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Synchrotron radiation was the light source for this study. A different view of the valence and conduction
bands was provided than that shown by previous x-ray photoemission data. In the present case the p angular-
momentum character of the electrons is emphasized more than the d character. The use of a continuum light
source allowed study by photon-energy-dependent spectroscopies. These made possible partial examination of
the final states as well as demonstration of the nature of the Na 2p-core excitations. The latter were found
to show excitonic behavior. Effects of a possible Na deleption layer at the surface are discussed.

I. INIODUCTION

The tungsten bronzes form a set of compounds
which have many interesting properties. The most
common tungsten bronzes are formed by "dissolv-
ing" alkaline metals into a WQ, matrix, although
other metals have been successfully combined with

WO3 to produce similar compounds. The sodium
tungsten bronzes mere the first to be discovered'
and are the subject of this paper. Their chemical
formula is Na„WO, with 0%x%1. For xs0.3,
Na„WQ, is a tetragonal semiconductor, but for
x &0,5, the lattice stabilizes into the perovskite
structure, ' which is incomplete. The W ions occu-
py the corners of a cube, and the Q ions fill in the
edges (Fig. 1). The Na ions randomly occupy the
centers of the cubes (hence, incomplete), and for
x =1, the structure is exactly the perovskite lat-
tice.

Interest in the sodium tungsten bronzes covers a
wide range of properties. Some of them are super-
conductors. '"' Their resistivities have been the
subject of numerous studies. " NMR has been per-
formed on them. " Most of the studies have been
aimed at resolving some of the controversy over
the nature of the electronic structure of the
bronzes. ' " Considerable interest in the bronzes
arises from their close relation to the transition-
metal oxides —particularly to ReO, .

Historically, it was not clear just mhat consti-
tuted the electronic structure of Na„WQ, .' " It
was known that they were either semiconductors or
conductors, depending on x. The first obvious idea
was that there should be a Na s band. However,
NMR studies showed that there were no s conduc-
tion electrons associated with the Na ions in Na„-
WQ3. ' Later, a model was proposed where the
conduction electrons were to fall into a Na P band. "
In their review, Dickens and Whittingham' point
out the strengths and w'eaknesses of the theory,
and compare it to a theory due to Seinco' and re-
fined by Goodenough. " The latter theory, applied

to Na WQ3, suggests that the N@ atoms give up
their 3s electrons to partially fill the otherwise
empty W 5d band, and then the Na ion benignly
sits in the center of the cubic cell (Fig. 1). This
makes Na, ,WO, isoelectronic to ReO, . The ap-
proximation is generally accepted for Na„WO, that
the number of 5d electrons in the conduction band
varies linearly with x.

The last point is supported by resistivity mea-
surements, "optical measurements, ""x-ray
photoemission spectroscopy (XPS) data, ""Kohn-
effect results, "and most recently, by a band-
structure calculation. " A curious result mas ob-
tained in the XPS work. It was thought that XPS
should provide a fair representation of the conduc-
tion- and valence-band densities of states. In the
case of ReO„" the experimentally derived density,
of states (DOS) did not agree well with a calculated
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FIG. I. Perovskite crystal structure. For Na~%'0&,
the oxygen atoms occupy the edges of the cube, the tungs-
ten atoms occupy the corners, and the sodium atoms
occupy x of the centers of the cubes.
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DOS." It was decided that the XPS data (taken at
the Al Xo. line) showed primarily the residua. l 5d
character in t'he valence band along with the 5d
conduction band. An explanation is that the partial
photoionization cross sections of 5d electrons are
some 20-40 times larger than for 2p electrons.

In the present work, ultraviolet-photoernission-
spectroscopy (UPS) studies were made on samples
of NR„WQ„cleaved in situ in ultrahigh vacuum.
Tantalus I, the 240-MeV electron storage ring op-
erated by the 3ynchrotron Radiation Center of the
University of Wisconsin —Madison, was the light
source for the experiment. The advantages of
looking at photoemission from Na„WQ, in the range
from about 10 to 30 6V are that we can observe ef-
fects (if any) of the band-structure or joint DOS
regime on the photoemission spectra. Also, par-
tial photoionization cross sections should be dif-
ferent than in the XPS region at the Al Ke line, so
a, different picture of the relative valence- and
conduction-band emissions may be possible.

In Sec. II me briefly describe the experiment.
The results of the experiment are presented in
Sec. III. A discussion of the results as mell as
the implications of the work are presented in Sec.
XV.

II. EXPERIMENTAL

Tunability of the synchrotron continuum mas
achieved through use of a MacPherson 225 normal-
incidence monoehrornator. A gold-coated spheri-
cal concave grating (Bausch and Lomb, 1200
grooves/mm) provided the spectral dispersion in
the monochromator. The synchrotron radiation
nearly represented a point source, with an actual
area of 1 mm'. A series of grazing-incidence
mirrors focused the light at the entrance slit. The
diverging light exiting from the monochromator
was focused onto the object point of the double-
pass cylindrical mirror analyzer (CMA, Physical
Electronics Industries, Inc.) by means of a graz-
ing-incidence elliptical mirror. The grating was
the only normal-incidence reflecting surface in the
optical system. The sample was positioned at the
object point of the CMA and arranged such that the
angle of incidence was 40' from normal. The angle
between the CMA axis and the incident light beam
WRS 75

The base pressure in the sample chamber was
malntalned Rt Rbout 3 x 10 Tox'x'. The sRmples
mere cleaved in situ by R pair of opposing wedges.
Even though the samples were single crystals, the
cleaving process usually resulted in a, fracture
rather than a smooth cleave. Data was taken with
the CMA operating ln the preretardlng InocIe with
a typical kinetic energy xesolution of 0.15-0.4 6V.

The photon energies were varied with the mono-
chromator slits set at constant value, so the over-
all energy resolution in the experiment was also
a function of the incident photon energy.

The use of the synchrotron continuum makes
possible three modes of photoelectron spectros-
copy over a very wide range of photon energy. The
first is simply to set the monochromator at a par-
ticular photon energy and to scan the energy of the
photoelectrons with-the CMA. The result is the
energy distribution curve (EDC). Several EDC's
were obta, lned at various photon enexgies in ordex
to examine the photoelectron DQS as a, function of
photon energy Av. The second mode is a form of
yield spectroscopy. It is a variation of the yieM
spectroscopy discussed by Gudat and Kunz" called
the constant-final-state-energy spectroscopy (CPS)
by Lapeyre et al." It is also referred to as partial
photoyield spectroscopy by other workers. In this
mode, the acceptance energy of the CMA is held
constant while A;v is scanned. The result is the
number of electrons photoemitted into the same
kinetic energy window a,s a function of hv, i.e., the
number of photoelectrons with the same final-state
energy. This technique is sensitive to the Auger
component of eox'6 hole decays, Rnd px'ovldes R

means of probing the bottom part of the empty eon-
cluetlon bRnd.

The third mode is a bit more complicated. The
acceptance energy of the CMA is scanned syn-
chronously with hv mhile maintaining t;he relation

E&- Av =const.

Homevel",

E&- hv=E, .
Thus, by maintaining (1), we are examining photo-
electrons which mere excited from states with the
same initial energy. This form of spectroscopy
has been termed constant- initial- state-energy
spectroscopy (CIS) by Lapeyre ef af." The effects
of changing the final state relative to various initial
states can be more easily observed through the CIS
than the EDC's in some cases.

III. RESULTS

Photoemission data mere obtained on samples of
three different compositions: x =0.5, 0.V and O.V9.
As observed in the XPS experiments, " only subtle
differences were found as a function of x. In the
UPS regime, the condition of the surfa, ce is ex-
tremely important because the photoeleetrons orig-
inate in the first fern atomic layers near the sur-
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previous work and band-structure calculations;
r- ylng aIldS~ij. estimation of the nature of higher-l ~ b

an (iii) discussion of the core-level excitations 4

A. Val ence- and conduction-band emissions

In the past, due to the absence of specific calcu-
lations fox Na„WQ„analysis of optical data"'" has
been done on the basis of band-structure calcula-
t1ons" for HeQ, wh1le assuming a rigid band model
or adapting the HeQ, bands to Na WQ . XP

17' 18data ' have also been discussed by that means as
well as by application of a model, due to
Wolfram, "of the density of states of d-band pe-
rovskites to No Na„WQ, . Recent appearance of a

n ronzes gives usband structure for the tungsten bro
the opportunity to use that calculation in the anal-
ysis of the present results. The band structure of
Kopp et al."was presented for cubic NaWQ,, and
cubjc WQ . There j.s a strj.kjng sjmj.larjty for tj1e
two extremes of composition in the valence and
conduction bands. The most significant differences
come in some of the higher-lying bands where the
presence of Na causes distortions and shifts to a
greater extent than in the bonding and conduction
bands. The most useful result of a band structure
for our purposes is the DQS calculation and a de-
composition of the DQS into orbital angular-mo-.
mentum components arising from the different
atomic sites.

In Fag. 11 we show the density of states calcu-
lated by Kopp et aE."along with the valence- and
conduction-band portion of an EDC where an

attempt was made to subtract the scattered back-
ground. We have adjusted the Fermi 1evel (solid
line) of the calculation so that the gap appears to
be in the correct place. Arranged this way, the

gap calculated by Kopp et al." js very nearly the
correct value. Since their Fermi level was estab-
lished for x =1, it is reasonable that the adjusted
Fermi energy should be considerably lower. The
two peaks in the valence-band data coincide nicely
with the two major regions in the calculated DOS,
but the experimentally derived density of valence
states is much broader.

In Fig. 12 an expanded plot of the conduction-
band emissions is shown, along with the top of the
valence region. There is a finite emission from
the band gap, and it has some structure. This
emission is an energy-loss satellite for the con-
duction electrons. The plasma energy for these
compounds is of the order of 2 eV, so one need not
be surprised to find electrons emitted f throm e

' an -gap region. An attempt is made in Fig. 12 to
subtract a background emission from the conduc-
tion-band emission and the result '

hu ls s own above
the raw curve. The leftover peak is clearly asym-
metrical and the full width at half-
pected to be a measure of the width of the filled
conduction band. A typical value for the bandwidth
is 0.85+0.10 eV. The point F in Fig. 12 is the ex-
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perimental valence-band maximum (VBM) after
correction for a tiny "tail" (similar to that found
at the Fermi level). It is proposed that the accept-
able value for the VBM is found by subtracting
one-half of the instrumental resolution from Y.
The band gap is taken as the separation between F
and the lower half-maximum point in the corrected
conduction-band DOS. A typical value for the band

gap defined this way is 2.2 +0.1 eV. This becomes
more reasonable if attention is paid to the width of
the down slope in the EDC's at the VBM. The tail-
off of emissions is much wider than the instrumen-
tal resolution, so the VBM is not simply found at
half of the height of the valence emission peak or
shoulder near the VBM.

We are not really able to make a good estimate
of the width of the valence band, since the likeli-
hood that an energy-loss satellite is making major
contributions to emissions in that region precludes
finding the bottom of the valence band. One coul.d
speculate that the shoulder or (in some cases) peak
near —10 eV in the EDC's is due entirely to ener-
gy-loss features and that the calculation of Kopp
et al."is approximately correct, or one could say
that the calculation underestimates the bandwidth
and the features near —10 eV are genuine band-
structure features. ChBzalviel et al."used the
model due to Wolfram" to compute the width of the
valence band as well as the band gap and the con-
duction-band DOS. The model of Wolfram" ap-
pears to give a wider valence band than the calcu-
lation of Kopp et a/." The band-structure calcula-
tions of Matthiess' for ReO, also indicate that the
valence band should be somewhat wider since
Na„WO, is similar to ReO, .

B. Final-state effects

The EDC's discussed in the Sec. IVA tend to em-
phasize the contribution of the initial states to t'he
photoelectron DOS, since any primary structure
can be attributed to filled electron states. Obser-
vation of changes in the primary structures over a
large number of photon energies may show how fi-
nal states modulate the emissions from a given
initial state. A superior way of following this mod-
ulation is to observe the photoemission from a par-
ticular initial state continuously as a function of. hv.

The CIS technique accomplishes the feat of allow-
ing observation from a constant-initial-state ener-
by window as a function of hv, which is as good as
we can hope to do in an integrated photoemission
experiment.

There are many things affecting the photoemis-
sion of electrons from a solid. One of the things
is transport to the surface, step two under the
three-step model of photoemission. " An electron

cannot be photoemitted unless it reaches the sur-
face. Electrons lying farther than one mean scat-
tering length from the surface will likely be in-
elastically scattered before reaching the surface.
In the final-state energy range involved here, the
mean scattering length varies approximately as
E&'~'. In Figs. 7 and 8, we have multiplied the
measured spectra by E~&~' in order to offset the es-
cape-depth effect.

Other modulations of the emission from a given
initial state include the effect of final states which
enter the transition probability through the matrix
elements. The final states are Bloch functions
arising from the available atomic states of the
atoms constituting the lattice and are of the most
interest here. There is ar"other possibility, how-
ever, for a competing modulation process, excita-
tion to the Bloch functions arising from continuum
atomic states. These excitations occur in the vac-
uum ultraviolet and soft x-ray regions of the elec-
tromagnetic spectrum, and in the solid, are usu-
ally discussed for core electrons. It may be valid
to speak in terms of a photoionization cross sec-
tion for the conduction and valence electrons as
well, since ordinary Bloch final states might not
be adequate to define the total emission from the
conduction and valence states.

Figures 7 and 8 show the emission spectra for
several initial-state energies corresponding to the
conduction electrons (E, =- 0.4 eV) and valence
electrons. The conduction-band spectra have been
scaled up by a factor of 10 to make them compar-
able to the rest. There appear to be three regions
of enhanced emission from the conduction bands,
at E&=15, 23.5, and 31.5 eV, with modulations
continuing out to higher E&. These may represent
transitions from W 5d states to W 6p or 5f states,
or more properly, from bands derived from the
states mentioned. If there are continuum effects
present, it is difficult to say which effects are due
to continuum transitions since there seems to be
definite modulation due to other final states. For
these conduction-band structures, the peaks at 15
and 23.5 eV could represent W 5d —5f or ef tran-
sitions. In Au, these transitions are known to be-
gin at Ez around 16 (see Ref. 31) to 20 eV (see Ref.
32) above E„"Later, w. e shall make a comment
on the origin of the structures at E&-31.5 eV.

The CIS's for the peaks near the valence-band
maximum (E, = —4.4 eV, x =0.5 and E; =-4.6 eV, x
=0.'?9) show broad maxima centered between final
energies of 10 and 20 eV. There are peaks in both
curves near E&

-11-12, 21-22, and 27-28 eV.
These do not correspond in final-state energy with
any of the structures observed in the conduction-
band CIS's. One is inclined to suggest that these
structures are likely to arise from oxygen-derived
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final states. The broad maximum between 10 and
20 eV in either curve could be due to transitions
to continuum d states. Assume that we can make
a valid comparison between the 0 2P subshell
(filled through covalent bonding) and the Ne 2P sub-
shell. The photoionization cross section for the
latter for transitions to continuum d states peaks
3ust around 12-15 eV above threshold. " The broad
maxima observed in our spectra are due to the
atomiclike transitions from the 0 2P subshell. The
same may be said of all remaining CIS's with E,-
deeper in the valence band. For these, there is
little consistent structure other than the broad
maximum which appears in all the spectra. The
atomiclike transitions are dominant in the photon-
energy region in this experiment.

In summary, the final-state modulation for the
conduction-band states is quite different from that
for the valence-band states. The former are regu-
lated by normal crystalline effects, while the latter
appear to be dominated by atomiclike behavior.

C. Core-level exeitations

The EDC for kv =40 eV in Fig. 6 showed the
Na-2P direct emission. It is desirable to correlate
some of the structure in the CFS's in Figs. 9 and
10 above hv =31 eV with Na-2P excitations. In all
five CFS's there is a peak near 33 eV and a peak
near 34.5 eV which occur independently of the Na
concentration or kinetic energy. It appears that
there is a weak peak at about hv = 31.3 +0.3 eV in
most of the spectra. Unfortunately, these spectra
are taken with a low signal-to-noise ratio, due to
reduced flux out of the normal-incidence mono-
chromator in this photon-energy range. There are
structures between 35 and 40 eV but these do not
occur consistently and are difficult to line up in a
recurring fashion.

The binding energy relative to E~ of the Na-2P
core states is 30.9 eV for x =0.79 (cf. 31.1 ep in
Ref. 17), so this is the energy at which excitations
to the empty conduction band should have a thresh-
old. The calculation of Kopp et al." shows that
there are virtually no Na-derived conduction-band
states. It is noteworthy to point out that the peaks
at 33 and 34.5 eV are reminiscent of the sharp
core-excitonic doublet near 33 eV and the following
peak near 34.5 eV in the absorption spectra of the
sodium halides" or the yield spectra of NaCl at
several retarding voltages. " The conclusion was
reached in Ref. 36 that the peaks represented a
core excitonic series. What we probably are ob-
serving here is a series of core-exciton-enhanced
emissions, but one in which the beginning of the
series is broadened by a strong interaction with
the conduction-band electrons of only slightly dif-

ferent energy. This leads to an alternative expla-
nation of the enhanced conduction-band emission
found near 32 eV in Sec. IVB. The broad peak
above 32 eV found in the CIS's with E,. = —0.4 eV
could be due to conduction electrons excited (and
subsequently photoemitted) as a result of the re-
combinative decay of Na 2P-core excitons. What
we observe in the CFS's are not the usual Auger
electrons associated with core-hole decay, but
conduction electrons excited when the core-hole-
electron pair underwent recombinative decay, and
subsequently scattered to lower energy. The extra
structures in the CIS's for E; =-0.4 eV in Figs. 7
and 8 above 32 eV may be due to the individual ex-
citonic decays. The more usual Auger mechanism
is inhibited by the paucity of Na valence states. "
The Auger decay would have to be an interatomic
process —not very likely because of the small
overlap of W and 0 states with Na states. The ex-
citons can probably exist in these compounds be-
cause of the ionic nature of the Na in the crystal.
The core-hole-electron interaction is. sufficient to
keep the electron from becoming itinerant.
Lapeyre et al.26 earlier observed the direct recom-
bination of core excitons in KI via the CIS tech-
nique.

As mentioned above, the broad increase in emis-
sion above 40 eV in the CFS's could be a result of
Na 2p- edtransitions followed by an Auger decay
of the core hole. However, one cannot rule out the
possibility of the structure above 40 eV being due
to the excitation of the W-5P», core level. Since
we are restricted by our optical system to photon
energies not greater than 40-45 eV, depending on
which mode of photoelectron spectroscopy is being
used, we are unable to see a direct emission of the
W-5P core states although the W-5P, » core has a
binding energy of -39.2 eV." Excitation of the
W-5P core states is a likely event above threshold
as absorption spectra on W show. " We thus can
only state that the increase in photoyield above 40
eV is due to two competing core level excitations.

D. xMependent properties

Up to this point we have made little mention of
any x-dependent properties. There was as much
variation in x-dependent properties from samples
having the same x as there was from samples with
different x's. The most sensitive property we
could use to gauge the actual x dependence was the
Na 2p core emission, which is weak. The emis-
sion from the conduction band, which should be
linear in x,""was disappointingly weak and un-
yielding of consistent information about the width
and height of the photoelectron DOS. This may be
due to the reduced photoexcitation cross section of
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the conduction electrons and the low signal-to-
noise ratio for the peak in most of our data. The
same limitations apply to experimental determina-
tion of the band gap and the work function, since
both are determined by the location and shape of
the conduction-band emissions. Under the band
calculation of Kopp et al."the band gap is expected
to vary only slightly.

Alternatively, it is possible that the creation of
a surface results in a gradient of Na atom concen-
tration normal to the surface. Even if such a gra-
dient extended only a few atomic layers into the
sample, the UPS data would be severely affected.
Photoelectrons have their origin within one mean
scattering length of the surface. For this experi-
ment, the final energy of the electron inside the
crystal is typically 15 eV and greater. The escape

.depth varies as E ' ' and is probably of the order
of 10 A or less —a few atomic layers. Conversely,
Na 2p direct emissions occur after excitation to
final energies of 10 eV or less, where the escape
depth is probably greater than 20 A. Whether such
a concentration gradient exists is only partially
known. " Depth profiles have been taken which
show that bulk properties extend very close to the
surface, but extensive detail has yet to be obtained
about the Na concentration in the 10 or so ang-
stroms closest to the surface. " Our indication is
that there is a mild depletion near the surface, al-
though our evidence is admittedly circumstantial. "

V. CONCLUSIONS

UPS has been performed on several samples of
Na„WO, for various values of x. Indications are
that a mild depletion of Na near the surface affects
the photoelectron DOS for the conduction bands,
but actual documentation of such a depletion is
lacking. Aside from x-dependent features such as
width of the conduction band and of the band gap,
x-independent features which @re functions of the
photon energy have been studied. These include

the valence-band DOS, final-state effects for both
valence and conduction bands, and the nature of
excitations of the Na-2P core states and their ef-
fects upon the valence- and conduction-band em;s-
slons .

The widths of the conduction band and band gap
agree quite well with the band-structure calcula-
tion to the extent that the two quantities may be
determined. The optical coupling of the conduction
electrons to the available final states is different
from the coupling of the valence-band electrons to
the same final states. This may contain informa-
tion regarding the atomic states, from which some
of the higher-lying bands originated. The width of
the valence bands was not determined experimen-
tally because of probable interference from ener-
gy-loss satellites in the- photoelectron spectra.

The excitations of the Na 2P core states seem to
be typical of excitations of the same states in other
compounds, notably NaCl. Rather than making
transitions to any conduction-band states, the 2p
core is excited into excitonic states. The decay of
the excitonic series is observed in the CFS's, and
direct recombination of the excitons is indicated'by
increased conduction-band emission above final-
state energies of 32 eV.
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