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Final-state e6'ects in the x-ray photoelectron spectra of cubic sodium-tungsten bronzes
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Core-electron, valence-, and conduction-band spectra of the cubic sodium-tungsten bronzes Na„WO3 have

been obtained by x-ray photoelectron spectroscopy. The samples were vacuum-cleaved single crystals

spanning the entire cubic composition range. The band spectra are consistent with the theoretical band

structure, and the filling of the conduction band with increasing x is explicitly demonstrated. Sodium and

oxygen core-electron spectra have binding energies fixed relative to the bottom of the conduction band and
exhibit the plasmon satellites expected on the basis of optical and energy-loss measurements. The unique

satellite structure of the tungsten 4f electrons is discussed in terms of an excitation of the conduction-band
electrons during the photoemission process.

I. INTRODUCTION

TUNGSTEN OX YGEN

The sodium-tungsten bronzes, Na„WO„are an
attractive physical system for a variety of experi-
ments because the sodium concentration spans the
range 0& x & 1, providing a system that can be var-
ied from insulating to metallic. ' Above a critical
concentration x of -0.3 these materials are metal-
lic and the concentration of conduction electrons is
equal to x. The effect of disorder in the arrange-
ment of the sodium ions is small, as evidenced by
the rather high electron mobility' and the observa-
tion of Fermi-surface effects. ' The present study
is limited to the cubic phase of these materials,
which is stable in the range 0.49& x & 1.4 As re-
ported in a preliminary letter' the x-ray photo-
electron spectra (XPS) of the core levels in these

compounds exhibit interesting satellite structures,
the most puzzling behavior being that of the W 4f
levels. In this paper, we report a more complete
experimental study of these spectra extending over
the whole cubic-concentration range. The various
spectra have been analyzed numerically using
least-squares procedures, and the positions and
relative intensities of the various satellites have
been deduced. The results are discussed in the
context of our current theoretical understanding.

In Sec. II, we recall the band structure of the
materials. In Sec. III, we present the experiment-
al data and the results of the analyses, with spe-
cial emphasis on the W 4f spectrum In Sec. . IV,
two theoretical models are successively invoked to
account for the structure of the W 4f spectrum: the
Friedel exciton and plasmon excitation Neither is
found to give satisfactory agreement, and new di-
rections are subsequently suggested.

BL

j'

5()
l

l

UNIT CELL

FIG. 1. Crystal structure of Na„WO3. Enclosed in a
dashed line are the atoms forming a unit cell.

II. BAND STRUCTURE OF THE TUNGSTEN BRONZES

The band structure of cubic sodium-tungsten
bronzes is similar to those of ReO, and the transi-
tion-metal perovskites, e.g. , Sr TiO„which are
now rather well established. ' As shown by Wolf-
ram, ' these band structures can be readily under-
stood in terms of tight-binding wave functions
formed by combinations of the oxygen 2P and metal
d (here W 5d) orbitals. If the oxygen atoms in the
unit cell are labeled 1 to 3 (see Fig. 1), the basis
atomic functions are d; (i =1 to 5) and p&„(j= 1 to
3, u = x, y, z). The corresponding 14X14 Hamilto-
nian matrix is unexpectedly simple, because the
metal e, 5d states (i=4, 5) admix only with one of
the three P states of each oxygen atom (namely,
p„,p~, p„) giving rise to two pairs of cr bands (two
bonding and two antibonding) and an oxygen flat
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band. ' On the other hand, each of the three t„5d
states admix only with two oxygen P states (i.e.,
xy admixes with p~ and p2„etc.) giving rise to
three oxygen flat bands and three pairs of m bands.
The density of states is schematized in Fig. 2.
For the hypothetical cubic WO„ the 6 d-electrons
from tungsten and the 3&4 electrons from the three
oxygens fill these bands up to the energy gap which
lies between the 0 2P and W 5d atomic levels. For
Na„WO„ the fractional extra electron from the Na

appears in the m-antibonding conduction band.
In the simplified model, where only the p and w

transfer integrals (S and P, respectively) are
taken into account, that is neglecting the direct
oxygen-oxygen bonding, the equation of the m anti-
bonding band is7

E's= (D' +4P'[si n(~k a)+sin~(Jkse)]}'/2, (1)

where the origin of the energies has been taken at
—,[E(t,~) + E (p, )] and with D =-, [E(t„)—E (p~)].
(Here, the 0 2P levels are split into P~ and P)( be-
cause the oxygen environment has only axial sym-
metry. ) The corresponding density of states is

1 E (E2 D2)1/2(jjP2+D2 E2)1/2
p(E)= —,. P. & ~. , (~)

where K(k) is the elliptic integral

l dt
(1 ka sin t) /

The wave functions are hybridized; the W 5d

weighting factor turns out to be simply (E+D)/2E,
which is 1 at the bottom of the conduction band,
and decreases slowly toward & at higher energies.
This permits a calculation of the XPS yield of the
conduction band

E+D E-D
f((() (&r „~ + ., ~ s(~),

where o~, ~ and oo» are the respective cross sec-
tions of the W 5d and O 2P atomic states. ' The band

is fully determined by the two parameters D and P.
These are estimated to be 0.0443 and 0.1200 Ry,
respectively, for ReO, .' Comparable accurate
values are not available for the bronzes. In the
following, the same value of P as for ReO, has been
assumed to be reasonable and a more appropriate
value for D has been deduced from the energy gap
observed in the XPS: D should be about half of this

gap, which gives D = 0.1 Ry.

III. EXPERIMENTAL: METHOD, RESULTS,

AND FITTING PROCEDURES

XPS were obtained in a HP 5950A spectrometer
with 0.6-eV resolution full width at half-maximum.
Clean surfaces were prepared by cleaving in a
vacuum better than 10 ' Torr; the sample was then
inserted into the main chamber of the spectrome-
ter where the vacuum was in the 10 ' range. In
some cases, several samples with nominally the
same x value were investigated in order to check
the reproducibility of the spectra. No appreciable
change was observed during the several hours ex-
tent of the experiments. The effect of air exposure
on some of the samples reported here has been
described elsewhere. '

All the levels accessible with the Al K+ x-ray
energy were investigated, but we will present only
the conduction and band spectra and the Na 1s,
0 1s, and W 4f core levels, which contain all the
information to be discussed.

A. Conduction and valence bands
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FIG. 2. Schematic density of states from the band
structure of Ref. 7, with plausible parameters for
Na„WO3. The numbers refer to the number of states, in-
cluding spin degeneracy. The hatched areas show the
occupied states for the hypothetical cubic W03. Taking
into account the oxygen-oxygen transfer integrals in the
Hamiltonian matrix would result in a finite widith (-1 eV)
for the oxygen Qat bands.

The band spectra for two different samples are
shown superimposed in Fig. 3. The valence bands
are seen to fall in almost perfect coincidence. The
conduction bands coincide near the bottom, but are
distinctly different near the Fermi energy. This
gives evidence for the filling of the conduction band
as x increases. This constitutes a further support
for the homogeneous nature of the bronzes, '"'"
and contradicts a model recently invoked to explain
their transport properties. " This change of the
conduction-band spectrum with x was used in an
independent determination for x for our samples
(see Appendix A).

The Fermi level was accurately determined in
order to obtain a good energy reference for the
core levels. This was done by fitting the conduc-
tion-band spectrum with a calculated spectrum,
obtained by convoluting the theoretical XPS yield
[Eq. (3)] with the experimental resolution function.
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The Fermi energy (relative to the bottom of the
conduction band) was used as an adjustable param-
eter, and as expected was found to increase with
x. The Fermi level was determined to an accuracy
better than +0.04 eV.

B. Na 1s and 0 ls core lines: the w
& plasmon

The Na 1s and 0 1s XPS can be understood as the
superposition of a main line and a smaller broad
satellite about 2 eV toward higher binding energy. '
Unfortunately, the 0 1s spectrum is further ob-
scured by an extraneous line, which is part of the
Na KLL Auger spectrum" (see Fig. 4) making a
quantitative analysis difficult. The 2-eV satellite
clearly originates from plasmon excitation (intrin-
sic and/or extrinsic). This plasmon mode of a
rather low energy 5, - 2 eV, has already been ob-
served by optical measurements" and more re-
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FIG. 4. 0 1s XPS and Na KLL Auger spectra. Note
the presence of the co& plasmon satellite for every line.
The appearance of these two spectra in the same energy
range makes the analysis of the 0 1s structure difficult.
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FIG. 3. Band spectra of two samples with x =0.60
and x =0.80. The valence bands have been superimposed
and the Fermi levels are subsequently shifted relative
to each other by an amount ~ Op25 eV. The dotted line is
a fitted background. The vertical dashed line is the limit
of integration for measuring the relative area of the con-
duction band (see Appendix A). The bump in the energy
gap is the co& plasmon satellite of the conduction band
(see Sec. IIIB).

5.0
-LDWER x LIMIT OF ~

THE CUBIC CRYSTAl
STRUCTURE

W 4f SATELLITE

LJJ

fI Eo — ~ Na Is
SATELLITE

C

1.5—
Ch

R
0

ITI 0

I I I

I

o I-
Ig~[

I I I I

0.5 0.6 0.7 0.8 0.9 1.0

FIG. 5. Energy shifts AE of the Na 1s satellite and W

4f satellite, relative to the fundamental line, as a func-
tion of x. The vertical scale is quadratic and permits to
check the behavior EE Of-x for the Na 1s satellite, as
expected for plasmons (EE = Scu&). The point shown as
a circle is from the optical data of Ref. 14. The W 4f
satellite clearly has a distinct 6E, which might be
understood as due to a "bound plasmon" or a "Friedel
exoiton" [see the dashed line, of equation n E = Es-
+ Ez(x), where binding energy of the exciton is EJ3 =
—1.7 eV].

cently by electron-energy-loss spectroscopy. " It
probably plays a major role in the coloration of the
bronzes. It can be understood as a collective ex-
citation of the conduction electrons, whose small
concentration (x &1) can explain the small energy
of Se,. The plasmon mode corresponding to the
collective excitation of both the conduction and val-
ence electrons is observed at a higher energy 5+,
= 15 eV. By fitting the Na 1s XPS data, we have
been able to extract the plasmon energy key, for
several values of x. The results are plotted in
Fig. 5. The law &',~ x, which one would expect-
at least in a parabolic model of the band —seems
to be obeyed within the experimental uncertainties.

The co, plasmon manifests intself on most of the
XPS lines in the spectrum, and also on the Na
KLL Auger lines, as can be seen from Fig. 4. It
is also present in the spectrum of the conduction
band where it appears as a bump in the region of
the gap (Fig. 3). The dependence of this feature
upon x supports its assignment to the &, plasmon,
as any hypothetical level in the gap would give an
x-independent contribution.

C. Special case of the W 4f spectrum

The W 4f spectrum can also be decomposed into
two components —fundamental and satellite —but the
satellite intensity appears to be unusually large.
This spectrum is additionally complicated because
each component is itself split into two multiplet
lines, 'F», and 'E»„separated by the spin-orbit
splitting of 2.20 eV. This results in the compli-
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transition probability is observed more directly by
optical measurements" or electron energy-loss
spectroscopy. "
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FIG. 8. Intensity ratio P of the satellite to the funda-
mental line. The dashed lines correspond to the behav-
ior p cx:x ~ 3 expected from plasmon satellites in a sim-
ple metal (vertical scale adjusted for the Na 1s satellite
only). The full line is an absolute calculation for the
W 4f satellite in the hypothesis of a Friedel exciton
mechanism (see text) .

2. Least-squares unalysis

In order to extract quantitative information from
the data, a least-s|luares fit to the W 4f spectra
was performed. The use of the Hopfield's line
shape being hindered by machine time considera-
tions, we contented ourselves with the Doniach-
Sunjic line shape in a restricted energy range,
though it may yield a systematic (but constant) er-
ror in the determination of the parameters of the
satellite. This line shape was convoluted with the
experimental resolution func tion. The lifetime and
singularity exponent a were constrained to be the
same for the two lines of a given doublet, and the
ratio of the 2 to the —,

' line intensities was con-
strained to the theoretical value of ~. The spin-
orbit splitting was allowed to vary, and came out
quite reproducibly to be 2.199+0.005 eV. These
fits were first performed on the original spectra,
and from the approximate parameters obtained, the
contribution of the % 5P,&, lines was calculated and
subtracted from the original data, following the
procedure described in Appendix B. The final fit
was performed on these corrected spectra.

Constant features in these fits throughout the
whole x range are the lifetime broadenings I/v
and the singularity exponents cx.. the fundamental
lines are narrow and strongly asymmetric (h/r
=0.06~0.02 eV, a=0.35 to 0.40); the satellites
are broad and nearly symmetric (I/v=0. 63+ 0.05
eV, o. = 0.0 to 0.10). Another constant feature is
the extra Gaussian broadening needed to give a
good fit (=0.7-ev full width at half-maximum in-

stead of the 0.6 eV resolution function). This may
be due to inhomogeneous broadening generated by

the disorder in the sodium distribution, but could
also be due to experimental artifacts such as
cleavage imperfections or macroscopic inhomo-
geneity of x. In this respect, one should note that
inhomogeneities of x near the surface might yield
an asymmetric line shape, "so that the extraordin-
arily large value of n might be due only partly to
many-body effects.

Changing with x were found to be the positions
of the various lines and their relative intensities.
The energy separation between the fundamental
lines and their respective satellites are plotted in

Fig. 5 as a function of x. This energy separation
increases with x, but is markedly larger than the
plasmon energy he„determined from the Na 1s
spectra. The absolute intensity ratio is difficult
to determine accurately, because the Doniach-
3unjic line shape is not an integrable function, and
some cutoff has to be taken. This was done by us-
ing the line shape obtained with the Hopfield's con-
volution procedure. The absolute calibration may
be in error by as much as 2, but in view of the
constancy of g/v and n for the various lines
through the whole series, the relative uncertain-
ties are much smaller. The resulting intensity
ratios are plotted in Fig. 8 as a function of x.

Also of interest are the absolute positions of the
lines which are shown in Fig. 9. The reference
energy has been taken at the Fermi level, which is
accurately determined (see Sec. IIIA). Onthe same
scale is shown the theoretical variation of the Fer-
mi energy relative to the bottom of the conduction
band (which seems to agree with experiment, see
Fig. 3). It is clear from Fig. 9 that the sodium
and oxygen core levels shift with x exactly as does
the Fermi energy, and therefore are fixed relative
to the band structure. The W 4f satellites behave
in approximately the same way. In contrast, the
W 4f fundamental lines go to smaller binding ener-
gy as x increases. The various properties of the
W 4f spectrum are rather puzzling and are dis-
cussed below.

IV. DISCUSSION OF THE W 4f STRUCTURE

A classical way to account for the appearance of
splittings in XPS is to invoke the presence of sev-
eral valence states in the initial state of the ma-
terial, here for the tungsten ion. ' In view of the
strongly covalent character of the bonding" such
an interpretation seems hardly sensible, at least
in its crude form. A more plausible interpretation
would be in terms of final-state effects, due to the
creation of a localized level by the attractive po-
tential of the core hole (Friedel exciton); this ap-
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FIG. 9. Positions of the various lines relative to the
Fermi level plotted vs x. The dashed curves have been
drawn parallel to the full curve at the bottom of the
figure, which represents the Fermi energy as a function
of x. From this figure we conclude that the sodium and
oxygen core lines, and also the W 4f satellites, are
almost fixed in energy relative to the rigid band struc-
ture.

proach provides a more appropriate language for
dealing with "valence states" in a covalent mater-
ial. It is discussed in greater detail below, but
satisfactory results are not obtained. As a second
approach, we try to link the W 4f satellite with the
Sr', plasmon observed on the other XPS lines; the
different energy and intensity might be understood
as a local effect due to the larger density of con-
duction electrons on the tungsten sites.

A. Friedel exciton mechanism

As first pointed out by Friedel" and studied in
detail by Combescot and Nozieres, "the attractive
potential of the core hole created upon the XPS
process can pull down a localized state from the
conduction band. Two lines are observed corres-
ponding to the cases in which the localized state is
left full or empty in the XPS transition. Such an
interpretation is particularly attractive here,
since it might explain the different asymmetries
measured for the two Iines. " The energy splitting
between the two lines is the energy difference E„
—E~ between the Fermi level and the localized
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FIG. 10. Localized levels ("Friedel excitons") as a
function of the attractive site potential V on a tungsten
site, calculated using the Slater-Koster formalism.
The 0 bands and the corresponding localized states are
not shown, because they are thought to play no essential
role.

level, and, as will be shown elsewhere, "their
relative intensities can be related to the filling of
the bands in the initial state. Starting from the
tight-binding structure of Sec. II and taking the po-
tential of the core hole as a negative site potential
V on a tungsten site, we have determined the en-
ergies and wave functions of the localized states
by using the Slater-Koster formalism. " For each
pair of m bands, two localized states were found,
one below the filled bonding band, the second in the
energy gap between the bonding and antibonding
band (see Fig. 10). This state is of special interest
here, since its distance to the Fermi energy is in
the range of a few eV, and may agree with the ob-
served fundamental-to-satellite splitting.

Numerical calculation indeed showed that taking
a site potential V = -9.2 eV on the tungsten site
would give good agreement with experiment for the
energy splitting (see Fig. 5), and fair agreement
for the intensity ratio (see Fig. 8) (not unexpected
in view of the experimental uncertainties) provided
the sixfold degeneracy of the ground state is for
gotten. Since the unscreened site potential is esti-
mated to be = -25 to -30 eV from the difference in
ionization energies between W" and Re", a value
of -9.2 eV for the screened potential would not. be
unlikely, and the neglect of the sixfold degeneracy
would be justified if it could be proved that the oc-
cupancy of one of the six localized states screens
out the attractive potential seen by the electrons
of the five other subspaces. Although this state-
ment sounds physically right, a self-consistent (un-
restricted-Hartree-Fock) calculation of the ground
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state failed to give this result. " Subsequently, we
think that an interpretation of the satellite in terms
of a Friedel exciton cannot be entirely correct,
and one should look for another explanation.
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FIG. 11. Nature of the XPS satellites: Schematic
diagram of the problem we are faced with. If any one
of the three quantities U, V, W is negligible, one is
near one side of the triangle, which represents a known
problem. The case of the bronzes is probably in the
central region, where so far no theory is available.

B. Vf 4f satellite as plasmon excitation

The qualitative similarity of the W 4f satellite
with the Na 1s and 0 1s k+, plasmon satellites sug-
gests plasmon excitation as relevant to the W 4f
spectrum itself.

The intensity can be understood in terms of the
standard theories of intrinsic plasmon excitation
in XPS." According to these theories, the ratio P
of the first plasmon satellite to the fundamental
line increases with decreasing electron concentra-
tion, which indeed favors plasmon excitation in the
bronzes where the electron concentration is less
than one per unit cell. For simple metals, one has
P

- ~+r„where r, is the average interelectron dis-
tance (3/4vn)'~' expressed in atomic units; if this
can be applied to the bronzes, it gives P =0.75m ' '
in typical agreement with experiment (see Fig. 8).
The smaller value of P for the 0 1s and Na ls lines
can be understood as an effect of the band structure
on the coupling constant: the wave functions of the
conduction band are mainly W-5d-like; hence the
density-density correlation function associated with
the cu, plasmon excitations is mainly concentrated
on the tungsten sites; this makes the coupling con-
stant with plasmons anomalously weak in the case
of the oxygen and sodium lines, hence the smaller
value for P.

However, at this stage two questions remain un-
answered regarding the W 4f spectrum: why is the
observed energy shift larger than if~, (see Fig. 5)
and why is only the first "plasmon satellite" ob-
served? (One would expect at least a second satel-
lite of intensity -~P 2 0.3, which is clearly absent. )

We suggest that the answer to both questions might
be in terms of a "localized plasmon. "" It is known

that such excitations are possible and have an en-
ergy different from the free plasmon. " The oc-
currence of such an excitation is not unlikely here,
since we are in the high-coupling regime P ~ 1 and

the standard theory of plasmon excitation is known

to break down, because of its neglect of certain
diagrams. " Intuitively, the final state can be
visualized as a density oscillation having a strong
amplitude on the photoionized tungsten atom; the
amplitude clearly cannot exceed the equilibrium
electron density n (negative densities are forbid-
den. ) and this limitation may be associated with

the absence of second- and higher-order satel-
lites.

C. Discussion

Neither the Friedel-exciton mechanism nor the
plasmon interpretation seem to be able to account
for the experimental results quantitatively, al-
though all the qualitative features can be explained
by invoking either of these models. The truth is
probably that the XPS final state in the tungsten
bronzes is a difficult physical problem, because
three quantities must be taken into account simul-
taneously: the potential V of the core hole, the
bandwidth W (covalency), and the correlation ener-
gy U (which we do not claim to define unambiguous-
ly). Figure 11 schematizes the situation: in sys-
tems where either U or 8' is negligible, the prob-
lem is rather simple, and can be described in
terms of either a Friedel exciton, or a mixed val-
ence system (the situation in certain rare-earth,
materials" ), respectively. The ca,se U - W with-
out any V is already a difficult problem of solid-
state physics, and here the further complication
of V is added. Although a general solution of the
problem is as yet probably beyond our grasp, it
should be noted that several perturbational ap-
proaches (from the known edges) should be possi-
ble, and can constitute interesting theoretical
problems.

At the present level, all we can say with confi-
dence is that the W 4f satellite corresponds to an
excited state of the screening, and the corres-
ponding excitation is localized and many particle
in nature. The "fundamental" and the "satellite"
can be referred to as the "screened" and the "un-
screened" (or at least "less-screened" ) final state,
respectively.

V. CONCLUSION

We have investigated the sodium tungsten
bronzes, Na„WO„by XPS in the entire cubic com-
position range 0.49 & x & 1.0. The band spectrum is
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consistent with the theoretical band structure of
these materials and gives evidence for the filling
of the conduction band with increasing x . The so-
dium and oxygen core lines exhibit the distinctive
feature of a weak satellite, understood as an exc i-
tation of the small-energy plasmon (g&u, - 2 eV)
characteristic of these compounds. The W 4f
spectrum exhibits a structure, which can be ana-
lyz ed in terms of two doublets. Quantitative agree-
ment with experiment can be obtained neither in
the picture of a Friedel exciton nor in terms of a
free-plasmon excitation, although either of these
explanations predicts the main trends correctly.
It is concluded that the right explanation should be
a localized many-particle excitation of an inter-
mediate character.
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APPENDIX A: DETERMINATION OF x

Al 1 our samples had been characterized by x-ray
lattice -constant measurement. The lattice con-
stant a is known" to give a measure of x through
the relation

g = 3.784 5 + 0.0820x A ~

The XPS observations did not, however correlate
well with these "nominal" x values. This is not
too surprising, because of the inhom ogene ity of x
within a given sample, the possibility that XPS
probes a sodium-depleted region near the surface,
and also the questi onabi 1i ty of x-ray data taken on
finely crushed powders (the sensitivity of these
materials to air exposure might be more important
than was thought years ago'). Much better corre-
lations were found between the various quantities
obtained by XPS, i.e., between the S~, plasmon
energy, the W 4f splitting, and the area of the con-
duction band spectrum. Ne therefore decided to
rely entirely on the XPS data, which are al1 taken
on the same part of the sample, in the same condi-
tions, and are most likely to be consist nt with
each other .

The 'measurement of x was based on the ratio of
the area of the conduction band spectrum to that of
the valence band spectrum. These two quantities
can be obtained theoretically from the band struc-
ture. A plot of their ratio versus x is shown in
Fig. 12. The measurement of this quantity from
the experimental spectra was performed in the
following way: As a first step the small inelastic

background due to the A~, plasm on excitation was
removed from the original data by using a proc e-
dure described elsewhere. " Then the areas of the
conduction-band and valence -band spectra were
calculated by assuming a sharp separation located
2 .3 eV below the bottom of the conduction band
(see Fig. 3). This choice of the limit ensures that
the Sw, plasmon satellite of the conduction band
spectrum is effectively included in the calculated
area of this spectrum, as it should be. The choice
of this limit is otherwise somewhat arbitrary and
the absolute value of x obtained by this method
might involve some systematic error (as a multi-
plicative factor). The results were, however,
found to be good, both from the point of view of
good correlation with other XPS measurements
(see the monotonic behavior of other quantities as
a function of the so determined x in Figs. , 5, 8,
and 9) and even with respect to the absolute magni-
tude. Our samples are nominally spread over the
whole cubic concentration range, and our m ea-
sured x values range from 0.49 to 0.97, i.e. , just
within the limits where this structure is stable,
thereby giving a good check of our calibration.

APPENDIX B: SUBTRACTION

OF THE W Sp3g CONTRIBUTION FROM THE XPS

An ancillary experiment consisted of the obser-
vation of the W 5P,&, and W 4f spectra in WO, . In
this simpler case, the various lines are we 11 re-
solved and a fit is unambiguous. The lifetime
width of the % 5P,&, line was found to be larger by
I eV than that of the W 4f lines, and its position
was measured to be 4.7 eV above the midpoint of
the W 4f doublet.

This information made it possible to subtract the
W 5P3/, contribution from the spectra of the bronzes
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in the following way: the original data were first
fitted up to about 1 eV beyond the maximum of the
'F,&, satellite (the highest binding-energy line in
the 4f spectrum). Using the approximate param-
eters obtained in that way, the W 5P3~, spectrum
was calculated assuming the same (fundamental
+ satellite) structure as the 4f, taking care of the
1 eV larger lifetime broadening, and the 4.7 eV
energy shift, on the basis of the measurements in
Wo, . The intensity was determined by the condi-

tion that the 5P», area should be 0.0838 the 4f
area, according to the theoretical cross sections, '
and this for the fundamental and the satellite sep-
arately. The small value of this ratio, together
with the larger widths of the 5P,~, lines, made the
correction rather small (see Figs. 6 and V) and the
final fits, performed after subtraction of this cal-
culated 5P,&, contribution from the original data,
usually gave results very similar to the prelimin-
ary ones.
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