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We present an alternative methodology for calculating the quasiparticle energy, energy loss, and optical
spectra of a molecule deposited on graphene or a metallic substrate. To test the accuracy of the method it is Prst
applied to the isolated benzenesfs) molecule. The quasiparticle energy levels and especially the energies of
the benzene excitons (triplet, singlet, optically active and inactive) are in very good agreement with available
experimental results. It is shown that the vicinity of the various substrates [pristine/doped graphene or (jellium)
metal surface] reduces the quasiparticle highest occupied molecular orbitalBlowest unoccupied molecular orbital
(HOMO-LUMO) gap by an amount that slightly depends on the substrate type. This is consistent with the simple
image theory predictions. It is even shown that the substrate does not change the energy of the excitons in the
isolated molecule. We prove (in terms of simple image theory) that energies of the excitons are indeed inuenced
by two mechanisms which cancel each other. We demonstrate that the benzene singlet opticallf agtive (
exciton couples to real electronic excitations in the substrate. This causes it substantial decay, such7as
meV for pristine graphene and 362 meV for metal surfaces as the substrate. However, we bnd that doping
graphene does not inBuence thg exciton decay rate.

DOI: 10.1103/PhysRevB.88.235437 PACS number(s): 7.22.Pr, 73.22Lp

I. INTRODUCTION properties of the deposited molecule will be investigated
in the framework of Hedins@W theory® 1112 while the
Nowadays, -conjugated organic molecules and their optical properties will be investigated by solving the Bethe-
derivative blms$ are increasingly used in many applications. Salpeter equation (BSE), whose practical application was brst
They are often used in organic electronic devices such adeveloped by Strinatf and more recently by Louiet al 814916
peld-effect transistofsand organic transistofsAlso, their ~ These methodologies have been successfully used to calculate
good charge mobility and small optical band gap make thesthe electronic HOMO-LUMO gapg$ and optical gap$ of
materials suitable for photovoltaic applications, such asin solabenzene on various substrates. However, the computational
cells? Moreover, the spatial localization of organic moleculescomplexity of such calculations has limited their range of
allows the light absorbed by the molecule to be converted int@pplicability, resulting in a need for simple models and bench-
substrate excitations such as surface plasmon or electron-hatearking of the various levels of approximation. For example,
excitations. The latter could be of interest in biosensingrecent studies have shown that quasiparticle corrections to
applications> This has spurred recent studies characterizingenergy levels are linearly correlated with the fractions of the
the formation via cyclization cascade reactforend the levelsO densities within the substrate, molecule, and vatuum,
charge transfer within combined donor-acceptor lay@fs  with the quasiparticle gap renormalization proportional to the
-conjugated organic molecules on metal substrates. HowevemoleculeOs height above the substiate.
the basic building block of the most utilized organic molecules, However, to address these issues, we have modibed these
such as aromatic hydrogen carbonates, is the benzene ring.theoretical methods. Specibcally, the optical spectrum is
This work is motivated by all these potential applicationsobtained directly from the imaginary part of the dynamical
and is focused on exploring the quasiparticle and opticafour-point polarizability matrixl_}-"( ), which is the solution
properties of benzene deposited on semimetallic (pristinef the matrix BSE. In the stancfard two-particle Hamiltonian
graphene) and various metallic [doped graphene and Agpproack®'® the BSE reduces to an eigenvalue problem, and
(jellium) surface] substrates. Special attention is paid tahe optical spectrum is obtained in terms of BSE eigenvalues
examining the inBuence of the substrate on the molecular highand eigenvectors. Moreover, we develop methodology to
est occupied molecular orbitalblowest unoccupied moleculagxamine dark excitons, i.e., excitons that cannot be excited
orbital (HOMO-LUMO) gap, exciton plasmon interaction, the by an external electromagnetic peld. They can be seen as
efbciency of the molecule mediated light substrate plasmothe energy loss of an external dipole driving the molecule,
conversion, and the decay of the molecular excitons t@nd dark excitons intensity also can be expressed in terms
electron-hole excitations in the substrate. of the imaginary part of the polarizability matrb<}j<'( ). We
In the formulation of the problem we shall use previousalso show that the equilibrium molecule/substrate separation
theories which are well established and have been testdd large enough that their electronic densities do not overlap.
by various spectroscopic experimef¥) The quasiparticle As a consequence of this, the only modibcation which has to
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be done in the formulation, after the substrate is introduced, iseplace the bare Coulomb interactidrwithV + W , where
to extend the bare Coulomb interaction propagatdey the W is the substrate-induced Coulomb interaction.
substrate-induced Coulomb interactidn+ W . Because of In Sec.lV we present results where the developed theoreti-
all these different approaches we have rewritten all previousal formulation is Prst used to calculate the ionization energies
expressions to make it clear where our approaches differ.  and HOMO-LUMO gap in the isolated benzene molecule, and
The theory is brst developed generally and then appliethen the formulation is used to obtain the exciton energies
to an isolated molecule and to a molecule deposited omand spectra of excitations in benzene deposited on various
various different substrates. To check the accuracy of ousubstrates. This is followed by concluding remarks in Skc.
method, we compare the results obtained for isolated benzene

with ayailable experimental results. The calculated ionizatio_n Il. FORMULATION OF THE PROBLEM
energies and HOMO-LUMO gap for isolated benzene are in
very good agreement with experimental resétté Also, the In this section we shall prst present the general method

calculated energies of benzene excitons (dark, bright, tripletye use to solve the BSE for the four-point polarizability
and singlet) agree remarkably well (within 100 meV) with L(r1,r2;r4,r,, ), which is also called the two-particle cor-
experimental dat&®2® We show that the introduction of the relation function'® We shall then present how to obtain the
substrates reduces the HOMO-LUMO gap for about 2 eV an@ptical-absorption and energy-loss spectra for an arbitrary
that this reduction weakly depends on the type of the substratgystem fromi_.

A somewhat surprising result is that energies of the benzene

exqitpns are barely affected by the presence of the substrate. A. General theory

This is because the substrate reduces the HOMO-LUMO gap, : .
which reduces the exciton energy, but at the same time the /" aPsorption experiments a photon creates an electron and
substrate weakens the excited electron-hole interaction, whi A hole. _In the lowest app_rOX|mat|o_n we can co_nS|d_er them to
increases the exciton energy. We bnd that these two effec e two independent pgmcles, which leads _to inbnitely long-
almost exactly cancel and exciton energies remain practicall ved electron—hqle pairs that can b_e described as a prod_uct
unchanged. We also bnd that all these effects can be simp two one-particle GreenOs functions. However, in reality,

explained by applying image theory to the screening of th e situation is much more complex. Because of the electron-

electron and the hole, as was also theoretically observed iﬁl_ectron mtera_ctu_)n th? excited electron and hole can mt_e ract
Ref.8. with other excitations in the molecule, or they can annihilate

The specta of molculr exciations are obtained st DS TSl These areal esponsble o he creaton
that an external probe (electromagnetic wave or dipole ’ ‘ 109

can, to brst order, induce excitations in the molecule ealistic description of optical-absorption phenomena we have

but not in the substrate. However, the excitations in thetc.’ calculate the two-particle GreenOs functiyn However,

molecule can, via the Coulomb potential, interact with S'Nc€ N _the Dyson expansion Gz there are two pos_5|ble
electronic modes in the substrate. This enables us tgnn|h|lat|onslead|ngtomdependentelectron—holemotlon,one

analyze the molecular spectra as spectra of driven/dampeO them'should be subtra_lcted fragy. In this way, the quantity
escribing the propagation of the coupled electron-hole pair is

harmonic oscillators where the external probe isdebned a3

the driving force of frequency , the exciton in the

molecule is a harmonic oscillator of frequency, and the L(1,2;1,2)=iG»(1,2;1,2)SiG(1,1)G(2,2), (1)

substrate is the source of damping with damping constant

We bnd that only the singleE}, exciton (bright exciton) where

decays when the molecule is in the vicinity of the substrate, ) &2 . .

while all other excitons fail to couple with the substrate Go(1,2:1,2)= ()" T{ (1) (@) "(2) ")} )

and remain inbPnitely sharp. In the vicinity of graphene theis the exact two-particle GreenOs function and

E], exciton decays into a continuum of- interband . .

electron-hole excitations where 176 meV. In the vicinity G1L2=siT{ (1) (2} ®3)

of the Ag (jellium) surface th(E%u exciton decays faster and
362 meV. We alsq bnd that there are no extra peakg ina ) represents a four-vector, e.g., 1(r1,t1).

m_olecular spe_ctra. T_hls means that the excnons do not interact The four-point polarizability ) satisbes a Dyson-like

with the two-dimensional (2D) plasmon in doped graphene Obquation of the forrt®13.16

with the surface plasmon on the Ag (jellium) surface.

In Sec.ll we present the general methodology used to solve L(1,2;1,2)
the BSE for the four-point polarizability matrik}'( ) and - Lo(1,2:1,2)
explain how to use the imaginary part bf}'( ) to obtain T
the optical-absorption and energy-loss spectra for an arbitrary + d345@.0(1,4;1,3) (3,6;4,5)L(5,2;6,2), (4)
system.

In Seclll the developed formulation is applied to derive the also known as the Bethe-Salpeter equation, shown in Feynman
quasiparticle, optical-absorption, and energy-loss spectra of aflagrams in Figl. The noninteracting four-point polarizability
isolated benzene molecule. In order to calculate quasiparticlgas the form
spectra, optical absorption, and energy-loss spectra of the .
molecule near a substrate, we demonstrate that we only need to Lo(1,2;1,2) =SiG(1,2)G(21), (5)

is the exact one-particle GreenOs function. Each argument in
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Ve@)=si dlv(3S1)G(11") @) FIG. 2. (Color online) Bethe-Salpeter equation in time-

dependent screened Hartree-Fock (TDSHF) approximétion.
represents the exact Hartree energy, ard(3,4) represents

the exact exchange-correlation self-energy, where the four- ) _ _
vector ' (riti+ )as 0" . Note that after coordinate Mmeans only a single frequency appears in the Fourier
annihilation 1= 1 and 2= 2, so that &) becomes the time- transform of §) :

ordered polarizability, and Eqdf becomes a Dyson equation | . .., = Lolfa.Fo Tt

for the time-ordered response function. In this case the function (Fr2ify,rz ) oru.rzifyrlz )

L(1,2;1,2) represents the density-density response function. +  drararstelo(re,rairyra, )
This gives the induced charge due to an external potential or, B
in some special cases (as will be shown later), provides the X (ralelals)L(Is,r2 el ) (11)

current induced by an external electromagnetic beld.

To calculate the exact kerneb)(we have to know the ~Where the BSE kernel has the fotm
exact self-energy xc. However, this is not possible, so we . _
have to make some approximations. The most frequently used (Fa.leirars) = Y(rg,r5) (rs.ra) ('s.Te)
approximation (in order to determine the BSE kernel) is the SW(rg,r3, = 0) (rs,rs) (rare). (12)

X GRS
staticGW approximatior The brst term in 12) is usually called the BSE-Hartree

xc(3,4) = iIG(3,4W(rars, =0) (taSty), (8 kernel, andthe second termis called the BSE-Fock kernel. The

i Bethe-Salpeter equatiod) is shown in Feynman diagrams
where W represents the exact statically screened Coulomb, Fig. 2. The noninteracting four-point polarizability, then

interaction. We assume thét weakly depends 06, i.e., becomes
% 0. ) Lo(ra,r2iry,rp )
The functional derivative ing) can be performed analyti- =S OI—G(rz,rl, )G(ra,r,, + ) (13)
cally, and the BSE kernel becomes s 2
(3,6:4,5) = V(35 5) (3,4) (5,6) Zlir:jc(ia I;T:r:gv;n by the brst Feynman diagram on the right-hand
SW(rars =0)(35) (46) (ta S t3). (10) The GreenOs functions it3f can be obtained by solving

Here we note that this static approximation is onijustiDeaIhe Dyson equation
whenthe frequency of the characteristic collective modesinthe G(r,r , )= Go(r,r, )
system is high enough to instantly screen the charge-density

Ructuation caused by electron-electron or hole-hole scattering + draroGo(r,ry, ) (rara, )G(ra.r, ),
in the system. Even though this is not always justibed, we
will use approximation10) because it enables us to transform (14)

Eqg. @) into frequency () space.

More specibcallv. if we assume that the electron an(%/vhereGo is the independent electron GreenOs function and
P Y, o : he self-energy can be separated into the Hartree part plus the
hole are created and annihilated simultaneously, we can

putt, = t1, t, = tp, and after using approximatioi@, the exchange-correlation part,

four-point polarizabilitied. andL o always appear as functions = Vg + xc (15)
of two times, L (t1,t2) and Lo(ty,t2). Moreover, due to the ]

translational invariance in time, they become functions of! he Hartree termis

the time differencel (t; S t,) and Lo(t; S ty). Using these s . y
properties and the fact that the BSE kernel is time independent Vi(rr) =St drGroratt" )Virwr) (rsSr), (16)

235437-3



V. DESPOJAet al. PHYSICAL REVIEW B 88, 235437 (2013)

w( ) where the factor of 2 is introduced to include contributions
from both spin channels,
fi= L TN, (22)
0, i>N,
roG( S Y r’ is the occupation factor, and is the number of occupied
orbital states. We can assume a similar expansioh for
FIG. 3. GW approximation for xc. L(ra,rairyry, )= HLEC) i) (ry) 102 (1),
ijkl
and the exchange-correlation self-energy term in G\& (23)
approximatiof'? reduces to
q where
xe(tr, )=i - 5=€ Gr, S W, ), K] f5 SHilIfy S ful (24)
(17)  ensures that contributions 1o only come from transitions
) ) ) between empty and blled states. Thatis, the summation indices
as shown in Feynman diagrams in Fig. 'should satisfy the following conditions:
The brst quantity that needs to be obtained to solve this ) )
complicated set of equations is the propagatérof the i N, j>N, k N, I>N,
screened Coulomb interaction since it appears in the BSE i N, j>N, k>N, | N,
kernel (L2) and is essential for theW approximation 17). It (25)
is the solution of the equation i>N, j N, k N, I>N,
W(r,r, )=V(,r, ) i>N, j N, k>N, | N.

After inserting €3) and @1) into (11) and using the fact that
in RPA the second term in the BSE kern&2) (containingW)
may be neglected, we obtain a matrix equationLfar

+ draraV(r,rey, ) (ruro, )V(rar), (18)

where the response functioncan be obtained from the four-
point polarizability by the coordinate annihilation L:J.d( )= L:J.dvo( )+ !}'L:jﬂ L0y llH K ()
1l !

i1j1
(ra,r, )= L(ro.rare,ro, ). (19) vkl

An equation folW is shown in Feynman diagrams in Fig.

Therefore, Egs.11)D@9) form a self-consistent scheme, Where
and we shall next describe the method we use to solve it. KO, f; St

The brst step is to solve the density functional theory Kohn- Ly~ ()=2 + S +i sgn(;S ) ik ji - (27)
Sham (DFT-KS) equations for the system in order to obtain J ' ' J
the Kohn-Sham (KS) orbitals; (r) and energy levels . Using ~ and the factor of 2 comes from spin. The matrix of the BSE-
these KS states, we can construct the independent electrdtartree kernel has the form
GreenOs function KLH — /K (28)

() () oo
S i+i sgn(¢S )

(26)

Go(r,r, )= (20)  where the bare Coulomb interaction matrix elements

i _
VK = drydry TV (i Sro) K 29
The second step is to determin@ 1,r,; 1,1, ) within the ! drz 3 M)V Sra) ((r2) (29)
random-phase approximation (RPA). We begin by insertingyre shown in Figs. Here we introduced the two-particle wave
(20) into (13) to obtain the noninteracting four-point polariz- ,nctions

ability: ‘
Lo(rr2irply ) 0= ;0. (30)
o\r1,'2, 11,1 2y
1(f-2S f1) i) () i (r2) :(r,) By solving Eq. @6) we obtain matrix elementsk'( ),
= 1270 1Y V) iT2) 1920 oq)  and after inserting them int@2g) we obtain the four-point
i S itiosgn(i S )
j |
w( ) y > v <
A AVAY A o o+ et ) D e
r r’ r r
i k

FIG. 4. (Color online) Propagator of the dynamically screened
Coulomb propagator obtained from the polarizability FIG. 5. Bare Coulomb interaction matrix element.
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polarizabilityL at the RPA level. Now the coordinate annihi- After inserting 82) into (38) and using expressior3{), the
lationr; = r, andr, = r, gives us the response functidtgj, exchange-correlation self-energy becomes
and by inserting it into 18) we obtain the propagator of the

dynamically screened Coulomb interaction xe( )= d S ()
: R
.0 S j S + 1
W(rr, )= V(nr)+ L () o
N
S  w( S, (39)
x o dradroV(r,r)  (r1) (ro)V(ra,r). j=1
(31) where
Wi()=Vv+ v L (V. (40)

The third step is th& oWy approximation. After replacing
the GreenOs function ih7) by Go given by @0), performing
the integration in (7), and using the spectral representation The Prst term in39) represents the Coulomb hole correlation
of the time-orderedV, the exchange-correlation self-energy energy, and the second term represents the bare and induced

become¥ exchange (Fock) energy. The Coulomb hole correlation energy
corresponds to the polarization energy shift due to an extra
we(r,r, )= i) () d VS(r,Vr ) : electron or hole in the system.
i1 SiS i Since the ground-state calculation is performed at the

point, the matrix elements of the real nonlocal opera83) (
remain real. This allows us to writ@8) in terms of screened
coulomb interaction matrix elements as

z

S (r) W, S i), (32

i=1
1
where the spectral function is debned as Si()=S —Im{w; ()} (41)

<1 Note that even though for unoccupied states the KS-Hartree
S(r,r, )=S —Im{W(r,r, )} 33 . . . . . .
( ) Wi )} (33) term is exact, for occupied states it contains a self-interaction

The spectral functiorS also represents the intensities of {€rm- However, the se”If energy( ) also contains a self-
molecular electronic excitatiorfé.Note that the Hartree term Interaction Fock temv;', equal in amount and with opposite
(16) is already included in the KS energies The brst term sign, so that these two terll”lns exactly cancel. Therefore, the
in (32) is the screened exchange term, and the second term $§!T-interaction fng ternVji' is useful and should not be
the Coulomb hole correlation term. After insertirgg) into  extracted from 7=( ).

I
the Dyson equationl@), we obtain a matrix equation for the The poles of Eq.37),

GreenOs function, S SV S X()=no, (42)
=XC
Gi()= ( )+ Gi( ) T )Gy (), (34) represent the new quasiparticle energi 3 In the quasipar-
where the self-energy matrix elements are debned by ticle approach the solution o#2) is close to the real axis, and
. we can expand Eg4@) around ; as
_xc( )= iJXC( )S ViXC i (35) XC( )
and where Ves X+ 18 ———= (S )=0 (43
S(C( )= i) xelr,r, ) j (r). (36) and the solution is
Note that in 85) we subtract the KS exchange-correlation isz +Z _xc( )3 V_xc (44)

energyV/*® from the exchange-correlation self-energf)
because this contribution is already included in the KS Green@éere we introduced the normalization factor
functionG? in the Dyson equatiorg). X 81

In most cases the off-diagonal matrix elements gf Zi= 18 — ) _ (45)
weakly inRuence the diagonal matrix elementsGsf( ),*?
and therefore we may safely neglect them. In this c84g (

becomes a simple scalar equation, and the solution is thé@ the quasiparticle approach the imaginary part ¢f can
quasiparticle GreenOs function, be neglected, and the new, renormalized quasiparticle GreenOs

function becomes

1

§ SV 8 () ) 1 (1)

+i sgn S

Gi() Gi()=

37

Gop(r,r, )= —op (46)

S

QP °
i
This represents the propagation of a quasiparticle (electron

or hole) in statei. The exchange-correlation self-energy is

likewise

The fourth and Pnal step is solving the full Bethe-Salpeter
equation 11). First, we insert the quasiparticle GreenOs func-
tions @6) into (13) to obtain the noninteracting quasiparticle
)= i) xe(r,r, ) (). (38)  four-point polarizabilityl 2. This has the same form &21j,

235437-5
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FIG. 6. (Color online) Bethe-Salpeter equation.

except that ; is replaced by . Then, by using.3, and
repeating the RPA schemg23)b@1) we obtain a new four-
point polarizabilityL gp and dynamically screened Coulomb
propagatoiVV. Now we can solve the Bethe-Salpeter equatio
(12) with the full kernel (2). After insertingL %P, W( = 0),
and the expansior2g) into (11) and (L2) the Bethe-Salpeter
(BS) matrix equation becomes

FIG. 7. (Color online) BSE kernel in TDSHFA. The brst term
represents the BSE-Hartree kernel, the second term represents the
nbare BSE-Fock kernel, and the third term represents the induced
BSE-Fock kernel.

BS response function

L' )= Li"oe( )+ LR ) L, ()
i1j1kaly (rl,rz, ): L(rl,rz;rl,rg, )
(47) = ML) D) D) () (). (B2)
as shown in Feynman diagrams in Fig. The matrix of ijkl
noninteracting quasiparticle four-point polarizability has the
form B. Optical-absorption spectra
L K.0 ()=2 fi Sfi - Optical-absorption spectra are usually calculated using
i QP QP& QP QP& QP K i» ; ; ; ; _
S T +iosgn S elggnvalues .and. eigenvectors obta.med by solving the. two
particle Hamiltoniart® The Prst step in such an approach is to
(48) write L in (23) as a sum over many resonances [e.g., Bf. (
and the BSE kernel consists of two terms, in Ref. 15] whose frequencies s represent the frequencies
" WH = KF of the excitation modes in the system. This approach treats
P oS g (49)  each excitation mode in the system as a well-debned inPnitely

This approximation is usually called the time-dependenﬁong'lived moo!e. . .
screened Hartree-Fock approximation (TDSHFA). The brst In this section we shall describe an alternative approach
term in @9) is a matrix of the BSE-Hartree kernel given by In which the optical-absorption spectrum is obtained directly

Kl ;
(28) and R9), and the second term is a matrix of the BSE-Fockfrom Lii.( )- Nope that this approach goes beyond the
kernel given by two-particle Hamiltonian approach because by performing

a matrix inversion for each frequency we determine the

full dynamical two-particle propagatdr( ). This method

is particularly useful when a molecule is interacting with a
continuum of electron-hole excitations in the substrate. This is
where the prefactor of takes care of the fact that the ladder pecayse the molecular exciton can no longer be treated as an

interaction does not allow a spin Rip. After usingl) the  jnpnitely long-lived excitation mode, as will be demonstrated
BSE-Fock kernel can be expressed in terms of the four-point, sec. [vC.

1 :
jT = 5 drudry | (r)Wee(rrz = 0) (2, (50)

polarizability matrix ad. qp, In an optical-absorption experiment the incident electro-
magnetic wave couples to the electronic excitations in the
1 . . ; ; :
KILF _ ki _ ki system and is partially absorbed. In linear response theory
o= = VTt V, L = 0V . (b1 - . .
! 2 l ol ) (51 the power at which the external electromagnetic energy is

absorbed in the system can be obtained from the expression
The total BSE kernel is shown in Feynman diagrams in

Fig. 7. The Prst term is the BSE-Hartree, or RPA, term.p t) = dty  dridrp E®(rot) (roratSt)AS(rot)
This represents the Coulomb interaction between electron-hole 5 ’ e i
creation and annihilation. The second term is the BSE-Fock (53)

term. This represents the interaction between the electron and

hole mediated by the bare Coulomb interaction. The thirdyhere is the current-current response function of the system
term is the induced BSE-Fock term. This represents theind E® and A® are the external electric beld and vector
interaction between the electron and hole mediated by thgotential, respectively.

induced Coulomb interaction. The second and the third terms \We shall assume that the incident electromagnetic beld is a

together are also called the screened BSE-Fock term. plane wave of unit amplitude
After solving Eq. 47) by using expansion2@) and 3
coordinate annihilatiorr, = r; andr, = r,, we obtain the A®Y(r t) = ecoskr S t), (54)
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in the system is given B§
P(t)

= dtl drldrg e’“(rl,t) (rl,rz,tétl) EXt(rz,tl),
(b) S

FIG. 8. (Color online) Feynman diagrams for (a) the optical- (59)
absorption process and (b) the energy-loss process. The squabere ®(r,t) is the time-dependent potential produced by
represent current vertices, and dots show charge vertices. the external charge and is the density-density response

function of the system. If we assume a simple oscillatory time

. o nden
where e is the polarization vector. If we also assume thatdepe dence

the external scalar potential is®'= 0, this implies that rt)=*Yr)cost, (60)
EX =S %ATM If the wavelength is much larger than the
dimension of the illuminated system or the crystal unit cell,
the dipole approximation can be applied, and the absorption P()=5
power becomes

the power loss becomes

Im  drirp ®re) (rara, ) ®(ra)

(61)

We note that Eq.Q2) is the longitudinal equivalent of E¢B%).
After using the expression for the response functi®?) and
Inthe Coulomb gauge ( A = 0), thereis an instantaneous dePnition g0), the power loss can also be written in terms of
interaction mediated by the Coulomb interactish and ~ Matrix elements k() as
a transversal interaction that is retarded and mediated by
photons. In small systems such as a molecule, the interaction
between charge/current RBuctuations mediated by photons is
negligible compared to the Coulomb interaction. This allows
us to describe all interactions inside the molecule by theyhere the form factors are
instantaneous Coulomb interactiéh and the interaction of

P()=S Im e,e driry , (ri,rz, ) . (55)
u

P()= S Im :](ll_rj(l( )Fij Fu (62)
ki

the molecule with the environment by both interactions. In Fj = dr f(r) (r). (63)
this case this is only interactions with photons described by
Aext_

As a result, the current-current response function can be lll. APPLICATION TO MOLECULAR SPECTROSCOPY
expressed in terms of the response funct®®),(except that In this section we shall show how we may apply the
now charge vertices should be replaced by current verticegeneral procedure described in Si¢o calculate the optical-
(shown as squares in Fig) to get absorption and energy-loss spectra of benzene in gas phase,

) deposited on graphene and adsorbed on a metallic substrate.
V) LR
e A. Spectroscopy of gaseous benzene
= — ML) 0 W i) W) (). (56) Pectoseopyol 9
m-c ik 1. Numerical solution of the BSE

After inserting 66) into (55) the absorption power becomes  The Prst step is to determine the molecular ground-state
electronic structure. The benzene Kohn-Sham orbita(s)
e - and energy levels; are obtained by using the plane-wave
P()=S Im gLy C)idi (57)  self-consistent peld density functional theory (DFT) code
ijkl (Pwsch within the QUANTUM ESPRESSO(QE) packag®
using the Perdew-Wang generalized gradient approximation
(PW91) exchange and correlation (xc) functiotfalWe
o , model the benzene molecule using a periodically repeated
Yi=ooa dr (). ®8) 50 8a5a, x 22845, x 228458 unit cell. Since there is no
intermolecular overlap, the ground-state electronic density is
calculated at the point only. For carbon and hydrogen atoms
we used generalized-gradient-approximation-based ultrasoft
Since some of the excitation modes, so-called dark modegseudopotential$ and found the energy spectrum to be
cannot be excited with incident electromagnetic waves andonvergent with a 30 Ry plane-wave cutoff.
here we are interested in all types of excitations in the The benzene molecule has 30 valence electrons, which
molecule, we have to design some alternative probe which isorresponds to 15 doubly occupied valence orbitals. For the
able to excite the dark modes as well. The simplest choice is aour-point polarizability calculation we use 60 orbitals, i.e.,
external time-dependent charge distribution. The rate at which5 occupied and 45 unoccupied orbitals. In SB¢. we
an external charge distribution is losing energy to excitationwill show that the excitation spectrum is mostly debned by

where the form factors are

C. Energy-loss spectra
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transitionsinsidethe- complex or between occupied states can be obtained directly from the KS energigsand the BSE-

a,€19,619 and unoccupied states,,ezy,bzg.1° Hartree kernelZ8) can be obtained directly from the matrix

The KS wave functions are periodic and can be Fourieelements §9). This gives us the four-point polarizability
expanded as matrixL'( ), which is needed to obtaW; () through ¢0)
1 ' and pnally the exchange-correlation self-energf§f( ) using

iN=-—= GC(Ge*, (64)  (39. From X¢( ) we now obtain corrected quasiparticle

G energies iQP from (44) and the matrix of noninteracting

where G are reciprocal vectors and is the normalization quasiparticle four-point poIarizabiIithi‘j("%P( ) from (48).

volume. In this case the two-particle wave functions depne@singL:}"%P( ) and repeating the RPA schen28PE1) we
by (30) are also periodic and can be expanded as

obtain a new four-point polarizability}' o( ) and BSE-Fock
= cd@yeecr, (65)  kernelgivenby$1). Finally, using_ " 3.( ), the BSE-Hartree
G kernel £8), and the BSE-Fock kerneb{), we can solve the
_ L . o Bethe-Salpeter matrix equatios?) for LK'( ).
where the Fourier coefbcien@ (G) = + dre>'®" (), The fact that we use 15 occupied and 45 unoccupied orbitals
with the use of expansiorsg) and debnition 30), can be  for the calculation means that the dimension of the Bethe-
expressed in terms of coefbcie@gG) as Salpeter kernel matrix is 1350 1350. However, this does not
. 1 depend on the number of plane waves used in the expansion
Cl(G)= = Ci(G)C(G1+ G). (66)  of the Coulomb interaction matrix elemen&g), which is an
G1 important advantage of our method. This accelerates matrix

This transformation enables higher numerical efbciency in thgalculatlons Ianld at thefs:;mectlmle altl)ows us tolperform vFery
calculation of the bare Coulomb interaction matrix elementccurate calculation of the Coulomb matrix elements. For

Vij"', which are the most frequently used quantities throughou?xa}mple’ in expressiorég) we use a 30 Ry energy cutoff,
the calculation. which corresponds to an expansion over 35000 plane waves.

Since we study a single isolated benzene molecule, we ha\;gqe Qisag\{antage of th'is method is that the dimension of the
to exclude the effect on its polarizability due to the interactionMalrix Vi increases with the number of occupied states

with surrounding molecules in the lattice. This is accomplished! NS lmeans tlhe TethOd is not computationally efbcient for
using the truncated Coulomb interactién Very large molecules.

Ir Sy | S Re 2. Determ_ination of th.e energy-loss
51 , (67) and optical-absorption spectra

Ve(rSr)=

. - ) ) To be able to detect all types of electronic modes in the
where is the Heaviside step function afi¢ is the range of  nqjecule, we simulate two kind of experimental spectroscopic
the Coulomb interactions, i.e., the radial cutoff. Since Wenethods. First is an optical-absorption experiment. This
choose the lattice constaht= 22.84% to be more than s simylated by the absorption of a plane wave of light
twice the range of the benzene moleculeOs density, Choos'ﬁ\gminatingthe molecule, as shown schematically in Big).
the radial cutoffto b&c = L/ 2 ensures that the charge Buctu- gacond is an energy-loss experiment. This is simulated by
ations created within the molecule produce a beld throughoyfe energy loss of an oscillating dipole placed close to the
the whole molecule but do not produce any beld within themolecule, as shown schematically in Figb).
surrounding molecules. Debnitio67) is very useful because The benzene absorption spectrum is obtained using expres-

the Coulomb interaction remains translationally invariant. Thisgjq, 67), where the form factor$g), after using the expansion
leads to a simple Fourier transform, (64), become

Ve(@) = 5518 cosaRel (68) 3 =i [e-GIC (G)G (©). (70)
G

Note that cutting the long-range Coulomb tail in all three
dimensions [Eg. §7)] removes the numerically demanding Z Z
g = 0 divergence in@8). This is not the case for periodic sys-
tems where the Fourier transform of the Coulomb interaction
still diverges afy = 0. After using depbnitionZ9), the Fourier
transform of the Coulomb interactiof§), and the expansion
(65), the bare Coulomb interaction matrix elements become

pcos( t)

vl 1 d©@)ICL©e)] Ve(©), 69
cell G

where o = L% is the unit-cell volume. X @)
After we obtain the KS spectrg and Coulomb matrix

elements§9) we can perform the RPA schen5{b@8). The FIG. 9. (Color online) Schematic representation of (a) an optical-

matrix of the noninteracting four-point polarizabilit jl’o 27 absorption experiment and (b) a dipole energy-loss experiment.

X (b)
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Electronic modes are also excited by an external potential

&{(t), where the rate at which the probe is losing energy is
given by expression$p) and ©3). After inserting the Fourier
transform of the external potential

dg
2 )
in the debnition of the form factor§8) and using the Fourier

expansion§5) and the fact that e(r) is a real function, i.e.,
&(Sq)=[ ®Yq)] , the form factors become

ext(r) - ext(q)ei q-r (7 1)

Fi= Cl(G) *G) . (72)
G

We model the external probe as a dipole with dipole moment
placed at positiofR from the center of the benzene molecule,
as shown in Fig9(b). In this case, the Fourier transform of the
external potential has the explicit form

-4 &
o) =S |_2e3|q Rg-p. (73) FIG. 10. Ground-state geometry of a benzene molecule deposited
q on graphene. Benzene carbon and hydrogen atoms are depicted as
black and white spheres, respectively, while carbon atoms of the

. ) _graphene substrate are depicted as gray spheres.
Besides the spatial symmetry of the molecular electronic

excitations, which determines whether the excitation will be
dark or bright, there are also two classes of solutions of the BS#aals density functional of Leet al®* and the exchange
with respect to spin. If the spin-orbit interaction is negligible functional (C09) developed by Coop¥rThis combination
compared with the electron-hole interaction, as we assumef functionals gives good agreement with experimental data
here, then each quasiparticle state has an additional quantur similar systems$® The initial, most favorable geometry
number associated with spin, i.e., upor down . This has is taken from Ref.36. To obtain ground-state electronic
a simple impact on BSE. If spins of an excited electron-holedensity we used a supercell with dimensians 73a X a,
pair are parallel (e.g., spins of statesndj in Fig. 7 are both  wherea = 27.906a5. We employed a plane-wave basis set

), then the bnal-state Hartree interaction can either leave thgith ultrasoft pseudopotentials as implemented in Q.
spin conbguration unchanged or Rip both spins in the opposithe kinetic energy cutoff for the plane waves was 40 Ry,
direction (i.e., spins of statésandl are both ). However,they and it was 500 Ry for the density. We applied arn 8 x 1
will remain parallel. On the other hand, the Fock interactionMonkhorst-Pack speci#&l-point mesh to sample the Brillouin
always leaves the spin conbguration unchanged, and this i®ne. For the average equilibrium separation between benzene
why there is no factor of 2 in the Fock kernéllj. The BSE  and graphene we obtaiy 6ag. This is the same as that
kernelisthensimply = " S F andanyexcitons created reported in Ref.36. Because of the large separation, the
in this way have a spin-singlet conbguration. electronic densities of these systems do not overlap, as can be

If the external perturbation instead creates an electron-holelearly seen in Figl1. This shows the ground-state electronic
pair with antiparallel spins (e.g., spins of stateandj are density in thexz plane along the dashed line denoted in Ef.

and , respectively), then, because of the orthogonality, The fact that the electronic densities do not overlap
such a pair cannot be annihilated, and the Hartree interactiogimplibes the impact of the graphene to benzene energy spectra
is inactive. The Fock interaction, responsible for the mutualand response function signibcantly. More specibcally, since
electron-electron and hole-hole scattering, survives, anditdoghere is no intersystem electron hopping, the only modibcation
not change the initial spin conbguration,; that is, the Pnal spinsomes from the additional screening caused by polarization
are still antiparallel. The BSE kernel then consists of the Foclof the graphene. In other words, interactions between charge

3. Singlet and triplet excitons

term only, i.e., =S F, and this type of exciton forms a Ructuations in the benzene have to be additionally screened

spin-triplet conPguratiof Both spin classes of excitons will because of the polarization of the graphene. This simply

be investigated in Sed! B . means that the bare Coulomb interaction has to be modibed as
follows:

B. Spectroscopy of the benzene deposited on graphene

We next investigate the energy levels, optical absorption,

and energy-loss spectra of benzene deposited on a grapheggich is also shown in Feynman diagrams in Fig. Here

substrate, as illustrated in Fig0. W s the induced dynamically screened Coulomb interaction
Graphene and benzene planes are chosen to lie paraligf the graphene substrat&3”38 Consequently, the matrix

to the xy plane, i.e., have a normal parallel to theaxis.  elements29) have to be modibed to

Ground-state electronic and crystal structure is obtained by

structural relaxation using the second version of the van der Vit ) = vt w (), (75)

V(rr) W(rr, )=V, )+ W (rr, ), (74
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. 035 separationigy  6ay, it is sufbcient to keep only the@ = 0
component. This has the consequence thét becomes
isotropic in andQ space, and the Fourier transform of the
graphene Peld in the benzene region can be written simply as

0.3

0.25

‘ W 6 (Q,,2z )= D(Q, ) 5o (79)

0.2

The graphene electronic excitation propaga{Q, )
contains the intensities of all (collective and single particle)
electronic excitations in graphene. The details of the calcula-

2 0.15

0.1

0 tion of the propagatob (Q, ) can be found in Ref37. Here
005 we use the same parameters employed in the calculation of
2 D(Q, ), except that the response functiog is calculated
. . . , . , . . . 0 using a 20x 201x 1 Monkhorst-Pack speciéikpoint mesh
x[au] in order to have a Pné&p-point mesh.

After inserting {9) into expansion{7) and then using it

FIG. 11. (Color online) Ground-state electronic density of ben'together with expansior6p) in the debnition of the matrix
zene horizontally deposited on graphene. The position of the grapher@ements'(G) we obtain

image plane is denoted lzy,, and the equilibrium benzene-graphene

separation is denoted t®g. The density is plotted in thez plane Kl 1 dQ 52070 I
across the dashed line denoted in Ri@. Wi()= a @ )2D(Q' )e”F Q) F(Q)
(80)
where
, whereVe is the volume of the graphene unit cell and the form
W)= dridrp | (r)) W (ri,r2, ) K(ra). (76)  factors are dePned as
cell . .
i - j
The Prst step in calculating the matrix elemems) (s to F Q)= GOeIRe) (81)
perform a Fourier transform o#V in thexy plane: ¢
'e dQ o ) and
W (r,r, )= e e W ¢ (Q,,z,z ),
o @) ° 1(Q.G)
(1) - gy SN Qs ;"TéQx + fé% sin (+Qcy;+ Gy)5
where = (x,y), Q = (Qx,Qy) is a two-dimensional wave QS 1G)(Qx )(Qy v)
vector ands are graphene reciprocal vectors in #yeplane. (82)

In Fig. 11 we see that the equilibrium benzene-graphen L . . )
separationigy  6ag. In Ref.37it is shown that the centroid eé_igfo(f:m?gg?;; 'f ?é) 'CS; cg/e)r V?/nggge _suzp ,? Xrlaglce_ re
- Xiyysrz)y X = ’ y —
n

of the induced density (density induced by the external poin ’n L

charge) is ati,  2ao from the graphene center, as shown in T Gz = ==, andny,ny,n;  Z. The two-dimensionaQ

Fig. 10. This means that charge Buctuations in benzene fedntegration in 80) is performed using a 64 61 rectangular

like the Oexternal® graphene beld in the regior z;,. This ~ Mesh and the cutoff wave vectQc = 0.3a.

is the region where the graphene-induced density is zero. In We note that the integration i) is performed over the

this region the spatial part of the Fourier transforff)(has ~ Penzene superlattice unit-cell volumes = L°. By doing

the simple form®-37:38 this we avoid the graphene-mediated intermolecular interac-

. . tion; thatis, the inBuence of the surrounding molecules through

W (Q .2z )=D(@Q+ G ,Q, )¢ (78)  polarization of the graphene is completely excluded. However,

this makes the numerical computation more demanding.

Modibcation {5) is exact at the RPA level. Namely,

e benzene four-point polarizability obtained by solving

equations Z26)B8), including modibcation15), represents

an exact RPA four-point polarizability screened by graphene.

From (/8) we see that the exponential factor cuts the
higherG components. Since the average benzene grapher,gﬁ

| .
: v : W( ) However, if we want to calculate the substrate renormalized
......... _ molecular four-point polarizability beyond RPA, modibcation
(74) is no longer sufbcient.
i k i k For example, when graphene is absent, the electron-hole
interaction can be mediated directly by or indirectly via
w( ) v w( ) molecular polarizatioV LV , as shown by the BSE-Fock.ker-
AMVNAA = et + ANV nelin Fig.7. Introducing graphene requires replacindpy W.

This induces extra electron-hole interaction channels, such as
FIG. 12. (Color online) Screening of the bare Coulomb interac-interaction via graphene polarizatio’v and interaction via
tion by the polarization of the substrate. mixed molecular-graphene polarizatig. W , WLV , and
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WLW . However, the higher-multiplicity processes, e.g., matrix elements of the induced Coulomb interactiai)(
VLWLV , WLWLW , etc., may be safely neglected. The calculation of the quasiparticle spectra, optical-absorption
When the perturbed system is a small zero-dimensionadpectra, and energy-loss spectra of the deposited benzene can
object, such as a molecule, and the substrate is a largee performed following the same recipe as for the isolated
higher-dimensional object, such as a surface, the dominaftenzene (as described in SHtA ) except that the Coulomb
substrate-induced electron-hole interaction is via singlematrix elements have to be renormalized#s énd calculated
substrate polarization/ , and all higher-order processes by using expressions8Q)bg82). Also, the correlation self-
are negligible. Since we use modibcatiat#)( we actually energy has to be corrected by tergdl,
do include higher contributions such & W , WLV
and WLW . These multiple processes could inBuence the
electron-hole interaction if the perturbed system is of the same IV. RESULTS AND DISCUSSION
dimensionality as the substrate. In that case, both systems
can form coupled modes, and the propagator of the screen
interactionW can no longer be separated into propagators o
individual screened interactiod$3°
The impact of the modibcatiofi4) to theGoW, exchange-
correlation self-energy3Q)b@1) is similar to its impact on
the BSE-Fock term. After applying modibcatiorb to (40),
we neglect the above-mentioned higher-order processes. This o )
does not inBuence the result signipcantly because we bnd The quasiparticle energies for gaseous benzene are calcu-
that the dominant substrate-induced modibcation of moleculd@ted directly by using th&W, scheme §9)D@5), addition-
self-energy comes from the single substrate polarization terrlly corrected by §3) and @4) for the deposited benzene.
W , as shown in Ref8. After applying modiPcation7®) to As explained before, in order to get a.ccurate energy shifts in
expressionsag)D@_]_), the bare exchange Se|f_energy inc|udesgaseous benzene we use 45 unOCCUp|ed StateS, l.e., 60 benzene

an additional exchange self-energy term which contains singlétates in total. _ o
polarization W : Table | shows a comparison between benzene ionization

and afPnity energies obtained experimentally and by using the
GoWy scheme. The experimental ionization energies are taken

In this section we use the formalism developed in 8éto
Iculate the quasiparticle properties, energies, and spectra of
excitons in benzene deposited on various substrates. We also
compare our results with available experimental data.

A. Quasiparticle properties of benzene on a substrate

N

X — & i &
i()=S W ij!J (S (83)  from Refs.21 and 22, while the electron afbnity energy is
i=1 taken from Ref23.
It is very important to note that modibPcatiofi5j is unable To compare our quasiparticle energies with experimental

to generate the substrate-induced correlation self-energy terflués we must brst determine the exact vacuum level.

which contains the single polarizatioW . Such an induced However, at the DFT level, we were unable to obtain an
correlation term may be debPned as accurate vacuum level. For this reason, we aligned the energy

of the LUMO state 285, with the experimental afbnity energy
Cr s i () of 1.12 eV and shifted all other levels accordingly. As can
F()= 0 d 8 .38 +i (84)  pe seen in Table, the result of this procedure is that all
=1 . quasiparticle energies, incorrect in the DFT calculations, are
where now in satisfactory agreement with the experimental ionization
1 ) energies. We also see that the renormalization of the HOMO
Si()=S=Im W /() (85) levelis very weak, while the LUMO state is shifted as much as
5 eV upward. In fact, its energy becomes positive, indicating
may represent a signibcant correction to the self-energy anthat this state is unbound.
therefore must be included by hand. The benzene excitons are mostly composed of transitions
In conclusion, the introduction of the substrate requiresbetween the occupied state,d, doubly degenerate occupied
modiPcation of the bare Coulomb interaction debned astate ¥y, doubly degenerate unoccupied stai,l and
(74). However, at the same time, the self-ener89) (should  unoccupied stateldh,, which form the benzene-  complex.
be corrected to include the induced correlation term ofThe molecular orbitals corresponding to these states are shown
(84) and 85). Therefore, the only task is to calculate thein Fig. 13. The energies of the doubly degenerate occupied

TABLE I. Comparison of the benzene ionization and afbnity energy with experimental results.

Occupied Unoccupied
HOMO LUMO
(Zalg)2 (2€1u)4 (2929)4 (3alg)2 (Zblu)2 (1b2u)2 (3elu)4 (:I-aZu)2 (3629)4 (1919)4 (ZeZU)4 (1ng)2
DFT S2425 S21.41 S17.75 $15.79 S13.99 S13.94 S13.15 S$12.08 S11.18 S9.33 S4.18 S50.54

GoWo $26.51 $22.83 $519.78 $517.0 S$16.38 S14.17 S14.16 S12.44 S1161 $9.44 112 S2.85
Experiment $25.9 S$22.8 $19.2 S$17.04 S$15.77 S14.47 S140 S123 S11.7 S$9.45 1.12

4l ionization energies are taken from Re2d and22, and the electron afpnity energy is taken from R&.
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the degenerate LUMO states= 16,17 are pushed down,
reducing the HOMO-LUMO gap. The gap obtained using this
simple model deviates less than 10% from results obtained
using the full expression88) and @4). This means that the
dynamical effect only slightly corrects the simple image theory
result 86). The same conclusion has been reached in &ef.
where the authors theoretically investigated the quasiparticle
properties of benzene deposited on graphite. The benzene
HOMO-LUMO gap is then reduced by 3.2 eV, as shown in
the last row of Tablél.

Considering the similar results obtained for pristine and
doped graphene, we expected the same result for graphite
as well. Namely, the external charge is only able to induce
charge in the surface region, i.e., charge in the pbrst graphite
monolayer, so for an external charge graphene should be
the same as graphite. Surprisingly, it instead turns out
that the gap is about 1 eV larger than it is for graphite.
Perhaps the graphite effective image plagis shifted outward
compared to graphene. This would strengthen the molecular
orbital screening shift and may explain the difference in the
states & and doubly degenerate unoccupied states 2 gap.
debne the benzene HOMO-LUMO gap.

Tablell contains ouGgW, results for the HOMO-LUMO ' .
gap in benzene deposited on various substrates, as compared B. Excitons in gaseous benzene
with available experimental and theoretical results. We can see To ensure that our methodology for determining the energy
that our approach for the HOMO-LUMO gap of benzene inof molecular excitons is accurate, we brst calculate the energy
gas phase is in excellent agreement with experimental resultsf excitons in gaseous benzene. This is easier to compare with
In this way we are able to verify the accuracy of our approach.the numerous experimental results which are available in the

Unfortunately, there are no available experimental result$iterature.
for benzene deposited on graphene or metal substrates. We The energies of the excitons in benzene in gas phase are
Pnd that all the substrates reduce the HOMO-LUMO gapdetermined from the positions of the peaks in the optical-
approximately by the same amount, between 2 adde¥.  absorption spectrum calculated from expressidsig @nd
This can be explained in terms of a simple image theory shift(70). Here the four-point polarizability ' is obtained by

FIG. 13. (Color online) Molecular orbitals of the  complex
(1ayy,1ey, 16y, and byy) involved most dominantly in the formation
of benzene excitons.

This can be obtained fronB88) and @4) by setting = ; solving the BSE47)D61). The incident electromagnetic wave
and the summation indgx= i. Then the induced self-energy is chosen to bex polarized; that is, in §4) we sete= X%.
becomes The energies of the excitons are also determined from the
SIWi( =0, i N peaks in the energy-loss spectrum calculat(_ad from expressions
= X4 = i ik ' (62), (72), and (73). We chose an asymmetric external charge
+sW i ( =0), i>N. distribution so it can excite excitons of all symmetries. The

dipole is placed in the molecular plane but shifted lay #
the + x direction. The dipole is similarly polarized in the

The static induced potentialv i (= 0) is always neg- direction; thatis, in73), we putp = andR = 4.0%6. .
ative because positive/negative charges feel an attractive Table Ill shows the energies of different excitons in
force from their negative/positive image Charge_ Thus, thédaseous benzene. To be consistent with available literature,

degenerate HOMO statds= 14,15 are pushed up, while We identibed and labeled all excitons as shown in the Prst
row of Tablelll. Empty space in the table means that the

(86)

TABLE Il. Quasiparticle HOMO-LUMO gaps for benzene in

vacuum, deposited on pristines(= 0) and doped ¢ = 1 eV) TABLE Ill. Comparison of the energy of the excitons in gaseous
graphene and on a Ag substrate. benzene with available experimental results.
Graphene Ag Triplet Singlet

Vacuum F=0 F=1eVv  (jellium) B, E E3% Ba Ei Ej
DFT 5.14 5.05 5.14 5.14 BSE(optical-absorption) 3.93 7.02
GoWo 10.56 8.55 8.30 8.22 BSE(energy-loss) 393 438 6.81 480 7.02 855
Expt./Theor. 10.57 7.39 Experiment 3.95 476 6.83 4.9C, 6.94 7.8C
aThe experimental electron afbnity energy is taken from R&fand  2ReferenceB0 and24.
the ionization energy is from Ref8l and22. PReferences0 and25.
PReferences. °Referencell, 24 and26.
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TABLE IV. Energy of benzene excitons when in vacuum, de- the molecular plane and the graphene plane or Ag jellium edge,
posited on pristine ¢ = 0) and doped ¢ = 1eV)graphene andon we take the equilibrium valug, 6ap.
a Ag substrate. The upper row represents the optical-absorption, and |t is interesting to note that the exciton energies are very
the lower row represents the energy-loss results. Data in parenthesggeakly affected by the presence of the substrates. Similarly, the
represent the decay widthof the corresponding exciton to electron- optical gap of benzene was previously found to be only weakly
hqle excitat.ions in the substrate. Exciton energies are in eV, and dec%pendent on the height above a metal substfafbis seems
widths are in meV. to be a general property of the optical gap of weakly bound
molecules on substraté$.

There are three dominant factors that debne the exciton
B, Ei E3 B Ei, EZ energy. Firstis the quasiparticle energy shift. This changes the
HOMO-LUMO gap and therefore the zero-order exciton en-

Triplet Singlet

Vacuum 335933 438 681 480 77'0022 8.55 ergy. Second is the RBuctuation-Ructuation interaction present
Graphene 108 ' ’ 712 (174) 7 in t.he BSE-Hartree kernel. This increases the exciton energy.
(r=0) 408 437 715 4.80 712 ggg 1hirdis the screened electron-hole interaction present in the
Graphene 4.10 7.13 (162) BSE-Fock kernel. This reduces the exciton energy.

(f=1eV) 410 438 7.8 481 713 8.93 In our case, the substrate reduces the quaS|p§1rt|cIe HOMO-
Ag 4.10 7.32 (362) LUMO gap by more than 2 eV, as shown in Table
Gellium) 411 438 719 481 731 g.93 This reduces the exciton energy, and it barely inRuences

the Ructuation-Ructuation interaction in the molecule. On the
other hand, the substrate signibcantly weakens the electron-
hole interaction, which increases the exciton energy. The latter
corresponding spectrum does not contain a correspondingan be explained by using simple image potential theory.
exciton peak. In other words, the exciton cannot be excitedvhen a substrate is present, the molecular electron interacts
by a corresponding external driver. with the molecular hole and also with its negatively charged
From Tablelll we see that the tripleB3, and singlet image. This reduces the attractive electron-hole interaction and
E1, excitons are bright excitons, which can be excited byincreases the exciton energy. Therefore, there is a competition
an electromagnetic beld. On the other hand, the triplebetween the HOMO-LUMO gap reduction and weakening of
E3, and E3; and singletB3, and E3; excitons are dark the electron-hole interaction.
excitons, which cannot be excited by an electromagnetic Peld. In our case, substrate-induced electron (LUMO)-hole
This division to bright and dark excitons is consistent with(HOMO) interaction, which can be approximated by the
optical and energy-loss measuremefft& This means that matrix elementS W iJ'iJ' ( = 0)> 0, aimost exactly cancels
our method simulates both classes of experiments well. Ifhe HOMO-LUMO gap reduction. Using86), this can be
Tablelll we also see that the energies of all types of excitonsapproximated as
except for the darlE%g exciton, which is overestimated by
0.75 eV, are in excellent agreement with the experimental data.
Altogether, this suggests that the theoretical methodology we , y
have developed works quite satisfactorily and can be applied =3 WJ(=0+W{(=0<0 (87
to molecules on substratés.

LumMo S HOMO

wherei = 14,15 andj = 16,17. Therefore, the exciton ener-
gies are indeed substantially affected by different mechanisms.
However, these mechanisms cancel each other, and the exciton
In this section we analyze the excitation spectra of benzenenergy remains almost unchanged.
when the molecule is deposited on various substrates. In The theoretical model developed here allows us to analyze
addition to the energy of excitons, special attention will bethe molecule/substrate spectra in analogy to the spectra of a
paid to the decay mechanism for excitons into real excitationslriven/damped harmonic oscillator. Namely, the calculation
within the substrate. In order to include these real excitationss performed in such a way that the external electromagnetic
we use full the dynamic BSE-Hartree kerngB), (75), and  wave or dipole (driving force) can induce current or charge
(76), while the BSE-Fock kernel5() is also renormalized in the molecule (harmonic oscillator) but not in the substrate
according to 75) but remains static. Including the dynamical (damping source). However, the molecule interacts with the
effectsinthe BSE-Hartree kernel causes the calculation of BSEubstrate, and it can excite plasmons (leading to extra peaks in
to become very computationally demanding. However, we notéhe molecular spectra) or electron-hole excitations (infuencing
that the transitions between three occupiad=(11,14,15) Pnal exciton width) in the substrate. The inverse exciton width
and three unoccupiednE 16,17,18) states forming the represents the decay rate of the initially excited exciton.

- complexX*?6 participate most dominantly in forming Here we note that the molecule is a zero-dimensional
all signibcant excitons in benzene. Therefore, we restricobject. This means there is no translational invariance within
our calculations to the transitions inside the complex. it, and Q is not a valid quantum number. This also means
This reduces the dimension of the BSE kernel matrix to onlythat the exciton at bPxed frequencycan decay into any of
18x 18. the electron-hole excitations with any momentum tran€fer

Table IV shows energies of the different excitons after Since we use the static BSE-Fock kernel in our theoretical
depositing on various substrates. For the separation betweemodel, triplet excitons are always sharp peaks and cannot

C. Excitons in benzene on a substrate
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decay into substrate excitations. For this reason, we investiganergy-loss spectra (bottom panels of Big).we see that only
the decay of singlet excitons. the singletE}, excitons obtain a Pnal width, while the dark
To be able to distinguish a substrate-induced exciton decai;, andE%g excitons remain sharp.
from intrinsic decay, we choose an intrinsic exciton decay By observing the low-momentum/low-enerdy ( 0.3 ag
which is very small, namely, 1 meV. Since the interactionand < 10 eV) graphene spectfawe can see a wide
between the molecule and substrate is quite weak, thimterband -  electron-hole continuum and broad
probability of transitions between tit&, exciton of benzene plasmon, so, obviously, the], exciton decays into all types
and the substrate is well described by FermiOs goldefitruleof - excitations in graphene. This does not exclude the
As the substrates considered are in the wideband limit, thpossibility that it can also interact with the weak graphene
Pnal density of states is a Lorentzian distribution, so that the -  plasmon. By bttindg= 1, optical spectra to a Lorentzian
absorption spectra have the form (88), we obtain 174 meV, as provided in Tabl¥ .
2H |2 /2 The spectrum of benzene deposited on doped graphene
A() _ . (88) ( r = 1leV)isalmostidenticalto thatfor pristine graphene and
(S o2+ (/2 is not shown here. This is expected because even though the
HereH is the coupling matrix element between the moleculedoping induces an extra intraband electron-hole continuum,
and substrate, o is the exciton energy, and / isits it appears at energies{ 2 eV)*® lower than the benzene
lifetime #2 Assuming|H |2 is only weakly dependent on the €Xciton energies (o> 3 eV). There is also an absence of
energy, we may bt 88)) to the calculated spectra to estimate extra peaks in the spectra. This means that the excitons do not
the inverse lifetime of the exciton, i.e., the decay width interact with the 2D plasmon of doped graphene. The decay
Figure 14 presents the optical and energy-loss spectra oWidth of theE{, exciton is slightly reduced in the vicinity of
gaseous benzene (black solid line) and of benzene deposité@ped grapheneto 162 meV. This could be because in the
on pristine graphene (red dashed line). The top panels show tif®ped graphene the interband  continuum is shifted to
optica]-absorption spectra, Showing 0n|y those excitons thd’ﬂigher energies. This reduces their intensity at the exciton en-
can be excited by the external electromagnetic wave. This i§r9y g3 7 eV. Fromthis we can conclude that the excitons
why we can notice the absence of tripief, andE 3, excitons ~ inlargermolecules, e.g., interrylenedel;s, where o 3eV,

and singleB}, andE}; excitons. The bottom panels show the would be more strongly inBuenced by graphene doping.

spectra of excitons excited by a dipole. These spectra show all Figurel4also ShOWS the opticgllla_nd the efnergy—lloss spehctra
types of dark and bright excitons. We see that the substratéd Penzene deposited on a Ag (jellium) surface (blue dashed-

do not generate any extra peak in the spectra. This mea tt(_ad _Iine). For the separation between the mol«_acula{ plane
that the excitons do not interact with the plasmons in andjelliumedgewechosg  Gap. We see that the singlEg,

pristine graphene. Also, as mentioned previously, we see thglxciton signibcantly decays into excitations within the metal.

the exciton energies are almost unaffected by the substrate aff Ptting its optical spectrum to a Lorentzian, we obtain for

that they are just slightly shifted toward higher energies. FronitS width 362 meV. This is because in the jellium metal

there are many interband electron-hole channels into which it
can decay. It is interesting to note that even in this case, when

_ triplet singlet the phase space of the electron-hole excitation becomes very
:?50_ B' T = V'alctljur'nl R rich, the dark excitonsBz, andEq in the bottom panels of
340 Lu -~ Graphene 7 Fig. 14) remain sharp.
S a0l ! = Ag(jellium) ] We conclude that only the bright excitd, decays into
s h T real electron-hole excitations in the substrate. On the other
g20r i T ] hand, the dark excitorB3, andE 3, do not interact with any
g 10F 55‘ T ] type of real excitations in semimetallic or metallic substrates
Sl N L T e AP and remain in well-debPned eigenmodes.
3 4 5 6 7 8
S T | L L ML I I B V. CONCLUSIONS
z 15 _Blu Elu :EZQ 1 BZu Elu ﬁ E2g _ !
3 | 1 'll o In this paper we presented how the molecular optical
2 10 E i -+ | ‘ . and energy-loss spectra can be obtained directly from the
> | } | ' I .I 1 dynamical four-point polarizability matrix K'( ), which is
e 5 ; i T ! N El' 7 the solution of the BS matrix equation. The solution of the
UL !{, o LJ,_JL\.\A [ BSE is provided by matrix inversion in orbital space. This
%54 5 6 (e\/7) 8 9 3 4 5 6 (ev7) 8 9 10 leads to a linear scaling in the numbei®frectors used in the

calculation of the BSE kernel. This procedure allowed us to use

FIG. 14. (Color online) Optical-absorption and energy-loss spec® high-energy cutoff in Fourier space, thereby increasing the
tra of benzene in vacuum (black solid line), on pristine graphenédccuracy of our results. The methodology we have developed
(red dashed line), and in the vicinity of a Ag (jellium) surface (blue S€parates the molecule and substrate into two subsystems. This
dash-dotted line). For separation between the molecular plane af@#eans thatexcitations in the molecule can be treated atthe BSE
graphene plane or jellium edge we take the equilibrium distancéevel, while the dynamical screening which originates from
Zo 6.0ay. Black dotted lines are Lorentzian bts to fhg optical ~ the substrate can be treated at the much less computationally
adsorption spectra. demanding RPA level.
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We demonstrated that the inclusion of substrates requiresctiveE 1, exciton decays into the electron-hole excitations in
minimal intervention to the presented formulation. Thisthe substrates. However, it does not couple to any plasmons in
implies that everywhere throughout the B&EW, scheme doped graphene or within the metallic surface.
the bare Coulomb interactidh can be replaced by the dynam-  Coupling to electronic excitation in the substrate causes
ically screened Coulomb interactioV( )=V + W (), a Lorentzian broadening of thHe;, exciton, whose width is
where W () is the substrate-induced Coulomb interaction. 174 meV for pristine graphene and 362 meV for

This formulation has been successfully applied to the calmetal surfaces as a substrate. We have also noticed that the
culation of the quasiparticle energy levels and exciton energiesxciton quenching could be tuned by graphene doping.
in the isolated benzene molecule. The method has then been Although this effect is not observed in benzene, it should
applied to calculate the electronic structure and excitationgxist for larger -conjugated complexes, such as terrylene
in benzene deposited on pristine and doped graphene ariioH16. There the molecular excitons fall in the gap between
in benzene in the vicinity of a Ag (jellium) surface. It is upper and lower edges of the doped graphene intra- and
shown that the substrates cause a reduction of the quasipartidigerband electron-hole continua, respectively. Now that the
HOMO-LUMO gap (by about 2 eV), which weakly depends on developed formulation has been successfully tested, it has the
the type of substrate. We have also shown that the energy of gllotential to be applied to more computationally demanding
excitons in the isolated molecule remains relatively unchangednd technologically interesting molecular systems.
when the molecule is deposited on a substrate.

By using an image-theory-based argument, we note that the
exciton energies are under the inBuence of two mechanisms
which tend to cancel each other out. The substrate reduces V.D. is grateful to the Donostia International Physics Center
the quasiparticle HOMO-LUMO gap, which reduces exciton(DIPC) and Pedro M. Echenique for their hospitality during
energy. However, at the same time, the induced image electrorarious stages of this research. D.J.M. acknowledges funding
or image hole weakens the electron-hole interaction, whichthrough the Spanish OJuan de la CiervaO program (JCI-2010-
raises the exciton energy. 08156), Spanish Grants No. FIS2010-21282-C02-01 and No.

We pay special attention to the investigation of the in-PIB2010US-00652, and OGrupos Consolidados UPV/EHU
teraction of different types of excitons with real electronic del Gobierno VascoO (IT-578-13). The authors also thank
excitations in the substrate. It is noted that only the opticallyM. Sunjie and |. Kugi& for useful discussions.
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