amplitude at the Fermi level varies
linearly with x and does not follow the predicted dependence. A detailed comparison is
made between the experimental results and the band-structure calculation of Kopp et al.
Both the width of the valence band and the separation between the valence and conduc-
tion bands are too small in the calculation. Angle-resolved UPS measurements reveal a
peak in the gap region for the metallic samples which disperses from 2.1 eV for 1?”=0 to
1.2 eV for E” along I'-M. This feature is assigned to a surface state. The failure to
detect localized gap states for the semiconducting samples is explained by band bending
and a charge depletion layer caused by oxygen acceptor states at the surface. The fact
that the work function ¢ decreases linearly with increasing x indicates that there is no
surface depletion of sodium as has been claimed earlier.

I. INTRODUCTION

The sodium-tungsten bronzes Na, WO; can be
prepared as well-defined crystals over the entire
range of sodium concentrations from x =0 to 1.
Na, WO; is semiconducting at low values of x, but
for x greater than about 0.25, the material is me-
tallic. Although the semiconductor-metal transi-
tion has been the subject of several recent investi-
gations, there is still no generally accepted mechan-
ism for the effect. Suggestions that the material is
nonhomogeneous and consists of isolated conduct-
ing and nonconducting regions, and hence that the
transition can be described in a percolation
model,"? have been criticized by several au-
thors.>~> In particular, the single-phase x-ray dif-
fraction patterns obtained for these materials indi-
cate that Na, WO, is homogeneous® and that the
transition is due to a more subtle effect.

To a first approximation the electronic structure
of metallic Na, WO; can be thought of as a semi-
conductor formed from WO; with conduction elec-
trons provided by the sodium atoms. Results of
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Hall-effect measurements are summarized by
Lightsey et al.” and show that the number of con-
duction electrons increases with x for x > 0.22, the
absolute number of electrons being very nearly
equal to one per sodium atom. The fact that

Na, WO; is not a metal for all x >0 means that in
the low-x range the conduction electrons must be
localized or in an impurity band split by the corre-
lation energy. On the basis of several earlier exper-
imental results, Mott* concluded that the most
likely cause of the transition is localization due to
the random charges introduced by the Na™ ions.

A structural phase transition that occurs near the
semiconductor-metal transition has complicated the
analysis, and the details of the localization
mechanism are still not fully understood.

The concentration-dependent valence-band
behavior of Na, WO; outside the transition region
is also of considerable interest, and in this paper
we examine the electronic behavior of Na, WO,
over the whole range of x. Figure 1 shows the
crystal structure of Na, WOj; in the cubic approxi-
mation. This structure, which consists of a cubic
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FIG. 1. Structure of Na,WO; in the perovskite ap-
proximation. The unit cell is cubic and the tungsten
atoms are octahedrally surrounded by oxygen atoms.
Sodium atoms randomly occupy the position at the cube
center at concentrations ranging continuously from 0 to
1 per WO; unit.

WO; lattice with sodium atoms randomly occupy-
ing the cube body center, is realized in practice
only for x >0.5 and at temperatures above about
160°C.2 As the sodium concentration decreases,
the distortion from the simple cubic structure be-
comes greater, but the WOg octahedra, or slightly
distorted versions of them, remain over the whole
range of x. The simple perovskite structure of Fig.
1 is thus useful for discussing the electronic struc-
ture of the metallic phase of Na, WO;

In agreement with experimental NMR studies,>’
theoretical band-structure calculations® have shown
that the conduction electrons in metallic Na, WO,
are not Nas-like but occupy a band derived from
W 5d and O 2p states. The conduction band of
WO; also has the same mixture of W 5d and O 2p,
and the similarity has led to an interpretation of
the properties of Na, WO; using a rigid-band
model. In this model, the valence and conduction
bands are those from the WQj; sublattice, the con-
duction band simply being “filled” by the extra
electron contributed by each sodium atom. Kopp
et al’® calculated the band structures for WO; and
NaWO;, with a non-self-consistent Korringa-
Kohn-Rostoker (KKR) method, and used the
perovskite-structure approximation in both cases.
On the basis of the similarity between the bands
for the two calculations, Kopp et al.’ concluded
that the rigid-band model was a good approxima-
tion for Na, WO,. This conclusion was reached
earlier by Chazalviel et al.!° for values of x >0.5,
based on their x-ray photoelectron spectroscopy
(XPS) results and repeated in a recent Communica-
tion by Wertheim and Chazalviel.!!

In a paper describing XPS measurements made
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on Na, WO, for a wide range of x values,'? we cri-
ticized the rigid-band interpretation of the earlier
XPS measurements. Our argument was that as x
increases, the rigid-band model would require that
the occupied part of the conduction-band widths
increase by filling electrons into the conduction
band. These x-dependent raisings of the Fermi
level should be detectable as an increase in the
binding energies of all core levels, as well as an in-
crease in energy between the top of the valence-
band relative to the Fermi level. We found, how-
ever, that none of these effects occurred.

Wertheim and Chazalviel suggested that the in-
crease in the conduction-band width was within
our experimental uncertainty of about 0.1 eV. As
we pointed out in Ref. 12, for this possibility to
explain the experimental results, a much larger
density of states at the bottom of the conduction
band than that calculated by Kopp et al.’ would be
required. Our XPS results'? showed that the
rigid-band model was invalid for the metallic re-
gion of Na, WO; and also invalid if attention was
restricted only to the cubic region with x > 0.50.
Despite suggestions to the contrary,!! we did not
use the separation between the valence band and
the Fermi energy in the semiconducting samples to
question the validity of the rigid-band model. The
fact that the region of the spectrum near the Fermi
energy is strongly affected by oxygen loss for the
semiconducting compounds was pointed out'? and
has been examined extensively for the case of
WO,.1?

Further evidence against the rigid-band model is
provided by the x dependence of the electronic
specific-heat coefficient and magnetic susceptibili-
ty. The summary of data given by Zumsteg'*
shows that both of these quantities vary linearly
with x rather than with the x'/3 behavior expected
for a free-electron conduction band, or the behav-
ior expected for a filling of the KKR conduction-
band density of states.” These results are shown in
Fig. 9 and will be discussed later.

To examine these questions about the applicabili-
ty of the rigid-band model further, and to extend
our earlier XPS results, we have carried out ultra-
violet photoelectron spectroscopy (UPS) studies of
Na,WO;. After describing the experimental de-
tails in the next section, results of angle-resolved
UPS measurements are shown for a vacuum
cleaved sample of Naj 3sWO; and compared with
the band-structure calculation of Kopp et al.’
Angle-integrated UPS measurements taken for a
range of x values between O and 0.97 are then dis-
cussed in terms of the rigid-band model.
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II. EXPERIMENTAL RESULTS

Crystals of Na, WO; were prepared by the elec-
trolysis of a melt of Na,WO, and WO; with the
use of the method described by Shanks.!> The
sodium concentrations of the crystals with x > 0.5
were determined from the known relationship be-
tween the lattice constants and the x value,
whereas the concentrations for x <0.5 were ob-
tained directly from neutron-activation studies.

The measurements were carried out in a Vacuum
Generator ADES 400 angle-resolved photoelectron
spectrometer using Nel (16.85 eV), Hel (21.22 eV)
and He11 (40.8 eV) photons from a differentially
pumped discharge lamp. The spectrometer was
operated with energy and angle resolutions of 0.3
eV and 3°, respectively. Surface preparation was
carried out in the vacuum chamber of the spec-
trometer which had a base pressure of ~2x 10710
Torr.

Angle-resolved photoemission measurements
were carried out on a cleaved (001) surface of
Nag ssWO;. The low-energy electron diffraction
(LEED) pattern of the surface was used to align
the crystal. The geometry used for the angle-
resolved measurements is shown in Fig. 2(a): The
incoming photons and outgoing electrons lie in a
plane normal to the crystal surface, and this plane
can be rotated relative to the surface. The results
presented here were taken for two fixed directions
in the surface and as a function of the angle 0 be-
tween the photoemitted electrons and the surface
normal. The photon incidence angle was held

fixed at 45°.
It was not possible to obtain good cleaved

single-crystal surfaces over the whole range of x,
and a series of measurements was made on sur-
faces prepared using a diamond file. No angular
dependence was found in the UPS spectra for any
of these surfaces, the surface treatment apparently
causing an angle averaging.

III. RESULTS AND DISCUSSION

The investigation of the Na, WO; system was
carried out in two parts. In the first part a de-
tailed comparison of angle-resolved UPS (ARUPS)
measurements with band-structure calculations was
made for one sodium concentration. This compar-
ison, which is described in Sec. III A below, re-
vealed the presence of surface or defect states in
addition to providing information about the effect
of band-structure features on the spectra. Based
on these results, an examination of the

(b)

FIG. 2. (a) Geometrical arrangement for the ARUPS
measurements and (b) the cubic Brillouin zone. Spectra
were measured for the two electron emission directions
shown in (a) and the initial-state wave vectors thus lie
on the two shaded planes in the Brillouin zone.

composition-dependent trends in the spectra could
be made. This second part of the investigation is
described in Sec. III B.

A. ARUPS measurements on Nag gsWO;

The uppermost three spectra in Fig. 3 are
ARUPS measurements made at normal emission
(0=0) on the (001) surface of Nay ssWO;. An
angle-integrated XPS spectrum is shown for com-
parison at the bottom of Fig. 3. The overall struc-
ture consisting of a conduction-band peak near the
Fermi energy, a dip centered at 2 €V, and a broad
valence-band peak is seen in all cases. This general
behavior is predicted by all recent band-structure
and density-of-states calculations for Na, WO,
(Ref. 9) and related perovskite compounds (see
Refs. 16 and 17, for example). More detailed com-
parisons must thus make use of the finer structure
in the ARUPS data.

Experimental ARUPS data at low photon ener-
gies have been interpreted successfully in the direct
model for the noble metals (see the review by
Himpsel'®), but for most materials, features arising
from both direct and indirect transitions are seen
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FIG. 3. Photoemission spectra of NaggsWQO;. The
upper three spectra are ARUPS measurements made at
normal emission and the bottom spectrum is from an
XPS measurement.

in the ARUPS spectra.!® For the results we show
here, the indirect model seems appropriate because
spectral features are seen in Fig. 3 to be indepen-
dent of photon energy Av.
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FIG. 4. ARUPS spectra of Nag gsWOj; taken with

21.2-eV photons for l_{“ along I'-X. Each spectrum is
for a fixed value of the polar angle 6.
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FIG. 5. ARUPS spectra of Nag ssWO; taken with
21.2-eV photons for k| along I'-M. Each spectrum is
for a fixed value of the polar angle 6.
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The sharp peak at a binding energy of 4.3 eV in
the three normal-emission spectra in Fig. 3 shows
no energy dispersion as a function of Av. The
shoulder at 3.25 eV and the broad peak at 6.3 eV
also show virtually no photon energy dependence.
The only features that vary with Av are a small
peak which moves from 8.5 eV at hv=21.2 eV to
9.0 eV at hv=40.8 eV and a peak which appears
in the gap between the valence and conduction
bands in the Av=21.2 eV spectrum. The former
can be explained as a direct transition, but the
latter is an extrinsic effect and will be discussed in
more detail later.

Spectra for a range of polar angles 6 and for
hv=21.2 eV are given in Fig. 4 for emission in the
plane of the surface normal and the [010] direc-
tion. For this geometry EII is parallel to the direc-
tion I'-X. Spectra for the same range of 0 are
shown in Fig. 5 for the other symmetry direction
of the surface, [110], for which k|, is parallel to

I'-M. 1t can be seen immediately that there are
strong angle-dependent effects in the valence-band
region and also in the conduction band and the
“gap,” the latter regions being shown on an ex-
panded scale in Figs. 4 and 5. In order to make an
exact comparison with theory, E (k) dispersions
must be calculated along the vertical lines shown
in the Brillouin zone in Fig. 2(b). Each of these

lines corresponds to a fixed value of EII’ but only
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FIG. 6. Normal-emission ARUPS spectrum for
Nay gsWO; compared with the band structure calculated
along I'-X by Kopp et al (Ref. 9) for NaWO;.

three of them, viz., I'-X, X-M, and M -R, are
directions for which band-structure calculations are
normally given in the literature. As a first approx-
imation we show a comparison of data for §II
along I'-X and I'-M with the band structure calcu-
lated by Kopp et al.’ for NaWO,.

The situation for normal emission is shown in
Fig. 6. As mentioned earlier, the insensitivity of
the spectra in Fig. 3 to variation of 2v means that
the ARUPS data can be thought of as representing
the one-dimensional density of states in the band
structure. The photoemission spectrum and the
band structure have been aligned at the Fermi en-
ergy. One of the first things that can be seen is
that the combined width of the valence and con-
duction bands is too small in the calculation. No
matter which model of photoemission is used, the
weak peak seen in the data near 8.5 eV cannot be
explained by the band structure. The valence-band
width and the band gap calculated by Kopp et al.’
for WO; have also been seen to be too small,!? this
shortcoming thus seeming to be a systematic fail-
ing of the calculation. It is likely that the shoulder
near 8.5 eV arises from the lowest band in Fig. 6,
requiring that the lowest two bands be moved
downwards and stretched. If these two bands shift
from 5.1 eV at T to about 6.5 eV, and the lower
one is stretched so that it reaches X near 10 eV,
then (i) the shoulder can be explained as a direct
transition from the lower band (its energy was seen
in Fig. 3 to depend on Av), and (ii) the upper parts
of the bands can contribute to the broad peak at
6.2 eV. The two bands that meet I" at 2.5 eV must
also be moved downward by 1 eV as the small
peak in the gap region is not a bulk band-structure

effect. We are unable to tell from the data wheth-

er the two flat bands are correctly placed and give

rise to the sharp peak seen in all the 6=0 measure-
ments.

Comparison of the normal-emission ARUPS
spectra with the band structure along I'-X has led
us to conclude that the calculated position of the
top of the valence band is too near the Fermi ener-
gy and that the valence-band width is too narrow.
We can now make a similar comparison between
the band structure along X -M and the spectrum
taken at 6=25° for EH along I'-X. This compar-
ison is not exact because for fixed 6 the length of
E” varies with binding energy, but for the
valence-band region the variation is only +10%,
and a useful comparison can still be made. The
band structure and spectrum are shown in Fig. 7.
As was the case for I'-X, the top of the valence
band is too near the Fermi energy, by about 0.7 eV
in this case. The large number of bands seen along
this direction makes it almost impossible to make
any detailed comparison of peak positions with
particular bands, especially in view of the large
shifts of bands which were seen to be necessary for
r-x.

If we now turn to an examination of the peak
near the Fermi energy we also see discrepancies be-
tween the theory and the data. From the band
structure we expect the photoemission peak to be
much stronger for normal emission where there are
two bands contributing to it than for the arrange-
ment shown in Fig. 7 where there is only one band.
Looking at the expanded region of Fig. 4, we can
see that the peak heights are in fact very similar
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FIG. 7. ARUPS spectrum of Nag sWO; for k|,
along I'-X and for 8=25° compared with the band
structure calculated along X -M by Kopp et al. (Ref. 9)
for NaWO,.
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for 6=0 and 25°. A more extreme example occurs
for the direction MR in the Brillouin zone. The
appropriate ARUPS spectrum, which is the §=35°
spectrum in Fig. 5, has a peak of similar intensity
to the normal-emission curve. The band structure,
however, has no band along M -R in this energy re-
gion.

It is unlikely that these discrepancies are due to
an inadequacy of the band structure, because all
other calculations for the perovskite group of ma-
terials (see Refs. 16 and 17 for example) give very
similar conduction bands. Another alternative is
that we are seeing the effect of an angle averaging
due to the random distribution of sodium atoms,
which should in turn lead to a breakdown of k
conservation. A shoulder at 0.7 eV is also ap-
parent for 6 <25° in both Figs. 4 and 5 and is pos-
sibly due to an angle averaging of a peak due to
the second band along I'-X. The much greater
variation with the angle seen in the valence-band
region is then a little surprising. A similar effect
has been seen? in a study of the Ge(111)-(8) sur-
face, which has a large number of small
[~ %G(l 11)] surface reciprocal-lattice vectors. It
was noted that angle averaging appeared to be a
stronger effect in regions of the Brillouin zone in
which gaps occur.

The third area of interest is the gap between the
valence and conduction bands. It can be seen in
Figs. 4 and 5 that there is structure in this region
which has the same order of magnitude as the
conduction-band peak. In previous XPS (Refs. 10,
21, and 22) and UPS (Ref. 23) investigations a
peak in this region was noted and assigned to a
plasmon loss associated with the conduction
band.!%2122 Electron-energy-loss studies®?* and
optical measurements**~2% do indeed show a sharp
peak in the energy-loss function between 2.0 and
2.5 eV, which is due to plasma oscillation of the
conduction electrons. A plasmon peak with this
energy is also seen in XPS core line measure-
ments.'“222 The comparison with the ARUPS
data shows that the interpretation of the XPS peak
as a plasmon is quite possibly incorrect. In Fig. 3
we show the XPS spectrum for Nag ssWO; and
compare it with the normal-emission ARUPS data.
The peak in question at ~3 eV in the XPS spec-
trum can be seen to be close to one of the valence-
band features and is certainly not in the gap re-
gion. If we look at Fig. 5, which shows the data
for k| along I'-M, the high-angle spectra have a
very strong peak at 3.2 eV. It is quite likely then,
that the peak in the (angle-integrated) XPS spec-
trum is in fact due to a peak in the valence band.

We cannot completely rule out the plasmon theory
for XPS because the photon-energy dependence of
the photoionization cross section makes the XPS
experiment much more sensitive to d states than to
the oxygen p states near the top of the valence
band. This effect has been discussed previously for
WO; (Ref. 13) with the use of partial density-of-
states calculations of Kopp et al’

In the ARUPS case, the peak in the gap region
cannot be due to plasmon excitation because its en-
ergy separation from the conduction-band peak is
always less than 2.1 eV, becoming as small as 1.2
eV at high angles. The energy-loss data, on the
other hand, shows the surface plasmon to have an
energy of 2.0 eV for Nay ;s WO; (Ref. 24), and the
optical results give the bulk plasmon energy as 2.3
eV for this composition.?””?® We can also rule out
the possibility that the gap peak is due to Her1*
satellite radiation because the peak is also present
in the Hell and Ne1 spectra in Fig. 3.

One of the most likely possibilities is that the
peak in the gap region is a surface state. As can
be seen from Fig. 1, the (001) surface of Na, WO,
must have a composition of WO, or Na, O (or
domains of both) after cleaving. In either case the
surface atoms are not fully coordinated and the
surface electronic structure would not be expected
to be the same as that in the bulk. Theoretical in-
vestigations have shown that surface states can ex-
ist in the region above the top of the valence band
for similar materials. Ellialtioglu and Wolfram?
have examined the electronic structure of the
transition-metal perovskites and calculated the lo-
cal density of states for the transition-metal atom
when it is fully coordinated and when it has one
oxygen atom missing. The latter situation occurs
at the (001) surface of Na, WO; with the WO,
composition. Ellialtioglu and Wolfram found that
surface states appeared in the bulk band gap for
the insulating transition-metal perovskites such as
StrTiO; if Coulomb effects were ignored. These
states were pushed above the Fermi energy, howev-
er, when the Coulomb effects were taken into ac-
count. The final conclusion that no occupied sur-
face states existed in the bulk band gap agreed
with earlier photoemission measurements of
SrTi0;.3° It was also predicted that oxygen vacan-
cies near the surface would stabilize surface states
in the gap, again in agreement with experimental
results for TiO, (Ref. 31) and SrTiO; (Ref. 30).
Although they did not make the calculation expli-
citly, Ellialtioglu and Wolfram® suggested that the
screening effect of conduction electrons could also
stabilize the surface states in the gap region. Con-
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duction electrons are indeed present for metallic
Na, WO3;, and so the peak we see in the gap region
of Naj gsWOj3 is quite possibly a surface state.

Further evidence for this conclusion comes from
both theoretical and experimental results. Ellial-
tioglu and Wolfram?® calculated the dispersion of
the surface state and found, in agreement with
what we see in Figs. 4 and 5, that the state
disperses upwards away from I'. UPS experiments
carried out on the (001) surface of WO; have
shown the presence of states in this region for sur-
faces which were argon ion bombarded and an-
nealed.’* The WO, surface when treated this way
has a considerable density of conduction electrons,
as revealed by a peak at the Fermi energy in the
UPS spectrum, which can provide the screening re-
quired in the model of Ellialtioglu and Wolfram.?
That the peak near 2 eV is associated with a sur-
face effect, is also suggested by the variation in its
intensity for different cleaves.

It should be pointed out that Langell and Ber-
nasek? have concluded from the results of their
Auger and low-energy electron diffraction (LEED)
experiments that one half of the surface unit cells
contain a sodium atom for Najy gWO;. The sur-
faces which they examined were not cleaved but
annealed in an oxygen partial pressure environ-
ment, and thus it is possible that we are looking at
a completely different surface structure. Neverthe-
less, it is not certain whether or not the surface
tungsten atoms are fully coordinated in the an-
nealed surface, so it is possible that the results of
Langell and Bernasek are consistent with the ex-
istence of a surface state. There have also been
suggestions of a depletion of sodium from the sur-
face region of the sodium bronzes.! Recent Auger
measurements by Weber et al.,>® however, have not
indicated any sodium depletion at the surface. An
analysis of XPS core line intensities'? has also
shown no evidence of sodium depletion.

B. x-dependent electronic structure

Results of UPS measurements made on samples
of different composition are shown in Fig. 8.
Measurements were made at normal emission with
the ARUPS spectrometer used for the angle-
dependent measurements described in the preceding
section. Clean surfaces of Na, WO; were prepared
using a diamond file in the vacuum. The method
used to clean the WOj; surface has been described
in detail elsewhere.!> As a result of these treat-
ments, the spectra showed no dependence on the

Na,WO3_
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FIG. 8. UPS spectra for Na, WO; for a range of
values of x. The spectra are aligned at the Fermi ener-
gy and the position of the bottom of the conduction
band is shown by the arrows.

emission angle, indicating that the curves in Fig. 8
represent an integrated density of states.

The upper three spectra in Fig. 8 are for metallic
samples and have been aligned at the Fermi ener-
gy. These spectra can be broken up into three re-
gions: (i) the conduction band, which extends from
the Fermi energy to a binding energy of 1.0 eV, (ii)
the “gap” region between 1.0 and about 3.0 eV,
and (iii) the valence band at binding energies
greater than 3 eV. If the rigid-band model is ap-
propriate for metallic Na, WO; and if we use the
density of states from Kopp et al.,” we would ex-
pect the Fermi energy to move by about 0.7
eV relative to all spectral features as x increases
from 0.30 to 0.97. Although we find that the two
broad features at 4.6 and 7.0 €V in the valence
band of the x=0.30 sample move by roughly the
predicted amount, all the other trends do not favor
a rigid-band model.

The top of the valence band remains at about 3.0
eV for all three spectra and, more strikingly, the
width of the occupied part of the conduction band
is completely independent of x in the metallic re-
gion.

It should be mentioned that Egdel and Hill,>*
who recently reported on weak x-dependent
features in the conduction-band peak of their
photoemission data, did their measurements on
high-temperature-annealed powdered samples. We
found that annealing above 550°C is enough to



26 ELECTRONIC STRUCTURE OF Na,WO;: A PHOTOEMISSION . .. 1709

produce extra structure in the conduction band of
our cleaved samples, which is probably related to a
small amount of oxygen deficit at the surface.

The position of the bottom of the conduction
band occurs at the dip near 1 eV in the spectra for
metallic samples, and is shown by the arrows in
Fig. 8. The fact that the bottom of the conduction
band remains fixed relative to the Fermi energy is
strong evidence that a rigid conduction band is not
being filled as x increases. An alternative explana-
tion that the density of conduction-band states in-
creases with x seems to fit the data better. This al-
ternative is also consistent with the x-dependent
behavior of the specific-heat coefficient and the
magnetic susceptibility. Both of these quantities
vary linearly with x for cubic Na, WO; crystals
with values of x >0.22.!* In Fig. 9 we show a plot
of the electronic specific-heat coefficient from the
paper by Zumsteg,'* which also includes data from
Vest et al.¥

The coefficient y is simply related to the density
of states at the Fermi energy, N(Ef), by

y=+5mkiN(Ep) ,

where kp is Boltzmann’s constant. The dashed
line in Fig. 9 shows the expected x '/ behavior for
a free-electron conduction band in the rigid-band
model. The x dependence expected for y on the
basis of the density of states of Kopp et al.’ is
shown by the solid line, and the dotted line shows
the dependence expected from a nearly free elec-
tron band with m* =1.83m,. It is clear that the
heat-capacity data do not fit a nearly-free-electron
rigid-band model.

|~ Experiment Theory_
o this work — Kopp et al.
x Vest etal. «- NFE m*= 1.83m,

| & Zumsteg ---FE

yim3J/mole K?)

| A n I s 1 L
0 02 04 06 08 10
SODIUM CONCENTRATION x

FIG. 9. Electronic specific-heat coefficient y as a
function of x after Zumsteg (Ref. 14). The dashed and
dotted lines show the behavior expected from a free-
electron theory with m* =mg and m* =1.83m,, respec-
tively. The solid line is the behavior expected from the
DOS calculation of Kopp et al. (Ref. 9).

Values of N(Eg) from the UPS results are also
plotted in Fig. 9 as circles, normalized to the elec-
tronic specific-heat coefficient at x=0.60. The x-
dependent behavior for N (Ef) is similar, and both
our UPS results and the specific-heat results fit a
model in which N (Ej) increases linearly with x.
It should be pointed out here that a linear increase
of N(Ey) with x has also been concluded by
Greiner et al.>® from magnetic-susceptibility mea-
surements and recently by Egdell and Hill** from
angle-integrated UPS. Kamitakahara et al’ inter-
preted their finding of a concentration-dependent
Kohn anomaly in Na, WO; in terms of a rigid-
band model but their results are also consistent
with a linear increase in the conduction-band den-
sity of states (CBDOS).

Further evidence against the rigid-band model is
provided by the fact that the valence-band shape is
not independent of x in the metallic region. Com-
pared to the x=0.30 spectrum, a new shoulder ap-
pears near the top of the valence band for the
x=0.58 sample and increases in intensity for
x=0.97. The conclusion that the rigid-band model
is inappropriate for metallic Na, WOs; is in agree-
ment with the findings of our earlier XPS investi-
gation.!!

In the gap region of the metallic materials, the
density of states increases with x and the position
of the shoulder moves away from the conduction
band. These efforts are consistent with the model
of Ellialtioglu and Wolfram,?® which was discussed
in the preceding section. In the model, decreasing
screening causes surface states in this region to be
pushed towards the conduction band. Figure 8
shows that there are no states in the gap region for
the nonmetallic spectra, again in agreement with
the model.

Spectra for the nonmetallic compounds WO;
and Nag ooWOj; are shown in the lower part of Fig.
8. The valence-band region of the WO; spectrum
differs from those of the sodium bronzes in that it
only has one valence-band peak, whereas the
bronzes all have two main features. In an earlier
paper that described photoemission results for
WO; (Ref. 13), it was shown that the Fermi energy
is fixed at 0.5 eV below the bottom of the conduc-
tion band on the clean surface. In the bulk the
Fermi energy is within 0.04 eV of the conduction
band,® but band bending alters this situation at the
surface. To enable comparison with the metallic
samples, the onset of the conduction band is shown
in Fig. 8 by arrows. It can be seen immediately
that the separation between the top of the valence
band and the bottom of the conduction band is
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greater by about 1.7 eV for WO; than for

Nag 30WO;. The band-structure calculations of
Kopp et al.,” which showed that WO; has a band
gap of 1.55 eV and NaWO; has a separation be-
tween valence and conduction bands of 1.75 eV are
thus considerably in error in this energy region.

It is more difficult to make a comparison with
the Nag 0oWO; spectrum as the position of the con-
duction band is not certain. If the extra electrons
associated with the sodium atoms are localized
near the conduction band, then it should be possi-
ble to see them with UPS measurements. The
analogy with WO; suggests that the failure to see
the states near the top of the gap may be the result
of a band-bending effect. If the bands bend up-
ward towards the surface as in Fig. 10 then the lo-
calized states can be emptied near the surface. We
must now examine whether an effect such as this
is possible for Nag ooWOj; and whether it is con-
sistent with the other features in the UPS spec-
trum.

The required charge separation at the surface
can occur if the surface has the Na, O composi-
tion. Oxygen atoms on the surface are acceptors
and can accumulate up to one electron, leaving
fixed positive charges in the bulk. The maximum
depth z, of the depletion layer occurs when there s
is one electron per surface oxygen and is thus 30 A
for Nag ooWO;. For a surface layer of negative
charge and a uniform density of fixed positive
charges, the band bending is given by’

V(bulk)—V(z)= %eND(z —2z0)* /€€y

where N, is the volume density of donor atoms, z
is the distance from the surface, and € is the static
dielectric constant of the solid. Substituting the
sodium density in Nag joWO; for Np, zo=30 A,
and the static dielectric constant € ~1000 for
WO,,% a band bending of the order of 1 eV is pos-
sible.

m

Vacuum i Bulk

FIG. 10. Band bending for Naj 0oWO; which causes
the localized states (dashed line) to be emptied at the
surface.

The bottom of the conduction band could thus
reasonably be placed at about 0.75 eV above the
Fermi energy so that the valence-band peaks for
WOj; and Nay ¢WO; are aligned and so that the lo-
calized states near the conduction band are emptied
at the surface. One difficulty with this model is
that the valence-band edge in the Nagy o¢WO; spec-
trum in Fig. 8 is rather sharp, implying that the
depth (~10 A) probed by the UPS measurement
does not have large band curvature. If the band
bending penetrates the maximum amount of ~30
A we require that all tungsten atoms are fully
coordinated with oxygen atoms, in contradiction to
the surface of the metallic compounds where we
assumed that at least some of the surface has the
WO, composition. Although a band-bending ef-
fect provides a reasonable explanation of why lo-
calized states are not seen, it must be regarded as
tentative until experiments are carried out which
explicitly test whether the bands bend.

Regardless of how far the conduction-band edge
is above the Fermi energy in the x=0.09 sample,
the following conclusions can be made from the
spectra in Fig. 8.

(i) The valence-band density of states changes
shape continuously as a function of x.

(ii) The size of the gap between the valence and
conduction band remains roughly constant at about
2 eV for the metallic materials, is at least as large
as 3.2 eV for x=0.09, and is around 3.5 eV for
WO;.

(iii) States that have been assigned to surface
states occur in the gap region for the metallic ma-
terial, increasing in intensity as x increases, but are
absent for x=0.09 and x=0.

(iv) Conduction-band states are seen for the me-
tallic materials, but their band width does not in-
crease as expected for a rigid-band model.

From the UPS spectra one can determine the
work function ¢ for these materials and the values
obtained are shown in Fig. 11. The work function
shows an overall decrease as x increases. Values
reported earlier by Chambers and Swanson*! for
two metallic samples of Na, WO; agree with our
data. We will not discuss in detail the values for
the nonmetallic samples because the effects of band
bending complicate the interpretation. The very
high value of ¢ for x=0.09 is, however, supportive
evidence for band bending at this composition.

The linear decrease of ¢ with increasing sodium
concentration, seen for the metallic samples, is typ-
ical for an alloy in which there is no surface en-
richment of one of the constituents.*? The lineari-
ty seen in Fig. 11 also shows that there are no
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FIG. 11. Work function ¢ for Na,WO; determined
from the UPS spectra shown as a function of the sodi-
um concentration.

abrupt changes in the surface composition between
x=0.3 and 1.0. For their annealed samples of
Na, WO3;, Langell and Bernasek?? claim that the
surface layer has a sodium concentration that does
not vary linearly with the bulk concentration. Our
results for filed samples do not agree with this
model. '

IV. CONCLUSIONS

The results obtained by angle-resolved and

angle-integrated ultraviolet photoemission spectros-
copy carried out over the entire sodium concentra-

tion range in the sodium-tungsten-bronze system
can be summarized as follows.
For the metallic samples of Na, WO; with

x > 0.3, the top of the valence band and the bottom
of the conduction band remain at 3 eV and 1 eV
respectively. The width of the conduction-band
peak is 0.8 eV and is independent of x. This result
and the observed linear dependence of the peak in-
tensity at the Fermi level with increasing x, are
strong indications that the rigid-band model fails
to explain the observed behavior in the metallic re-
gion of the sodium-tungsten-bronze system. These
UPS results corroborate the interpretation of our
earlier XPS measurements of the same system.'!

A peak in the gap is observed for metallic sam-
ples, and for Na, 3sWO; it exhibits a dispersion
from 2.1 eV for k)|=0to 1.2 eV for k|| along
I'-M. Following the suggestions made by Ellial-
tioglu and Wolfram? about the position of a local-
ized surface state in transition-metal perovskites, it
is most likely that the observed peak in the gap
originates from surface states.

The failure to detect localized gap states for the
semiconducting samples can be explained by band-
bending effects originating from oxygen acceptor
states at the surface. A charge depletion layer
with a thickness of about 30 A can occur when
free electrons from bulk sodium atoms accumulate
at surface oxygen atoms.

The observed linear decrease of the work func-
tion ¢ with increasing x indicates that there is no
segregation or sodium depletion near the surface as
it was suggested in earlier investigations.'®*
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