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Single-crystal metallic cubic sodium-tungsten bronzes Na,WO; (x >0.25) and Na,Ta,W,_,0,
(x —y =0.42) and monoclinic reduced WO;_; have been investigated by high-energy electron-energy-
loss spectroscopy (EELS) in transmission. For all electron densities the volume plasmon dispersion ap-
pears to be positive quadratic in momentum transfer g. The dispersion coefficient is much smaller than
that predicted from the random-phase approximation for one isotropic parabolic band. This deviation
can be reduced by recognizing the threefold degeneracy of the conduction-band ¢, states in an octahe-
dral field and narrowing of these bands with increasing sodium content. Anisotropy of the dispersion be-
tween the (100) and (110) direction is not observed. Optical effective masses m *(x) of the conduction
electrons and background dielectric constants €,(x) have been determined and compare well with data
from optical spectroscopy and EELS in reflection, but not with photoemission results. This discrepancy
is a result of the photoemission-data evaluation in which the conduction-band degeneracy was neglected.
Na 2p core-level excitation energies argue against an admixture of sodium orbitals to the conduction
band near the metal-nonmetal transition at x ~0.2. Na 3s states admixed to O 2p states are observed at
about 10—11 eV above the Fermi level in O 1s absorption edges. The x dependence of m* and of the
width of the O 1s absorption edge of Na, WO; supports a model of conduction-band narrowing with in-
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creasing Na concentration.

I. INTRODUCTION

The sodium-tungsten bronzes Na, WO; (0=<x =1) can
be considered as solid solutions of metal atoms (Na) in a
transition-metal oxide (WO,) sublattice.! Their structur-
al and electronic properties have been investigated very
extensively by means of x-ray diffraction,” neutron
diffraction,>* inelastic neutron scattering,” nuclear mag-
netic resonance (NMR),®~° photoemission (PES),10716 jn-
verse PES,!” electron-energy-loss spectroscopy (EELS) in
reflection,'® 182! optical,??~?° specific heat,’®?” magnetic
susceptibility,””?® and chemical potential?® measure-
ments. At room temperature a slightly distorted cubic
perovskite structure is thermodynamically stable for
x >0.4, but the cubic phase can be synthesized under
nonequilibrium conditions down to x ~0.2.%° By varying
the composition, the conduction electron concentration
can be varied over a wide range within the cubic phase
regime. A metal-nonmetal transition occurs at approxi-
mately x ~0.2.1%31:32

The electronic structure is qualitatively understood in
terms of a band model proposed by Goodenough.>® The
valence band and the conduction band are composed of
oxygen 2p and tungsten 5d orbitals, respectively. The five
W 5d orbitals are split by the crystal field into two o-type
e, and three lower lying 7-type f,, bands. The latter in-
teract with the O 2pw orbitals and form the antibonding
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t,, conduction band, which upon doping with Na accepts
the Na 3s electrons. The conduction-band states are
threefold degenerate at the I" point, and the threefold de-
generacy is retained along I'-R.>**3 However, along the
I'-X direction the degeneracy is lifted and one of the f,,
bands remains flat. Korringa-Kohn-Rostoker** (KKR)
and linear combination of atomic orbitals®> (LCAO)
band-structure calculations for x =1 are very similar to
that of idealized cubic WO; (Refs. 34 and 35) and ReO;
(Ref. 36) within the conduction-band region: the sodium
orbitals lie well above the Fermi level and do not contrib-
ute to the conduction band. This idea is supported by the
fact that the conductivity in M, WO; (M =Na, Li) is only
dependent on x and not on the alkali metal M (Ref. 37),
and that there is no Knight shift (at high x) in 2*Na NMR
(Ref. 9).

From the band-structure calculations®**® for x =1 and
idealized cubic WO, it has been deduced that the
sodium-tungsten bronzes exhibit rigid-band behavior in
the region of the valence and conduction band. The va-
lidity of the rigid-band model has been discussed in rela-
tion to photoemission data for several years.!'!12:383°
High-resolution PES and high-resolution EELS in
reflection (HREELS) measurements by Egdell and
Hill!*»1%2° on cubic polycrystalline Na, WO, (x >0.26)
led to the conclusion that the conduction band narrows
with increasing x in agreement with ideas put forward by
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Goodenough*®® many years earlier. Using a free-electron
description this narrowing can be transformed into a
dependence of the effective mass on the sodium content
which, however, does not prove the correctness of the
free-electron description. Actually, regardless of the x-
dependent bandwidth the band-structure calculations3#3°
show the existence of three partially filled bands with an
x-independent topology of the three Fermi surfaces.
From the band structure® 3¢ one can deduce their
shape: one Fermi surface is nearly spherical, the second is
a warped sphere, and the third consists of three orthogo-
nal and cross-linked cylinders. A semiempirical LCAO
model*>*! based on W 5d and O 2p orbitals simplifies this
band structure to three independent two-dimensional
bands, i.e., three cylinders as Fermi surfaces. With only
two x-dependent parameters this model describes well the
electronic specific heat, the magnetic susceptibility, and
approximately the (optical) effective mass. Although this
model overestimates two dimensionality even the ap-
parently free-electron-like high-resolution PES data'* are
described quite reasonably when the experimental resolu-
tion is taken into account. The two-dimensional charac-
ter of the Fermi surface is supported also by inelastic
neutron scattering measurements® which reveal a large
Kohn anomaly in the acoustic phonon dispersion and by
positron annihilation experiments.*?

In Na,Ta,W,_,O; tantalum compensates the conduc-
tion electron density which is then determined by x-
y.4%4 These compositions are of interest as they allow
direct growth of cubic crystals with lower carrier densi-
ties than is possible in the uncompensated bronzes.

In the present paper, we report on investigations of the
electronic structure of the system Na,WO; by EELS in
transmission. The loss function and core-level excitations
have been measured for 0.25<x <0.68. Furthermore,
the dispersion of the charge carrier plasmon as a function
of momentum transfer has been determined. To our
knowledge, this is the first systematic study of the disper-
sion of a charge carrier plasmon in a degenerately doped
oxide where the carrier concentration can be varied over
a wide range. Strong deviations of dispersion parameters
from free-electron random-phase approximation (RPA)
values are observed which partly can be explained by
band-structure effects.

II. THEORETICAL BACKGROUND

The general volume plasmon dispersion relation for an
electron subsystem with density z is*

o(q)=wp+ Ag*+0(q*) , (1a)
2

w%:_@ﬂ_ne_ , (1b)
eoomopt

where the plasmon frequency wp contains the optical
effective mass m, and the background dielectric con-
stant €,,. For a free-electron gas with effective mass m *
(=my ) the dispersion coefficient 4 is conveniently ex-
pressed via the dimensionless dispersion coefficient a as

#

*

A=

a. (2a)
m
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In the RPA for a free-electron system the dimensionless
dispersion coefficient agp, is given by

3 Ep

==—, (2b)
ARPAT 5 Fiop

where Ep=(#ik)?/(2m*) is the Fermi energy and kg is
the Fermi wave vector. In a free-electron system within
the RPA strong damping occurs above a critical wave
vector g, ~[#fiwp /(2Er)]kr due to decay of the plasmon
into electron-hole pairs. In a real solid the whole
plasmon usually lies in the continuum of interband transi-
tions giving rise to damping*® and hence to the finite
width of the loss function. For simple metals a quadratic
dependence of the linewidth AE, ,(q)=AE, ,,(0)+Bg?
for low momentum transfer q is then expected.*

RPA accounts correctly for the long-range Coulomb
interaction and therefore is exact in the long-wavelength
(g —0)-high-density limit. The latter corresponds to
ry <<1, r; being the density parameter which for the
free-electron gas is determined by r,ao=(4wn /3)7 13,
with the Bohr radius a,=#*/(me?) where m is the free-
electron mass. Whereas the RPA accounts well for many
properties of nearly free electron (NFE) metals
(2<r;<6), the plasmon dispersion coefficient is
significantly reduced with decreasing density by local
field corrections which account for short-range exchange
and correlation effects. The dimensionless dispersion
coefficient is then given by

2
h(DP

Ep

a=agps |1—Zy(ry) , (3)

where y is the (g /k)? coefficient of the low g expansion
of the local field correction function in the static limit
G(g,0—0).*8

Since Na, WO; is a solid solution of sodium in tungsten
oxide the conduction electron density is rather small, i.e.,
by using the free-electron expression the density parame-
ter is even larger (r, ~5-7) than in the alkali metals, sug-
gesting apparently the need to consider local field correc-
tions according to Eq. (3). Actually, these conduction
electrons form a subsystem where band-structure effects
lead to an effective mass m * <m and the polarizability of
all other electrons results in a screening of the Coulomb
interaction by the background dielectric constant as
e?/e,. Thus the density parameter is reduced to an
effective value r*=r [m*/(me,)]. In our case r/* lies in
the range of 0.5 to 0.7 as shown below and one has to ex-
pect the RPA to be better justified than in any elemental
NFE metal. In this case the observed deviation of the
plasmon dispersion from its free-electron RPA value has
to be attributed to the deviation from free-electron
behavior due to details of the band structure.

We consider band-structure effects within the
Ehrenreich-Cohen (EC) formula® for the dielectric func-
tion although crystal local field effects®® could also be im-
portant due to the localized character of the wave func-
tions forming the conduction band. In the past band-
structure effects on the plasmon dispersion have been
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considered either within a pseudopotential perturbation
scheme®! or by full band structure based evaluation of the
loss function using the EC formula.> But to our
knowledge the following important peculiarity has not
been mentioned explicitly until now. The usual form (2)
for the free-electron dispersion coefficient does not reflect
those dependences needed to understand what happens
when there are several conduction bands instead of only
one. The derivation discussed below in more detail shows
that the transition to several bands is possible after refor-
mulating Eqgs. (2a) and (2b) by using Eq. (1b) as

M. KIELWEIN et al. 51

III. EXPERIMENT

Large cubic single crystals of the higher doped bronzes
Na,WO; (x =0.57 and 0.68) were prepared by electrolyt-
ic reduction of a molten mixture of tungsten oxide WO,
and sodium tungstate Na,WO,. A cubic single crystal
with x =0.25 was prepared by surrounding an x =0.57
single crystal with WO; powder and out-diffusing some
sodium. This blue sample showed small visible red-
colored inclusions with higher sodium concentration
which could easily be cleaved off. A blue-colored cubic
single crystal of a tantalum-substituted tungsten bronze

_ 3 4me? nEp 3 4e? M Na,Ta,W,_,0; (x=0.62, y =0.20) was grown by elec-
A=—_ - EniEFi’ (4) XY Y C .
5e.m*? 0y Se.m*r S ’ trolytic reduction of a melt consisting of Na,WO,, WO;,

where in the second step we assumed for simplicity the
existence of M identical parabolic bands with the density
n;=n/M. Compared to the one-band system with
Ep~n?*3 the M bands have all the same Fermi energy
Ep;~n?3=(1/M)*3n?" giving (1/M)*3E. Then the
sum in Eq. (4) yields 3, Ep; =M(n/M)(1/M 2/3Ep and

consequently the dispersion coefficient 4 is reduced by
the factor (1/M)?/® compared to the one-band case.
Thus, in the case M =3 the dispersion coefficient would
be smaller by a factor of 0.48 compared to a naive appli-
cation of Egs. (2a) and (2b). A more general formulation
for the plasmon dispersion used below is given in the Ap-
pendix. Regarding the critical wave vector g, within this
three-NFE-band model, whereas the plasmon frequency
wp remains unchanged compared to the one-band case,
we obtain an increased critical wave vector g*=3"3¢g,
~1.444, due to the dependence of g, on k.

and Ta,0;.
The accurate determination of the sodium and tan-
talum concentration in the tungsten bronzes is very im-
portant because from this the conduction electron density
and thus the free electron plasmon frequency is calculat-
ed. The sodium concentration x of the uncompensated
bronzes were determined applying the well-established
Vegard relationship for the lattice constants a(x,y =0)
(see Ref. 2):
(A).

a(x,y=0)=3.7845+0.0821x (5)

The lattice parameters were measured with an accura-
cy of 107* A by x-ray diffraction (see Table I) on
powdered material from the single crystals using a STOE
diffractometer with a position sensitive detector and Cu
K a radiation. For calibration silicon was used as a stan-

TABLE 1. Data of the sodium-tungsten bronzes: x-ray lattice parameters a; Na (x) and Ta (y) con-
tent, determined via Egs. (5) and (6), respectively; conduction electron density n=(x —y)/a’; and the
density parameter r.* =(m * /€, )r,, with effective mass m * and background dielectric constant €. Fit
parameters for the dispersion of the volume plasmon #iw(q)="%wp+#Aq? with #A4=(%#?/m*)a, the
RPA dispersion coefficient agp, from Eq. (2b), and fit parameters for the dispersion of the plasmon

linewidth AE, ,,(q¢)=AE, ,,(0)+ Bq®. Critical wave vectors (assuming three NFE bands) ¢, =3!¢..
a n
(A) x y (102 cm?®) €.,
3.8050(1) 0.25 0.45 6.15
3.8470(1) 0.62 0.20 0.74 6.10
3.8311(1) 0.57 1.01 5.30
3.8404(1) 0.68 1.20 5.20
fiwp #A R
m*/m 7 r* eV) (eVA"
0.44 7.08 0.51 1.52(3) 4.8(10)
0.66 6.02 0.65 1.59(1) 4.68(20)
0.66 5.42 0.68 1.99(1) 2.39(4)
0.72 5.12 0.71 2.11(1) 2.07(17)
AE1/2(0) Bo 2 oqc’_tl
a aRPA (CV) (eV A" (A )
0.28(6) 0.89 0.64 1.70(37) 0.25
0.41(3) 0.79 0.71 2.98(34) 0.33
0.21(1) 0.78 0.33 1.44(4) 0.37
0.20(2) 0.76 0.35 1.14(6) 0.40
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TABLE II. A comparison of the x-ray lattice parameters
@ (Ref. 44) of Ta-compensated sodium-tungsten bronzes
Na,Ta,W,_., WO; with those calculated (a.,) via Eq. (6), which
is a linear fit to @, (x,y).

X y Qexp (A) Qcal (A)
0.64 0.25 3.854 3.852
0.60 0.13 3.840 3.841
0.33 0.11 3.816 3.815
0.29 0.23 3.816 3.816
0.28 0.13 3.811 3.812
dard.

To determine the sodium and tantalum concentration
of the Ta-compensated bronze a relation similar to Eq. (5)
was deduced from data on five Na,Ta,W,_,O; crystals
published by Doumerc et al.* Assummg a lmear Vegard
dependence also on y within the cubic phase regime this
yields

a(x,y)=3.7845+0.0821x +[0.0087+0.0807x Iy (A) .
(6)

The excellent agreement of the x-ray lattice constants
with those calculated from Eq. (6) is shown in Table II.
For the Ta-containing crystal examined in this work a
lattice constant of 3.8470 A was determined from x- ray
diffraction and a refinement of the measured Bragg inten-
sities for a Ta-free structure gave a sodium occupancy
x=0.62. From Eq. (6) it then follows that y =0.20.

Thin films of about 1000 A thickness were cut in air
from the crystals by an ultramicrotome using a diamond
knife. Films with an area of approximately (0.6X0.6)
mm?, which sometimes had a slight wavy structure due to
the cutting procedure, were picked up from the cutting
edge by a one-hair brush and fixed in standard electron
microscope Cu folding grids.

The orientation and quality of the films were controlled
in the spectrometer by elastic electron scattering. In
most cases the momentum transfer was chosen to be in
the (100) direction.

All the spectra were taken at room temperature under
UHV conditions using a 170-keV transmission EELS
spectrometer described elsewhere.”> For valence-band
excitations, Na 2p core-level excitations, and elastic elec-
tron scattering the energy and momentum transfer reso-
lution were chosen to be 160 meV and 0.06 A}, respec-
tively. O 1s absorption edges were measured with an en-
ergy and momentum transfer resolution of 440 meV and

0.12A~ ! respectively.
IV. RESULTS
A. Excitations at small momentum transfer
Qualitatively, the measured loss spectra of the

Na,WO; films are quite similar for different x. This is
also valid for the Ta-substituted sample. We therefore
show in this section only the results for the x =0. 68 crys-
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tal which are representative for the others.

After correcting the loss spectrum, measured in an en-
ergy region of 0.3 to 75 eV at ¢=0.1 A~ for finite
momentum transfer resolution®*>> and multlple scatter-
ing contributions>*>® the contribution of the direct beam
centered at zero energy loss has been removed. Further-
more, contributions from surface plasmons appearing at
the low-energy side (see Sec. IV B) of the volume plasmon
(VP) excitation (see Fig. 1), have been removed by fitting
a Drude-like function on this side of the VP applying ex-
trapolated data for the full width at half maximum
(FWHM) and the peak intensity of the VP from higher
momentum transfer to ¢ =0.1 A~!. Since the surface
plasmon decreases with ¢ ~> (Ref. 55) while the VP de-
creases with g 2 this extrapolation is feasible. The use of
a Drude model to correct the low-energy data is reason-
able because optical ellipsometry measurements of the
dielectric function of Na, WO; (x >0.5) show a Drude-
like behavior for #iw <2.3 eV.?

Then a Kramers-Kronig analysis was performed in or-
der to obtain the absolute value of the loss function

Im(-1/e)
cooooo0o0
N W hA OO N O

°
o =

&
S, O = NWHLOON

O =N WHUOON®O©
T T

€

o
-
o
N
o

30 40 50 60 70
Energy (eV)

FIG. 1. The loss function Im (—1/¢), real part €;, and imagi-
nary part €, of the dieotlg(itric function of Nag ¢sWO; for momen-
tum transfer g=0.1 A . VP indicates the volume plasmon ex-
citation. The peak IB corresponds to an interband transition ly-
ing at 4.1 eV in €,. Tungsten and sodium core-level excitations
are denoted by Na 2p, W 4f, and W 5p.
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Im(—1/€) and to determine the dielectric function
€=¢€,t+i€, Figure 1 shows the resulting loss function
Im(—1/€) of Nagy sWO, for g=0.1 A™'. The scale of
the loss function was derived from the condition
Re[1/e(w—0)]=0 for a metallic material. At 2.1 eV a
very sharp VP peak appears which is caused by the col-
lective excitation of the conduction-band electrons.!® In-
terband transitions (IB’s) from the valence band to the
conduction band cause a maximum in the loss function at
6.8 eV.184

There are several structures between 8 and 26 eV
which have maxima at 9, 12.2, 13.7, 15.6, 20, 22.5, and
25.6 eV. At ~32 eV a weak broad shoulder is observed
below the onset of the Na 2p core-level excitation. These
peaks are probably due to further interband transitions
and screened valence-band plasmons of the o and 7 elec-
trons.'®

For x =0.57 and 0.68 and the Ta-compensated sample
the Na 2p core-level excitation (see Fig. 2) appears with a
maximum at fiw=(34.2410.02) eV. In metallic sodium
this peak lies at 30.9 eV, the shift of 3.3 eV being due to
the oxidation of the Na atom in the tungsten bronzes.
For x =0.25 the Na 2p core-level excitation is shifted to
(34.48+0.02) eV. This 0.24-eV shift to higher energy in
the x =0.25 sample also appears for all other high-energy
excitations (#iw = 5 eV) in the loss spectrum. The intensi-
ties of the Na 2p excitations are proportional to the sodi-
um content Xx.

The W 4f,,, and W 4f 5, core-level excitations appear
with broad maxima at approximately #iw~34.7 eV and
~36.5 eV, respectively.!” The separation is due to a
spin-orbit splitting of 2.20 eV.® The rather broad W
5p3,, and W 5p, ,, core-level structures have broad maxi-
ma at #iw~43 eV and ~52 eV, respectively.!® The ener-

Normalized Intensities

PR B 1
33.0 335 340 345

350 355
Energy (eV)

FIG. 2. The Na 2p core-level excitation of Naj WO, for
x =0.25 and 0.68 after background subtraction.
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gy difference corresponds to a spin-orbit splitting of 8.5
ev.

In Fig. 1 we also show the real part €, and the imagi-
nary part €, of the dielectric function of Na; (cWO;. The
energy of the lowest interband transition is at 4.10 eV as
can be seen from the €, curve. For x =0.57 and the Ta-
compensated sample (x —y =0.42) this peak lies at the
same energy, while for x =0.25 it appears at 3.85 eV.

Following Dietz et al.'® a background dielectric con-
stant €, can be deduced from the Drude model where €,
is given by

0 1

R
Here, (1, is the free-electron plasmon frequency. A plot
of €; versus 1/(w*+T?) for #iw <2.3 eV yields the extra-
polated interception €, =5.20 with the €; axis (see Fig.
3). For the FWHM #I" of the volume plasmon we used
the value at ¢ ~0.2 A~! where contributions from the
surface plasmon excitation are almost negligible (see Sec.
IVB).

In Fig. 4 we show €, values derived from the present
€, values according to Eq. (7) together with results de-
rived from optical measurements on Na, WO; (x =20.5)
(Ref. 25), WO; (Refs. 25 and 59), and the related com-
pound ReO; (Ref. 60). The present values for €, are also
listed in Table I.

The optical effective mass m* of the conduction-band
electrons can then be calculated via

Qp 2
wp(qg=0)

(N

(8)

m*e, =

The plasma frequency wp(g =0) is obtained from an ex-
trapolation of momentum-dependent data to ¢ =0. For
x =0.68 we obtain a value of fiwp=2.11 eV leading to
m*=0.72. A plot of m* versus sodium concentration x
is shown in Fig. 5 (see also Table I). Our data compare

_8: 1 1 |

02 03 04 05 06 07
[(hw)’ +@#0)T" (ev?)

FIG. 3. A plot of €, of Nag WO, vs [(#iw)?+(#)?]7! for
small #iw to determine the background dielectric constant €.
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FIG. 4. The background dielectric constant €, of cubic
Na,WO; and compensated Na,Ta,W, ,0;. Solid circles:
values derived from EELS data (present work); open circles:
from optical ellipsometry in the energy region of the volume
plasmon (Ref. 25); solid diamond: from optical reflectivity
(Refs. 18 and 23). For comparison we present optical data for
the related cubic compound ReOj; (crosses) (Ref. 60); for mono-
clinic WOj; values from ellipsometry data (Ref. 25) (solid
squares) and from the refraction index (Ref. 59) (open squares),
where €, is calculated from the mean value over the three crys-
tal axes.

well with those from HREELS (Ref. 14) and optical mea-
surements®> but they are by a factor of approximately
0.45 lower than effective masses deduced from the
conduction-band shape in PES (Ref. 14) and from mag-
netic susceptibility data.?®

Figure 6 shows the O 1s absorption edges for mono-

e

0 L 1 1 1 1
0 0.2 0.4 0.6 0.8 1.0
Sodium Content x

FIG. 5. Effective masses of the conduction-band electrons of
cubic (x >0.2) Na,WO; and Na,Ta,W,_,0;, and tetragonal
(x=0.1) Na,WO;. Solid circles: values derived from EELS
data (present work); open down triangles: from optical ellip-
sometry (Ref. 25); filled diamond: from optical reflectivity
(Refs. 18 and 23); open circles: from HREELS measurements
(Refs. 14 and 20); filled up triangles: from high-resolution PES
(Refs. 13 and 14); open up triangles (Ref. 27), open squares
(Ref. 28), and open diamonds (Ref. 28): from magnetic suscepti-
bility measurements; cross: from the optical reflectivity of ReO;
(Ref. 60). Note that the values of the PES and magnetic suscep-
tibility effective masses are much lower than those of Refs. 14
and 28, respectively (see Sec. VB). The solid line is a linear fit
to the HREELS data.
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Normalized Intensities

1 n 1 1 1 " 1 Ak 1
525 530 535 540 545 550
Energy (eV)

FIG. 6. The O 1s absorption edges of WO;_5, Nag ,sWOs,
and Nag s WO; after background subtraction.

clinic reduced WO;_5 and Na, WO; after background
subtraction which reflect the density of unoccupied O 2p
states. For all concentrations the onset appears at 529.2
eV, followed by a first peak with a maximum at 531.0 eV
and a subsequent intensity minimum at 533.8 eV. Fur-
ther maxima are observed for WO, _; at 538.0, 541.5, and
544.8 eV. With increasing Na content these structures
narrow and are shifted to lower energies. For x =0.25
they lie at 537.5, 540.2, and 544.4 eV; for x =0.68 they
occur at 537.0, 539.5, and 543.8 eV. The intensity of the
feature at about 540 eV clearly increases with increasing
Na content. In Fig. 7(a) we present the width (FWHM)
of the first peak in the O 1s spectra as a function of x.
With increasing x the width decreases from 2.32 eV for
x=0.25to 1.94 eV for x =0.68. For comparison we also
include the corresponding value for WO;_g having a
higher width of 2.61 eV. Figure 7(b) shows the splitting

709 .
65} [N b
6.0F I ]

55F, ]

26 :g 4

241 Tl 4

22t ) ]

20 T R

Mgy (8V)

FWHM (eV)

18} ~ ]

1 L

. . f
0 02 04 06 08 1.0
Sodium Content x

FIG. 7. (a) The width (FWHM) of the first peak in the O 1s
absorption edge and (b) the crystal field splitting As; between
the t,, and e, bands of cubic Na, WO; as a function of sodium
content x. The values for x =0 correspond to monoclinic
WO;_;. The dashed lines are guides to the eye.
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As,; between the maximum of the first peak in the O 1s
spectra and the maximum of the following structure at
about 537 eV. This band splitting decreases simultane-
ously with the width of the first peak.

B. Dispersion of the charge carrier plasmon

In Fig. 8(a) we show the loss function in the region of
the charge carrier plasmon of Naj (sWO; for momentum
transfer ¢ up to 0.6 A~ ! parallel to the (100) direction.
The dispersion of the volume plasmon, indicated by the
dashed-dotted line, is clearly positive. Maxima occur be-
tween 2.1 eV _(¢=0.1 A™') and 2.7 eV (g=0.6 A™").
For ¢ <0.15 A™! an additional structure appears on the
low-energy side of the volume plasmon due to surface
plasmon excitations. The reason for the surface plasmon
#iwg to occur at nearly the same energy as the bulk exci-
tation fiwp is the relatively high background dielectric
constant €,=5.2. This leads to a ratio of the surface
plasmon to the volume plasmon energy of
[e,/(€,+1)]'"2=0.92. Therefore, surface and bulk
plasmons overlap. Surface plasmon excitations lying at

x=0.68 @)

Normalized Intensities

Energy (eV)
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energies comparable to the screened volume plasmon en-
ergy have already been detected with EELS in
reflection.!*181% At ¢>0.4 A~! an additional peak at
2.1 eV is observed which is due to double scattering by an
excitation of a plasmon with ¢ =0 and a phonon with ¢
equal to that set by the spectrometer.>

In Fig. 9(a) the energies #iw(q) of the maxima of the
volume plasmon peaks are plotted versus the squared
momentum transfer g2. As expected the dispersion is
quadratic in g for low momentum transfer. In order to fit
a function of the form w(q)=wp+ Aq? to the plasmon
maxima only data from 0.14 A! up to ¢g,=0.28 Al
were used. This avoids inaccuracies in the determination
of the dispersion coefficient a due to the surface plasmon
appearing at low g and due to ¢* contributions at high gq.
The fit parameters are then #iwp=(2.11£0.01 eV and
#A4=(2.07+0.17) eV A?, leading to a=0.20+0.02 via
Eq. (2a). Above g, the dispersion of the maximum be-
comes weaker. Contributions from possible g* terms in
the series expansion of #iw(q) could not be detected below
g.. When regarding three NFE bands it is also reason-
able to apply the same fitting region, e.g., ¢ <gq,, because

Normalized Intensities

Energy (eV)

FIG. 8. The measured low-energy loss spectrum of Na, WOj; as a function of momentum transfer g for different sodium content:
(a) x=0.68 and (b) x =0.25. The dispersion of the volume plasmon is indicated by the dashed-dotted line. A surface plasmon excita-
tion is visible at low g on the low-energy side of the volume plasmon. At high g double scattering creates a peak occurring at the
plasmon energy for g =0.
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FIG. 9. The dispersion of the maximum of the volume
plasmon excitation of Na, WO, vs g2: (a) x =0.68; (b) x =0.57;

(c) x =0.62, y =0.20; (d) x =0.25.

0.10 0.15

0.7+ x=0.68 °
(e}
— [}
3
~ 06} 4
-
B o
B
5
g 0.5} 5 B
©
a. o
o (a)
04}F o i
1% 1%
\ . : . :
0 0.05 0.10 0.15 0.20 0.25 0.30
q%(A?)
0.7 c T T T
x=0.57 °
=
I
=
el
<
[ =
o
£
(7]
K
o
x=0.62 J
y=0.20 °
S
2
=
]
S
C
o
£
w
©
o

0 0.05 0.10 0.15
*(A?)
12 — : ;
x=0.25 °
3 10 .
E o
B
<
C
o
£ 08
©
o
1% %
06 " 1 1
0 0.05 0.10 0.15

(A%

FIG. 10. The width (FWHM) of the volume plasmon peak of
Na,WO; vs g% (a) x=0.68; (b) x =0.57; (c) x =0.62, y =0.20;
(d) x=0.25. The apparent increase below g <0.17 A7 is due
to the rather large intensity of the surface plasmon lying at
nearly the same energy as the volume plasmon. Above g* the
width increases due to the onset of Landau damping.
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q. is lower than q*.

Looking at the dispersion of the volume plasmon width
versus g2 in Nagy (sWO, [see Fig. 10(a)] an increase below
approximately ¢ ~0.17 A~ ! apparently seems to occur.
This is probably an effect of the difficulty in estimating
the exact contribution of the surface plasmon in this low
g region. Near ¢ ~0.2 A:l the width reaches a
minimum value of AE, ,,(0.2 A™') = 0.40 eV, increasing
then linearly with g2 up to g ~0.45 A™' A fit with the
function AE,,(q)=AE,,,(0)+Bg? in this g region
yields AE,,,(0)=0.35 eV and B=(1.14£0.06) eV A,
In order to determine the width at higher g values the
contribution of the 2.1-eV peak due to the double scatter-
ing process mentioned above has been subtracted. Above
q~0.45 A_l, whoich is of the order of the critical wave
vector ¢*=0.40 A ™! in the case of three NFE bands, the
width increases more rapidly due to the onset of Landau
damping.

Qualitatively, the preceding description of the plasmon
dispersion in Nay sWO; is also valid for the lower
dopant concentrations. We therefore present these re-
sults more briefly. As an example for loss data from sam-
ples with low dopant concentrations we show in Fig. 8(b)
the momentum-dependent loss function in the energy re-
gion of the charge carrier plasmon for x =0.25. For
x=0.57 and 0.25 and the Ta-compensated sample, the
plasmon dispersion and the dispersion of the plasmon
width are again shown in Figs. 9(b)-9(d) and
10(b)-10(d), respectively. A summary of the evaluated
data is given in Table I. With decreasing x the plasmon
energy #iw(q =0) is reduced, the dispersion coefficient « is
slightly increased, and there is an increasing plasmon
width AE, ,,. Because of the larger width at lower x-y, it
is difficult to separate surface plasmons and volume
plasmons at low momentum transfer.

For one dopant concentration (x =0.57) we have tried
to measure the anisotropy of the plasmon dispersion.
Along two different directions of the momentum transfer
q parallel to (100) and (110) no statistically significant
difference could be found.

V. DISCUSSION
A. Excitations at small momentum transfer

The observed energies of the VP excitation between
fiwp=1.52 eV (x=0.25) and fiwp=2.11 eV (x=0.68)
correspond to plasma edges observed in reflectivity mea-
surements.”> The energies are considerably lower than
their free-electron values, e.g., #iQp =2.50 eV for x =0.25
and #Qp=4.07 eV for x =0.68, respectively, due to a
rather high background polarizability leading to a back-
ground dielectric constant €, of the order of 5—6. These
x-dependent €, values are consistent with those deter-
mined from optical ellipsometry data®® (see Fig. 4), thus
confirming that our surface plasmon subtraction pro-
cedure was reasonable. However, slight differences that
appear for €, are probably due to remaining uncertain-
ties in this surface plasmon correction especially at low
x-y where surface and bulk plasmons are more difficult to
separate.
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Above #fiw~2.3 eV the dielectric function cannot be
described anymore by a simple Drude model with a
frequency-independent background dielectric constant €,
due to contributions of the IB peak.?’> The maximum of
this peak appears at fiw=4.1 eV (x =0.68) in ¢€,, which is
lower than values observed in optical ellipsometry,
fiv~4.9 eV (x=0.695) (Ref. 25) and #w~4.55 eV
(x=0.72) (Ref. 24), and the value derived from optical
reflectivity, fiw~4.6 eV (x =0.65) (Ref. 23), for compa-
rable sodium content. In the isoelectronic compound
ReO; this IB peak appears in €, derived from reflectivity
data at 4.2 eV.%° A shift of this IB peak in €, to lower en-
ergies with decreasing sodium content of the order of
about 0.2 eV on going from x ~0.7 to x ~0.5 is observed
in optical ellipsometry measurements®*2> which is com-
parable with the 0.3-eV shift in €, between the EELS re-
sults for x =0.68 and 0.25, although for x =0.68 and
0.57 and the Ta-compensated sample no difference is ob-
served. This might be an artifact resulting from inaccu-
racies in the fitting and correction procedure. The zero
crossing of €, at #iw=2.05 eV for x =0.68 does not differ
much from the optical data, yielding 2.3 eV for
x=0.695> 2.1 eV for x=0.72,% and 2.0 eV for
x=0.65.1823

Another quantity that can be compared with optical
data is the width AE, ,(0) of the plasmon line at ¢ =0,
extrapolated from the region where AE,,(q) varies
linearly with g2. Correcting AE; ,,(0) values (see Table I)
for experimental resolution (160 meV) and assuming for
simplicity Gaussian shapes we obtain the corrected
values 0.31 eV for x =0.68, 0.29 eV for x =0.57, 0.69 eV
for the Ta-compensated sample, and 0.62 eV for x =0.25.
The value of AE; ,(0)~0.3 eV for the two higher doped
tungsten bronzes is again in good agreement with damp-
ing parameters #I'=0.315 eV derived from optical
reflectivity?® via a Drude model for an x =0.65 crystal.'®
Observed widths of a surface plasmon excited with EELS
in reflection are of the same order, 0.35 eV (corrected for
experimental resolution) for x =0.61 and 500 eV incident
beam energy,'® and 0.29 eV for x =0.7 and 100 eV in-
cident beam energy.%! Optical damping parameters #’
from a Drude fit on ellipsometry data are #I" ~0.20-0.24
eV (Ref. 25), and A" ~0.32-0.64 eV (Refs. 24 and 62) for
0.7>x >0.5. For ReOj; a Drude fit to optical reflectivity
data yields AI'=0.225 eV (Ref. 60), but for a surface
plasmon a rather high width of AI'=0.60 eV (measured
at 500 eV incident beam energy and corrected for experi-
mental resolution) was observed.'®

The broad feature in the loss function (see Fig. 1) be-
tween about 15 and 30 eV can be attributed to a plasmon
of all 18 o and = valence electrons. The corresponding
plasmon frequency would be 21 eV for x =0.68. The in-
crease of the loss function at about 11 eV is due to an in-
terband transition showing a maximum in €, at 10 eV.
An assignment of the several structures appearing in the
loss function at 9, 12,2, 13.7, 15.6, 20, 22.5, 25.6, and
~32 eV (see Fig. 1) is rather difficult because they lie
close together. Langell and Bernasek!® found in their
EELS in reflection spectrum for an x =0.91 sample only
four of these excitations in that region, at 12.9, 15.6, 20,
and 22 eV, and an additional structure at 29 eV. The
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latter might correspond to the weak shoulder at ~32 eV
in the present loss function shown in Fig. 1.

Starting from the valence-band maximum at 4.4 eV
below Ep three maxima lying at about 10.5 eV, 21-22
eV, and 27-28 eV, and a weak hump at 16 eV final-state
energy above Ep have been observed in constant initial
state (CIS) spectroscopy'® for x =0.5. The corresponding
transition energies are then 14.9, 25.4-26.4, 31.4-32.4,
and 20.4 eV for the weak hump which were assigned to
transitions from O 2p states to empty d states.'® These
energies are similar to the present structures at 13.7, 25.6,
~32, and 20 eV. Comparing their results with x-ray in-
duced PES on O, in the gas phase, Langell and Ber-
nasek!’ attribute their 22-eV peak to an O 2s core-level
excitation.

The 0.24-eV shift of the Na 2p core-level excitation to
higher energy in the x =0.25 sample also appears for all
other high-energy excitations (fiw = 5 eV) in the loss spec-
trum. This simultaneous shift is an argument against a
change of the oxidation number of sodium near the
metal-nonmetal transition at x ~0.2. An admixture of
sodium orbitals to the conduction band near x ~0.2 was
derived from NMR Knight shifts and enhanced spin-
lattice relaxation times.*”° However, this should result
in a shift of the Na 2p excitation to lower energy. The
constant shift of all levels in the x =0.25 crystal might
indicate a higher band gap due to the beginning of a
structural phase transition being connected with the
metal-nonmetal transition in the cubic Na, WO, crystals
at x ~0.2. This may indicate some tetragonal distortion
for this concentration. The x-ray powder pattern for the
x =0.25 sample shows very weak additional structures
near the (100) peak.

The onset at 529.2 eV in the O 1s absorption edge spec-
tra (Fig. 6) of Na, WO; corresponds to the Fermi level for
the unoccupied states of the conduction band broadened
by the energy resolution of 0.4 eV. An interpretation of
the several structures appearing in the O 1s absorption
edge spectra can be obtained by comparing the present
data with the band-structure calculations® for monoclin-
ic WO; and Na;WO; and also with the O 1s absorption
edges of TiO, (an oxide with completely unoccupied 3d
states) and BaTiO; (a perovskite) measured with x-ray ab-
sorption spectroscopy.®® In the Ti compounds the Ti 3d
states are split into #,, and e, bands by the octahedral
crystal field. Further structures above 536 eV extending
up to about 18 eV above the onset of the O 1s edges were
attributed to Ti 4s and 4p states hybridized with O 2p
states. For BaTiOj; the spectrum is more complex with
additional intensity at #io ~ 537 eV, presumably due to Ba
6s states. The crystal field splitting is also present in
Na,WO; and we therefore assign the first two O 1s peaks
lying at 531 and ~538 eV to f,, and e, states, respective-
ly, which are hybridized with O 2p states. For the un-
doped WOj; the region above 540 eV, also extending up to
about 18 eV above the onset of the O 1s edge, then maps
the density of W 6s and 6p states admixed to O 2p states.
For the doped Na, WO, additional intensity appears with
increasing x at about 540 eV which can be attributed to
Na 3s states which are expected to be somewhat higher in
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energy relative to Ep than Ba 6s states in BaTiO;. The
energy of these Na 3s states relative to the Fermi level is
then ~11 eV for x =0.25 and ~ 10 eV for x =0.68. This
is in very good agreement with Bullet’s LCAO band-
structure calculation®® for Na,WO; where sodium orbit-
als contribute to the unoccupied density of states mainly
at ~ 12 eV above the Fermi level.

The width of the ¢,, peak, e.g., the unoccupled part of
the conduction band, decreases with increasing x [see
Fig. 7(a)]. Together with the nearly constant width of
the occupied part this supports a model of conduction-
band narrowing with increasing x in Na,WO; as pro-
posed by Egdell and Hill.'>!* This is also consistent with
the fact that the effective mass increases with increasing
x. The explanation given by Goodenough is that Na
competes for bonding to the O 2p states and thus the O
2p—W 5d interaction decreases with increasing Na con-
tent.>®> The O 2p—W 5d interaction produces the Iy
bandwidth and gives the crystal field splitting A5, of the
t,; and e, bands which also decreases with increasing
sodium content x [see Fig. 7(b)]. This crystal field split-
tings Asy;=7 eV (WO;) and As;=6 eV (x=0.68) are
higher than in TiO, (As;;=2.6 eV) and in BaTiO,
(As;=2.8 eV).8 Generally, an increase of crystal field
splittings is expected as the oxidation state is increased
[Ti(IV)—->W(VI)] and as going from the first transition
series to the third.

In Bullet’s LCAO band-structure calculations® for
Na,;WO; the overall width of the conduction band is 2.6
eV, having a sharp peak in the density of states at about
1.65 eV above the bottom of the band. The Fermi energy
(Ep~1.1eV) derived from this calculation is comparable
with the x-independent width (1 eV) of the occupied part
of the t,, bands measured with high-resolution PES.'*
Subtracting Ep=1.1 eV from the theoretical 2.6-eV
conduction-band width we obtain 1.5 eV (x =1) for the
unoccupied part. The width (FWHM) [Fig. 7(a)] of 1.94
eV for x =0.68 of the first peak in the O ls absorption
edge is comparable with this value. However, the full
width at the bottom of the peak which should be com-
pared with the calculated density of states has a value of
approximately 3.5 eV for x =0.68, much higher than the
calculated value even if the experimental resolution of 0.4
eV is taken into account. According to the LCAO band-
structure calculation of Bullet®® for x =1 the e, bands lie
2.5 eV (onset) above the bottom of the Fermi level and
have a width of about 4.25 eV. In the experiment the on-
set of the feature corresponding to the e, bands is shifted
to approximately 5 eV above E and has a width of about
5 eV. These differences between the band-structure calcu-
lations>**3® and experimental results have already been
observed in PES (Refs. 10, 11, and 14) for the widih of
the occupied valence band and in inverse PES (Ref. 17)
for the width of the unoccupied part of the conduction
band.

A quantitative comparison of the EELS O s absorp-
tion edges with inverse PES measurements!’ is rather
difficult. In the inverse PES experiment for x=0.64
(Ref. 17) a peak at about 2.8 eV and a very broad feature
at ~5.5 eV above the Fermi level are observed, but they
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lie on a strongly rising background. The position of the
first structure is consistent with the maximum of the first
peak in the O 1s absorption edge, 1.8 eV above E, when
a shift due to the strong background is taken into ac-
count. The second one probably corresponds to the
second peak in the O 1s absorption edge, the maximum of
which lies 7.8 eV (x =0.68) above E (see Fig. 6).

B. The dispersion of the charge carrier plasmon

For all Na concentrations, a dispersion of the charge
carrier plasmon has been observed which is quadratic in
momentum transfer g. In general not only terms propor-
tional to ¢ but also higher-order terms, e.g., proportion-
al to g*, are expected in the series expansion of hw(g).*’
However, within error bars, no term proportional to g*
could be detected for the sodium-tungsten bronzes, con-
trary to previous investigations on simple metals.%4 66
This can be explained by a rule given by Sturm® which
states that the quadratic dispersion is a good approxima-
tion for (g /ky)*<0.1. For the bronzes investigated here
this region corresponds to ¢ <0.16 A~ ' and ¢ <0.22 A™!
for x =0.25 and x =0.68, respectively. These values are
close to the critical momentum transfers g, in these sys-
tems up to which data were used to fit a quadratic disper-
sion. Therefore, a negligible g* term should be expected
below g,. Furthermore, estimating the ratio R of the ¢*
term to the g2 term from the series expansion for #w(q)
given by Sturm* and taking into account the reduction
of Er and k; when considering three identical parabolic
bands (see Sec. II), we obtain R <7.5% for the g ranges
given above. Thus, g* contributions are lower than ~ 15
meV within the fitting region and therefore negligible.

The measured dispersion coefficient a for the sodium-
tungsten bronzes are about 4 of the dispersion coefficients
agpa derived in the framework of RPA for a system with
one parabolic conduction band (see Fig. 11). For the Ta-
compensated bronze the measured a is about 1 of agp,.
There is an extensive debate in the literature on models
which can explain in a reduction of the plasmon disper-
sion compared to that calculated in the mean-field RPA
theory.+548,53,68—75

Firstly, the small dispersion coefficients could be ex-
plained in the framework of a free-electron model by ex-
change and correlation effects which for higher 7, values,
i.e., lower electron densities, should lower a [see Eq. (3)].
In Al (Ref. 66), Na (Ref. 65), and K (Refs. 64 and 65) a
reduction of the dispersion coefficient has been observed
(see Fig. 11) which could be explained by a reasonable
static local field correction function G(g,0).*> For the
heavier alkali metals Rb and Cs, having higher 7, values,
nearly no dispersion and a negative dispersion had been
detected, respectively, which could not be explained by
present many-body theories on exchange and correlation
effects.*%  Lipparini et al.’ have calculated the
influence of multipair excitations to sum rules yielding a
dispersion coefficient close to zero for r; values close to
that of Cs (see Fig. 11).

On the other hand, Aryasetiawan and Karlsson” have
recently shown that band-structure effects, which become
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FIG. 11. The volume plasmon dispersion coefficient a of the
sodium-tungsten bronzes Na,WO; (x =0.68, 0.57, and 0.25)
(solid circles) and Nag ¢, Tag,W; 3O; normalized to the RPA
value vs the effective density parameter r* =(m* /e, )r,. Note
that the value for the bronze with the highest doping is placed
on the right-hand side. Included for comparison are results for
Al (Ref. 66) and the alkali metals (Ref. 64 and from Table I of
Ref. 65) for which r*~r,. The solid line is the Vashishta-
Singwi (VS) (Ref. 76) static local field correction (r*=r,), the
dashed line a dynamical extension (Refs. 64, 65, and 77). An es-
timation of local field corrections for the tungsten bronzes
(m*/€,=~0.1) within the theory of VS is indicated by the
dashed-dotted line near a/agps =1.

more and more important when going from Na to Cs,
cause the negative plasmon dispersion in Cs.

Since in the sodium-tungsten bronzes the conduction-
band electron densities are rather small (r,~5-7), corre-
sponding to r, values which are even higher than those of
Cs (r,=15.8), it is tempting to explain the small disper-
sion coefficients in Na, WO; by exchange and correlation
effects. However, on looking more carefully, the r, values
should be strongly renormalized due to the low effective
masses of the order of m*~0.6 m and the high back-
ground dielectric constants €,~5.5. Both lead to a
reduction of the r; values to give effective density param-
eters r* ~0.7-0.5. This reduction occurs by replacing e?
by e’/e, and m by m* in all formulas. The strong
shielding of the Coulomb repulsion by the background
dielectric constant leads to a reduction of the ratio be-
tween mean potential energy per electron to its mean
kinetic energy and, therefore, we are again in the weak
coupling regime where the RPA should work. Therefore,
in this approximation for a free-electron system, for
Na,WO; we should expect dispersion coefficients which
are close to the RPA values and not strongly reduced by
exchange and correlation effects.

However, the above discussion holds only for a free-
electron system with an effective mass m *. When regard-
ing the band-structure calculations,*>* the conduction
band is not a simple parabolic band with an effective
mass but it is composed out of three ?,, bands. In Sec. II,
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we have already considered the effect of replacing one
parabolic conduction band by three identical parabolic
bands which is of course an oversimplified picture. Ac-
cording to Eq. (4) the theoretical dispersion coefficient is
reduced by a factor of (1/3)2/=0.48. In this way the
discrepancy between experiment and theory is
significantly reduced (see Table III). But apart from the
Ta-compensated sample for which a.,,=1.08a, the ex-
perimental a.,, values are still smaller than the theoreti-
cal a,, values for this simple three-NFE-band model,
Qexp/ Ay =0.65 for x =0.25, 0.57 for x =0.57, and 0.56
for x =0.68. ,

Another apparent contradiction can be resolved using
the three-NFE-band model. High-resolution PES data'*
provide directly the width of the occupied part of the
conduction band as roughly 1 eV independent of sodium
content x and in agreement with the concentration-
dependent semiempirical LCAO model of Wolfram and
Sutcu.*! From m*, derived from the present EELS data
on wp and €, and from the electron density n, one ob-
tains Ep=#*k2/(2m*)~2.3-2.7 eV by assuming one
band only. But for the three-NFE-band model this value
is reduced again by the same factor 0.48 resulting in a
width of the occupied part of the conduction band of
1.1-1.3 eV close to the PES and LCAO model results.
Vice versa, the effective masses determined here
(m*/m=0.44-0.78) are in agreement with the results
from optical investigations'®2>?° but are smaller by a fac-
tor of 0.45 than those determined from PES data.!>!* In
that case, effective masses were deduced from the PES
conduction-band shape by assuming one band only via
Epx=#%#k}/(2m*)~1eV.!>!* E_ being fixed one obtains
k}<m* which in the three-band case reduces the
effective masses again by the same factor 0.48, which is
nearly the same factor as the apparent deviation of 0.45
between EELS and PES effective masses when evaluating
the PES data incorrectly within the one-band model.

Measurements of the electronic specific heat?%?’ of cu-
bic Na,WO; (x >0.2) show a nearly linear dependence
of the low temperature specific heat coefficient
Ye <D(Eg) on x. This could not be explained by a NFE
model with an  x-independent effective mass
(m*/m=1.6) (Ref. 27). Within our three-NFE-band
model, neglecting electron-phonon interaction, we get
D(Ep)=3D,(Eg;), with D;(Eg;) < m*qpg; being the densi-
ty of states at the Fermi level in the ith band. Calculating
7. in this way using x-dependent effective mass values as
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deduced from HREELS data'* for which the widest
range of x has been investigated we achieve an excellent
agreement with the experimental values (see Fig. 12) and
also with the LCAO results of Wolfram and Sutcu.*! v,
then is proportional to m *(x)x'/? which behaves nearly
linear for 0.1 <x < 1. A linear dependence of D(E) on x
was also found in PES.!> 4

Furthermore, estimating x-dependent effective masses
within the three-NFE-band model from measurements of
the magnetic susceptibility y, (Refs. 27 and 28) with the
NFE relation x,=p3D(Ep)[1—1(m/m*)*], which
probably oversimplifies the diamagnetic contribution, we
obtain m * values which are in reasonable agreement with
corrected PES,!> optical,'®?>»?> HREELS,'%?° and
EELS results (see Fig. 5). The three-cylinder LCAO
model of Wolfram and Sutcu also is consistent with ex-
perimental y, values.*!

A quadratic dependence of the plasmon linewidth
AE,,,=AE, ,,(0)+ Bg? for low momentum transfer g is
generally expected for simple metals*’ and mainly results
from the decay of plasmons via interband transitions.*®
However, the heavy alkali metals Rb and Cs show a
weaker dispersion proportional to ¢ !> and g, respective-
ly.%%% We observe a quadratic behavior in the case of
the sodium-tungsten bronzes (Fig. 10) with B=1.14
eV A? for x =0.68 up to B =4.08 eV A? for x =0.25 (see
Table 1), values which are comparable with those report-
ed for other simple metals like Al,”® K,%%% and Na.®> A
strong increase of the plasmon linewidth due to the onset
of Landau damping is consistent with critical wave vec-
tors ¢S determined within the three-NFE-band model
while g, values appear to be too low (see Fig. 10). On the
other hand, g values instead of g, are still consistent
with deviations from the quadratic plasmon dispersion
which are not so pronounced, as in the case of the
plasmon linewidth (see Fig. 9).

Thus, apart from the remaining smaller deviation in
the case of the plasmon dispersion coefficient, a rather
consistent description of different data and quantities is
achieved by considering the existence of three bands al-
ready in its most simple way, i.e., three identical free-
electron bands with effective mass m *.

Actually, the conduction band consists of three ¢,
bands with the following three Fermi surfaces®® (in the
considered range of sodium content): one is roughly a
sphere, the second is a warped sphere, and these two arise
from the overlap of three orthogonal and interconnected

TABLE III. The experimental dispersion coefficient #A of the sodium-tungsten bronzes compared
with theoretical values calculated with one parabolic band, three parabolic bands, and with three 2D
bands for the (100) and the (110) direction, respectively.

#A (eVA% #id VA #Ad (VA& %A (VA
x three cylinders
experiment one NFE band three NFE bands (100). . .(110)
0.25 4.8(10) 15.64 7.51 6.04...4.54
x-y=0.42 4.68(20) 9.18 4.41 4.24...3.18
0.57 2.39(4) 8.90 4.27 4.55...3.41
0.68 2.07(17) 8.05 3.86 4.32...3.24
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FIG. 12. The electronic contribution ¥, to the low-
temperature specific heat (Refs. 26 and 27) of the conduction-
band electrons of cubic Na, WOj;. The solid line is a calculation
based on our three-NFE-band model using effective masses
from HREELS measurements (Ref. 14), the dashed line
represents the results of the Wolfram and Sutcu LCAO model
(Ref. 41).

cylinders which form the third Fermi surface. The model
of three independent spheres can be regarded as one lim-
iting case and the Wolfram-Sutcu model*! with three in-
dependent cylinders as another one. We now apply the
three-cylinder model, i.e., three independent two-
dimensional (2D) bands, also to the plasmon dispersion
evaluating the expressions given in the Appendix. We
use a model which is simpler than the three-cylinder
LCAO model considering that we only need the Fermi
velocity in (A5) and (A6) and not the whole band struc-
ture. The three bands are roughly 2D sinusoidal bands
with a filling (for the considered sodium concentrations)
for which the 2D Fermi surface cross sections are nearly
isotropic [the 2D kp=a ~!(2mx /3)!/? is far from the
Brillouin zone boundaries]. Then one can use for the
Fermi velocity vy =(a /%)W sinkpa where 2W is a mea-
sure of the bandwidth. To calculate the plasmon disper-
sion coefficient from (A5) and (A6), Eq. (A3) is required
which in this model is given by

kgv

(qu)m=%~w_%a£cosz®, , (9a)
kpv

<v;)F,,-=% 7;: cos*@; , (9b)

where i numerates the three cylinders and @, is the angle
between q and the cylinder normal in the plane fixed by q
and the axis of the ith cylinder. With 3,;cos’®;=2 we
obtain then from (A5) and (A6)

wp€,  kpvp
- ’
47e? mha

(10)

3
20p A=3V}G(e) with G(e)=3 cos'®; . (1)

i=1

The bandwidth 2W is the only parameter of this model
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and is determined by means of Eq. (10) from the plasmon
energy fiwp and the background dielectric constant €.
Interpolation then gives the bandwidth
2W=2(2.75—3.76x +2.58x?%) eV. We thus find a nar-
rowing of the bandwidth from 3.9 eV for x =0.25 up to
2.8 eV for x =0.68 in satisfactory agreement with experi-
mental results, yielding 3.32 eV for x =0.25 and 2.94 eV
for x =0.68, when taking the sum of the O 1s absorption
edge width [see Fig. 7(a)] and the 1-eV PES conduction
bandwidth.'* However, the full width at the bottom of
the O 1s peak which should be compared with the unoc-
cupied part of the calculated density of states is of the or-
der of 4 eV for x =0.25 and 3.5 eV for x =0.68. Adding
the 1-eV PES conduction bandwidth this gives a width of
5 eV for x =0.25 and 4.5 eV for x =0.68 for the whole
band which is much higher than the calculated values.
Furthermore, Bullet’s LCAO calculation® gives a con-
duction bandwidth of 2.6 eV for x=1. In the present
three-cylinder model the Fermi energy varies between 0.5
and 0.8 eV which is less than the observed value of 1 eV.

The plasmon dispersion coefficient, Eq. (11), contains
the anisotropy factor G(e) with G(100)=2 and
G(110)=1.5. This anisotropy would correspond to a
plasmon energy difference at g, of about 77 meV
(x =0.57) which could not be detected experimentally.
On the other hand, the anisotropy of the dispersion
coefficient is too large to be negligible. In Table III the
resulting dispersion coefficients A are given for both
orientations and are to be compared with the experimen-
tal value showing no anisotropy. For x =0.25 the devia-
tion of 4 from the experimental value is reduced further,
but there is no significant difference to the three-NFE-
band model for x =0.57 and 0.68. The strong anisotropy
is probably overestimated within the three-cylinder mod-
el.

VI. CONCLUSION

We have determined the loss function, the dielectric
function, x-dependent optical effective masses m *(x) and
background dielectric constants €.(x), and Na 2p and O
1s absorption edges of cubic single crystalline Na, WO,
for 0.25=<x =<0.68 and the O 1s absorption edge of
monoclinic WO;_s. The dispersion of the charge carrier
plasmon in the sodium-tungsten bronzes is positive quad-
ratic for low momentum transfer g. We have demon-
strated that the reduction of the plasmon dispersion
coefficient compared to the free-electron RPA values is
essentially determined by the threefold degeneracy of the
conduction-band ¢,, states in an octahedral field. On the
other hand there remains a discrepancy between theory
and experiment since the experimental values for x =0.57
and 0.68 are still roughly % of the theoretically estimated
ones. Such a deviation is not surprising since the
plasmon dispersion, though an integral quantity, depends
rather sensitively on details of the band structure due to
the occurrence of the fourth power of the projection of
the Fermi velocity on the plasmon propagation direction.
Such details are lost within the simple three-NFE-band
or three-cylinder model. There are further approxima-
tions which may lead to noncorrect plasmon dispersion
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coefficients. We mention at first the neglect of local field
effects in the crystal which are expected to play a role due
to the localized character of the wave functions in ques-
tion. Also not investigated is the role of the ¢ depen-
dence of the matrix element in the Ehrenreich-Cohen for-
mula for the dielectric function. Furthermore, the
second term in Eq. (A2) is neglected which can be more
important for a complicated band structure. Also, both
models used here are based on using w3e,, to fit band-
structure data. So the dispersion coefficients depend
rather sensitively on the determination of the background
dielectric constant €,. Moreover, low-lying interband
transitions as observed in ReO; (Ref. 79) (which is
isoelectronic to Na;WO;) have not been detected so far in
the sodium-tungsten bronzes. If they are present they
would also influence the plasmon dispersion. Finally, the
influence of disorder of the Na atoms on the plasmon
dispersion is unknown until now.

Within the three-NFE-band model x-dependent
conduction-band effective masses m *(x) as determined
from EELS, HREELS, optical ellipsometry, PES, specific
heat, and magnetic susceptibility measurements are now
consistent. m* increases linearly with increasing sodium
content. This conduction-band narrowing model is sup-
ported by the decreasing width of the unoccupied part of
the conduction band while the width of the occupied part
is nearly independent of x. Furthermore, with increasing
x a reduction of the 7,, —e, ligand field splitting is ob-
served. As the band narrowing, this can be explained by
a decreasing O 2p—W 5d interaction due to Na which
competes for bonding to the O 2p states. Na 3s states lie
10-11 eV above the Fermi level.

From Na 2p core-level edges we conclude that there
are no contributions from sodium orbitals to the conduc-
tion band close to the metal-nonmetal transition at
x~0.2 in Na,WO;. This result has also been derived
from the PES measurements of Hill et al. However,
below x ~0.35, an admixture of sodium orbitals to the
conduction band was assumed to explain NMR Knight
shifts and enhanced spin-lattice relaxation times.
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APPENDIX: PLASMON DISPERSION
FOR A GENERAL BAND STRUCTURE

Niicker et al.’° gave the systematic ¢ expansion of the

EC formula for the dielectric function for one band
(neglecting the g dependence of the matrix element which
will contribute also in the order ¢2). Assuming a negligi-
ble imaginary part of the dielectric function, i.e., no
essential interband transitions near the plasmon energy,
their result for the plasmon dispersion (we use a slightly
modified notation here and include €.) is Egs. (la) and
(1b) with
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= (02, (A1)
opt

2
2me? <U;>F 1 q 9
=27 +4 2 . (A2
4 ewa)p[ b 12\ |q ok | "/, (A2)

v,=v-q/q is the projection of the electron velocity
v=4"13E/3k on the plasmon propagation direction and
in

n —_ 2 3 Yy M — 2 dzk n
o=y L SR = s L T

(A3)

one has to integrate over the Fermi surface, f being the
Fermi-Dirac distribution. The spin degeneration is in-
cluded in (A3). Since (v])r=D(E) is the density of
states at the Fermi energy, Eq. (A3) can be rewritten as

(v} p=D(Ep)0J", (A4)

where now the overbar with superscript F denotes the
mean value at the Fermi energy. In general the second
term in the dispersion coefficient (A2) will be much small-
er than the first one due to the occurrence of higher
derivatives and due to the prefactor and we therefore will
neglect it. Then in the case of several conduction bands
these expressions take the following form:

2

Wp€ n
e a9
op! I
PRI
QopAd=———— . (A6)
F 2<qu)F,i
i

Measurements of the loss function yield (in the present
case x dependent) the plasmon frequency wp, the back-
ground dielectric constant €., and the dispersion
coefficient 4. These three quantities are connected with
the band structure only in the rather complex integral
form of the two Egs. (AS5) and (A6) and there is an addi-
tional connection between m,, and €,, due to the f-sum
rule (m,, is determined by the intraband transitions at
the Fermi energy, €, by the interband transitions from
all completely occupied bands to states above E, thus
both depend on Eg). The form of the dispersion
coefficient [see Eq. (4)] follows directly from (A6) since
then for a parabolic band (A4) yields (v, ) < g7 = nEp.
Equation (A6) also shows immediately that the same
number of electrons distributed over several bands in-
stead of one band gives a smaller A, since in the denomi-
nator one has the smaller power of the velocity. Finally
we would like to mention that also in the case of a gen-
eral band structure a dimensionless coefficient can be
defined similarly to Eq. (2) by
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which in the case of only one conduction band takes on
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the form

TF
n vq

" 2%w0pD(Ey) Wz

Qyp (A8)

where we made use of Eq. (A4).
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