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Excitons at the (001) surface of anatase: Spatial behavior and optical signatures
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Within an ab initio study, based on the application of Many-Body Perturbation Theory approaches on top of
ground-state Density Functional Theory calculations, we study the optical behavior of the TiO2 anatase (001)
surface. We focus on the (1 × 1) and the (1 × 4) reconstructions, both experimentally observed, which reveal a
different optical response and an anisotropy, in the (001) plane, not present in the bulk phase. The determination
of the spatial behavior of the electron-hole photoexcited couple provides a possible explanation of the observed
enhanced photocatalytic activity of TiO2 anatase nanostructures with a high percentage of (001)-(1 × 1) exposed
facets.
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The wide applicability of titanium dioxide in key
research areas, from biocompatible materials to gas sen-
sors, energy storage, photovoltaics, and photocatalysis, has
resulted in an enormous number of publications (see, i.e.,
the reviews1–3). Anatase, the most stable polymorph at the
nanoscale,4 is receiving increasing attention due to its very
promising potential for dye-sensitized solar5 cells and pho-
tocatalytic applications.6,7 A particularly important role in
the (photo)catalytic performances is played by the exposed
surfaces: the (101) and (100)/(010) terminations are the
dominant ones. However, the minority (001) facets seem
to be more reactive8,9 and present a lower concentration
of defects compared to other anatase orientations and rutile
surfaces.10–12 While a (1 × 4) reconstruction appears after
annealing under UHV,13,14 a (1 × 1) periodicity is obtained
under specific experimental conditions:14,15 under particular
experimental conditions anatase nanocrystals exposing up to
47% of (001)-(1×1) facets are synthetized.16

We concentrate here on the connection between the optical
properties and the structure of the (001) surface of TiO2

anatase, in order to ascertain how the exciton spatial localiza-
tion may affect the photocatalytic activity. In particular, we aim
to understand (i) if and how the electron and hole distribute at
the (001) surface and (ii) how their spatial localization depends
on the optical excitation energy.

The motivations to focus on the (001) termination are at
least two-fold. First, there is evidence that the photo-reactivity
of anatase nanoparticles is influenced by the minority (001)
surface8,17 but debate is still open about the role of the surface
reconstruction in relation to the photocatalytic properties.11

Second, due to the layered structure of bulk anatase, it has
been shown recently that the exciton is extremely localized
in the [001] direction,18 suggesting important consequences
for the opto-electronic properties of this surface. In order to
reach this goal, we make use of state-of-the-art parameter-
free excited-state calculations19 of stochiometric (001)-slab
models20 to obtain the quasi-particle energies, within the
G0W0 approach, and solve the Bethe-Salpeter equation (BSE)

(Ref. 25) to get the optical excitonic properties. We are
aware that our calculations cannot describe the complex real
experimental situation of samples affected by traps, doping
and also exciton-phonon interactions, nevertheless our analysis
provides a first reference for future studies of photo-excited
processes at anatase surfaces.

These excited-state methods have recently provided a
reliable description of the electronic and optical properties
of the rutile and anatase bulk phases.18,31,32

We start by discussing the electronic properties of the
(1 × 1) relaxed bulk truncated21,23 and (1 × 4)- “ADM”
(“ad-molecule”) (Ref. 33) surface models. The calculated
density of states (DOS) are reported in Fig. 1(c) and compared
with the DOS of bulk anatase. In agreement with other
works,11,21,22 the surfaces and bulk DOS are rather similar
and a peak, mainly associated to the valence band maximum
(VBM) state [shown in Figs. 1(a) and 1(b) for (1 × 1) and (1 ×
4) reconstructions, respectively], is (slightly) visible for the
(1 × 1) [(1 × 4)] surface. Due to self-energy corrections
included in the present calculation, however, a gap opening
is observed in contrast to previous DFT calculations.21,23,33

Note that in the (1 × 1) case [Fig. 1(a)], the frontier oxygen p

orbitals, even if essentially oriented along the [010] (y) direc-
tion, overlap among themselves along the [100] (x) direction
because of their small hybridization with the subsurface Ti d

orbitals. The different structure and electronic symmetry of the
(1 × 4) surface does not allow for such chain-like hybridization
and the VBM is mainly localized on the oxygen px orbitals
[Fig. 1(b)] along the top of the ridge in the [010] (y) direction.

We now come to the main issue of interest to us, i.e., the
relationship between optical response, reduced dimensionality,
and surface superstructure of anatase. Figure 2 shows the
imaginary part of the macroscopic dielectric functions of the
(1 × 1) and (1 × 4) models, calculated at the independent
quasi-particle (IQP) level [panels (a) and (b)] and after
including the e-hole interaction [panels (c) and (d)]. The
corresponding BSE spectrum of bulk anatase agrees well with
experimental data and with previous calculations performed
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FIG. 1. (Color online) (a) Large yellow (small, blue) spheres
represent Ti (O) atoms for the (1 × 1)-(001) surface. Magenta
isosurface: |ψ |2 of the VBM, at �̄ (at 1% of its maximum value).
(b) As in (a) but for the (1 × 4)-(001) surface. (c) DOS of bulk
anatase (black full line), (1×1)-(001) (dotted-dashed yellow line), of
(1 × 4)-(001) (red dashed line).

within the same theoretical/computational scheme18,31,32 (see
the inset of panel (a), where the BSE and experimental spectra
of anatase bulk, for light polarized perpendicularly to the c

axis, are reported). From a comparison of the top and bottom
panels of Fig. 2, it is evident that the mixing of IQP transitions
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FIG. 2. (Color online) Macroscopic dielectric function εM
2 (ω) for

(1 × 1) (left column) and (1 × 4)-(001) (right column) case. (a) and
(b) Spectra calculated at IQP level. (c) and (d) As before but calculated
including the local-field effects and the e-hole coulomb attraction. The
black solid (orange dashed) curves are for light polarized along the
[100] ([010]) direction. Inset of panel (a): Bulk BSE (blue curve) and
experimental (red diamonds, Ref. 36) spectrum for light polarized
perpendicular to c. The arrows indicate the exciton energies under
consideration. The widths of the orange (left), green (middle), and
blue (right) boxes indicate the energetic windows where the excitonic
eigenvalues are summed to plot the e-h distribution probabilities
discussed in Fig. 3.

induces relevant modifications. Focusing on the bottom panels,
the most striking result is that, in the (1 × 4) case [panel
(d)], the optical spectrum appears very similar to that of bulk
anatase, while for the (1 × 1) termination [panel (c)], optical
structures (called S2 and S3) are present below the first bulk
absorption peak B1.34 The physical origin of this different
behavior is related to the different character of the highest
valence band states in the two reconstructions,22 as pointed
out in the discussion of Fig. 1. Indeed the first direct exciton
[denoted as S1 in Fig. 2(c) and as S′

1 in Fig. 2(d)] is at ∼3.2 eV
for the (1 × 1) case and at 3.5 eV for the (1 × 4) case,
respectively.35 In both reconstructions, it is built up by mixing
vertical transitions at �̄, from the two highest occupied valence
bands (VBM, VBM–1), with a clear surface character, to the
two lowest unoccupied bands (CBM, CBM+1) that are located
mainly on the Ti atoms of the slab, with dxy orbital characters.
In the (1 × 1) reconstruction, the S2 and S3 peaks [see Fig. 2(c)]
originate from the mixing of IQP transitions at the �̄ point
from VBM and VBM–1, as in the S1 case, to the first three
unoccupied bands (CBM to CBM+2). The peak B1 (which
corresponds to the first structure, called B1 in the inset, of the
bulk spectrum for light polarized ⊥ c), is mainly built up by
mixing transitions (at some �k points near �̄, along the �̄–J̄

and �̄–K̄ directions) from a few bands below (from VBM–6
to VBM) to a few bands above (from CBM to CBM+4) the
Fermi level.

For both reconstructions, the surface termination induces
an optical anisotropy in the (001) plane, absent in the bulk.
We explain such anisotropy by the analysis of the highest
occupied surface state as discussed in Figs. 1(a) and 1(b).
For the (1 × 1) case, the optical structures S2 and S3 are
completely polarized along the [100] direction, while B1 is
slightly more intense for this light polarization. In the (1 × 4)
model an opposite anisotropy is instead observed for B1, so
that the [010] polarization is favored. This optical anisotropy,
dependent on the surface reconstruction, is an interesting
prediction that demands experimental proof using techniques
sensitive to surface optical anisotropy. Both absorption and
photoluminescence (PL) data are available for polycrystalline
thin layers or nanostructures. Therefore, the reported optical
properties often refer to a mixture of crystalline orientations,
and various phases (mainly anatase and rutile) are present in
the experimental samples. Some works report optical spectra
of thin films very similar to bulk anatase.37,38 In light of our
findings, this fact may suggest the presence of a (1 × 4)
reconstruction on the exposed (001) faces. Few available
reports of optical data on anatase thin films include absorption
for energies ∼3.2 eV.39,40 In PL spectra of TiO2 films prepared
via dc reactive magnetron sputtering, the presence of a band
ranging from 2.8 to 3.1 eV and attributed to surface-state
trapped exciton emission has been found.41 Very recent42 PL
spectra, measured on fluorinated nanosheets with dominant
(001) facets, show optical peaks around 2.6–3.1 eV.

We can now directly relate the optical properties to the
exciton spatial distribution with relevance for the interpretation
of experimental data of this surface. In Fig. 3, we plot some
representative e-hole spatial distributions, i.e., the probabilities
of finding the electron in a given position when the hole is
fixed in a probable site. Regarding the (1 × 1) model, we
observe that summing over all the excitonic energies around
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FIG. 3. (Color online) Large yellow (small, blue) spheres rep-
resent Ti (O) atoms in the (1 × 1)-(001) [panels (a)–(c)] and
(1 × 4)-(001) [panel d] slabs. (a) Magenta isosurface (at 25%
of its maximum value): probability of finding the electron when
the hole position (green ball) is fixed near a given atomic
site. All the excitons summed in the energetic window indi-
cated by the orange area of Fig. 2(c) around S2. (b) As in
(a), but for excitons in the window indicated by the green
area of Fig. 2(c) around S3; (c) as in (a), but for excitons in
the window indicated by the blue area of Fig. 2(c) around B1; (d)
as in (a), but at the (1 × 4) surface and summing over all the excitons
in the window indicated by the blue area of Fig. 2(d) around B1.

the first optical peak S2 [in the orange area of Fig. 2(c)]
and fixing the hole position near a bridging oxygen (O2c)
surface atom, the electron is localized close to the surface
plane, mainly on top of the two nearest neighbor Ti surface
atoms along the [100] direction [Fig. 3(a)]. Fixing the hole
near a bulk-like oxygen (i.e., a less probable position), the
excitonic wavefunction drifts in a directional fashion toward
surface and sub-surface Ti atoms (not shown here). A similar
behavior holds when summing over all the excitons related
to the S3 structure [green area, Fig. 2(c)], but in this case the
electron has a nonzero probability to localize near different,
further Ti surface atoms [Fig. 3(b)]. For higher energy excitons,
close to B1 [blue area, Fig. 2(c)], although the e-hole spatial
distribution is more spread over the sub-surface and bulk part of
the slab, it happens that other Ti surface sites have a nonzero
probability to host the electron [Fig. 3(c)]. For the (1 × 4)
reconstruction, the exciton at the optical onset (named S′

1),
and all the excitons around B1 [blue region, Fig. 2(d)], show
a similar spatial behavior: with the hole fixed near either a
ridge surface oxygen or a bulk oxygen atom (not shown here),
the probability to find the electron is spread mainly over the
central part of the slab [Fig. 3(d)].

We can draw a picture for the (001) surface of anatase
related to experimental photocatalytic processes: (i) for the
(1 × 4) at all photoexcitation energies investigated here, we
find complete exciton delocalization in the subsurface and
bulk part of the slab (small probability that both electron and
hole are immediately available at surface sites and involved in
subsequent chemical reactions) (ii) the (1 × 1) is, instead,
better suited since it fulfills two fundamental characteris-
tics of photocatalytic processes: the spatial separation of
electron and hole, and their immediate co-presence at the
surface, as the photo-induced splitting of water molecules for
H2 production.43 This mainly holds for excitation energies
<3.6 eV, where both the electron and hole are mainly located
at the surface. Furthermore, while for excitation energies
around 3.2–3.4 eV the electron localizes mainly on the two
nearest-neighbor Ti atoms bound to the O2c atom (the most
probable hole position), for excitation energies >3.4 eV, other
Ti surface atoms are involved. Contrary to what suggested by
adsorption models based on thermodynamics,8,17,44 our result
supports the idea that activated Ti and O sites at the (001)
surface, during photochemical reactions (like water splitting)
may not face each other, in agreement with the experimentally
reported heterogeneity of–OH groups at the surface.23,45

In summary the optical properties of the clean unrecon-
structed (1 × 1) and the stress-released (1 × 4) reconstructed
anatase (001) surfaces have been calculated, for the first time,
including many-body effects in an ab initio framework. The
character of valence band frontier orbitals gives rise to distinct
behavior in optical spectra, depending on the reconstruction.
This finding, together with the predicted optical anisotropy,
should be used as a fingerprint to identify the presence of
the most stable (1 × 4) or the most photoreactive (1 × 1)
surface, in experimental samples. The spatial distribution of
the photoinduced e-hole pairs reveals that the (001) orientation,
mainly its (1 × 1) unreconstructed shape, is photocatalytically
efficient, given the high probability of having both carriers
immediately available for oxidation-reduction processes at the
surface.
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