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In this paper, Titanium dioxide (TiO2) rutile single crystal was irradiated by infrared femtosecond laser pulses with

repetition rate of 250 kHz. For a P-polarized femtosecond laser, the periodic nanograting structure on the ablation crater

surface was formed . The periodicity is much less than the laser wavelength. The direction of nanograting alignment

depends on the polarization laser beam. Micro-Raman spectra show that the intensity of Eg Raman vibrating mode

of rutile phase increases and that of A1g Raman vibrating mode decreases apparently within the ablation crater. With

the increase of irradiation time and laser average power, the Raman vibrating modes of anatase phase emerged. Rutile

phase of TiO2 single crystal is partly transformed into anatase phase.
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1. Introduction

Titanium dioxide (TiO2) is a large-band gap semi-

conductor with important applications in corrosion-

resistant coating, pigment, photocatalysis, gas sen-

sors, medical implants and optical active coatings

and solar energy conversion.[1−4] It is well-known that

TiO2 exists three natural phases: rutile, anatase, and

brookite.[5] Every titanium is surrounded by six oxy-

gens to form a TiO6 octahedron in the modifications,

but they have different networks composed of TiO6

octahedra. A lot of studies have been carried out

on the formation of rutile and anatase crystals.[6−9]

At elevated pressures TiO2 has a rich phase diagram

with a series of structural phase transformations. The

structure and stability of the high-pressure phases of

TiO2 are of particular interest in Earth sciences, for

these phases are an accessible analogue of minerals in

the Earth’s mantle. Rutile TiO2 is particularly at-

tractive in this context because it is expected to un-

dergo a sequence of phase transformations with in-

creasing pressure similar to that experienced by SiO2

in the Earth’s lower mantle. High pressure x-ray-

diffraction[10−12] and Raman spectroscopy[13,14] stud-

ies have revealed that rutile and anatase transform

to a columbite structure at high pressure. Recently

phase of TiO2 from anatase to rutile is studied by UV

Raman spectroscopy excited by 325 nm and 244 nm

lasers.[15] But there are no attempts to phase trans-

formation of TiO2 from rutile to anatase by using in-

frared femtosecond laser pulses.

During the last decades, special interest was paid

to the potential of ultrashort laser pulses with dura-

tions in the picosecond to femtosecond domain with

respect to laser-induced phase transitions[16−18] as

well as to the fundamental processes during laser

ablation. The femtosecond laser, because of ultra-

short pulse and ultrahigh peak power, has exhib-

ited great potentials in material processing and many

microstructures in transparent materials have been

fabricated, including optical waveguides, splitters,

couples, three-dimensional data storage, and photon

crystals.[19−23] Femtosecond laser can be used to gen-

erate a number of nonlinear effects by multiphoton

absorption and avalanche ionization in the focusing

area of materials.
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2. Experiment

We used a commercial 250 kHz femtosecond (fs)

laser system based on a regenerative Ti:sapphire am-

plifier using chirped pulse amplification technique

(RegA 9000, Coherent) delivering 6 µJ, 120 fs laser

pulses at a centre wavelength of 800 nm (photon en-

ergy 1.55 eV). The Gaussian laser pulses were focused

by an optical micro-objective lens (Olympus BX51)

with a numerical aperture NA of 0.46, yielding a focus

diameter dfocus = 1.22λ/NA = 1.22 × 800 nm/0.46≈

2.12 µm. Using a CCD camera system we find that the

focus of the fs-laser beam can be positioned directly

on the sample located on a positioning stage. So the

sample can be moved in x, y, z-directions. The aver-

age output power can be changed continuously with a

Glan polarizer. A mechanical shutter was used to se-

lect laser pulses from a pulse-train, as shown in Fig.1.

Fig.1. Experimental set-up of the fs-IR-laser irradiation

facility with PZT-controlled stage.

Rutile TiO2 single crystal sample prepared in

optical floating zone systems (Z-T-10000-H-VI-P-SH,

Japan) is 10 mm in diameter and 1.5 mm thick. It is

polished on both sides. The specimen was mounted

on a motorized xyz-translation stage and had a po-

sition which is perpendicular to the direction of laser

incidence. The morphology of the ablation crater is

measured with scanning electronic microscope (SEM).

The phase transformation of TiO2 rutile single

crystal induced by the fs-IR-laser irradiation was anal-

ysed by micro-Raman spectroscopy (in Via-plus, Ren-

ishaw). The Raman spectra were excited by the

514nm radiation of an argon ion laser operating at

20 mW. A 50× objective lens was used to focus the

beam onto the sample. Spectra were recorded at room

temperature. The scattered light was then collected,

dispersed and detected by a standard CCD array de-

tector. The Rayleigh scattered light was reduced by

a notch filter. The spectra were recorded by using

a 1800 groove mm−1 grating giving a spectral reso-

lution better than 1 cm−1. The spectrum scattering

detection region ranges from 100 cm−1 to 900 cm−1.

3. Experimental results and dis-

cussion

Fig.2. Microscope photograph of the ablation craters

induced by 800nm fs pulse laser on the surface of rutile

single crystal.

Figure 2 shows the visible laser-damage spots on

the surface of rutile single crystal induced by femtosec-

ond laser pulses. Laser average power on the surface

of the sample is from 100 mW to 500 mW and the

irradiation time is from 1s/63 to 100s. Due to the

interaction of a laser with matter at intensity above

the ionization threshold, the plasma generated in the

focal region increases the absorption coefficient and

produces a fast energy release in a very small volume.

A strong shock wave is generated in the interaction

region and this propagates into the surrounding cold

material. The shock wave propagation is accompa-

nied by compression of the solid material at the wave

front and decompression behind it, which leads to the

formation of an ablation crater on the surface. Be-

cause of the accumulation effect, with the increase of

pulse number, the temperature in the focal volume

would rise accordingly, and then the thermal energy

diffuses from the focal point to the outer area and the

heated region begins melting and expanding. Due to

the high temperature and pressure formed in the fo-

cal volume, the material at the edge of the modified

region is compressed between the expanding region

and the unheated one, and the refractive index of the

compressed region increases, while the density of the
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expanding region reduces. The energy deposits in the

central region, the circular structure with high refrac-

tive index emerges between the expanding region and

the unheated one.

Figure 3(a) shows the SEM image of the ablation

crater irradiated by P-polarized laser pulses at the av-

erage power of 200mW. The nanogratings with period

of about 120nm aligned in a direction perpendicular

to the electric field of light wave have been observed

on the ablation crater. When the direction of light

polarization was moved likewise 45◦, the direction of

the nanogratings alignment moved 45◦ along light po-

larization, shown in Fig.3.(b), and grating period of

180nm was observed. The grating periods at differ-

ent laser energy and different laser pulses are under

investigation.

Fig.3. SEM images of the periodic nanostructures with laser polarization at 0◦ with laser average power of

200 mW (a), and 45◦, with laser power of 100 mW (b).

Fig.4. Raman spectra of TiO2 single crystal irradiated by fs-laser pulses at different average powers from 100mW

to 500 mW. Irradiation time is 1s/63 (a), 10s (b), and 100s(c).
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Such gratings are generated as a result of interfer-

ence between the light field and the surface plasmon-

polariton wave. A variety of nonlinear processes oc-

curs in the interaction of femtosecond laser pulses

with solids.[24,25] The periods of our nanostructure are

nearly equal to the wavelength of second harmonics in

sample. We believe that it is induced by the inter-

ference of the surface scattered laser beams and the

second harmonic laser with the wavelength of 400 nm

generated at the sample surface. The period Λ is

Λ = λ/2n, (1)

where n is the refractive index. Second harmonic

generation was also proposed to play some role

in the formation of nanostructures in compound

semiconductors.[26]

The rutile structure belongs to the P42/mnm

tetragonal space group. There are five Raman ac-

tive modes: B1g, multi-photon process, Eg, A1g and

B2g. Figure 4 shows the Raman spectra before ir-

radiation and after irradiation by using femtosecond

laser pulses. In Fig.4(a), the bottom line is the Ra-

man shifts of rutile crystal before irradiation, exhibit-

ing dominant peaks at 140.2, 235.5, 445.8, 609.5, and

825.5 cm−1, which are assigned to the five Raman

active modes of rutile single crystal.[27] When irradi-

ation time is 1
63 s, the ratio between the intensity of

Eg mode and A1g mode increases with the increase

of laser average power and the intensity of Raman Eg

mode increases and up to nearly equal to that of A1g

mode. High fluence neutron irradiation and proton

irradiation induce similar variations of the frequency

and intensity of Raman vibration modes in the ru-

tile single crystals.[28] When irradiation time is 10s,

the anatase phase occurs and the intensity of Raman

Eg(A) mode increases apparently with the increase

of laser average power from 100 mW to 500 mW, as

shown in Fig.4(b). Figure 4(c) shows a Eg(A) mode

(632.7 cm−1) at irradiation time of 100s.

In conclusion, we find that tightly focused 120 fs

laser pulses initiate TiO2 rutile phase transformation

into anatase produced by the high pressure due to

micro-explosions on the TiO2 crystal surface. The ex-

treme conditions produced in the micro-explosions can

serve as a novel phase transformation study for high

pressure and high temperature, and the material pro-

cessing. Nanogratings formed on the crystal surface

irradiated by P-polarized fs pulse laser were observed.

The grating periods at different laser energy and dif-

ferent laser pulses are under investigation.
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