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Temperature-dependent evolution of Ti 3d spectral features at surface of Ba, TigO¢.s
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We have studied temperature-driven effects on photoemission spectra of hollandite-type Ba,TigO1¢.5 across
its metal-insulator transition (MIT) at 220 K by using surface-sensitive photon energies from 27 to 70 eV.
The surface Ti 3d spectral weight was suppressed and shifted towards higher binding energy from the bulk if
the surface was obtained by cleavage above the MIT temperature. The Ti 3d spectral weight was recovered once
the sample was cooled across the MIT, indicating a transfer of Ti 3d electrons from the bulk to the surface across
the MIT. The recovered Ti 3d spectral shape is consistent with the bulk-sensitive result and indicates strong
localization character of the Ti 3d electron even in the metallic phase. Resonant photoemission spectroscopy
with absorption from the Ti 3p core level exhibits resonances of the O 2p-Ti 3d and O 2p-Ti 4s, p hybridized
states. The result suggests that the O 2p-Ti 4s, p hybridization plays a role in the interplay between the bulk and

the surface in Ba, TigO1¢,5.

DOI: 10.1103/PhysRevB.100.125153

I. INTRODUCTION

Transition-metal oxides exhibit a variety of metal-insulator
transitions (MITs) with spin-charge-orbital ordering and fluc-
tuation and have been targets of numerous experimental and
theoretical studies [1,2]. With an integer number of 3d elec-
trons per site, the on-site electron-electron interaction and
ligand-to-metal charge-transfer energy are involved in the de-
scription of Mott transitions with spin-charge-orbital degrees
of freedom. With a noninteger number of 3d electrons per
site, mixed-valence states with intersite electron-electron and
electron-lattice interactions may undergo spin-density wave
or charge-density wave formation across the MIT [1,2]. The
electronic states with spin-charge-orbital order or fluctuation
are sensitive to external perturbations and are expected to vary
between the surface and the bulk [3-6]. In this context, it
would be interesting to study surface states of transition-metal
oxides with spin-charge-orbital instabilities.

Early transition-metal oxides with mixed valence such as
BaV,y0;s, Ba;_,Sr, V305, and Ba,TigO¢_s have been at-
tracting renewed interest due to their interesting interplay be-
tween charge-orbital fluctuations and suppression of thermal
conductivity [7-10]. Hard x-ray photoemission spectroscopy
(HAXPES) studies on the mixed-valence V oxides show that
their bulk electronic states in the metallic phase are charac-
terized by pseudogap features near the Fermi level due to
electron-electron and electron-lattice interactions [11,12]. The
spectral features near the Fermi level tend to be suppressed
further in the surface-sensitive photoemission measurement,
indicating that the electron-electron and electron-lattice in-
teractions are enhanced at their surfaces [13]. On the other
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hand, a HAXPES study on Ba, TigOj¢+s has shown polaronic
spectral features near the Fermi level for the bulk electronic
state even in the metallic phase [14,15]. This observation is
related to the studies of polaronic spectral features in various
quasi-one-dimensional (gq-1D) systems. For example, using
surface-sensitive photoemission measurements, the polaronic
spectral features were reported in -Nag33V,0s [16,17] and
(TaSe4),1 [18-20]. In hollandite K,CrgO1¢ [21-23], the spec-
tral weight at the Fermi level is further suppressed due to
its large number of d electrons leading to increased Hund’s
coupling [24]. In PrBa,;Cu4Og [25,26], the spectral weight at
the Fermi edge is suppressed, probably due to the electron-
electron and electron-lattice interaction enhanced in the g-1D
Cu-O chain [27]. In Sri4_,Ca,CuyyO4; with Cu-O ladders
[28-30], complete suppression of the quasiparticle peak was
reported [31].

Among the various ¢-1D transition-metal oxides,
hollandite-type Ba,TigOj¢+s undergoes a transition from
tetragonal to monoclinic at 220 K with fivefold structural
modulation along the Ti-O chain without any signature of
dimerization [9]. Below 220 K, the resistivity gradually
increases with cooling from 1072 € cm and reaches 10* Q cm
around 50 K [9]. The tetragonal Ba,TigO6.s is reported
with x = 1.13 and § = 0.14, and the nominal number of d
electrons per Ti is 20.25. The effect of electronic correlation
and electron-lattice interaction would be different between
the bulk and the surface in such a complicated Ti oxide
with charge-orbital instability. Here, we report a surface
sensitive photoemission study on Ba,TigOj¢+s with g-1D
transport properties. In this paper, we discuss suppression
of the Ti 3d spectral weight near the Fermi level which
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is different between the bulk and the surface. We also
report temperature-driven effects on the valence band of
Ba, TigO16.s surface across the MIT.

In addition, we discuss resonant photoemission spec-
troscopy (RPES) on the title system across the Ti 3p —
3d absorption edge. In typical resonant photoemission spec-
troscopy, photoemission spectra are taken with photon ener-
gies below and above an absorption edge energy of a particular
core level. While tracking electronic excitations across the ab-
sorption edge, a set of different channels are expected such as
normal photoemission, RPES, resonant Auger emission, and
normal Auger emission (two-hole valence-band satellite) [32].
In RPES across the particular absorption edge, the spectral
weight at the valence band is enhanced due to interference
of the direct channel and the autoionization channel [33].
The direct channel in the Ti 3p — 3d RPES is written as
3p°3d" + hv — 3p°3d"~! 4 e~. The autoionization channel
can be written as 3p®3d" 4+ hv — 3p°3d™! — 3p°34" ! +
e~, where 3p°3d"t! is the intermediate state of the autoion-
ization channel. The RPES intensity as a function of photon
energy is given by the Fano profile [33]. It is reported that
the onset of resonance across Ti 3p — 3d is seen at higher
energy than the energy-level separation (36.5 eV) between Ti
3p and Ti 3d in Ti, O3 [34]. In the present study, we observe
resonance due to Ti 3p — O 2p-Ti 3d and O 2p-Ti 4s, p
hybridized states while tuning photon energy across the Ti
3p — 3d absorption edge [35-38]. The resonance behavior
shows that O 2p-Ti 4s, p character contributes to the increase
in the spectral weight.

II. EXPERIMENT

Single crystals of Ba,TigO¢+s were grown by using the
floating zone method, as reported in the literature [9]. Res-
onant photoemission spectroscopy measurements across Ti
3p — 3d absorption edge with excitation energy ranging
from 35 to 70 eV were performed at BL-28A of the Photon
Factory. The single crystals were cleaved under ultrahigh
vacuum of 1078 Pa at 240 K to avoid surface contamina-
tion. The valence-band spectra were collected by using an
excitation energy of 70 eV for different temperatures across
the MIT. Emitted photoelectrons were collected by using an
OMICRON-SCIENTA R4000 analyzer. The pass energy was
set to 5 eV and the total energy resolution was about 20—
40 meV. The energy calibration for each spectrum was done
by using the Fermi edge of Au. Space-resolved photoemission
spectroscopy measurements were performed at the spectromi-
croscopy beamline 3.2 of the Elettra synchrotron facility in
Italy. The base pressure of the spectrometer was in the 1078 Pa
range. The crystals were cleaved at 100 K or at 265 K under
ultrahigh vacuum and space-resolved photoemission spectra
were taken at several temperatures. Photons at 27 eV were
focused by using a Schwarzschild objective. The total energy
resolution was set to about 70 meV.

III. RESULTS AND DISCUSSION

Figure 1 shows the valence-band photoemission spectra
of Ba,TigOj¢+s using a photon energy of 70 eV at different
temperatures across the MIT. The sample was cleaved at
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FIG. 1. Valence-band spectra of BaTigO,¢:5 collected with ex-
citation energy of 70 eV. The valence-band spectra by HAXPES
(hv = 7930 eV) are taken from Refs. [14,15].

240 K under ultrahigh vacuum and the spectra were measured
at 240, 160, 80, and 30 K during the cooling process. Since the
spectrum at 30 K was considerably affected by the charging
effect, the valence-band spectra at 240, 160, and 80 K are
plotted for the cooling process in Fig. 1. After that, the spectra
were taken at 50, 80, 120, 160, and 240 K in the heating
process. In the valence-band region, the O 2p bands range
from 4 to 9 eV, and the Ti 3d band is located at ~1 eV below
the Fermi level. The peaks around 8 and 5 eV are related to
O 2p orbitals hybridized with Ti 3d and Ti 4s, p orbitals,
respectively [35]. The peak observed at the higher binding
energy (&9 eV) in the bulk-sensitive HAXPES [14,15] is
suppressed in the surface-sensitive excitation energy (70 eV).
This shows that the 9 eV peak is derived from the Ti 4s-O
2p hybridization since the photoionization cross section of
Ti 4s is one order of magnitude larger than those of Ti 3d
and O 2p for HAXPES [39]. The spectral weight of Ti 3d is
strongly suppressed after cleavage at 240 K, as shown by the
red dotted curve in Fig. 1. Interestingly, the spectral weight
of Ti 3d gradually increases with cooling. Once the Ti 3d
spectral weight is recovered at the lowest temperature, in the
heating process, the Ti 3d spectral weight does not depend
on temperature up to 160 K. This indicates that the electrons
are transferred from the bulk to the surface and that the Ti 3d
electrons are recovered at the surface if the bulk becomes the
insulating phase with fivefold superstructure. In going from
160 to 240 K, the Ti 3d spectral weight is slightly reduced
but never goes back to that after the cleavage. In addition,
the peak around 4.5 eV assigned to the nonbonding O 2p
shows a decrease in its intensity accompanied with increase
in the spectral weight at the Ti 3d after the temperature cycle,
especially at 240 and 160 K (Fig. 1). This indicates that there
is a spectral weight transfer from one of the hybridized states
to the Ti 3d due to possible orbital reconstruction after the
cycle.
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FIG. 2. Ti 3d spectra near the Fermi level of Ba, TigO;64s col-
lected with excitation energy of 70 eV (a) at 240 and 160 K and
(b) across the MIT. The Ti 3d spectra by HAXPES (hv = 7930 eV)
are taken from Refs. [14,15].

Figure 2 shows the Ti 3d photoemission spectra near the
Fermi level of Ba,TigO64s collected at a photon energy of
70 eV. The Ti 3d spectra are normalized by peak height to
show their energy shift and spectral shape change. In Fig. 2(a),
even in the metallic phase at 240 K, the Ti 3d spectral weight
gradually decreases towards the Fermi level, indicating the
strong localization character of Ti 3d electrons at the surface.
In going from 240 to 160 K across the MIT, the foot of the
Ti 3d peak shifts away from the Fermi level, which is partly
consistent with the MIT in the bulk. However, in the heating
process, the Ti 3d peak does not change appreciably in going
from 160 to 240 K. After the cooling and heating cycle, the Ti
3d peak at each temperature is shifted towards the Fermi level,
as shown in Figs. 2(a) and 2(b), indicating irreversible change
of the surface electronic states. At 50 K where the resistivity is
~10* Qcm [9], the sample was moderately charged up, and
the Ti 3d peak shifts away from the Fermi level due to the
charging. At 80 K with the resistivity ~10? Q cm, there was
no appreciable charging effect, and the Ti 3d peak position

after the cooling process is consistent with the HAXPES
result at 100 K. Also at 240 K, the Ti 3d peak position after
the cooling and heating process is more consistent with the
HAXPES result than that before the cooling and heating.
Therefore, one can safely conclude that the photoemission
spectra after the cooling process reflect the intrinsic electronic
structure of Ba, TigO¢,s surface. Here, it should be noted that
the Ti 3d peak is broader in the HAXPES result due to the
poor energy resolution of 270 meV.

Here, let us discuss the bulk and surface electronic states
after the cooling process. The surface hosts different elec-
tronic properties than the bulk due to a number of possibil-
ities such as surface termination, oxygen defect, structural
distortion, and reconstruction. As shown in Fig. 2(b), the
bulk sensitive HAXPES spectra at 300 K exhibit the Ti 3d
spectral weight with its gradual decrease towards the Fermi
level. This spectral shape is somewhat consistent with the
bad metallic behavior above the MIT temperature. On the
other hand, in the surface-sensitive spectra taken at 70 eV,
the Ti 3d spectral weight is completely suppressed down to
0.3 eV below the Fermi level, indicating that the surface layer
is highly insulating although the Ti 3d orbitals are partially
occupied by electrons. One possibility is that the electron-
lattice interaction is enhanced at the surface and the Ti 3d
electrons are trapped by local lattice distortions such as Ti-Ti
dimerization or Jahn-Teller distortion of TiOg octahedron at
the surface. As for the surface effect just after the cleavage at
high temperature, some local distortions may prevent electron
transfer from the bulk to the surface, resulting in the sup-
pression of the Ti 3d peak. With cooling across the MIT, the
phase transition in the bulk would induce structural changes
at the surface, and some Ti 3d electrons are transferred from
the bulk to the surface layer which can be stabilized by Ti-Ti
dimerization or Jahn-Teller distortion of TiOg octahedron at
the surface. Once this stable surface state is formed, it may
survive after the temperature cycle.

Figure 3 shows the photoemission spectromicroscopy im-
ages of the Ti 3d spectral weight and the valence-band spectra
of the selected points taken at 27 eV photon energy with
0.6 um spatial resolution. The Ti 3d spectral weight exhibits
inhomogeneous distribution as shown in the images. The
valence-band spectra taken at 100 and 260 K after the 100 K
cleavage are indicated by the broken curves while the solid
curves show those taken at 265 and 100 K after the 265 K
cleavage. For the 265 K cleavage, the valence-band spectra
were taken at four selected points which are indicated by #1,
#2, #3, and #4 in the spectromicroscopy image. At 265 K, the
Ti 3d spectral weight is larger at #1, #2, and #3 than that at #4
which belongs to the dark region in the image. After cooling
to 100 K, the specific shape of the crystal edge enabled us
to locate the selected points in the spectromicroscopy image
at 100 K. When the crystal was cleaved at 265 K and cooled
to 100 K, the Ti 3d spectral weight increases with cooling at
#1, #2, and #3, in qualitative agreement with the data shown
in Fig. 1. Since the escape depth is ~3 A and ~5 A for the
60-70 and 17-27 eV photoelectrons, respectively [40], the Ti
3d peak at 27 eV photon energy is more bulk sensitive and
stronger than that at 70 eV photon energy. The temperature
dependence of the Ti 3d peak position is consistent with the
data taken at 70 eV as well as the HAXPES data shown in
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FIG. 3. Photoemission spectromicroscopy images and photoe-
mission spectra taken at 100 and 260 K after the cleavage at 100 K,
and those taken at 265 and 100 K after the cleavage at 265 K.
The photoemission spectra are measured at the selected points as
indicated by #1 for the 100 K cleavage and by #1, #2, #3, and #4
for the 265 K cleavage.

Fig. 2. In the valence-band spectra taken at 27 eV (Fig. 3), the
Ti 3d peak is located around 0.9 eV just after the cleavage at
265 K, deviating from the HAXPES result. After the cooling
to 100 K, the peak is shifted to ~0.8 eV at #1, #2, and #3, in
agreement with the HAXPES result. Namely, in the surface-
sensitive spectra taken at 27 and 70 eV, the Ti 3d peak is at
about 0.9 eV after the high-temperature cleave while, after
the cooling across the MIT temperature, it is at about 0.8 eV,
in agreement with the bulk-sensitive HAXPES. On the other
hand, in the spectra at #4 of 265 K cleavage and the spectra
for the 100 K cleavage, the Ti 3d spectral weight is relatively
small and the Ti 3d peak is located around ~0.9 eV both at
100 and 265 K (or 260 K), inconsistent with the HAXPES
result. Also, the shape of the O 2p band is different when the
crystal is cleaved at 100 K.

The resonant photoemission (RPES) across the Ti 3p —
3d absorption edge of Ba, TigO165 at 240 K (before the cool-
ing process) is shown in Fig. 4(a). Also, the Ti 3d spectra near
the Fermi level are plotted with various photon energies, as
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FIG. 4. (a) Resonant photoemission spectra of Ba, TigO6.s col-
lected at 240 K. (b) Resonant photoemission spectra of Ba, TigO6+s
collected at 240 K for Ti 3d area near the Fermi level.

shown in Fig. 4(b). The photoemission spectra are normalized
by photon flux at each photon energy. Therefore, in addition
to the resonance effect, the spectral weight has photon-energy
dependence of each subshell. According to the table by Yeh
and Lindau [39], the photoionization cross section of Ti 3d is
~4 Mb at 40 eV and ~2 Mb at 70 eV, and the photoionization
cross section of O 2p is ~7 Mb at 40 eV and ~3 Mb at
70 eV. The resonance behavior is shown in Fig. 5(a) where
the photoemission intensity is plotted as a function of pho-
ton energy of the selected binding energies [points A-E in
Fig. 4(a)]. We observe that the intensities of peaks A and
B are enhanced with the excitation energy of 50 eV, while
the intensities of peaks C and D are enhanced around 60 eV.
The two resonance excitation energies of about 50 and 60 eV
are derived from the two absorption channels from the Ti 3p
core level to the unoccupied O 2p-Ti 3d and O 2p-Ti 4s, p
hybridized states, respectively [35,36]. Based on the RPES
study across the Ti 3p — 3d absorption edge previously
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FIG. 5. (a) Photoemission intensity as a function of photon
energy for the spectral features labeled A-E. (b) Schematics of
absorption from Ti 3p — 3d-O 2p and Ti 4s, p-O 2p states.

reported in TiO, [35-37], the resonance around 45-50 eV
of excitation energy is related to O 2p-Ti 3d whereas the
resonance around 60 eV to the O 2p-Ti 4s, p hybridized states.
This situation is schematically shown in Fig. 5(b). Peaks A
and B are related to the Ti 3d e,-O 2p and £,,-O 2p bonding
states. On the other hand, peaks C and D are related to the
O 2p state, which can hybridize with Ti 4s, p with less Ti 3d
contribution [35,37]. Interestingly, peak E or the Ti 3d peak
exhibits a resonance similar to that of peaks C and D. The
weak resonance around 45-50 eV is due to the transition from
Ti 3p to Ti 3d while the enhancement at 60 eV shows that the
O 2p-Ti 4s, p hybridization character is involved in the Ti 3d

peak. The Ti 4s, p orbitals in the neighboring site are mixed
in the Ti 3d orbitals due to the edge-sharing TiOg octahedra.
Interestingly, in Ref. [35], the strong Ti 4s, p resonance was
observed in the (110) rutile TiO, surface where the edge-
sharing Ti-O chain is located at the surface [35]. On the other
hand, the Ti 4s, p resonance is not significant in anatase TiO,.
Since the present hollandite Ba, TigO 6,5 has the edge-sharing
Ti-O double chain, the strong Ti 4s, p resonance commonly
observed in rutile and hollandite Ti oxide surfaces is specific
to the edge-sharing Ti-O chain. Here, one can speculate that
the temperature-driven enhancement of the Ti 3d spectral
weight at the surface (Fig. 1) would be related to the O 2p-Ti
4s, p hybridization, which may help Ti-Ti dimerization or
TiOg Jahn-Teller distortion in the chain.

IV. CONCLUSION

In the surface-sensitive photoemission study on
Ba, TigOje.+s, the Ti 3d spectral weight is suppressed just after
the cleavage above the MIT and is recovered after the cooling
process across the MIT. This observation shows that the Ti
3d electron transfer from the bulk to the surface is related to
the charge-orbital ordering and fluctuation in the bulk. The Ti
3p — 3d resonant photoemission shows the strong resonance
due to the hybridization of oxygen 2p with Ti 3d and Ti 4s, p
at the surface. The Ti 3d peak shows the resonance due to
transitions from Ti 3p to unoccupied Ti 3d and O 2p-Ti 4s, p
hybridized states, indicating the contribution of Ti 4s, p to the
spectral weight of the Ti 3d peak. Even after the cooling and
heating process, the spectral weight near the Fermi level is
still reduced below that of the HAXPES result, indicating the
stronger localization character of Ti 3d at the surface.
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