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Identification of surface oxygen vacancy-related phonon–plasmon
coupling in TiO2 single crystal∗
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Oxygen vacancies (OVs) play a critical role in the physical properties and applications of titanium dioxide nanos-
tructures, which are widely used in electrochemistry and photo catalysis nowadays. In this work, OVs were artificially
introduced in the surface of a pure TiO2 single crystal by pulsed laser irradiation. Raman spectra showed that the intensity
of Eg mode was enhanced. Theoretical calculations disclose that this was caused by the strong coupling effect between the
phonon vibration and plasmon induced by the OVs-related surface deformation, and good agreement was achieved between
the experiments and theory.
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1. Introduction
Metal oxides have played important roles in scientific

research and industrial production, because of their poten-
tial use in optical devices, catalysts, batteries, gas-sensors,
and biosensors.[1–5] Among the different metal oxides, tita-
nium dioxide (TiO2) has attracted much attention due to its
interesting applications such as water splitting, photo catal-
ysis and gas sensing.[6–10] In various technological applica-
tions, nanosized materials have yielded excellent performance
because of their small dimensions, i.e., the large surface-to-
volume ratio. Nanoscale titanium dioxide such as nanotubes
(NTs), nanocrystals (NCs), nanodisks, and nanowires have
been fabricated and their optical and electronic characteristics
and potential applications have been extensively studied.[11–14]

Among these, many novel physical characteristics are simply
ascribed to its oxygen vacancies, but cannot be confirmed with
evidence.[15–18] Because the nanostructure is very complex, its
intrinsic physical mechanism about OVs is still not clarified.
Therefore, how to directly characterize and analyze the exist-
ing states of OV has become a crucial problem.

In order to clearly investigate the phonon characteristics
of metal oxide nanomaterials with different OV types, we in-
troduced OVs in the surface of a pure TiO2 single crystal
artificially by pulsed laser irradiation. Spectral analysis and
theoretical calculations showed that strong coupling effect ex-
isted between the phonon relating to surface OVs and the plas-
mon induced by the surface deformation potential. This ef-

fect caused the intensity of Raman active mode Eg to increase
while A1g mode decreased. This work improves our under-
standing of the OVs properties in TiO2 and is beneficial to
further applications.

2. Experiment

A 248-mm laser beam with a 1-Hz repetition rate was se-
lected to irradiate the TiO2 single crystal (named sample A)
via a 90◦ prism. The laser beam was a Gauss distribution of
linear polarized light with the power of 451 mJ/pulse and the
irradiation time was 5 s. A 20-times microscope objective was
added to converge the laser to TiO2 single crystal and also to
enhance the laser intensity. After irradiation, the sample A was
annealed in O2 at 1000 ◦C for 5 h to prepare sample C. The
Raman spectra of irradiated crystal (sample A), non-irradiated
crystal (sample B), and the annealed crystal (sample C) were
acquired on a T64000 triple Raman system at backscattering
geometries using the 514.5-nm line of an Ar–ion laser as the
excitation source. The diameter and power of the beam spot
were 3 mm and 4.6 mW, respectively. The resolution of the
spectrometer is 0.5 cm−1. X-ray photoelectron spectroscopy
(XPS) was performed on the PHI 5000 Versa Probe.

3. Results and discussion

Figure 1(a) provides the corrected XPS spectra of Ti 2p
from samples A and B. It was clear to see the 2p3/2 peak at
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458.9 eV and 2p1/2 peak at 464.6 eV, and the Ti 2p peaks in all
samples had only one component. Figure 1(b) is a larger image
of the binding energies of Ti 2p3/2 in Fig. 1(a). The binding
energy of sample A had a deviation of 0.2 eV compared to
sample B, which resulted in the existence of OVs that changed

the charge distribution around titanium atoms.[19] Based on the
method introduced to calculate the OVs in SnO2,[20,21] and ac-
cording to the relationship between the binding energies of Ti
2p3/2 level versus the valences of Ti from pure TiO2−x, the OV
in sample A was 0.77%.
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Fig. 1. (color online) (a) XPS spectra from samples A and B, and (b) larger image of the Ti 2p3/2 spectra, (c) PL spectra from samples
A and B, (d) EPR spectra of sample A. The unit 1 Gs = 10−4 T.

To clarify the existence of OVs, PL spectra were acquired
from the two samples and shown in Fig. 1(c). The PL features
composed of a double-peak structure could be observed and
the energy separation between two subpeaks increases after
irradiation. Since a large number of OVs will exist after irradi-
ation, both the adsorbed oxygen atoms and OVs on the surface
of crystals may be responsible for the double-peak PL. The
difference in the applied stress caused by OVs on the inner and
outer surfaces of crystals increases and it causes the increased
splitting and shifting of the PL peak. To further investigate
OVs existed on the surface of crystals, the EPR was shown in
Fig. 1(d). The Landeg value was obtained to be 2.002 which
has good consistency with previous reports.[22] The above
experiments further confirmed the existence of OVs on the
surface of TiO2 crystals. However, the type of OVs in sample
A was still not clear. In order to investigate the type of OVs
produced by irradiation, Raman spectra were acquired from
samples A and B and the corresponding results were shown in
Fig. 2(a). The peaks at 235, 449, 611 cm−1 correspond to the
well-known multi-phonon process, Eg and A1g optical modes
of the TiO2 crystals.[23] However, the intensity of Eg mode had
enhanced after irradiation. In addition, the Raman spectrum
of annealed sample A was also shown in Fig. 2(a). Comparing
the Raman spectra of sample, A and the annealing sample A,
the intensity of Eg mode decreased obviously after anneal-
ing. To further investigate the intensity changes of vibration
modes, we examined the temperature-dependent Raman spec-
tra of the irradiated sample (sample A) and the results were
displayed in Fig. 2(b). With decreasing measurement tem-
perature from 300 K to 77 K, the location and peak shape of

the Raman mode were relatively unchanged, but the intensity
underwent an obvious increase. However, it is generally as-
sumed that the effects of thermal expansion and a harmonic
coupling to other phonons during the temperature increasing
can cause the intensity reduction and simultaneous red-shift
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Fig. 2. (color online) (a) Raman spectra of samples A and B at room
temperature and Raman spectra of annealed sample A, (b) temperature-
dependent Raman spectra of sample A.
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of the Raman spectra,[24,25] which is obviously contrary to our
results. So this anomalous behavior needs to be clarified.

Density functional theory (DFT) calculations were con-
ducted to theoretically confirm the anomalous behavior of Ra-
man spectra. The optimized primitive TiO2 with a = 4.59 Å,
b = 2.96 Å lattice constant was shown in Figs. 3(a) and 3(b).
The optimized structure lead to two typical Raman modes Eg

(449 cm−1) and A1g (611 cm−1), as shown in Figs. 3(c) and
3(d), respectively. We can infer that those Raman modes with
different vibration direction can exhibit different Raman fea-
tures, which also strongly depended on its surficial structure
deformation.

Our calculations were performed under the framework
of DFT as implemented in the CASTEP package. Electron–
ion interactions were described by the projector augmented
plane wave method, and the wave function was expanded in
a plane wave basis set with an energy cutoff of 500 eV. The k
points in the Brillouin zone were sampled on a 5×5×8 mesh.
The norm-conserving pseudo-potential method was chosen to-
gether with the gradient correction and the Perdew–Burke–
Ernzerhof potential function.[26] Finally, the optimized geo-
metrical structure was employed for construction and the di-
agonalized Hessian matrix:

Dk,k′

α,α ′ =
1√

MkMk′
∑
α

ψ
k,k′

α,α ′ e
−i𝑞·𝑟α , (1)

where ψ
k,k′

α,α ′ were the matrix force constants related to bond
length and bond angle. The vibrational frequencies were ob-
tained as the square roots of the phonon wave-vector 𝑞 = 0.
The ratio of atom mass and bond length of Ti and O atoms
were respectively. The optimized cell eigenfrequency can be
simply written as:[27]

ω
2
0 = 1/mTi(O)

n

∑
i=1

kTi(O) (2)

where mTi(O) was Ti(O) atom mass and kTi(O) is the corre-
sponding parameters determined by Ti–O bond length and
force constants. From the vibration of Eg and A1g modes
in Figs. 3(c)–3(d), we can see that its Raman mode behav-
ior strongly depended on their symmetrical structure change.
The TiO2 structures were characterized by two different types
along (001) direction, as shown in Fig. 3(b).

In Fig. 4(a), we showed the calculated Raman spectra
of TiO2 at different temperature. According to the calcu-
lated Raman spectra, the intensity of the Eg and A1g modes
both increased when temperature decreased. But the intensity
changes of both modes were basically the same, which was
quite different from the experiment results shown in Fig. 2(b).
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Fig. 3. (color online) (a) Optimized structure of TiO2 cell used in the
DFT calculations, (b) optimized structure of TiO2 along the direction of
(001), (c) vibration of Eg Raman mode, and (d) vibration of A1g Raman
mode.
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Fig. 4. (color online) (a) The Raman spectra of TiO2 surface calculated
by DFT, (b) the Raman spectra of TiO2 surface calculated by phonon–
plasmon coupling mechanism.

By considering the deformation potential in the surface
layer caused by the phonon–plasmon coupling mechanism, the
Raman spectrum could be calculated by[28]

I(ω) =
d2S

dω dΩ
∝ Im

(
−A(ω)

ε(ω)

)
, (3)

A(ω) =C2B2
χph(ε∞ +4πχfc)−2CBε∞χph−

ε2
∞

4π
, (4)
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where the Faust–Henry coefficient CFH had been modified into

C =CFH

{
ε(r)∞mω2

T[ω(r)2
Tm]

f∞ω2
Tm(ω

2
A−ω2

E)

}1/2

, (5)

which depends on the Eg and A1g mode frequencies ωE and
ωA and the high-frequency dielectric constant ε∞m of the sur-
face layer B = ω2

E/(ω
2
A−ω2

E), and the total dielectric function
ε(ω) was considered to be due to contributions from phonons
and plasmons:

ε(ω) = ε∞

(
1+

ω2
A−ω2

E

ω2
E−ω2− iωΓ

− ω2
P

ω(ω + iγ)

)
. (6)

Here ωp was the plasma frequency, χph was the free-carrier
susceptibility, χfc was the ionic susceptibility, and Γ and γ

were the phonon and plasmon damping constants, respec-
tively. In the calculation, ωE = 449 cm−1, ωA = 611 cm−1,
ε∞ = 7.95, ωp = 17.5 cm−1, and γ = 60 cm−1.[29] Γ =

28 cm−1 and C = 0.93 were adjustable parameters related to
the deformation potential induced by the lattice imperfection
near the surface and carrier changes. After considering the
coupled phonon–plasmon effect, the measured Raman spectra
of irradiated TiO2 can be fitted well, as shown in Fig. 4(b).
Those experimental and theoretical results implied that the su-
perficial plasmon induced by OVs played an important role in
its Raman behaviors.

4. Conclusions
In conclusion, we have revealed that when OVs are intro-

duced in the surface of TiO2, the phonon vibration of OVs and
the plasmon induced by the surface deformation potential must
be considered together. This leads to the large enhancement of
the Eg mode intensity.
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