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We have studied pulsed laser-induced oxygen deficiencies at rutile TiO2 surfaces. The crystal surface

was successfully reduced by excimer laser irradiation, and an oxygen-deficient TiO2�d layer with 160 nm

thickness was formed by means of ArF laser irradiation at 140 mJ/cm2 for 2000 pulses. The TiO2�d layer

fundamentally maintained a rutile structure, though this structure was distorted by many stacking

faults caused by the large oxygen deficiency. The electrical resistivity of the obtained TiO2�d layer

exhibited unconventional metallic behavior with hysteresis. A metal–insulator transition occurred at

42 K, and the electrical resistivity exceeded 104O cm below 42 K. This metal–insulator transition could

be caused by bipolaronic ordering derived from Ti–Ti pairings that formed along the stacking faults. The

constant magnetization behavior observed below 42 K is consistent with the bipolaronic scenario that

has been observed previously for Ti4O7. These peculiar electrical properties are strongly linked to the

oxygen-deficient crystal structure, which contains many stacking faults formed by instantaneous

heating during excimer laser irradiation.

& 2009 Elsevier Inc. All rights reserved.
1. Introduction

Titanium oxide materials are extremely popular owing to their
many functions. In particular, photochemical reactions at TiO2

surfaces have been well-studied [1]. Moreover, the introduction of
3d electrons to titanium oxides by means of oxygen defects
produces various fascinating electronic and magnetic properties.
For example, the ferromagnetism of TiO2 with weak oxygen
defects (Ti3.9996+–Ti3.80+) has been investigated [2–6]. In the
Magn�eli TinO2n�1 phases, various electronic transport properties
have been observed [7–10]. Ti6O11 (Ti3.67+) and Ti5O9 (Ti3.60+) are
polaronic insulators with a charge-ordering. With its increased
oxygen deficiency (i.e., decreased n) relative to the aforemen-
tioned two titanium oxides, Ti4O7 (Ti3.50+) is a paramagnetic metal
with a metal–insulator transition corresponding to a bipolaronic
ordering [7,9]. Thus, the physical properties of titanium oxides are
significantly sensitive to oxygen deficiency. Oxygen-deficient
TiO2�d has been prepared by various methods, including (1) a
macroscopic heat treatment under low pO2

or H2 atmosphere [11],
(2) a vapor process at low pO2

[5], and (3) high-energy ion beam
irradiation [6]. Of these three methods, we focused on the high-
energy ion beam irradiation process, since the electronic states of
local sites on crystal surfaces can be easily tuned by controlling
the beam fluence. However, the detailed structural and physical
ll rights reserved.

a).
properties of oxygen-deficient TiO2�d surfaces prepared by means
of irradiation have not been investigated for a wide range of d
values.

In this work, we employed an excimer laser to prepare oxygen-
deficient TiO2�d from rutile TiO2. We have already reported that
excimer laser irradiation at a high fluence (pulse duration: 26 ns)
induces an oxygen deficiency at oxide surfaces, as observed in
film-growth studies of an excimer laser assisted metal organic
deposition [12–15]. In those studies, KrF laser irradiation at
100–140 mJ/cm2 produced oxygen defects in thin films of
perovskite oxides such as CaTiO3 [14] and Sm0.5Ba0.5MnO3 [15].
To further expand upon these oxygen deficiency studies, we
studied oxygen deficiency in rutile TiO2 surfaces prepared with
ArF, KrF, and XeCl excimer lasers under a wide range of laser
fluences, focusing on the variation of structural and electronic
transport properties of the surfaces.
2. Experimental section

The TiO2 crystals used for experiments were commercial
single-crystal substrates of rutile TiO2(100) (Shinkosha). The
TiO2 crystals were irradiated by ArF, KrF, and XeCl excimer lasers
at room temperature in air. The pulse duration of these lasers is
25–30 ns. The structural properties of the obtained materials were
examined by X-ray diffraction (Rigaku, SmartLab). The micro-
scopic structures were probed at room temperature by means of
cross-sectional transmission electron microscopy (TEM) and

www.elsevier.com/locate/jssc
dx.doi.org/10.1016/j.jssc.2009.07.006
mailto:t-nakajima@aist.go.jp


ARTICLE IN PRESS

105

106

107

108

 80mJ/cm2

 60mJ/cm2

ArF laser: 193nm (6.42eV)

T. Nakajima et al. / Journal of Solid State Chemistry 182 (2009) 2560–2565 2561
selected area electron diffraction (SAED) analysis with a JEM-2010
(JEOL) instrument operating at 200 kV. The variation in electrical
resistance (R) under pulsed-laser irradiation was studied by a
two-probe method. The electrical resistivity (r) curves as a
function of temperature were measured by a four-probe techni-
que. The temperature dependence of magnetization was studied
by means of superconducting quantum interference device
(SQUID) magnetometry at 1 T. The temperature variations during
the laser irradiation process were calculated as functions of depth
and time by the heat diffusion equation simplified into one-
dimensional heat flow, as described in previous reports [16–18].
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Fig. 1. Surface resistance of TiO2(100) substrates as a function of pulse number

irradiated by (a) ArF, (b) KrF, (c) XeCl lasers, and (d) enlarged plot of pulse number

dependence for the surface resistance of TiO2(100) substrates irradiated by ArF,

KrF, and XeCl lasers at 140 mJ/cm2.
3. Results and discussion

3.1. Surface reduction of rutile TiO2 and the peculiar structure

Fig. 1 shows the surface resistance of TiO2 crystals as a function
of pulse number under excimer laser irradiation. Under ArF laser
irradiation, electrical conduction was observed at fluences
above 60 mJ/cm2, and the resistance decreased to approximately
3�106O after 2000 pulses (Fig. 1a). This conduction was caused
by the reduction of Ti4+ to Ti3+ owing to an oxygen deficiency at
the crystal surface. Such high-energy beam irradiation often
produces oxygen defects, as reported previously [6,14,15]. The rate
of decrease in resistance increased with increasing laser fluence,
and the minimum resistance observed was 2�104O at 140 mJ/cm2.
This sample showed p-type conductivity at 300 K. Heavily oxygen-
deficient TiO2�d is known to undergo a transition in conductivity
from n-type to p-type when d exceeds 0.333 [5,19,20]. Thus, the
sample irradiated by the ArF laser at 140 mJ/cm2 would have had a
d value near or exceeding these reported values. Under KrF and
XeCl laser irradiation at different wavelengths, electrical
conduction was observed at the TiO2 surface for fluences above
80 mJ/cm2; however, the minimum resistance in these cases
reached only approximately 2�105O at 140 mJ/cm2 (Fig. 1b and
c). The difference in minimum resistance values between the
cases of ArF, KrF, and XeCl laser irradiation is mainly due to the
magnitude of the optical absorption coefficient for rutile TiO2 at
the wavelengths of each excimer laser. The optical absorption of
TiO2 at 193 nm (ArF) was larger than that of TiO2 at 248 nm (KrF)
and 308 nm (XeCl). In addition to the large absorption, the high
photon energy of the ArF laser also contributed to the formation of
oxygen deficiencies at the crystal surface, resulting in a favorable
environment for the reduction of Ti4+ to Ti3+. These results are
supported by the observed pulse number dependence of the
decreasing resistance (Fig. 1d). The resistance decrease observed
for the TiO2 surface under ArF laser irradiation was one order of
magnitude faster than the decreases observed under KrF and XeCl
laser irradiation.

Fig. 2 shows the 2y/o scans of X-ray diffraction for the
unirradiated rutile TiO2(100) substrate and for TiO2(100) after ArF
laser irradiation at 140 mJ/cm2 for 2000 pulses. The 200 and 400
diffraction peaks from CuKa- and CuKb-lines were clearly
observed in the pattern of the unirradiated TiO2(100) substrate.
However, a new diffraction peak at 19.381 indexed to the 100
reflection in the tetragonal unit cell appeared after laser
irradiation. The 100 reflection is prohibited by the extinction
rule in the space group P42/mnm for the rutile TiO2 structure [21].
Therefore, the emergence of the 100 peak in the irradiated sample
indicates lowered symmetry due to the structural distortion
derived from the oxygen deficiency near the crystal surface. After
the laser irradiation, the fundamental 200 and 400 peaks derived
from the TiO2(100) substrate were shifted to higher diffraction
angles, and new diffraction peaks appeared near the fundamental
peaks at lower angles (Fig. 2, insets). The appearance of these
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peaks suggests that an oxygen-deficient TiO2�d with different
lattice parameters was formed as a new layer on the rutile
TiO2(100) substrate by the laser irradiation. The d-spacing of the
a-axis for the emergent new layer was 0.6% longer than that of the
base crystal.

Fig. 3a shows a cross-sectional TEM image obtained along
the [001] zone axis for the sample after ArF laser irradiation at
140 mJ/cm2. In the TEM image, a phase separation was clearly
confirmed near the crystal surface at 160 nm depth, indicating the
presence of the oxygen-deficient TiO2�d layer on the TiO2(100)
substrate. The presence of this layer was also confirmed by X-ray
diffraction analysis, as mentioned above. The phase separation
derived from the presence of the TiO2�d layer indicates that the
oxygen deficiencies did not occur gradually but was homogeneous
to some extent in the surface layer. In the SAED pattern of the
TiO2�d layer, streaks were observed along the [100] direction, and
the angle (g) between the a- and b-axes was 90.441 (Fig. 3b),
indicating that the laser irradiation decreased the structural
symmetry of the TiO2�d layer to monoclinic or triclinic. At the
lower part of the interface between the TiO2�d layer and the
TiO2(100) substrate, the g value decreased to 90.261, and weak
satellite spots were observed along the [100] direction (Fig. 3c).
These satellite spots almost disappeared at around 400 nm depth,
and the g value decreased to 90.051 (Fig. 3d). This means that
structural distortion also occurred in the lower region of the
substrate, and the structural symmetry decreased from tetragonal
to monoclinic or triclinic as was observed for the upper TiO2�d

layer. The 100 peak observed in the X-ray diffraction pattern
must be derived from this structural distortion. In addition, the
d-spacing of a-axis at around 400 nm depth was approximately
0.9% shorter than that of the TiO2�d layer evaluated from the SAED
patterns. This result also supports the X-ray diffraction analysis.
Fig. 3e shows a high-resolution TEM image of the TiO2�d layer
along the [001] zone axis. Many stacking faults are observed along
the [010] direction in this image. These many stacking faults could
be due to the large oxygen deficiency in the TiO2�d layer, thus
causing a decrease in symmetry as well as the streak reflections
observed in the SAED pattern. However, it is noteworthy that the
fundamental structure of TiO2�d layer remained rutile, even
though the symmetry was lowered by the presence of many
stacking faults.

The reciprocal space mappings around the (220) reflection for
the unirradiated TiO2(100) substrate and for the sample irradiated
by the ArF laser at 140 mJ/cm2 are shown in Fig. 4. The observed
strong (220) reflection, large crystal truncation rod scattering, and
narrow peak width of the Qx profile at the (220) reflection indicate
that the unirradiated TiO2(100) substrate was highly crystalline
(Fig. 4a). In contrast, significant diffuse scattering was clearly
observed around the (220) reflection for a wide range of Qx

(�0.04–0.04) in the irradiated sample (Fig. 4b), indicating a strong
local lattice distortion near the surface of the sample. The
observed large crystal truncation rod scattering parallel to the
surface normal vector (Qx ¼ 0) of the irradiated sample suggests
that TiO2�d was homogeneously formed at the crystal surface.

Though the Magn�eli phase TinO2n�1 ideally appears as a second
phase when the oxygen vacancy of TiO2�d increases to d ¼ 0.01
by means of normal macroscopic heating in H2 flow [11], the
Magn�eli phase was not formed at all in the samples processed by



ARTICLE IN PRESS

Q
Z 

(r
.l.

u.
)

Q
Z 

(r
.l.

u.
)

Unirradiated TiO2 (220)

TiO2-δ / TiO2 (220)

Qx (r.l.u.)

Qz = 0.6165

0.00
Qx (r.l.u.)

Qz = 0.6169

0.66

0.64

0.62

0.60

0.58

0.64

0.62

0.60

0.58

-0.04 0.00
QX (r.l.u.)

0.04 0.08

0.04-0.04

-0.04 0.00 0.04

lo
g 

I
lo

g 
I

Fig. 4. Reciprocal space mappings around the (220) reflection for the (a)

unirradiated TiO2(100) substrate and (b) laser-irradiated TiO2�d/TiO2(100). The

insets show the Qx profiles at the (220) reflection.

1200

1000

800

600

400

200

0

Te
m

pe
ra

tu
re

 (°
C

)

4002000
Depth (nm)

6004002000
Time (ns)

t = 43ns d = 0nm

Fig. 5. Numerical simulations for (a) depth and (b) time dependence of the

temperature variation for a TiO2 substrate subjected to ArF laser irradiation at a

fluence of 140 mJ/cm2. The initial substrate temperature was fixed at 20 1C.

T. Nakajima et al. / Journal of Solid State Chemistry 182 (2009) 2560–2565 2563
pulsed-laser irradiation. Fig. 5 shows simulated surface
temperature profiles as functions of depth and time for the
sample irradiated by the ArF laser at 140 mJ/cm2. The sample
temperatures at 0 and 160 nm depths were photo-thermally
heated to 1050 and 690 1C, respectively (Fig. 5a). However, the
sample was heated to high temperatures instantaneously, e.g., the
sample was at 700 1C for only �60 ns. Therefore, we concluded
that the oxygen release reaction occurred on the order of
nanoseconds, and then it would realize to grab the thermal
nonequilibrated phase. These results suggest that the
nanoseconds-long temperature elevation and quenching enabled
the TiO2�d layer to maintain a rutile structure, even though a large
number of oxygen defects were produced near the surface. This
retained original structure is a feature unique to pulsed-laser
reduction processing and has great potential for applications in
fabrication of thin-film materials with a thermal nonequilibrated
crystal structure.
3.2. Anomalous electrical transport properties of TiO2�d

Fig. 6 shows the electrical resistivity (r) of samples irradiated
by the ArF laser for 2000 pulses (the r values were calculated for a
film thickness of 160 nm). The sample irradiated at 60 mJ/cm2
exhibited semiconductive behavior, but this sample did not show
a normal Arrhenius-like temperature variation, and the increment
of r at low temperature was not large. This resistivity behavior
could be due to a modulation of the magnitude of reduction along
the depth direction in this sample, although exact estimation of
this modulation is difficult. Thus, the net conductivity observed
probably represented the average of both highly reduced (high
conductivity) and minimally reduced (low conductivity) parts
within the sample. The TiO2�d sample prepared at 80 mJ/cm2 was
not a semiconductor. Its r values varied minimally down to 80 K,
and a transition to an insulator was observed at 70 K. The sample
irradiated at 100 mJ/cm2 showed weak metallic behavior below
100 K, and a metal–insulator (MI) transition occurred at 50 K. This
metallic behavior was dramatically enhanced when the samples
were irradiated above 120 mJ/cm2. Finally, the TiO2�d layer
prepared at 140 mJ/cm2 showed a semiconductor–metal
transition at 300 K. The r values for this sample exhibited a
large decrease below 300 K, and r reached 4.5�10�2O cm at 42 K.
For this sample, r anomalously changed with a larger decrease
rate than that observed for T-linear behavior down to 42 K (d2r/
dT2o0) (Fig. 6b). In the Magn�eli TinO2n�1 phase, Ti5O9 and Ti6O11

show polaronic behavior at temperatures above the transition to a
charge-ordered insulator phase [9,22]. In Ti4O7 above the MI
transition temperature, r is well defined as a normal metal [8,9].
Furthermore, the metallic behavior as observed in the present
laser-irradiated samples has never been reported for TiO2�d

samples with higher d values [23]. In addition to this peculiar
metallic behavior, we also observed hysteresis (DT ¼ 14 K) over a
wide range of temperatures (50–250 K). This hysteresis was
reproducible; therefore, we concluded that it was caused by the
irreversible formation or disappearance of stacking faults rather
than by an intrinsic structural change. This observed behavior
indicates that there are two temperature-dependent phases in the
metallic state, although the transition from the high-temperature
phase (M1) to the low-temperature phase (M2) appeared to occur
slowly as a first-order transition with latent heat. Thus, the
anomalous metallic behavior observed here could be explained as
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a gradual phase transition from M1 with low conductivity to M2
with high metallicity. In other words, this slow transition can be
regarded as a kind of relaxor behavior [24,25] caused by the phase
separation between the original rutile blocks and inhomoge-
neously distributed stacking faults.

At 42 K, the MI transition occurred, and r exceeded 5.0�102

O cm. However, this transition had no hysteresis, although a huge
resistivity change (Dr4104O cm) was observed. Here, we focused
on the MI transition in Ti4O7: the Ti–Ti distance is shortened
below a structural transition in Ti4O7, and then a bipolaronic
charge-ordering occurs owing to the Ti3+–Ti3+ and Ti4+–Ti4+
pairings [8]. In our study, we have already mentioned that many
stacking faults were observed in the rutile structure of the laser-
irradiated TiO2�d layer. The presence of stacking faults has also
been reported in rutile TiO2. For example, a stacking fault
structure in the ð101Þ plane is well known [26]. The stacking
fault in the ð101Þ plane in the rutile structure results in a shorter
Ti–Ti bond length compared to that of the original structure, as
shown in Fig. 7. This indicates that the crystal structure of the
laser-irradiated TiO2�d layer might have contained Ti–Ti pairings
if stacking faults of this type were formed. If Ti4+ and Ti3+ ions are
assumed to coexist along many stacking faults in the rutile
structure, then the origin of the MI transition in the laser-
irradiated TiO2�d can be also explained by bipolaronic charge-
ordering, as is observed for Ti4O7. Fig. 8a shows the magnetization
(M) curve of a TiO2�d layer. This M curve was obtained by
subtracting M values for the unirradiated TiO2 from those
obtained for the laser-irradiated TiO2�d/TiO2. The temperature
dependence of M exhibited neither long-range ferromagnetic
ordering nor Curie–Weiss paramagnetic behavior at low
temperature. M increased slightly at around 220 K, decreased at
temperatures lower than 60 K, and was nearly constant below
50 K. We concluded that the origin of this M behavior consisted of
two phases, P1 and P2. The P1 phase corresponded to the oxygen-
deficient rutile blocks in the structure, which have a
ferromagnetic transition as reported previously [2–6]. However,
the ferromagnetic transition temperature was lowered, and its
moment was very weak. Because the ferromagnetic correlation
was significantly short-ranged owing to the presence of discrete
rutile units separated by many stacking faults. The P2 phase
corresponded to the regions near the stacking faults. If bipolaronic
ordering occurred along the stacking faults, then M should show a
temperature-independent behavior below 42 K since the spins of
the Ti–Ti pair have a singlet ground state [8,10]. The observed
constant value of M below 50 K strongly supports this bipolaronic
scenario in the TiO2�d layer. A schematic magnetization behavior
in which the M of P1 is added to that of P2 well expresses the
experimental data (Fig. 8b).

Therefore, the anomalous electrical conductivity in the laser-
irradiated TiO2�d is very interesting because of the link between
this behavior and the peculiar crystal structure of this phase,
which is induced by a nanosecond-long oxygen release reaction
during pulsed-laser irradiation. The inhomogeneously distributed
interstitials may not have induced superconductivity beyond the
MI transition under high pressure that is expected for Ti4O7
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[10,27] because of a desired structural coherency. On the contrary,
we believe that the artificially induced relaxor behavior caused by
laser irradiation is very promising for ferroelectric and magnetic
applications.
4. Conclusions

We have studied pulsed-laser-induced oxygen deficiencies at
rutile TiO2 surfaces. An oxygen-deficient TiO2�d layer with 160 nm
thickness was formed by means of ArF laser irradiation at
140 mJ/cm2 for 2000 pulses. The TiO2�d layer fundamentally
maintained a rutile structure, though this structure was distorted
by many stacking faults caused by the large oxygen deficiency,
which in turn lowered the structural symmetry from tetragonal to
monoclinic or triclinic. The electrical resistivity of the obtained
TiO2�d layer was metallic at 42–300 K and exhibited hysteresis
over a wide range of temperatures, consistent with relaxor-like
behavior. This unconventional metallic behavior must have
originated from the short-range structural coherency caused by
inhomogeneously dispersed interstitials. An MI transition oc-
curred at 42 K, and the electrical resistivity exceeded 104O cm
below 42 K. This MI transition could be caused by bipolaronic
ordering derived from Ti–Ti pairings that formed along the
stacking faults. The constant magnetization behavior observed
below 42 K is consistent with the bipolaronic scenario that has
been observed previously for Ti4O7. These peculiar electrical
properties are strongly linked to the oxygen-deficient crystal
structure, which contains many stacking faults formed by
instantaneous heating during excimer laser irradiation.
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[16] D. Bäuerle, Laser Processing and Chemistry, Springer, Berlin, Heidelberg, New

York, 2000.
[17] T. Nakajima, T. Tsuchiya, M. Ichihara, H. Nagai, T. Kumagai, Chem. Mater. 20

(2008) 7344.
[18] T. Nakajima, T. Tsuchiya, M. Ichihara, H. Nagai, T. Kumagai, Appl. Phys. Express

2 (2009) 023001.
[19] Q. He, Q. Hao, G. Chen, B. Poudel, X. Wang, D. Wang, Z. Ren, Appl. Phys. Lett. 91

(2007) 052505.
[20] N. Okinaka, T. Akiyama, Jpn. J. Appl. Phys. 45 (2006) 7009.
[21] S.C. Abrahams, J.L. Bernstein, J. Chem. Phys. 55 (1971) 3206.
[22] M. Marezio, D. Tranqui, S. Lakkis, C. Schelenker, Phys. Rev. B 16 (1977) 2811.
[23] D.S. McLachlan, Phys. Rev. B 25 (1982) 2285.
[24] I.W. Chen, P. Li, Y. Wang, J. Phys. Chem. Solids 57 (1996) 1525.
[25] T. Kimura, Y. Tokura, R. Kumai, Y. Okimoto, Y. Tomioka, J. Appl. Phys. 89 (2001)

6857.
[26] S. Yamada, M. Tanaka, J. Electron Microsc. 1 (1997) 67.
[27] M. Marezio, A. Gauzzi, F. Licci, E. Gilioli, Physica C 338 (2000) 1.


	Pulsed laser-induced oxygen deficiency at TiO2 surface: Anomalous structure and electrical transport properties
	Introduction
	Experimental section
	Results and discussion
	Surface reduction of rutile TiO2 and the peculiar structure
	Anomalous electrical transport properties of TiO2minusdelta

	Conclusions
	Acknowledgments
	References




