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In photoinduced phase transitions, the relationship between the crystal orientation and the direction of the
polarization or wave vector of light seems important, but surprisingly, such directional properties in photoinduced
phase transitions have not been well studied experimentally. Ti3O5 exhibits a structural phase transition involving
the anisotropic migration of Ti and O ions, and its nanocrystals exhibit a persistent photoinduced phase
transition. We found that a photoinduced phase transition occurs even in a single crystal of this compound,
but it significantly depends on the orientation of the plane on which the light is irradiated. Such a selection
rule for photoinduced phase transitions is dominated by the anisotropy of the strain associated with the phase
transition.
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I. INTRODUCTION

Photoinduced phase transitions are phenomena in which
the application of a laser pulse to a material induces phase
transition in the material. It has been observed in various
types of phase transition, for example, the Mott transition
[1–10], charge ordering [11–15], orbital ordering [16,17],
spin-crossover transition [18,19], and charge density wave
transition [20]. These phase transitions are mostly categorized
into electronic phase transitions, in which the driving force of
the phase transitions is electronic, although it is often accom-
panied by a small lattice distortion associated with the change
in electronic structure. Regarding such phase transitions in-
duced by a laser pulse, since light has its own directions
of the polarization and wave vector, how the photoinduced
phase transitions depend on these directions with respect to
the crystal orientation is an interesting issue. However, the
intrinsic dependence of photoinduced phase transitions on the
directional properties of light has hardly been studied thus
far, except for the apparent dependence on the polarization
direction arising from the different absorption coefficient of
the material.

Research on photoinduced phase transitions accompanied
by a migration of atoms in the crystals has been conducted
much less than that on electronic phase transitions, and
their study on Ti3O5 is one of the rare examples. Ti3O5

[21–31] has Ti ions with an average valence of 3.3+, that
is, there are nominally two Ti3+ (3d1) ions and one Ti4+

(3d0) ion, and it exhibits successive structural phase tran-
sitions with increasing temperature from the monoclinic β

phase [low-temperature (LT) phase] to the monoclinic λ phase
[intermediate-temperature (IT) phase] at ∼460 K and from
the λ phase to the orthorhombic α phase (high-temperature
phase) at ∼500 K. The β phase (LT phase) is characterized

by the Ti3+-Ti3+ dimer along the c axis and that along the a
axis, but the dimer along the c axis disappears in the λ phase
(IT phase) because of the migration of Ti and O ions with
the phase transition, as shown in Figs. 1(a) and 1(b). Various
physical properties drastically change with this β → λ phase
transition. Furthermore, the transition temperatures decrease
with Al doping into the Ti site of Ti3O5 and the phase at room
temperature changes from β to λ and α for Ti3−xAlxO5 with
increasing x [29].

Photoinduced phase transitions have been observed in
nanocrystals of Ti3O5 [25], where the β (LT) and λ (IT) phases
coexist at room temperature. When a nanosecond laser pulse
is applied to these nanocrystals, a permanent change from the
β phase to the λ phase or from the λ phase to the β phase
occurs depending on the intensity of the laser pulse. Recently,
the photoinduced phase transition of the Ti3O5 nanocrystals
has been studied by time-resolved x-ray diffraction [31], and
it has been clarified that the change in lattice structure from
the β phase to the λ phase is associated with the propagation
of strain wave, whose timescale is on the order of several
picoseconds.

One of the unclarified issues on the photoinduced phase
transitions of Ti3O5 is the role of nanocrystals. It seems likely
that the λ (IT) phase is more stabilized compared with the
β (LT) phase in nanocrystals and as a result, the two phases
coexist at room temperature. However, it is not clear how
the size of the crystal affects the processes of photoinduced
phase transitions. In addition, we consider that this compound
is a good system for studying the possible dependence of
photoinduced phase transitions on the direction of the polar-
ization or wave vector of light with respect to the orientation
of the crystal, since the phase transitions involve the migra-
tion of atoms with anisotropy. In this study, we performed
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FIG. 1. (a), (b) Crystal structure of Ti3O5 in the (a) β phase
(low-temperature phase) and (b) λ phase (intermediate-temperature
phase) drawn by VESTA [32]. The arrows in (b) illustrate the excita-
tion that contributes to the peaks in optical conductivity (see text).
(c) Schematic illustration of the strain associated with the phase
transition from the β phase to the λ phase caused by the accumulation
of a change in the lattice constant of the unit cell.

time-resolved pump-probe reflectivity measurements of a
Ti3O5 (β phase) single crystal, and we found that a photoin-
duced phase transition is severely affected by the orientation
of the surface of the crystal on which the laser pulse is irradi-
ated, and this selection rule is dominated by the anisotropy in
the macroscopic strain of the material.

II. EXPERIMENT

The single crystals used in this study were grown by the
floating-zone method as described in Ref. [29]. The crys-
talline axes of the grown crystals were determined by the
Laue method. We found that Ti3O5 is easily cleaved along the
surface containing the c axis; thus, we mainly used the cleaved
surfaces along the ac or bc plane, whereas the surface along
the ab plane was polished with alumina powder. The effect
of polishing on the photoinduced phenomena is discussed in
Appendix D. For Ti2.75Al0.25O5, the polished surfaces were
used for all the planes. Reflectivity measurements at room
temperature were performed between 0.08 and 0.8 eV using
an FTIR spectrometer and between 0.6 and 5.0 eV using a
grating spectrometer. Pump-probe reflectivity measurements
were performed using a Ti:sapphire regenerative amplified
laser (a pulse width of 130 fs, a repetition rate of 1 kHz, and
a wavelength of 795 nm). A laser pulse was divided into a
pump pulse and a probe pulse. The pump pulse with a power
density of <33 mJ/cm2 was applied to the sample surface.
The probe pulse, which was broadened in frequency between
0.8 and 3.0 eV by self-phase modulation, was applied to the
sample surface with various time delays. The reflected light of
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FIG. 2. (a), (b) Reflectivity spectra at room temperature with E ‖
a, b, and c for (a) Ti3O5 in the β phase and (b) Ti2.75Al0.25O5 in
the λ phase. (c), (d) Optical conductivity spectra derived from the
reflectivity spectra in (a) and (b) for (c) Ti3O5 in the β phase and (d)
Ti2.75Al0.25O5 in the λ phase.

the probe pulse was monochromated and detected using a Si
photodiode.

III. OPTICAL REFLECTIVITY AND CONDUCTIVITY
SPECTRA

Regarding the information necessary to analyze the pho-
toinduced spectra, we first measured the reflectivity spectra
of Ti3O5 as well as Ti2.75Al0.25O5, which is in the λ phase
at room temperature. Figures 2(a) and 2(b) show the optical
reflectivity spectra with the polarization along the a, b, and
c axes at room temperature for (a) Ti3O5 (β phase) and (b)
Ti2.75Al0.25O5 (λ phase) below 5 eV. Figures 2(c) and 2(d)
show the optical conductivity spectra below 3 eV obtained by
the Kramers-Kronig transformation of the reflectivity spectra
shown in Figs. 2(a) and 2(b). For both compounds, the optical
conductivity spectra with E ‖ b [σb(ω)] do not show a signifi-
cant structure below 3 eV. For Ti3O5, the optical conductivity
spectrum with E ‖ c [σc(ω)] has a peak at ∼1 eV and a small
shoulder at ∼2 eV, whereas that with E ‖ a [σa(ω)] has a peak
at ∼2 eV and a small shoulder at ∼1 eV. These spectra are al-
most consistent with those obtained by theoretical calculation
[31]. On the basis of comparison between the calculated and
measured spectra, the peak at 1 eV for σc(ω) can be assigned
to the excitation of the d electron in the bonding state of the
Ti dimer along the c axis to the antibonding state of the Ti
dimer along the a axis, and the peak at 2 eV for σa(ω) can
be assigned to the excitation of the d electron in the bonding
state of the Ti dimer along the a axis to the antibonding
state of the same dimer [25,27], as indicated by arrows in
Fig. 1(a).
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FIG. 3. (a), (b) Photoinduced changes in the reflectivity spectra
�R/R on the ac plane with Epump ‖ a and Eprobe ‖ c at (a) t = 7 ps
after a pump pulse with a power density of p = 6 or 24 mJ/cm2

is applied and (b) t = 0.5, 7, and 5000 ps after a pump pulse with
p = 24 mJ/cm2 is applied. The dashed line in (a) is a fitting curve
(see text). (c) Decomposition of the optical conductivity spectrum
of Ti3O5 along the c axis into four Lorentz functions. The dashed
line is the sum of the Lorentz functions, and the red solid line is
the sum of the Lorentz functions with shifted parameters for the
photoinduced spectrum in (d). (d) Three Lorentz functions for the
optical conductivity spectrum along the c axis before the application
of a pump pulse (thin black lines) and 7 ps after a pump pulse of
p = 24 mJ/cm2 is applied (thick red lines).

On the other hand, the optical conductivity spectra for
Ti2.75Al0.25O5 in the λ phase have little anisotropy between
σa(ω) and σc(ω) below h̄ω < 3 eV. These spectra are qual-
itatively consistent with the calculated optical conductivity
spectra for the λ phase [31]. This result indicates that the Ti-Ti
dimer in the λ phase, which seemingly exists along the a axis
in terms of the crystal structure [dashed lines in Fig. 1(b)],
affects the electronic structure much less significantly than the
dimer in the β phase. (Reflectivity and optical conductivity
spectra of Ti3O5 at high temperatures, which is possibly in
the λ phase, are shown and discussed in Appendix E.)

IV. PHOTOINDUCED REFLECTIVITY SPECTRA

Let us see the photoinduced changes in reflectivity spectra.
Figure 3(a) shows the photoinduced spectra �R/R at t = 7
ps after a pump pulse with a power density of p = 6 or 24
mJ/cm2 is applied to a cleaved surface along the ac plane of
Ti3O5 with the polarization of a pump pulse along the a axis
and a probe pulse along the c axis (Epump ‖ a and Eprobe ‖ c).
The wavelength of the pump pulse (795 nm) corresponds to
h̄ω = 1.56 eV, and it is approximately located at the crossing
point of σa(ω) having a peak at ∼2 eV and σc(ω) having a
peak at ∼1 eV. Figure 3(b) shows the photoinduced �R/R
spectra on the same surface with the same polarizations at
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FIG. 4. (a), (b) Difference between the reflectivity spectra for
Ti2.75Al0.25O5 in the λ phase and that for Ti3O5 in the β phase with
(a) E ‖ c and (b) E ‖ a.

t = 0.5 ps, 7 ps, and 5000 ps for p = 24 mJ/cm2. In both se-
ries of the data, large photoinduced changes are observed. For
comparison, the difference between the reflectivity spectrum
with E ‖ c for Ti2.75Al0.25O5 in the λ phase and that for Ti3O5

in the β phase is shown in Fig. 4(a). Note that the negative
value in the difference spectrum around ∼1 eV is due to the
fact that the peak at ∼1.0 eV in the σc(ω) spectrum of the
β phase [Fig. 2(c)] is suppressed in the λ phase. As can be
seen, the photoinduced changes in the reflectivity spectrum
shown in Figs. 3(a) and 3(b) are discernibly different from the
difference in the reflectivity spectra between the λ (IT) and
β (LT) phases shown in Fig. 4(a). Thereby, we can conclude
that the photoinduced changes shown in Figs. 3(a) and 3(b)
are not caused by the phase transition from the β phase to the
λ phase. To clarify what causes the photoinduced spectral
change shown in Figs. 3(a) and 3(b), we carried the following
procedure: First, the optical conductivity spectrum for Ti3O5

with E ‖ c below 5 eV shown in Fig. 2(c) was fitted by four
Lorentz functions,

σ (ω) = ω2
∑

i

Ciγi(
ω2 − ω2

i

)2 + γ 2
i ω2

, (1)

as shown in Fig. 3(c). Then, the parameters of each Lorentz
function (the peak frequency ωi, the width γi, and the spectral
weight Si) were shifted and the photoinduced spectral change
was fitted by the difference between the reflectivity spectrum
calculated with the shifted parameters and that with the origi-
nal parameters, using the following formula of reflectivity:

ε(ω) =
∑

i

Si

ω2 − ω2
i − iγiω

+ ε∞, (2)

R(ω) =
∣∣∣∣
√

ε(ω) − 1√
ε(ω) + 1

∣∣∣∣
2

. (3)

We found that the photoinduced �R/R spectra can be fitted,
as shown by a dashed line in Fig. 3(a), by changing the param-
eters of three Lorentz functions with the peaks at h̄ω0 = 1.0,
1.9, and 2.7 eV, as shown Fig. 3(d). The parameters obtained
by the fitting are shown in Table I of Appendix A. The change
in the parameters is such that the peak frequency is shifted
to lower values for all of the three peaks, and the spectral
weight for the peak at h̄ω0 = 1.9 eV decreases, but that for
the peak at h̄ω0 = 1.0 eV increases. The sum of these Lorentz
functions with the shifted parameters is shown by the red
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line in Fig. 3(c). Such a shift of the spectral weight to lower
frequencies is typically observed when the temperature of
the sample is increased. Therefore, we conclude that when a
pump pulse is applied onto the ac plane, the temperature of
the sample increases, which results in a large photoinduced
change in the spectrum. Nevertheless, the sample does not
undergo transition into the λ phase but remains in the original
β phase.

One of the possible reasons why the application of a pump
pulse does not induce a phase transition in this case is the
change in lattice constants associated with the transition from
the β phase to the λ phase. Among the three lattice constants,
a, b, and c, only c increases by ∼6% with the phase transition,
whereas a and b change by much less than 1% [24]. There-
fore, if a pump pulse with a diameter of ∼1 mm is irradiated
onto the ac plane and causes a transition from the β phase
to the λ phase, a circle with a diameter of 1 mm on the
sample surface should be expanded by ∼6%, corresponding
to ∼60 μm, in the c direction. This means that the atoms in
the circle have to move at a similar length. Since the speed
of the motion of atoms in the crystal is typically less than
its sound velocity, which is usually several 103 m/s, it takes
∼10−8 s for a 1-mm-diameter part to expand, which is much
longer than the timescale of the pump-probe measurement.
Therefore, such lattice expansion does not occur and the lat-
tice constant remains smaller than the value expected for the
λ phase, resulting in a large strain that can disturb the phase
transition.

The consideration above suggests that if a pump pulse is
applied onto the ab plane, the irradiated part of the crystal is
∼100 nm thick in the c direction, which is dominated by the
penetration depth of the light with the wavelength of 795 nm;
accordingly, the expansion of the c axis associated with the
transition from the β phase to the λ phase will not cause a
significant strain (see the illustration at the center of Fig. 6).
Figure 5(a) shows the photoinduced change in the reflectivity
spectra �R/R at t = 7 ps with p = 6 or 33 mJ/cm2 along
the ab plane of Ti3O5 with Epump ‖ a and Eprobe ‖ a. One
of the differences between �R/R with p = 6 mJ/cm2 and
that with 33 mJ/cm2 is the position of the minimum in the
�R/R spectrum, which shifts from ∼2.0 eV to ∼1.8 eV with
increasing power density p, as shown by arrows in Fig. 5(a).
Figure 5(b) shows the photoinduced change in the reflectivity
spectra �R/R on the same surface with the same polarizations
at t = 0.5, 7, and 5000 ps for p = 33 mJ/cm2. As can be seen,
the �R/R spectrum barely changes with t from 0.5 to 7 ps.
The t dependence of �R/R for various ranges of t is discussed
in detail in Appendix B and Fig. 7. The difference between
the reflectivity spectrum with E ‖ a for Ti2.75Al0.25O5 in the λ

phase and that for Ti3O5 in the β phase is shown in Fig. 4(b).
The photoinduced �R/R spectra with p = 33 mJ/cm2 shown
in Figs. 5(a) and 5(b) are similar to the difference spectrum
shown in Fig. 4(b), suggesting that a photoinduced phase
transition occurs in this case.

The photoinduced �R/R spectra along the ab plane were
analyzed by the same procedure as that for the spectra
along the ac plane shown in Fig. 3. Namely, the optical
conductivity spectrum for Ti3O5 with E ‖ a below 5 eV
was fitted by four Lorentz functions as shown in Fig. 5(c),
and the photoinduced reflectivity spectra were fitted by the
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FIG. 5. (a), (b) Photoinduced changes in the reflectivity spectra
�R/R on the ab plane with Epump ‖ a and Eprobe ‖ a at (a) t = 7 ps
after a pump pulse with a power density of p = 6 or 33 mJ/cm2 is
applied and (b) at t = 0.5, 7, and 5000 ps after a pump pulse with
p = 33 mJ/cm2 is applied. The dashed line in (a) is a fitting curve
(see text). (c) Decomposition of the optical conductivity spectrum of
Ti3O5 along the a axis into four Lorentz functions. The dashed line is
the sum of the Lorentz functions, and the red solid line is the sum of
the Lorentz functions with shifted parameters for the photoinduced
spectrum in (d). (d) Three Lorentz functions for the optical conduc-
tivity spectrum along the a axis on the ab plane before the application
of a pump pulse (thin black lines) and 7 ps after a pump pulse of
33 mJ/cm2 (thick red lines) is applied. (e) Decomposition of the
optical conductivity spectrum of Ti2.75Al0.25O5 along the a axis into
four Lorentz functions. (f) The size of the photoinduced reflectivity
change �R/R at h̄ω = 1.8 eV and 2.6 eV at various values of t as a
function of the power density of the pump pulse p.

difference between the reflectivity spectrum with the shifted
parameters and that with the original parameters, as shown
by a dashed line in Fig. 5(a). Figure 5(d) shows the three
Lorentz functions at h̄ω = 1.1, 1.9, and 3.1 eV before (with
original parameters) and after (with shifted parameters) the
photoirradiation at p = 33 mJ/cm2. The sum of the Lorentz
functions with the shifted parameters is shown by the red
line in Fig. 5(c). As can be seen, the intensity of the peak
in σ (ω) at ∼2.0 eV is substantially suppressed, resulting in
the dip in the �R/R spectrum at 1.8 eV. Note that the peak
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FIG. 6. Photoinduced changes in the reflectivity spectra �R/R at t = 7 ps for (a) Epump ‖ a and Eprobe ‖ a with p = 6 and 24 mJ/cm2 on
the ac plane, (b) Epump ‖ a and Eprobe ‖ a with p = 6 and 33 mJ/cm2 on the ab plane, (c) Epump ‖ a and Eprobe ‖ c with p = 6 and 24 mJ/cm2 on
the ac plane, and (d) Epump ‖ c and Eprobe ‖ c with p = 3 and 10 mJ/cm2 on the bc plane (t = 2 ps in this case). The dashed line in each figure
shows the difference between the reflectivity spectrum of Ti2.75Al0.25O5 in the λ phase and that of Ti3O3 in the β phase with a corresponding
polarization of the probe pulse. The illustration at the center shows the directions of the crystal axes, the polarization directions of the pump
(blue arrows) and probe (green arrows) pulses, the configuration of the laser spot of the pump pulse (magenta circles), and the expansion of
the crystal with the β → λ phase transition (cyan circles and an orange cuboid).

at ∼2.0 eV in the σa(ω) spectra corresponds to the excitation
of the d electron in the bonding state of the Ti dimer along
the a axis to the antibonding state of the same dimer [an
arrow in Fig. 1(a)] and is almost absent in the λ phase, as
shown in Fig. 5(e). Therefore, the suppression of this peak by
photoirradiation is the direct evidence that the photoinduced
transition from the β phase to the λ phase occurs in this
configuration.

Figure 5(f) shows the dependence of �R/R with h̄ω =
1.8 eV and 2.6 eV at various values of t on the power den-
sity of the pump pulse p. As can be seen, |�R/R| increases
superlinearly with p at any values of h̄ω and t , characteristic
behavior of the photoinduced phase transition [11,33–36].

Note that when a laser pulse is applied to the ab plane, a
change in the reflectivity �R/R corresponding to the phase
transition occurs within 0.5 ps after the photoirradiation, as
shown in Fig. 5(b). However, this timescale is shorter than
that of the migration of atoms. This indicates that the elec-
tronic structure characteristic of the β phase, the Ti3+-Ti3+

bonds along the c or a axis, disappears immediately after the
application of a laser pulse; subsequently, the Ti and O atoms
migrate so that the system is in the λ phase.

To further confirm the importance of the direction of the
photoirradiated plane, we performed a pump-probe measure-
ment with the same polarization directions of the pump and

probe pulse (Epump ‖ a and Eprobe ‖ a) but on a different
plane, the ac plane. The photoinduced �R/R spectra with
these plane and polarization directions at 7 ps are shown in
Fig. 6(a), together with Fig. 6(b) with �R/R with Epump ‖ a
and Eprobe ‖ a on the ab plane (shown in Fig. 5), Fig. 6(c) with
Epump ‖ a and Eprobe ‖ c on the ac plane (shown in Fig. 3),
and Fig. 6(d) with Epump ‖ c and Eprobe ‖ c on the bc plane. It
should be emphasized that in all the configurations in Fig. 6
except for (d), the polarization of the pump pulse is along
the a axis and thus, its penetration depth is the same even
if the direction of the surface onto which the pump pulse is
irradiated is different. The �R/R spectrum in Fig. 6(a) with
p = 24 mJ/cm2 appears to be similar to that in Fig. 6(b) with
p = 33 mJ/cm2, but the position of the minimum in �R/R of
Fig. 6(a) (∼2.0 eV) is higher than that of Fig. 6(a) (∼1.8 eV).
Indeed, the �R/R spectrum with p = 24 mJ/cm2 in Fig. 6(a)
does not coincide with the difference between the reflectivity
spectrum of the λ phase and that of the β phase shown by the
dashed line in the same figure. We confirmed that this spectral
change in Fig. 6(a) can also be explained by the shift of the
peak frequency ωi to lower values, as is the case for Fig. 6(c),
with Epump ‖ a and Eprobe ‖ c on the ac plane (Appendix C).
The comparison between Fig. 6(a) and Fig. 6(b) indicates that
the photoinduced phase transition occurs on the ab plane but
not on the ac plane.
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V. DISCUSSION

Let us discuss how the process of the photoinduced phase
transition proceeds in Ti3O5 after the photoirradiation to the
sample surface. (1) First, the electronic excitation occurs on
a timescale of 10 fs, which is dominated by the transfer
integral or band gap of the material (∼1 eV). (2) Then, the
Ti-Ti dimer in a spin singlet is suppressed on a timescale
shorter than 1 ps. (3) Subsequently, the energy is transferred
in several picoseconds to the lattice, resulting in the increase
in lattice temperature. The local atomic migration associated
with the transition from the β to λ phase occurs also on
this timescale [31]. (4) Finally, the accumulation of the local
migration of atoms in many unit cells results in a macro-
scopic elastic deformation of the crystal, as illustrated in
Fig. 1(c).

However, if an irradiated part of the sample has a macro-
scopic length along the direction where the lattice parameter
is expected to change significantly with a phase transition,
process (4) takes much longer time than the timescales for
processes (1)–(3), which in principle does not occur. Such
absence of macroscopic deformation to the equilibrium state
acts as a strain to stabilize the ground state (β phase) com-
pared with the photoinduced state (λ phase). This will disturb
processes (2) and (3) and prevent the photoinduced phase tran-
sition when the laser pulse is applied to the plane containing
the c axis.

We consider that such an effect arising from differences in
the timescales of dynamics is analogous to the Frank-Condon
principle, which is a rule in general when the electronic excita-
tion in the optical process is coupled to the vibronic excitation
[37]. In a process dominated by this principle, since the
electronic excitation occurs almost instantaneously compared
with the timescale of the vibronic atomic motion and the equi-
librium position of atoms in the electronically excited state is
different from that in the ground state, the electronic excitation
inevitably induces vibronic excitations. In the present case, the
electronic excitation and atomic migration can occur almost
instantaneously compared with the timescale of the macro-
scopic deformation associated with the phase transition. This
can disturb the photoinduced phase transition, resulting in the
“selection rule” of photoinduced phase transitions, which is
determined by the size of the irradiated part of the crystal and
the direction of the crystal along which the lattice constant
significantly changes.

It is known that physics similar to that discussed above
(that the crystal expands only to a limited extent along the
surface) gives rise to a longitudinal acoustic mode propagating
perpendicular to the sample surface when a pump pulse is
applied and such a strain wave can cause a photoinduced
phase transition [38–40]. Nevertheless, a selection rule of
photoinduced phase transitions caused by the anisotropy in
the deformation of the crystal has not been investigated or
discussed so far. Note also that the present result clarifies
the important role of the size of the crystal in photoin-
duced phase transitions. Namely, for nanocrystals with a
size of ∼100 nm, whichever direction the laser pulse is
applied, a large change in c lattice constant does not in-
duce a strain that possibly disturbs the photoinduced phase
transitions.

VI. SUMMARY

We performed a pump-probe reflectivity measurement for
a single crystal of Ti3O5, whose nanocrystals are known to
exhibit a photoinduced phase transition. A large change in the
reflectivity with a photoirradiation was observed in various
configurations of the polarization directions and on various
sample surfaces for the single crystal of Ti3O5. However,
by comparing the photoinduced change in the reflectivity
spectrum with the difference between the reflectivity in the
low-temperature (β phase) and that in the higher-temperature
(λ) phase, we found that a photoinduced phase transition from
the β phase to the λ phase occurs only when the pump pulse is
applied on the ab plane. Based on the fact that only the c lattice
constant substantially changes with the phase transition, such
a selection rule of the photoinduced phase transition is likely
to be dominated by the anisotropy of the strain with the phase
transition and the shape of the photoirradiated part of the
crystal, which is longer along the surface plane but is much
smaller perpendicular to it.
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APPENDIX A: PARAMETERS OBTAINED BY THE
FITTING OF THE PHOTOINDUCED CHANGE IN THE

REFLECTIVITY SPECTRA

The parameters obtained by the fitting of the original op-
tical conductivity spectra and the shifted parameters obtained
by the fitting of the photoinduced change in the reflectivity
spectra are shown in Table I.

APPENDIX B: THE T DEPENDENCE OF THE
PHOTOINDUCED CHANGE IN THE REFLECTIVITY

AND ITS ANALYSIS

Figures 7(a)–7(c) show the time (t) dependence of the pho-
toinduced �R/R at h̄ω = 1.8 eV with various intensities of a
pump pulse p applied onto the ab plane with Epump ‖ a and
Eprobe ‖ a [corresponding to Figs. 5(a) and 5(b) in the main
text] in three different ranges of t . In general, the t dependence
for 0 < t < 1 ps is mainly dominated by the excitation with
an electronic origin, that for 1 < t < 100 ps is dominated by
the increase in the temperature of lattice and the strain wave
(shock wave), and that for 100 < t < 5000 ps is dominated by
thermal conduction.

Based on the model shown in Ref. [19], we analyze the
t dependence of �R/R for 0 < t < 100 ps by assuming the
following z- and t-dependent complex dielectric constant,

ε(z, t ) = εβ + γ�ε (0 � z < vt )

= εβ + γ�ε exp

(
− z − vt

d

)
(vt � z), (B1)
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where ε(z, t ) is the complex dielectric constant at a distance z
from the surface and at time t . �ε is given as

�ε = ελ − εβ, (B2)

where εβ and ελ are the complex dielectric constants of Ti3O5

(the β phase) and Ti2.75Al0.25O5 (the λ phase), respectively, at
room temperature at the corresponding value of h̄ω (1.8 eV)
in the corresponding direction (a axis) obtained by the reflec-
tivity measurement. This model assumes that a photoinduced
phase (the λ phase) with the thickness of d appears immedi-
ately after the photoirradiation, and it evolves associated with
the strain wave that propagates with the sound velocity v, as
illustrated in Fig. 7(d). With this ε(z, t ), the reflectivity R(t ) at
h̄ω = 1.8 eV was calculated.

Dashed lines in Fig. 7(b) are the results of the calculation
with v (sound velocity), d (the width of the photoinduced
phase upon the initial photoirradiation), and γ (ratio of the
λ phase in the photoinduced phase) as fitting parameters. The
parameters obtained by the fitting are as follows: v = 5 × 103

m/s, d = 25 nm, and γ = 0.27 for p = 15 mJ/cm2, v =
5 × 103 m/s, d = 65 nm, and γ = 0.50 for p = 24 mJ/cm2,
and v = 7 × 103 m/s, d = 200 nm, and γ = 1.0 for p = 33
mJ/cm2. A reasonable agreement between the experimental
and calculated results indicates that the model above is appro-
priate to explain the t dependence of �R/R for 0 < t < 100
ps.

The t dependence of �R/R for 0 < t < 5000 ps has been
analyzed as follows: We assume that the dielectric constant
changes in proportion to the change in the temperature T ,

ε(z, t ) = εβ + δε(T (z, t ) − T0), (B3)

where T (z, t ) is the temperature at a distance z from the
surface and at time t , T0 is the room temperature, and δε is the
change in the complex dielectric constant when T increases by
1 K. T (z, t ) is determined by the thermal conduction equation,

κ
∂2T (z, t )

∂z2
= c

∂T (z, t )

∂t
, (B4)

where κ is the thermal conductivity and c is the specific heat
of the material. The initial condition of the T (z, t ) is assumed
to be dominated by the penetration depth of the pump pulse,
and is given as

T (z, 0) = T0 + a exp

(
− z

d

)
. (B5)

The time evolution of ε(z, t ) in this model is shown in
Fig. 7(e). Note that the free parameters in this model are aδε

(a complex number), κ/c, and d . d is fixed to 60 nm based on
the experimentally obtained extinction coefficient at 1.8 eV,
and c is fixed to 3.7 J/cm3 K, which is the specific heat of
rutile TiO2. For δε, since ε1 (real part) and ε2 (imaginary part)
of Ti3O5 at h̄ω = 1.8 eV is 3.4 and 3.7, respectively, we took
δε with the 1 : 1 ratio of the real part and the imaginary part.
The dashed line in Fig. 7(c) is the result with κ = 6 W/mK
and aδε = 0.2 + 0.2i.

APPENDIX C: PHOTOINDUCED SPECTRA ON THE ac
PLANE WITH Epump ‖ a AND Eprobe ‖ a

Figure 8 shows the photoinduced �R/R spectra on the ac
plane with Epump ‖ a and Eprobe ‖ a and the analysis of the
spectrum, similarly to Fig. 3 and Fig. 5 of the main text.

TABLE I. Parameters of the Lorentz functions before the irradiation of a laser pulse (ωi, γi, Ci) and t = 7 ps after the irradiation of a laser
pulse (ω′

i, γ ′
i , C′

i ) (a) on the ac plane with Epump ‖ a and Eprobe ‖ c with a power density of p = 24 mJ/cm2 [corresponding to Figs. 3(c) and
3(d) of the main text], (b) on the ab plane with Epump ‖ a and Eprobe ‖ a with a power density of p = 33 mJ/cm2 [corresponding to Figs. 5(c)
and 5(d) of the main text], and (c) on the ac plane with Epump ‖ a and Eprobe ‖ a with a power density of p = 24 mJ/cm2 [corresponding to
Figs. 8(c) and 8(d) in Appendix C].

(a) Figs. 3(c) and 3(d)

i ωi (eV) γi (eV) Ci (−1 cm−1 eV) ω′
i (eV) γ ′

i (eV) C′
i (−1 cm−1 eV)

1 0.973 1.0 902 0.867 0.97 968
2 1.909 1.15 202 1.878 1.33 168
3 2.744 0.70 76 2.667 0.66 73
4 4.53 1.27 2694

(b) Figs. 5(c) and 5(d)

i ωi (eV) γi (eV) Ci (−1 cm−1 eV) ω′
i (eV) γ ′

i (eV) C′
i (−1 cm−1 eV)

1 1.140 1.26 707 1.118 1.15 659
2 1.859 1.08 444 2.074 1.32 374
3 3.055 0.64 123 2.986 0.66 136
4 4.69 1.71 3881

(c) Figs. 8(c) and 8(d)

i ωi (eV) γi (eV) Ci (−1 cm−1 eV) ω′
i (eV) γ ′

i (eV) C′
i (−1 cm−1 eV)

1 1.141 0.92 307 1.012 0.71 235
2 1.923 1.02 666 1.721 1.20 677
3 3.433 1.34 822 3.486 2.04 925
4 4.80 1.21 3634
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FIG. 7. (a)–(c) Time (t) dependence of the photoinduced change
in the reflectivity �R/R on the ab plane with Epump ‖ a and Eprobe ‖ a
(corresponding to Fig. 5 of the main text) with various power densi-
ties p for (a) 0 � t � 7 ps, (b) 0 � t � 100 ps, and (c) 0 � t � 5000
ps. (d), (e) Schematics of the position (z) dependence of the dielectric
constant ε(z) at various times t used for the analysis of �R/R for (d)
0 � t � 100 ps and (e) 0 � t � 5000 ps.

Comparison of these results indicate that the photoinduced
change on the ac plane with Epump ‖ a and Eprobe ‖ a shown
in Fig. 8 is dominated by the shift of the peak frequencies ωi

to lower values. This is similar to the spectral change on the
ac plane with Epump ‖ a and Eprobe ‖ c shown in Fig. 3 of the
main text, but quite different from the spectral change on the
ab plane with Epump ‖ a and Eprobe ‖ a shown in Fig. 5, where
it is dominated by the suppression of the spectral weight for
the peak at ∼2.0 eV.

The difference between the original σ (ω) spectrum along
the a axis in Fig. 5(c) and that in Fig. 8(c) arises from the fact
that the spectrum in Fig. 5 is measured on the polished surface
along the ab plane whereas that in Fig. 8 is measured on the
cleaved surface along the ac plane.

APPENDIX D: EFFECT OF POLISHING ON THE
PHOTOINDUCED SPECTRA

To see whether the polishing of the sample surface can
affect the photoinduced spectra, we performed the pump-
probe measurement of Ti3O5 both on the cleaved surface and
the polished surface along the ac plane with Epump ‖ a and
Eprobe ‖ a. Figure 9 shows the photoinduced change in the
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FIG. 8. (a), (b) Photoinduced change in the reflectivity spectra
�R/R on the ac plane with Epump ‖ a and Eprobe ‖ a at (a) t = 7 ps
after a pump pulse with a power density of p = 6 or 24 mJ/cm2

is applied and (b) t = 0.5, 7, and 5000 ps after a pump pulse with
p = 24 mJ/cm2 is applied. The dashed line in (a) is a fitting curve
(see text). (c) Decomposition of the optical conductivity spectrum
of Ti3O5 along the a axis into four Lorentz functions. The dashed
line is the sum of the Lorentz functions, and the red solid line is
the sum of the Lorentz functions with shifted parameters for the
photoinduced spectrum in (d). (d) Three Lorentz functions for the
optical conductivity spectrum along the a axis on the ac plane before
the application of a pump pulse (thin black lines) and at 7 ps after a
pump pulse of 24 mJ/cm2 is applied (thick red lines).

reflectivity spectra �R/R at 7 ps after a pump pulse with a
power density of (a) p = 6 or 24 mJ/cm2 is applied on the
cleaved surface and (b) that of p = 15 or 33 mJ/cm2 is applied
on the polished surface. As can be seen, the �R/R spectra
are barely different, indicating that polishing barely affects the
photoinduced phase transition.
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FIG. 9. (a), (b) Photoinduced change in the reflectivity spectra
�R/R with Epump ‖ a and Eprobe ‖ a at t = 7 ps after (a) a pump pulse
with a power density of p = 6 or 24 mJ/cm2 is applied on the cleaved
surface along the ac plane and (b) that of p = 15 or 33 mJ/cm2 is
applied on the polished surface along the ac plane.
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FIG. 10. (a) Reflectivity and (b) optical conductivity spectra
along the ac plane with E ‖ a and c for Ti3O5 at 500 K. (c), (d) Pho-
toinduced changes in the reflectivity spectra �R/R at t = 7 ps for (c)
Epump ‖ a and Eprobe ‖ a with p = 33 mJ/cm2 on the ab plane and (d)
Epump ‖ a and Eprobe ‖ c with p = 24 mJ/cm2 on the ac plane (solid
circles and lines). Dashed lines in (c) and (d) show the difference
between the reflectivity spectrum of Ti3O5 at 500 K and that at room
temperature with a corresponding polarization of the probe pulse.

APPENDIX E: REFLECTIVITY SPECTRA OF Ti3O5

AT HIGH TEMPERATURES

We made an attempt to measure the reflectivity of Ti3O5

in the IT phase (λ phase). Figure 10(a) shows the reflectivity
spectra for Ti3O5 wih E ‖ a and E ‖ c on a cleaved surface
along the ac plane at 500 K, and Fig. 10(b) shows the op-
tical conductivity spectra σa(ω) and σc(ω) obtained by the
Kramers-Kronig transformation of the reflectivity spectra. As
can be seen, the reflectivity spectra and the optical conduc-
tivity spectra at 500 K are discernibly different from those

for Ti3O5 at room temperature shown in Figs. 2(a) and 2(c).
However, they are also different from those for Ti2.75Al0.25O5

at room temperature shown in Figs. 2(b) and 2(d), which
is also in the λ phase. Both σa(ω) and σc(ω) for Ti3O5 at
500 K have a broad peak around 1 eV [Fig. 10(b)], similarly
to those for Ti2.75Al0.25O5 at room temperature [Fig. 2(d)],
but there is a sharp peak at 2.2 ∼ 2.3 eV both in σa(ω) and
σc(ω) for Ti3O5 at 500 K [Fig. 10(b)], but it is absent both
in σa(ω) and σc(ω) for Ti2.75Al0.25O5 at room temperature
[Fig. 2(d)].

As the origin of this discrepancy, we speculate that the
surface of Ti3O5 at 500 K is not fully in the λ phase but the
β and λ phases coexist at the surface. This may be due to
the residual stress near the sample surface and also due to the
fact that 500 K is too close to the phase boundary, though
we cannot increase the temperature higher than 500 K owing
to the limitation of the apparatus. Such two-phase coexisting
may result in the anomalous reflectivity spectra for Ti3O5 [41].

We compare in Fig. 10(c) the photoinduced reflectiv-
ity change �R/R for Ti3O5 along the ab plane of Ti3O5

with Epump ‖ a at t = 7 ps with p = 33 mJ/cm2 [shown in
Figs. 5(a), 5(b) and 6(b)] with the difference between the
reflectivity spectra for Ti3O5 with E ‖ a at 500 K and that
at 300 K. Although the similarity between the two spectra is
not as impressive as the similarity between the photoinduced
change and the difference spectra of Ti3O5 and Ti2.75Al0.25O5

shown in Fig. 6(b), the overall trend of the two spectra is quite
similar, indicating that a photoinduced phase transition occurs
in this configuration.

We also compare in Fig. 10(d) the photoinduced reflectivity
change �R/R for Ti3O5 along the ac plane with Epump ‖ c at
t = 7 ps with p = 24 mJ/cm2 [shown in Figs. 3(a), 3(b) and
6(c)] with the difference between the reflectivity spectra for
Ti3O5 with E ‖ c at 500 K and that at 300 K. As can be seen,
they are quite different, the same situation as the comparison
between the photoinduced change and the difference spectra
of Ti3O5 and Ti2.75Al0.25O5 shown in Fig. 6(c), indicating that
a photoinduced phase transition does not occur in this con-
figuration. Therefore, using the spectrum of Ti3O5 at 500 K
instead of Ti2.75Al0.25O5 at room temperature as the spectrum
of the λ phase does not change the conclusion of the present
paper.
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