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Abstract
Pentacenemolecules have recently been observed to form awell-orderedmonolayer on the (110)
surface of rutile TiO2, with themolecules adsorbed lying flat, head to tail.With the geometry favorable
for direct optical excitation and given its ordered character, this interface seems to provide an
intriguingmodel to study charge-transfer excitationswhere the optically excited electrons and holes
reside on different sides of the organic–inorganic interface. In this work, we theoretically investigate
the structural and electronic properties of this systembymeans of ab initio calculations and compute
its excitonic absorption spectrum.Molecular states appear in the band gap of the cleanTiO2 surface,
which enables charge-transfer excitations directly from themolecularHOMO to the TiO2 conduction
band. The calculated optical spectrum shows a strong polarization dependence and displays excitonic
resonances corresponding to the charge-transfer states, which could stimulate new experimental work
on the optical response of this interface.

1. Introduction

Investigations on hybrid organic–inorganic systems [1–8] have opened up the possibility to combine the benefits
of both constituents and devise new applications that outperform their either purely organic or inorganic
counterparts. For example, the possibilities of tailoring the electronic band structure can be considerably
extended compared to inorganic heterostructures, because the organicmolecules canmoreflexibly adjust to the
underlying lattice of the inorganic substrate [9, 10]. The band structure of a hybrid system can be further tuned
bymodifying the properties of the organicmaterial [1, 10]. Such hybrid systems can also provide new types of
semiconductor excitations, like the hybrid Frenkel–Wannier exciton [11]with a high oscillator strength
combinedwith an enhancement of nonlinear optical response [2, 12], or the hybrid charge-transfer exciton
[5–8]where a bound electron–hole pair is formedwith the electron and hole residing at different sides of the
organic–inorganic interface of the system.

These ideas have already been applied in photovoltaics [10], where dye-sensitized solar cells [3, 13–17] have
been found to be promising in the search for efficient, low-cost, and environmentally friendly devices. The
operational principles of solar cells are fundamentally dependent on charge-transfer excitations at the interfaces
between the two constituents [5–8]. Even though charge-transfer excitations have been intensively studied
during the last decades [5–8, 18–22], the charge-transfer nature of the excited states [5, 8, 23] is not well
understood. In order to enhance the performance of photovoltaic devices, it is especially important to
characterize themechanisms involved in the formation [5, 23] and dissociation [5, 6] of such excitons [8].
Therefore, it is desirable to study systemswhere the charge-transfer interface-excitation states are strongly
identifiable, e.g., in the optical spectrum. Suchmodel systems could reveal the fundamental character of the
charge-transfer states through clearly visible features in the optical spectra.
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Inmany dye-sensitized solar-cells, organicmolecules with good light-absorbing properties are placed in
contact with porous TiO2 [3, 13, 14], with the effect that a photoabsorption process can transfer an electron from
themolecule to the TiO2 conduction band. Pentacene is aπ-conjugatedmolecule, and it acts as an electron
donor in bulk-heterojuction cells [24]when combinedwith fullerenes or their functionalized derivatives, such
as PCBM [24]. Also its use in dye-sensitized solar cells has been reported [17].When pentacene adsorbs at
semiconductor or insulator surfaces, such as SiO2, it is usually almost upright [25], making theπ-orbitals
pointing parallel to the surface. However, recently pentacene has been shown to adsorb lying down on a rutile
TiO2(110) surface for a coverage up to 3monolayers, as was deduced by STMand x-ray absorption
measurements [26]. In this configuration, the overlap between theπ-orbitals of themolecule and the substrate
states is increased, whichmay increase the interaction strength between the carriers of different constituents.
Consequently, the pentacenemonolayer onTiO2might provide a prototypical systemwhere charge-transfer
excitations between themolecule and the surface can take place directly upon optical excitation, enabling in-
depth studies of these excitations from the related spectra. Furthermore, experiments [26] indicate that
pentacenemolecules form a verywell-orderedwetting layer on rutile TiO2(110), providing awell-defined
organic–inorganic interface,making it an ideal candidate for theoretical studies, in contrast to other similar
interfaces that show very complex and disordered structures.

Inmodelingmolecules adsorbed on surfaces, density functional theory (DFT) often produces geometries
and ground state electronic properties with sufficient accuracy. As extensions,many-body techniques such as
theGWapproximation togetherwith the Bethe–Salpeter equation (BSE) [27, 28] can access the quasiparticle
band energies and linear response spectra, while one can apply, e.g., the cluster-expansion approach [29, 30] to
fully include the nonlinear [31] and nonequilibrium [32, 33]many-body kinetics using the semiconductor Bloch
equations [34] (SBE) and their extensions [35]. Thesemethods require the electronic band energies together
withmatrix elements for light–matter andCoulomb interactions, including the dielectric screening, as an input.
These can be obtained from ab initio calculations, from experimentally deduced parameters, or from a
combination of both [36].

In this work, wemodel the pentacenemonolayer onTiO2(110) usingDFT and compute the linear response
optical spectrumwith the BSE for a set of systemHamiltonians similar to those frequently used in conjunction
with the BSEmethod (that is, using screened direct and unscreened exchange interactions).We summarize the
SBE extension of the approach briefly in the appendix.We generate the systemHamiltonians from ab initio data
with an additional and varying parametrization of the dielectric screening, allowing us to study the changes in
the nature of the dominant optical excitations as the effectiveness of the electronic screening provided by the
substrate changes.Wefind that there are optical charge-transfer excitations between the pentacenemolecule
and theTiO2 surface and demonstrate that the system is promising for studying properties of hybrid charge-
transfer excitons, especially, their unusual symmetries and polarization dependence.

2.Methods

Todetermine the geometry of the system,we optimize it using the SIESTADFT code [37].We use a slab geometry
with a 1×6 supercell (with respect to the primitive surface unit cell) in the surface plane, and five layers of TiO2

in the direction perpendicular to the surface. In total, we have 216 atoms in the unit cell and use 20Å of vacuum
in order tominimize the interactions between periodically repeated slabs. To include van derWaals
contributions to the energy and forces, we employ the optB88 functional [38]. Our double-ζ polarized (DZP)
basis set of numerical atomic orbitals is generated using an energy-shift parameter of 100meV (see [37] for a
detailed explanation of these parameters), and the core electrons are replaced by Troullier–Martins
pseudopotentials [39]. Starting from theDFT results, we obtain the relevant band structure andwave functions
to compute all the quantities that we need to set up and solve the BSE, as described below.

2.1. Excitonic resonances in optical spectra
An exciton consists of a Coulomb-bound electron–hole pair [29] that can be described, e.g., by the two-particle
Green’s function.Here, we analyze excitonic resonances in linear absorption by applying the standard BSE
approach [27, 40]. Technically, we solve an eigenvalue problem
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where nk is the quasiparticle energy of an electron in band nwith crystalmomentum k and fnk is the
electronic occupation. A scissor operator can additionally be introduced for nk without any loss of generality.
TheCoulomb kernel
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contains quasiparticle wave functions nky aswell as the bare (v) and screened (W)Coulomb interactions. The
first term in(3) is the repulsive exchange contribution (with the factor of two appearing for the optically relevant
singlet excitation) and the second is the attractive direct term; the one responsible for excitonic binding.

We construct the linear optical absorption from the imaginary part of themacroscopic dielectric tensor

M
iie w( ) in different Cartesian directions i, following the procedure in [27, 28]. In practice, wemake use of the
representation
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are the dipolematrix elements with pî themomentumoperator inCartesian direction i and the 2 factor
appears for a singlet exciton [40].When non-local pseudopotentials are used to compute thewave functions a
correction to thematrix elements of pî should also be included [41, 42]. Note that the energies in the
denominator in(6) should not bemodifiedwhen a scissor operator is used.

In the Tamm-Dancoff approximation [27] (TDA)where particle–hole pairs are assumed to be uncoupled
from the hole–particle pairs the solutions of(1) have themeaning of expansion coefficients of an excitonwave
function

Ar r r r, , 7
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where indices v and c denote occupied and unoccupied states, respectively.

2.2. Computational aspects of the spectrum calculations
We solve the equations above numerically using a set of newly developed codes that act as post-processing tools
for the SIESTA code. In our numerical solutionswe approximate the quasiparticle wave functions rnky ( ) as the
DFTKohn–Sham solutions; an approximation commonly used inGW/BSE calculations.We take the band
energies nk to be theKohn–Sham eigenvaluesmodified by a scissor operator to open up the band gap, as
explained in detail later. In practice, thematrix elements of theDFTHamiltonian are imported from SIESTA in a
basis of local atomic orbitals and are rediagonalized to obtainwave functions and band energies for all relevant
k-values.Wemodified the SIESTA code to exportmomentummatrix elements in the local basis, including the
corrections due to the use of non-local pseudopotentials. These are subsequently imported and converted to the
eigenstate representation to be used in(6).

TheCoulomb integrals in(3) are computed bymaking use of a real space grid inside the unit cell and its
corresponding planewave expansion. For a given planewave cutoff energy the number of grid points in real
space as well as in reciprocal space is determined automatically and one can go between the two representations
via Fourier transforms. First, the periodic part of thewave functions, which at this point are expanded in
localized orbitals, are converted to the real space grid representation, then the electrostatic potential originating
from each product state, e.g., v r vr r r r rd ,m m

H
m mk k k k,

3 *ò y yº ¢ ¢ ¢ ¢¢ ¢ ¢ ¢( ) ( ) ( ) ( ) is solved by going to reciprocal
spacewhere theCoulomb interaction is diagonal. After a back transform to real space, the potential ismultiplied
with the other product state on the grid and integrated, e.g., r vr r rd n n m m

H
k k k k

3
,*ò y y ¢ ¢ ¢ ¢( ) ( ) ( ).We use a 2D-

truncatedCoulomb interaction [43, 44], with the spatial cutoff set to half the cell in the normal direction. The
Coulomb singularities are treated by replacing each diverging contributionwith its numerical average over a
small volume in k-space (defined by the original k-mesh) around the divergent point [44]. The averaging is
performed using an auxiliary 10×10×10Monkhorst-Pack k-mesh centered at, but excluding, the divergent
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point. A planewave cutoff of 300 eV is used (differences to computed spectra with 600 eV are verified to be
negligible).

The electronic part of the dielectric screening can, in principle, be approximatelymodeled ab initio using the
randomphase approximation. However, such a procedure would be numerically extremely costly because our
unit cell is so large. Furthermore, it has been suggested [28, 36] that contributions fromphononmodes in bulk
TiO2 can be important for the effective dielectric function necessary to properly describe the lowest lying
excitons. Rutile TiO2 has a large difference between the purely electronic screening ( 8.43, =¥  and

6.84, =¥ ^ [45] to directions parallel and perpendicular to the c axis, respectively) and the static onewhere also
the nuclei can relax ( 2570, = and 1110, =^ [45]). A good agreement with TiO2 experiments in bulkwas
found [36] by using ò=47.8 (now geometrically averaged over the directions) to compute excitonic absorption.

In our interface-dominated system the dielectric behaviorwill be stronglymodified from that of the bulk. A
simple estimate produces a dielectric constant (for q approaching zero) that is an average of bulk TiO2 and
vacuum [46], yielding 4.2 = if the directionally averaged ¥ is used, or 24.4 = when taking the bestfit value
above [36]. In [47] an image chargemodel was used tofit the dielectric constant for amolecule adsorbed above a
TiO2(001) surface, with the bestfit given by 2.76 = , which is lower than the estimate above. These limiting
cases indicate the range of the expected ò as the screening changes locally across the TiO2-pentacene interface.

Since computing the screeningmicroscopically is presently extremely challenging for such a large system,we
model it by an effective dielectric constant over the reasonable range. Specifically, we explore threemodels where
the dielectric constant is set to a low ( 1 ), middle ( 2 ) and high ( 3 ) value. For the low and high values, we choose
the two averaged values of the TiO2 bulk and vacuumdiscussed above, that is 4.21 = and 24.43 =
respectively. Themiddle value of 7.22 = is chosen to give the average binding energy of 1 and 3 , assuming the
binding energy to be 1 µ as is the case for a two-state systemusing(2).

3. Results and discussion

The geometry is optimized by keeping themiddle TiO2 trilayer frozenwhile letting all other atoms, including the
molecule, relax. The lattice constant in the in-plane direction isfixed to the optimized bulk value obtainedwith
the same functional and basis set (a=4.60Å, b=2.98Å), giving a surface 1×6 unit cell of a=6.51Å and
b=17.87Å. The geometry is schematically shown in figure 1where gray denotes Ti atoms, redO, blueC, and
whiteH. The pentacenemolecule is adsorbed over the surface, tilted inwards to the troughs formed by the Ti–O
rows on the TiO2 (110) surface with an angle of 24°, in agreementwith the experimentally deduced 25° [26]. The
closest C–Ti distance is 2.76Å and the closest C–Odistance (coming from an oxygen row) is 2.86Å.

Figure 1.Geometry of the pentacene/TiO2 slab periodically repeatedwith the unit cell indicated by a black box. Gray denotes Ti
atoms, redO, blue C, andwhiteH.
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3.1. Band structure andprojected density of states (PDOS)
For the geometry described above, figure 2 presents the computed band structure as well as the PDOS for the
different atom species, both for the bare surface (upper frames) and the surfacewith the adsorbedmolecules
(lower frames). The high symmetry points in reciprocal space are, in units of the reciprocal lattice vectors,

Γ=(0, 0, 0), X 0, , 01

2
= ( ), M , , 01

2

1

2
= ( ), and X , 0, 01

2
¢ = ( ). As the basis vectors of the unit cell are

orthogonal, the reciprocal unit vector directions correspond to those of the real lattice shown infigure 1.
Comparing the surfacewith andwithout themolecule shows that the surface bands are almost unaffected by the
adsorption, except for the appearance of twoflat bands in the band gap that are both situated below the Fermi
level. Also the lowest conduction band comes down slightly, while still being almost degenerate with another
band between the high-symmetry points X andM.

To assign the bandswe take a look at the PDOS. The two gap states below the Fermi levelmostly have
contributions from the carbon atoms, that is, they belong to the pentacenemolecule. Thefirst unoccupied
bands, however, belongmostly to the slab and have predominant contribution fromTi 3d orbitals. Indeed, this
part of the band structure is very similar to the one coming from the bare surface, without themolecule, so the
effect of themolecule on these bands seems to be small. The lowest unoccupied band is seen to be delocalized
through thewhole slab, so even though it has contributions from the surface atoms it is not a pure surface state.
Higher up in energy, we see the contributions from the unoccupied pentacene states, centered at around 0.5 eV
above the lowest surface conduction band, with the lowest weak feature at 0.25 eV above the same. The
combination of well-separatedmolecular occupied states and and low-lying unoccupied states belonging to the
substrate suggests the possibility of optical charge-transfer excitations from themolecule to the surface where
the unoccupiedmolecular states are not expected to contributemuch.

3.2. Band alignment
It is well-known that the band alignment can sometimes be a problem inDFT calculations formolecules on
surfaces due to an unbalanced description of the different constituents. To investigate whether or notDFT
qualitatively gives the correct band alignment for our systemwe look at a simple two-step procedure that has
been successfully used to alignmolecular levels for surface adsorbates onmetal and semiconductor surfaces
[47–49]. In the first step individual shifts for the levels are computed in separate calculations for the bare
substrate and the gas phasemolecule. In the second step an image chargemodel is used to include the additional
screening provided by the substrate thatmodifies themolecular electron removal and addition energies. In this

Figure 2.Band structure (left frames) and projects density of states (right frames) of the pure TiO2 slab (upper frames) and the slab
with the pentacenemolecule adsorbed (lower frames). In the projected density of states, the colors are Ti: blue,O: orange, C: purple
(the contribution ofH is negligible). The fermi levels of the two structures are shifted to align the highest surface valence band.
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way individual shifts for the substrate andmolecular level are obtained, which can later be applied to the
combinedmolecule-substrateDFT calculation to align the bands.

Inorder toobtain anunbiaseddescriptionof the levels of themolecule and the surfaceweuse (thenegative of) the
experimental ionizationpotentials and electronaffinities as reference values. For the bare substrate, experimentally
deduced values are in the range−8.5 to−8.7 eV for thehighest valence band and−5.2 to−5.4 eV for the lowest
conductionband [50]. TheDFT-computed values (related to the vacuum level) for the bare surface are−6.95 and
−5.76 eV, resulting in shifts of−1.55 eV (−1.75 eV) and0.56 eV (0.36 eV), with the lower experimental values in
parenthesis. For pentacene in the gas phase the experimental values are−6.63 eVand−1.39 eV forHOMOand
LUMOrespectively [51]. FromDFTweobtain−4.61 and−3.34 eV,which results in a shift for thefirst stepof−1.99
and1.95 eV. In the second stepwe add the image charge correction to the shift for themolecular levels. The image
chargemodel shifts occupied (unoccupied) states by E E qq z z4occ unocc 0D = -D = - ¢ -( ( )), in atomicunits,
where q is the electronic charge, q q 1 1 ¢ = - +( ) ( ) is the screened image charge, z is theheight of the
molecule above the surface and z0 is the positionof the imageplane. Todetermine z0wefit EunoccD tomatch the
exchange-correlationpotential for theTiO2 surface [47–49], givingus a plane 0.25Å above the oxygen rows.Weuse
thedirectionally averaged experimental ¥ for bulkTiO2, that is 7.4 = , and consider thepentacenemolecule tobe
located 2.8Å above the surface, resulting in a shift of±1.08 eV.The image charge correction reduces the shift for the
molecular levels to−0.92 eVand0.87 eV forHOMOandLUMO, respectively.

Applying these shifts to theDFTband structure, as seen infigure 2, we see that themolecularHOMO is still
in the band gap of the surface and themolecular LUMO is shifted up in energy in relation to the surface
conduction band edge. In other words, our two-step procedure predicts that that the lowest excitations will be
from themolecule to the surface, as theDFTband structure suggests, with little influence of themolecular
LUMO that has amuch higher energy.We also note that the band gap between themolecularHOMOand the
conduction band edge has opened up from0.55 to 2.02 eV(1.82 eV)where the value in parenthesis refers to the
lower value used for the experimental reference. Furthermore, the corrected band gap shows a relative
insensitivity to the dielectric constant that enters in the image charge formula; if the bulk 0 would instead be
used (close to full screening) the value of the gapwould be only 0.32 eV lower. In light of this, we feel justified in
using theDFTband structure in the optical calculations, only opening up the band gapwith a scissor operator.

3.3.Optical absorption and polarization dependence
All optical spectra are computed using one fully occupied band v1 andfive unoccupied bands c1–c5 with a
55×19×1Monkhorst–Pack k-mesh spanning thewhole Brillouin zone (BZ).We use a scissor operator of
1.47 eV that gives a fundamental gap in our system (from themolecular state in the gap to the lowest conduction
band) of 2.02 eV, in accordancewith the higher value fromourmodel for the band alignment. This estimate
cannot be fully checked due to absence of experimental data. However, the exact value of the gapwill not
influence the relative positions of optical resonances within the TDA.Our results verify that this approximation
gives visually identical spectra comparedwith the full solution of(1). For an easier interpretation, we discuss the
TDA results in the remainder of this paper.

The computed linear absorption spectrum ( Im ii
Me wµ [ ( )]) is shown infigure 3 for the threemodel dielectric

functions, togetherwith the non-interacting spectrum. The purple, blue, and orange areas correspond to
response in x-, y-, and z-polarization direction, respectively.We observe that the Coulomb interaction changes
all the spectra substantially, giving also a high sensitivity to the screeningmodel used. In other words, the actual
 should be directly deducible from absorption experiments.

While the quantitative spectra vary drastically as a function of  , some qualitative features remain
 -independent. For example, the spectra exhibit a strong dependence on polarization direction, to a degree that
different directions contain different resonances. This is seenmost clearly for 1 and 2 , producing three separate
excitonic resonances labeled A, B, andC. The lowest energy resonance A is clearly visible only for the z-polarized
light while the B resonance is connectedwith the y polarization. The resonanceC dominates the spectrum for
the x and z polarizations, but practically vanishes for the y polarization. All resonances A, B, andC indicated in
figure 3 originate from individual excitonic states. In the noninteracting system, by definition, we do not have
excitonic resonances, but nevertheless even in this case the similar spectral regions corresponding toA, B, andC
resonances are detectable, as shown in the lowest frame offigure 3.

3.4. Average hole and electron positions
For a given exciton, the averaged density of the electron and the hole follow from
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respectively. The lattice-periodic part, u rvk ( ), of the Bloch function guarantees that re hrl ( )( ) is also lattice
periodic. This periodicity stems from the average over the spatial distribution of one of the carriers, either the
electron or hole. For a single electron–hole excitation, r re hr r¢l l( )[ ( )] is just the absolute square of the unoccupied
[occupied]Blochwave function.

Figure 4 shows the regions of high rer ¢l ( ) and rhr
l ( ) over the surface plane direction, and their projection (left

axis) as a function of the z-coordinate, for the 1 model. The hole distribution corresponds to themolecular
HOMOand is relatively unchanged for different transitions, sowe only plot the one for the A transition. The
corresponding rer ¢l ( ) isosurfaces are shown for A, B, andC transitions. TheA andB excitons yield visually
almost identical distributions because they essentially originate from the same unoccupied band c1, although for
different k-values and symmetries in the Brillouin zone, as will be discussed later inmore detail. However, the C
excitonsmainly stem from the c2 band, and although higher in energy, it has part of the density closer to the
molecule and consequently hasmore overlapwith the hole state. This partly explains the higher absorption peak
infigure 3.

3.5. Bandmixing in excitonic resonances
To characterize the spectral features seen infigure 3, wefirst separate the different contributions to the spectra by
using only one conduction band at a time in the sum (4). Figure 5 shows this separation for the c1–c5 band
contributions in the polarization-averaged absorption for 1 3 – , as well as for the noninteracting case. In the
noninteracting case, each eigenvector Al is connected to one conduction band only, butwhen theCoulomb
interaction is included the transitions becomemixed, i.e., Al will contain contributions from several cn. In this
case, evenwhen only one cn is considered in the sumof(4), the related density-change-matrix element v c

i
kn1

r w( )

Figure 3.Calculatedmacroscopic dielectric function for the pentacene/TiO2 interface (proportional to the optical spectrum) for
different polarization directions using various values of the screening parameter  . From top to bottomwehave 4.21 = , 7.22 = ,

24.43 = , and the noninteracting result. The different polarization directions are orange: z-polarization, blue: y-polarization, purple:
x-polarization. The three important low-in-energy resonances are denotedwith A, B andC. In all spectra a Lorentzian broadening
with a FWHMof 0.01 eV is used.
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will include contributions fromother conduction bands than cn. Thus, the contributions of different bands to
the spectra can be exactly disentangled by the used approach only in the noninteracting case, while the
separation is only approximative when theCoulomb interaction is fully included. TheCoulomb-induced
mixing of transitions also results in some negative spectral features in the decomposition as seen in the
interacting cases offigure 5.Nevertheless, the shown results give a good general picture of which cn bands theA,
B andC resonances aremost closely connected.

For the noninteracting case, we see that the A andB regions in the absorption originate from c1 contributions
while the C region comes predominantly from c2. The same holds for 3 which has a large enough screening for
the bands not tomix in Al appreciably due to theCoulomb interaction.We observe that 1 and 2 yield similar
trends, whilemaking  smaller enhancesmixing of transitions such that eventually all bands contribute to all
excitonic resonances.

3.6. Excitonic states at the interface
To identify the k dependence of excitons onewould optimally plot Anmk

l and Dnm
i

k as functions of k . However,
when taken directly fromourDFT-based results, both of these contributionsmay contain arbitrary phase jumps
in k , due to the ‘gauge-freedom’ [52] problem, i.e., the freedom in choosing the phases of nky . Additionally, as k
is generally a state index rather than an actual wave-vector coordinate , there is no need of Anmk

l and Dnm
i

k being
continuous functions of k; evenwithout the phase jumps. Indeed, u rnk ( ) can become discontinuous in k at
band intersections [53, 54]. This complicates visualization, especially, when ‘band-mixing’ [55] is significant,
i.e., when u un mk k

2á ñ¢∣ ∣ ∣ differs considerably fromunity between k and k¢ in immediate vicinity but on opposite
sides of the intersection, for all choices of n andm. Such band-mixings are expected to be important for large
unit cells due to effects of band foldingwith respect to the bands for the bulk and/or primitive surface unit cells.

Since v1 and c1 are energetically isolated, they are not affected by the above band-mixing, yielding a
continuous Dc v

i
k1 1
aftermatching the phases between k states. In fact, our diagonalization scheme produces

Figure 4.The average electron and hole positions for 1 , as isosurfaces and averaged over the x, y as a function of z. Upper left: the
average hole position, for transitionA, as a function of z is shown in blue and its corresponding isosurface in the representation of the
unit cell next to it. Upper right: the average electron position for theA transition and its corresponding isosurface are shown in purple.
Lower left and right: the same for the B andC transitions. The dashed lines represent the borders of the TiO2 slab.
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continuous DRe c v
i

k1 1
∣ [ ]∣and DIm c v

i
k1 1

∣ [ ]∣, indicating that we only need tofix the signs of u rv k1
( ) and u rc k1

( ).We
select the signs to generate a continuous DRe c v

z
k1 1

[ ]and set it to be positive-valued quantity at theΓ-point. After
this step, SIESTA yields continuous v c1 1« dipoles that fulfill DIm 0c v

i
01 1

=[ ] and D Dc v
i

c v
i

k k1 1 1 1
*=- ( ) .

Weapply the sign convention, obtained above from Dc v
z

k1 1
, to the signs of Av c k1 1

l . Additionally,we select the phase

of the excitonic state such that AIm 0v c 01 1
=l[ ] . As a result of these procedures, also Av c k1 1

l becomes continuous and

A Ac v c vk k1 1 1 1
*=l l

- ( ) is fulfilled. In this system, c2–c5 bands exhibit so strongbandmixing that following exciton
throughonly oneof these bands is not useful. Therefore,we investigate an effective excitondistribution

A , 9
vc

vck k
2

1
2

åf ºl l
⎡
⎣⎢

⎤
⎦⎥∣ ∣ ( )

which is insensitive to the phase and band-mixing issues.Mathematically, k
2fl∣ ∣ corresponds to the absolute

square of the Fourier transformof(7) that is summed over all reciprocal lattice vectors G,
i.e., V G k G k,k GG

2 2 2f = å Y + ¢ +l l
¢∣ ∣ ∣ ( )∣ .

The fourupper rowsoffigure 6 show ARe v c k1 1

l[ ] (left), AIm v c k1 1

l[ ] (middle), and kf
l (right) for 1 and 3 excitons

ofA [(a)–(f)] andB [(g)–(l)] resonances. Figures 6(m) and (n)present kf
l for theC-resonance excitons of 1 and 3 ,

respectively. Each frame is centered at Xk = ¢ that is denotedby afilled circle in the center of each frame.
TheA excitons are centered at X’with a predominantly even (real) s-like part in the Brillouin zonewhile

having also an odd (imaginary) p-like part. The odd part contains from40% ( 1 ) to 20% ( 3 ) of theweight in the
total Avck

l . The 1 B exciton (frames (g)–(i)) shows even symmetry (60%of theweight in Avck
l ) and resembles

a s-like state atM-point while having a sizable odd (40%) contribution located at X’ (or atM). The B state
changes drastically when ò is increased to 3 (figure 6(j)), because the even fraction is only 20% and ARe v c k1 1

l[ ]has
a d-like symmetry located at X’. At the same time, its p-like features centered at X’ are strongly increased
(figure 6(k)).

Figure 5.The band decomposition of the directionally averagedmacroscopic dielectric function using various values of the screening
parameter  .We have 4.21 = , 7.21 = , 24.41 = , and the noninteracting results (from top to bottom). The colors of the total, and
the different conduction band contributions, c1 to c5 are shown in the key of thefigure.
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TheC states experience strong bandmixing, andwe analyze only kf
l infigures 6(m)–(n). These C excitons

have even symmetry (more than 80%of theweight in Avck
l ) and are predominantly s-like states centered at X’.

Themajor contribution to these states at different k comes from the cn-band u rc kn
( ) thatmost resembles u rc k2

( )
at Xk = ¢ (with respect to u uc c Xk

2
n n

á ñ¢∣ ∣ ∣ ).

Figure 6.Exciton eigenvectors and effective exciton distributions in the BZ. Each frame is centered at theX’ point (filled circles in
centers of frames). The c1-band (a) even and (b) odd contributions of the 1 -screening A-exciton state. In (c), the effective exciton
distribution for theA exciton of 1 . (d)–(f) show the same results for the 3 A state, (g)–(i) for the 1 B state, and (j)–(l) for the 3 B
exciton. The effective exciton distributions for (m) 1 and (n) 3 C-resonance excitons are show at the bottom. The results in (e) and (j)
are scaled up bymultiplyingwith a factor of two and the results in frame (m) are scaled upwith a factor of three.
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This detailed analysis of states yield the following conclusions: a resonances stem predominantly from
c1-band s-like excitons located at the X’ point and theC resonance from predominantly s-like c2-band states at X’,
independently of  . However, the B-resonance changes its nature from a predominantly c1-band s-like state at
M-point to a c1 p-like state at X’ between 1 and 3 , respectively.

3.7. Combined symmetries of excitons and dipoles
Sincewe have a highly asymmetric unit cell and large portions of the BZneed to be considered, schemes based on
symmetries of the carrier states to evaluate optical strengths of excitons are not convenient. Instead, we directly
study the combined properties of Av c kn1

l , Dc v
i

kn 1
, and the oscillator strength A Dnm nm nm

i
k k k* º ål

l( ) to interpret

the polarization dependence of the spectra infigure 3. The dipole Dc v
i

kn 1
combines the effects of approximate

symmetries of electrons and holes with theirmutual overlaps, and in l only the even–even and odd–odd,
A DRe Re[ ] [ ]and A DIm Im[ ] [ ], respectively, contribute. Thus, it is sufficient to only compare the symmetries

andmagnitudes of only either real and imaginary parts of Av c kn1

l and Dc v
i

kn 1
simultaneously.

Figure 7 shows the dipolematrix elements for v1 to c1 transitions. By comparing the real parts of the A
excitons infigures 6(a) and (d) to the real parts of x- and y-directional dipoles infigures 7(a) and (b), we notice
that DRe c v

x
k1 1

[ ]and DRe c v
y

k1 1
[ ]practically vanish at theX’ regionwhere the A-exciton contributions are centered.

The imaginary parts of the A excitons (figures 6(b) and (e)) have similar symmetry as the imaginary part of
x-directional dipole infigure 7(d). However, themagnitude of DIm c v

x
k1 1

[ ] is exceptionally small. Since DIm c v
y

k1 1
[ ]

(figure 7(e)) and AIm v c k1 1

l[ ] for A excitons (figures 6(b) and (e)) do not have similar symmetries, their
contribution to l becomes negligible.

Themismatch in symmetries, difference in the k-space locations, and/or smallmagnitude of dipole for
Av c k1 1

l and Dc v
i

k1 1
when i x y,= , explainwhy the A resonances are not visible for x and y polarizations. In

contrast, whenwe compare ARe v c k1 1

l[ ]of A excitons (figures 6(a) and (d)) to DRe c v
z

kn 1
[ ] infigure 7(c) and

AIm v c k1 1

l[ ] (figures 6(b) and (e)) to DIm c v
z

k1 1
[ ] infigure 6(f), we notice the similarity (especially for 1 ) between the

symmetries and locations of the dipole and the exciton contributions. The foundmatchmakes theA resonances
relatively well visible in the spectra for z polarization.

The same comparison as done above for the A resonance can bemade for the B resonance infigures 6(g), (h),
(j), and (k)with respect the dipoles offigure 7. This time, we find thematch for y-polarization, explainingwhy
the B resonance is optically active only for this particular polarization direction. (Especially AIm v c k1 1

l[ ] in
figures 6(h) and (k)matches DIm c v

y
k1 1

[ ] infigure 7(e).)
The DRe c v

i
kn 1

[ ]dipole-matrix-element contributions that corresponds best to theC resonance showmany
similarities with the c1 band dipoles infigures 7(a)–(c), with the exception that the dipole contributions for theC

Figure 7.Transition dipole elements between v1 and c1 bands for (a), (d) x-, (b), (e) y-, and (c), (f) z-polarizations. Each frame is
centered at X’ point (filled circles in centers of frames). The dipoles are separated into their even (a)–(c) and odd (d)–(f) contributions.
Dipoles in (a) and (d) are scaled up bymultiplyingwith a factors of four and eight, respectively. Dipoles in (b) are downscaled by
multiplyingwith 1/2.
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resonance are shifted in the BZ so that the position of X’ andΓ points are exchanged. In addition, the x- and
z-directional dipoles for C resonances are roughly a factor of seven and a factor of two stronger than the x- and
z-directional dipoles related to c1 band. These remarks explainwhy theC resonance is visible for x and z
polarizations, but is optically inactive for the y polarization, andwhy theC resonances have a higher intensity
compared toA resonances infigure 3.

4. Conclusions

Wehavemodeled the pentacene overlayer of the rutile TiO2(110) surface byDFT and computed excitons and
optical spectra by solving the Bethe–Salpeter equation (BSE) for a set of physicallymotivated system
Hamiltonians. Flat bands coming from the pentacenemolecule are found in the band gap of the pristine surface,
and the BSE solutions reveal excitations with charge-transfer character from themolecule to the surface. The
optical spectrum shows a large sensitivity to the polarization directionwhichwe explain by investigating the
exciton solutions and transition dipolematrix elements in the Brillouin Zone (BZ) assigning the three dominant
transitions by their approximate symmetries and locations in the BZ.Many qualitative features of the excitons
areweakly dependent on the dielectric screening chosen in the systemHamiltonian, although the energetic
positions of the peaks aremore sensitive to the screening. An experimental characterization of the optical
spectrumof such awell-defined organic/TiO2 systemwill certainly help to get a deeper understanding on the
dynamics of formation and decay of charge-transfer excitations at this technologically relevant interface.
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Appendix

In this work, we use the Bethe–Salpeter equation (BSE) to compute the optical spectrum starting from system
Hamiltonians generated using the input from ab initioDFT calculations of the band structure and one-electron
states. Having a reasonable systemHamiltonian to describe the system, an interesting alternative approach is to
solve the semicoductor Bloch equations (SBE) [56], whichwould give almost identical (or identical) results in
the linear regime, but opens the possibility to study nonlinear effects. Herewe outline the similarities and
differences between the twomethods.

The BSE takes the formof linear response of the one-particle Green’s functionwith respect to an external
perturbationwhile the SBE rely on the equation ofmotion for themicroscopic polarization [29, 34]
P a t a tcv c vk k kº á ñˆ ( ) ˆ ( )† . This quantity is equivalent to a particle–holematrix element of the densitymatrix5

v t ck r r k, ,rá ¢ ñ∣ ( )∣ or indeed that of theGreen’s function v G t t ck r r ki , , ,- á ¢ ñ+∣ ( )∣ when the time argument t+

is infinitesimally larger than t. In the BSE, the response of thismatrix element determines the polarizability when
the difference of the two time arguments inG does not play any role, that is, when only a frequency-independent
screening is considered in the equations. Thus, when using this standard approximation, the two approaches
should be equivalent.

The optical spectrum in the BSE approach is usually computed from the q 0 limit of the dielectric
function [27, 28], whereas in the SBE the response is determined via themacroscopic polarization [29, 34]
P t V D P tvc cv cvk k k

1º å-( ) ( ), where for notational simplicity we omit the polarization dependence. Since the
SBE come froman equation ofmotion, it can be solved by time propagation and thus go beyond the linear
response regime in several ways; strongfields that substantially change populations can be used, as well as
multiplefields. In the linear response regime, the equations ofmotion can be reduced to an effective eigenvalue
problem in the frequency domainwhich turn out to be equivalent to the corresponding effective eigenvalue
problemof BSE in(1), when the standard approximations of diagonal quasiparticle states and statically screened
interaction are employed.

The screening in BSE comes out naturally from the theory and requires the direct Coulomb interaction to be
screenedwhile the exchangeCoulomb interaction should be bare, however for bulk systems theG=0
component of the exchange interactionmust be disregarded [27, 28] in order to solve for themacroscopic

5
Note that the indices become switched between Pcvk and the densitymatrix.
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dielectric function Me that gives the optical spectrum. In the SBE, usually both the exchange and direct terms are
screened, using the rationale of a background dielectric constant coming from inactive electrons that do not
contribute directly in the optical process [29, 36]. Since the screening in the SBE can be taken to be a parameter it
can however also be chosen to coincidewith the one of the BSE. In this case, the absorption coefficient [29, 34]
fromSBE is proportional to the imaginary part of(4), i.e, to the results offigure 3.

In summary, the BSE and the SBEs are two approaches to the same problem that give very similar (or
identical, when using the same approximations) results in the linear regime, while the latter has applicability also
for nonlinear phenomena, and the choice to use one or the other depends on the problem at hand.
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