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Optical spectroscopy of bulk single crystals of VOx and TiOx
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We successfully grew bulk single crystals of VOx and TiOx with a sodium-chloride structure by the floating-
zone method, and we performed optical reflectivity measurement and pump-probe spectroscopy to clarify the
electronic structure of these series of compounds and their x dependence. We found that optical spectra can be
discussed on the basis of the Mott-Hubbard model, although a disorder arising from the deficiencies of Vi or Ti
and O plays an important role in the electronic structure as well as their x dependence.
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I. INTRODUCTION

3d transition-metal oxides are typical strongly correlated
electron systems, where the Coulomb repulsion between two
d electrons on the same transition-metal ion (often denoted
as U ) is significant and dominates the electronic state of the
system. Depending on the ratio of U and the transfer integral
t of the d electrons, and also on the number n of d electrons
per ion, the system may be an insulator (a Mott insulator) or
a metal. In general, when U/t is large and n is close to an
integer, the system tends to be a Mott insulator

There are various 3d transition-metal oxides that are on
the border between the metallic state and the Mott-insulating
state, and some of them exhibit a metal-insulator transition
(Mott transition) [1]. For example, V2O3 [2], VO2 [3,4],
VnO2n−1 with a Magneli phase [5], Ti2O3 [6], and TinO2n−1

[7,8] exhibit metal-insulator transitions under temperature
variation. Various ternary systems including 3d transition
metals also are known to exhibit interesting behavior as
strongly correlated electron systems [1], and perovskite and
spinel structures are well-studied structures.

Among various 3d transition-metal oxides, transition-
metal monoxides with a sodium-chloride structure can be
regarded as having the simplest crystal structure. Among
transition-metal monoxides, those with conduction electrons
existing in the eg states of the 3d orbitals tend to be Mott
insulators because of a smaller transfer integral of the eg state
to the neighboring transition metal (T) in the edge-sharing
octahedron of TO6. Only those with d electrons in the t2g

states, namely, TiO and VO, can be metallic.
Physical properties of TiOx and VOx have been stud-

ied mainly in polycrystalline samples [9–21] and thin films
[22–29]. For both compounds, x can be varied from ≈0.8 to
≈1.3, and even at x = 1, there are vacancies of both Vi or
Ti and O. The resistivity ρ of VOx is nearly T independent
for x = 0.9 down to a low T , but it increases with x and
diverges at the lowest T for x � 1.1 [9,22,23]. The magnetic
susceptibility χ of VOx behaves in such a way that, for a small

x, χ is nearly temperature (T ) independent above 100 K but
increases at a low T . However, with increasing x, χ increases
and begins to exhibits a Curie-Weiss T dependence [9]. On the
other hand, the absolute value of ρ for TiOx is much smaller
than that for VOx. The sign of the T derivative of ρ for TiOx

changes from positive to negative with increasing x, but ρ

does not diverge at the lowest T with any x [9,18]. χ of TiOx

is almost T independent when x is small, and with increasing
x, χ rather decreases at room temperature but the Curie tail at
a lower T increases [18]. TiOx is a superconductor with Tc less
than 2 K [15], but Tc increases up to 7 K for thin films under
strain [28] and up to 11 K for nanoparticles [20]. Theoretical
studies have also been made on VOx and TiOx [30–32].

It should be pointed out that systematic studies on bulk
single crystals of VOx and TiOx have not been performed
extensively thus far, probably because both VOx and TiOx ex-
hibit incongruent melting [9]; thus, their large single crystals
are difficult to grow. Indeed, we found that a simple floating-
zone method [33], in which a nominal composition of VOx

or TiOx is melted, results in the decomposition into phases
with different lattice constants, namely, different x values.
Here, we found that if we apply a floating-zone method to a
nominal composition of VOx or TiOx mixed with K2CO3, the
decomposition is suppressed and a large single crystal with
negligible inhomogeneity can be grown. In this study, we grew
single crystals of VOx and TiOx with various x values. We then
performed optical reflectivity measurement and pump-probe
optical spectroscopy on these single crystals to clarify their
electronic structure and x dependence.

II. EXPERIMENT

Single crystals of VOx (x = 1.06 and 1.31) and TiOx (x =
0.93, 1.06, and 1.28) were grown by the floating-zone method.
V and V2O3 for VOx, and Ti and TiO2 for TiOx were mixed
with K2CO3 at appropriate amounts (typically at a molar ratio
of K : V,Ti = 1 : 10). The mixture was pressed into rods, and
the rods were melted in the floating furnace in a flow of
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H27%/Ar gas. Note that all of K2CO3 was evaporated during
the single-crystal growth by the floating-zone method. The
powder x-ray diffraction of the ground crystals was measured
to obtain the lattice constant, and Laue diffraction was mea-
sured to determine the crystal axes. The results of the x-ray
diffraction are summarized in the Appendix. x was estimated
on the basis of the relationship between the lattice constant
and the value of x for VOx and TiOx previously reported,
and by thermogravimetric analysis (TGA), which showed that
the results are almost consistent with each other. We use the
value obtained by TGA in this paper. The resistivity of the
crystals was measured by a four-probe technique. Magnetic
susceptibility was measured using a SQUID magnetometer at
an applied magnetic field of 0.1 T.

For optical measurements, the crystals were cut and pol-
ished with Al2O3 powder. All the optical measurements were
performed at room temperature. Optical reflectivity was mea-
sured using a FTIR spectrometer between 0.1 and 0.8 eV and
by a grating spectrometer between 0.7 and 5 eV. Pump-probe
optical spectroscopy was performed using a Ti:sapphire re-
generative amplified laser (a pulse width of 130 fs, a repetition
rate of 1 kHz, and a wavelength of 795 nm) [34]. A pump
pulse with a power density of 18 or 24 mJ/cm2 was applied
to the crystals. A probe pulse was generated by focusing a
laser pulse from the same laser as used for the pump pulse
into circulating water in the optical cell, where the frequency
of the light was broadened in frequency between h̄ω = 0.8
and 3.0 eV by the self-phase modulation. The light pulse
thus generated was focused onto the sample surface and the
reflected light was monochromated by a monochromator and
was detected using a Si photodiode. The time delay between
the pump pulse and the probe pulse was controlled by control-
ling the difference in optical path length by an optical stage.

III. RESULTS

Figure 1 shows the dc resistivity ρ and the magnetic sus-
ceptibility χ as functions of temperature T for VOx and TiOx.
As can be seen, the T derivative of ρ (dρ/dT ) is negative for
VOx and the one with x = 1.31 is more insulating than that
with x = 1.06. Such behavior is consistent with the results of
the polycrystalline forms [9] and thin films [22,23] of VOx.
On the other hand, ρ of TiOx is lower than that of VOx, and
the sign of dρ/dT changes with x from positive (x < 1) to
negative (x > 1) [9,18]. The absolute value of ρ for x = 1.06
is much smaller than those for other x values. According to
a previous study, monoclinic TiOx exhibits a lower resistivity
than cubic TiOx [9] probably owing to the ordering of Ti or O
defects [14,19]. We speculate that this also affects the smaller
values of ρ for our single crystal with x = 1.06. Note that
our TiOx single crystals have a slight monoclinic distortion,
as seen in the splitting of the x-ray diffraction peak shown
in the Appendix [Fig. 10(b)]. The magnetic susceptibilities of
TiOx for 0.93 � x � 1.28 are similar to each other and a clear
x dependence is barely observed.

Figure 2(a) shows the optical reflectivity spectra [R(ω)]
for VOx with x = 1.06 and 1.31. R decreases with increasing
h̄ω, reaching the minimum at ≈3.5 eV, and it increases with
increasing h̄ω at energies higher than 3.5 eV. With increasing
x, reflectivity below 2 eV decreases whereas that above 2 eV

FIG. 1. (a), (c) Resistivity and (b) inverse magnetic susceptibility
and (d) magnetic susceptibility for (a), (b) VOx and (c), (d) TiOx .

increases. Figure 2(b) shows the optical conductivity spectra
[σ (ω)] for VOx crystals derived from their R(ω) spectra by
the Kramers-Kronig transformation. A broad structure from
0 to 3 eV, which is followed by an increase above 3 eV, is
observed for both x. The increase in σ (ω) above 3 eV can
be attributed to the so-called charge-transfer (CT) excitation;
that is, the excitation from the oxygen 2p level to the upper
Hubbard band of the V 3d orbital, which can be commonly
observed in various vanadium oxides for a similar h̄ω range,
as discussed below.

On the other hand, the broad structure below 3 eV is
unique in the present series of compounds. For example, for
VO2, a typical Drude spectrum in σ (ω), which increases with
decreasing h̄ω to 0 eV, is observed at high temperatures in
the metallic phase, whereas a gap opens below h̄ω ≈ 0.5 eV
at low temperatures in the insulating phase [35]. For V2O3,
a nearly h̄ω-independent spectrum with small structures is
observed in σ (ω) at high temperatures in the metallic phase,
whereas a gap of ≈0.5 eV opens at low temperatures in the

FIG. 2. (a) Reflectivity and (b) optical conductivity spectra for
VOx with x = 1.06 and 1.31.
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FIG. 3. (a) Reflectivity, (b) optical conductivity, and (c) loss
function spectra for TiOx with x = 0.93, 1.06, and 1.28.

insulating phase [35]. Compared with these spectra, those for
VOx are between the spectra for the metallic and insulating
phases, where σ (ω) decreases with decreasing h̄ω at energies
below 0.5 eV, similarly to the spectra for a typical insulat-
ing phase, although σ (ω) remains a finite value at h̄ω = 0,
similarly to the spectra for the metallic phase. As for the

x dependence of the σ (ω) spectra, the spectrum at energies
below 1 eV decreases, whereas that at energies above 1 eV
increases with increasing x. This is qualitatively consistent
with a more insulating character in the dc resistivity for a
larger x.

The R(ω) spectra for TiOx with x = 0.93, 1.06, and 1.28
are shown in Fig. 3(a). R(ω) is nearly h̄ω-independent up
to ≈1.5 eV, then it decreases with increasing h̄ω, reaches a
minimum at ≈4 eV, after which it begins to increase. With
increasing x, the R(ω) spectrum between 2 and 4 eV shifts to
a lower energy. Figure 3(b) shows the σ (ω) spectra for TiOx

derived from their R(ω) spectra. Compared with those for
VOx, a clear increase in σ (ω) with decreasing h̄ω below 2 eV
is observed in the spectra for TiOx. However, this increase is
not due to a Drude spectrum, a typical spectrum for a metallic
state, but σ (ω) decreases with decreasing h̄ω below 0.5 eV.
Note that the values of σ (ω) at the limit of h̄ω = 0 eV, i.e.,
≈4 × 102 �−1 cm−1 for VOx and ≈2 × 103 �−1 cm−1 for
TiOx, are almost consistent with the dc resistivity at 300 K
for these series of compounds, except for TiOx with x = 1.06.

The x dependence of the σ (ω) spectra for TiOx shown in
Fig. 3(b) does not appear systematic. Indeed, a systematic x
dependence of the optical spectra for TiOx is more clearly
seen in the loss function, Im[−1/ε(ω)], as shown in Fig. 3(c).
Note that the loss function corresponds to the longitudinal
excitation, whereas σ (ω) corresponds to the transverse exci-
tation, and the R(ω) spectra are dominated both by σ (ω) and
Im[−1/ε(ω)]. As can be seen in Fig. 3(c), the peak in the loss
function at h̄ω ≈ 3 eV shifts to lower values with increasing
x. Since the peak frequency of the loss function corresponds
to the spectral weight of σ (ω), the present experimental result
means that the spectral weight of σ (ω) at energies below 3 eV
decreases with increasing x.

FIG. 4. Result of fitting of the optical conductivity spectra to Eqs. (1) and (2) (dashed line) and each component (thin solid lines) for VOx

with (a) x = 1.06 and (b) 1.31, and for TiOx with (c) x = 0.93, (d) 1.06, and (e) 1.28.
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To quantitatively understand these spectra, we fit the op-
tical conductivity spectra of both VOx and TiOx using one
Drude term and three Lorentz functions:

ε(ω) = ε∞ − ω2
p

ω2 + iωγp
+

3∑

i=1

Siω
2
i

ω2
i − ω2 − iωγi

, (1)

σ (ω) = Im{ωε(ω)}, (2)

where ε(ω) is the (dimensionless) complex dielectric func-
tion. The fitting results are shown by dashed lines in Figs. 4
and the parameters obtained by the fitting are summarized in
the Appendix. For the three Lorentz functions, the one with
ω3 (h̄ω3 > 4 eV) corresponds to the CT excitation. Such an
excitation exists at ≈3.5 eV for LaVO3 [36], ≈3 eV for V2O3

[35], ≈4 eV for LaTiO3 [36], and ≈4 eV for Ti2O3 [37], as
the onset of the peak in the optical conductivity spectrum.
Thus, the onset of the peak with ω3 at ≈4 eV for TiOx and
≈3.5 eV for VOx in the present study is consistent with the
tendency of the vanadate and titanates in the previous studies.
The remaining two Lorentz functions (h̄ω2 = 2–3 eV and
h̄ω1 ≈ 1 eV) are most likely assigned to the Mott excitation
and in-gap excitation. In strongly correlated electron systems,
for example, in those described by the Hubbard model with
the onsite Coulomb repulsion U between two electrons on the
same site and the transfer integral t of the electron, the σ (ω)
spectrum is composed of a Mott excitation at ≈U , an in-gap
excitation at ≈U/2, and a Drude spectrum at h̄ω = 0 [38]. On
the basis of this picture, the Lorentz function with ω2 can be
assigned to the Mott excitation and that with ω1 to the in-gap
excitation.

One of the striking features in the fitting results of the
σ (ω) spectra for VOx and TiOx is the presence of a large
portion of the spectral weight for the in-gap excitation (ω1)
and a relatively small portion of the Drude spectrum and the
Mott excitation (ω2). Theoretically and experimentally, with
decreasing U/t or varying the number of carriers per site from
unity, the spectral weight of the Mott excitation decreases
whereas that of the Drude spectrum and in-gap excitation
increases [1,38]. For vanadium oxides, the Drude excitation
and possibly the in-gap excitation have a much larger spectral
weight than the Mott excitation for VO2, meaning a relatively
small U/t , whereas all the Drude, in-gap, and Mott excitations
have comparable spectral weight for V2O3, meaning a larger
U/t [35]. For the present compounds, although the spectral
weight of the Mott excitation is relatively small, the in-gap
excitation is dominant and the Drude weight is much smaller
than that of the in-gap excitation. Such an anomalous ratio in
the spectral weight suggests that disorder in VOx and TiOx

arising from the deficiencies of V, Ti, and O ions causes the
transfer of the spectral weight from the Drude component to
the in-gap component.

As seen in Fig. 4, the σ (ω) spectra for both series of
compounds, particularly for VOx, are relatively structure-
less and the decomposition of the spectra may include some
uncertainty. To further identify each structure, we performed
pump-probe measurements on these series of compounds.
Figures 5(a) and 5(b) show the photoinduced changes in the
reflectivity spectra 	R/R for VOx with x = 1.06 and 1.31 at
0.3 and 2 ps after the irradiation of a pump pulse. As can be
seen, 	R/R is positive at lower h̄ω and negative at higher h̄ω,

FIG. 5. (a), (b) Photoinduced change in the reflectivity spectra
	R/R for VOx with (a) x = 1.06 and (b) 1.31 at 0.3, 2, and 10 ps
after a pump pulse is applied. Dashed lines are the result of the fitting
for the data at 2 ps. (c), (d) Lorentz functions with h̄ω1 ≈ 1 eV and
h̄ω2 ≈ 2.5 eV before (thin black lines) and after (thick magenta lines)
the irradiation of a pump pulse for (c) x = 1.06 and (d) 1.31.

FIG. 6. Time dependence of the photoinduced change in the
reflectivity 	R/R for VOx (a) with x = 1.06 and (b) x = 1.31 at
various values of h̄ω of the probe pulse up to t = 10 ps, and (c) with
x = 1.31 at h̄ω = 2.6 eV with various power densities of the probe
pulse up to t = 100 ps.
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and the value of h̄ω at which 	R/R becomes zero is 2.5 eV at
2 ps for x = 1.06, but it decreases to 1.7 eV for x = 1.31.

Figures 6(a) and 6(b) show the time (t) dependence of the
photoinduced change in the reflectivity 	R/R for VOx with
x = 1.06 and 1.31 at various h̄ω values up to 10 ps. For both x
values at any h̄ω, 	R/R sharply changes near t = 0 ps and
then barely changes. We found that 	R/R at the same h̄ω

shifts to lower values for x = 1.31 compared with x = 1.06,
consistent with the 	R/R spectra shown in Figs. 5(a) and 5(b).
A slight decrease in 	R/R with t up to 10 ps is likely caused
by the oscillation of 	R/R with t associated with shockwaves,
whose propagation speed is dominated by the sound velocity
of the compound. This is more clearly seen in Fig. 6(c), where
the t dependence the photoinduced 	R/R at h̄ω = 2.6 eV
for x = 1.31 is plotted up to 100 ps. In the same figure, the
t dependence of 	R/R is plotted at various power densities
of the pump pulse p. As can be seen, the absolute value of
	R/R increases with increasing p, but the increase in 	R/R
is less than the linear dependence of p, meaning a saturation
behavior.

To analyze the photoinduced 	R/R spectra shown in
Fig. 5, we calculate the change in the reflectivity spectrum
using the following formula of reflectivity:

R(ω) =
∣∣∣∣

√
ε(ω) − 1√
ε(ω) + 1

∣∣∣∣
2

, (3)

before and after the change in the parameters of some of the
Lorentz functions obtained by the fitting of the experimentally
obtained σ (ω) spectrum. We found that the photoinduced
	R/R spectra obtained in the experiment can be reproduced
by changing the parameters of only the first (in-gap exci-
tation) and second (Mott excitation) Lorentz functions. The
fitting results of the 	R/R spectra at 2 ps are shown by
dashed lines in Figs. 5(a) and 5(b). The changes in the
two Lorentz functions of the σ (ω) spectrum are shown in
Figs. 5(c) and 5(d) and the parameters are summarized in the

Appendix. As can be seen, the spectral weight for the second
Lorentz function is reduced whereas that for the first one
is increased by photoirradiation. In many strongly correlated
electrons systems, the Mott-excitation spectrum is suppressed
whereas the Drude and in-gap excitations are enhanced by
photoirradiation [39,40]; thus, the present experimental re-
sults are consistent with the assignment of the first and
second Lorentz functions to the in-gap and Mott excitations,
respectively.

The x dependence of the spectra for VOx can be described
as follows: For the σ (ω) spectrum, the spectral weight of the
Mott excitation increases with x. With photoirradiation, how-
ever, the reduction in the spectral weight of the Mott excitation
becomes larger with increasing x, resulting in the shift of h̄ω at
which the photoinduced 	R/R becomes zero to a lower value.
In general, the Mott excitation is enhanced when the system
becomes more insulating (owing to the increase in U/t , for
example). The photoirradiation in such a system roughly cor-
responds to carrier doping, and it is reasonable to consider that
if the system is closer to the Mott insulating state, the change
in the spectrum with carrier doping becomes more significant.
These are consistent with the present experimental results.

We also performed the pump-probe measurements of TiOx

and the results are shown in Figs. 7(a)–7(c). The 	R/R spec-
tra exhibit a dip at h̄ω ≈ 2 eV, and the depth of the dip
increases and the position of the dip shifts to a higher h̄ω with
increasing x.

The time (t) dependence of photoinduced 	R/R for TiOx

up to 10 ps is shown in Figs. 8(a)–8(c). Unlike in the case of
VOx, there is a clear t dependence of 	R/R, particularly at
h̄ω above 2 eV, in such a way that 	R/R becomes negative
immediately after t = 0 (application of a pump pulse). Then,
its absolute value decreases to zero within 1 ps, after which
	R/R becomes negative again for ≈5 ps. Such t dependence
manifests itself in the 	R/R spectra shown in Figs. 7(a)–7(c),
where only the spectrum at 1 ps shifts to higher values above
2 eV. The t dependence of 	R/R in this range is dominated

FIG. 7. Photoinduced changes in the reflec-
tivity spectra 	R/R for TiOx with (a) x = 0.93,
(b) 1.06, and (c) 1.28 at 0.3, 1, and 5 ps after
a pump pulse is applied. Dashed lines are the
results of the fitting of the data at 1 ps. Lorentz
functions with h̄ω1 ≈ 0.6 eV before (thin black
lines) and after (thick red lines) the irradiation
of a pump pulse for (d) x = 0.93, (e) 1.06, and
(f) 1.28.
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FIG. 8. Time dependence of the photoinduced change in the re-
flectivity 	R/R for TiOx (a) with x = 0.93, (b) x = 1.06, and (c)
x = 1.28 at various h̄ω values of the probe pulse up to 10 ps, and
(d) with x = 1.28 at h̄ω = 2.4 eV with two different power densities
of the probe pulse up to t = 100 ps.

by the excitation of electrons, which occurs much shorter than
1 ps, and the subsequent transfer of energy from electrons
to phonons for several picoseconds. The difference in the t
dependence of photoinduced change in the optical spectrum
between VOx and TiOx may be related to the smaller corre-
lation of electrons in TiOx, which makes the energy transfer
from the electronic excitation to phononic excitations more
difficult. Figure 8(d) shows the photoinduced 	R/R for TiOx

with =1.28 at h̄ω = 2.4 eV with p = 6 and 24 J/cm2 up to
100 ps. Similarly to VOx shown in Fig. 6(c), 	R/R persists
up to 100 ps, indicating that it is dominated by the increase in
the lattice temperature. However, unlike the case of VOx, the
absolute value of 	R/R increases almost linearly with p with
no sign of saturation.

We analyzed the 	R/R spectra for TiOx shown in
Figs. 7(a)–7(c) similarly to those for VOx. In the case of
TiOx, we found that changes in the parameters of only the
first Lorentz function are sufficient to reproduce the 	R/R
spectra, as shown by dashed lines in Figs. 7(a)–7(c). The
results of the fitting indicate that the width γ1 increases and
the peak position ω1 shifts to lower frequencies upon the
photoirradiation of TiOx, as shown in Figs. 7(d)–7(f) and
the Appendix. Qualitatively, these changes correspond to that
occurring when the temperature increases for the system on
the border between the insulating and metallic states. Similar
photoinduced changes were observed in other strongly corre-
lated electron systems in a nearly metallic state [41].

We found that the x dependence of the photoinduced 	R/R
is more clearly observed in the change in loss function caused
by photoirradiation, as shown in Fig. 9, where the change
obtained by the fitting is plotted. Both the decrease in ω1 and
the increase in γ1 contribute to such a change in loss function
between 1 and 3 eV and the change in the reflectivity. The
amount of change in loss function induced by photoirradiation

FIG. 9. Changes in the loss function Im[−1/ε(ω)] with the ir-
radiation of a pump pulse for TiOx with x = 0.93, 1.06, and 1.28
obtained by the fitting.

increases with x. This can be interpreted, similarly to VOx,
that the effect of the photoinduced change, which is equivalent
to carrier doping, becomes more significant when the system
becomes closer to a Mott insulator.

IV. DISCUSSION

Let us first compare VOx and TiOx with other vanadates
or titanates in terms of the electronic structure. As discussed
above, VO2 and V2O3 exhibit a metal-insulator transition with
T , and in the metallic phase, the σ (ω) spectrum is dominated
by a Drude excitation in VO2, whereas Drude, in-gap, and
Mott excitations with comparable spectral weights exist in
V2O3 [35]. In the case of Ti2O3, a large peak centered at
≈1 eV with large spectral weight exists in σ (ω) [6,37], but
it arises from the excitation within the Ti dimers, peculiar to
the corundum structure. The vanadates and titanates with a
perovskite structure are Mott insulators with integer filling,
where a gap structure appears in σ (ω), but they can be metallic
with hole doping, where a Drude component becomes domi-
nant in σ (ω) [42,43]. Compared with their spectra, the σ (ω)
spectra of VOx and TiOx have a unique characteristic, where,
even though the compounds are metallic or close to metallic,
the spectral weight of the Drude component is smaller than
that of the in-gap component, which can be fit by a Lorentz
function. We speculate that the deficiencies of Vi or Ti and O,
which exist even in a seemingly stoichiometric compound of
x = 1, act as disorders and change the Drude component to
the in-gap component.

A comparison between VOx and TiOx indicates that a
larger spectral weight exists in the region of h̄ω < 2 eV for
TiOx, suggesting a more metallic characteristic of TiOx than
of VOx. This is consistent with the lower dc resistivity of TiOx

than of VOx. Such a difference might be due to the difference
in the number of d electrons (two for TiOx and three for
VOx), which results in the difference in the onsite Coulomb
repulsion U (larger for VOx).

Regarding the x dependence, with increasing x, a smaller
spectral weight exists in the Drude and in-gap components
of the σ (ω) spectra for both VOx and TiOx. Furthermore, a
photoinduced change in reflectivity increases with x for both
VOx and TiOx. These results indicate that both VOx and TiOx

become more insulating with increasing x. Note that, if these
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are conventional Mott systems, they are insulating when x = 1
and become conducting when x is less or larger than one. The
present experimental result on the electronic structure indi-
cates that there is no such anomaly at x = 1, but the system
monotonically changes from a more conducting state when
x < 1 or x ≈ 1 to a less conducting state when x > 1 both
in VOx and TiOx. This also suggests the role of vacancies as
disorder, which cancel out such a peculiar x dependence of
conventional Mott systems.

Finally, let us discuss the origin of this x dependence. For
TiOx, with increasing x, the number of d electron decreases;
thus, the magnitude of onsite Coulomb repulsion U also de-
creases. Simultaneously, the lattice constant becomes smaller
[9]; thus, the transfer integral t becomes larger. Accordingly,
there is no reason that TiOx becomes more insulating with
increasing x in terms of the Mott-Hubbard model. Again,
we speculate that the deficiencies of ions as disorders play
important roles in this behavior. In both TiOx and VOx, the
number of the deficient cations, Ti or V, increases with x; thus,
we speculate that disorders arising from the deficiencies of Ti
or V cause the reduction in effective transfer integral and a
more insulating characteristic for not only TiOx but also VOx.

V. SUMMARY

Single crystals of VOx and TiOx with a sodium-chloride
structure were grown by the floating-zone method, in which
the decomposition during the crystal growth was suppressed
by mixing K2CO3 with the starting material. The optical re-
flectivity of these single crystals was measured and it was
found that the optical conductivity spectra for both VOx

and TiOx can be fit by the sum of a Drude spectrum and
three Lorentz functions, possibly corresponding to an in-gap
state, Mott-gap excitation, and CT excitation. We found a
larger spectral weight of the in-gap state than of the Drude
component, which is possibly caused by the disorders aris-
ing from the deficiencies of cations (V or Ti) and O, which
transfers the Drude component into the in-gap component.
We also found that, with increasing x, the spectral weight of
the Mott-excitation peak increases for VOx whereas the sum
of the spectral weight of the Drude and in-gap components
decreases for TiOx. These results are consistent with the result
of the dc resistivity, which exhibits a more insulating behavior
with increasing x for both VOx and TiOx.

Pump-probe optical spectroscopy was also performed on
these single crystals, which showed that the photoinduced
change in reflectivity for VOx can be attributed to the sup-
pression of the Mott-excitation peak and the evolution of the
in-gap state, whereas that for TiOx can be explained by the
increase in the width and the shift to lower frequencies of
the peak for the in-gap state. For both compounds, the pho-
toinduced changes become more significant with increasing
x. Assuming that the photoinduced changes are equivalent
to the changes associated with carrier doping, the present
results mean that the changes in the optical spectra with
doping become more significant when the system becomes
more insulating. This is consistent with the idea that the two
present series of compounds are both Mott-Hubbard systems.
Nevertheless, anomalies as expected for Mott-Hubbard sys-
tems are barely observed upon integer filling, x = 1, for either

FIG. 10. Power x-ray patterns around 200 peak for (a) VOx and
(b) TiOx . Laue diffraction patterns of the (001) plane for (c) VOx and
(d) TiOx .

series of compounds, indicating that the electronic states are
significantly affected by the disorders arising from Ti, V and
O deficiencies.
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APPENDIX

The powder x-ray diffraction and Laue diffraction patterns
are shown in Fig. 10.

Nominal x values (x for VOx or TiOx for the starting ma-
terials), the lattice constants, and the x values estimated from
the lattice constants and from TGA are shown in Table I.

The parameters obtained by the fitting of the optical spectra
are summarized in Table II for VOx and in Table III for
TiOx.

TABLE I. Nominal x values, the lattice constants, and the x
values estimated from the x-ray and TGA for VOx and TiOx .

Nominal x Lattice constant (Å) x from x-ray x from TGA

VOx

1.0 4.090 1.05 1.06
1.3 4.140 1.30 1.31
TiOx

0.9 4.194 0.80 0.93
1.0 4.178 1.10 1.06
1.2 4.167 1.30 1.28
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TABLE II. Parameters obtained by the fitting of the σ (ω) spectra (odd rows) and changes in some parameters obtained from the
photoinduced 	R/R spectra (even rows) for VOx .

x ωp (eV) γ0 (eV) ω1 (eV) γ1 (eV) S1 ω2 (eV) γ2 (eV) S2 ω3 (eV) γ3 (eV) S3

1.06 0.869 0.284 0.970 3.716 29.55 2.751 2.514 0.340 6.715 3.949 1.448
−0.163 −0.055 1.08 −0.042 −0.613 −0.192

1.31 0.860 0.261 1.090 3.949 23.86 2.205 1.786 0.563 4.961 3.769 1.084
−0.149 −0.481 −1.80 −0.091 −0.644 −0.335

TABLE III. Parameters obtained by the fitting of the σ (ω) spectra (odd rows) and changes in some parameters obtained from the
photoinduced 	R/R spectra (even rows) for TiOx .

x ωp (eV) γ0 (eV) ω1 (eV) γ1 (eV) S1 ω2 (eV) γ2 (eV) S2 ω3 (eV) γ3 (eV) S3

0.93 2.120 0.447 0.714 1.152 43.04 2.390 1.923 0.662 4.956 1.555 0.812
−0.045 0.051 0.67

1.06 3.330 0.814 0.757 1.14 26.13 2.786 0.917 0.120 5.182 1.629 0.968
−0.043 0.098 0.52

1.28 2.538 0.600 0.600 1.192 51.46 3.074 0.952 0.128 4.878 1.237 0.782
−0.082 0.074 0.31
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