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Three-dimensional electronic structure of highly metallic sodium tungsten bronze, Na, gWOs3, is investigated
by high-resolution angle-resolved photoemission spectroscopy. The experimentally determined valence-band

structure along the momentum directions both parallel and perpendicular to the surface has been compared
with the results of ab initio band-structure calculation. The angle-resolved photoemission spectroscopy spectra
for different photon energies reveal that possibly the oxygen vacancies in the system are responsible for the
evolution of density of states at the top of I" point in experimental valence band. The band dispersion around
I'(X) point leading to an electronlike Fermi surface is well predicted by the band calculation. As we move from
bulk-sensitive to more-surface-sensitive photon energy, we found emergence of Fermi surfaces at X(M) and
M(R) points similar to the one at I'(X) point, suggesting the reconstruction of surface due to rotation/

deformation of WQOgq octahedra.
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I. INTRODUCTION

Bulk tungsten trioxide, WOs3, is a technologically impor-
tant ceramic having several potential applications in
devices.!? In particular, it shows very interesting optical
properties’ when sodium (Na) is inserted in bulk WO; form-
ing the series of sodium tungsten bronzes. Color of Na,WO;
crystal changes dramatically as a function of Na concentra-
tion (x), showing almost all kinds of colors in visible spec-
trum. In addition, the metal-insulator transition (MIT) ob-
served as a function of x is one of the most interesting
electronic properties in Na,WO;. A high metallic conduction
is obtained for x=0.25, and the system undergoes MIT with
decreasing x.* Hence the investigation of the electronic struc-
ture of Na,WOj is of great interest from both technological
and fundamental perspectives.

In addition to the marked influence to the optical and
transport properties, the insertion of Na also has a strong
effect on the crystal structure. Na,WO; shows a fairly rich
phase diagram® with increasing x. The crystal structure
changes from monoclinic, to orthorhombic, to tetragonal,
and finally to cubic with increasing x. For x=0.4, variety of
structural modifications exist, while for x=0.5, Na,WOj; is
highly metallic with perovskite-type crystal structure. Figure
1(a) shows the crystal structure of NaWO;, where Na* ions
occupy the center of the cube, while the WOy octahedra are
located at the cube corners. The octahedral crystal field of
the six oxygen neighbors of the W split the W 5d bands into
triply degenerate f,, and doubly degenerate e, bands. In
Na,WO;, the Na 3s electrons are transferred into the W 5d
t,, 7" band, and the system is expected to behave as a metal
for any value of x. However, for low concentration of x
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=0.25, the material is insulating and the origin of MIT is
likely due to the random distribution of Na* ions in the WO;
lattice.® This gives rise to strong disorder effects, which lead
to the localization of states at the conduction-band tail, and
the system therefore undergoes an MIT for low Na concen-
tration.

Photoemission spectroscopy is one of the most powerful
experimental techniques to extract information of electronic
structure, and Na,WOj; has been the subject of numerous
photoemission studies. Unfortunately, the majority of these
previous studies are based on angle-integrated photoemission
spectroscopy which just determine the spectral density of
states, but not the band structure or Fermi surface (FS).”!°
Very recently, we have carried out high-resolution angle-
resolved photoemission spectroscopy (ARPES) on highly
metallic and insulating Na,WO; with constant incident pho-
ton energy.®!"!> These ARPES studies were compared with
the pseudopotential band calculation, and few discrepancies
have been reported. First, in both the metallic and insulating
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FIG. 1. (Color online) (a) Crystal structure and (b) cubic Bril-
louin zone showing high-symmetry lines of NaWOs;.

©2009 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.79.035119

RAJ et al.

regions, the top of the valence band at I'(X) point is not
predicted by the band calculation. Second, in insulating re-
gion, we found an electronlike remnant FS at I'(X) point
whose dispersion agrees well with the band calculation,
while similar remnant FSs are also observed at X(M) and
M(R) points in contradiction to the band calculation. The
evolution of remnant FSs in insulating phase of Na,WOj; at
other symmetry points is explained by the surface recon-
struction. However, it is still unknown whether or not such
kind of surface reconstruction exists in the highly metallic
Na,WO; surfaces. To understand these issues, a three-
dimensional band structure and FS measurements at different
bulk and surface-sensitive photon energies on metallic
Na,WO; are highly required. Hence a synchrotron-based
photon-energy-dependent ARPES measurement is absolutely
necessary to clarify these issues.

In this paper, we report high-resolution ARPES measure-
ments on highly metallic Na,gWO; with different incident
photon energies. The valence-band structure along momen-
tum directions both the parallel and perpendicular to the sur-
face has been established experimentally. We have also car-
ried out ab initio band-structure calculations based on the
plane-wave pseudopotential method and compared it with
experimental results. We found a small finite dispersion of
valence-band edge at I'(X) point as a function of photon
energy, confirming the essentially three-dimensional nature
of the band. The FS shows an electronlike pocket centered at
I'(X) point in the Brillouin zone (BZ) [Fig. 1(b)], in good
agreement with the band calculation. As we move from bulk-
sensitive to more-surface-sensitive photon energy, we found
an evidence for the emergence of new FSs at X(M) and M(R)
points arising from the surface reconstruction.

II. EXPERIMENTS

Single crystals of Naj;gWO;5; were grown by the fused salt
electrolysis of Na,WO, and WOj; as described by Shanks.!?
The electrical resistivity measurement and the Laue diffrac-
tion pattern show that the crystals are highly metallic with a
single cubic phase. The x value was obtained from the mea-
sured lattice parameter, as described by Brown and Banks.'#
High-resolution ARPES measurements were performed with
a VG-SCIENTA SES-2002 analyzer. The band structure
along the momentum direction parallel to surface (k;) was
obtained from the laboratory-based spectrometer at Tohoku
University with the He Ia (hv=21.218 eV) unpolarized
resonance line, whereas the band structure along the momen-
tum direction perpendicular to the surface (k,) was obtained
by varying photon energy from 25-42 eV (sample 1) with a
linear horizontal polarization and 49-85 eV (sample 2) with
a circular polarization at the low-energy branch of the APE-
INFM beam line installed at the Elettra synchrotron, Italy,
and BL-28A beam line at Photon Factory (PF), KEK, Japan,
respectively. ARPES spectra were measured along both the
kjand k | directions of the high-symmetry I'(X)-X(M) line of
BZ, as shown in Fig. 1(b). The FS measurements at different
photon energies (except for the He-Ia photons) were mea-
sured with a linear horizontal (p type) polarization of the
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Apple II nonperiodical undulator available at the beamline of
Elettra. The energy and angular resolutions were set at 5-25
meV and 0.2°, respectively. The measurements for metallic
Na, gWO; were performed at 14 K and room temperature for
laboratory-based and synchrotron-based measurements, re-
spectively, in a vacuum better than 5X 10~'! Torr. A clean
surface of the sample for ARPES measurements was ob-
tained by in situ cleaving along (001) surface. The Fermi
level (Eg) of the sample was referred to that of a gold film
evaporated on the sample substrate.

III. BAND CALCULATIONS

We have performed ab initio band-structure calculations
for NaWO; (x=1.0) using projected augmented wave
potential'>! as implemented in the Vienna ab initio simula-
tion package (VASP) code.!” A k-points mesh of 8 X8 X8
with lattice constant of 3.86 A and the generalized gradient
approximation (GGA) for the exchange were used for the
calculation. We have simulated electron doping (x=0.8) in
our calculations by a rigid-band shift of the band structure
and the corresponding calculated Fermi surfaces have been
compared with the experiment. Since the GGA exchange
based calculations have the drawback of underestimating the
band gap, we use the scissor operator technique to indepen-
dently align the calculated valence and conduction-band
structure with the experiment.

IV. RESULTS AND DISCUSSION

Figures 2(a) and 2(b) show valence-band ARPES spectra
and experimental band structure of highly metallic Nay gWO5
at 14 K with the He Ia photons measured along I'(X)-X(M)
direction parallel to surface (k) in the BZ. In metallic
Nay gWOs, Ef is situated in the conduction band, which lies
around 1.5 eV binding energy, whereas the top of the valence
band extends up to 3.5 eV indicating a large (2 eV) energy
gap. This large energy gap corresponds to the hard band gap
observed in insulating WOj5. The pseudopotential band struc-
ture for cubic NaWOs is also presented in Fig. 2(b) for com-
parison. It is found from the band calculation that the valence
band of Naj,gWO; consists mostly of the O 2p states along
with a small admixture of bonding W 5d e, states. We found
that the top of the valence band, which is less dispersive at
3.5 eV around I'(X) point, is not predicted in the band cal-
culation. Nevertheless, the band around 4.5 eV at I'(X) point,
which disperses along I'(X)-X(M) direction is in good agree-
ment with the band calculation. We note that the observed
discrepancy between the experiment and calculation could be
attributed to the possible final-state effects. In this sense, the
information of energy bands above the vacuum level would
be important, as they constitute the final states in photoemis-
sion process. To better characterize this final-state effect, se-
lected incident photon energies are necessary, which can be
obtained correctly by other experiments such as inverse pho-
toemission spectroscopy (IPES) and very low-energy
electron-diffraction (VLEED) experiment as intensively
studied in other system.!'3-20
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FIG. 2. (Color online) (a) Valence-band ARPES spectra of
Na)gWO; measured along the I'(X)-X(M) (along k) direction at
low temperature. (b) Experimental valence-band structure obtained
from ARPES experiment. The theoretical band calculation of
NaWOj; after shifting energy position of Er is also shown by thin
solid and dashed lines for comparison. (c) Normal-emission
valence-band ARPES spectra of Najy gWO5; measured at room tem-
perature. Photon energy (hv) is denoted on spectra for two different
samples. Samples 1 and 2 are measured from 25 to 42 eV and 49 to
85 eV, respectively. (d) Comparison of the experimental valence-
band structure with the band calculation along I'(X) direction.
Bright areas correspond to the experimental bands.

Figure 2(c) shows normal-emission ARPES spectra of
Nay gWO;5; measured at room temperature from hv=25 to 85
eV. We have used photon energy from 25 to 42 eV for
sample 1 and 49 to 85 eV for sample 2 in Elettra and Photon
Factory synchrotron facilities, respectively. Since polariza-
tion of light sources are different for samples 1 and 2, the
shape of spectra is somewhat different in these two measure-
ments due to difference in the matrix-element term. The con-
duction band is clearly visible with a clear Fermi edge in this
metallic compound. The valence band (around 3-8 eV)
shows less-dispersive structures possibly due to momentum
broadening along the k, direction. Nevertheless, we clearly
observe three prominent features similar to Fig. 2(a). The
most prominent feature at 4.0 eV shows symmetric behavior
with respect to the spectra at Av=29 and 52 eV. This indi-
cates that these photon energies correspond to high-
symmetry points along I'(X) direction in BZ, namely, the I"
or X points. We have mapped out the experimental band
structure as a function of k, as shown in Fig. 2(d). The
momentum of photoelectron perpendicular to the surface is
expressed by
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FIG. 3. (Color online) (a) ARPES spectra near Ep of NaggWO;
measured at low temperature along I'(X)-X(M) direction. Vertical
bars are the guide for eyes of the band dispersion. (b) Experimental
near-Ey band structure along I'(X)-X(M) direction for He-Ia (21.2
eV) photons. Theoretical band structure of NaWOs after shifting
energy position of E is also shown by thin solid and dashed lines
for comparison. (c¢) Similar band structure at 42 eV photons along
the direction marked in Fig. 4(f) (white arrow mark, which is
slightly away from the high-symmetry line), showing electronlike
band around 7/a.

2
kL = \/h_r;l(Ekin COS2 0+ Vo)

where, Ey;, is the kinetic energy of the photoelectron, Vj is
the inner potential, and @ is the emission angle of the photo-
electron normal to the surface. The experimental band struc-
ture has been obtained by taking the second derivative of
ARPES spectra and plotting the intensity as a function of & |
and binding energy. From experimental band structure, we
have determined the inner potential V, to be 15.3 eV which
shows reasonable agreement with the periodicity of BZ and
theoretical band calculation of Nay,gWOs;. As reported ear-
lier, the top of valence band at I'(X) point is not predicted in
the band calculation and we explained that this apparently
flat band may be dominated by the angle-integrated-type
intensity/background from the strong intensity of the band at
M(R) point.!" Our experimental ARPES results along the k|
direction show a weakly dispersive nature at the top of the
valence band. This suggests that the presence of intrinsic
defects could be a possible origin of the observed band at
I'(X) point. Earlier work on perovskite oxides?' has shown
that oxygen-vacancy states are induced at the top of the va-
lence band, and these states are weakly dispersive. Hence we
conclude that the oxygen vacancy in the system is possibly
responsible for the evolution of density of states at the
valence-band edge.

To investigate the conduction band in more detail, we
measured ARPES spectra near E, with the He-la photons
at 14 K along I'(X)-X(M) high-symmetry line, and the
results are shown in Fig. 3(a). We found a weak broad
feature around 1.0 eV at I'(X) point, which disperses upward
to form an electronlike pocket at I'(X) point. There is no
signature of such feature at X(M) point at this photon energy.
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FIG. 4. (Color online) (a) Universal curve: electron escape depth as a function of their kinetic energy, (b) momentum position of ARPES
cuts in k space for various photon energies. FSs of Nay gWOj5 for (c) the He-Ia (21.2 €V) line, (d) 26, (e) 32, and (f) 42 eV photons. FS shows
an electronlike pocket at I'(X) point for the He-Ia photons, while similar electronlike pockets are also observed at X(M) and M(R) points
with higher photon energies, likely due to the surface reconstruction. Dotted lines around I'(X) point are the calculated FSs (on I'’XMX and
XMRM plane) for fractional Na concentration based on the rigid-band model.

Surprisingly, we observe the Fermi edge throughout the BZ
including around X(M) point although its intensity is consid-
erably weak. Such intensity would arise from the angle-
integrated-type background due to the inelastically scattered
electrons from the disordered site(s). Figures 3(b) and 3(c)

show the plots of ARPES intensity near £ with the He-la
line and 42 eV photon energy, respectively. We find an elec-
tronlike pocket at I'(X) point, whose dispersion agrees satis-
factorily with the band calculation. This band is assigned as
the W 5d 1,, orbital from the band calculation. We find simi-
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lar electronlike pockets at X(M) point for 42 eV photons, in
contrary to the band calculation. This would be due to the
surface reconstruction, which we discuss later in FS mapping
section. Interestingly, the reconstructed bands or FSs are not
clearly observed for the He-Ia photons, implying that the
He-la photons are more bulk sensitive than the 42 eV pho-
tons in NaygWOs.

To understand the differences between surface and bulk
FS in Nay sWO3;, we have mapped out FS with different pho-
ton energies. From the universal curve [Fig. 4(a)], we infer
that the electron escape depth slowly decreases from the
He-Ta (21.2 V) to 42 eV photon energy. Hence we mainly
map from more bulk-sensitive FS to highly surface-sensitive
FS with increasing photon energy from 21.2 to 42 eV. Figure
4(b) shows the momentum cut in k -k, plane for k,=0, where
the ARPES intensity in Figs. 4(c)-4(f) were actually mea-
sured. We have used 21.2, 26, 32, and 42 eV photon energies
for FS mapping, which are shown in Figs. 4(c)—4(f), respec-
tively. Generally, two methods are used in ARPES to deter-
mine the location of FS. In the first method, we just follow
the dispersion of bands from energy distribution curves
(EDCs) and obtain the k-space point where the band actually
crosses Ep. The FS of Nay¢WOj; excited by the He-Ta (21.2
€V) photons is obtained by this procedure, and the results are
shown in Fig. 4(c). In the second method, the intensity at £y
is recorded with a series of azimuthal scans (¢), each step
being repeated at different polar angles (6) within a given
photon energy. The FSs shown in Figs. 4(d)-4(f) are ob-
tained by the second method. In all the experimental FS
plots, the intensity is obtained by integrating the spectral
weight within 30 meV with respect to E,. We calculated the
FS(s) (on '’XMX and XMRM plane) for fractional Na con-
centration in Na,WO; at x=0.8, by assuming the rigid-band
shift shown by dotted lines. We observe one spherical elec-
tronlike FS centered at the I'(X) point, which is covered with
another squarelike FS. From Fig. 4(c), we find only one kg
point along the I'(X)-X(M) direction, while there are two
distinct kj points along the I'(X)-M(R) direction. These two
Fermi surfaces are attributed to the W 5d 1,, bands which
cross Ep. It is clearly seen that the FS at 21.2 eV photons
[Fig. 4(c)] matches well with the theoretical prediction and
there is no signature of the surface reconstruction, which
suggests that obtained FSs centered at I'(X) point are of bulk
origin. As soon as we move toward higher photon energy
(i.e., 26-42 eV), we clearly recognize reconstructed spheri-
cal electronlike FS at X(M) and M(R) points, similar to the
one at I'(X) point. The reconstructed FS is most clearly vis-
ible for 42 eV photons [Fig. 4(f)], which is supposed to be
the most surface-sensitive photon energy in the range of pho-
ton energies in this study. It is noted that similar surface
reconstruction at X(M) and M(R) points is also observed in
insulating Na ,sWO3, even at 21.2 eV photons.® The rota-
tion and deformation of the WOq octahedra in insulating
Nag osWO;5 give rise to the orthorhombic crystal structure
and that reflects strongly on its surface, giving rise to surface
reconstruction even in relatively bulk-sensitive incident pho-
ton energy of 21.2 eV. Although the average crystal structure
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FIG. 5. (Color online) Projection of first two layers of WOg
octahedra in (a) bulk and (b) surface of NaygWO5 along (001)
direction. The combined effect of rotation and deformation of WOg
octahedra gives rise to the superstructure at the surface of
Nay gWOs.

of bulk Naj gWO; derived from x-ray diffraction is cubic, we
think that the structure of first few layers from the surface
may be different due to reduced atomic coordinations, which
may be responsible for the observed reconstructed FS or
bands at X(M) and M(R) points. In insulating phase, the
surface reconstruction at M(R) point is stronger than X(M)
point whereas in metallic phase, it is found to be opposite. In
Fig. 5, we show schematic view of the projection of two
layers of WOy octahedra along (001) direction in bulk and
surface of NaygWOs. In perovskite structure, two types of
critical distortion would appear: (i) rotation of WO octahe-
dra, giving rise to tilted structures, and (ii) deformation of
the individual WOy octahedra and/or displacement of the W
atom from their central positions. We believe that, in bulk
NaygWOs;, there is no or very small distortion of WOgq
octahedra since the system has less disorder due to high
doping of Na atom in WO; lattice, as shown in Fig. 5(a).
On the other hand, the first few layers of NaggWO; from
the surface may deviate from the true bulk structure, and
would show combined effect of rotation and deformation
of WOg¢ octahedra that gives rise to the p(2X2) super-
structure at the surface [see Fig. 5(b)]. As a comparison
with insulating Na, 1,5 WO3, we believe that insulating phase
has both p(2X2) and ¢(2 X 2) superstructures, which make
the stronger intensity of FS at M(R) point as compared
to that at X(M) point, although the effect of matrix-element
difference between the spectra at both X(M) and M(R)
points cannot be ignored to explain these differences. It is
noted that similar FS/surface-reconstruction-derived bands
were also found in the ARPES spectra of other system,
SrzRUO4.22

V. CONCLUSION

We have carried out high-resolution angle-resolved pho-
toemission spectroscopy on NaygWO; as a function of pho-
ton energy. We found that the top of the valence band at I"(X)
point has no correspondence with the ab initio band calcula-
tion and possibly arises from the oxygen vacancy in the sys-
tem. We found an electronlike band dispersion near Ey at
I'(X) point, which is well described by the band calculation.
The FS mapping with different photon energies indicates that
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the electronic structure of first few layers from the surface is
different from that of bulk, possessing new FSs at X(M) and
M(R) points which are the replica of the FS at I'(X) point.
The combined effects of rotation and deformation of WOQOgq
octahedra giving rise to the p(2X2) superstructure at the
surface of Naj gWOj; can well explain the reconstructed FS at
X(M) and M(R) points found in more-surface-sensitive pho-
tons.
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