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New Probe of the Electronic Structure of Amorphous Materials
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Here we show that electrochemical equilibrium voltage curves of amorphous WO3 and TiO2 coatings
exhibit fine structure in striking agreement with the density of states in the conduction bands, as
obtained by ab initio calculations for the crystalline counterparts. We suggest that localization of the
band states is essential for observing the electronic structure. Our highly sensitive electrochemical
method opens new vistas for studying the electronic structure of nonmetallic disordered materials that
can be intercalated with an ionic species.
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Detailed knowledge of the electronic structure of
amorphous and nanocrystalline materials is necessary
for understanding their physical properties. Ab initio
calculations [1–4] of the electron structure of amorphous
materials are difficult and limited to small clusters [5].
There exists a need for accurate experimental techniques
to probe the disorder-induced localized states close to the
band edges, which are of prime importance for many
physical properties [6,7]. Electron and x-ray spectro-
scopic methods have led to great advances in the experi-
mental study of the electron band structure of, for
example, transition metal compounds [8]. A number of
electrical methods for studying the localized density of
states in the band gap of amorphous semiconductors have
also been extensively used [7,9], for example, deep level
transient spectroscopy [10], but none of these are of
general applicability. Optical absorption measurements
can be used to study localized band tail states [11]. The
electrochemical method, intercalation spectroscopy,
which we propose in this Letter, is highly sensitive and
convenient for studying the density of states in the lower
part of the conduction band. Small ions (protons or alkali
ions) are intercalated electrochemically into the material.
To ensure charge balance, electrons are inserted together
with the ions, which leads to filling of previously empty
states. If the rigid-band approximation holds, the energy
distribution of the inserted electrons will image the den-
sity of states in the conduction band. Alternatively, in
compounds where ions can be extracted, an image of
the valence band can be obtained. In order to validate
the method, we compare electrochemical measurements,
using chronopotentiometry, with state-of-the-art band
structure computations for two of the most commonly
used intercalation materials [12–15], namely, tungsten
trioxide and titanium dioxide. In our investigation we
used x-ray amorphous thin films, produced by sputter
deposition [16]. Polycrystalline tungsten oxide films
were studied for comparison [17].

Electrochemical measurements were performed in a
standard three-electrode arrangement with the film serv-
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ing as working electrode (WE) and metallic lithium foils
serving as counter and reference electrodes. The elec-
trodes were immersed in an electrolyte of 1 M LiClO4

in propylene carbonate and the measurements were taken
in an atmosphere containing less than 2 ppm of water.
When chronopotentiometry is used to analyze the ion-
electron intercalation process, a constant current is ap-
plied between the WE and the counter electrode in the
direction which drives the ions and electrons into the WE
film. The potential, reflecting the energy level at which
the ion-electron pairs enter the film, is measured between
the WE film and the reference electrode.

Equilibrium chronopotentiometry was performed
with an ECO Chemie Autolab/GPES Electrochemical
Interface. The current used was only 1 �A=cm2, which
has been shown to be low enough that the measured
potential very well represents that of equilibrium [18].
The WE potential was measured in a very wide range of
Li=host metal atom ratios, x, in the films. The results are
presented by plotting the derivative ��dx=dU�, which we
denote the ‘‘electrochemical density of states,’’ as a func-
tion of the WE film potential.

For amorphous materials, ab initio calculations of the
electronic structure are limited by the need to take an
average over a large number of realizations of the amor-
phous structure, since the density of states of different
realizations of the structure can be substantially different
[5]. Computational constraints limit the calculations to
relatively small clusters of the material. Therefore we
compare our measurements with computations of the
electronic structure for crystalline phases of tungsten
oxide and titanium oxide. This is not a serious limitation,
since the main features in the electronic structure of
crystalline and amorphous materials are known to be
qualitatively similar [7].

Electronic structure calculations were carried out for
the anatase phase of titanium dioxide —the only phase of
this material that is able to host a significant number of Li
ions—as well as for the monoclinic, tetragonal, and cubic
phases of tungsten trioxide by the full-potential linear
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FIG. 1. Equilibrium potential (normalized to the potential of
the Li electrode) as a function of the Li=W ratio, x, in
polycrystalline (dashed line) and amorphous (solid line) tung-
sten trioxide films.

FIG. 2. Electrochemical density of states, �dx=dU, for an
amorphous WO3film (solid line, left scale) and the fitted DOS
obtained from band structure calculations for monoclinic WO3

(dashed line, right scale) are plotted as a function of energy.
The zero of energy was taken to be at the experimental band
edge, and in the computed total DOS each state can be
occupied by two electrons of opposite spin.

VOLUME 93, NUMBER 20 P H Y S I C A L R E V I E W L E T T E R S week ending
12 NOVEMBER 2004
muffin-tin-orbital method [19–21]. The calculations were
based on the local-density approximation (LDA) and we
used the Hedin-Lundqvist [22] parametrization as well as
Ceperley-Alder parametrized by Perdew and Zunger [23]
for the exchange and correlation potential. Basis func-
tions, electron densities, and potentials were calculated
without any geometrical approximation [19–21]. These
quantities were expanded in combinations of spherical
harmonic functions (with lmax � 6) inside nonoverlap-
ping spheres surrounding the atomic sites (muffin-tin
spheres) and in a Fourier series in the interstitial region.
The muffin-tin sphere occupied approximately 50% of the
unit cell. The radial basis functions within the muffin-tin
spheres are linear combinations of radial wave functions
and their energy derivatives, computed at energies appro-
priate to their site and principal as well as orbital atomic
quantum numbers, whereas outside the muffin-tin spheres
the basis functions are combinations of Neuman or
Hankel functions [24,25]. In the calculations reported
here, we made use of pseudocore 3p and valence band
4s, 4p, 3d, and 4f basis functions for Ti; pseudocore 5s,
5p, and valence band 6s, 6p, 5d, and 5f basis functions
for W; and valence band 2s, 2p, 3d basis functions for O
with corresponding two sets of energy parameters, one
appropriate for the semicore 3p, 5s, and 5p states, and the
other appropriate for the valence states. The resulting
basis formed a single, fully hybridizing basis set. This
approach has previously proven to give a well-converged
basis [19–21]. For sampling the irreducible wedge of the
Brillouin zone we used the special k-point method
[26,27]. In order to speed up the convergence we have
associated each calculated eigenvalue with a Gaussian
broadening of width 20 mRy. Because the band gap is
usually underestimated by this approximation, we do not
expect that the calculations will give accurate values for
the absolute energy of, for example, the onset of the
conduction band. In the comparison with experiments,
we will therefore fit the theoretical and experimental
density of states curves to one another, allowing them
to be shifted relative to one another on the energy scale.

Figure 1 presents the steady state potential U as a
function of Li=W ratio x for crystalline and amorphous
WO3 films. The crystalline film curve exhibits two pla-
teaus at low values of x and one at x values around 1. The
two first ones signify transitions from monoclinic to
tetragonal and from tetragonal to cubic structure, respec-
tively [18,28]. The curve for the amorphous films starts at
a higher potential at x � 0 and is very smeared out as a
consequence of the disorder.We now study the latter curve
in detail. Figure 2 shows the derivative �dx=dU as a
function of U for the amorphous WO3 film. This is a
measure of the number of electrons and ions inserted
into the material per unit energy. The experimental elec-
trochemical density of states curve has been fitted to the
computed density of states of the conduction band of
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monoclinic WO3. The shapes of the curves show a re-
markable similarity. The relative position of the two
pronounced peaks at 1.7 and 2.4 eV is correctly repro-
duced by the calculations. Differences occur close to the
band edge. In the experimental curve there appears to be a
band tail extending into the band gap, as expected for a
very disordered structure. In addition, band-bending ef-
fects, due to the applied bias, might affect the measured
density of states in this region. Also the shoulder above
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the band edge is shifted to higher energies in the experi-
mental curve. The density of states of the tetragonal and
cubic phases does not show any similarities with the
experimental �dx=dU.

Figure 3 shows a comparison between �dx=dU and the
computed conduction band density of states of anatase
TiO2. Again the two major peaks in the experimental
curve are in good agreement with the calculations. It is
also noted that the experimental curve for the amorphous
film exhibits a wide band tail extending into the band gap.
As expected, this feature is absent in the computations for
the crystalline structure. The range of experiment is set
by the achievable level of ion intercalation in the materi-
als; hence the computed high energy features in Figs. 2
and 3 could not be observed.

A formal justification does not exist for interpreting the
LDA eigenvalues (for unoccupied states, in particular) as
energy eigenvalues of single-electron states. However,
this interpretation has been frequently used in the litera-
ture [29,30]. By monitoring the sensitivity of the calcu-
lated density of states (DOS) to different choices of the
exchange and correlation potential, we provide a plausible
argument for justifying our use of the LDA eigenvalues.
The calculated DOS presented in Figs. 2 and 3 was
obtained using the Hedin-Lundqvist exchange and corre-
lation potential [22]. We have also calculated the DOS of
TiO2 using the Ceperley-Alder exchange and correlation
potential [23]. The obtained DOS is virtually identical to
the one calculated using the Hedin-Lundqvist potential.
Thus, our calculated LDA eigenvalues are robust and one
can use them in the present situation.
FIG. 3. Electrochemical density of states, �dx=dU, for an
amorphous TiO2 film (solid line, left scale) and the fitted DOS
obtained from band structure calculations for anatase TiO2

(dashed line, right scale) are plotted as a function of energy.
The zero of energy was taken to be at the experimental band
edge, and in the computed total DOS each state can be
occupied by two electrons of opposite spin.
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The results presented above are completely unex-
pected. The common understanding of equilibrium po-
tential curves is that their shape is primarily due to a
variation in the energies of the sites available for the
inserted ions [31]. For example, the curve for amorphous
WO3 in Fig. 1 has earlier been fitted [18] to a model
assuming a Gaussian distribution of the energies of the
intercalated Li ions [32]. However, such a model cannot
reproduce the fine structure seen in the derivative in
Fig. 2. The effect of Li intercalation on the electronic
band structure has been studied previously from a theo-
retical point of view. A modification of the rigid-band
model to take into account screening of the Li ions by the
conduction electrons, originally developed by Friedel
[33,34] for alloys, has gained wide acceptance [31]. In
this model the Fermi level remains constant as Li is
inserted, provided that ion-ion interactions can be ne-
glected, because the whole conduction band is continually
translated to lower energies. This means that the equilib-
rium voltage curves will reflect primarily the energies of
the ion sites. Recent ab initio calculations of the band
structure of MX2 and LiMX2 compounds give some sup-
port to this picture [35]. In most cases studied, prominent
features in the band structure appear at significantly
lower energies in the LiMX2 compounds, although a con-
siderable amount of nonrigid-band behavior was also
found together with significant shifts of the Fermi level.

It should be stressed that the theoretical results dis-
cussed above were obtained for crystalline materials,
while the oxide films reported on in Figs. 2 and 3 did
not show any sign of crystallinity in x-ray diffraction. For
such disordered structures, the lower part of the conduc-
tion band should consist of localized states. It is highly
probable that the equilibrium voltage curves reflect the
shape of the conduction band because of the localized
character of the electronic states. In such a situation, it
will be energetically favorable for the inserted electron to
occupy the localized conduction band state nearest to the
Li ion. The interaction energy between the ion and the
localized electron will approximately be the same for
each newly inserted ion-electron pair; hence the energy
distribution of the occupied states should exhibit the
shape of the conduction band. In addition, only the por-
tion of electron states in the spatial vicinity of the ion
sites will be probed by chronopotentiometry. This may
explain a curious feature of the curves in Figs. 2 and 3.
Although the shape of the experimental curves corre-
sponds very well with the theoretical density of states,
the number of inserted electrons per energy interval is
less than the number of states. For WO3 this difference is
a factor of 2, while for TiO2 it is approximately a factor of
6. These results clearly show that only part of the density
of states is probed by our experimental technique. The
local coordination in tungsten oxide is based on corner
sharing WO6 octahedra [12], which makes the structure
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easily accessible to inserted ions. On the other hand, the
anatase local coordination with TiO6 octahedra sharing
two adjacent edges with two other octahedra [12] might
make some parts of the structure less accessible to the
ions.

In conclusion, we have shown that the fine structure in
electrochemical steady state voltage curves displays fea-
tures in the electronic density of states. The shape of the
electrochemical density of states in the conduction band,
as observed by chronopotentiometry for amorphous tung-
sten trioxide and titanium dioxide, was in remarkably
good agreement with band structure calculations for the
crystalline counterparts. Remaining discrepancies are
consistent with expected differences in band structure
between amorphous and crystalline structures. The re-
sults indicate that the local ordering of the amorphous
compounds is monoclinic in the case of WO3 and anatase
in the case of TiO2. We propose that localization of the
electron states at the Fermi level is a prerequisite for
the use of our method. Hence, the method is expected
to work for nonmetallic amorphous materials, but not for
metals where the electron states have significant itinerant
character.
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