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Enclgy-loss spectra werc measured by backscattcring 500-cV clcctlons fIom films of %03 glowll on slnglc-

crystal %(100), and from single crystals of N8„%'0, (0.35 g x g 0.86) Rnd Rc03 which were cleaved in

ultrahigh vacuum, The spectrum of a crystal with x = 0.61 gras nearly identical to the surface Joss function

Im[ —(&+ 1) '] calculated from e measured by optical reflectivity on a crystal with x = 0.65. For x = 0.61,
two plasrnons Rrc observed, 01 = 1.90 cV, and Ol+ = 6.5 cV. 0) scales approximately Rs x Rnd ls

assigned to the conduction-electron resonance. The plasmon lifetime 7~ = 1.9 g 10 " sec determined from
the observed lincwidth agrees well with a value for the conduction-electron relaxation time v', = 2.l g 10
sec we obtained from previously reported reflectivity data, but is shorter than 8 value 7; = 6.7 g 10 '~ sec
we estimated from previously reported dc conductivity data. The higher-energy plasmon 01+ is assigned to a
screened longitudinal resonance of an interband excitation near 5 CV. m+ is essentially independent of x for
0 & x g 0.9, By fitting e between 0 and 10 eV with a model dielectric function„we found a value for the

mean effective conduction electron. mass ma = 0,80 m„ the interband contribution to the static dielectric

constant e, = 4.35, and values for parameters characterizing the interband resonance. Taking these latter
parameters to be independent of x, we calculated the bulk and surface loss functions for different x values.

These calculations indicate that mode- hybridization is unimportant for x g 1 in the bronzes. The efkcts of
danlplng or )oint density"of"states width, scl ccnlng, and IQodc Intcrfercncc OQ 'thc pJasIQon spcctr8 Rrc

discussed. It is shown that Re03 and Ag metal have dielectric and energy-loss functions which are similar to
the tungsten bronzes. However, some. of the assignments given in the literature as to the identities of the

conduction-electron and intcrband plasmons are interchanged from those given above for the bronzes, We
bcllcvc that thc conduction-plasIQon hybridization with lntcrbRnd icsonanccs ls less IIGportRQt lQ those
materials than prcvlously Icallzcd.

I. INTRODUCTION

ReO, and the tungsten. bronzes such as NR„%'0,
constitute an. interesting series of d-band metals
with high electrical. conductivities. %hile Wo, is
an 1nsulatox' with Rn energy gap of tile ox'de1 of 2

eg, ' the addition of each Na in in. terstitial. sites
* has the effect of adding an. eleetxon to the % 5d-0
2P~ antibonding conduction band, apparently with-

out significantly hybridizing this band with Na
wave functions. ' Single crystals of metallic
NR„WO3 Rx'6 Rvailable ovex' R continuous 1 Rnge Of

0.25&x&1.0. For x&0.5 the structure is cubic at
elevated temperatures, and apparently, slightly
distorted in hexagonal Rnd tetx'RgonRl forms neax'

x'oom temperature. Fol" lowex' concentx'at1oils,
the distortions a.re larger, but all forms have
col ne1-bonded WOO oetahedra in common, 1 esult-
ing in a similar band structuxe. HeO, has the
cubic pex'ovskite structure simi. lar to the higher-x
NR„%0, bronzes, but with 1.0 conduction electron
per ReG, . These compounds present a unique op-
portunity to study the evolution of the metallic di-
electric function over a wide range of eonduction-
electron d6nsltles.

In our experiments, we have px'obed the dielee-
trie function by scattering electrons with primary
energies of a few hundred volts from ultrahigh-
vacuum-cleaved single-crystal sux faces of the
above described compounds, and observing the
energy-loss distributions of the scattexed elec-
trons. The response of the metal to t;he eharge-
density fluctuation created by the scattering elec-
tron is to excite longitudinal resonances which are
characterized as plasmons. These resonances ap-
pear as complex poles i.n. the energy-loss function.
The bronzes and' HeO, are simple jn that below
10 eV the dielectric function is determined by two
well-defined oscillators: below 3 eV, there is the
Drude-like polarizability from the conduction. elec-
tron, while near 5 eV there is a strong interband
transition arising from the excitation of electrons
from the upper part of the valence band to the con-
duction band.

The bulk or surface energy-loss spectrum of
such R metal will contain two peaks in. the scat-
tered-electx'on current versus energy-loss distri-
bution. ' At low-electron concentrations, the high-
er-energy peak will be determined by the longi-
tudinal interband. resonance, which is screened by



INELASTIC ELECTRON SCATTERING BY INTRA- AND. . .

higher-frequency interband coritributions. to the
polarizability. This we shall refer to as the "in-
terband" plasmon. At low energies, there will
occur anot'her peak due to the conduction-electron.
resonance which is screened by the entire low-
frequency iriterband polarizability. Thi.s peak is
termed the "conduction-electron. " or "intraband"
plasmon. As the conduction- electron concentx a-
tion x is increased, the unscreened intraband
plasmon energy increases approximately as x'~',
and eventually appears at energies greater than
the interband resonance. For electron densities
such that the intra — and i.nterband plasmon ener-
gies are comparable, the plasmons mix' ox "hy-
bridize" and, as we will show below„ interfere.

In this paper, we report electron energy-loss
data for %0„Na„%0,with 0.3 &x&0.9, and He0„
and compare these data with surface and bulk en-
ergy- loss functions calculated from dielectric
data derived from optical-ref lectivity measure-
ments. "' Using a single damped oscillatoi for
the interband polarizability with semiempiricaal
parameters taken from the optical data, we then
calculate the energy-loss spectrum for the Na,%0,
bronzes as a function. of the electron density x for
both surface and bulk. plasmons; The calculated
spectral features are compared with expex'iment
and disCussed with regard to the effects of screen-
ing, damping, mixing or hybridization, and inter-
ference. Finally, we. point out that the phenomeno-
logical description of the plasmon resonances in
the bronzes also applies to Re0, and Ag, suggest-
ing that the previous interpretation" of these
systems should be modified.

was then remeasured for electron energy loss,
which showed that the annealing step caused a
partial reduction of the oxide layer, resulting in
metallic behavior. ' Subsequent reheating and re-
Dleasux'ernent cycles wex'e car rxed out until the
conduction- electron density saturated near 0.5
electrons per unit cell, as determined by mea-
surements of the plasmon energy.

A number of single crystals of the sodium-tung-
sten bronzes were grow n with x in the range 0.3
&x&0.9, The concentration x was determined for
each crystal from a powder x-ray measurement
of the lattice parameter a, which was related to x
via the empirical relation. "a = 3.784+ 0.0820x,
where a is expressed in A. The crystals were all
grown" by electrolysis of molten mixtures of
Na, WO and WO, . These crystals were cleaved
in @acro at 6&&10""Torr a few minutes prior to
measurement. Cleavage of crystals with x & 0.5
produced good (100) surfaces. Low-energy-elec-
tron-diffraction (LEED) measurements indicated
a structure of (1 && 2+ 2 x 1) periodicity but it is not
known whether this was the result of a surface re-
arrangement or because of a bulk distortion from
the cubic phase. ' A surface rearrangement wouM
seem to suggest a surface dielectric function which
is significantly different from the bulk, but this
was not observed in our spectra. For crystals
with x&0.5, poor cleavages were experienced,
and no LEED patterns couM be observed, iridicat-
ing considerable disorder.

II. EXPERIMENT

A. Samples,

I. 80,
A single crystal of tungsten metal was oriented

with an electropolished (100) face and mounted on
a resistance heater in an ultrahigh-vacuum ap-
paratus. The surface was exposed to 300-Torr
02 while heating to 800 C, and the growth of an
oxide fllIQ was monitored by observing the 1.nter-
ference colors in reflected light. Epitaxial films
of %0, were grown of several hundreds of ang-
stroms thickness, after which the crystal was al.—

lowed to cool to.room temperature, the chamber
evacuated -to -6 & 10 "Torr, and electron-ener gy-
loss measurements were carried out. Immediately
following the measurements, the crystal was re-
heated in vacno to 800'C for 10 min, which al-
lowed the oxygen to partially diffuse into the crys-
tal bulk. Again, the progress could be followed by
a change in the interference color. The crystal

A small single crystal. was selected from a mul-
ticrystalline mass grown by the iodine transport
method" and cleaved in ultrahigh-vacuum along a
(100) plane. No LEED measurements were made.
Electron-energy loss (ELS) measurements were
carried out immed1ately after cleaving.

8. Measurements

Electron. -energy-loss measurements were car-
ried out by means of a douhle-pass cylindrrcal-
mirror electron velocity analyzer with an. integral
coaxially-mounted electron gun as manufactured
by the Physical Electronics Corporation. The
primary electron beam was obtained from a thori-
ated-tungsten filament and was unmonochromatized.
The total energy width at half-height of the elastic
beam was typically 0.50 eV at.beam currents of
20 nA. The primary energy for most experiments
was 500 eV, although some measurements were
carried out between 20 and 1000 eV. The primary
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beam was incident normal to the surface while the
scattered electrons were collected at the usual
angle of 42.5' from the normal. The pass energy
in the analyzer was 15 eV. The electrons from the
analyzer were detected using a spiraltron multi-
plier and the multiplied pulses were counted with
conventional pulse-counting electronics. The
counts were stored in a multichannel a.nalyzer and
the spectrum scanned many times to enhance the
signal- to-noise ratio. Raw, unprocessed data are
shown in this paper.

Measurements were made immediately after
cleaving the crystals to avoid effects due to chemi-
sorption. Although the LEED patterns became
smeared after a few hours due to surface contami-
nation. , we were not able to detect a, change in the
ELS spectrum, even when the samples were al-
lowed to stand for several days at pressures of
10 ' Torr. We conclude that either the surface di-
electric function is not sensitive to chemisorption,
or that the scattered electron distributions come
mainly from bulk states.

03 ON W

III. RESULTS

A. WG3
0 6

ENERGY LOSS (eV)
10

The electron-energy-loss spectra for the oxi-
dized and for the progressively reduced WO, film
is shown in Fig. 1. The oxidized film data are
given at the bottom of the figure, while data for
reduced films are given towards the top. There
are in general two strong peaks in the energy-loss
spectrum below 10 eV: . a relatively broad peak at
6.8-7.0 eV, which is independent of the electron.
concentration, and a strong, sharp peak which in-
creases from zero energy in the case of the oxi-
dized form to about 1.7 eV for the most reduced
film. Without further analysis, it is clear that the
6.9-eV peak is an interband plasmon arising from
valence-band excitations, while the lower-energy
plasmon is to be associated with the conduction
electrons. This identification is inverted from
that given by Feinleib et al. for the case of ReO, .'
The lower-energy plasmon peak in these spectra.
does not appear to be quite as sharp as in com-
parable spectra in the Na„WO, compounds, prob-
ably because of an inhomogeneous electron density
in the film. While we did not attempt to determine
independently the electron density in the films, by
comparing the spectra. of the films with those of
the Na„WO3 crystals for which x is known, we es-
timate the highest-electron density in the films to
be about 0.5 electrons per unit WO, .

Recently, Hitsko, Witzke, and Deb' have re-
ported electron-energy-loss experiments in which
300-keV electrons were transmitted through thin
films of WO3. Their spectra for reduced WO,

FIG. l. Electron-energy-loss spectra for a WO3 film
grown by oxidizing a single-crystal W{100) surface. The
lowest curve gives the spectrum recorded immediately
after growing the WO3 film. The upper three spectra
correspond to various stages of reduction of the film,
which was accomplished by heating the film in vacuum.
The plasmon near 7 eV is shown to be independent of the
conduction-electron density, which causes the lower-
energy plasmon to increase in energy.

films are somewhat similar to ours, with the dif-
ferences perhaps due to different chemical treat-
ments in the film preparation.

We concur with Ritsko et al. in their interpreta-
tion of the 7-eV peak in WO, and of the 5.5-eV
peak in ReO„both of which they assign. to an in-
terband transition. On the other hand, they attri-
bute the low-energy peak to a color-center excita, —

tion, characteristic of amorphous material, in
contrast to our identification of a similar peak in
crystalline material as a plasmon, Unfortunately,
the resolution. of the problem presented by two
very similar spectra being explained by quite dif-
ferent models for the excitations is beyond the
scope of the present work since we did not investi-
gate amorphous WO, .

B. Na WO3

The ELS spectra of these compounds are very
similar to the spectra of the reduced WO, films.
The strong, sharp, lower-energy plasmon is x
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FIG. 2. (a) Bulk dielectric function & obtained by a
Kramers-Kronig transformation of optical-reflectance
data for Nao 65WO3. {b) Bulk electron energy-loss func-
tion Im(-q ~) and the surface electron energy-loss func-
tion Im[-(q+1) ] calculated from q given in (a). (c)
Energy-loss spectrum for 500-eV electrons reflected
from a vacuum-cleaved (100) surface of Nao 6&WO3. The
sharp peak at 1.90 eV is &, the conduction-electron
plasmon. The broader peak at 6.5 eV is a screened
interband longitudinal resonance, while the weak peak
at 3.8 eV is 2' .

dependent, while the broader, weaker higher-en-
ergy plasmon is not. The ELS spectrum for a
crystal with x=0.61 is given in Fig. 2(c). The en-
ergy of the lower-energy plasmon varies approxi-
mately as x' ', as expected for a. free-electron
plasmon. The positions' of the plasrnon peaks are
plotted versus x' ' in Fig. 7 and compared with a
serniernpirical calculation to be discussed in Sec.
IV. The deviation of the points from a line pro-
portional to x' ' appears to be:just outside experi-
mental error, and may indicate an increase in'the

mean effective conduction-band mass at the higher-
electron concentrations. This would be expected
on the basis of taking Mattheiss' ReO, band-struc-
ture calculation" to be a rigid-band representation
for Na„WO, irrespective of Na, concentration. How-
ever, the increase in lattice parameter on adding
Na may also decrease:the P-d overlap at high con-
centrations sufficiently to observe an. increase in
the mean effective mass. On the other hand, the
insensitivity of the upper plasmon peak to x casts
some doubt on this explanation.

The very weak peak observed in Fig. 2(c) near
4 eV is real, and increa. ses somewhat in strength
with x. This is a second-order replica of the
strong peak near 2 eV, and its observation en=
ables us to compute the constant S for the elec-
tron-plasmon interaction, assuming that the in-
tensity is distributed according to the Poisson dis-
tribution f(n) = e S"/¹!.Since the intensity of the
second-order peak is about,—', of that o'f the first-
order peak, we obtain S-0.04. However-, the ratio
of the strength of the elastic peak to that of the
first-order peak is only about 8, whereas we-
would predict it to be S ' or about 25.

We also attempted to estimate the full width at
half height of the plasmon lines for different val-
ues of x. This was difficult to do accurately for
either line: For the lom-energy line, the observed
width, typically 0.68 eV, was just larger than the
width of the resolution function, typically 0.50 eV,
as estimated from the width of the elastic peak;
for the higher-energy line, the width was difficult
to estimate because of the background on which it
was superposed and because of its asymmetry. '
Nevertheless, we found that the apparent widths of
the two lines mere within experimental accuracy:-
independent of x, with the width of the upper line
being about 2.0 eV, while the lower line was 0.35
eV, assuming Gaussian shapes for both the plas-
mon line and the resolution function.

C. Re03

As seen in Fig. 3(b), the ELS spectrum of BeQ,
is very similar to the data for Na, „%0,.given in
Fig. 2(c) in the region below 10 eV. :.A strong,
sharp peak is observed at. 2.05 eV, . and another, . ":

broader peak near 5.5 eV. The inelastic spectrum
is more. weakly. .scattering relative to the elastic
peak in BeO, than in Na„WO, , rvith the result that
one is unble to detect the second-order peak for. .

the lower-energy. plasmon. The fact'that S is so
small in. BeO, and in the tungsten bronzes indi- .

cates that there is very little multiple inelasti'c-
sea.ttering. con.tributing to that part of .the spectr. '-um

depicted in this paper. The ELS results will be.
compared to the energy-loss functions calculated
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FIG. 3. (a) Bulk electron energy-loss spectrum cal-
culated from optical-reflectivity data ref. 5). (b) The
energy-loss spectrum obtained by reflecting 500-e&
electrons from a vacuum-cleaved (100) surface. The
agreement with (a) is excellent, considering that the
experimental spectrum is dominated by the surface
spectral density.

IV. MSCUSSION

A. Comparison of EI.S data with loss functions computed
from optical reflectivity

T11e 1'eR1 Rlld 1nlRgi11RI'y pR1'ts (e1 Rnd e2) of the
dielectric function. for Na, „WO, were obtained by
Lynch et al. ' by a Kramers-Kronig (KK) transfor-
mation of optical reflectance data, and are shown
in Fig. '2(a). These data are dominated by the in-
terband transition centered near 5 eV, and the
Drude-like conduction-electron response below
3 eV. e, has a zero near 2 eV in a region where
&, is also small, leading to a strong and sharp
plasmon in the bulk loss function Im(-e '), which

from the optical ref lectivity in the following sec-
tion.

In the case of BeO„ the width of the low-energy
plasmon is of some interest as well, since Feinleib
et a/. ' have determined 7 independently from dc
conductivity, and optical reflectance measure-
ments. We obtain a measured value of 0.80 eV for
the full width at half-height, with an elastic peak
width of 0.53 eV. Assuming Gaussian shapes
(valid for the high-energy-loss side of the elastic
peak) we obtain a net width of 0.60 eV for the
plasmon.

was calculated by Lynch et a/. ~ and is shown in

Fig. 2(b). We have calculated the surface loss
function Im[-(e+ 1) ] which is also given in Fig.
2(b), and is very similar to the bulk loss function.
The main differences are that the surface-plasmon
energies are slightly smaller, and the modes are
not as in.tense. The lower-energy mode, which we
will henceforth designate as m, is stronger in the
ELS data relative to the higher-energy mode &,
than in the loss function calculated from reflectiv-
ity, but other than that, the calculated and mea-
sured spectra are remarkably similar. The dis-
crepancy in intensities probably derives from a
small error in the reflectance measurements or
Kramers-Kronig (KK) transformation, leading to
a small enhancement of &, at the minimum, the
error being about a factor of 2. We tend to attri-
bute the difference to an error in the ref lectivity
rather than a difference between the surface and
bulk E, since the plasmon energies and shapes are
so well predicted, and they would be very sensi-
tive to a change in &.

Feinleib, Scouler, and Ferretti' have also pro-
vided an. accurate dielectric function for ReO, de-
rived from optical reflectance data via KK analy-
sis, and have calcul3;ted the bulk energy-loss func-
tion which is shown in Fig. 3(a). The loss function
is very similar to that of the tungsten bronzes ex-
cept that the interband resonance is shifted about
1 eV to lower energy. Like the bronzes, the
agreement with the experimental energy-loss data
is exceptionally good, considering that the calcu-
lation is for the bulk loss function while the experi-
ment measures the surface loss function. If we
assume that the surface-plasmon energies are re-
duced from the bulk values by about the same
amount (-10') in ReO, as in the bronzes, we can
expect a similar equivalence between the bulk and
surface dielectric functions in ReO, .

It should be noted that Feinleib et a/. ' have sug-
gested a rather different interpretation of the
plasmons in ReO, than what we have determined
from our study of the plasmons in the bronzes as
a function of electron density. They note that t;he

higher-energy plasmon peak e, is coincident with
the unscreened plasmon energy (d&, where (d~

=4vne'/nz*, which is about 5.5 eV, and assign it
to the conduction electron resonance. The lower
peak ~ is assigned to a (hybrid) resonance where
the plasmon energy has been depressed due to a
strong interaction with the interband resonance.
We show in the next section that this interpreta-
tion is incorrect.

We conclude that the KK analysis provides an
accurate and quantitative description of the bulk
dielectric function. , and that the bulk and surface
dielectric functions are identical. The agreement
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between the calculated and observed e energy is
within the ELS experimental error in measuring
the peak position, +0.03 eV. Since + ccn' ' for
small n, where n is the conduction-electron den-.

sity, we may conclude that the surface electron
density is within 5' of the bulk electron density,
provided. that & is not saturated because of hy-
bridization with the interband transition, as sug-
gested by previous i.nvestigators. ' We discuss
this proviso below by means of a model ca,lcula-
tion.

B. Model dielectric function for Na„%OS

For the purpose of understanding the various
roles of screening, mode hybridization, damping
or joint-density-of-states bandwidth, and mode
interference on the plasmon spectrum we want to
construct a simple two-oscillator model for the
dielectric function in which one of the oscillators
represents the interband polarizability which is
conduction- electron- density independent, while
the other oscillator represents the conduction-
electron polarizability whose strength scales as
the electron density n. The latter oscillator is
damped by the conduction-electron relaxation rate
A/it. In order to adequately approximate the shape
of the interband contribution to the polariiability,
we have allowed for damping such that the damping
con.st3nt I' is equal to the full width at half-height
of the interband peak in &, for Nap 65WO3, which is
2.0 eV. We also include as a third contribution to
the polarizability, an. energy independent term &p

which arises from interband excitations whose
resonances lie above the range of energies in-
cluded in our calculation (0-10 eV). This term
simply acts to screen the other two terms. Its
value is determined selfconsistently with the other
parameters from the optical data for Na, „WO,.
Thus we have

the first moment. ) We obtain 0'=45 eV'.
The other parameters, ~~, eo, e, =c,+fl'/~'r,

and y, were obtained from a graphical analysis of
the optical dielectric data which is given in the
Appendix, We find +~=5.46x' ' eV, Ep 2 70
=4.35, an, d y=0.315 eV.

One can compute the mean effective conduction-
band mass m* from the value of w~ established
above via the relation &d~=4wne /m*. We find m*
=0.80m„which agrees well with the value' m*
=0.86m, found for ReO, .

It is also interesting to compare the measured
energy-loss plasmon linewidth y = 0.35 eV with the
value y= 0.315 eV we obtained in the Appendix
from the optical-ref lectivity data for the bronzes, '
and with measured dc conductivities, " to deter-
mine the energy dependence of y. y can be, related
to 7 through r= /)Iy to give, respectively, for 0.85
and 0.315, 1.9&&10" and 2.1 X10" sec. If we
compute v from the dc conductivity cr by the rela-
tion r=m*o/ne', then we obtain for x=1, where"
v=0.88x10' (ohmcm) ', v=1.4x 10 '4. However,
since o/n decreases as n decreases, we find that
for x= 0.61, 7 is only 6.7 x 10 "sec. This is about
3 times longer than the plasmon lifetime, which
suggests that interband processes may be, impor-
tant at the pl3smon energy in determining y. For
ReO„Feinleib et al. ' measure cr = 5.5 & 10'
(ohm cm) ', which gives r = 8.9 x 10 "sec, and ob-
tain v=2. 9 && 10" sec from their optical data.
From our measurement of the conduction-electron
plasmon width of y=0.60 eV, we obtain 7=1.1
&&10 "sec. Thus the dc conduction-electron re-
laxation times in both the bronzes and in ReO, are
longer than at the plasmon resonances.

Separating Eq. (1) into its real and imaginary

co~ . 0
&(~)=&O —

2 + 2 2
Qp + $(dy (d &- co —z(dI

The transverse resonance of the oscillator ~~ is
taken to be the first moment of the interband peak,
which is 5.2 eV. This is larger by about 0.5 eV
than the peak energy because of the skewness of
the resonance.

The oscillator strength 0' of the interband reso-
nance is obtained from the relation

To avoid counting twice the conduction-electron
polarizability and interband processes above 8 eV,
we confined the integration between 3.0 and 8.0 eV.
(These limits were also employed in computing

0.
0 1 2 5 4 5 6 7 8- 9-. 40

tice (eV)

FIG. 4. Contribution of the model interband polariza-
bi.lity to the optical dielectric function. Equation (1) was
used with (d&-—0, and other parameters taken from the
optical data as described in the text: 1 =2.0 eV, co@

5,2 eV P„. 45 eV ~ Fo —2 70
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FIG. G. Model dielectric function for Nao 6pf03. The
same parameters were used as for Fig. 4 except that
co~=19.38 eV~, y=o.&5 eV.

parts, we have

I 0 (g2+ 2 {~2 ~2)2 ~ (g2p2 &

yM 0 QPI
2 ~2+ ~ 2 (~2 ~2)2+ ld2 l 2 '

Using the above values for the parameteis, ex-
cept for y which we took y= 0.15 eV (see the Ap-
pendix), e, and e2 were calculated and are 'shown

in Figs. 4 and 5. The functions depicted in Fig. 4
correspond to %0, with x=0, while those in Fig.
5 coxrespond to Nao 65WO3. The functions in Fig.
5 represent the optical dielectri'c function for
Nao:65WO, quite well except for the asymmetry of
the interband peak in &„and a slight broadening

-of the int6rband-peak M 6,.
Other than the approximations discussed above,

we have also neglected the movexnent of the Fermi
edge relative to the density of unoccupied conduc-.
tion-band states. This, apparently, causes only
small changes in. &, Dear the minimum at 2 6V,
since'the bulk of the oscillator strength comes
from transitions to states a few volts above the
band edge.

C. Bulk energy-loss funchon

The bulk energy-loss functl. on is calculated ac-
cording to-

Im(- E ) = e2/(CI~+ 622) .

lf f2 val l;es slowly with enex"gy relative to gj the
peaks i.n., the loss function w'ill be detex"mined by
the zeros in &,. The zeros in &, obtai. ned fx'om Eq.
(3) are plotted as the solid line in Fig. 6 as.a func-
tion of x'~'. For small values of x there ax'e one
pos'ltl. ve I'eal and two positive coDlplex zeros fx'oID

Eq (3). The .real zero represents the conduction-

l. j j I
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FIG. 6. Comparison of experimental bulk plasmon
energies with the model calculation. The inverted
triangles refer to x-ray photoemissionspectroscopy (XPS)
data (Ref. 16),- while the other points refer to optical
reflectance data (Refs. 4 and 5).

electron plasmon which increases initially in en-
61gy 11.neax'ly with -lncreaslQg x . This bl anch ls
asymptotic to ~2/21~2 for small values of x'~2,
since it is screened by the entlI'6 interband con-
ti'ibutloll (ill this lllodel) to the static poiarlzablllty.
The segments AB and CD are the real parts of the
complex zeros, and denote the energies of the ex-
trema of g&. A't point B& the aymmetric coIDplex
zeros become real positive zeros, since at that
point the minimum in &, near e goes negative be-
cause of the increasingly negative contribution
fxom the conduction-electron polarizability. Be-
tween I3 and C, the mixing between the plasmon
modes becomes important and the upper branch
moves rapidly upward in energy, eventually to
become asymptoti~ to &u2/&',

~2 since it is screened
only by the high-energy interband polarizability.
In this limit, it represents the conduction-electron
plasmon again. The other branch eventually satu-
rates at the transverse interband resonance fre-
quency u~, but with vanishing intensity.

The important role played by the damping of the
interband oscillator, which- in our model repre-
sents the weighted joint density of states (JDOS),
is evident vrhen one plots the peak energies of the
loss function. These are given in the figure as the
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dashed lines, labeled e, and &„. The minimum
separation between z, and z. is mainly determined
by 0 and 1", while screening due to &, tends to push
the region of hybridization out to higher-electron
densities.

Experimental points for the plasmon peak ener-
gies obtained from the optical dielectric function
are also plotted on Fig. 6 as circles; It should be
noted that these energies were not employed in

determining the parameters used in the model di-
electric function, so that they constitute another
check on the validity of the model.

Excitations have also been observed'6 in XPS
spectra as sidebands on the sodium and oxygen ls
core excitations and on the sodium KLL Auger
lines, which have been attributed to conduction-
electron plasmons. The sideband energies are
given as inverted triangles in Fig. 6 which are in
good agreement with the calculated bulk plasmon
energies within the experimental uncertainties.

The position of the ~ plasmon determined from
optical data' in ReO, is also given for reference.
Since the screening should be about the same in

ReO, as WO„ the plasmon energies should scale
inversely as the square root of the masses, which
accounts for about half of the discrepancy between
the ReO, point and the curve.

D.. Surface energy-lou function

The surface energy-loss function which is ob-
tained from Im[-(e+ 1) '] is plotted for the model
dielectric function [Eq. (1)] in Fig. 7 using the
same parameters as for Fig. 6. The solid lines
give the zeros of e, + 1, e, being given by Eq. (3),
with the. segments AB and CD representing the
real parts of the complex zeros of &,+ i. The
dashed lines give the actual peak energies of the
model plasmon. spectrum which contains two

modes (d and &, that are analogous to the modes.
of the bulk plasmon spectrum. In. this case the
low-energy branch is asymptotic to co~/(e, + 1)'~'
while the high-energy branch is asymptotic to

~~/(e, +1)' '. Note that the ratio of the bulk plas
mon energy to the. surface plasmon energy for low-
electron densities is [(e,+1)/c, ]'~' or 1.109,
whereas for a free-electron gas the ratio is &2.

The effects of hybridization on the surface-
plasmon spectrum are identical to the effects ob-
tained by increasing. &, by 1 in the bulk energy-
loss spectrum. In other words. , the energy split-
ting between & and u, is diminished, and the re-,
gion of hybridization is pushed out to higher elec-
tron. densities. Note that we distinguish between
the effect of mode hybridization which causes the
modes to anticross on the configuration diagram
(Figs. 6 and 7), and the effects of screening which
reduces the slope of the intra/and plasmon branch.

1O ) I I

SURFACE PLASMONS ]N Naif WOp
MODEL CALCULATIONS:

ZEROS OF e&, +1

OE
0

FIG. 7. Comparison of experimental electron-energy-
loss data for the surface-plasmon energies with the
model calculation.

The latter effect will occur at very low electron
densities when the modes are widely separated in
energy.

The peak energies found in the experimental e'n-

ergy-loss spectrum are also plotted in Fig. 7. , The
peak energies are in better agreement with-the (d

surface plasmons than with the analogous bulk
plasmons. While one wou-ld not expect precise
agreement for +, because of the approximations
in the interband polarizability, the increasing de-
viations found at low- or zero-electron, density
probably derive from structural changes which are
sufficient to affect the band structure of these ma-
terials.

E. Interference between interacting plasmons

If the polarizability of a system can be repre-.
sented by a single damped Lorentzian oscillator,
then it can. be shown that the energy-loss function
also contains a I orentzian line of the same width.
For example, in Fig. 8 we plot the full widths at
half-height for the hulk plasmon modes calculated
from our model dielectric function. . This was done
by fitting the calculated (model) energy-loss spec,
trum with a nonlinear-least-squares (NLLSQ)
program using two damped I.orentzians. For low=
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electron densities where the plasmons are inter-
acting oddly weakly, the loss modes have widths
equal to the widths of the oscillators in the dielec-
tric function.

As the electron density is increased the modes

1.0— x =1.9

E

0.5—

0
0 1
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FIG. 9. Effect of mode interference on plasmon line
shapes. The solid line gives the energy-loss function
for x=1.9, while the dashed line shows a best NLLSQ
fit using two Lorentzians.

FIG. 8. x dependence of the full width at half-maxi-
mum (FWHM) of the bulk plasmon modes obtained from
the model calculation. 6,, and 4 are, respectively,
the FTHM values of co, and co . The solid lines give

of
values obtained from a nonlinear-least-squares anal"s'y sls
of the model Im(-~ ) spectrum. Dashed line gives the
values for h. which would be expected if mode inter-
ference were absent. As can be seen, the latter effect
invalidates the sum rule: 4, +6 =y+ I which would
be expected from a two-oscillator hybridization model
without interference.

beg to mix» is evidenced by the change in line-
widths. However, the sum of the widths of the
lines is not equal to a constant as would be t 'f
the modes were simply mixing without interfer-
ence. The reason. for this asymmetry is given in.

Fig. 9, where an attempt has been made to fit the
model energy-loss spectrum for x= 1.9 (corre-
sponding to strong hybridization} with the NLLSQ
program using two Lorentzians. The model spec-
trum shows significant deviations from Lorentzian
l~nes apes, with constructive interference b twe een

e lines, and shifts in the peak positions.
Thus, we find that a dielectric function consisting

of two damped Lorentzians yields an energy-loss
function which cannot in general be represented by
a, superposition of two Lorentzians. There are two
exceptions to this rule: The first will hold if the
resonances are separated by an energy difference
which is large compared to the linewidths, in
which ca,se the resonances effectively do not over-
lap; the second exception is the case of small
polarizabilities n; it follows from the fact that
Im (- 1je) = Im [—Ij(I + n) ]

- Im [-(1 —o) ] = Im (n) for
small ~. This is probably the case for most core
excitations where n «1.

Unf ortunately our present instrumental resolu-
tion does not permit an accurate measurement of
the e plasmon line shape, while band-structure
effects obscure possible interferenee effects in a, .

F. Some comments on silver meta1

We have seen that screening, not hybridization,
is the main factor that determines the plasmon en-
ergies in the bronzes and in Reo, . In fact, ac-
cording to our model which overrepresents mode
hybridization due to the long Lorentzian tails of
the interband polarizability, ReO, and the bronzes
with highest-electron density fall near point B on
the bulk plasmon diagram (Fig. 6), where hybrid-
ization effects are just beginning to become im-
portant.

It is interesting that silver metal has a dielectric
function' that is very similar to that of the bronzes,
with a strong interband resonance centered nea, r
5 eV, leading to two interacting plasmon modes,
one peaking at 3.8 eV, and the other near 8 eV.
Ehrenreich and Phillip' have interpreted the upper
resonance as being mainly due to the conduction-
ba.n.d plasmon, while the lower plasmon was as-
signed to a hybrid resonance. While the electron
density is somewhat higher in Ag than. it is in the
bronzes, it is clear that since the minimum in &,
on the high-energy side of ~~ is still positive,
there is only one real zero of &„ which in Ag falls
to the left of point B (see Fig. 6) on its plasmon
configuration. diagram. Furthermore the width of
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the low-energy plasmon is only -0.2 eV, while the
width of the higher energy plasmon is of the order
of the interband transition, about 2-3 eV. This in-
dicates that Ag is still well to the left of the cross-
over region as shown in Fig. 8. These considera-
tions imply that the lower plasmon is mainly de-
rived from the screened conduction-electron po-
larizability, while the upper plasmon is the
screened interband longitudinal resonance.

~+) = 4, 55
4

1 I

V. CONCLUSIONS

We have measured the electron-energy-loss
functions of Na„WQ, for 0 ~ x & 1, and for ReQ„and
find that they are in excellent agreement with sur-
face loss functions computed from the bulk dielec-
tric function obtained from optical-reflectance
data.

We find that hybridization between the plasmon
modes is not important for the bronzes and ReO„
and that the lower-energy plasmon mode is quite
well described as the screened conduction-elec-
tron resonance. The higher-energy mode is like-
wise assigned to a relatively unmixed, screened
interband resonance, which we find to be essen-
tially independent of electro'n density over the en-
tire range that is experimentally accessible to

Na„WO, (0 ~ x& 1), and to ReO, .
In order to place the role of plasmon. hybridiza-

tion into perspe'ctive i.n the bronzes and in. ReO„
we have also calculated the loss functions for
higher-electron. densities where hybridization. does
become important, and have discussed the effects
of screening, damping or JDOS bandwidth, and in-

terference. The l'atter effect becomes important
when. the energy separation of the modes is of the
same order as the linewidths. Under these condi-
tions we show that the dielectric function and the
energy-loss function both cannot be simultaneously
represented by- a superposition of Lorentzians.
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APPENDIX' EXTRACTION OF 6, 60 M
' AND & FROM

OPTICAL DIELECTRIC DATA

First we assume that at sufficiently low ener-
gies, there are only contributions to the polar-
izability from the conduction electrons. In that
region we have

I

0.1
l I I I

0. P. 0.3 0.4 0.5 0.6 0.7

{eV )

FIG. 10. Technique for obtaining +& and q~ from the
real part of the optical dielectric function. The data of
Hef. 4 were used.

$2 = yh) &/((d + (d y ) .

From (2) we have for ~'»y',

ex —~i~/~ (4)

Thus a plot, of q, vs & for (d'»y should yield a
straight line with an intercept equal to &, and a
slope of -+~2. This is shown for the data of Lynch
et al. for Na, „WO, in Fig. 10. For values of
~ '&O. V the curve departs from linearity due to
the effect of y. For & '&0.25, there is an abrupt
departure due to the interband polarizability. How-

ever, in the intermediate region the curve is quite
linear, yielding accurate values for &, =4.35 and
~~=4.40. To obtain a value of +~ for other values
of x we have

w& = 4.40(x/0. 65) = 5.46x' eV, (5)

While one can estimate the value of y by fitting
Eq. (2) for ~ ')0.7, we find that y is rather ener-

6 = e —co&/(G3 + fKy)

where e, =-Re@(~) in the usual notation. (e, repre-
sents only the electronic contributions; we need
not concern. ourselves here with the lattice po-
larizabtlity).

Separating (1) into real and imaginary parts we
have

e, = c, —~2~/(~'+ y')
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FIG. 11. Technique for obtaining y from the imaginary
part of the optical dielectric function, using the data of
Ref. 4, and &&~ obtained from Fig. 10.

gy dependent when obtained by this procedure,
which produces values between 0 and 0.3. In the
calculations given in the discussion section, we
used a mean value of 0.15 eV for y. However,
subsequent to making the calculations of the loss
fun. ction, we attempted to estimate y from &„sinc e
by so doing we couM make use of the higher-ener-
gy optical data which may be more accurate. This
was done by rewriting Eq. (3) to avoid the singu-
la.rity in E, at zero frequency,

(ue, = y(u~!((u'+ y') .
Then for m»y, one can plot w&, vs M

p and ob-
tain a straight line passing through the origin
whose slope is yw~. This is done in Fig. 11 for the
optical c, da, ta from Na, ,5%03 While there appear
to be some weak interband processes in. this re-
gion, the data, do nicely establish a line pa.ssing
through the origin with a, slope of 6.10 eV'. From
the va, lue of the slope of Fig. 11, we obtain y
=0.315 eV. This number compares well with the

'

widths of the bulk and surface plasmons obtained
from the optical data, , y=0.29 eV.

Having found a value for e„we must now find
This is done by subtra, cting from &, the zero-

frequency interband polarizabili. ty:

C, = &, —0'/uPr =2.70.
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