
The nature of radiative transitions in TiO2-based

nanosheets

Maurizia Palummo,∗,† Giacomo Giorgi,‡ Letizia Chiodo,Π,‖ Angel Rubio,§ and

Koichi Yamashita‡

European Theoretical Spectroscopy Facility (ETSF), CNISMDipartimento di Fisica, Universita‘

di Roma, “Tor Vergata", via della Ricerca Scientifica 1, 00133 Roma, Italy, Department of

Chemical System Engineering, School of Engineering,The University of Tokyo, 7-3-1, Hongo,

Bunkyo-ku, Tokyo, 113-8656, Japan, Center for Biomolecular Nanotechnologies @UNILE,

Istituto Italiano di Tecnologia Via Barsanti, 73010 Arnesano (LE), Italy, European Theoretical

Spectroscopy Facility (ETSF), & Nano-bio Spectroscopy Group and ETSF Scientific Development

Centre, Departamento de Física de Materiales, Universidaddel País Vasco UPV/EHU,Centro de

Física de Materiales CSIC-UPV/EHU-MPC and DIPC, Avenida deTolosa 72, E-20018 San

Sebastian, Spain, and Nano-bio Spectroscopy Group and ETSFScientific Development Centre,

Departamento de Física de Materiales, Universidad del PaísVasco UPV/EHU,Centro de Física

de Materiales CSIC-UPV/EHU-MPC and DIPC, Avenida de Tolosa72, E-20018 San Sebastian,

Spain

E-mail: maurizia.palummo@roma2.infn.it

1



Abstract

Due to the rapid progress in the synthesis methods, TiO2-based nanomaterials are nowa-

days the object of a strong research interest for their promising performances in photocatal-

ysis and photovoltaics applications. In particular large quantities of two-dimensional (2D)

nanosheets (NSs) can be produced and used for further assembling of new nanostructured ma-

terials with different morphologies and functionalities.Investigate the microscopic nature of

their opto-electronic properties is a fundamental prerequisite for rationalizing experimental

data and improving devices performances. By means of first-principles excited-state simu-

lations we reveal, here, the excitonic nature of radiative transitions (in the VIS-UV spectral

range) of TiO2-based NSs. Furthermore these calculations on top of finite temperature molec-

ular dynamics (MD) simulations explain the large Stokes-shifts experimentally observed and

confirm how the nature of optical transitions in these two-dimensional oxide materials is due

to strongly bound excitons. This study shows how the inclusion of many-body effects plays a

fundamental role for a correct interpretation of the experimental observations regarding photo-

excited processes, done in low-dimensional titanium dioxide materials.

Introduction

The importance of titanium dioxide in a range of technological applications from catalysis and

photocatalysis to solar-to-chemical energy conversion and sensors, is testified by the large and

increasing number of publications on the subject.1–4 Nanostructured TiO2-based materials, such
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as nanocrystallites, nanofibers, nanosheets and nanotubeshave recently emerged to be particularly

promising due to the enhancement of the surface area and to the improvement of the photochemical

and photophysical activities.3,5,6 Of main interest are anatase nanosheets oriented along the (001)

direction: indeed recent experiments have shown improved performances for anatase nanocrystal-

lites with up of 90% of the (001) surface exposed.7,8 Beside these anatase-based nanosheets, other

bi-dimensional nanomaterials with phases not present in the bulk have been recently synthetized

and gained great attention.3,9,11 These various NSs can be viewed as precursors of titania nan-

otubes (NTs) which in turn can be used for further assemblingof nanostructured materials with

very different morphologies and applications.16 Despite the strong interest, due to different prepa-

ration methods and chemical environments, conflicting reports about their photo-excited properties

exist and even their crystalline structures are still underdebate.10,12–15

Clearly the ability to determine the exact atomic arrangements as well as the related electronic and

optical properties, is a crucial point for future progress in applications. As many of the measured

results and devices performances depend on the synthesis conditions, presence of defects, dopants

and codopants, size and shape of structures, unbiased calculations can provide a unique and very

powerful instrument to control and design properties of these new nano-oxide materials.

Then our goal here is to show by means of first-principles simulations, the unambiguous rela-

tion which exists among atomic structures electronic bandstructures and optical spectra of several

TiO2-based NSs. Furthermore these calculations on flat sheets can be useful for the analysis of

large TiO2-based nanotubes where the curvatures and inter-atomic interactions between walls are

negligible.

Different to otherab-initio calculations on low dimensional TiO2 nanomaterials appeared up to

now in the literature,17–21 we overcome here the single-particle scheme, based on the DFT-KS

(Density Functional Theory within the Kohn-Sham scheme22) approach, which is formally inap-

propriate for the correct description of electronic excited states. Indeed, we introduce the many-

body effects by means of the GW approach and the Bethe-Salpeter equation (BSE). While the GW

method provides a good description of the electronic quasi-particle (QP) bandstructures, the solu-
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tion of the BSE allows to take into account the electron-holeinteraction and local-field effects in

the optical properties simulations.23 By means of these excited state calculations, we show how the

calculated electronic and optical gaps of the TiO2-based nanosheets do not coincide and how their

optical spectra have a clear excitonic nature. This last finding is consistent with predictions done,

by means of similar theoretical/computational techniques, for nanotubes, nanowires and nanodots

of simple semiconducting materials.24–26

As shown by previous first-principles investigations,19,20 anatase, lepidocrocite and titanates

have a close structural relationship. In particular, it hasbeen demonstrated that the transition

from a bilayer (001)-oriented anatase film to a lepidocrocite form can occur through a barrierless

pathway, thanks to a considerable reduction of the tensile stress.19

Our main effort is dedicated here to the analysis of pristine(001)-anatase and lepidocrocite lay-

ers. We will leave for future investigation the case of titanates, where the presence of heteroatoms

(i.e., hydrogen, lithium, sodium, barium) may potentiallyimpact on the comparison with pristine

layered systems.

Theoretical methods and computational details

Ground-state atomic structures have been relaxed using density functional theory (DFT), as imple-

mented in the VASP package,27 within the generalized gradient approximation (GGA) of Perdew-

Burke-Ernzerhof (PBE).28 The Blöchls all-electron projector augmented wave (PAW) method has

been employed with potentials for 3p, 4s, and 3d electrons inthe valence for Ti.29 Cutoff energies

of 503.0 eV and 605.0 eV were set as the expansion and augmentation charge of the plane wave

basis. A force convergence criterion of 0.035 eV/Å has been chosen. In particular for the mono-

layer of lepidocrocite (see next section) the geometry optimization has been done also with 0.005

eV/Ang force convergence criterion. The energy differencebetween the two optimized structures

is < 0.0001 eV, meaning that already a value of 0.035 eV/Ang asciterion for the force ensures very

reliable results.
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Cells of different lateral sizes have been considered and thus differentk-points sampling was

used: an 8 x 8 x 2 (Γ centered) for the squared lattice parameter systems and a 7 x8 x 2 of

Monkhorst-Pack for the Lepidocrocite structure have been chosen.

Following the ground state calculations (see ref.30 for more details on the computational pro-

cedure) the quasi-particle (QP) excitation energies have been obtained31 within a perturbative and

non-selfconsistentGW approach.32 Recent works have indeed shown that it improves the descrip-

tion of the electronic gaps in bulk and surfaces of this oxide.30,33,34A plasmon pole approximation

for the inverse dielectric matrix is applied.35 6 Ry (50 Ry) are used for the correlationΣc (exchange

Σx) part of the self-energy and the sum over the unoccupied states forΣc and the dielectric matrix

is done up to about∼50 eV above the VBM. Finally when the QP energies and eigenfunctions are

known, the optical properties are calculated by solving theBethe-Salpeter equation (BSE) where

the coupled electron-hole excitations are also taken into account .23,31,36

A k-points grid of 8×8×1 is used for GW and BSE calculations of isolated sheets whilewhen

periodic arrangement are studied a 8×8×2 is used.37

Results and Discussion

Structural characterization

Considering the experimental conditions of the delamination process along the (001) direction of

anatase,10 three anatase-likeisolatedsheets are studied in the present work, whose partial views

of their atomic two-dimensional geometries are illustrated in Fig.1. Consistently with the existing

literature, the first two structures have been obtained using a cubic (or orthorhombic) cell in the

(001) plane with the same lateral lattice parametera than bulk anatase: the only difference between

them is the nature of the∠ Ti-O-Ti angle at the surface. ForAnatase-Smodel (Fig.1(a)) two

identical and symmetric Ti-O bonds (1.96 Å) at the surface are present, while for theAnatase-AS1

case (Fig.1(b)), there are two asymmetric bonds (1.74 and 2.24 Å). Indeed, despite experimentally

the asymmetric Ti-O bond structure has not been detected, the larger stability of the asymmetric
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bond type is widely predicted at theoretical level.39 This result can be ascribed to the residual

stress amount present in the reconstruction. The third structure called hereAnatase-AS2(Fig.1(c)),

has been obtained, following ref.[19], by minimizing the total energy with respect to the lattice

cell parametera. In this last case we impose as minimization constraint the relationshipa=b, i.e.,

the squared geometry of the (001) exposed surface. The isolatedLepidocrocite-Isheet is shown

in Fig.1(d): following refs. [19] and [17], we have obtained this structure by minimizing the total

energy witha, along the (010), fixed to its bulk value, while varying the lattice parameterb along

the (100) direction. An isolated double sheet model (referred here asLepidocrocite-I-SC) in a

stacked configuration withBmmbsymmetry as reported in ref.[17], is also discussed and is shown

in Fig.1(e).

The optimized lattice parameters, the associated total energies and the formation energies of the

four isolated films are reported in Tab.1. The formation energies are calculated according to the

formulaEf ilm =Etot/n−Etot(TiO2), wheren is the number of TiO2 unit in the sheet and Etot(TiO2)

is the energy per unit of TiO2 in bulk anatase, and result in very good agreement with previous

studies.19

Since often in experimental samples single layers do not exist, we study here not only isolated

sheets in vacuum but also 3D periodic arrangements. In particular we perform simulations on

some models of packedLepidocrocitesheets: we consider two models with different distance

(d) between the layers along the (001) direction: theLepidocrocite-C1with d = 1.3 nm and

the Lepidocrocite-C2with d = 0.37 nm (shown in Fig.1(f)). A periodic 3D arrangement of the

Lepidocrocite-I-SCcase is also considered (Lepidocrocite-SC) with d = 0.37nm.
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Figure 1: Ti (O) atoms are represented as yellow (blue) balls. Panel (a): Anatase-S prospective
view of the planar 2D infinite sheet (top); lateral view alongthe (100) direction (bottom). (b) lateral
view of Anatase-AS1, (c) lateral view of Anatase-AS2. Panel(d) Lepidocrocite-I sheet: prospec-
tive view of the planar 2D infinite sheet(top) lateral view (of a section of the sheet) along the (010)
direction (bottom). Panel (e) Isolated bilayer sheet, Lepidocrocite-I-SC (where the distance be-
tween the two layers is = 0.37nm, as in ref.17). Panel (f) 3D packed atomic model (Lepidocrocite-
C2) where the distance between the periodic layers along the(001) direction is d = 0.37nm. In
panels (e) and (f) only the lateral view along (010) orientation is shown.

Electronic properties

We start by discussing the electronic properties of the fourisolated nanosheets. In Figure 2 the di-

rect (black triangles up) and indirect (red triangles down)minimum gaps, calculated at the single-

particle DFT-KS level (within GGA) are shown. Moving fromAnatase-Sto Lepidocrocite-Isheet,

the DFT-KS gaps increase and, due to quantum confinement effect, they result larger than the

corresponding quantities, calculated at the same level of theoretical approximation, for rutile and

anatase bulk compounds.33,40The relevance of the inclusion of a non-local and energy dependent

description for the exchange and correlation self-energy term, is evident looking at the correspond-

ing GW gaps (green dots, yellow diamonds). They result much wider with respect to the GGA gaps
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Table 1: First (second) column: lattice parameter along the(010) ((100)) direction in Å. Third
column: total energy (eV), Fourth column: Film formation energy (eV), see text.

Model a b Etot Ef ilm

Anatase-S 3.78 3.78 -52.1733 0.896
Anatase-AS1 3.78 3.78 -52.4147 0.775
Anatase-AS2 3.51 3.51 -52.8001 0.580
Lepidocrocite-I 3.76 3.03 -53.6353 0.165

calculated here and to those previously reported in the literature for similar nanostructured TiO2

based systems. We are aware that a gap value of 5.3 eV has been recently obtained by means of

a DFT-B3LYP simulations,21 for a Lepidocrocite-Inanosheet. This value slightly underestimates

the presentGW calculated gap of 5.6 eV (See Figure 2) for this atomic model.This reasonable

good agreement between hybrid-DFT and GW approaches, limited to the case of an isolated lepi-

docrocite sheet, is an interesting result. Nevertheless itis clear that it cannot be taken as a general

conclusion that B3LYP calculations can substitute at the moment the GW ones (see for istance

ref.41). Notably, due to the 2D dimensionality of the nanosheets, their calculated self-energy cor-

rections are larger than those previously obtained for the rutile and anatase bulk compounds.33,34,40

Another interesting information, that can be obtained by looking at Figure 2, is the change from

indirect to direct band-gap character when moving fromAnatase-Sto Lepidocrocite-Istructure.

The difference between direct and indirect gaps tends to decrease going from symmetric to asym-

metric atomic anatase-like arrangements and the bandstructure acquires a pure direct character in

theLepidocrocite-Ilayer.

In Figure 3 the QP electronic bandstructures along two high symmetry directions of the BZ, are

reported: the calculated self-energy corrections only slightly k-dependent, therefore the GGA con-

duction bands have been rigidly shifted upward using the gapcorrections calculatedΓ for the

four cases, that are 2.4 eV, 2.96 eV, 2.89 eV and 2.73 eV, respectively. The three anatase models

show, similarly to the (001)-anatase surface,30,42 M −Γ indirect minimum gaps, while theLepi-
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Figure 2: Energy values (eV) of the minimum direct (indirect) gaps (Eg) for the four isolated
nanosheets, calculated at different level of theoretical approximation. Single-particle DFT-KS di-
rect (indirect) gaps, within the GGA approximation: red downward triangles (black upward trian-
gles)GW electronic direct (indirect) gaps: green dots (yellow diamonds).BSEoptical (excitonic)
direct gaps: blue squares.

docrocitesheet has a direct minimum gap atΓ. This different character can have important conse-

quences in the interpretation of the optical absorption andluminescence data. It is worth to men-

tion that previous Density-Functional based Tight-Binding calculations on anatase (Lepidocrocite)

nanosheets/tubes report a semiconductor character but with direct (indirect) gaps respectively.43

Optical properties

The isolated sheets

We move now to discuss the optical properties of the four isolated TiO2 nanosheets. First of all,

looking again at Figure 2, we point out that the optical (BSE)gaps (blue squares) result more than
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1.5 eV smaller than the corresponding QP electronic gaps (green dots) discussed above. This gaps

narrowing is clearly due to the nanosheet reduced dimensionality which induces a strong attrac-

tive electron-hole interaction. As a consequence the corresponding optical spectra, discussed in

Figure 4 have a clear excitonic nature in the VIS-UV region. Fig. 4(a)-(d) show theε2(ω), cal-

culated both at the IQP (independent-quasi-particles, green dashed curves) and BSE (blue solid

curves) level of approximation, for the (100) and (010) light polarization (top and bottom panel,

respectively). Due to the depolarization effect,24,44,45the optical spectra for light polarized per-

pendicularly to the film (not reported here) are almost zero when, as in the present investigation,

the single-particle approach is overcome taking into account the local-field effects. The excitonic

nature of the optical spectra is evident by looking at the important differences between the indepen-
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dent quasi-particle (IQP) curves (green dashed) and the BSEones (blue), where the electron-hole

interaction and local-field effects are taken into account.

Moreover the clear anisotropic optical behavior already present at the IQP-level is further en-

hanced taking into consideration the excitonic effects: inall the four cases, the (100) polarization

is favored with respect to the (010) polarization. This optical anisotropy is consistent with what

we have recently found for (001)-1x1 anatase surface and canbe explained in terms of the O and

Ti orbitals character at the surface.30

Regarding theLepidocrocite-Isheet, the calculated optical anisotropy agrees with experiments

where an electric dichroism around the optical onset has been observed18 and confirm the DFT-

GGA predictions of ref.17 Looking at the BSE optical spectra (blue solid curves) reported in Fig-

ure 4, another information can be captured: while the optical absorption ofLepidocrocite-Iand

Anatase-AS2starts above 4 eV, some optical peaks are present at lower energies forAnatase-Sand

Anatase-AS1sheets.

Role of tri-dimensional packing

Before comparing the available experimental absorption data for TiO2-based nanosheets with the

theoretical BSE optical spectra obtained in the present work, we aim to discuss how the tri-

dimensional (3D) layers packing can affect the electronic and optical properties. This aspect is

of preeminent importance for low-dimensional systems, like those of interest here, for which the

experimental synthesis and spectroscopical characterization can not easily disentangle the case of

a single isolated layer. Indeed more likely experimental data are obtained for stacked layers, even

of mixed phases.

In the following we analyzed the 3D packing effect only for the Lepidocrocitecase, for which

optical measurements as function of number of layers has been reported in the literature.46

First of all, it is important to point out that our DFT-KS results are consistent with those ob-

tained by Satoet al.17 at the same level of theoretical approximation, where the 3Dpacking of
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the layers has a very negligible influence on the calculated electronic properties. Indeed, looking

at the black triangles of Figure 5 we can see thatLepidocrocite-I, Lepidocrocite-I-SCand the 3D

arrangements (Lepidocrocite-C1, Lepidocrocite-C2 and Lepidocrocite-SC) have almost identical

single-particle DFT-KS electronic gaps. Nevertheless, for the same atomic models, we observe

that, when the many-body effects are included, the quasi-particle electronic gaps (green dots, Fig-

ure 5), the exciton binding energies (obtained as difference between the QP (green dots) and optical

gaps (blue squares) in Figure 5) undergo visible changes dueto the 3D stacking. In particular, while

the QP electronic gap decreases of more than 1 eV moving from isolated to 3D-packed nanosheets

(green dots, Figure 5), the exciton binding energy correspondingly goes from around 1.8 eV to less

than 0.5 eV in packed structures. Notably it can be observed that the optical gaps (blue squares in

Figure 5) remain around 4 eV in all the atomic models.

In order to better focus on this aspect, we show in Figure 6 theimaginary part of the dielectric

function (averaged over the three light polarizations) calculated at the QP and BSE level of ap-

proximation forLepidocrocite-I, Lepidocrocite-I-SCandLepidocrocite-C2atomic models. It re-

sults that the blue-shift due to the self-energy correctionand the red-shift due to the electron-hole

attractive interaction almost compensate each other making the optical gaps (blue squares, Fig-

ure 5) as well as the shape ofε2(ω), calculated at the BSE level (blue solid curves, Figure 6) very

similar in the three cases. This finding is consistent with experimental observations46–48where, in-

dependently from the number ofLepidocrocitelayers deposited, the energetic position of the main

optical peaks remains almost constant. Consistently with experimental data (see the insert panel

of Figure 6) a small blue-shift is observable moving from isolated to packed structure. The present

analysis clearly shows that, in a real isolated sheet, the measurement of the fundamental electronic

gap should provide a larger value with respect to the gap determined by optical measurements.

This result is consistent with previous similar investigations done for other one-dimensional25 and

two-dimensional nanostructures.26
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Comparison with experimental data

We can now analyze how our simulated optical spectra comparewith available optical absorption

measurements of TiO2-based nanosheets. In Figure 7 the BSEε2(ω) for the four isolated films

averaged over the three light polarizations, are shown: moving from theAnatase-S(bottom curve)

to Lepidocrocite-I(top curve), a blue-shift and an increase of the oscillator strength are obtained.

In the insert panel we have reported some of the experimentalabsorption data available from the

literature: the empty triangle (a) and black filled square curves (b) are the absorption spectra of

a Lepidocrocite1 layer film as measured in ref.48 and in ref.47 respectively, the gray diamond

curve (c) is the absorption spectrum measured by the same authors of ref.,47 after an annealing at

900 ◦C (which induces a transformation to anatase (001)-orientednanosheet). Finally the black

dots curve (d) shows the absorption data for a (001) anatase sheet produced through processing of

titania nanotubes under neutral pH condition by Mogilevskyet al.10 (see Fig.10 of this reference).

A substantial blue-shift with respect to the optical absorption of anatase bulk is present in all the

four experimental curves and a clear different shape of the curves is visible forLepidocrociteand

Anatasefilms.

The comparison between experiments and theory is particularly good for theLepidocrocitesheet

where the measured onset around 4 eV, the main peak at 4.6 eV and the presence of a second

structure around 5.7 eV, are nicely reproduced by our calculations. ForAnatasefilms the theoretical

analysis clearly shows that the atomic model which better reproduces the experimental spectra

(c),(d) is theAnatase-AS2sheet. Nevertheless the presence of domains ofAnatase-AS1in the

experimental samples, cannot be completely excluded. On the other hand the presence of large

Anatase-Sdomains seems likely to be excluded, due to the presence of two structures below 4 eV

not visible in the absorption experiments. Nevertheless, as we will discuss later on, the presence

of symmetric anatase reconstructions at the surface, induced by the lattice vibrations, can play an

important role to explain the luminescence data of these two-dimensional oxides.

It is important to mention that other experimental data, notreported here, are available from the

literature both forLepidocrocite46,49,59and forAnatasefilms:50–52 while for the first ones small

13



variations are observable, for the second ones the scenariois more heterogeneous. Indeed, optical

spectra more similar to anatase bulk with a red-shifted onset around 3.5 eV (see for instance ref.50)

have been measured for anatase (001) sheets. In our opinion this is probably due to the fact that

in experimental samples, the anatase (001) sheets thickness goes from few nanometers to several

microns. We will investigate this aspect in the future, performing simulations on anatase (001)

slabs of increasing thickness.

Role of lattice vibrations

Experimental optical analysis on anatase has revealed a remarkable feature of this polymorph in

terms of excitonic behaviour. In the range of temperature between 4.2 and 300 K, the adsorption

edge of anatase bulk, clearly shows an exponential energy dependence for the two polarizations53

(Urbach tail) and in such context high values of the exciton-phonon coupling constants are reported

as derived by theoretical models.54 Such values of the constants suggest that lattice-vibrations can

play a fundamental role also in anatase-derived nanostructures optical properties: the coordina-

tion of the octahedra is less compact in anatase compared with rutile and this fact seems to favour

the localization of excitons via phonon coupling. Beyond sophisticated but very cumbersome di-

agrammatic approach,55 a simplified but realistic way for evaluating the role of phonons in the

optical response of materials is performingab-initio molecular dynamics simulations at finite tem-

perature and for selected snapshots compute the optical response. This kind of method has been

recently used with success in ref.56 to explain the temperature dependence of the dielectric func-

tion of semiconductor bulk compounds, but remaining at the DFT level of approximation. Here,

for the most stable nanosheet, we have used a similar approach but with inclusion of many-body

effects. Firstab-initio Car-Parrinello finite temperature molecular dynamics calculations with the

software package QUANTUM-ESPRESSO57 have been performed. A Nosé Thermostat has been

used to thermalize the system atT = 300K for around 6 pico-seconds. (around 20000 steps with

an average time step of 13 au). A 3x3 simulation cell has been used. We checked that with this
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cell, remaining atT = 0K, a 2x2x1 k-points grid is enough to reproduce the corresponding optical

spectrum calculated with the 1x1 cell.

Then a limited number of atomic configurations have been extracted and for each configuration

we have performed DFT, GW and BSE calculations. In the ergodic hypothesis, the average of

the obtained BSE optical spectra of the different configurations, should provide an estimation of

the lattice vibrations role in the optical response. The final spectrum, averaged also over light

polarization, is shown in Fig. 8 together with the corresponding one atT = 0K, already discussed

in the previous section.

Due to the lattice vibration contribution, an evident broadening with respect to theT = 0K

spectrum, occurs. Nevertheless no noticeable shift of the optical peaks is visible, while low-energy

structures appear (around 2.5-3.5 eV). Their presence is not clearly visible in the experimental ab-

sorption data ofLepidocrocitesheets at room or higher temperature but in our opinion, it cannot be

completely disregarded (see for instance Fig.3 of Ref.48) Furthermore, due to the limited number

of MD atomic configurations considered in the present theoretical simulation, the intensity of the

low energy structures is probably overestimated. Nevertheless we are convinced that the appear-

ance of these optical structures can clearly explain the photo-luminescence data measured in these

low-dimensional materials (see refs.,46 58), which present structures well below the optical absorp-

tion onset at about 4 eV. This finding provides then a sound explanation of how in anatase-derived

nanosheets, the lattice vibrations can induce atomic distortions responsible for the strong Stokes

shifts observed experimentally. Further calculations to improve the statistical average and to apply

the same approach to anatase sheets are underway to confirm this hypothesis.

It is worth to underline that a detailed analysis of the extracted MD atomic structures, reveals that

those which induce the low energy optical peaks, are moreAnatase-like thenLepidocrociteand

present always almost some symmetric Ti-O-Ti bond lengths like in theAnatase-Ssheet (the top

view of one of these representative structures is shown in Fig.8) . Notably this finding is consistent

with the fact that only theAnatase-Ssheet shows low energy peaks below 3.5 eV and is, at the

same time, in agreement with the results discussed in ref.30 for the (001) anatase surface.
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Interestingly the calculated difference between the electronic (QP) and optical (BSE) gap for each

of the extracted atomic configurations remain of the order of1.5-2 eV, confirming also at this level

of theoretical simulation, the excitonic nature of the optical spectra in this kind of low-dimensional

materials.

Exciton spatial localization

We conclude the present work discussing the optical and spatial characteristics of the first bright

exciton for the studied nanosheets for theT = 0K simulations. First of all from the present theoret-

ical analysis, it results that the the lowest energy excitonis a bright one only in isolated nanosheets,

both inAnataseandLepidocrocitereconstructions, while several dark excitons are present below

the first bright one when 3D packed structures are considered. Regarding the exciton spatial be-

havior we show in Figure 8 the electron distribution probability (magenta isosurface at 1/10 of its

maximum value) at fixed hole position (green sphere) of the first bright exciton forAnatase-S(left

top panel),Anatase-AS2(right top panel),Lepidocrocite-I(left bottom panel) andLepidocrocite-

C2 (right bottom panel) sheet. TheAnatase-AS1is qualitatively similar to theAS2case and we do

not discuss it here. The extremely localized nature of the exciton is easily visible: for theAnatase-

Ssheet it is mainly distributed on first-neighbour Ti-sites along the ((010) direction, while for the

Anatase-AS2the electron prefers to localize on the first-neighbor Ti along the (100) direction, A

similar localization only along the Ti atoms in the (100) direction, occurs in theLepidocrocite-I

sheet. Finally the right bottom panel shows how the exciton spatial distribution changes when

packing effect in theLepidocrocite-C1case, is taken into account. The extremely localized nature

of the excitons observed here is consistent with experimental light-absorption and luminescence
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measurements done on TiO2-based nanotubes by Bavykinet al.58) which reveal an apparent 2D

behaviour: the electron-hole couple, due to its high spatial localization, probably feels the curva-

ture only in nanotubes with a very small diameter.

Conclusions

In this work we have reported results of GW and BSE calculations on top DFT simulations re-

garding the electronic and optical properties of TiO2-based nanosheets. We have shown how the

inclusion of many-body effects in the theoretical description is of primary importance to obtain a

first firm comparison between experimental and theoretical data. The excitonic nature of the main

optical peaks, clearly comes out from the analysis of the theoretical spectra of isolated nanosheets.

Our investigation shows how the layers packing influences both the electronic and optical gaps

of these nanosystems and it is then of paramount importance for a correct determination of these

quantities at experimental level. The inclusion of latticevibrations in the optical spectra calcula-

tion, by means of finite temperature molecular dynamics simulations, provides a clear evidence

of the large Stokes-shifts experimentally observed. Moreover the analysis of the atomic snap-

shots reveals that the low energy peaks are mainly related toanatase-like structures with Ti-O-Ti

symmetric bonds present at the surface. Finally these finite-temperature simulations confirm the

excitonic nature of the optical spectra of these two-dimensional TiO2-based nanostructures.
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Figure 4: Imaginary part of the macroscopic dielectric functions, ε2(ω), of the four isolated
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Figure 5: Orange dots: (QP) Electronic gaps. Blue squares: (BSE, excitonic) optical gaps. Black
triangles: single-particle DFT-KS gaps within GGA.
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Figure 7: Comparison among BSEεaver
2 (ω) of the four isolated nanosheet models and some ex-

perimental optical curves reported in the insert: curve (a)from ref.,48 (b) and (c) from ref.,47 curve
(d) from ref.10
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Figure 9: Magenta isosurface represents the spatial distribution of the first optical active exciton
when the hole is fixed in a probable position (green ball) for an Anatase-S(left top panel) and a
Anatase-AS2(right top panel), forLepidocrocite-I(left bottom panel) andLepidocrocite-C2(right
bottom panel) sheet
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