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We have studied the Ti**/Ti*" mixed valence state in Mg-doped Ti,O; using hard x-ray photoemission
spectroscopy. The Ti 2p spectrum for the corundum-type Ti,Os revealed the Ti** configuration with strong
electronic coupling in the c-axis Ti-Ti pairs whereas the data for the ilmenite-type MgTiO; confirmed the
Mg?*-Ti** charge state in the c-axis cation pairs. In Mg, ,oTi; 7103, the Ti 2p spectrum hardly showed the
Ti** peak, which was in MgTiO, indicating that the c-axis pairing of the Mg is with a Ti** ion rather than a
Ti** and that the Ti** / Ti** mixed valence state is materialized within the Ti-Ti c-axis pairs. In Mg 43Ti; 3703,
we detected the presence of Mg>*-Ti*" pairs. The results indicate the important role of hybridization within the
c-axis pairs not only in the Ti*"-Ti*" configuration, but also above all in the Ti**/Ti** mixed valence state,

superseding the Madelung energy gain of the Mg

DOI: 10.1103/PhysRevB.107.115145

I. INTRODUCTION

Several transition-metal oxides exhibit dimerization or
trimerization of the transition-metal ions in which the d-
orbital degrees of freedom play an essential role to form a sta-
ble molecular orbital state within the dimers or trimers [1-3].
For example, the Ti-Ti dimers are formed due to the orbitally
assisted Peierls mechanism in the spinel-type MgTi,O4 pro-
viding its unique metal-insulator transition [4—6]. In the spinel
structure, the Ti pyrochlore lattice is constructed from the
edge-sharing TiOg octahedra. Without the distortion, Ti-Ti
pairs are not explicitly seen in the pyrochlore lattice. Another
striking example of the Ti-Ti molecular orbital formation is
known in corundum-type Ti;O; [7-10]. In contrast to the
spinel structure, Ti-Ti pairs of face-sharing TiOg octahedra
already exist in the corundum structure as shown in the left
panel of Fig. 1. The Ti-Ti distance of the pair is gradually
shortened in going from 600 to 400 K, and Ti,O3; under-
goes a metal-to-insulator transition [7—10]. The reduction of
the Ti-Ti distance can be viewed as a dimerization or the
formation of Ti**-Ti** molecules. From the theoretical view-
points, the Ti 3d ay, states play the vital role for forming the
molecular orbitals and stabilizing the insulating state [11-15].
The molecular orbitals of the a;, states are experimentally
confirmed by x-ray absorption spectroscopy [16] and photoe-
mission spectroscopy [17].

It is interesting to study effect of doping in these materi-
als with Ti-Ti dimers. Indeed, Mg substitution for Ti in the
spinel-type Mg, Ti;_,O4 system induces localized Ti spins
and generates intriguing magnetic properties [18], suggesting
that the Ti-Ti dimers are quickly disturbed. A recent x-ray
absorption and photoemission study [19] revealed that the 3d
electrons are relatively localized at each Ti site, making it
plausible that the formation energy of the dimers is relatively
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small. The situation for Ti, O3 could be rather different. There,
the Ti-Ti pairs or dimers along the ¢ axis in the face-sharing
octahedra are structurally always present at all temperatures.
The interesting question now is how the extra charge will be
distributed over that lattice with Mg substitution for Ti in the
Mg, Ti,_yO3 system. One can envision two possibilities. The
first is that the Ti**-Ti** dimers survive with the Mg?>* ion
being paired along the ¢ axis with an isolated Ti** ion. The
second is that the Ti-Ti dimers consist of Ti**-Ti** with the
Mg?* ion paired with an isolated Ti** ion. Since the Ti-Ti
distance along the c axis is shorter than those on the ab plane
in Ti, O3, the first possibility would take the advantage of
having the excitonic Madelung energy of Mg?"-Ti** inside
the face-sharing octahedra instead of the Mg?* and Ti** sites
being further apart.

We note that ilmenite-type MgTiO; (right panel of Fig. 1),
the y =1 end member of Mg Ti,_,O3 is by itself a well-
studied titanate, which is a band insulator with an energy
gap of ~3.05 eV. It has been attracting great interest due
to its photochemical activities [20,21] similar to TiO, with
edge-sharing TiOg octahedra. When Ti 3d electrons are in-
troduced in MgTiO; by Ti substitution for Mg, the mixed
valence of Ti’* and Ti** in the face-sharing octahedra
may resemble those of Ti;_,Nb, O, [22] and hollandite-type
Ba,TigOi6 [23,24] in the edge-sharing octahedra. However,
the Ti** and Ti** mixed valence state in the face-sharing
octahedra is not well studied by means of photoemission
spectroscopy compared to that in the edge-sharing ones. Ti-Ti
dimers are hardly created in the edge-sharing systems, which
is consistent with the quick destruction of the Ti-Ti dimers in
Mg, Ti»_,O4. In Mg, Ti,_,O3 with the face-sharing octahe-
dra, the Ti-Ti molecules would be formed at a certain level of
y if they are robust against the Mg substitution for Ti.

©2023 American Physical Society
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FIG. 1. Drawings for the crystal structure of Ti,O3 (left) and
MgTiO; (right) created by VESTA [25].

In this context, it is very interesting to carry out a system-
atic study on the impact of Mg substitution for Ti in Ti, O3
or Ti substitution for Mg in MgTiO;. In the present paper,
we report hard x-ray photoemission spectroscopy (HAXPES)
of Mg, Ti>_,O3 (y =1 —x) with y =0.01, 0.29, 0.63, and
1.00 in order to study the interplay between the Ti**-Ti**
molecular orbital formation and the Ti** /Ti** mixed valence.

II. EXPERIMENT

Single-crystal samples of Mg, Ti,_,O3 with y = 0.01, 0.29,
0.63, and 1.00 (nominal Ti valence of Tit3005 Tj+3-17 Tj+346,
and Tit*% respectively) were grown as reported in the lit-
erature [26]. HAXPES measurements were performed at the
Max-Planck-NSRRC HAXPES end station with a MB Sci-
entific A-1 HE analyzer at the Taiwan undulator beamline
BL12XU of SPring-8 [27]. The photon energy was set to
6.5 keV that has a probing depth of about 10 nm. The x-ray
incidence angle was about 15° with respect to the sample
surface, and the photoelectron detection angle was 90° with
respect to the incident x rays. The diameter of the beam spot
was about 50 um. The crystals were fractured under ultrahigh
vacuum of 107 Pa at 300 K in order to obtain atomically
clean surfaces. The measurements were performed at 300 K.
The total energy resolution was about 300 meV. The binding
energy of the HAXPES spectra was calibrated using the Fermi
edge of Au.

III. RESULTS AND DISCUSSION

Figure 2(a) shows survey scans for Mg Tir_,O3 with
y = 0.01, 0.29, 0.63, and 1.00. The Mg 1s, Ti 2s/2p,
and O ls peak intensities are generally consistent with the
compositions taking into account the photoionization cross
sections [28-31]. Figure 2(b) displays a closeup of the C 1s
region. There is no discernible C 1s signal visible indicating
the cleanliness of the fractured surfaces. Figures 2(c) and 2(d)
show a closeup of the Mg 2s peak and fine scans for the Mg 1s
peak. The spectra are normalized to make the intensity of the
Ti 2p3/> component (estimated by the Gaussian fitting, which
will be discussed later) proportional to the Ti content. The
Mg 1s peak intensities of y = 0.29 and y = 0.63 samples are
about 30% and 50% of that of y = 1.00, roughly consistent
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FIG. 2. (a) Survey scans, (b) C 1s, (c) Mg 2s, and (d) Mg 1s
HAXPES of Mg, Ti,_, 03 with y = 0.01, 0.29, 0.63, and 1.00.

with the Mg content. The Mg 1s binding energy of y = 0.29
is by ~1 eV lower than those of y = 0.63 and 1.00. This is
probably due to the Mg substitution in the relatively compact
TiOg octahedron of Ti,Os. The average Ti-O distance is about
2.05 A in Ti, O3 whereas the average Mg-O distance is about
2.12 Ain MgTiO;. Therefore, the Mg-O distance tends to be
shortened in y = 0.29 causing an increase in the magnitude of
the Madelung potential at the Mg site (decrease in the Mg
1s binding energy). The tail on the higher binding energy
side of y = 0.29 suggests minor Mg sites with longer Mg-O
distance. A similar binding energy shift of ~1 eV is observed
in BasNbsO;5 where the compact Ba site with a shorter Ba-O
distance exhibits lower binding energy than the spacious Ba
site with a longer Ba-O distance [32].

Figure 3 shows the O 1s peaks. Although the O 1s peak of
y = 1.00 is sharp and almost symmetric, it is broad and accom-
panied by tails on the higher binding energy side for y = 0.01,
0.29, and 0.63. This suggests the presence of different chem-
ical environments for oxygens due to the Ti substitution for
Mg on the ilumenite MgTiO;. The O Is spectra are fitted
to two Gaussian functions as shown by the dotted curves
in Fig. 3. Gaussian components are indicated by the dashed
curves. In the bottom panel of Fig. 3, the O 1s peak energy
is plotted as a function of y in Mg, Ti,_,Os. In going from
y = 0.01 to y = 0.29, the O 1s peak energy decreases by
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FIG. 3. O 1s HAXPES of Mg, Ti,_,03 with y = 0.01, 0.29, 0.63,
and 1.00. The dotted curves indicate the fitted results for the O 1s
spectra. Shirley-type background is included in the fitted results.
Gaussian components are represented by the dashed curves. In the
bottom panel, the O 1s peak energy is plotted as a function of y. The
vertical error bars indicate the uncertainties of the peak positions,
estimated from the uncertainty of the fits and the uncertainty of the
photon energy.

0.1 eV. If TipO; is viewed as a Mott insulator accompanied
with the Ti-Ti molecules, the energy shift can be assigned to
the downwards chemical potential shift by hole doping to the
Mott insulating state. The O-1s peak energy increases from
y = 0.29 to y = 0.63 indicating that the picture of hole-doped
Mott state is not applicable for y > 0.29. On the other hand,
the evolution from y = 1.00 to 0.63 corresponds to electron
doping to MgTiO; which is a band insulator. The O 1s binding
energy gradually decreases in going from y = 1.00 to 0.63 to
0.29 probably due to the band-gap reduction of MgTiO; by
the Ti substitution for Mg.

Figure 4(a) shows the Ti 3s and Ti 3p peaks as well as
the O 2s and Mg 2p peaks. The behavior of the Mg 2p peak
is consistent with that of the Mg ls peak. At MgTiO;, the
Ti 3s/3p peaks are sharp and have higher binding energy,
consistent with the pure Ti*" state. In going from y = 0.63
to 0.29 to 0.01, the Ti 3s and Ti 3p spectral distributions
are broadened and shifted to the lower binding energy side.
Figure 4(b) shows the Ti 2p spectra for Mg Ti;_,03 with
y = 0.01, 0.29, 0.63, and 1.00. MgTiO; exhibits the sharp Ti
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FIG. 4. (a) O 25, Mg 2p, and Ti 3s/3p HAXPES spectra and
(b) Ti 2p HAXPES spectra of Mg, Ti,_, O3 with y = 0.01, 0.29, 0.63,
and 1.00.

2p3;2 and Ti 2p;/, peaks (around 460 and 466 eV), which
are accompanied by the charge transfer satellites (around 473
and 479 eV). This is consistent with Ti 3s and Ti 3p peaks
indicating the pure Ti** state in the ilumenite-type MgTiO;.
The y = 0.63 sample exhibits Ti** and Ti** components
indicating the mixed valence state. The Ti 2p spectrum of
y = 0.01 is very similar to that of Ti,O3 [17,33,34]. The
spectral shape of y = 0.01 including the satellite peaks on
the lower binding energy at about 455 and 456 eV can be
reproduced by the Ti;Og cluster model calculation [17]. In
this cluster model, the two TiOg octahedra share the face, and
the Ti-Ti distance is relatively small. The Ti-3d a;, orbitals
of the two Ti sites are strongly hybridized with each other
and provide the bonding-antibonding energy splitting in the
Ti-Ti molecule. The screening channels due to the ajg-ai,
hybridization are responsible for the satellite peaks on the
lower binding energy. In going from y = 0.01 to y = 0.29,
the area sum of the satellite peaks at about 455 and 456 eV is
considerably reduced. This indicates that the screening effect
in the Ti**-Ti** pairs is reduced in y = 0.29. If the remaining
Ti**-Ti** pairs are the same as those of Ti,O3, the isolated
Ti site paired with Mg?* is expected to be 4+4. However, in
the Ti 2p spectrum of y = 0.29, we observe that there are
no clear Ti** peaks, such as in y = 0.63, and instead, only
faint shoulders are observed at about 460 eV. This suggests
that the isolated Ti site is mostly +3, and electrons are mainly
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FIG. 5. Curve fits for the Ti 2p HAXPES spectra of Mg, Ti,_,O; with (a) y = 0.01, (b) y = 0.29, (¢) y = 0.63, and (d) y = 1.00. The
dashed curves indicate each Gaussian functions. For y = 0.29, curve fits with 3% Ti*" and 5% Ti** are shown by the solid curves. The Ti**
component is indicated by the arrow. The Shirley-type background is included in the fitted results.

removed from the Ti**-Ti** pairs resulting in the hole-doped
Ti-Ti pairs or the Ti** /Ti** mixed valence Ti-Ti pairs.

Figure 5 shows fitting results of the Ti 2p spectra. The com-
plicated Ti** components are fitted to six Gaussian functions
(including 2p3,, and 2p;/, branches) for y = 0.01. On the
other hand, the Ti** components are fitted to two Gaussian
functions for the 2p3,, and 2p;,, peaks of y = 1.00. The Ti
2p3; branch of y = 0.01 is expressed by the three Gaussians.
The two Gaussians at the lower binding energy side represent
the screening effect in the Ti-Ti pairs. When one of the Ti
ions in the Ti-Ti pairs is replaced by Mg, the other Ti ion
becomes isolated and expected to be Ti*". Indeed, the Ti 2p
spectrum of y = 0.63 exhibits such Ti** peaks and, therefore,
is fitted to eight Gaussian functions. In the Ti 2p3,, branch,
the ratio of the isolated Ti*" peak area to the total area is
estimated to be 0.25 from the fitting. Aty = 0.63, 31.5% of
the cation sites are occupied by Mg. Here, one can assume
that 17% of the cation sites are occupied by Ti** which are
paired with Mg?" in the face-sharing octahedra. Then, 14.5%
of the cation sites are occupied by Ti** paired with Mg>*. The
remaining 37% cation sites can be assigned to the hole-doped
Ti-Ti pairs. Since the hole concentration per formula unit is
0.63, the hole-doped Ti-Ti pairs are expected to accommodate
0.63-1.37x0.25 = 0.29 holes per formula unit. The rough
estimation suggests that each hole-doped pair accommodates
0.29/0.37 ~ 0.8 holes.

Although isolated Ti** sites are expected also at y = 0.29,

* peaks are not clearly seen in the Ti 2p spectrum of
y = 0.29. When we tried to fit the Ti 2p spectrum to eight
Gaussians in the similar manner for y = 0.63, no conver-
gence was obtained. Instead, we fixed the peak positions of

Ti** components to those of y = 0.63 and forcibly fitted the
spectrum to eight Gaussians. In the fitted result shown by
the dashed curve in Fig. 5(b), the Ti** component is about
1% of Ti**. In addition, we tried to fit the spectrum assum-
ing 3% Ti** and 5% Ti*". The obtained curve fits shown
by the solid curves are acceptable, but the residual sum of
squares increases with increasing the Ti*" component due to
narrowing of the main Ti** peak. From the different fitting
procedures, we can estimate the best fit value and the upper
limit value of Ti** amount to be about 1% of Ti** and 5% of
Tidt, respectively, which are far below 20.5% (0.17/0.83, the
value expected from the scenario where the isolated ions are
Ti**). Here, we neglect the isolated Ti** weight and estimate
hole concentration in the Ti-Ti pair. At y = 0.29, 14.5% of
the cation sites are occupied by Mg. Since there is no isolated
Ti**, 14.5% of the cation sites are occupied by Ti** paired
with Mg?*, and 71% of the cation sites can be assigned to
the hole-doped Ti-Ti pairs. Since the hole concentration per
formula unit is 0.29, each hole-doped Ti-Ti pair is expected
to accommodate 0.29/0.71 ~ 0.4 holes. The area sum of the
low binding energy components at about 455 and 456 eV
relative to the area of the high binding energy Ti** component
at 458.5 eV is 0.2698, 0.1311, and 0.1287 for the y = 0.01,
0.29, and 0.63 samples, respectively. This indicates that, apart
from the isolated Ti** and Ti** sites, the remaining Ti-Ti
pairs are still affected by the Ti-Ti charge transfer in the
face-sharing octahedra even in y = 0.63, although the average
Ti-Ti distance gets much longer than that in Ti, O3 [26].
Figure 6 shows the valence-band spectra. The Ti 3d band
evolves near the Fermi level in going from y = 0.00 to
y =0.01. Aty = 0.01, the Ti 3d peak is located around 0.5 eV
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FIG. 6. Valence-band HAXPES of Mg Ti,_,O3 with y = 0.01,
0.29, 0.63, and 1.00. The spectra are roughly normalized by the peak
height of the O 2p band. The inset shows the Ti 3d band near the
Fermi level for y = 0.29 and 0.63.

below the Fermi level which is consistent with the HAXPES
report on Ti, O3 [17]. The Ti 3d peak position does not depend
on the doping level y. At y = 0.29, the Ti 3d spectral weight
at the Fermi level is still very small as shown in the inset. This
is consistent with the surviving Ti-Ti molecules suggested by
the Ti 2p spectra. Although the isolated Ti site is 43 with the
localized Ti 3d electron, the a;4-a;, bonding orbitals in the Ti-
Ti dimers are partially occupied causing additional disorders,
which may suppress lattice thermal conductivity just like the
brookite system [35]. On the other hand, at y = 0.63, apprecia-
ble Ti 3d spectral weight is observed at the Fermi level. This
is probably consistent with the deviation from the hole-doped
Mott state seen in the O 1s peak energy shift. Since the c axis

or the direction of the a;, orbital is roughly perpendicular to
the photoemission direction in the present measurements, the
photoionization cross section of Ti 3d tends to be reduced in
y = 0.01 and 0.29 due to the proportionality of the transi-
tion matrix element effect to the initial-state orbitals in this
particular experimental geometry [36]. On the other hand,
the photoionization cross section of Ti 3d is less reduced in
y = 0.63 since the 5 orbitals tend to be occupied due to the
increased Ti-Ti distance in the face-sharing TiOg octahedra,
resulting in the observed similar spectral weights of the Ti 3d
feature despite with increasing y.

IV. CONCLUSION

We have performed HAXPES measurements on
Mg, Ti;_,O3 with y = 0.01, 0.29, 0.63, and 1.00. The Ti
2p spectrum for y = 0.01 resembles that of Ti,Os indicating
Ti** configuration with strong Ti-Ti electronic coupling in the
c-axis cation pair of the face-sharing octahedra. On the other
hand, the Ti 2p spectrum for y = 1.00 shows the Mg -Ti**
charge state in the pair. In y = 0.29, the Ti 2p spectrum hardly
shows the Ti*" peak, which was in y = 1.00, indicating the
c-axis pairing of Mg®* and Ti** and the Ti**/Ti*" mixed
valence state in the Ti-Ti c-axis pairs. In y = 0.63, the Ti
2p spectrum exhibits the Ti** signature similar to y = 1.00
indicating existence of the Mg?*-Ti** pairs. The results
indicate the important role of hybridization within the c-axis
cation pairs not only in the Ti**-Ti** configuration, but also
in the Ti**/Ti** mixed valence state. The electronic energy
gain in the mixed valence Ti-Ti pairs prevails the Madelung
energy gain of the Mg?*-Ti** c-axis pair formation.
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