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Understanding the nonequilibrium dynamics of photoexcited polarons at the atomic scale is of great
importance for improving the performance of photocatalytic and solar-energy materials. Using a pulsed-
laser-combined scanning tunneling microscopy and spectroscopy, here we succeeded in resolving the
relaxation dynamics of single polarons bound to oxygen vacancies on the surface of a prototypical
photocatalyst, rutile TiO,(110). The visible-light excitation of the defect-derived polarons depletes the
polaron states and leads to delocalized free electrons in the conduction band, which is further corroborated
by ab initio calculations. We found that the trapping time of polarons becomes considerably shorter when
the polaron is bound to two surface oxygen vacancies than that to one. In contrast, the lifetime of
photogenerated free electrons is insensitive to the atomic-scale distribution of the defects but correlated
with the averaged defect density within a nanometer-sized area. Those results shed new light on the
photocatalytically active sites at the metal-oxide surface.
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Polarons, both in the perfect lattice and bound to defects,
play a critical role in a wide spectrum of physicochemical
properties of many metal oxides, such as photocatalysis
[1], high-T'. superconductivity [2], thermoelectricity [3],
and colossal magnetoresistance [4], to name just a few.
In particular, taking a prototypical photocatalyst—titanium
dioxide (TiO,), for example—the formation of oxygen
vacancies in metal oxides introduces excess electrons into
the surrounding lattice, leading to polarons bound to the
oxygen vacancies [5]. Such polarons are responsible for
the localized states within the band gap, which extend the
photoactivity of TiO, materials to the visible-light region
[6-8] and are of great importance for improving the
photoefficiency [9-11]. Although the ground-state polaron
configurations have been well studied [12—14], it has been
not possible to probe the nonequilibrium dynamics of
photoexcited polaron states at the atomic scale [7,8,
15-19], which is the key to achieving a microscopic
understanding of various photoconversion processes.

Scanning tunneling microscopy (STM) and spectroscopy
has proven to be an ideal tool for probing the structure and
catalytic behaviors of individual defects and polarons on
the TiO, surface with atomic resolution [9,10,20-24], but
no transient dynamics information has been obtained so far
due to the limitation of time resolution. By coupling the
pulsed laser to the STM junction [25-29], here we were
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able to track the trapping dynamics of individual polarons
on a rutile TiO,(110) surface by the oxygen vacancies and
establish the direct correlation between the atomic envi-
ronment and the photoresponse of polarons using a home-
made cryogenic STM [Fig. 1(a)], which was optimized for
optical pump-probe experiments at 5 K (see Fig. S1 [30]).

The stoichiometric rutile TiO,(110) surface consists
of alternating rows of hexacoordinated Tig. and pentacoor-
dinated terminal Tis. aligned along the [001] crystallo-
graphic direction and linked by in-plane Oy, [Fig. 1(b)].
The adjacent Tig, are bridged by two-coordinated oxygen
ions (Oy). The Tis, ions were imaged as bright rows along
the [001] direction in the STM topography [Fig. 1(c)]. The
surface O, vacancy (V&™) can be clearly distinguished,
showing local segregation and a nanometer-sized density
fluctuation.

The dI/dV spectrum taken at the defect-free area dis-
plays a wide band gap [“bkgd” in Fig. 1(d)], approaching
the reported band gap value (3.0 eV) of the rutile
TiO,(110) surface [46]. The Fermi level (Ef) is very close
to the conduction band minimum (CBM), indicating that
our sample is highly reduced by V&'™. In contrast, the
spectra taken around the V™ show prominent in-gap states
below the E, peaking around —1.1 eV [Fig. 1(d)]. Those
in-gap states arise from the excess electrons introduced by
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In-gap state (polaron state) derived from the surface oxygen vacancies on TiO,(110). (a) Experimental setup of the laser-

combined STM. (b) Atomic structure of the TiO,(110) surface. The hexacoordinated Ti (Tig,.), pentacoordinated terminal Ti (Tis,.), in-
plane oxygen (Oy,), and bridge oxygen (O,) are indicated. (c) STM topography of the TiO, (110) surface, where the surface O,, vacancy
(V%“f) and Tis,. row are denoted by the white dashed circle and white arrow, respectively. The set point of the STM image: V = 1.7 V
and I = 80 pA. (d) dI/dV spectra taken around V%“f and at the defect-free surface area (bkgd). Set points for V%“f (1.7 V and
I =200 pA) and bkgd (1.7 Vand I = 30 pA) were chosen differently to highlight the in-gap states. The spectrum of V%‘rf was offset by
8 pA/V for clarity. The peak position of the polaron state is denoted by the blue arrow. The valence band (VB) and conduction band
(CB) are represented by filled rectangles. The inset is the statistics of polaron energy distribution. Bin size, 100 mV. The red line

represents the Gaussian (normal) curve fitting to the data.

oxygen vacancies and transferred to Ti ions near the V™
forming Ti** ions, which may therefore be considered as
polarons bound to the V%"f [5] (see Figs. S2 and S3 [30]).
In fact, the energy of the polaron state displays a certain
distribution within —0.9 to —1.4 eV, arising from the
inhomogeneity of the local environment [inset in Fig. 1(d)].
The conduction band at the polaron site almost overlaps with
that of the defect-free region (see Fig. S4 [30]), while a
prominent tail near the valence band maximum (VBM)
appears accompanied with the polaron state. Such tail states
in dI/dV spectra may correspond to the multiple phonon
sidebands due to the vibronic coupling [38].

The topography and the density of states (DOS) dis-
tribution of a single Vf)“rf are shown in Figs. 2(a) and 2(b),
respectively. It is obvious that the V&™-derived polaron
states are mainly distributed at four lobes surrounding the
V%‘rf [see the white arrows in Fig. 2(b)] but with different
weights. This asymmetry in the DOS intensity may result
from kinetic trapping of the polarons in one of a number of
nearly degenerate ground-state configurations [12]. The
polaron hopping is constrained around V&' because of its
electrostatic attraction with the positively charged V&' and

the stronger el-ph coupling near the Vg”f (see Table S1 [30]).

Statistical analysis reveals that the density of polarons is
close to twice that of Vg“f (see Fig. S5 [30]), since each
oxygen vacancy donates two excess electrons. Although the
two excess electrons are believed to populate preferentially
the subsurface Tig, under the Tis. sites according to the
ab initio calculations [12] [Fig. 2(d)], their wave functions
can still extend to the surface Tis,., thus allowing the STM
imaging.

First, we studied the photoexcitation of polaron states in
the steady state by illuminating the STM junction with a
quasicontinuous laser (single path). In order to focus on the
photoresponse of the in-gap polaron states, we applied
the below-band-gap excitation (wavelength >500 nm). The
results are shown in Fig. 2(c). The energy of polaron states
exhibits a clear downward shift under the 700-nm laser
illumination. In addition, a considerable suppression of the
VB tail states and an upward shift of the CB edge can be
also found.

Such energetic shifts of defect states and the band edges
might have several possible origins. First, it can be caused
by the surface photovoltage [47]. However, we found that
the high doping level of the sample leads to negligible band
bending near the TiO,(110) surface [48] (see Fig. S6 [30]).
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FIG. 2. The photoexcitation of a single polaron. (a),(b) The topography and dI/dV mapping of V%‘rf. The white dashed lines highlight
the Tis, rows. In (b), the filled ellipse denotes the V™ site, and the white arrows indicate the distribution of the polaron states. Set points
of STM topography and dI/dV mapping: V = 1.7 V and I = 70 pA (a),(b). The dI/dV mapping was acquired with an open feedback
loop at the bias: V = —1.2 V. The red (black) curves in (c) show the dI/dV spectra with (without) the 700-nm laser irradiation. Laser
power, 2 mW. The arrows mark the peak positions of polaron states. Set point: V = 1.7 V and I = 100 pA. (d) Optimized structure of
one V™ on rutile (110) surface and the excess electron distribution. The excess electron density is highlighted by dark green, and the
value of the isosurface is 1072 electrons/A%. Gray and red spheres are the Ti and O ions, respectively. (e) The strength of optical
transition probability between the defect state and the states in the VB and CB. Here a is the transition dipole moment between the defect
state and VB or CB states. The zero energy was set at the CBM. The curved arrows denote the direction of the charge transfer. (f) The
projected DOS of defect states for Vﬁ;“f before (filled) and after (dashed) the charge transfer (0.2¢). The arrows denote the shift of the

defect states. The dashed vertical lines denote the position of defect levels.

Second, the laser-induced heating effect may also induce
the change of defect states because of the lattice relaxation
[49]. We have carried out bias polarity and laser polariza-
tion-dependent experiments to exclude this possibility
(see Fig. S7 [30]). Third, the optical Stark effect can be
neglected considering the small electronic dipole moment
induced by the photoexcitation and the small electric field
of the pulsed laser [50]. Therefore, the most possible origin
of the changes in dI/dV spectra under laser illumination
then points to the photoinduced electronic transition
between the polaron states and CB or VB. To substantiate
this assumption, we performed systematic ab initio density
functional theory calculations [Fig. 2(d)] (see Materials and
Methods for details [30]). We first calculated the transition
dipole moment between the polaron states and the CB or
VB [Fig. 2(e)]. It is interesting that the electronic transition
from the in-gap states to CB states is preferred, whereas the
transition dipole between the in-gap state and the VB states
is very small. A more detailed analysis shows that such a
transition propensity is closely related to the strong wave
function overlap between the in-gap state and Ti orbitals
comprising the conduction band.

To simulate the photoexcitation effects, we analyze the
electronic structure of the TiO, surface by artificial

population inversion: removing electrons from the in-gap
states and filling into the conduction band self-consistently.
Upon the electron transfer, the in-gap states exhibit a
distinct downward shift [Fig. 2(f)], which nicely reproduces
the experimental observations [Fig. 2(c)]. Such an energetic
shift mainly originates from the decrease of the on-site
Coulomb interaction energy (U) when the electrons are
removed from the in-gap states. The suppression of the VB
tail and the shift of the CB edge under the photoexcitation
[Fig. 2(c)] can then be attributed to the depletion of the
polaron states and the accumulation of the free electrons in
the CBM, respectively (see Fig. S8 [30]).

So far, all the photo-STM measurements were done in
the steady state, which involves a dynamic balance between
the excitation and deexcitation of the defect-bounded
polaron states. When an electron is photoexcited from
the polaron state to the conduction band, it can migrate
away from the oxygen vacancy site and form a new polaron
in the defect-free region. Those polarons are free to hop on
the surface and can be finally trapped by the oxygen
vacancies again. In order to extract the trapping dynamics of
the polaron states, we carried out pump-probe experiments
based on the STM setup using two 532-nm nanosecond
pulsed lasers (Figs. S9 and S10 [30]). The interference from
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FIG. 3. Spatially dependent lifetimes of photoexcited electrons and polaron states. (a),(b) and (c),(d) Photoinduced current /,;, versus
delay time 7, between the two 532-nm laser pulses arising from the photoexcited electrons in the CB and the photodepletion of polarons,
respectively. The red lines represent the exponential fitting to the data. Set points: V = 1.7 V and I = 80 pA (a),(b), V = —2.2 V and
I =2pA(c),and V = —1.7 Vand I = 50 pA (d). Laser power, 0.1 mW. The result in (c) has the identical relative resolution as that in
(d) although the set point is about a factor of 10 lower. (¢) The topography of a V&' dimer. The filled circles denote the position of two
ground-state polarons, where polaron 1 is isolated and polaron 2 is bound to two defects. (a),(c) and (b),(d) were taken at defect-free
region and defect site [location 1 in (e)], respectively. (f) Location dependence of the lifetimes for photoexcited electrons and polarons,

which were extracted from the exponential fitting of I, (#,) curves. The error bars arise from the fitting error.

transient thermal expansion of the tip can be suppressed by
carefully adjusting the polarization, power, and focus of
the laser (Fig. S11 [30]).

The relaxation dynamics of photoexcited polaron states
and free electrons in the CB at different sites is shown in
Fig. 3. When the bias was set at the CB edge, we observed a
perfect exponential decay in the photoinduced tunneling
current (I,,) versus the delay time between the two laser
pulses (t;) for both the defect-free area [Fig. 3(a)] and
polaron sites [Fig. 3(b)], reflecting the decay dynamics of
the photogenerated electrons at CBM. The fitted lifetime
yields several microseconds, which is considerably larger
than the optical results obtained on the rutile TiO,(110)
[51]. Such a discrepancy might arise from the far lower
temperature in the present measurement (5 K). In contrast,
the 7, measured at the VB tail [see Fig. 1(d)] reveals the
relaxation dynamics of the polarons. It shows negligible
signals at the defect-free areas [Fig. 3(c)] but exhibits an
inverse decay behavior at the polaron sites [Fig. 3(d)]. It
suggests that we do not measure the formation time of a
polaron in the perfect TiO, lattice (typically on the order of
femtoseconds to picoseconds) [52,53] but the time for the
free polarons to be trapped by the oxygen vacancies, which
shows significant temperature dependence.

Interestingly, the lifetime of the photoexcited polaron
states relies on their local environments [Figs. 3(e) and 3(f)].

When two oxygen vacancies are close to each other such that
the polaron state is simultaneously bound to the two V&'
defects [location 2 in Fig. 3(e)], its lifetime becomes much
shorter than that of the isolated case [location 1 in Fig. 3(e)].
It suggests that the defect aggregation may facilitate
the trapping of the polarons due to the deeper potential
well formed by lattice distortion. We found that, once the
separation of the polarons is larger than 0.5 nm, the timescale
of polaron dynamics becomes the same as that of the isolated
polaron, which is consistent with the nature of small polar-
ons at the rutile TiO,(110) surface [12]. However, the
lifetime of the electrons is less sensitive to the atomic-scale
aggregation of the defects. Such a difference can be
rationalized by the spatially delocalized nature of free
electrons in the CB.

We found that the lifetime of photogenerated electrons
exhibits more prominent dependence on the nanoscale
density fluctuation of the defects (Fig. 4). We first scanned
a certain area (20 x 20 nm?) and then calculated the
averaged defect density. The lifetime of different areas
decreases by a factor of 3 as the averaged density of the
oxygen vacancies increases by ~30%. However, within the
same area, the lifetime shows very small spatial depend-
ence and varies only by 8%. Although the distribution of
the defects exhibits strong atomic-scale inhomogeneity [see
the insets in Fig. 4], the photogenerated free electrons seem
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FIG. 4. The lifetimes of photoexcited free electrons in the CB as
a function of the defect density. The lifetimes were extracted from
the 7,,(t,) spectra taken at defect-free regions. Set points: V =
1.7 V and I =100 pA. Laser power, 0.1 mW. The averaged
defect density was calculated within 20 x 20 nm? areas. The
error bars of the lifetime and the defect density reflect the fitting
error and the statistical error, respectively. The insets are the
defect density mapping of six 20 x 20 nm? areas with the
averaged defect density ranging from 0.51/nm? to 0.70/nm?.
The local density was analyzed in square areas of 1.8 x 1.8 nm?,
which defines the resolution of the density mapping.

to overlook it. Notably, the electron lifetime shows a nearly
linear relation on the local defect density, which might be
related to the diffusion length of CB electrons [54,55].
Those free electrons diffuse over this area in an ergodic way
and are frequently scattered by the oxygen defects.
Therefore, the probability for free electrons to be trapped
by the oxygen defects (lifetime) should be proportional to
the defect density.

In summary, this work provides the first spatiotemporal
information for the relaxation dynamics of photoexcited
single polarons, which reveals the critical role of atomic
environments. We found that the visible-light excitation of
the polarons bound to surface oxygen vacancies leads to
depletion of the polaron states and delocalized free elec-
trons in the conduction band. The polaron trapping
becomes considerably faster when the polaron is bound
to two surface oxygen vacancies than that to one, sug-
gesting that such a shared polaron site could have enhanced
catalytic activity. This may modify the conventional picture
of photocatalytically active sites at the metal-oxide surface
and provide new guides for defect engineering of photo-
catalytic materials. In addition, the lifetime of photogen-
erated free electrons is insensitive to the atomic-scale
distribution of the defects but correlated to the averaged
defect density within tens of nm? area. Such findings have
particular implications for metal-oxide nanoparticles with
nanometer-sized facets, whose photocatalytic performance
may differ from one to another due to the nanoscale spatial
inhomogeneity of the oxygen vacancies.
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