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Metal-nonmetal transition in tungsten bronzes: A photoemission study
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Na,WO; and Na, Ta,W;_,O; bronzes are studied near the metal-nonmetal transition (MN) using
core-level and valence-band photoelectron spectroscopy with synchrotron radiation. It is shown that
in the semiconducting composition an impurity band with a width constant with x —y develops in
the matrix p-d gap and that the density of states at the Fermi level is finite for compositions on both
sides of the MN transition. These results show that the MN transition is due to localization in an
impurity band in a pseudogap. This impurity band merges with the matrix conduction band when

X — increases.

I. INTRODUCTION

The sodium tungsten bronzes Na,WO; present a
metal-nonmetal transition (MN) when the sodium concen-
tration approaches .x ~0.25.12 The transport properties
of these compounds have been widely discussed the past
ten years but no real consensus has been found on the ori-
gin of the MN transition.>~’

In these nonstoichiometric compounds the sodium
atoms are inserted into interstitial sites of the WO; lattice
and x can vary between 0 and 1. A series of crystal struc-
tures exist depending on the concentration of the sodium
atoms.? The cubic perovskite-type phase is stable for
© X >0.4. The electronic structure of the metallic cubic,
Na, WO; bronzes has been extensively studied from the

experimental®>®~1° and theoretical'!~!3 point of view and
the band structure is now well understood. The valence
band which is formed predominantly from oxygen 2p or-
bitals is separated from the conduction band by a gap of
about 2 eV. The conduction band derives from the 7 anti-
bonding overlapping of 5d (¢5,) tungsten orbitals and 2p
oxygen orbitals; no significant contribution of the sodium
35 and 3p orbitals has been found. In WO; the conduc-
tion band is empty, leading to an insulating behavior. In
Na, WO; the sodium atoms are ionized and give their 3s
electron to the conduction band of the WO; matrix. The
conduction band is therefore partially filled and a metallic
behavior is expected. The validity of this elementary band
picture was confirmed by a recent photoemission study!®
covering the high concentration range 0.4 <x <0.85. It
was shown that the x-dependent variation of the shape of
the occupied conduction band can be simply understood
in terms of filling of a rigid WO, conduction band. How-
ever, the conventional band theory fails to describe the
semiconducting properties for low sodium concentrations.

A percolation approach was first considered to take ac-
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count of the MN transition in the bronzes. Webman,
Jortner, and Cohen® have given a treatment based on the
assumption of metallic NaWOj; clusters of 45 A extent in
WO;. This model was later strongly criticized by several
authors.®!4~16 Using Fuch’s ideas,'” Lightsey® performed
a percolation analysis of the x dependence of the conduc-
tivity and Hall coefficient in a composition range down to
x =0.22. In the model proposed by Lightsey the linkage
between each unit cell containing a Na atom can occur by
first-, second-, and third-nearest neighbors. More recently
Mott® has reexamined the problem and has compared the
tungsten bronzes to heavily doped semiconductors, partic-
ularly the Si:P system. Such systems can.be viewed in
terms of a lattice of impurity states embedded in a host
matrix. The electrons are assumed to occupy hydrogenic
impurity states. Mott!® derived a simple expression relat-
ing the first Bohr radius of an isolated center to the criti-
cal density of centers at the MN transition. Edwards and
Sienko!® showed that this law can be applied to a large
number of semiconductors including the WO;:Na

" tungsten bronzes. Focusing on the origin of the MN tran-

sition in the bronzes, Mott® discussed three possibilities:
(i) the random charge distribution due to the Na™ cations
leads to strong scattering and Anderson localization in the
conduction band, (ii) an impurity band is formed and lo-
calization due to lateral disorder sets in for x ~0.2, (iii) an
impurity band is split, resulting from electron correlations
and Anderson localization occurs first in a pseudogap.
Mott proposed that (i) was the correct description,
whereas (i) or (iii) occurs for Si:P. Each possibility
evoked by Mott is associated to a specific band diagram.
These diagrams are hypothetical and have been just com-
pared indirectly to macroscopic measurements such as
electrical resistivity, Hall coefficient, specific heat, mag-
netic susceptibility, etc. It was obvious that being able to
investigate experimentally these band diagrams would be
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of great interest for getting some understanding of the na-
ture of the MN transition.

Photoelectron spectroscopy is a probe of the electronic
density of states and should provide information on these
problems. In previous x-ray photoemission spectroscopy
(XPS) measurements? the relatively low energy resolution
in conduction-band spectra coupled with the uncertainty
in the Fermi-level position and problems resulting from
the surface preparation of the samples®' has prevented
anyone from drawing a definitive conclusion on the x-
dependent properties of the electronic structure. Howev-
er, in an investigation on metallic cubic bronzes we have
recently shown'® that high-energy-resolution photoelect-
ron spectroscopy coupled with a good surface preparation
(cleavage of single crystals) can provide a very precise pic-
ture of the density of occupied states in the conduction-
band region.

In this paper we present a study of the conduction-band
region for semiconducting and metallic tungsten bronzes
using photoelectron spectroscopy with synchrotron radia-
tion. Because the MN transition cannot be observed
directly in the Na,WOj; system we also studied Ta-
substituted tungsten bronzes of formula Na,Ta,W;_,0;
which keep their cubic symmetry on both sides of MN
transition.”? Tantalum has one d electron less than
tungsten and consequently x —y electrons populate the
conduction band.

II. EXPERIMENTAL PROCEDURES

Angle-integrated photoelectron spectra were measured
with a two-dimensional display-type spectrometer com-
bined with a toroidal grating monochromator in the
(20—120)-eV photon range at the Synchroton Radiation
Center of the University of Wisconsin-Madison.
Valence-band spectra were measured at 60 eV with an
overall resolution better than 250 meV. W 4f and Ta 4f
core levels were measured at 110 eV with a lower resolu-
tion (400 meV). The cubic Na, WO; and Na, Ta,W;_,0,
crystals were cleaved along a (100) plane at a pressure of
2% 10710 Torr and studied at 5x10~!! Torr. The semi-
conducting Nay ;WO; samples having a tetragonal WO;-
related structure have been fractured in the same vacuum
conditions. Thanks to the highly focused synchrotron ra-
diation it was possible to investigate semiconducting
Na, Ta,W;_,0; crystals with dimensions as small as 1
mm 0.5 mmXO0.5 mm without interference with the
sample holder. That is impossible with conventional XPS
equipment.

III. RESULTS AND DISCUSSION

Figures 1—4 give the core-level spectra in the W 4f re-
gion and valence-band spectra for series of Na, WO; and
Na,Ta, W;_,0; bronzes. The core level spectra show the
same trends as in the usual XPS spectra®? except for the
much higher cross section of the Na 2p level with the
present photon energy (110 eV) and the presence of a sodi-
um Na 2p surface sensitive component. These spectra are
representative of the bulk properties of the bronzes. How-
ever some structures in the p-d gap may arise from sur-
face defects.
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FIG. 1. Photoemission spectra at Av=110 eV of the W 4f
region for Na, WQO; as a function of x.
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FIG. 2. Photoemission spectra at Av=110 eV of the W 4f
and Ta 4f region for Na,Ta,W;_,Oj3 as a function of x and y.
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FIG. 4. Photoemission spectra at Av=60 eV of the valence-
band region for Na,Ta,W,_,0j3 as a function of x and y.

The W 4f and Ta 4f core-level spectra of Na, WO; and
Na,Ta, W,_,0; are characterized by at least two overlap-
ping 4fs,,, 4f7,, doublets whereas WO; shows only one
doublet. The origin of these doublets in metallic bronzes
has been widely discussed,®?* but no simple explanation
exists yet. We decided not to use these data in the discus-
sion of the present results. On the other hand, there is no
difficulty in interpreting the shape of the core-level spec-
tra in the semiconducting range: The two doublets are
simply related to the existence of W+ and W+ tungsten
states. WS states are present before the photoemission
process and W3 states correspond to electrons delocal-
ized in the impurity band (as will be discussed below) on
tungsten atoms affected by Na ions and then localized on
a particular W atom as the result of core ionization. The
intensity of these W+ components can be directly corre-
lated to the number of occupied states in the conduction
band region. A first important result is therefore that
electrons which give W>* features in the 4f spectra and in
the conduction band region are localized on tungsten sites.

- In Na, Ta,W;_,0;, 4f doublets are observed for both W

and Ta components. This means that d° and d' configu-
rations exist for both W and Ta atoms.

In Figs. 5 and 6 we have expanded the conduction band
region of the Na,WO; and Na,Ta,W;_,0; spectra,
respectively. In Figs. 5(a) and 6(a) the spectra are shifted
with the high-energy sides matched together in order to
test an eventual rigid-band behavior. In this model the
width of the occupied part of the conduction band is ex-
pected to increase with x or x —y. It is seen clearly that
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FIG. 5. Conduction band spectra measured at 60 eV versus x
for Na,WO;. In (a) after background subtraction the high-
energy sides are matched together in order to test a rigid band
behavior; in (b) the raw spectra are presented with the Fermi
levels aligned.
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nonrigid band behavior exists when semiconducting com-
pounds are compared to metallic compounds. In the
semiconducting range the width of the conduction band
remains constant (it is about 1.1 eV wide) when x or x —y
vary. A second point is that the shape of the band is
nearly symmetrical and does not seem to correspond to
filling of a band. _

Figures 5(b) and 6(b) give the conduction-band spectra
with the Fermi levels aligned. It was possible to define
very accurately the position of the Fermi level. The un-
certainty was only +0.05 eV. For metallic bronzes we ob-
serve the usual Fermi cutoff convoluted by the experimen-
tal broadening function. For a very low conduction-
electron concentration (Nag;WOj3; or Nag ,5Tag 20W 0;)
no detectable density of states exists at the Fermi energy.
However when x —y approaches the value for which the
MN transition occurs (x —y~0.3) (Refs. 25 and 26) a fi-
nite density of states is observed at the Fermi level
[x —y=0.15 and 0.20 in Fig. 6(b)].

A final piece of information is given by the values of
the p-d gap between valence and conduction states. We
estimate the values of the gap at 1.8+0.15 eV and
1.7£0.15 eV, respectively, for Na,WO; and
Na,Ta,W;_,0;. )

The present data cannot be simply explained by the
filling of the WO; conduction band. On the contrary,
they seem to characterize an impurity band in the WO;
gap as far as sodium atoms are inserted. From our photo-
emission results it is possible to determine the p-d energy
difference between the valence band and the conduction
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FIG. 6. Same as Fig. 5 for Na,Ta,W,_,0;.

states and to evaluate the shape and the width of the occu-
pied part of the impurity band. However, we cannot
evaluate exactly the value of the p-d gap between the ma-
trix valence band and the matrix conduction band for the
semiconducting bronzes. For monoclinic WO; a 2.77 eV-
wide gap was found experimentally,?’” which would locate
the impurity band just below the matrix conduction band.

In Fig. 7 we have schematized the densities of states
corresponding to three concentration regimes: (a) the
semiconducting range with very low conduction electron
concentration, (b) the semiconducting range near the MN
transition, and (c) the metallic range.

As already pointed out, the impurity band arising in the
upper side of the matrix gap seems to be filled up for very
low x or x —y values. The levels of this impurity band
are provided by 5d t,, orbitals of tungsten (or tantalum)
atoms situated in the immediate vicinity of one or several
Na%t ions. For regular uncompensated semiconductors
the Fermi level is expected to be in the middle of the im-
purity band whereas with a compensation less than half of
the band (for n-type behavior) should be occupied.?® The
fact that for already small x (or x —y) values the band
seems completely filled could result from a splitting into
two Hubbard bands due to correlation effects as usually in
doped semiconductors.?®

As x (or x —y) increases, the energy difference between
impurity band states, and matrix conduction band states
decreases, which can lead to overlapping of both bands: a
finite density of states is expected at the Fermi level [Fig.
7(b)] and observed for x —y=0.20 and 0.15 [Fig. 6(b)].
However the samples with x —y=0.20 and 0.15 have a
thermally activated electrical conductivity.?>?® Such a
behavior can only be explained by an electronic localiza-
tion in states situated at the Fermi level. Such an
Anderson-type localization can be due to a disorder result-
ing from a random distribution of Na* and Ta’* ions.
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FIG. 7. Schematic band diagram for semiconducting [(a) and
(b)] and metallic (c) sodium tungsten bronzes. Anderson local-
ized states are shaded.
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When the sodium insertion rate is large, i.e., about
50%, all transition-element sites become nearly equivalent
and the impurity band merges into the conduction band of
the bronze, but a tail of localized states may subsist [Fig.
7(c)].

It seems that the Fermi level is within a pseudogap
rather than just below the top of the impurity band as Fig.
6(b) could also suggest for x —y=0.20 and 0.15. In the
latter case a positive thermoelectric power would be ex-
pected. On the contrary a negative value has been experi-
mentally observed?® (its absolute value increase with tem-
perature,?$ which means that the predominant carriers are
electrons at the Fermi level rather than electrons excited
above the mobility edge into the conduction band).

It appears thus that the MN transition in the tungsten
bronzes is mainly due to Anderson localization in a pseu-
dogap. This situation is close to the (iii) scheme proposed
by Mott and described above, with a pseudogap between
the lower Hubbard band and the conduction band rather
than between the two Hubbard bands.

Our conclusions are actually not very far from predic-
tion of Edgell et al.?® These authors have examined by
ultraviolet photoemission spectroscopy (UPS) the conduc-
tion band of polycrystalline Na, WO; samples. They sug-
gested the existence of an impurity band splitted by elec-
tronic correlations. In fact these kind of models are ex-
actly those used for describing the MN transition in
doped semiconductors. The difference between Si- and

WO;-based systems is that the agsociated hydrogenic Bohr
radius is large in silicon (~30 A) and very short in WO;3
(~3 A). Therefore, the transition appears in silicon at a
much lower donor concentration than in WQOj;. The hy-
drogenoid approximation is very rough for WO; because
real impurity states are made of W 5d orbitals which are
known to be much more localized than s or p orbitals. Fi-
nally we may notice that, if we keep the hydrogenoid ap-
proximation, it is not surprising that a percolation treat-
ment which assumes about the same radius for metallic
units gives correct values for the donor concentration at
the MN transition.

IV. CONCLUSION

By measuring directly the density of states in semicon-
ducting and metallic tungsten bronzes, it was possible to
show that the metal-nonmetal transition is due to localiza-
tion in a pseudogap between a sodium-induced 5d ¢,; me-
tallic band and the conduction band of the matrix.
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