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The lowest electronic excitations of benzene and a set of donor-acceptor molecular complexes are
calculated for the gas phase and on the Al(111) surface using the many-body Bethe-Salpeter equation.
The energy of the charge-transfer excitations obtained for the gas phase complexes are found to be around
10% lower than the experimental values. When the molecules are placed outside the surface, the enhanced
screening from the metal reduces the exciton binding energies by several eVs and the transition energies
by up to 1 eV depending on the size of the transition-generated dipole. As a striking consequence we find
that close to the metal surface the optical gap of benzene can exceed its quasiparticle gap. A classical
image charge model for the screened Coulomb interaction can account for all these effects which, on the
other hand, are completely missed by standard time-dependent density functional theory.
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The performance of organic-based (opto-)electronics
devices such as organic and dye sensitized solar cells,
organic transistors and light emitting diodes [1-3], depends
crucially on the interface between the ‘‘active” organic
region and the metallic or semiconducting electrodes. In
particular, the position of the molecular energy levels
relative to the metal Fermi level, and the size of the
electron-hole binding energy are of key importance for
the charge transport across an organic-metal interface
and for the dissociation of photoexcited excitons at a
donor-acceptor interface. The purpose of this Letter is to
illustrate how the excitation spectrum of a molecule is
affected by the presence of a nearby metal surface, see
Fig. 1.

Elementary excitations of many-electron systems con-
sist of two basic types: (i) Quasiparticle (QP) excitations
which involve the addition or removal of an electron from
the system, and (ii) optical excitations which involve the
promotion of an electron from one electronic level to
another. In the case of molecules on metal surfaces the
former type can be probed in transport- or photoemission
experiments [4,5] while the latter can be probed by elec-
tron energy loss- or surface-enhanced Raman spectroscopy
[6-8]. It has recently been demonstrated both experimen-
tally [4,9] and on the basis of many-body calculations
[10-12], that when a molecule is adsorbed on a polarizable
substrate its QP gap, i.e., the difference between ionization
potential (/,) and electron affinity (E,), is reduced as a
result of image charge interactions. The same mechanism
was shown earlier to lead to a narrowing of the band gap at
semiconductor-metal interfaces [13]. In contrast, similar
effects on the optical excitations of adsorbed molecules
have so far only been discussed on the basis of phenome-
nological models [14-16].

An efficient method for the calculation of optical
excitations in molecules is the time-dependent density
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functional theory (TDDFT) [17]. The widely used adia-
batic local density approximation (ALDA) has been quite
successful for intramolecular transitions whereas charge-
transfer excitations are significantly underestimated [18].
Alternatively, optical excitations can be obtained from the
Bethe-Salpeter equation (BSE) which is rooted in many-
body perturbation theory [19]. This approach has been
successfully used to describe the optical properties of a
broad variety of systems including organic and inorganic
semiconductors as well as gas-phase molecules [19,20].
However, applications of the BSE to charge-transfer com-
plexes or metal-molecule interfaces have so far not been
reported.

In the first part of this Letter we assess the performance
of the BSE approach for describing charge-transfer exci-
tations in a set of four donor-TCNE (tetracyanoethylene)
molecular complexes. In the second and main part we
investigate how the optical properties of a molecule
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FIG. 1 (color online). Schematic illustration of the narrowing
of the energy gaps of a molecule as it approaches a metal
surface. The QP gap is renormalized by a larger amount that
the optical gap because the image charge effect for monopoles is
larger than for dipoles. This also follows since the exciton
binding energy (E,.,) is reduced by the screening of the
electron-hole interaction by the metal.

© 2011 American Physical Society


http://dx.doi.org/10.1103/PhysRevLett.106.187402

PRL 106, 187402 (2011) PHYSICAL

REVIEW LETTERS

week ending
6 MAY 2011

FIG. 2 (color online). (a) Supercell used to describe the ben-
zene and benzene-TCNE molecules on Al(111). (b) Contour
plots of the HOMO and LUMO orbitals of the benzene-TCNE
charge-transfer complex.

(here represented by benzene and a benzene-TCNE dimer)
change when placed outside an Al(111) surface. .
The gas-phase calculations were performed in a 15 A
cubic supercell with the donor-TCNE dimers fixed in the
structures reported in Ref. [21]. The donor-TCNE dis-
tances (d) lie in the range 3.57 — 3.91 A for the four
complexes. For the metal-molecule interfaces we used a
supercell containing three layers of Al(111) with 5 X 5
atoms in each layer, see Fig. 2(a). The molecules in their
gas-phase structure were placed a distance z above the
surface followed by 13 A of vacuum. DFT-LDA calcula-
tions were performed with the PWSCF code [22] using a 40
Hartree plane-wave cutoff and a 2 X 2 X 1 k-point mesh
(only the I" point was used for the gas-phase calculations).
GoW, and BSE calculations were performed with the
YAMBO code [23] using the LDA wave functions and
eigenvalues as input and a plasmon pole model fitted to
the dielectric matrix at imaginary frequencies 0 and 1
Hartree. For the dielectric matrix we used a 30 eV cutoff
for the sum over virtual states. We have verified that
increasing the number of k points in the surface plane
from 2 X 2 to 4 X 4 changes the GyW,, and BSE energies
by less than 0.05 eV. The G,W, and BSE supercell calcu-
lations for the isolated molecules have been performed
with a truncated Coulomb interaction in order to avoid
spurious interactions between the repeated images.

TABLE 1.

Table I summarizes our results for the four different
donor-TCNE complexes in the gas phase. The three col-
umns show the calculated and experimental QP gaps,
optical gaps, and electron-hole interactions. The latter
has been defined according to [29]

Egip = Egip + Eoy M

In addition to the many-body results we have performed
TDLDA and ASCF(LDA) calculations for comparison.
The results obtained with the two latter methods are in
good agreement with another recent study [30].

Both BSE and ASCEF significantly improve the charge-
transfer excitations compared to TDLDA—in particular
the ordering of the gap sizes becomes correct. The error
in the BSE optical gap is due to the additive effects of an
underestimation of the QP gap and overestimation of the
e-h interaction with the latter being the largest effect. In
contrast, the ASCF method provides an accurate descrip-
tion of the e-h interaction, while the underestimation of the
QP gap is the main source of error. We mention that recent
TDDFT calculations employing a range-separated func-
tional achieved a mean absolute error (MAE) of only
0.12 eV for the four molecules by tuning the range pa-
rameter for each molecule [21]. A recently introduced
constrained variational DFT scheme yields a MAE of
around 0.2 eV [30].

We next consider how the excitation energies change
when the molecules are placed next to a metal surface.
Here we focus on the regime where hybridization between
the metal and molecule wave functions can be neglected;
we have found this to be correct for z = 4.0 A. In this
regime the COHSEX approximation to the GW self-energy
yields for the change in the QP energy levels [10]

1
AEY = = S W | AW, )

where the sign is positive (negative) for empty (occupied)
states and we have introduced the shorthand

Experimental and calculated energy gaps of the four donor-TCNE complexes in the gas phase. The experimental

(calculated) QP gaps have been obtained as the difference between the ionization potential of the free donor (the HOMO level) and
electron affinity of free TCNE (the LUMO level). The optical gap is the corresponding 7 (donor) — 7*(TCNE) singlet transition of

the complex.

EZh (eV) Egy (eV) E.; (V)
Donor GoW, ASCF “Exp. BSE TDLDA ASCF PExp. GoWy-BSE  ASCF  *Exp.
Benzene 631 607 633 3.22 1.47 349 3359 -3.09 258 274
Toluene 581 550 592 2.82 1.28 287 336 -2.99 263 256
O-xylene 559 521 565 273 1.42 257 315 2.87 264 -250
Naphthalene 504 468 523 2.38 1.93 212 260 2.66 256 -2.63
MAE 011 042 00 0.39 1.65 042 00 0.30 0.11 0.0

“Tonization potentials from Refs. [24,25]. Electron affinity of TCNE from Refs. [26,27] (we used the value 2.91 V).

"From Ref. [28].
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(flAlg) = ff FA(r, r)g(r)drdr'. 3)
The change in the QP gap thus becomes

1
AER, = SLhwal AW, ) + (WL AWl )

“4)

The potential AW = W, i@sut — Wimol» 18 the change in
the (static) screened Coulomb interaction due to the pres-
ence of the surface. Physically it represents the electro-
static potential at point 7 due to the polarization of the
metal induced by a point charge at point r. Clearly this
interaction is attractive, i.e., AW < 0. The simplest ap-
proximation to AW is the classical image potential model

AW ) = =3[0 = xR+ 0 =3P+ (42 5)

which reduces to the well-known form 1/4z for r = r'.

In Fig. 3 (red squares) we show the calculated QP gap of
benzene (upper panel) and benzene-TCNE (lower panel) as
a function of the distance to the Al(111) surface. The GW
results show the expected closing of the gap due to the
image charge effect [10—12]. The dashed lines show the
result of the classical image charge model Eq. (5) where
the HOMO and LUMO charge distributions have been
approximated by point charges and the image plane posi-
tion has been used as fitting parameter [12].

Within the standard BSE approach, the optical exci-
tations are obtained by diagonalizing an effective
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FIG. 3 (color online). Calculated QP and optical gaps of

benzene (upper panel) and benzene-TCNE (lower panel) as a
function of distance to the Al(111) surface.

two-particle Hamiltonian within a space of single-particle
transitions [19]. To simplify the discussion we shall assume
that we can neglect the mixing of single-particle transitions
(this in fact turns out to be a valid approximation). In this
case the e-h interaction corresponding to the HOMO-
LUMO transition is simply given by the diagonal element
of the exchange-correlation kernel

(¢Z¢L|U|¢z¢f1) - (¢Z¢H|W|¢Z¢L) (6)

The first term is a repulsive electron-hole exchange inter-
action and the second term is a direct screened Coulomb
interaction. The change in the e-/ interaction due to the
metal surface is then

Ee-h =

AE., =~y AWl 1) (7

(where we have assumed weak coupling so that the orbitals
of the adsorbed molecule are similar to those in the gas
phase). Combining Egs. (1), (4), and (7) we arrive at the
following expression for the change in the optical gap

AERS = = (Wb — Wi b AW S gy — i), (8)

N =

This form is very suggestive showing that the change in the
optical gap is given by the transition-generated dipole
interacting with its image in the metal surface. Since
AW <0 the optical gap is always reduced upon adsorp-
tion. We stress that the static COHSEX and “diagonal
exciton” approximations have been used in the discussion
above for illustrative purposes only, and they have not been
applied in the ab initio calculations.

In Fig. 3 we show the optical gap of the molecules
calculated from the BSE (green circles) and ALDA (blue
triangles). The optical gaps correspond to the 7 — 7*
charge-transfer excitation of benzene-TCNE and the
'A,, — 'E,, transition in benzene which is the brightest

of the four HOMO-LUMO transitions. Focusing first on
benzene (upper panel) both calculations yield no change in
the optical gap upon adsorption. This is easily understood
from Eq. (8) since the dipole moment of the HOMO-
LUMO transition in benzene is negligible. Another way
of stating this is that the change in the QP gap is completely
outbalanced by the weakening of the e-/ interaction due to
screening. This is in good agreement with experiments on
benzene adsorbed on the Ag(111) surface which showed a
change in the optical gap of less than 0.05 eV as compared
to benzene in the gas phase [6].

Interestingly, for distances z <4.5 A, the QP gap of
benzene is smaller than the optical gap implying, somewhat
counterintuitively, that the electron-hole interaction is repul-
sive. According to Eq. (6) this can occur if the screened
direct e-h interaction becomes smaller (in absolute value)
than the e-h exchange energy. From a gas-phase calculation
we have found that the exchange and screened direct e-h
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interactions are 2.0 eVand —5.1 eV, respectively. While the
former is unchanged by the metal, the latter is reduced due
to the image charge effect. Using the fact that |/ ()| and
|, (r)| are very similar for benzene, Eqs. (4) and (7) show
that AE,_;, and AEgal; coincide. Since the QP gap of benzene
is 10.5 eV in the gas phase, we see from Fig. 3 that AEgal; =
3.1 eVatz = 4.5 A. Thus the exchange and screened direct
interactions exactly cancel at this distance. At even smaller
distances, the exchange dominates the screened direct inter-
action and the optical gap exceeds the QP gap.

We should stress that the results presented above refer to
optical transitions on a single molecule. Since our calcu-
lations are performed with periodic boundary conditions
we are in fact simulating an infinite array of molecules.
Because of the large intermolecular distance of >10 A
there is no hybridization between the repeated images.
Formally, however, the optical gap of the periodic array
is always lower than the QP gap since the electron and hole
can be created infinitely far apart in which case the e-h
interaction vanishes. Such excitonic states with the elec-
tron and hole located on separate molecules also appear as
solutions to the BSE. However, their dipole strength van-
ishes and they are thus irrelevant for the low coverage of
molecules considered here.

For the benzene-TCNE complex the BSE calculation
predicts a reduction of the optical gap from its gas-phase
value of 3.22 eV to 2.38 eV when the molecule is adsorbed
z=4.0 A above the metal surface. The change in the
optical gap is very accurately reproduced by an image
dipole model (dashed line) in which AW is again modeled
by a classical image potential and the HOMO and LUMO
charge distributions are modeled as point charges sepa-
rated by d = 3.6 A. The classical theory of dipole radia-
tion was used several decades ago to study the related
problem of frequency shifts in electric dipole emitters by
a nearby metal surface [14—16]. In these studies the role of
the frequency dependence of the metal dielectric function
has been emphasized. On the other hand, recent GW
calculations have shown that the renormalization of the
QP levels is well described by the static response function
of the metal[10,11]. On this basis it is reasonable to expect
that the use of the static part of W for the e-/ interaction in
the BSE is also a valid approximation.

In summary, we have shown that nonlocal correlation
effects (image charge effects) reduce the optical excitation
energies of a molecule by an amount proportional to the
transition-generated dipole when it is placed near a polar-
izable medium. Moreover, electron-hole binding energies
can be reduced by several electron volts and, as a conse-
quence, the optical gap of a molecule can exceed its
quasiparticle gap close to a metal surface.
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