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Ultrafast multiphoton pump-probe photoemission excitation pathways in rutile TiO2(110)
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We investigate the spectroscopy and photoinduced electron dynamics within the conduction band of reduced
rutile TiO2(110) surface by multiphoton photoemission (mPP) spectroscopy with wavelength tunable ultrafast
(∼20 fs) laser pulse excitation. Tuning the mPP photon excitation energy between 2.9 and 4.6 eV reveals a nearly
degenerate pair of new unoccupied states located at 2.73 ± 0.05 and 2.85 ± 0.05 eV above the Fermi level, which
can be analyzed through the polarization and sample azimuthal orientation dependence of the mPP spectra. Based
on the calculated electronic structure and optical transition moments, as well as related spectroscopic evidence,
we assign these resonances to transitions between Ti 3d bands of nominally t2g and eg symmetry, which are split
by crystal field. The initial states for the optical transition are the reduced Ti3+ states of t2g symmetry populated by
formation oxygen vacancy defects, which exist within the band gap of TiO2. Furthermore, we studied the electron
dynamics within the conduction band of TiO2 by three-dimensional time-resolved pump-probe interferometric
mPP measurements. The spectroscopic and time-resolved studies reveal competition between 2PP and 3PP
processes where the t2g-eg transitions in the 2PP process saturate, and are overtaken by the 3PP process initiated
by the band-gap excitation from the valence band of TiO2.
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I. INTRODUCTION

The physics and chemistry of TiO2 have been of interest
due to its notable photocatalytic and photovoltaic properties
[1,2]. The ability of TiO2 colloids to decompose chemicals
interacting with their surfaces upon band-gap excitation has
been demonstrated and utilized in many applications including
clean solar energy conversion by the splitting of water into H2

and O2, self-cleaning windows, environmental remediation,
and others [3–7]. Moreover, photoexcited electron and hole
dynamics play a decisive role for the efficiency of TiO2 colloid
based dye-sensitized photoelectrochemical solar cells [2,8].

The photocatalytic and photovoltaic activity of a semi-
conductor depends on the carrier excitation and relaxation
processes in the near-surface region [9,10]. The photoexcited
electron dynamics in TiO2, primarily for colloidal rutile and
anatase polymorph samples, have been studied by optical
methods over a broad frequency range from the THz to
ultraviolet (UV) [11–21]. In optical experiments UV light
excites carriers across the band gap and various color probe
light absorption or emission processes report on the ultra-
fast carrier energy and momentum evolution. It is difficult,
however, to assign features in optical spectra to the specific
carrier type and its chemical potential, within a temporally
and spatially evolving carrier distribution. Such information is
essential for establishing the potential of photoexcited carriers
to catalyze chemical reactions, or to drive current within
photoelectrochemical cells.

Time-resolved multiphoton photoemission (TR-mPP) spec-
troscopy, which is illustrated by the energy diagram in
Fig. 1, has significant advantage in being able to probe the

*Corresponding author: petek@pitt.edu

time-dependent electron populations at specific energy and
momentum in the near-surface region of a solid [22,23].
TR-2PP has been applied to the spectroscopy and dynamics
of single-crystal rutile TiO2(110) surfaces under ultrahigh
vacuum (UHV) conditions in the contexts of both photocatal-
ysis and dye-sensitized solar cells [24–33]. The well-known
surface preparation, properties, and chemistry make rutile
TiO2(110) well suited for studies of elementary surface and
bulk charge-carrier processes triggered by photoexcitation in
metal oxides [4,6,7].

Previous TR-2PP experiments on clean and protic solvent-
covered TiO2(110) surfaces with 400 nm (3.1 eV) excitation
focused on the surface electronic structure [24–29]. For
the clean TiO2(110) surface the work function was found
to depend strongly on surface preparation methods. Under
reducing conditions the work function decreased through
generation of near-surface O-atom vacancy defects [24]. Upon
annealing in the oxidizing O2 atmosphere to produce a nearly
stoichiometric surface, the work function increased up to
5.6 eV. With 3.1 eV light, 2PP can probe only the Ti-3d defect
states below the conduction-band minimum (CBM; Fig. 1)
[34]. The 2PP intensity of this defect band depends on the
concentration of the surface and bulk O-atom vacancy defects,
because desorption of O2 molecules leaves a charge of 2e−
per O-atom vacancy. Photoemission spectra record this defect
band as a broad peak with the maximum density 0.8 eV below
the Fermi level (EF ) [6,35].

Interferometric pump-probe TR-2PP measurements with
∼1 nJ, 10 fs, 3.1 eV laser pulses were used to probe the
electron dynamics upon excitation of the Ti-3d defect band
[25]. These measurements could not resolve the hot electron
lifetimes in the 1.5–3.1 eV energy range above EF either
because the lifetimes were too short, or the intermediate states
in the 2PP process were virtual. The latter possibility was

1098-0121/2015/91(15)/155429(10) 155429-1 ©2015 American Physical Society

http://dx.doi.org/10.1103/PhysRevB.91.155429


ARGONDIZZO, CUI, WANG, SUN, SHANG, ZHAO, AND PETEK PHYSICAL REVIEW B 91, 155429 (2015)

FIG. 1. (Color online) mPP excitation diagram for the clean,
reduced rutile TiO2(110) surface. With hν = 2.9−4.6 eV (purple
arrows), 2PP processes are excited from the Ti-3d defect states.
Resonant 2PP excitation from the t2g symmetry defect states to
the nearly degenerate eg bands occurs with hν = 3.66 eV. Under
high-density excitation there is concomitant 3PP excitation from the
VBM. These processes can be coherent (light green) or sequential
(dark green), where hot electron relaxation (squiggly blue lines) can
occur within the CB. Black arrows designate the work function �

and the band gap, �Egap.

consistent with an apparent lack of distinct spectroscopic
features in the 2PP spectra due to unoccupied intermediate
surface or bulk states of TiO2 [24,25]. The experimental results
were also consistent with theoretical calculations of fast hot
electron relaxation in TiO2 by electron-phonon (e-p) and
electron-electron (e-e) scattering [36,37]. Because of the fixed
excitation wavelength, TR-2PP measurements on TiO2 could
not address the properties of the photocatalytically relevant
CBM carriers as has been done for ZnO [38,39].

2PP studies have also been performed on molecule-covered
TiO2 surfaces. The adsorption of protic solvents, such as H2O
and CH3OH, introduced a new surface state at 2.3-2.4 eV
above EF , which has been dubbed the “wet electron” state
[25,27–29]. According to density functional theory (DFT)
and many-body perturbation theory calculations, these surface

states correspond to diffuse orbitals bound to several non-
hydrogen-bonded H atom centers [40–43]. The wet electron
states are excited directly by photoinduced charge transfer
from the Ti-3d defect band [25,27,44]. Their lifetimes were
found to vary form <10 fs at low H2O coverage to picosecond
timescales at multilayer coverage of CH3OH, where the “wet”
orbitals are decoupled from the TiO2 substrate [25,27].

Other TR-2PP measurements by Matsumoto, and Willig
and coworkers addressed the charge injection from
chemisorbed dye molecules into the conduction-band (CB) of
single-crystal rutile TiO2(110) surfaces [30–33]. The charge
injection rates were found to depend on the functional group
anchoring the dye molecules to the TiO2 surface. In the case of
the TR-2PP measurements on a catechol-covered TiO2 surface,
the time scale for the primary injection into the semiconductor
was judged to be instantaneous, whereas the subsequent
population decay occurred in a biexponential manner with
∼100 fs and ∼1 ps components, without significant energy
relaxation [31]. The decay was thus attributed to charge
transport from the TiO2 surface into the bulk. Such long
hot electron lifetimes were difficult to reconcile with the
substantially faster dynamics at comparable energies on clean
and protic molecule-covered surfaces [25,27,45] as well as the
more recent measurements of hot electron relaxation in the CB
of ZnO [38,39].

Here we report on spectroscopy and femtosecond time scale
photoexcitation dynamics within the CB of TiO2 by TR-mPP
spectroscopy using tunable UV femtosecond laser excitation
to excite the 2PP and 3PP processes. A thorough understanding
of the surface and bulk excitation and relaxation pathways is
necessary for the interpretation of mPP spectra and electron
dynamics of molecule-covered TiO2 surfaces. Using a wave-
length tunable femtosecond laser excitation source, we extend
the spectroscopy and dynamics at rutile TiO2(110) surface to a
broad energy range below and above band-gap excitation. Ex-
citation wavelength, polarization, and crystal azimuthal orien-
tation dependent measurements reveal a pair of nearly degen-
erate unoccupied states located at 2.73 ± 0.05 and 2.85 ± 0.05
eV above the EF , which resonantly enhance the 2PP process
at 3.66 eV from the occupied Ti-3d defect states. Based on the
calculated electronic structure of rutile TiO2 and other spectro-
scopic evidence, we assign this resonance to the eg component
of the crystal-field split Ti-3d conduction band. TR-2PP mea-
surements reveal unusual photoexcitation dynamics associated
with saturation of the 2PP process via the resonant t2g-eg

transition, which occurs simultaneously and in competition
with the 3PP process from the valance-band maximum (VBM).
The dynamics of such intra-d-band excitations are of signif-
icant interest for their potential impact on photocatalysis and
because in correlated metal oxide materials they can optically
trigger electronic and structural phase transitions [46–48].
The new information expands our understanding of the
spectroscopy and electron dynamics of TiO2 and related metal
oxides under high excitation density, nonlinear conditions.

II. EXPERIMENTAL DETAILS

To overcome the limitations of previous TR-2PP experi-
ments, which employed 400 nm light pulses from the second
harmonic of a Ti:sapphire laser oscillator, we developed a new
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TR-mPP system based on excitation with a dual noncollinear
optical parametric amplifier (NOPA) source [49,50]. The
NOPA is pumped by the second and third harmonics of a
CMXR Impulse Yb-doped fiber laser operating at 1035 nm
with a variable repetition rate from 0.2 to 2 MHz, 10 μJ
per pulse energy, and ∼250 fs pulse duration. The white light
continuum generated by the fundamental beam seeds the am-
plification of the parametric emission, which is pumped by the
second and third harmonics, to generate tunable pulses in the
680–900 and 500–650 nm (1.4–1.8 and 1.9–2.5 eV) bands with
typically <15 fs pulse duration. After amplification the NOPA
outputs are collimated and compressed by multiple passes
between matched pairs of negative dispersion mirrors with
second- and third-order dispersion compensation. Frequency
doubling of the NOPA output in Beta Barium Borate (BBO)
crystals produces tunable excitation pulses in the 270–420 nm
(2.9–4.6 eV) band with ∼20 fs duration. The experiments are
performed with single color excitation at a pulse repetition rate
of 1.25 MHz. The TiO2(110) single crystal is aligned with its
[001] axis in the optical plane, unless specified otherwise. The
laser polarization with respect to the optical plane is adjusted
with a λ/2 plate.

The TiO2(110) single-crystal samples from Princeton Sci-
entific Corp. are prepared by multiple sputter and annealing
cycles at a background pressure of <5 × 10−10 mbar. The final
annealing occurs in an oxygen environment of 1 × 10−8 mbar
to reduce the concentration of surface oxygen vacancies.
The sample quality is judged from the work function edge,
which is typically in the 5.2–5.5 eV range, and sharp low-
energy electron diffraction (LEED) peaks. Surface defects or
chemisorbed impurities, such as H2O lower the work function
from that of a clean surface, as established previously [24].

mPP spectra are recorded with a SPECS Phoibos 100
hemispherical analyzer, which is equipped with a delay line
detector (DLD). The DLD records two-dimensional energy vs
momentum photoelectron distributions in an electron counting
mode. A 1 V bias is applied between the sample and the
analyzer. The UHV chamber pressure is maintained at <2 ×
10−10 mbar during the experiments. Under these conditions
the work function typically decreases from 5.4 to 5.0 eV within
approximately 6 hours due to reaction with residual gases in
the chamber. Experiments are carried out at 600, 293, and
∼100 K. The mPP spectra reported herein are all taken at 293 K
to minimize adsorption of background gases on the surface.

In addition, we perform interferometric time-resolved two-
pulse correlation (ITR-2PC) measurements of mPP using
a Mach-Zehnder interferometer to generate two identical
pulse replicas with a delay scan range of ∼300 fs and <50
as scan increment [22,51]. The interferometer optics limit
the ITR-2PC measurements to the 340–450 nm wavelength
range. The pump-probe scans provide three-dimensional (3D)
data consisting of time-dependent mPP spectra, i.e., the
photoelectron counts vs energy, momentum, and pump-probe
delay time [52].

The laser pulse duration is characterized in situ by ITR-
2PC measurements on polycrystalline molybdenum sample
holder, which has an inhomogeneously broadened spectrum
and fast (<10 fs) hot electron lifetimes. The analysis of
the autocorrelation measurements gives typical UV pulse
durations of ∼20 fs. The pulse duration increases with the

photon energy due to the dispersion in the optical path and
limitations of the negative dispersion mirrors for compensation
of dispersion in the UV region.

In addition to the 2PP spectra of the clean TiO2(110)
surface, we deposit methanol to establish the bulk origin of
the newly discovered spectroscopic features. Methanol vapor
is introduced into the UHV chamber using a doser at a
background pressure of 5 × 10−9 mbar until 1 ML coverage is
achieved. The coverage is determined from the work function
decrease [26].

III. RESULTS AND DISCUSSION

Previous 2PP studies of a TiO2(110) surface with 3.1 eV ex-
citation showed broad, featureless spectra, with photoelectron
count rate and work function onset that depended on the surface
preparation protocols [24]. Reducing the surface populated the
Ti-3d defect states. Consequently, the 2PP spectra had low
work functions and high count rates from the Ti-3d defect
states. By contrast, nearly stoichiometric surfaces had high
work functions and small count rates [24].

The high pulse energy and tunability of the NOPA system,
compared with the previously used Ti:sapphire laser, allow
us to probe the TiO2(110) surface with higher sensitivity
and greater discrimination of the optical excitation pathways.
The energy diagram in Fig. 1 shows the possible excitation
pathways available for the range of photon energies used in
our experiments as well as the electron relaxation pathways.
As in the previous experiments, the primary excitation is from
the Ti-3d defect band [24]. The Fermi level of reduced TiO2

is typically reported to be 0.1 − 0.3 eV below the CBM [53].
Because we cannot determine this quantity, in the following
discussion we assume a value of 0.2 eV for the CBM−EF

energy difference. The indirect optical band gap of TiO2 rutile
of 3.0 eV [54] is within the employed photoexcitation energy
range, but the band-gap excitation does not contribute to the
2PP signal unless the two-photon energy is sufficient to excite
electrons from the VBM to above the vacuum level, Evac, as
already explained. The band-gap excitation can contribute to
a 3PP process, however, if the first photon excites across the
band gap and subsequent two photons excite CB electrons to
above the Evac. Rutile TiO2 becomes strongly absorbing at the
onset of the direct band gap at 3.6 eV, with the absorption
maximum occurring at 4.0 eV [54,55].

A. 2PP and 3PP spectra

The 2PP spectra of a clean TiO2(110) surface excited
with p-polarized light in the 315–385 nm (3.22–3.95 eV)
range are shown in Fig. 2(a). With 3.22 eV NOPA excitation,
the 2PP spectra resemble the previously reported ones with
3.10 eV excitation by the second harmonic of a Ti:sapphire
oscillator [24,25]. Tuning the excitation to higher photon
energies, however, reveals a new feature. As the photon energy
is increased from 3.22 eV, there is rising 2PP intensity at the EF

edge (the high-energy edge of the spectra), which emerges into
a clear resonance for 3.66 eV excitation. An angle-resolved
spectrum measured with 3.66 eV excitation in Fig. 3 shows
weak band dispersion corresponding to an effective mass of
>3me (me is the free-electron mass). This is the lower bound
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FIG. 2. (Color online) (a) Excitation-dependent 2PP spectra of
the clean TiO2(110) surface showing the emergence of a peak
for hν � 3.2 eV (380 nm). The spectra are normalized to the work
function edge. Inset: Distribution of the peak 2PP intensity relative to
the work function intensity, which is attributed to the defect density
of states below the Fermi level. (b) 2PP spectra excited with p- and
s-polarized light for 3.26 eV photon energy with the [001] or [11̄0]
crystalline axes oriented in the optical plane. The diagrams on the
right indicate the crystal orientation with respect to the optical plane
(horizontal), while the colored lines and circles indicate the in-plane
and surface normal components of the excitation field �E.

on the electron mass because of the weak dispersion and broad
resonance width.

To gain further information on the newly found resonance,
we also measure 2PP spectra for a series of photon energies
with both s- and p-polarized light and the TiO2 crystal oriented
with either its [001] or [11̄0] crystalline axis in the optical
plane. The 2PP spectra depend on the crystal orientation
because of the anisotropy of the rutile crystal, and consequently
its band structure [54].

Typical 2PP spectra of the anisotropic response with
3.26 eV excitation are shown in Fig. 2(b). The resonance peak
appears in 2PP spectra excited with both polarizations and
crystal orientations, but with distinct line shapes and slight
energy shift. The background emission near the work function

FIG. 3. (Color online) Energy vs momentum plot of 2PP inten-
sity with 3.60 eV excitation showing the weak dispersion of the eg

state. Due to a limited momentum range of the measurement and the
broad width of the resonance the effective mass of me = 3 has a high
uncertainty bracketed by the dashed lines for me = 1 and 100.

edge is much weaker for s polarization, as observed previously
[25].

As expected, the anisotropy of the rutile TiO2 results in
strong dependence of 2PP spectra on the azimuthal orientation
of the sample and the light polarization with respect to the
optical plane. The resonance can have either a sharp and
intense, or a broad and weak character depending on the
direction of the excitation field �E with respect to the crystalline
axis. Moreover, the resonance shifts from 2.85 to 2.73 eV
between the two characteristic spectra. The sharp/intense
character is observed when a component of �E points in the
[1̄10] direction, whereas the broad/weak character occurs
when a component of �E points along the [001] direction. We
will propose the assignment in this section and report on the
particulars of the anisotropic response of TiO2 in a future
publication.

Measurements of 2PP intensity maximum vs the excitation
photon energy for p-polarized �E and the crystal oriented with
the [001] axis in the optical plane (Fig. 4) reveal the new
resonance to be due to an unoccupied state 2.8 eV above
EF , which serves as a resonant intermediate in the 2PP
process from the occupied Ti-3d defect states. The inset in
Fig. 2(a) shows the intensity of the observed peak relative to the
intensity of the work function edge for the various excitation
wavelengths. The 2PP intensity maximum of the resonance
peak occurs for 3.66 eV excitation. This analysis locates the
maximum of the initial defect state density at 0.85 eV below
EF [inset of Fig. 2(a)], which is consistent with the defect
state density maximum found in conventional photoemission
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FIG. 4. (Color online) Final state energy vs photon energy for the
eg peak. The slope of approximately one confirms the eg band to be
an intermediate state in the 2PP process.

spectra [6,35]. The magnitude of the resonance enhancement
for excitation from the defect states depends on the defect
density, but its energy distribution remains constant.

Because the 2.8 eV state has not been reported in the pre-
vious optical or 2PP experiments on TiO2, we consider its as-
signment. The only resonances observed in 2PP measurements
on TiO2 have been with the extrinsic wet electron states on
H2O and CH3OH-covered TiO2(110) surfaces [25,26,28,40].
Although at 1 ML coverage of H2O or CH3OH the wet electron
states are at 2.3–2.4 eV above EF , at lower coverages they have
been reported to shift to higher energy, because fewer solvating
OH or CH bonds are available for its stabilization [25]. The
assignment to the wet electron states produced by molecular
chemisorption from the residual gas in a UHV chamber can
be excluded, however, because that requires time, whereas
the 2.8 eV resonance exists immediately after the sample
annealing at 600 K. Surface OH formed by dissociation of
H2O can be excluded as a potential carrier of the spectrum,
because it desorbs at 520 K, whereas the resonance is present
in 2PP spectra at 600 K just as at 293 and 100 K [56].

We further test the origin of the 2.8 eV resonance by
depositing a monolayer of methanol onto the TiO2 surface, and
measuring 2PP spectra before, during, and after the deposition.
Such spectra (not shown) confirm that the wet electron and the
2.8 eV states are spectroscopically distinct, with the former
being adsorbate induced, and the latter intrinsic to TiO2.
Moreover, a methanol monolayer does not quench the 2.8 eV
resonance, which determines its origin in the bulk of TiO2.
Therefore, we search for an assignment in the electronic band
structure of TiO2. In the following discussion we assume that
the trapped electrons below the CBM have the same orbital
symmetry as the bulk electronic bands of TiO2 near the CBM
[57].

Because the CB of TiO2 is derived from the Ti-3d states,
the most obvious assignment of the 2.8 eV resonance is to
t2g-eg transitions between the crystal-field split 3d conduction
bands. To see that this is reasonable, one does not need to look
any further than a Ti:sapphire laser, which derives its lasing

properties from the t2g-eg absorption (and consequently, stim-
ulated emission) of Ti3+ ions within the crystal field of Al2O3;
the absorption peak for this transition is at 500 nm (2.48 eV)
[58].

The assignment of the 2.8 eV resonance to t2g-eg transitions
is fully supported by the recent many-body perturbation theory
calculations of TiO2 band structure [42,54,59]. To confirm, we
calculate the t2g-eg optical transition density within the DFT.
The calculation at this level of theory is sufficient because
errors in calculating the quasiparticle band gap within DFT
cancel when considering transitions between the unoccupied
states [54,60].

The calculations are performed using SIESTA code [61] us-
ing the generalized gradient approximation for the exchange-
correlation density functional (PBE) [62]. With a double-zeta
polarized (DZP) numerical basis set a good agreement is
reached with results obtained with a plane-wave basis. The
geometries are fully relaxed until the force on each atom is less
than 0.04 eV/Å. The lattice constants used are a = 4.59 and
c = 2.95 Å. The rutile TiO2 bulk is calculated using (1 × 1)
unit cell and a Monkhorst-Pack grid of (6 × 6 × 9) k points.
The transition dipole moment is defined as

T i
n′n(k) = 〈ψn′k|�ri · �E|ψnk〉 (1)

and the transition density is calculated from T i∗
n′n(k)T i

n′n(k) at
the � point. To obtain the transition density, we occupy the CB
with one excess electron. Furthermore, we consider transitions
from both the CBM and CBM+1 bands, which are separated
by only 0.12 eV at the � point and have predominantly
dxy + dxz and dxy orbital character. Figure 5 and Supplemental
Material, Fig. S1 [63] show the calculated spatial distributions
of orbitals involved in the optical transitions at ∼3 eV
from the CBM, the band structure of rutile TiO2, and the
calculated transition densities. The calculations predict that
two transitions to eg bands with the dz2 and dxz + dyz orbital
character at 2.87 and 3.12 eV can contribute to the 2PP spectra.

The measured azimuthal orientation and polarization-
dependent 2PP spectra in Fig. 2(b) are consistent with the
calculated transition densities in Fig. 5(c) in that �E pointing in
the [1̄10] direction corresponds to the highest transition density
and shift of the resonance to higher energy, as compared to
when �E points in the [001] direction. If the initial state has
the symmetry of CBM, when �E points in the [1̄10] direction
the transition density is much smaller than when it points
in the [001] direction, in contradiction with the experiment
(Supplemental Material, Fig. S1) [63]. Although the observed
behavior is consistent with transitions from defect states of
the CBM+1 symmetry, it does not exclude some contribution
from the CBM.

The assignment to the t2g-eg transition is further corrob-
orated by other experimental evidence. Weak optical d-d
transitions have also been reported at 2.30 and 2.92 eV
in reduced rutile samples [64]. In x-ray absorption (XAS),
x-ray photoemission (XPS), inverse photoemission (IPS),
and electron-energy loss spectroscopy (EELS) measurements
features corresponding to the t2g-eg band splitting in a range of
2.1–3.0 eV have been reported [65–68]. Thus, our measured
peak at 2.8 eV above EF and its assignment to the eg band are
fully consistent with the DFT calculations and other spectra.
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FIG. 5. (Color online) (a) The Ti-3d orbitals involved in the
optical transitions that contribute to the 2PP spectra at the � point.
From left to right the orbitals correspond to the CBM+1, 2.85,
and 3.11 eV bands. (b) The band structure of TiO2 rutile from
DFT calculations. The fat arrow indicates the t2g-eg resonance at
the � point. The thin arrow represents photoemission from the
transiently excited eg state. (c) The calculated transition density for
d-d transitions from the CBM+1 excited by for �E pointing in the
[001], [11̄0], and [110] directions. The energy origin is the CBM.

The optical transitions between the t2g and eg bands may
be important for optical spectra of photoexcited TiO2. If
the CB is populated by band-gap excitation of TiO2, the
photoexcited carriers could be detected via the t2g-eg transition
in transient absorption experiments. Absorption features in the
blue-green region of the optical spectrum have been assigned
to trapped holes [17,64]. Our results, however, clearly show
that the CB electrons also absorb in the same energy region.

FIG. 6. (Color online) mPP spectra for various laser fluences for
excitation at 3.50 eV (354 nm) showing the saturation of the t2g-eg

transition and the onset of 3PP above the 2PP Fermi level edge (black
line). The spectra are normalized at the work function edge.

Therefore, the t2g-eg transition may be beneficial for studying
the CBM dynamics of photoexcited carriers, especially by
mPP spectroscopy where the electron and hole levels are
unambiguously distinguished.

The t2g-eg transition exhibits additional features, which
illuminate the photoexcitation dynamics in TiO2. The most
notable feature is the variation of the mPP spectral width of
the eg peak with increasing photon energy, which can be seen
in Fig. 2(a). We attribute this characteristic to a combination of
effects, including (i) the variation in pulse duration of the laser
depending on wavelength; (ii) the broad distribution of defect
states, which have a sharp cutoff at EF ; and (iii) the increasing
contribution of the 3PP component in the predominantly 2PP
spectra, which sets in as the photon energy is tuned into the
direct band gap of TiO2. This last aspect will be discussed
next.

In addition to the peak broadening, the mPP spectra exhibit
an apparent shift of the eg peak to a higher energy as the
laser intensity is increased (Fig. 6). This is not an artifact
of space-charge distortion of the photoelectron distribution,
because the photoelectron yield from TiO2 is much less than
for metal surfaces under conditions where the distortions are
not observed, and more directly, because the work function
edge does not experience a shift. We will show that the shift
occurs because the defect state density is low, and can be
depleted at high laser fluences, leading to saturation of the
transition. The low density of defect states makes it easier to
saturate the transition relative to bulk interband transitions.
Simultaneously, the band-gap excitation of TiO2 can populate
the CB, so that that the 3PP photoelectron yield from the
valence band (VB; see Fig. 1) can overcome that of 2PP from
the defect states. The 3PP excitation can occur via a coherent
three-photon absorption, or via a sequential process where
electrons excited to CB relax before absorbing an additional
two photons (Fig. 1).

The saturation of the t2g-eg transition and the competition
between 2PP and 3PP is clearly evident in Fig. 6. The
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fluence-dependent spectra are normalized at the work function
edge, where the saturation effect is minimal and the 2PP
process does not appear to be enhanced by an intermediate
state resonance. The Fermi edge for 2PP is marked with a
vertical line for reference. Even at lowest laser intensity there
is some signal above the Fermi level edge due to the bandwidth
of the laser, and thermal broadening of the Fermi distribution.
The photoemission signal above the 2PP Fermi edge can
also have contributions from 3PP and higher-order processes
[69]. At higher fluences, the relative intensity of the eg peak
decreases and the 3PP intensity above the EF limit increases.
We confirmed that this effect is dependent on the peak and
not the average power of the laser by varying its repetition
rate and the pulse energy so as to keep the average power
constant. This excludes the possibility that the 3PP process
involves a buildup of carriers in the CB on the time scale
between the laser excitation cycles or that the sample charging
influences the spectra. Although under some circumstances
the carrier lifetimes in TiO2 can extend to the millisecond time
scale [70], the slow carrier recombination does not appear to
affect the mPP signal from the single-crystal TiO2 surface in
vacuum at MHz repetition rates. It is possible that the carrier
recombination in the absence of molecular electron or hole
traps is sufficiently fast to remove CB carriers between each
cycle of excitation, or that the upward band bending near the
surface sweeps electrons into the bulk of the crystal where they
are not detected [71].

The photoelectron energy distributions in Fig. 6 reflect
the nature of the 3PP process. In metals under perturbative
light-surface interaction, higher-order mPP processes usually
involve above-threshold photoemission, where absorption of
an additional photon by electrons excited above Evac creates
a replica of the spectrum excited by the lower-order process
[69]. This clearly is not happening in TiO2. The higher-order
3PP signal is initiated from the more deeply bound occupied
states in the VB rather than replicating the 2PP spectrum from
the defect states. Therefore, one might expect the maximum
photoelectron energy via the 3PP process to correspond to
emission from the VBM. From the spectra in Fig. 6 it is difficult
to identify a clear VBM cutoff, which for the excitation of
bulk rutile TiO2 with three 3.5 eV photons should occur at
7.7 eV. Contrary to this expectation the observed spectrum
extends beyond 8 eV. A possible explanation for this excess
photoelectron energy is an upward surface band bending,
which is ∼0.4 eV for TiO2 surfaces annealed in O2 atmosphere
[71]. Because the photoelectron escape depth is much less
than the surface accumulation region, the 3PP spectra can be
strongly affected by the surface band bending. By contrast, the
defect density distribution is pinned at the same Fermi level
for the surface and in the bulk.

Under high-density excitation of a semiconductor surface
it is possible to screen the surface fields, and thereby to flatten
the surface bands. Such surface photovoltage effect has been
claimed in 2PP spectra of ZnO [38], though the same features
can be explained by the formation of a surface exciton [39].
Flattening of the surface band bending should cause the CBM
to shift with respect to EF . In the present measurements, the
CBM of TiO2(110) is not observed; therefore, the effect of
surface photovoltage in the mPP spectra is difficult to identify
among other nonlinear processes.

FIG. 7. (Color online) (a) Interferometric two-pulse correlation
measurement for ±100 fs delay taken with hν = 3.27 eV for the
TiO2 sample. (b) Line profile of the data for the energy range shown
by the black lines in (a). The interferogram corresponds to a pulse
duration of ∼20 fs; its nearly 8 to 1 intensity ratio is expected for a
two-photon process.

B. mPP photodynamics

In addition to the mPP spectra, we also measure ITR-
2PC scans to gain information on the ultrafast electron
photodynamics. Figure 7 shows an ITR-2PC scan obtained
with identical 3.26 eV photon energy pump-probe pulses; the
figure shows a cross section through the 3D data corresponding
to 2PP intensity vs the final energy and delay time for the
surface normal emission [52]. The interferogram in Fig. 7(b)
is a line profile through the data for the final state energy of
6.2 eV, corresponding to the eg resonance. The interferogram is
indistinguishable from the pulse autocorrelation measured by
2PP on the Mo sample holder. Its appearance, i.e., the nearly
8:1 ratio of the fringe-to-background signal and duration of
the interference, are consistent with a 2PP process excited
with <20 fs laser pulse. As in the previous measurements [25],
we are not able to resolve the electron phase and population
dynamics at 2-3 eV above the CBM of TiO2(110) upon
excitation from the Ti-3d defect states.

When ITR-2PC is measured at 3.40 eV using a high
laser fluence [Fig. 8(a)] the interferograms obtained from
line profiles at different energies [Figs. 8(b) and 8(c)] show
evidence for more complex photodynamics than in Fig. 7. In
Fig. 8(b), the interferogram at the 6.20 eV final state energy
for the 2PP excitation from the Ti-3d defect states through
the eg resonance shows clear evidence for the saturation
of the optical transition in the clipping of the amplitude
of the interference fringes at short delays and the small
ratio of the fringe-to-background emission amplitude. By

155429-7



ARGONDIZZO, CUI, WANG, SUN, SHANG, ZHAO, AND PETEK PHYSICAL REVIEW B 91, 155429 (2015)

FIG. 8. (Color online) (a) Interferometric two-pulse correlation
measurement taken with hν = 3.40 eV for the TiO2 sample under
saturation fluence. (b) Line profile taken at 6.20 eV, corresponding to
the photoelectron energy where the eg peak energy would be observed
at low laser fluence or long delay times (e.g., ±100 fs). (c) Line profile
taken at 6.75 eV, corresponding to the peak in the photoelectron signal
under saturation fluence at 0 fs delay. The peak-to-background ratios
show evidence of the 2PP saturation (b) and contribution from 3PP
(c) at high laser fluences. (b) and (c) are plotted on the same relative
intensity scale. (d) A quasi-3D plot of the in-phase contribution of the
ITR-2PC signal in (a) showing the photoemission energy distributions
at different delay times with the energies for the cross sections in (b)
and (c) designated by the intersecting planes.

contrast, the mPP signal near the EF edge (6.75 eV), i.e., for the
region where 3PP from the VBM contributes to the photoemis-
sion signal, the line profile with a ratio of >8:1 is consistent
with contributions from both 2PP and 3PP processes. This
ratio becomes even larger for higher final state energies as the
contribution from 3PP increases relative to 2PP. The saturation
behavior is also observable in Fig. 8(d), which shows the
amplitude of the mPP signal in Fig. 8(a) when the pump-probe
delay is in phase for the carrier wave of the excitation pulses.
Near the zero delay, when the pump and probe excitation fields
interact coherently, the peak in the mPP signal shifts to higher
energy; this corresponds to the high intensity excitation in
Fig. 6, where the t2g-eg transition is saturated and the 3PP
process dominates. When the delay is increased beyond the
range of pump and probe interferences, the signal maximum
shifts to 6.2 eV, where it is expected from the low fluence

measurement in Fig. 6. This is consistent with pump and probe
pulses individually exciting the 2PP process from the Ti-3d

defect states via the eg intermediate state without a significant
correlated contribution from transient changes in the electron
and hole populations. If the carrier energy relaxation were to
occur on the time scale comparable to the pump-probe delay,
one would expect the pump pulse to deplete the defect states,
and the probe emission to be diminished (2PP). Similarly, if
the pump pulse would populate the CB of TiO2, the delayed
probe pulse induced emission would be enhanced (incoherent
3PP) [72,73]. Such dynamics have been reported in two-color
2PP measurements on ZnO, where high photon energy UV
probe pulses excite single photon emission from near the EF

[38,39], instead of the one-color experiments performed here,
where the hot-carrier distributions can only be interrogated by
two-photon absorption. The fact that the population relaxation
is not evident in ITR-2PC measurements is consistent with
the 2PP and 3PP processes reported herein being dominated
by the coherent interactions involving the intermediate and
possibly final state resonances. It appears that incoherent, hot
electron mediated pathways, such as described by the dark
green arrows in Fig. 1, make negligible contributions. It is also
possible that carrier relaxation by e-p and e-e scattering in
TiO2 is much faster than our pulse duration, which would be
consistent with the calculated hot electron lifetimes [36,37].
The hot-carrier dynamics in TiO2 are likely to be more easily
resolved in two-color experiments near the CBM, as has been
done for ZnO [38,39].

IV. CONCLUSION

Multiphoton photoemission is carried out on a TiO2(110)
surface using 2.95–4.59 eV photon energy light with <20 fs
pulse duration. For excitation with 3.2 eV and higher photon
energy we find a distinct pair of nearly degenerate unoccupied
bulk states of TiO2 at 2.73 ± 0.05 and 2.85 ± 0.05 eV above
the Fermi level. These states are excited from the O-atom
vacancy defect states and are consistent with transitions
between the Ti-3d band of t2g- and eg-symmetry, which are
split by the crystal field. Polarization and crystal orientation
dependent measurements of the t2g-eg transition reflect the
anisotropy of the TiO2 rutile crystalline lattice. In particular,
the t2g-eg transition from the defect states dominates the 2PP
spectra when the electric field of the excitation laser points in
the [11̄0] crystalline direction; this implicates transitions from
defect states with the same symmetry as the CBM+1 band.
The spectroscopic assignment of this resonance is supported
by DFT calculations, which confirm the anisotropic nature
of the excitation process. Time-resolved measurements are
performed to probe the eg state lifetime, as well as those of
the hot carriers near the Fermi level. In both cases, the
lifetimes appear to be <20 fs, though the preference for
coherent pathways in the mPP measurements may make
contributions of hot-carrier populations difficult to observe
[72,73]. The ultrafast decay of the eg state most likely makes
it inactive in TiO2 photocatalysis, though it may be useful
for optical probing of the charge-carrier dynamics within
the VB and CB of TiO2. The lack of observable electron
relaxation processes even from the eg resonance is consistent
with the previous measurements on clean TiO2 surfaces [25],
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and confirm that the long electron lifetimes for the catechol-
covered TiO2 surface [31] do not represent the intrinsic hot
electron dynamics of TiO2. Finally, the saturation effect at
high laser fluences leads to a shift and broadening of the eg

peak due to the depletion of the defect carrier density. 3D
time-resolved photoemission measurements show evidence for
the competition between the 2PP and 3PP processes at the
onset of the direct band-gap excitation of TiO2. Future work
will focus on the investigation of the hot-carrier dynamics
using two-color 2PP measurements.
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