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X-ray and ultraviolet photoelectron spectroscopic (XPS and UPS) data were obtained for Sr,NbO;
(x =0.8,0.85,0.9). The valency of the Nb ion was found to be between pentavalent and tetravalent. No
shifts of the XPS core-level spectra, such as O 1s, Sr 3p, and Sr 3d, were observed in this system even
when x was varied. For all samples, sharp Fermi edges were observed with He I (21.2 eV) photon excita-
tion. The results indicate that this valence band was mainly caused by the hybridization between the O
2p and Nb 4d orbitals, as had been proposed for the tungsten bronze by Goodenough. Eu substituted
samples, (Sr,Eu)y ¢NbO;, were also studied. An additional sharp peak, due to Eu 4f state, was clearly
observed in the valence-band region close to the Fermi level.

I. INTRODUCTION

Since the discovery of high-temperature superconduc-
tors (HTSC), transition-metal oxides with the ABO;-type
perovskite structure have been extensively studied! ™ ® be-
cause the structures of HTSC cuprates are closely related
to that of perovskite. Comparing the (3d)° configuration
of the copper ion in the HTSC copper oxides, cations
with a single electron in their d state, such as V4" (3d)!
and Nb** (4d)!, both having a S =1 state, are of particu-
lar interest. Among the Nb oxides, Sr,NbO; (x <1) are
known to have the cubic perovskite structure®!° in which
the Nb ions exhibit a (4d) configuration with § =1."!

Recently, we successfully synthesized!? polycrystalline
single-phase samples of Sr, NbO; with different values of
x, in the range of 0.75<x <0.90, and studied'>!* the
transport properties of Sr, NbO; including the tempera-
ture (T) dependence of electrical resistivity (p), magnetic
susceptibility (y), thermoelectric power (S), and Hall
coefficient (Ry) below 300 K. We concluded that
Sr, NbO; (x =0.80, 0.85, and 0.90) should be considered
to be conventional metallic conductors for two reasons.
(i) The magnitude of p was the order of ~1X107° Qcm
and p decreased with decreasing temperature. (ii) Assum-
ing a single-band model, the carrier density (n) was es-
timated to be n~10%? cm~? from the Ry measurement.
However, there are several features that Sr,NbO; are
different from simple metals in terms of transport proper-
ties: (a) The relationship between S and T was nonlinear.
(b) The Ry was weakly dependent on temperature. (c)
The metallic parameter kz/,. (in which k; is the Fermi
wave number and /,, is the transport mean free path) was
rather small being approximately unity. (This value for
typical metals is kgl >>1.) (d) The increase in magne-
toresistance (Ap/p) at H=6 T was estimated to be
1.5-3% in 1.5 K.

From the above experimental data, we pointed out!>!3
that the transport properties of Sr, NbO; (0.75 <x =0.90)
were considered to be similar to those of amorphous met-
als rather than those of conventional metallic conductors.
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Such ‘“‘amorphousness” was thought to be caused by ran-
dom distribution of vacancies in the Sr sites, which
deteriorated the periodicity of the lattice potential. On
the other hand, we have already reported'* the synthesis
of single-phase = Eu-doped  Sry ¢NbO;  samples,
Srg,9—,Eu,NbO; for 0=y 0.9, and this system was me-
tallic at all ranges of y. It is worth elucidating whether
the electronic structure was changed by Eu doping.

Photoelectron spectroscopic analysis of the core levels
and that of the valence band can provide information on
the nature of bonding such as valence and that on the
electronic structure, respectively. However, to our
knowledge, such data are not yet available for Sr, NbO;.

In this paper, photoelectron measurements were per-
formed to investigate the electronic structure of Sr, NbO,
for different values of x, and the results are reported here.
Furthermore, we compared the electronic structure, espe-
cially density of states in the vicinity of Er between
Sr, NbO; and Sry g ,Eu,NbO;.

II. EXPERIMENTAL

Polycrystalline samples of  Sr,NbO; and
Srg.9—,Eu,NbO; were prepared by a solid-state reaction
technique using reagent-grade SrO Eu,0; and Nb,O;
powders. Stoichiometric mixtures were pressed into rect-
angular bars of 2X2X20 mm>. Each bar was encapsulat-
ed in an evacuated silica tube. In order to prepare sam-
ples in reducing atmospheres, TiO powder was used as
the reducing agent. Encapsulated samples were fired at
1050°C for 80-160 h. Powder x-ray-diffraction studies
and electron probe microanalysis indicated that both
Sr,NbO; (x =0.80, 0.85, and 0.90) and Sry ¢, Eu,NbO;
(0<y<0.9) samples were single phase of cubic
perovskite structures. The oxygen content of the samples
was determined by thermogravimetric measurements and
by an inert gas fusion nondispersive IR method. As previ-
ously reported, '>!* the oxygen deficiency (8), for all sam-
ples was nearly zero (§=0). Thus, in the Sr,NbO; sam-
ples with x =0.80, 0.85, and 0.90, the average Nb valen-
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cies are expected to be 4.4, 4.3, and 4.2, respectively. The
characterization and physical properties of the samples
are reported in detail elsewhere. 12713

The photoelectron spectroscopic measurements were
carried out in an ultrahigh-vacuum system equipped with
an Al x-ray source (1486.6 eV) for x-ray photoelectron
spectroscopy (XPS) and a noble-gas discharge lamp for
ultraviolet photoelectron spectroscopy (UPS). The ener-
gy distribution of the photoelectron was determined by
an electron energy analyzer, the resolution of which was
set at 0.7 and 0.15 eV for XPS and UPS measurements,
respectively. Core-level binding energies were referenced
to the adventitious C ls peak at 285.0 eV. For the UPS
measurement, the Fermi energy was determined directly

E.
(=
=]
£
s
2
‘@
c
2
£
x=0.8
-534 -532 -530 -528 -526
Binding Energy (eV)
(c) Sr 3d Sr,NbO;
o)
=
=]
£
&
2
‘@
c
b
=

-140 -138 -136 -134 -132 -130
Binding Energy (eV)

from the zero binding energy of the analyzer, because no
charge up was observed and the accuracy was better than
0.15 eV. The typical pressure during the measurements
was ~2X 107 torr. The sample was scraped in vacuum
by a diamond file prior to each measurement. In this
study, all of the spectra were taken at ambient tempera-
ture.

III. RESULTS AND DISCUSSION

The O 1s core-level XPS spectra from Sr,NbO,
(x =0.80, 0.85, and 0.90) are shown in Fig. 1(a). The O
1s XPS spectrum can be usually used to check the quality
of a sample and its surface under measurement.” For the
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FIG. 1. XPS spectra of (a) O 1s, (b) Sr 3p, (c) Sr 3d, and (d) Nb 3d from Sr,NbO; (x =0.8, 0.85, 0.9) samples.
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O 1s level in Sr,NbOj;, only an intrinsic peak around 529
eV was observed for all the samples. This assures the
high quality of the samples. Figures 1(b) and 1(c) show
the Sr 3p and Sr 3d core-level XPS spectra from the sam-
ples, respectively. From the Sr 3p core-level spectrum,
two sharp peaks were observed around 279 eV and 269
eV, which are, respectively, Sr 3p, , and Sr 3p; ,. The Sr
3d;,, and Sr 3ds,, peaks appeared around 134 eV bind-
ing energy are shown in Fig. 1(c). The Nb 3d core-level
spectra are shown in Fig. 1(d). The Nb 3d;,, peak and
Nb 3d;,, peak were, respectively, observed at 207.0 and
at 209.5 eV. Since, the binding energies of the Nb 3d;,,
spectrum from NbO, (Nb**) and Nb,05 (Nb>™) are, re-
spectively, observed at 205 and 207.5 eV, !® the present
results show that the valency of Nb*7 jons in the present
Sr,NbO; samples is between 4+ and 5+. This is con-
sistent with our previous data, i.e, 4.2 <p < 4.4, because
the oxygen deficiency for every sample was negligi-
ble.!>!5 Though it is interesting to know how the Nb
valence would change upon varying the Sr content x, it
was not clearly seen in the present study, since, the
changes in the binding energy of Nb with respect to x
was very small. It is worth to note that, as is shown in
Figs. 1(a)-1(c), the O 1s, Sr 3p, and Sr 3d core-level XPS
spectra showed no significant changes in binding energies
with increasing x from 0.80 to 0.90.

Figure 2(a) shows the valence-band spectra for
Sry sNbO; measured by XPS (hv=1486.6 ¢V) and UPS
(He I=21.2 eV, He II=40.8 e¢V). One notices that the
consistency among these observed XPS and UPS peaks is
fairly good. Each spectra consists of a broad peak at ~6
eV which primarily consists of O 2p states similar with
the isostructural compounds such as SrVO;.>** The
higher-energy resolution of UPS techniques give a spec-
trum with more detailed structures. At the vicinity of the
Fermi level, it seems that the spectrum is enhanced and
sharp Fermi edge was observed only in the case of He I
UPS but not for He II or XPS cases. This is clearly
shown in the bottom spectrum of Fig. 2(a). These features
are common to all samples with different x’s. The lack of
state around E; for He II UPS and XPS excitation are
likely to be due to the difference of photoemission cross
section from the Sr, NbO; samples which depend on the
photon energies. Since, it is widely known that the O 2p
cross section shows resonance around He I photon ener-
gy, and gradually decreases with increasing photon ener-
gy, 1”18 the results seem to indicate that O 2p states in-
volve strongly in the electronic states close to the Fermi
level. In order to understand the detailed electronic
structure at Ep, the He I UPS spectra in the vicinity of
Ey are shown in Fig. 2(b) for the Sr,NbO; samples with
x =0.80, 0.85, and 0.90. For each sample, a sharp edge
and finite density of states can be clearly observed at the
E.. In general, the observation of a sharp Fermi edge is
rather difficult for metallic oxides due to the surface oxy-
gen deterioration. However, we successfully observed a
sharp Fermi edge in the present case for Sr, NbO; sam-
ple. This strongly suggests that the density of state at the
Ep is high. And from the peak feature of this sharp edge
it seems that there exists a narrow or rather flat band

crossing the Er in this metallic Sr, NbO; system. The ob-
servation of the Fermi edge is consistent with previous
transport data''"!? showing metallic resistivity behavior
for Sr,NbO; at 300 K (p~1X10"% Qcm). To our
knowledge, there is no band-structure calculation for
Sr,NbO; available. However, the results shown in Figs.
2(a) and 2(b) indicated that the conduction band of
Sr, NbO; basically arises from the hybridization between
the Nb 4d and O 2p orbitals, being similar to the case of
tungsten-bronze compounds'® or Re0;.%° This will be
discussed in detail later.

Previously, we reported that carrier concentration was
increased with increasing x by Hall measurements'® and
thermoelectric power.'?> Nevertheless, we could not ob-
serve drastic change in the valence-band spectra for the
sample with x =0.80, 0.85, and 0.90. This is probably
because, for every sample, the carrier density (n) was es-
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FIG. 2. (a) Comparison of valence-band spectra obtained by
XPS (hv=1486.6 eV), He II UPS (hv=40.8 e¢V) and He I UPS
(hv=21.2 eV) from Sr, sNbOj; sample. The Fermi edge is clear-
ly observed only in the He I UPS spectrum. The enhancement
of the He I UPS spectra in the Fermi-level region is also shown.
(b) Valence-band He I UPS spectra in the vicinity of Er from
Sr, NbO; (x =0.8, 0.85, 0.9) samples. A clear sharp Fermi edge
was observed for all samples.
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timated to be same order, i.e., ~107% cm 3.1 On the
other hand, we pointed out that!? the band-structure
might change around x =0.90, because the magnetic sus-
ceptibility y was Pauli paramagnetic for the sample with
x =0.80 and 0.85, though y for the Sry {NbO; sample ex-
hibited Curie-Wiess behavior. Since the characteristic
electronic structure was approximately the same for
every sample, this Curie-Wiess behavior may be attribut-
ed to other reasons such as (i) inequivalent sites for Nb
ions?! and/or (i) stacking faults,?? which we pointed out
in Ref. 12.

Recently, Fujimori et al.? reported the photoemission
spectrum in the d-band region of a series of Mott-
Hubbard-type oxides with d! electronic configuration,
namely, YTiO;, LaTiO;, SrVO;, VO,, ReO;. Especially,
the following properties were observed for SrVO; and
ReO;: (i) In SrVO;, the d band consists of two structures;
one is within ~1 eV of E, with a sharp Fermi cutoff,
which was assigned to itinerant d-band states, and the
other is a broad feature centered ~1.5 eV below E,
which was assigned to a remnant of the lower Hubbard
band. In addition, they pointed out’ the apparent
discrepancy between this photoemission spectrum and
band-structure calculation. (ii) In ReO;, a sharp peak
near E, was observed at ~1 eV, and no trace was found
within ~1 eV. Note that this photoemission spectrum
were in reasonable agreement with band-structure calcu-
lations. %

Since the Nb** ions of Sr, NbO, are known to have a
(4d)! configuration,!! it is worthwhile to discuss the con-
duction band in the d state of the structurally related
compounds such as SrVO,; {V** (3d)!} (Ref. 23) and
ReO; {Re®* (5d)!} (Ref. 22). It is known that!® the co-
valent mixing with ions is larger for 5d orbitals than for
4d orbitals, and for 4d than for 3d orbitals. Thus, we
may roughly predict that the band structure for Sr, NbO,
is moderate between SrVO; and ReO; except for a slight
difference in the energy position. As seen in Fig. 2(b), for
every sample, the detail structure of the valence band for
Sr,NbO; at ~1 eV was rather similar to SrVO; as re-
ported in Ref. 3, especially a trace clearly observed
within ~1 eV. This may indicate that the electronic
structure of Sr,NbO; is closer to SrVO; rather than
ReO;, even if the vacancy of Sr ions are located randomly
on the A site in the regular perovskite structure. Indeed,
the T vs p curve for SrVO, showed*? rather similar
behavior with Sr,NbO,, that is, the p at 300 K was
~1X 1073 Q cm and p decreased gradually with decreas-
ing temperature.

Figure 3 shows the XPS spectrum of the valence-band
region for the Sry4_,Eu,NbO; (y =0, 0.3, 0.5, and 0.9)
samples. The following marked difference was observed
between the bottom spectrum and three other spectra:
For the samples with Eu (=0.3), a sharp peak was ob-
served very close to Eg. This relative enhancement of the
peak at ~1 eV is considered to be of the Eu 4f charac-
teristics. Though the valency of doped Eu ion in these
materials was found to be in between 3+ (|4£°)) and 2+
(147)) by XPS analysis for Eu 3d core-level spectra, ' it
is not clear to what extent these 4f states contribute to
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FIG. 3. Valence-band XPS spectra from Srgq_,Eu,NbO;
with y =0, 0.3, 0.5, 0.9 samples. The peak in the vicinity of the
Er due to Eu 4f states increased with increasing .

the conductivity of the samples. Note that, every sample
exhibited rather similar temperature dependence of p,
i.e., the magnitude of p at 300 K is the order of 1X 1073
Qcm and p decreased monotonically with decreasing
temperature. 424

The schematic electronic structures for Sr, NbO; and
Eu,NbO; deduced from the results of the present XPS
and UPS studies are given in Figs. 4(a) and 4(b), respec-
tively. In these two energy diagrams, both Sr, NbO; and
Eu, NbO; have partially filled bands if no correlations be-
tween d electrons exist. Shaded area represents the
valence-band region. As we previously pointed out, '? the
electric conduction in Sr,NbO; was likely caused by
overlaps of the Nb 4d and O 2p orbitals. This model is
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FIG. 4. Schematic electronic structures deduced from the
present XPS and UPS studies. Shaded regions correspond to
experimentally observed photoemission spectra for (a) Sr,NbOs,
and (b) Eu,NbO;. Note that, the 4f levels of Eu,NbOj; are not
fully filled, but it is not clearly known if the Eu 4f states con-
tribute to the conductivity.
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essentially the same as Goodenough’s model'® for the
tungsten bronze. However, for Eu, NbO;, it seems that
there are additional contributions from Eu 4f to the
valence-band region.

With these experimental results of the valence band for
Sr,NbO; and Eu,NbOj, it is of great interest whether a
theoretical band calculation will be available in the near
future that supports these results and at the same time
correctly predicts the electrical transport properties of
these two systems.

IV. CONCLUSION

A photoelectron spectroscopic analysis of the core lev-
el and that of valence-band region were studied for
Sr,NbO; (x =0.8, 0.85, 0.9) and Eu-substituted samples.
The valency of the Nb ion was found to be between +4
and +5. From the XPS measurements, core-level spec-

tra, i.e., O 1s, Sr 3p, Sr 3d, and Nb 3d spectra, were not
changed with varied x. For all samples, sharp Fermi
edges were observed only in the case of He I UPS but not
for He II UPS or XPS cases. The valence band of
Sr,NbO; primarily consisted of the hybridization be-
tween the O 2p and Nb 44 orbitals, as had been proposed
for the tungsten bronze by Goodenough. Moreover, a
sharp peak of Eu 4f state was clearly observed near E
for Eu-substituted (Sr, Eu), (NbO; samples.
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FIG. 4. Schematic electronic structures deduced from the
present XPS and UPS studies. Shaded regions correspond to
experimentally observed photoemission spectra for (a) Sr,NbO;,
and (b) Eu, NbO;. Note that, the 4/ levels of Eu, NbO; are not
fully filled, but it is not clearly known if the Eu 4f states con-
tribute to the conductivity.



