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Electronic band structure of Ti, O3 thin films studied by angle-resolved photoemission spectroscopy
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Ti, O5 exhibits a unique metal-insulator transition (MIT) at ~450 K over a wide temperature range of ~150 K.
This broad MIT accompanied by lattice deformation differs from the sharp MITs observed in most other
transition-metal oxides. A longstanding issue is determining the role of electron-electron correlation in the
electronic structure and MIT of Ti,O3;. However, the lack of information about the band structure of Ti, O3 has
hindered investigating the origin of its unusual physical properties. Here, we report the electronic band structure
of “insulating” Ti,O; films with slight hole doping by angle-resolved photoemission spectroscopy (ARPES).
ARPES showed clear band dispersion on the surface of single-crystalline epitaxial films. The experimentally
obtained band structures were compared with band-structure calculation results based on density functional
theory (DFT) with generalized gradient approximation 4+ U correction. The obtained band structures are in
good agreement with the DFT calculations at U = 2.2 eV, suggesting that electron-electron correlation plays an
important role in the electronic structure of Ti, Q3. Furthermore, the detailed analyses with varying U suggest that
the origin of the characteristic MIT in Ti,O; is a semimetal-semimetal or semimetal-semiconductor transition

caused by changes in the Fermi surface due to lattice deformation.

DOI: 10.1103/PhysRevB.105.235137

I. INTRODUCTION

Ti, O3, which has a corundum-type crystal structure, ex-
hibits a unique metal-insulator transition (MIT). The bulk
Ti, O3 is a nonmagnetic insulator with a small bandgap en-
ergy of ~100 meV [1] at low temperatures, and it shows a
transition to semimetallic states at temperatures of ~450 K
[2-9], which extends over a broad temperature of ~150 K.
This is a unique type of transition that is not observed in most
other transition-metal oxide systems. Although the crystal
symmetry remains unchanged across the MIT, the unit cell c/a
ratio changes significantly, which suggests a close relationship
between the MIT and lattice deformations [2-6,9—12].

Over the past few decades, the MIT mechanism has been
experimentally and theoretically investigated [1-31]. The
most relevant phenomenon in this mechanism is the overlap
of the a;4 and ey bands due to the Ti-Ti distance modulations
along the ¢ axis of the crystal lattice [5,6]. Owing to the
trigonal distortions, the t,, levels in TiOg octahedra further
split into a lower nondegenerate a, level and higher double-
degenerate eg levels. The a;, orbitals between the face-shared
TiOg octahedra along the ¢ axis are strongly hybridized to
form a;, and a]*g bands with eg bands between them. When
the Ti-Ti bond distances along the c axis are short, the energy
splitting between the a;, and aj, bands becomes large, and
consequently, the ey bands do not overlap with the a;, bands.
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Furthermore, only the a;, band is filled with Ti 3d electrons;
therefore, Ti, O3 acts as an insulator.

The TiyO3 energy diagram describes its electronic struc-
tures and reveals the close connection between the MIT and
c/a ratio. In fact, the a- and c-axis lattice constants of bulk
Ti, O3 vary significantly with temperature, and the c/a ratio in-
creases from 2.648 to 2.701 in the range of 373-553 K across
the MIT [3]. The modulation of Ti 3d electron occupations in
the ay, orbitals associated with a change in the c/a ratio was
revealed from the temperature dependence of linear dichroism
in Ti 2p x-ray absorption spectra [8,14,15].

However, the band-structure calculations challenge the va-
lidity of this simple phenomenological model because the
aig and e bands always overlap for typical Ti-Ti distances
[10]; a short Ti-Ti distance of < 2.2 A is required to form
the aforementioned insulating band diagram, which suggests
the importance of electron-electron correlations in Ti;O3. To
better understand the unusual physical properties of Ti, O3, it
is necessary to collect detailed information about the compli-
cated electronic band structure of the material.

Angle-resolved photoemission spectroscopy (ARPES) is a
unique and powerful experimental technique for determining
the band structure of a solid and has long played a central
role in studies of the electronic properties of strongly corre-
lated electron systems [32—48]. However, there have been few
ARPES studies on Ti,O3; with three-dimensional corundum-
type crystal structures [19]. This is mainly due to the difficulty
in obtaining single-crystal surfaces of Ti,O3z using standard
surface-preparation techniques, such as cleaving or sputtering
and annealing. In addition, the chemically active surface of
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Tip O3 [23] restricts surface-sensitive ARPES measurements
on chemically well-defined surfaces. Thus, the lack of infor-
mation about the band structures near the Fermi level (Eg),
especially the Fermi surface (FS), has limited the understand-
ing of the physics of Ti,Os.

In this paper, to elucidate the electronic structure near Eg
of Ti, O3, we performed soft-x-ray (SX) ARPES [41-48] on
single-crystalline epitaxial Ti;O3 films grown on «-Al,O3
substrates. We synthesized the films with slight hole doping
by laser molecular beam epitaxy (MBE) to obtain an atomi-
cally flat and well-ordered surface. By using the well-defined
surface of the epitaxial films, we clearly observed the elec-
tronic band structure of TiO3. The Ti 3d-derived hole band
forms an open triangular-pyramidal-vase-shaped FS along the
I'-A line in the hexagonal Brillouin zone (BZ). The experi-
mental band structures were compared with the band-structure
calculations based on density functional theory (DFT) with
generalized gradient approximation (GGA) + U correction.
Detailed analysis with varying U revealed that the obtained
band structures are well described by the DFT calculations at
U = 2.2eV, indicating that the electron-electron correlation
plays an important role in the electronic structure of Ti,Os.
Furthermore, the comparison between the ARPES results and
DFT + U calculations with varying U and c/a ratio suggests
important implications regarding the origin of the character-
istic MIT in Ti,Os5; the MIT is a semimetal-semimetal or
semimetal-semiconductor transition caused by changes in the
FS due to lattice deformation.

II. EXPERIMENTAL

Epitaxial Ti;O3 films with a thickness of ~100 nm were
grown on «-Al,O3 (0001) substrates by laser MBE. A sin-
tered TiO, pellet was used as the ablation target [49]. A
Nd:Y3Al501; (Nd:YAG) laser was used for the target ab-
lation using its third harmonic wave (A = 355nm) with a
fluence of ~1.5J/cm? and repetition rate of 5 Hz. Before
film growth, «-Al,O3 substrates were annealed in air at
1100 °C for 2 h to obtain an atomically flat surface with step-
and-terrace structures. During the deposition, the substrate
temperature was maintained at 1000 °C, and the oxygen pres-
sure was maintained at 5 x 10~ Torr. After deposition, the
oxygen gas supply was immediately turned off, and the films
were quenched to room temperature to prevent overoxidation
[16,17,50,51].

After growth, the films were transferred in vacuo to the
photoemission chamber using a mobile vacuum-transfer ves-
sel to reduce surface contamination and additional oxidation.
During transportation, the samples were under an ultra-
high vacuum <5.0 x 10~'° Torr. Photoemission spectroscopy
(PES) and ARPES were conducted at the BL-2A MUSASHI
beamline of the Photon Factory, KEK. The PES spectra were
recorded at 100 K using a VG-Scienta SES-2002 analyzer
with total energy resolutions of 250 and 500 meV at pho-
ton energies (hv) of 800 and 1486 eV, respectively. In the
ARPES experiments in the SX region of hv = 300-640eV,
the energy and angular resolutions were set to ~150-250 meV
and 0.25°, respectively. The ARPES experiments were also
conducted at 100 K in the p-polarization geometry [35-39].
Here, Er was inferred from gold foil in electrical connection
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FIG. 1. (a) Low-energy electron diffraction (LEED) pattern and
(b) atomic force microscopy (AFM) image of the Ti,O; films grown
on a-Al,0O; (0001) substrates. The hexagonal spots of the LEED
pattern correspond to the surface Brillouin zone (BZ) projected along
the [111] direction of rhombohedral Ti,O;. The root mean square
of surface roughness of the films was estimated to be <1.0nm in
the AFM image with a 10 x 10 um? area, demonstrating the flat
surface necessary for the present spectroscopic studies. (c) Ti 2p
core-level photoemission spectroscopy (PES) spectrum of the Ti, O3
films taken at 100 K (insulating phase) with a photon energy of
hv = 1486¢eV. (d) Corresponding valence-band spectrum taken at
800 eV. For comparison, the PES spectra of the cleaved surface of a
Ti, O3 single crystal (black line) in an insulating phase are also shown
for (c) and (d) [8]. The inset of (d) shows the comparison of the Ti
3d-derived coherent peaks near Er. A clear peak shift of ~200 meV
is observed, reflecting the hole-doped nature of the films, whereas
the shape itself remains unchanged.

with the sample. The surface structure and cleanliness of
the vacuum-transferred films were examined by low-energy
electron diffraction (LEED) and core-level photoemission
measurements immediately before the ARPES measurements.
The LEED pattern of the films showed six sharp diffraction
spots on a low background, as shown in Fig. 1(a), reflecting
the long-range crystallinity and cleanliness of the surface. No
detectable C 1s peak was observed in the core-level photoe-
mission spectra (not shown). These results indicate that the
Ti, O3 films have high surface crystallinity and cleanliness
required for ARPES measurements.
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The surface morphology of the measured Ti, O3 films was
analyzed by ex situ atomic force microscopy (AFM) in air, and
atomically flat surfaces were observed, as shown in Fig. 1(b).
The crystal structure was characterized by x-ray diffraction
(XRD) (see Fig. S1 in the Supplemental Material [49]), which
confirmed the epitaxial growth of single-phase Ti,O3 films
on the substrates. The out-of-plane and in-plane epitaxial re-
lationships were Ti,O3 [0001] // «-Al,O3 [0001] and Ti O3
[11-20] // «-Al,O3 [11-20], respectively. The temperature
dependence of the electrical resistivity was measured using
the standard four-probe method. The transport properties were
in good agreement with previously reported values [16] (see
Fig. S2 in the Supplemental Material [49]). Detailed charac-
terizations of the grown films are presented in the Supplemen-
tal Material [49].

DFT-based band-structure calculations were conducted us-
ing QUANTUM ESPRESSO software [52,53]. The Perdew-Burke-
Ernzerhof GGA was adopted as the exchange-correlation
functional [54]. The kinetic energy (charge density) cutoff
was set to 60 (600) Ry. The Ti and O atomic positions were
optimized by the Monkhorst-Pack scheme using a 6 x 6 x
6 k-point grid in a self-consistent scheme [55]. In the self-
consistent calculation, the lattice parameters were fixed as the
experimental values for the present film (a = 5.102 10%, c=
13.80 A, and ¢/a = 2.70), which were determined by recipro-
cal space mapping taken at room temperature, as shown in Fig.
S1(b) in the Supplemental Material [49]. The calculated FSs
were visualized using FERMISURFER software [49,56]. Further
computing details are described in the Supplemental Material
[49].

III. RESULTS AND DISCUSSION

Before discussing the ARPES results, we provide evidence
for the fact that the properties of Ti,Oj3 are retained in the
surface region of the films accessible for SX-ARPES [41-48]
because the surface of Ti; O3 is known to be extremely sensi-
tive to oxygen and to lose the characteristic Ti**-Ti** dimer
structures due to oxidation [23]. Figure 1(c) shows the Ti
2p core-level spectrum of the Ti, O3 films obtained at 100 K
(insulating phase). Note that the existence of Ti** states at
459 eV due to surface overoxidation [23] is hardly seen in the
spectrum. The Ti 2p core level exhibits the complicated mul-
tiplet structure characteristic of Ti, O3 single crystals [8,23].
The close similarities in the core-level spectra between the
film surface and cleaved surface of Ti,Os; single crystals
[8,23] support the fact that the chemical states in the films are
almost the same as those in bulk. From the cluster-model cal-
culation, the satellite structures were attributed to the strong
bonding of the ay, orbitals at the Ti-Ti dimer in Ti;Og clus-
ters [8]. Therefore, the existence of the multiplet structures
demonstrates the formation of Ti**-Ti** dimers even in the
surface region of the Ti, O3 films.

The Ti** (3d") states in the Ti, O3 films are also confirmed
by the valence-band spectrum [Fig. 1(d)]. The spectrum
mainly consists of two features: a structure derived from O 2p
states at binding energies of 4-10 eV and a two-peak structure
derived from the Ti 3d states near Er [8,20-23]. The Ti 3d
states consist of a sharp coherent peak in the vicinity of Eg
and a weak broad satellite structure centered around 2.3 eV,

demonstrating the Ti*™ (3d") feature of Ti,O3. The valence
bands initially seem to be almost the same between the films
and bulk, which is consistent with the results of the Ti 2p
core-level spectra, indicating that the properties of Ti, O3 are
retained in the surface region of the films. However, a closer
inspection of Ef [inset of Fig. 1(d)] reveals that there is a small
but distinct density of states at Er in the films. Furthermore,
the coherent peak of the films is shifted toward the lower-
binding-energy side from that of the bulk, reflecting the higher
conductivity in the films (see Fig. S2 in the Supplemental
Material [49]). Based on the shift of the peak positions, the
chemical-potential shift due to excess hole carriers is evalu-
ated to be ~200 meV in the Ti, O3 films. We will discuss the
value of the chemical-potential shift in connection with the
ARPES results.

From the above characterizations, we have confirmed that
the Ti, O3 films have a long-range ordered crystalline surface
without the detectable overoxidation (Ti** states) required
for ARPES measurements and that characteristic Ti**-Ti**
dimers are formed in the surface region of the film accessible
for SX-ARPES. Thus, we address the band structure of the
Ti,O; films by ARPES. Figure 2(a) shows the schematic
crystal structure of Ti; O3 in both the primitive rhombohedral
unit cell and associated conventional hexagonal cell. The cor-
responding rhombohedral BZ is depicted in Fig. 2(b), together
with an equivalent hexagonally shaped one [10]. For nota-
tional simplicity, we refer to the high-symmetry points and
lines in the hexagonal BZ hereafter.

Figure 2(c) shows the out-of-plane FS map for the Ti, O3
films obtained from normal-emission ARPES measurements
for the I'-A-H-K emission plane [the blue hatched area in
the BZ shown in Fig. 2(b)]. Reflecting the hole-doped nature,
a meandering FS that follows the periodicity of the bulk
BZ is clearly observed along the BZ center line (see also
Fig. S12 in the Supplemental Material [49]). The cross-section
of the FS is largest at the A point, monotonically decreases
away from the A point, and is smallest at the I" point. The
observed FS topology was well reproduced by the DFT + U
calculation with reasonable parameters (Figs. S8 and S9 in
the Supplemental Material [49]), which is discussed later. The
in-plane FSs at the A-H-L emission plane (taken at 500 eV)
and I'-K-M emission plane (taken at 565 eV) are shown in
Figs. 2(d). A triangularlike FS is clearly observed at the A
point. The overall threefold intensity pattern of the observed
FS is responsible for the trigonal symmetry of Ti, O3, suggest-
ing the bulk origin of the FS. Indeed, the triangularlike shape
of the FS was reversed at the other A point of one point below
[40] (see Fig. S14 in the Supplemental Material [49]). At the
I" point, the FS with a round shape is also observed. These
results indicate the existence of an open FS in the Ti, O3 films.
It should be noted that we did not observe any indication of
other FSs outside the open FS in these measurement planes.
Meanwhile, the existence of another small closed hole FS
around the A point is predicted from band-structure calcula-
tions [10,49]. However, it is difficult to examine the existence
of another FS inside the open FS owing to the overlap of
open FS having predominant intensity (see Fig. S9 in the Sup-
plemental Material [49]), although the existence of the other
FS is suggested by normal-emission ARPES along the I"-A
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FIG. 2. (a) Crystal structure of Ti,O3 in primitive thombohe-
dral unit cell (blue dashed lines), surrounded by the conventional
nonprimitive hexagonal unit cell (black solid lines). The primitive
rhombohedral unit cell contains 2 f.u., while the conventional hexag-
onal unit cell contains 18 f.u. The red hexagonal unit vectors were
determined to be a = 5.102 A and ¢ = 13.80 A by x-ray diffraction
(XRD) measurements (see Fig. S1 in the Supplemental Material
[49]). (b) Corresponding rhombohedral Brillouin zone (BZ) and
an equivalent hexagonally shaped one. In the hexagonal BZ, the
high-symmetry points are labeled. The red dotted arc lines represent
the k paths passing through the A point (at a photon energy of
500 eV) and the I" point (at a photon energy of 565 eV). A light-blue
plate represents the I'-A-H-K emission plane where the out-of-plane
Fermi surface (FS) map was measured, while two light-yellow plates
represent the A-H-L and I'-K-M emission planes for the in-plane
FS mappings at corresponding energies. (c) Out-of-plane FS map
in the I'-A-H-K emission plane obtained by varying the excitation
photon energies from 470 to 640 eV. The Fermi-momentum (kg)
points determined by the angle-resolved photoemission spectroscopy
(ARPES) spectra are indicated by data markers. (d) In-plane FS
maps acquired at the constant photon energies of 500 eV (left panel:
the A-H-L emission plane) and 565 eV (right panel: the I'-K-M
emission plane) by changing emission angles. The corresponding
hexagonal BZ boundaries are overlaid as white lines. The FS maps
were obtained by plotting the ARPES intensity within the energy
window of Er & 50 meV.

direction (see Fig. S12 in the Supplemental Material [49]).
Assuming a triangular-pyramidal shape of the open FS, the
carrier density of the Ti, O3 films would be ~2.4 x 10% cm—3,
which is consistent with the carrier density estimated from
Hall effect measurements (1.1 x 10?2 cm™3) [16].

According to the band-structure calculation [10,49], the
electronic band structure near Ep of Ti,Os; mainly consists

of the efgf - and aj-derived bands. The former forms flat
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FIG. 3. Experimental band structure of the Ti,O; films obtained
by angle-resolved photoemission spectroscopy (ARPES) measure-
ments (left panels) along the (a) I'-K and (b) A-H high-symmetry
lines, together with e; (middle panels) and a,, (right panels) orbital
projected band structures. The corresponding k paths are illustrated
in Fig. 2(c). Note that the experimental band structure is slightly
asymmetric at the zone boundary, reflecting the rhombohedral Bril-
louin zone (BZ). The momentum distribution curves (MDCs) at Er
with an energy window of £5 meV are shown in the upper panel
for each experimental band structure. The blue triangles indicate the
Fermi momentum (k). In the orbital projections, the band structure
is overlaid by white dotted lines.

(dispersive) bands, while the latter forms dispersive (flat)
bands along the out-of-plane (in-plane) direction, reflecting
their anisotropic orbital shape. The e -derived band forms
an electron pocket(s) at the I' point, whereas the a;g-derived
band forms a hole pocket(s) at the A point. The slight overlap
between the two pockets makes intrinsic Ti,O3 a compensated
semimetal. This semimetallic nature may be the origin of
the unusual physical properties of Ti,Os because the deli-
cate balance between the energy of the ey and aj, states
causes a notable change in the conduction-carrier character
as a result of hybridization with the other states. Thus, it
is worth investigating the band structure near Ep. Figure 3
shows the experimental band structures along the in-plane
high-symmetry directions [the I'-K and A-H lines in Figs. 3(a)
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and 3(b), respectively]. The corresponding energy distribution
curves (EDCs) along each line are shown in Fig. S15 in the
Supplemental Material [49]. As expected from the FS maps
in Fig. 2, highly dispersive hole bands exist at both I" and A
points and form an FS at the zone center, reflecting the exis-
tence of hole carriers. The bands cross Er at Fermi momentum
ke = 0.096 A~! (0.155A~") around the I" (A) point, while
they disperse down to ~700 meV around the zone boundary.

To investigate the band structure near Er in more detail,
we compared the experimental band structure with the DFT
calculation based on the GGA + U approximation using the
reasonable parameters consistent with the experimental facts
[17,49]. According to the DFT + U calculation, the band
structures, especially the FS topology, of Ti,O3 strongly de-
pend on the parameters of U and c/a ratio (Figs. S5-S7 in the
Supplemental Material [49]). Herein, we used U = 2.2eV to
reproduce the insulating phase of bulk Ti; O3, which exhibits
an energy gap of ~100 meV at a c/a ratio of 2.639 [17].
Moreover, the c/a ratio, which also governs the electronic
properties of Ti O3, was fixed at 2.70 as determined from the
XRD measurements (see Fig. S1 in the Supplemental Material
[49]). The results of the DFT calculations are shown in the
panels of Fig. 3, where the Fermi level in the DFT calculations
is shifted by 180 meV toward the higher-binding-energy side
to reproduce the kg value of the hole pocket at the I' point.
This is because the electron pocket is always formed at the
I point in DFT calculations irrespective of U values and c/a
ratios for Ti, O3 with metallic ground states (see Figs. S5-S7
in the Supplemental Material [49]). It should be noted that
the shift of the Fermi level is consistent with the chemical-
potential shift estimated from the shift of the Ti 3d coherent
peak, as seen in the inset of Fig. 1(d).

The ARPES results and DFT calculations show fairly good
agreement. According to the orbital projected band structures
shown in Fig. 3 (also see Fig. S4 in the Supplemental Material
[49]), the hole band centered at the I" point is assigned to the
ey -derived band. The hole band has a substantial e; character
at the I' point, while it loses the ey character rapidly apart
from the zone center owing to strong hybridization with other
states. Meanwhile, the other hole FSs centered at the A point
fundamentally consist of two aj,-derived hole bands, which
degenerate along the A-H line. The ay,-derived hole bands
have an a,, character at the A point, while they are strongly
hybridized with the e and ey states apart from the zone
center. As can be seen in Fig. 3, the present ARPES results
predominately show the band to have significant ey -orbital
weight owing to the dipole selection rules for p polarization of
the incident light and measurement geometry used [32,33,57].

Next, to demonstrate the importance of electron-electron
correlation, we compare the band dispersion determined by
ARPES with the DFT calculation in more detail. Figure 4
shows the band dispersion drawn based on the ARPES peak
positions determined from the EDCs and MDCs, together
with the DFT + U calculations. The band-structure calcu-
lation was also conducted at U = 0eV as a reference for
clarifying the effect of the electron-electron correlation. Note
that the band dispersion of U = 0 eV is almost identical to that
previously reported [10]. As can be seen in Fig. 4, the overall
band structure is in good agreement with the DFT calculation
at U = 2.2eV; the dispersion of the eif-derived hole band
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FIG. 4. Comparison of the experimental band structure with
generalized gradient approximation (GGA) + U calculation. Peak
positions determined from energy distribution curves (EDCs) and
momentum distribution curves (MDCs) are plotted by the data mark-
ers. The black and gray markers indicate the peak positions of the
dispersive and nondispersive quasilocalized states, respectively. The
results of GGA + U calculation with U = 0 and 2.2 eV are plotted as
the red and blue lines, respectively. The Fermi level of the band struc-
ture calculations with U = 2.2eV (0 eV) was shifted by 180 meV
(150 meV) toward the higher-binding-energy side to reproduce the
experimental kg value at the I point. The sudden upturn of band
dispersion starting from Er may originate from the interplay of the
energy resolution and Fermi-edge cutoff [58].

centered at the I" point is quite well reproduced. In addition,
kr along the A-H direction shows excellent agreement be-
tween the experiment and calculation, indicating the validity
of U = 2.2eV and the Fermi level correction for describing
the electronic structures of the hole-doped Ti, O3 films.
Meanwhile, in the calculation, a flat band exists at a higher
binding energy along the I'-K direction. The flat band orig-
inates from the a;, orbital and forms a hole pocket at the
A point, reflecting the anisotropic feature of the a;, orbital
with a large distribution along the [0001] direction (Fig. S4
in the Supplemental Material [49]). The band is barely seen
in the ARPES images in Fig. 3(a), although the existence of
the a,g-derived band itself is confirmed by normal emission
ARPES along the I"-A direction (see Figs. S12 and S13 in the
Supplemental Material [49]). The very weak intensity is prob-
ably caused by the dipole selection rules for the ay, orbital in
the present experimental geometry [35-39], as demonstrated
in Fig. 3(a). Furthermore, the presence of a broad nondisper-
sive component at 0.5-0.6 eV masks the details of the band
dispersion along the I'-K direction. Therefore, it is difficult
to determine the energy position of the band at the I" point
from the present data. The nondispersive states can also be
seen in the ARPES image along the A-H direction [Fig. 3(b)],
where such a flat band is not predicted by the DFT calculation
[Fig. 4(b)]. It should be noted that, in contrast to the case
of CrO, [42], such nondispersive states cannot be found in
the DFT calculation even with increasing U (see Fig. S5
in the Supplemental Material [49]) for the case of Ti,Os3.
Although the origin of the nondispersive states is currently
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not clear, similar nondispersive quasilocalized states other
than the lower Hubbard band (incoherent part) have also been
observed in V,0; [41], implying that these nondispersive
states are a common feature at the surface of corundum-type
conductive oxides.

In contrast to U = 2.2 eV, there is less agreement between
the experiment and calculation at U = 0eV. A significant
discrepancy is observed in the aj,-derived bands along the
A-H direction [Fig. 4(b)]. Note that we attempted to adjust the
Fermi level for U = 0eV to improve this discrepancy, but we
did not find any improvement in the kg positions along with
both the I'-K and A-H directions. These results suggest the
importance of the electron-electron correlation for describing
the electronic structure of Ti, Os3.

The disagreement between the experiment and calculation
atU = 0eV likely originates from the difference in the energy
levels of the aj, and €3 states. For the band dispersions in
the DFT + U calculations with varying U (see Figs. S5 and
S6 in the Supplemental Material [49]), the energy separation
between the a;, and e;,’ states increases with increasing U
the aj,-derived band is pushed down, whereas the eg -derived
band is pushed up. The increment of U causes narrowing of
the aj,-derived band dispersion along the A-H direction and
widening of the ey -derived band dispersion along the I'-K di-
rection. As a result, the electron and hole pockets at the I" and
A points, respectively, simultaneously become smaller, and
eventually a tiny energy gap opens at U = 2.5eV. Accord-
ingly, the occupancy of the lowest-lying a;, state increases
with increasing U .

The semimetallic ground states of Ti;O3; predominantly
originate from the slight overlap between the ¢ -derived elec-
tron pocket at the I point and the a;4-derived hole pockets at
the A point (at the midpoint of the I"'-A line for U = 2.2¢V;
see Fig. S5 in the Supplemental Material [49]). The incre-
ment of U reduces the degree of the overlap. Therefore, the
excellent agreements in kg between the ARPES and DFT
calculations at U = 2.2 eV indicate that the electron-electron
correlation plays an essential role in the band structures of
Ti,O3. The sensitivity of kg (FS topology) to U triggers an
additional check for the validity of U = 2.2 eV to describe the
electronic band structure of the Ti,O5 films. Difference in kg
at the A point between the ARPES and DFT calculations with
varying U (Figs. S10 and S11 in the Supplemental Material
[49]) suggests that the best match is obtained at U = 2.2eV.
This indicates the validity of the U value of 2.2 eV.

The importance of electron-electron correlation is further
supported by the ARPES results shown in Fig. 4, where
an almost identical bandwidth between the experiment and
calculation is observed along both the I'-K and A-H lines.
Meanwhile, reduction of the overlapping was also achieved
by shortening the Ti-Ti bond distances along the ¢ axis (or
equivalently, by reducing the c/a ratio; see Fig. S7 in the
Supplemental Material [49]), although an unusually short Ti-
Ti distance of <2.2A was required to form the insulating
ground state in Ti,O3 without U [10]. Thus, it should be
considered that the FS topology of Ti,O3 is governed by a
delicate balance between the electron-electron correlations
and lattice deformations and, consequently, is very sensitive
to both. Additionally, bear in mind that, in this paper, we have
not ruled out the possible contribution of dynamic electronic

correlations to the MIT, namely, the possibility of Ti-Ti dimer
deformation-assisted Mott transition in Ti,O3 [25]. Thus, a
more elaborate band-structure calculation that adjusts both the
effects and incorporates the dynamic electronic correlations in
arealistic manner is necessary to reproduce the ARPES results
as well as the physical properties of Ti, O3 [11,24,25].
Finally, we discuss the possible origin of the MIT in Ti, O;.
From the band structure shown in Fig. 4 (also see Fig. S3
in the Supplemental Material [49]), intrinsic Ti,O3 exhibits
a semimetallic band structure, where the electron pocket at
the " point and hole pocket at the midpoint of the I'-A line
for U = 2.2¢eV (at the A point for U = 0eV) slightly over-
lap in energy. In general, for such a small carrier system,
the influence of the electron-electron correlation on phase-
transition phenomena is not significantly large [31], whereas
a slight change in a band structure significantly changes the
FS topology and resultant transport properties. Meanwhile,
it is known that lattice deformation occurs in Ti,O3 regard-
less of the doping concentration [3,7,30]. Therefore, the most
plausible scenario is that the MIT of Ti,O3 is a semimetal-
semimetal or semimetal-semiconductor transition caused by
the changes in the FS topology due to lattice deformation,
not a filling-controlled MIT [31]. In fact, the MIT tempera-
ture of (Ti;_,V,),03; remains almost unchanged with x, even
though the carrier density changes notably; consequently, the
ground state changes from insulator at x = 0 to metal at
x = 0.06 [7]. To verify the possibility of semimetal-semimetal
or semimetal-semiconductor transition in Ti; O3 caused by the
changes in the FS topology due to lattice deformation, further
investigations are required; detailed temperature-dependent
studies on both the crystal and electronic structures are nec-

essary.

IV. CONCLUSIONS

To investigate the electronic band structure near Ep
of Ti,O3, we performed SX-ARPES on single-crystalline
epitaxial Ti,O3 films grown on «-Al,O3 substrates. Us-
ing well-defined surfaces of the epitaxial films, we clearly
observed the electronic band structure of Ti,Os;. The Ti
3d-derived band forms an open hole FS with a triangular-
pyramidal vase shape along the I"-A line in the hexagonal BZ,
which is in line with the previous transport measurements. We
also found the highly dispersive ey - and aj,-derived bands
centered at the I' and A points, respectively. The observed
band structures were compared with the band-structure cal-
culations based on DFT with GGA + U correction. Detailed
analysis with varying U revealed that the obtained band struc-
ture is well described by the DFT calculation at U = 2.2¢eV.
These results suggest that the electron-electron correlation
plays an important role in describing the overall electronic
structure of Ti,O3. Nevertheless, the influence of electron-
electron correlation on the quantum phase transition in Ti; O3
is considered weak owing to its low carrier density. Therefore,
the ARPES and DFT calculation results presented here have
important implications regarding the origin of the character-
istic MIT in Ti,Os3; the MIT is a semimetal-semimetal or
semimetal-semiconductor transition caused by changes in the
FS topology due to lattice deformation.
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