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Oxygen deficient titanium dioxide (TiO2−x) is a very attractive material for several applica-
tions ranging from photocatalysis to resistive switching. Oxygen vacancies turn insulating anatase
titanium dioxide into a polaronic conductor, while creating a defect state band below the ultra-
violet semiconducting gap. Here we employ a combination of broadband infrared (IR) reflectivity
and THz-pump/IR-probe measurements to investigate the relationship between localized defect
states and delocalized conducting polaronic states. We show that the THz pump allows to convert
deeply localized electrons into metastable polarons with a lifetime in the ns range. These long-lived
metastable states may find application in novel opto-electronic applications exploiting the interplay
of dc resistivity, with terahertz and infrared signals.

Keywords: titanium dioxide, oxygen defect state, terahertz, pump/probe spectroscopy, polaron

I. INTRODUCTION

Titanium dioxide TiO2 is a largely available, naturally
occurring oxide which is being used for many applica-
tions since hundreds of years. It is chemically inert and
semiconducting, and exhibits photocatalytic activity in
the presence of light with energy equal to or higher than
its electronic band-gap [1, 2]. Its photocatalytic activ-
ity allows for thin coatings exhibiting self-cleaning and
disinfecting properties under exposure to ultraviolet ra-
diation. Due to its large (3.2 eV) band-gap, TiO2 is also
used as a white pigment for the preparation of enamels,
cosmetics, and sunscreens. Exciton dynamics in stoichio-
metric TiO2 has been extensively studied with above gap
UV pump-probe technique [3–7]. Nonetheless, for some
photocatalytic applications the ultraviolet band-gap rep-
resents a limiting factor, because of the limited portion of
the solar spectrum (5 %) exceeding the interband tran-
sition threshold [8].

The introduction of oxygen vacancies (VOs) through
annealing procedures brings in very important changes
to the electrodynamic properties of TiO2. The onset of
a sizeable Drude conducting term is accompanied by the
appearance of infrared absorption bands [9]. While those
terms originate all from the oxygen defects, it is far from
obvious whether they belong to the same type of VO.
Angle resolved photoemission together with DFT (Den-
sity Functional Theory) calculations suggest on the con-
trary the coexistence of distinct localized and delocalized
states, with different spatial location and diffusion kinet-
ics [10, 11].

Oxygen vacancies in TiO2−x are being studied exten-
sively due to their ability to enhance the photocatalytic
activity of TiO2−x, which is important for various ap-
plications such as photocatalytic degradation of pollu-
tants and water splitting for hydrogen production. VOs
also play a prominent role in the engineering of resis-
tive switching properties, thereby allowing the use of

FIG. 1. a) Crystal structure of anatase TiO2−x. b) Schematic
distribution of the electronic bands in oxygen deficient TiO2,
where DS indicates the defect state.

TiO2−x as a memristor [12–16] for in-memory computing
schemes.

We employ here a sub-gap terahertz (THz) excitation
to achieve control on the oxygen defect state, thereby
modulating the infrared response associated to the photo-
excitation of VOs. Our work highlights the presence of
very different relaxation dynamics. A fast response (sub-
ps) closely follows the THz excitation, after which a very
long (ns) relaxation dynamics takes place, associated to
the formation of a metastable state. The dynamics un-
veiled by our THz-pump/IR-probe experiment allows to
interpret this transient state in terms of a conversion
from deep localized defect states to delocalized large po-
larons, and back [17, 18]. This finding has important
consequences towards the exploitation of TiO2−x for so-
lar energy conversion, as well as in novel opto-electronic
applications, for instance designing memristors realizing
high-bandwidth neuromorphic vision [19].
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II. STEADY STATE CHARACTERIZATION

Very high crystalline quality of anatase TiO2−x thin
films of 40 nm thick were deposited on double-side pol-
ished LaAlO3 (001) substrates by pulsed laser deposition
(PLD) technique (see Section VI). In this study, three
samples – namely as-grown (S1), 30 minutes (S2) and
60 minutes (S3) – UHV post-annealed films were chosen
[9, 20]. The crystalline quality of the films was mea-
sured by a x-ray diffractometer as shown in Fig. 2. The
θ− 2θ XRD of the as-grown film shows Laue oscillations
indicating very high crystalline quality of the film. For
the UHV post-annealing samples, two features were ob-
served: i) Laue oscillations tend to disappear owing to
increase in structural disorder, and ii) red shift in the 2θ
peak position of the (004) A-TiO2 (inset of Fig. 2) corre-
sponding to the expansion of out-of-plane lattice constant
”c” i.e., increase in oxygen vacancies in the film [9].

Broadband optical reflectivity measurements have
been performed from the THz (3 THz ∼ 12 meV) to
the ultraviolet (∼ 6.5 eV) spectral range on S1, S2 and
S3 samples. In the far-infrared range, i.e. below ∼ 0.1
eV, the reflectivity is dominated by the infrared phonon
modes (Reststrahlen bands) of the LaAlO3 substrate,
which are only partially screened by the thin TiO2−x film
(Fig. 3a). The more conducting is the film, the lower will
be the reflectivity of the Reststrahlen band components.
At higher frequencies, the enhancement of the sample
reflectivity with respect to that of the substrate reflects
the onset of absorption bands. In particular, a clear fea-
ture peaked at about 1 eV is present in the reflectivity
of sample S2. At even higher frequencies, the reflectivity
exhibits other peaks, associated to the electronic struc-
ture of both the samples and the substrate.

The reflectivity data are fitted within a Drude-Lorentz
model [22] describing the complex dielectric function ϵ̃(ω)
in the form:

ϵ̃(ω) = 1−
ω2
p

ω2 + iω/τ
+Σ6

i=1

A2
i

(ω2
0,i − ω2)− iω/τi

(1)

Here ωp is the Drude plasma frequency (ω2
p is the

Drude spectral weight), while Ai represent the oscillator
strengths of the minimal set of six lorentzian components
necessary to reproduce our data, two for intra-gap bands
(a mid-infrared and a near-infrared) and four for ultra-
violet inter-gap bands. The fitting formula takes into
account the reflection from both the thin film and the
substrate within the Fresnel formalism, as already done
in Ref. 9. For all samples the optical conductivity above
3.2 eV suddenly increases as a consequence of the onset of
the electronic band gap. On the low frequency side, one
can clearly distinguish the presence of an overdamped
Drude term in the annealed samples (S2 and S3). The
infrared spectral weight is taken into account here by a
combination of two lorentzian components, at about 0.5
(ω0,1) and 1.2 eV (ω0,2). The sum of these two compo-
nents (A2

1 + A2
2) is reported in Fig. 4, as a function of

the Drude spectral weight ω2
p.

The infrared spectral weight monotonically grows with
the increase of the Drude term. By looking more in de-
tail at the fitting components one notices that the mid-
infrared band intensity (red dots) reaches its maximum
for sample S3, whereas in sample S2 the component pro-
viding the largest contribution to the infrared spectral
weight is that at 1.2 eV (blue triangles). It is tempt-
ing to interpret this behavior of the optical conductivity
within the traditional dichotomy between deep and shal-
low donors, which is often discussed in TiO2−x literature
[23].
The coexistence of a Drude term together with a mid-

infrared band is an ubiquitous phenomenon in transition
metal oxides. In a polar lattice as that of anatase TiO2

the mid-infrared absorption is usually explained with po-
laron formation. Excess electrons delocalized over several
Ti atoms interact with O2− ions, thereby inducing a dis-
tortion of the lattice, which can be seen as a large polaron
[17, 18]
In oxygen deficient TiO2, the infrared spectral signa-

ture of the presence of oxygen vacancies is represented
by a near-infrared feature which accounts for the struc-
tural lattice distortion induced by the vacancy formation,
attracting a deep localized electron (usually referred as
defect state, DS). The redistribution of spectral weight
between those two bands in S2 and S3 well agrees with
the fact that the two annealed samples contain similar
amount of VOs, as it has been measured by XRD (see
inset in Fig. 2).
To corroborate our attribution and in order to bet-

ter understand the behaviour of the electrons surround-
ing the oxygen vacancy, we address time-resolved THz-
pump/IR-probe spectroscopy. This technique allows ex-
citing electrons localized at the oxygen vacancy by prob-
ing the variation of the sample reflectivity at frequencies
corresponding to the mid-infrared and defect state exci-
tations.

III. TIME-RESOLVED SPECTROSCOPY

THz-pump/IR-probe measurements have been per-
formed at the TeraFERMI beamline [24, 25] of the
FERMI facility. TeraFERMI provides broadband (0.3
to 5 THz), short (∼ 102 fs) and very intense (electric
field up to 5 MV/cm) single-cycle pulses to be used as
pump beam. The IR probe pulses are provided by an
optically synchronized fiber laser within 66 fs jitter [26]
with the terahertz radiation. The laser can be employed
both at its 1560 nm (0.8 eV) fundamental wavelength or
at its second harmonic 780 nm (1.6 eV). A sketch of the
set-up is shown in Fig. 5. The transient reflectivities of
the S1, S2 and S3 samples, measured with the 780 nm
probe, are shown in Fig. 6a in a time range of 30 ps.
The highest response is given by the sample S2, where
the static reflectivity at 1.6 eV is the highest (see Fig.
3), while the S1 and S3 samples provide comparable re-
sponses. We compare in Fig. 4 the area of the ∆R/R
transient response (integrated over the time interval 0-30
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FIG. 2. θ − 2θ symmetrical XRD scans of anatase TiO2−x thin films deposited on LaAlO3 (substrates) under different post-
annealing conditions, respectively. Inset shows the (004) A-TiO2 peak position of three different films.

FIG. 3. a) Optical reflectivity measurements performed on the S1, S2 and S3 TiO2−x thin films, deposited on LaAlO3 (001)
substrate. b) Real part of the optical conductivity, as extracted from a Drude-Lorentz modelling of the data in a).

ps), with the spectral weight of the various components.
It clearly turns out that ∆R/R directly scales with the
intensity of the defect state component, whereas all other
fitting components follow distinctly different behaviours.
This confirms that the 780 nm probe measurement ex-
plores the dynamics of the defect state after THz photo-
excitation. Indeed, since the Drude spectral weight is
also not scaling linearly with ∆R/R, we can safely rule
out a prominent contribution from free charge carriers to
the pump-probe signal.

The THz-pump/780 nm-probe data, shown in Fig. 6,
exhibit the presence of at least three different time scales.
A first one is associated to the excitation from the THz

pulse, while two very different timescales for relaxation
are present. The rise-time after photo-excitation is very
sharp for all samples. A sigmoidal fit of this feature pro-
vides values ⩽ 100 fs, which corresponds to the rise time
of the THz pump electric field, measured separetely by
Electro-Optic Sampling (EOS). Within the same time
scale is the pulse width of IR probe pulses, here 110 fs,
which determines the time resolution of our experiment.
One can safely assume that the electronic excitation pro-
cess takes place in timescale shorter than 100 fs for all
samples. The relaxation processes occurring after photo-
excitation are being fitted by a standard double expo-
nential model. The short relaxation (τshort) corresponds
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FIG. 4. Spectral weight of the infrared components (A2
1, A

2
2,

and their sum A2
1 +A2

2) from the Drude-Lorentz fitting, plot-
ted as a function of the Drude spectral weight ω2

p. ∆R/R
integrated within the first 30 ps is reported on the right scale.

FIG. 5. Sketch of the experimental set-up available at Ter-
aFERMI for THz-pump/IR-probe measurements.

to 200, 400 and 260 fs for samples S1, S2 and S3, respec-
tively. It is worth mentioning that for all samples, the
relaxation τshort is longer than the decay of the (almost)
symmetric single cycle THz pump pulse. This is better
seen in the inset of Fig. 6a, comparing the pump-probe
signal of sample S2, with the THz electric field. Here,
one may notice that while the rise of the ∆R/R signal
matches the rise of the THz pulse, ∆R/R decays more
slowly than the THz electric field. After this first sharp
decay, the ∆R/R becomes almost flat for all samples. If
measured over a much longer (∼ 102 ps) time delay as
shown in Fig. 6b, one can distinguish a long relaxation
(τlong) assuming values in the order of ns.
The transient reflectivity of sample S2 has also been

measured by employing a 1560 nm probe, in order to
investigate the dynamics at a wavelength falling in the
spectral region between A1 and A2 bands. The response
has a positive sign (Fig. 7a), contrary to the signal
probed at 780 nm. As in the case of the 780 nm mea-
surements, the transient reflectivity includes different dy-
namical responses, which can be analyzed separately. A

first very short and sharp rise is identifiable, after which a
long step-like dynamics occurs, with time constant com-
parable with that found at 780 nm. Moreover, clear os-
cillations superimpose to the step-like response and are
fully damped after ∼50 ps. We will come back to this
feature in the next Section IV.

IV. DISCUSSION

The most intuitive interpretation of our experimental
data is in terms of polaron excitation by a THz field,
as described in the sketch of Fig. 8. The defect state
can be seen as a small polaron localized at the oxygen
vacancies. The pumping THz field interacts with both
the electrons and the ions thereby providing a displace-
ment strong enough as to climb the defect state potential
well [27], and eventually lead to electrons escape from the
oxygen vacancy site [28]. The photoionized free charge
carrier is now allowed to delocalize within the Ti−3d
conduction band. The underlying strongly polar lattice
leads to large polaron formation, accompanied by a struc-
tural distortion extended over several Ti sites. Consistent
with previous literature [29], the formation of the polaron
employs from 200 to 400 fs, which is the time interval
corresponding to τshort. The large polaron represents a
metastable state employing few ns (τlong) to relax back
to the original defect state. This time-scale relates to the
time needed for a scattering event to take place between
the large polaron and an oxygen vacancy, thus allowing
the relaxation to the deep defect state to occur.
This polaron interpretation of the THz-pump/IR-

probe results is corroborated by an analysis of the sign of
the pump-probe signal for the two different probe ener-
gies. After the arrival of the THz pump pulse, we expect
a drop of the spectral weight associated to the defect
state, accompanied by an increase in the mid-infrared,
large-polaron band. A schematic representation of such
scenario is shown in Fig. 9 for sample S2. In Fig. 9 the
optical conductivity before pump corresponds to the one
measured with FTIR and already discussed in Section II,
whereas the one after pump is a fictitious conductivity
constructed by arbitrarily reducing the spectral weight
of the defect state components, while increasing of the
same amount the mid-infrared band in order to conserve
the total spectral weight. A reconstruction of the cor-
responding transient reflectivities is shown in the lower
panel of Fig. 9, thereby highlighting that such a redis-
tribution of the spectral weight induces a reduction of
the transient reflectivity at 780 nm, while the transient
reflectivity at 1560 nm increases, consistent with the ex-
perimental results.
As anticipated in the previous section, the ∆R/R sig-

nal measured at 1560 nm on sample S2 clearly shows
the activation of a coherent phonon mode. Following the
theory of a damped harmonic oscillator we observe the
resonance frequency f0 of the phonon red shifted by the
damping constant γD = 1/τD in the following way: fD
=

√
f2
0 − γ2

D = 65 GHz. By reconstructing the exponen-
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FIG. 6. Transient reflectivity ∆R/R measured at 780 nm, with a THz pump field of 5 MV/cm. Panel a) shows data in the first
25 ps after the pump arrival, while panel b) display results with delays up to 600 ps. The inset in panel a) shows a comparison
of the THz pump field (dashed purple line) and ∆R/R of sample S2 over a short time-range. In panel b) continuous lines are
fits to the experimental data which are shown here in shaded colors.

FIG. 7. a) Transient reflectivity ∆R/R measured on sample S2 at 1560 nm, with a THz pump field of 1.25 MV/cm (top
panel). ∆R/R measured at 780 nm (ETHz =5 MV/cm, see Section VI) is also shown for comparison (bottom panel). b)
Oscillations extracted from the curve reported in a) (top panel), as described in Section VI. The dashed black line represents
the exponential envelope of the damped oscillations. The inset shows the Fourier Transform of the oscillations affected by the
damping constant, which causes a red shift of the resonance frequency from f0 = 85 GHz to fD = 65 GHz (see main text).

tial envelope of the oscillations (see Fig. 7b) we extract
a damping constant of γD = 54 GHz and a resonance
frequency of f0 = 85 GHz. The damping can be most
likely ascribed to the coupling between the phonon and
the polaronic charges, due to the interaction among the
ions. Indeed, the significant electron-phonon coupling
in a polaronic system like TiO2−x, has a crucial role in
the transient atomic vibration of the lattice upon photo-
excitation [30]. The inset of Fig. 7b shows the Fourier
Transform of the oscillating curve reported in the main

panel (in red). The arrow marks the red shift due to
the damping constant. This oscillation frequency f0 =
85 GHz is too low to ascribe it to an optical mode. We
therefore attribute it to an acoustic eigenmode of the
film.

The frequency of the oscillation f0 is related to the
longitudinal sound velocity vs, and to the film thickness
d through [32]:

f0 = vs/2d (2)
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FIG. 8. Sketch of the THz excitation of a deep localized
vacancy. The electron localized in the vacancy acquires suffi-
cient energy from the THz field, leading to its photoionization
within few 10’s fs. A large polaron is then formed within less
than 1 ps. This represents a metastable state requiring ∼ 1 ns
before relaxing back to the strongly localized vacancy ground
state.

FIG. 9. a) Variation (coloured) of the optical conductivity
σ1 of sample S2 from that extracted from the FTIR measure-
ment to that simulated after a THz pump beam has reduced
the spectral weight component A2 related to the defect state
(DS) excitation, while the component A1 (mid-infrared, MIR)
simultaneously increases in order to conserve the total spec-
tral weight b) Corresponding calculated ∆R/R. The yellow
vertical lines indicate the 780 nm and 1560 nm.

From equation (2) we establish vs = 6800 m/s, in agree-
ment with Ref. [31]. With this value of vs we can use
Z = ρ · vs [33], where ρTiO2 = 3900 kg m−3 [34], to esti-
mate the acoustic impedance of the TiO2 film ZTiO2 =
2.7 · 1010 g m−2 s−1. The corresponding impedance for
the LaAlO3 substrate [35] is ZLaAlO3 = 6.5 · 1010 g

m−2 s−1, thus providing an acoustic reflection coefficient
Rac = (ZTiO2 − ZLaAlO3)/(ZTiO2 + ZLaAlO3) = 0.41,
large enough as to sustain the standing wave formation.
Interestingly, the oscillation is almost absent in the mea-
surement performed with probe wavelength λ = 780 nm.
This important difference between the results obtained
at the two wavelengths may be related to the strong
coupling between the acoustic phonon and the polaronic
mid-infrared mode, which is absent in the case of the
defect state contribution. Nonetheless, the larger pene-
tration depth of the 1560 nm probe beam may also play
a role in this respect.

V. CONCLUSIONS

We provide here the first time-resolved characteriza-
tion of oxygen deficient TiO2 samples with THz pumping.
The comparison between THz-pump/IR-probe measure-
ment and static infrared reflectivity results allows dis-
criminating between deep localized vacancy states and
shallow delocalized polaron states. Most interestingly,
THz radiation allows converting electrons from the lo-
calized state into a metastable large polaron states, with
a ns lifetime. While shedding light on the still controver-
sial physics underlying VOs state in TiO2−x, our finding
has potential implications in novel electro-optic switch-
ing devices which combine different ranges of the electro-
magnetic spectrum. By exploiting its resistive switching
properties, as well as its sensitivity to both THz and in-
frared light, TiO2−x provides the opportunity to combine
sensing and processing functions, in one single device. In-
spired by biological systems, TiO2−x based neuromorphic
devices [19] could process information from a very broad
spectral range extending well above and below the visible
range, with operation speed in the GHz range.

VI. MATERIALS AND METHODS

TiO2 films were deposited at 720 °C in 10−4 mbar oxy-
gen environment and at a substrate-to-target distance of
7 cm, respectively, using the first harmonic of Nd:YAG
laser (λ=1064 nm) [36, 37]. XRD characterization of the
films was performed with the x-ray Panalytical Xpert
high-resolution diffractometer.
FTIR reflectivity measurements at nearly normal inci-

dence up to 1 eV were performed with a Bruker spectrom-
eter at the SISSI-MAT beamline of the Elettra Storage-
Ring [38], by employing different combinations of beam-
splitters and detectors. Above this frequency, in the vis-
ible and ultraviolet spectral range up to 6.5 eV, data
were acquired with a Jasco V730 spectrometer at the
”Sapienza” University of Rome.
THz pump pulses are provided by the TeraFERMI su-

perradiant THz beamline at the FERMI Free-Electron
Laser facility. TeraFERMI operates by utilizing relativis-
tic sub-picosecond electron bunches to emit THz light
through Coherent Transition Radiation (CTR).
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The fiber laser employed in the THz-pump/IR-probe
measurements is a Menlo C-Fiber laser optically synchro-
nized with the THz pulses. In the set-up, the THz beam
is focused on the sample by a parabolic mirror with a
through hole, thus allowing for normal incidence of both
pump and probe beams. The THz spot size has been
measured by means of a THz camera (Spiricon, Pyro-
cam IIIHR), resulting in ∼500 µm diameter. The cam-
era has been used to spatially overlap the THz beam
and the 780/1560 nm probe beam, which hits the sam-
ples by passing through the hole of the parabolic mirror.
A beamsplitter is used to both decouple the reflected
light from the impinging IR beam, as well as to extract
a portion of the laser beam to be used as a reference for
balanced detection.

THz electric field time trace has been measured by
electro-optic sampling technique. By combining the value
of the THz spot size diameter with the THz pulse dura-
tion, as extracted by a gaussian fit of the THz electric
field intensity (squared electric field time trace), the THz
electric field intensity has been retrieved [39]. The differ-
ence between the THz electric field intensities measured
at 780 and 1560 nm accounts for different electron beam
conditions in the FERMI accelerator during the two ex-

periments.
The oscillations superimposed to the THz-pump/1560

nm-probe curve are extracted as the difference signal be-
tween the measured data and a double exponential fit.
In order to correct for the residual nonlinear pump-probe
dynamics, we applied a low pass filter to determine the
baseline and substracted it. As a result, symmetric oscil-
lations with an exponential envelope are retrieved. The
curve has been smoothed with a moving average filter
without broadening the oscillation itself.
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[22] M. Dressel, G. Grüner, Electrodynamics of Solids: optical

properties of electrons in matter, Cambridge University

Press 2002.
[23] G. Mattioli, P. Alippi, F. Filippone, R. Caminiti, A. A.

Bonapasta, J. Phys. Chem. C 2010, 114, 21694.
[24] P. Di Pietro et al., Synchrotron Radiation News 2017,

30, 4, 36.
[25] A. Perucchi et al., Rev. Sci. Instr. 2013, 84, 2.
[26] E. Roussel et al., Opt. Express 2023, 31, 19, 31072.
[27] M. Jewariya, M. Nagai, K. Tanaka, Phys. Rev. Lett.

2010, 105, 203003.
[28] P.E. Kornilovitch, Phys. Rev. B 2017, 95, 165121.
[29] S.A. Bretschneider, I. Ivanov, H.I. Wang, K. Miyata, X.

Zhu, M. Bonn, Advanced Materials 2018, 30, 1707312.
[30] P. A. Mante, C. Stoumpos, M. Kanatzidis et al., Nat.

Commun. 2017, 8, 14398.
[31] E.R. Cardozo de Oliveira et al., Photoacoustics 2023, 30,

100472.
[32] A. Levchuk, B. Wilk, G. Vaudel, F. Labbé, B. Arnaud,
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