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Photocatalysis is a promising process to solve the envi-
ronmental pollution problem and energy crisis, resulting
in a sustainable society. TiO2 is the most widely used
material for high efficiency photocatalysis. Since the dis-
covery of the Honda-Fujishima effect,1) many researches
have been carried out to understand the key factor for
the photocatalytic activities. Since photocatalysis sys-
tems are complex, their nature is strongly affected by
the crystal structure, surface area, number of surface hy-
droxyls, defect sites, and so on. Defect sites are one of
the most significant factors that determine the photocat-
alytic activities. However, the characterization of defect
sites has not been established yet, since in most cases
several types of defect sites coexist in photocatalysts.
For example, the pump-and-probe spectroscopy by the
femto-second laser for TiO2 nanocrystals suggested that
defect sites affect the electron-hole pair recombination
process, which depress the photocatalytic reaction by
extinguishing 90% of the excited electrons.2) On the
other hand, X. Chen et al. showed that a reduction of
TiO2 nanocrystals enhances solar-driven photocatalytic
activities.3) These results suggest that defects with dif-
ferent properties coexist in the TiO2 nanocrystal cata-
lysts. The best way to clarify photocatalytic properties
is to identify each defect site and track the electronic
properties during photocatalysis.
Our recent zero field µSR measurements of a reduced

rutile TiO2 single crystal at RIKEN-RAL showed atomic
structure around the defect sites. The µ-H complex in
oxygen vacancy was observed, which corresponds to two
hydrogens stabilized at the oxygen vacancy. The origin
of hydrogen is not clear yet. The purpose of the present
work is to clarify the origin of hydrogen by comparing
two types of rutile TiO2, prepared by Vernoulli method
(TiO2-H) and Floating Zone method (TiO2-noH). It is
known that TiO2-H includes hydrogen as impurity while
TiO2-noH does not.

The µSR measurements were performed at the
RIKEN-RAL Muon Facility. Mirror-polished rutile
TiO2 single crystals (25 × 25 × 0.5 mm3, Crystal Base)
oriented to the (110) plane were used. The oxygen va-
cancy was generated by performing reduction at 1173 K
for 2 hr under an ultra-high vacuum (0.5 × 10−8 Pa).
The sample was irradiated with flash lamp light from
the opposite side of the muon through a quartz glass
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by utilizing the sample cell developed by Prof. Torikai’s
group.
The ZF µSR spectra before and after reduction were

obtained for TiO2-H and TiO2-noH, respectively, at var-
ious temperatures from 4 K to room temperature. The
muon stabilized site for the TiO2 without oxygen va-
cancy, whose spectra are shown in Fig. 1(a), has been
reported by Shimomura et al.4) The site is next to the
lattice oxygen with which the muon bonds. Character-
istic oscillations for both the spectra suggest the exis-
tence of an isotropic magnetic field. The frequency was
0.8 MHz, corresponding to 5.9 mT at the muon site.
The possible origin for the isotropic magnetic field is
Ti3+, which exists at the second neighbor site of the
muon.4) Clear differences were observed after the re-
duction, which generated oxygen vacancies as shown in
Fig. 1(b). The oscillation in the TiO2-H spectra is at-
tributed to the interaction with hydrogen in the oxygen
vacancy, similar to what same as we previously found.
The small Lorentzian type relaxation observed for TiO2-
noH could be explained by the magnetic interaction with
nuclear spins of Ti (47Ti and 49Ti) (<0.2 mT), which
suggests that no µ-H interaction exists. The present
study strongly supports the existence of µ-H complex
in oxygen vacancy by interacting with the existing H in
TiO2-H.
In addition, the photocatalytic properties of µ-H com-

plex were examined by pump-and-probe measurements.
The details are still under analysis.

Fig. 1. Zero field µSR spectrum of rutile TiO2 (a) before

and (b) after reduction. Black and red dots correspond

to TiO2-H (6 K) and TiO2-noH (5 K).

References
1) A. Fujishima, K. Honda, Nature (London) 238, 37 (1972).
2) K. Ikeda, N. Sugiyama, S. Murakami, H. Kominami,

Y. Kera, H. Noguchi, Y. Uosaki, T. Torimoto, B. Ohtani,
Phys. Chem. Chem. Phys 5, 778. (2003).

3) X. B. Chen, L. Liu, P. Y. Yu, S. S. Mao, Science 331, 746
(2011).

4) K. Shimomura, R. Kadono, A. Koda, K. Nishiyama,
M. Mihara, Phys. Rev. B 92, 075203 (2015).

Time dependence of dipole width obtained by zero-field µSR for Al
and Al-0.5 at.%Si
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Al-Mg-Si aluminum alloys are widely used for vehi-
cles, buildings, home appliances, etc., because of their
low weight, excellent formability and age hardenabil-
ity. The mechanical strength (hardness) of the alloy
depends on the density, size and structure of precipi-
tates consisting of Mg and Si atoms; dense nano-size
Mg2Si precipitates make the alloys harder.1–5) From
various studies on Al-Mg-Si alloys, vacancy behavior
is considered to play an important role in the aging
process, stimulating the diffusion of solute Mg and
Si atoms and the nucleation of Mg/Si/vacancy clus-
ters. Positron annihilation spectroscopy (PAS)3,4) and
muon spin relaxation spectroscopy (µSR)6,7) have been
successfully used to investigate the behavior of vacan-
cies and solute atoms in their clustering in Al-Mg-Si
alloys. Taking advantage of high beam intensity and
a high counting rate of muons at the ARGUS line, we
have observed the time dependence of the dipole width
(∆) via zero-field muon spin relaxation spectroscopy in
a pure (99.99%) aluminum and an Al-0.5at.%Si alloy
to understand the details of the clustering process of
solute atoms in Al-Mg-Si alloys.

All samples underwent heat treatment at 848 K for
1 h and subsequent quenching in ice water (STQ). Ap-
proximately 10 min after STQ, the sample was inserted
into the ARGUS muon spectrometer, and then zero-
field µSR measurement was started at a constant tem-
perature. Typical spin relaxation spectra obtained for
pure Al are shown in Fig. 1, in which the relaxation
rate obviously decreases with time; the relaxation rate
observed at 16 min after STQ (black circle) is larger
than that at 378 min (blue square). The observed
spin relaxation spectra were fit with the Kubo-Toyabe
function using the WIMDA program,8) and the dipole
widths (∆) deduced at three different temperatures are
plotted in Fig. 2. Surprisingly, they appear to decrease
linearly with time. The reduction of ∆ is most likely
ascribed to the annihilation of vacancies that are the
main trapping sites of muons at these temperatures.
The reason for the linear variation of ∆ vs. t is un-
clear.

Figure 3 shows the time dependence of ∆ in Al-0.5
at.%Si (described as Al-Si) obtained at 280 K, which
seems to change on a logarithmic scale. On the ∆ vari-
ation, there is obviously an effect of Si solutes that can
bind vacancies. It is also noticeable that there is a
change in the slope on the ∆ vs. log(t) curve at ap-
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proximately 300 min. For a comparison, the time de-
pendence of ∆ in the Al-1.6 at.%Mg2Si (described as
Al-Mg2Si), which was previously reported,9) is shown
in Fig. 4. The similar change in the slope on the ∆ vs.
log(t) curve existed at approximately 150 min, which
takes place earlier than in Al-Si. The magnitude of
change of ∆ in Al-Mg2Si, however, is about one half of
that in Al-Si in the same time range. The difference of
the solute elements and the concentrations possibly af-
fects the time dependence of ∆ in Al-Si and Al-Mg2Si.

Fig. 1. (left) Zero-field muon spin relaxation spectra
obtained for the pure Al sample at 280 K.

Fig. 2. (right) Time dependencies of dipole width in
pure Al at 260, 280, and 300 K.

Fig. 3. (left) Time dependencies of dipole width in
the Al-0.5 at.%Si alloy at 280 K.

Fig. 4. (right) Time dependencies of dipole width in
the Al-1.6 at.%Mg2Si alloy at 280 K.9)
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