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Photoexcitation of bulk polarons in rutile TiO2
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The excitation of surface-localized polaronic states has recently been discussed as an additional photocatalytic
channel to band gap excitation for rutile TiO2. A contribution from photoexcitation of bulk polarons could, in
principle, provide a greater contribution because of their higher number and their protection from oxidation.
However, determining such a contribution to the photoyield is challenging and has not been achieved thus
far. Here we use two photon photoemission spectroscopy measurements to separate bulk and surface polaron
photoexcitation. We find that bulk polarons are less bound by 0.2 eV compared with polarons at the surface,
consistent with our results of hybrid density functional theory calculations. Because the excited state is also
shifted to higher energy, bulk polarons have the same photoexcitation resonance energy as at the surface (3.6 eV)
with a threshold at 3.1 eV. This is degenerate with the band gap, suggesting that bulk polarons could also provide
an additional contribution to the photoyield.
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There is considerable interest in TiO2 as a material for pho-
tocatalysis due to its stability, natural abundance, and low cost.
In the long-accepted picture of TiO2 photocatalysis, electrons
and holes created via band gap photoexcitation in the deple-
tion or accumulation layer are swept to surfaces where they
enable redox processes [1–3]. Recently, state selective studies
using two photon photoemission (2PPE) have identified an
additional photoexcitation mechanism at the surface of rutile
TiO2(110) [4–11]. This process involves the excitation of po-
laronic excess electrons in surface-localized band-gap states
(BGS) to conduction band states. These surface BGS arise
largely from bridging oxygen vacancies (Ovac) [12], which
remain at the same energy after the vacancies react with water
to form bridging hydroxyls (OHb) (see Fig. 1) [13]. In 2PPE,
the onset for photoexcitation from the BGS to the conduction
band states is 3.1 eV [4,6], which coincides with the optical
band gap. How much of a role this excitation channel plays in
photocatalysis is not known; however, it is known that the ac-
tive photoexcitation depth for rutile photocatalysis extends to
2.5 nm [14], suggesting that the surface-localized component
is likely to be small.

Polarons in bulk rutile TiO2 have a different origin from
those at the surface, arising mostly from impurities and Ti
interstitials (Tiint ) resulting from reduction (see Fig. 1). This
gives rise to n-type semiconductor behavior. Vacuum an-
nealing creates interstitials in TiO2, where excess electrons
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localize as polarons. It has been established that this leads to
an increase in the photocatalytic activity, an important motiva-
tion to further investigate the role of polarons [14]. In light of
the results from studies of surface-localized BGS, it is inter-
esting to explore whether polarons in the bulk may also offer
an alternative photoexcitation channel to band gap excitation.
However, bulk polarons are difficult to study experimentally,
in part due to the surface sensitivity of state-resolved tech-
niques. In this Letter we describe a study that addresses this
challenge.

Electron polarons in TiO2 lie in a pseudo-octahedral crys-
tal field. In 2PPE of the TiO2(110) surface, polarons are
excited to an intermediate state ∼2.6 eV above the Fermi
energy, EF [4,6,7,10,15]. It is known from density functional
theory (DFT) calculations that the intermediate state is t2g

in character, with photoexcitation representing a t2g → t2g

transition within the distorted octahedral crystal field of the
BGS electrons [7]. The 2PPE intensity is dependent upon
the polarization of the incident light and its maximum occurs
when the electric field vector of the light is perpendicular to
the [001] azimuth. The 2PPE intensity also increases with
OHb concentration. UV photoemission spectroscopy (UPS)
and DFT show that dissociated water both draws polarons to
the surface and changes the d electron character to dxy. This
couples more effectively with the Ti3+ excited state in the
conduction band [4,6,10,13,15].

TiO2(110) is usually hydroxylated in UHV, protecting the
surface BGS [16]. However, exposure to O2 removes these
electrons, with BGS polarons only remaining in the selvedge
and bulk [17–20]. These can be accessed by 2PPE since
the probing depth is about 5 nm based on measurements of
one-photon photoemission [21]. This is much larger than the
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FIG. 1. Ball and stick model of rutile TiO2(110). Green spheres
denote Ti ions. Red spheres represent O ions, with twofold coordi-
nated bridging O shaded yellow. White sphere signifies hydrogen.
Common defects of interstitial titanium atoms (Tiint), bridging
hydroxyls (OHb) and oxygen vacancy (Ovac) are labeled, which rep-
resent locations of polaron localization.

probing depths common in UPS (∼1 nm) [12,17]. Figure 2(a)
show the 2PPE signal from rutile TiO2(110) BGS electrons
for three different terminations. Reduced, partially hydroxy-
lated, and oxidized TiO2(110) are denoted as R-R110, Hp −
R110, and O-R110, respectively. All spectra were recorded
with a pump and probe photon wavelength of 350 nm
(3.54 eV), with the sample orientation such that the [001]
azimuth is perpendicular to the plane of incidence (All ex-
perimental details can be found in the Supplemental Material
(SM) [22]).

The three terminations (R-R110, Hp-R110, and O-R110)
were produced consecutively in situ to reduce uncertainties in
measurement variables such as changes in the laser power. An
example of spectral progression throughout an entire exper-
iment is shown in the SM [22], Fig. S1. The R-R110 2PPE
spectrum was recorded after the sample cooled to 300 K fol-
lowing sample preparation (detailed in the SM [22]). Accurate
monitoring of the sample temperature is important as temper-
ature is known to affect 2PPE spectra of TiO2 [23]. Surface
Ovac will readily react with residual UHV water; however,
the chamber base pressure of 1×10–10 mbar ensures the slow
rate of hydroxylation within the time required to record the
R-R110 spectrum in Fig. 2(a). He-II (40.8 eV) UPS showed
no observable peak corresponding to the 3σ OH orbital at
11.0 eV binding energy [4,17] (see the SM [22] Fig. S2).

At longer times, the rutile TiO2(110) sample gradually
hydroxylates from residual water in the UHV chamber. Hy-
droxylation is monitored by the decrease in work function
(φ) with 2PPE and from the increase in the 3σ peak in the
UPS He-II spectrum. The Hp-R110 spectrum in Fig. 2(a) was
recorded after the sample had been exposed to the residual
UHV vacuum for approximately 90 min. The increased in-
tensity of the resonance upon hydroxylation is understood
within the framework of BGS electron redistribution towards
the surface [4,13,15]. At this stage the sample is partially
hydroxylated at ∼0.05 ML (1 monolayer corresponds to the
number of surface unit cells). It had been assumed that OHb

causes an increase in 2PPE intensity due to the stabilization of
photoexcited electrons from H atom related s orbitals [11]. As
noted above, it is now understood that electrons redistribute

to the surface and undergo an orbital character change to dxy,
which enhances the t2g → t2g oscillator strength.

The sample was then exposed to O2 at a pressure of 2×
10–8 mbar. This resulted in an immediate increase in φ and an
immediate decrease in the 2PPE resonance. As O2 is dosed,
it primarily adsorbs at remaining Ovac and five-coordinate Ti
rows, while also reacting with OHb [17,24]. This oxidation
process decreases the 2PPE resonance by removing surface
and subsurface BGS [17]. The O-R110 spectrum in Fig. 2(a)
was recorded following exposure to 54 L (1 Langmuir =
1.32 mbar s) of O2. Corresponding UPS and 1PPE spectra
also show the removal of BGS (see the SM [22] Fig. S3). The
2PPE spectra evidence a blue shift in the resonance energy by
∼0.15 eV following removal of the surface BGS electrons.

2PPE can arise from an incoherent process (two sequential
one-photon excitations via an intermediate state) or a coherent
process (simultaneous two-photon excitation of an occupied
state) [25]. A plot of photon energy (eV) vs final state electron
energy E–EF (eV) results in a gradient of 1 or 2 for incoherent
and coherent processes, respectively, with a y intercept that is
equal to the intermediate or initial state energy, respectively.
In the 2PPE spectra of TiO2(110), it has been shown that
both processes contribute to the 2PPE yield. At the 2PPE
resonant photon energy [3.54 eV, 350 nm for TiO2(110)] there
is increased intensity in the 2PPE signal as the peak is a sum
of the incoherent and coherent features [4,25]. 2PPE with
higher photon energies separates the two features, allowing
for peak fitting analysis and the isolation of individual con-
tributions. To achieve this, the 2PPE background is modeled
and the peaks fit with Gaussians (see the SM [22] Fig. S4,
including Refs. [4,6,7,10,11]). Figure 2(b) shows a plot of hν

(eV) vs E − EF (eV) for the incoherent 2PPE from O-R110
and H-R110, with H-R110 being a surface hydroxylated in
residual UHV for ∼48 h to ensure full occupation of Ovac

(∼0.1 ML) with OH. This will remain stable throughout the
2PPE measurements [19,26]. O-R110 spectra were recorded
following a subsequent saturation exposure to O2, with PO2

being maintained at 2×10–9 mbar to prevent step-edge hy-
droxylation [27,28]. Figure 2(b) shows that the intermediate
state in O-R110 lies 0.14 eV higher in energy than that for
H-R110.

To assist our interpretation of the experimental observa-
tions, we employ DFT calculations using the HSE06 hybrid
functional [29], which is known to describe polaron states
in TiO2 with good accuracy [7]. The partial density of states
(PDOS) and oscillator strengths were calculated for polarons
arising from OHb, Ovac, and Tiint at the rutile TiO2(110)
surface (modeled using a 6 trilayer slab). The method de-
tails for the calculations are shown in the SM [22] (see also
Refs. [29–32] therein). For the case of Tiint, the location was
varied from the immediate subsurface (L1) to two (L2) and
three (L3) layers below the surface (see the SM [22] Fig. S5).
These different locations represent the behavior of polarons
in surface and bulk-like environments. Figures 2(c), 2(d), and
2(e) show the PDOS of rutile TiO2(110) surfaces with Ovac,
OHb, and (L3) Tiint, respectively. The polarons towards the
surface (Ovac and OHb) lie at slightly lower energies (i.e.,
deeper in the band gap) than those in the bulk [(L3) Tiint],
as generally expected [33]. This is mirrored in the trend of
the BGS PDOS of Tiint located at L1, L2, and L3 in the
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FIG. 2. (a) 2PPE spectra from R-R110, Hp − R110, and O-R110, given by red, green, and blue lines respectively, recorded with p-polarized
3.54 eV (350 nm) light, with the [001] azimuth perpendicular to the plane of incidence. The prominent feature in the spectra arises from an
initial d → d transition within orbitals of t2g symmetry [7]. Dashed lines indicate the peak maxima. The spectra are normalized to the peak
at the work-function cutoff. (b) Comparison between the H-R110 and O-R110 photon energy dependence of the incoherent 2PPE feature.
The H-R110 plot contains photon energies 3.76–3.26 eV (330–380 nm) and the O-R110 plot 3.70 − 3.40 eV(335–365 nm) according to
the equation: E − EF = hνprobe + Eintermediate. (c), (d), and (e) show the calculated PDOS for Ti3+ ions induced by Ovac, OHb and Tiint (L3),
respectively, in R110. The polaron traces are magnified by a factor of 10 relative to the PDOS for Ti4+ and O (pale blue and pink shadings).
Dashed lines and arrows represent the width of the occupied BGS. PDOS are decomposed into individual polarons, denoted by “P” label (see
S5 for configuration). (f), (g), and (h) represent the calculated oscillator strengths for electronic excitations from BGS induced by Ovac, OHb,
and Tiint (L3) to the conduction band. Dashed lines and arrows represent the width and location of maximum transitions. Transitions with the
dipole moment along the [001], [1 1̄ 0] and [110] are represented by red, green, and blue lines, respectively. To be consistent with experimental
observation, the Fermi energies in (c)–(h) are rescaled to the conduction band minima.

pristine surface (see the SM [22] Fig. S6). At L3, polarons are
degenerate around a single peak ∼1.2 eV below EF , however
at L2 the distribution splits into two peaks at ∼1.1 and 1.4 eV
below EF . At L1, the peaks are separated further with one at
∼1.5 eV, and the other ∼0.9 eV below EF , reflecting the more
diverse coordination environments of polarons in proximity
to the surface. To support these findings, we further varied
the location of the polarons around Tiint and Ovac (see the
SM [22] Fig. S7, including Refs. [18,34]). While the number
of possible polaron configurations is very large [18,34] and
investigating all of them is beyond the scope of this work,
all the results of our calculations confirm that the energy
levels of polarons localized at bulk sites are closer to EF than
those of surface polarons (see the SM [22] Fig. S7, including
Refs. [18,34]).

The oscillator strengths of electron transitions from BGS
associated with Ovac, OHb, and Tiint (L3) are shown in
Figs. 2(f), 2(g), and 2(h), respectively. The contributions are
separated into the directions of the transition dipole moments
according to the sample azimuths. The stabilization of the
occupied states in Figs. 2(c) and 2(d) is largely reflected by
a shift in peak oscillator strengths from 2.8 eV for (L3) Tiint

to 2.6 eV for Ovac and OHb. The oscillator strengths were also
calculated for Tiint at L1 and L2 and evidence the same surface
to bulk trend (see the SM [22] Figs. S6, S8). Prior to dosing

O2, the 2PPE signal is a sum of contributions from polarons in
the surface, subsurface and bulk. However, after exposure to
54 L of O2 only bulk polarons contribute to the spectra. Both
the experimental data and the calculations show the associated
intermediate states lie at 0.14–0.20 eV to higher energy for the
bulk polarons.

From the discussion above, the 2PPE resonance in R- and
H-R110 will have four features, with incoherent and coherent
components from the surface and bulk. This is demonstrated
with peak fitting in Fig. 3(a). We determine the positions
and heights of the incoherent (i) peaks from a comparison
of H-R110 and O-R110 spectra (see the SM [22] Fig. S9),
with those for the coherent peaks (c) determined from 2PPE
spectra taken with higher photon energy (see the SM [22]
Fig. S10). The variation of the integrated intensity of the 2PPE
resonance recorded from H- and O-R110 show that both have
a maximum at 3.54 eV, indicating that the initial excitation
state is also 0.2 eV lower in energy at the surface and the
splitting of the t2g-like states remains constant [see Fig. 3(b)].
The calculated excitation energy (∼3.8 eV) is larger than that
observed experimentally. This discrepancy can be attributed to
the approximate models employed and the inherent limitations
of DFT in the description of excitations. This is illustrated by
the fact that our HSE06 calculations give a 3.4-eV band gap
for the TiO2(110) surface, rather than 3.1 eV. The excitation
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FIG. 3. (a) 2PPE (3.65 eV, 340 nm) spectrum from H-R110 fitted
with Gaussian distributions showing the incoherent (i) and coherent
(c) contributions of the bulk and surface features at this photon
energy. (b) Plot of peak intensity as a function of photon energy for
H-R110 and O-R110. The peak intensity represents a convolution
of both coherent and incoherent 2PPE processes. The spectra are
normalized at the work function cut off. Corresponding data for R-
R110 are not shown since this surface reacts with residual H2O over
the period of the 2PPE measurements with varying photon energy.
(c) Schematic of the excitations in bulk and surface environments
on the basis of calculations and 2PPE spectra as well as previously
published data [7]. (d) Time evolution of the rutile (110) 2PPE
peak monitored over the course of 200 min. There is an immediate
decrease in intensity when the surface is exposed to O2.

scheme of polarons at the TiO2(110) surface and bulk is
shown in Fig. 3(c).

Figure 3(d) shows the time variation of the raw 2PPE res-
onance intensity as the surface is first exposed to the residual
vacuum and then to O2. The maximum intensity observed
(100%) corresponds to Hp-R110, as also seen in Fig. 2(a).
The intensity is seen to increase with OHb coverage and

decrease rapidly after exposure to O2, stabilizing at 25%
of the Hp-R110 intensity. This clearly evidences the surface
dominance of the resonance. This 18 L exposure to O2 is
significantly higher than that used in previous studies, which
likely explains the conclusion in earlier work that the intense
resonance arises from up to 4 nm into the bulk [11]. We note
that UPS and 1PPE spectra recorded after a lower O2 exposure
(7 L) (see the SM [22] Fig. S3) still display a significant
surface BGS intensity.

In summary, we have identified the depth-dependent pho-
toexcitation channels of polarons in rutile TiO2(110) through
the use of 2PPE and DFT. 2PPE spectra of reduced and
hydroxylated TiO2(110) are dominated by photoexcitation
of surface polarons. Nevertheless, photoexcitation of bulk
polarons can be distinguished after oxidizing the surface to
remove the surface component. This occurs at the same pho-
ton energy as at the surface, where both the initial and excited
states lie at about 0.2 eV higher energy than at the surface.
These photoexcitation events in the bulk are more likely
to contribute to photocatalytic processes simply because of
the greater number of polarons arising from Ti interstitials.
Control over the local environment of polarons may be key
for future catalyst design as we seek to exploit their role in
photocatalytic applications.
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