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Plasmon-enhanced electroluminescence of a single molecule: A theoretical study
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Photoemission of a molecular junction which is sandwiched between two Au nanospheres is studied
theoretically. The Au spheres form a nanoresonator in which plasmon hybrid levels may strongly couple to
the radiative transition in the molecular junction. To describe the resulting enhanced electroluminescence,
a density matrix approach is introduced which is valid for the regime of sequential charge transmission
through the molecule. The simulations account for energy exchange coupling between the molecule and
the nanoresonator plasmon excitations, for nonradiative and radiative decay and for vibrational relaxation.
Frequency-resolved photon emission spectra are also computed. The effects of varied molecular charging
and vibrational reorganization energies are demonstrated. By changing the resonance condition between the
plasmon hybrid level and the molecular transition, a selective enhancement of different sections of the vibrational
progression in the emission spectrum becomes possible. In any case, electroluminescence spectra are enlarged

by more than three orders of magnitude.
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I. INTRODUCTION

The capability of metal nanoparticles (MNPs) to enhance
optical signals of nano-objects has led to outstanding scientific
interest in their study (see Refs. 1-3 for a recent review).
The orders-of-magnitude enhancement effect supports single-
molecule spectroscopy, for example, the detection of photoe-
mission spectra of an individual quantum dot or molecule.
If the emitting state is prepared by nonoptical means, i.e.,
if single-molecule electroluminescence is considered as in
Refs. 4-12, then such an enhancement is of particular interest.
In a preliminary study, we suggested plasmon enhancement of
molecular junction electroluminescence.!® There, it has been
assumed that the leads contacting the molecule form spherical
MNPs with their hybridized dipole-plasmon excitations in
resonance to the molecular optical transition.

In the following, we will present a detailed investigation of a
modified system where two separate spherical MNPs sandwich
the whole molecular junction (cf. Fig. 1). The leads shall
be of pyramidal shape with plasmon resonances away from
the molecular transition. The desired signal enhancement is
achieved since the junction is placed into a MNP nanoresonator
of a type as suggested, for example, in Refs. 14 and 15.
By changing the resonator geometry, one can energetically
tune the plasmon hybrid levels constituted by the coupled
MNP excitations. Since this flexibility does not affect the
molecular junction itself, it can work either in the direct
or sequential regime of charge transmission. The sequential
regime is of particular interest since an increasing residence
time of the transmitted electron in the molecule increases the
photoemission probability.

So far, electroluminescence according to the arrangement of
Fig. 1 has not been realized in experiment. Instead, a scanning
tunneling microscopy (STM) scheme with the molecules
placed on a conducting layer and contacted by the STM tip
were described (for example, Refs. 4-6). In these experiments,
surface plasmons of the STM tip or the substrate are excited
via inelastic electron tunneling (see also Ref. 16; the process
is possible if the potential-energy difference between the
molecule and STM tip is larger than surface-plasmon energy).
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If the molecule is directly absorbed on the metal surface, the
respective emission spectra are dominated by a broad plasmon
emission line. This effect can be reduced by separating the
molecules somewhat from the conducting layer. However, a
pronounced plasmon enhancement was not observed.

Theoretical studies on single-molecule electrolumines-
cence can be found in Refs. 9-12. These studies concentrate
on the sequential regime of charge transmission and are in
the position to offer emission spectra including the vibrational
progression of a dominant molecular vibration. Alterations of
this progression due to plasmon effects have also been reported
in Refs. 10-12. However, only those plasmons were considered
which were separately induced by electrons undergoing an
inelastic tunneling process. They have been introduced into
the description via a short external light pulse, but did not
cause any emission enhancement. According to our subsequent
discussion, this is due to the absence of any resonant molecule
plasmon interaction. We will account for this coupling but
ignore the tunneling-induced plasmon formation since the
distance between the junctions and the MNP surfaces is larger
than 1 nm (see also similar work in Refs. 17-19).

Consequently, it is the aim of the present investigations
to demonstrate that the suggested scheme of Fig. 1 is ready
to, first, realize direct and resonant molecule MNP-plasmon
coupling and, second, to result in a remarkable enhancement of
photoemission. The subsequent theory unifies our earlier work
on molecular junctions’*?? and on interacting molecule-MNP
systems.?3~23

Our description of sequential current formation in the
molecular junction is summarized in Fig. 2. It focuses on
charge transmission from the left to the right lead. In the con-
sidered sequential regime, charging appears via an incoherent
transition of an electron from the left lead into the molecule.
The energy of the charged molecule has to coincide with that
of the neutral molecule plus the energy of a left-lead electron.
As shown in the lower panel of Fig. 2, population of the excited
electronic state of the charged molecule becomes possible at
large applied voltages. Now, deexcitation of the molecule can
also proceed as a radiative process just leading to molecular
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FIG. 1. (Color online) Planar arrangement of a molecular junction
and two identical MNPs. The molecule (red) is contacted by a left (L)
and a right (R) pyramidal electrode and sandwiched by two MNPs.
The tip distance between the left and the right electrode is Ax and
the minimal MNP-MNP surface distance (with the molecular center
of mass in between) is 2Ay. The scheme should correspond to Ax
about 4 nm and 2Ay about 5 nm. The MNP diameter amounts to
20 nm (according to the tip shape, the lead-MNP distance is larger
than 1 nm to avoid lead-MNP electron tunneling).

electroluminescence. Discharge of the molecule proceeds via
the hop of the excess electron into an empty state; here, of
the right lead. The middle panel of Fig. 2 displays a situation
where the energy of the excited electronic state of the neutral
molecule plus the energy of an empty electron level just above
the Fermi sea of the right lead equal the ground-state energy
of the charged molecule. Discharge realizes an excited-state
population of the neutral molecule and, again, molecular
electroluminescence becomes possible. If the molecular ra-
diative transitions couple to MNP-plasmon excitations, an
electroluminescence enhancement can be expected.

We describe this enhancement in a theory which considers
the coupled molecule-MNP system as a uniform quantum
system.”>2> However, the present investigation will be re-
stricted to singly excited states of the system (the presence
of a molecular excitation, a single-plasmon excitation in one
of the two MNPs, or a respective superposition state). The
interaction between the molecule and the spherical MNPs
appears as an energy exchange process including molecular
electronic deexcitation and MNP-plasmon excitation (as well
as the reverse process). This uniform treatment results in a
direct description of Fano resonances and an enhancement of
molecular quantities. Since in the present case the molecule is
placed in a nanoresonator formed by two MNPs, the plasmon
excitations hybridize. The resulting level splitting depends on
the type of plasmon (polarization direction of the particular
dipole plasmon; for details see below) and decreases with
increasing distance between the two MNPs. Figure 3 displays
the change of the different hybrid levels with inter-MNP
distance. For the chosen molecular excitation energy, the
resonance case can be achieved and particular large emission
enhancement has to be expected.

The discussion of the MNP-enhanced single-molecule elec-
troluminescence is organized as follows. In the next section,
we introduce the used molecular junction nanoresonator model
(the parameters that are used are discussed in Sec. IV). The
applied density matrix theory is described in Sec. III, together
with the formulas to compute the emission spectrum and
the charge and energy current. A brief description of the
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FIG. 2. (Color online) Energy-level scheme of the junction at
three different applied voltages V. In the left lead L, the energies of the
neutral molecule (thin lines indicate vibrational levels) are combined
with the energy of an electron below or at the Fermi energy Er (green
region). For the right lead R, the energies of the neutral molecule are
added to the energy of an electron above Ef (light-gray region). The
central part M shows the energies of the singly charged molecule.
The electronic ground-state vibrational energies are drawn with a red
background and the excited-state vibrational energies are drawn with
a purple background. The dotted line gives the position of Er (at V =
0). Charging (from L to M) and discharging (from M to R) proceed
as horizontal transitions. Upper panel: current formation starts via
the electronic ground-state population of the charged molecule (V =
2AEy/lel; for notation see Sec. IV). Middle panel: population of the
neutral molecule’s excited state sets in via discharge [V = 2(Eg,, —
AE)/lel]l. Lower panel: population of the charged molecule’s
excited state becomes possible [V = 2(E\., + AEjg)/lel].

junction properties in the absence of MNPs is offered in
Sec. V. Section VI presents results on plasmon-enhanced
electroluminescence. The paper ends with some concluding
remarks in Sec. VIL
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FIG. 3. (Color online) Nanoresonator plasmon hybrid levels &,
vs MNP-MNP surface distance 2Ay (cf. Fig. 1). Red dash-dotted
curves: &y = &,4; green dashed curves: &, ; black dashed curve:
single MNP dipole plasmon energy E;; blue solid curve: molecular
excitation energy E,,.

II. MODEL

The model corresponding to the molecular junction sand-
wiched between the two MNPs (see Fig. 1) has to account
for the molecular energy levels at different charging states.
Moreover, the properties of the leads as well as of the
MNPs, including their coupling to the molecule, have to be
considered and, finally, the continuum of photon states which
are populated due to the radiative decay of the molecule
and the MNPs shall also be included. Since the dynamics of
charge transmission through the molecule is described using
the density matrix theory (cf. Ref. 21), the whole model
is constructed in the framework of open quantum system
dynamics with the standard notation of the Hamiltonian:
H = Hs + Hg + Hs_g. The (primary) system Hamiltonian
Hg covers the part of the system described explicitly, Hr
characterizes the different types of reservoir, and Hs_g is the
respective system-reservoir coupling. The system Hamiltonian
takes the form

Hs = Hpo + le + Hmol—pl~ (1)

The electron-vibrational states of the molecule at different
charging are described by Hy,o1. Plasmon excitations of the two
MNPs (and their hybridization) are accounted for by Hy,. Their
coupling to molecular excitations is considered by Hiol—pi.

These contributions have to be completed by different types
of the reservoir (cf. also Fig. 4). Single electron-hole pair
excitations in the MNP responsible for plasmon decay are
considered as one type with Hamiltonian H\"". Another type
will be responsible for vibrational relaxation in the molecule.
The related Hamiltonian of respective intramolecular vibra-
tional energy redistribution (IVR) is HSVR). The Fermi sea of
the two leads forms a third type of reservoir with Hamiltonian
ngeads) and, finally, transversal photon states constitute the
fourth type of reservoir. The respective Hamiltonian is H{™®.
Accordingly, we obtain

HR — ngmnp) + HI({IVR) + Hf({leads) + ngrad). (2)
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FIG. 4. (Color online) Different types of reservoir (R) with
Hamiltonian Hy which have been introduced to describe electro-
luminescence of the molecular junction MNP system of Fig. 1.
H{™ refers to single electron-hole pair excitations in the MNPs
responsible for plasmon decay. IVR processes in the molecule are
accounted for by ngIVR). Electrons of the left and right lead forming
the current which passes through the molecule are considered by
H]geads) . Transversal photon states populated in the emission process
constitute Hy"".

It results in a similar separation of the system-reservoir
coupling,
IVR leads
Hs g = H"Y + HOR + HESY + HER. )
The first part H™ describes the decay of collective MNP
plasmon oscillations.”*=?® A coupling of the active molecular
vibrations entering H, to the reservoir of secondary modes
is incorporated in H{"x’.2>2! Electron exchange between the
leads and the molecule is considered by Hs(lf‘}fs).ﬂ Finally,
Hs(rffz) accounts for the radiative decay of molecular and
plasmon excitations.'>**?> We consider Hs_g as a weak or
moderate coupling and embed the whole description into
standard density matrix theory (quantum master equation).>"->’
All parts of the total Hamiltonian have already been
described by us elsewhere. Therefore, we only briefly reca-
pitulate the main expressions. We start with a presentation of
the different parts of Hs. The molecular part is written as

Huot = ) Enau|¥Nau) (Wnapl- )

N,a,n

The quantum number N labels the number of excess electrons
in the molecule, and a is the electronic quantum number
covering the ground state (a = g) and the first excited state
(a = e). Vibrational states are labeled by the quantum numbers
w. The molecular wave function Wy, separates into the elec-
tronic part @y, and the vibrational part xy,,. Often, a single
high-frequency vibrational mode dominates the coupling to
the molecular junction charge transmission.*' Accordingly, the
vibrational spectra are specified by the potential-energy sur-
faces (PES), Uya(Q) = U +hwyin(Q — Qna)*/4 (Ref. 29;
the vibrational energy quanta fiwyy, do not depend on the
electronic states). The Oy, are the electronic-state-dependent
equilibrium values of Q, and U](\(,); = Ey, is the energy at
the equilibrium configuration. Electronic transition energies
Epeq shall take the form U ](\?e) -U ](VO; and are assumed to be
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independent of the charging state (Ey.; = E.,). Reorganiza-
tion energies related to intramolecular electronic transitions
follow as Ay vy = hwyin/4 X (Qpa — Onp)?%. So, the overall
energies take the form Ey,, = Ey, + phoyi, (Ey, includes
the vibrational zero-point energy.)

Plasmon excitations of the spherical MNPs (counted by
m) can be restricted to dipole excitations. Those dominate
the interaction with molecules (or other MNPs) provided
the molecules are more than about 2 nm apart from the
MNP surface.”® As already indicated, we will limit the whole
description to singly excited states of the molecular junction
MNP system. Then, the related MNP Hamiltonian is restricted
to single-plasmon excitations. Accordingly, the Hamiltonian
of MNP m = 1,2 takes the form

H = iQuolm0) mO| + > hQurlmI)mIl, ()
1

with the mth MNP ground state [m0) and the excited states
[mI). The latter are threefold degenerated according to
dipole-plasmon excitations with transition dipole moments
pointing along the three axes of a Cartesian coordinate system.
Therefore, we have I = x,y,z. To keep it simple, the two
MNPs are assumed to be identical (i.e., the same metal and
spherical shape with the same diameter). So, we set 2(£2,,; —
Q0) = Ep, where Ep,/h is the dipole-plasmon frequency.

In the presence of excited states, the Coulomb coupling
between two MNPs (or between the molecule and a single
MNP) is dominated by an energy-transfer interaction. If the
interacting units (labeled by u and v) are positioned not
too close to each other, the coupling can be taken in the
approximation of interacting dipoles,

[d,d}] — 3[d,n][nd]]

Juw =
' IR|?

(6)

The d,, and d, are the (transition) dipole moments, R is the
vector connecting the center of mass of the two units, and
n labels the respective unit vector R/|R|. In the case of the
molecule, d, can be identified with the electronic ground-state
to excited-state transition dipole moment d., (a possible
dependence on the charging state is ignored). Concerning
the MNP, we have d; = dye; (the e; with I =x,y,z are
unit vectors of a Cartesian coordinate system). The resulting
molecule-MNP coupling can be written as

Huorpt = Y Y Inmilone) (@ngl ® ImO)(mI| +He.  (7)

N m,I

The inter-MNP coupling Hamiltonian looks similar, but
with Jy ,,; replaced by J,vp mr and |@y.){@ng| replaced by

|m'I"y{m’0|. Tt completes H;,l) + H};Z), given by Eq. (5), to
result in the full expression for Hy,.

Having explained the active system, we turn to a description
of the different types of reservoir Hamiltonian and related
system-reservoir couplings. Concerning ngmnp) and Hs(ri"ff ),
we do not offer explicit expressions but refer to Refs. 26-28.
The present approach is only affected by this type of reservoir
via the dephasing rate of MNP dipole-plasmon states ).
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Turning to vibrational relaxation (IVR), we will be a little
bit more concrete and introduce (cf. also Refs. 21 and 22)

HR) = )" hke(Na)(Q — Qna)Zelona) (@nal- (8
N,a,&

This type of system-reservoir coupling [with coupling coef-
ficients kg(Na)] represents a bilinear coupling between the
single active and dimensionless vibrational coordinate Q and
areservoir of secondary vibrations with coordinates Z. These
modes should undergo harmonic vibrations (the Hamiltonian
. 77(IVR)

is Hy ).

The third type of reservoir is given by the Fermi sea of left-
and right-lead electrons. The related system-reservoir coupling
is responsible for molecular charging and discharging?®?' and
takes the form

HEY = 373" VeV + 1a.NbiK)axicon1a) (@]
N,a,b X.k,s

+ 30 3T VeV = 1a.NbiK)aky [@n—1a) (@nsl-
N,a,b X K,s

©))

The operator aLkS creates an electron in lead X = L,R with
wave vector k and spin s, while axy, annihilates the respective
electron (wave vectors of bulk metal electrons are only of
symbolic value and have to be replaced by concrete quantum
numbers valid for the pyramidal leads). The related energies
are exk. Together with the creation and annihilation operators,
they constitute Hy ™" = 3", | | €xkaky,axks. The matrix ele-

ments Vx(N + la,Nb;K) entering Hélf;ds) describe molecular
charging (from level b to level a) and the Vx(N — la,Nb;Kk)
are responsible for molecular discharge (for more details, see
Refs. 20 and 21).

The remaining coupling to the reservoir of transversal
photons is written as**

Hs(riuljg) =h Z hix(bix + bikl (10)
"k

The b;k and b, are the creation and annihilation operators of
photons, respectively, with polarization X, wave vector k, and
energy hwg [the resulting photon Hamiltonian Hl({ad) takes
the standard form qukha)k(blkb;\k + 1/2)]. The coupling
operator A, can be presented in a compact form if we

introduce A as the quantum number of molecular excited states
(A = Ne) and of the MNP’s excited states (A = m1):

hu = ngk(A)|¢A)(¢g| +Hec. an
A

In the case of the coupling to molecular excitations, the tran-
sition operator is |@n.)(¢ng| and the coupling constant reads

gik(Ne) = —i, /21 E2, / VIP oy x [0k dmor] (We introduced the

quantization volume V, and n, is the unit vector of transversal
photon polarization). Turning to the coupling to MNP plas-
mons, the transition operator takes the form |m 1) (m0| and we

have gu(ml) = —i\ /27 E3 / VI o x [xd 1.
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III. DENSITY MATRIX THEORY

The tackled system-reservoir description of electrolumines-
cence requires the introduction of the reduced density operator
p(t). It is defined as the trace of the total statistical operator
W(t) with respect to the reservoir states, i.e., o(t) = trR{W(t)}.
The standard quantum master equation for f(¢) which we only
have in mind here is obtained by a second-order approximation
with respect to Hs_g (see, for example, Ref. 29).

The choice of the states used to introduce the density matrix
determines which type of excitation of the molecular junction
MNP system is considered. Since we will concentrate on the
low-excitation regime, we restrict the description to a single
excitation in the system. This might be either a molecular
excitation or a single-plasmon excitation of one of the MNPs.
Of course, a superposition state of such states is also allowed.
But higher excited states, for example, a double or triple
excitation of MNP dipole plasmons, should be very unlikely.
Consequently, we consider product states of the molecule (two)
MNP system of the type

[New,00) = [Wyey)lm = 1,0)|m = 2,0). 12)

Here, the excitation is localized at the molecule (both MNPs
remain unexcited). The other type of excited states reads

INgv,10) = [Wygy)|m = 1,1)|m = 2.,0), (13)
or
INgv,0I) = |Wyp,)|m = 1,0)|m = 2,1). (14)

The excitation is localized at one of the two MNPs. The state of
the unexcited system (however, including possible vibrational
excitations) is

|Ngv,00) = [Wygy)|lm = 1,0)|jm = 2,0). s5)

All of these states will be abbreviated by |«). The Hamiltonian
resulting from an expansion of Hs, given by Eq. (1), is
introduced in Appendix A, and the density matrix reads
Pap(t) = (| p(t)|B). The related equations of motion are taken
in a form where the dissipative part does not couple diagonal
and off-diagonal elements of the density matrix,

0 i i
Epaﬂ = —5801,3,00(,3 - 7’Tl Xy:(vaypyﬂ — Pay Vyﬂ)

- 801,5 Z(kot—n/powz - ky—mzpyy). (16)
Y

The complex transition energies are defined as &,5 = €48 —
i(1 — 8q,)yup, Where g4 = €, — g is determined by the
energies &, of the ground and the singly excited states of
the molecule-MNP system (see Appendix A). Dephasing is
accounted for by

1
Yep = 5 D kay + ko) + 8880800y, (17)
Y

The dephasing rates include transition rates k,_.g and, if
necessary, pure dephasing rates y 9.

A. Transition rates

In the most general approach, the k,_.g can be formu-
lated without a perturbational expansion with respect to the
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molecule-MNP and to the inter-MNP energy-transfer coupling
(cf., e.g., Ref. 29). Here, we calculate all rates in zeroth order
with respect to these couplings (see the discussion below).
There are four types of transition rates:

koo = koo™ 4+ KOV + K0S+ D, (18)
They are related to the four types of a reservoir introduced
in Eq. (2). The rate of nonradiative decay describes the finite
plasmon lifetime.?* It should be diagonal with respect to the
charging number (and only exist for the molecular ground
state). If the MNP m = 1 is concerned, we have
k%lEET;SiNgu,oo = 8uv2¥p1 (19)
In general, the initial state of the considered transition depends
on the molecular charging and on the particular dipole plasmon
excited in one of the MNPs. Since we assume a uniform
plasmon damping, the concrete rate expression considers that
identical molecular vibrational levels are only involved. The
rate kg‘;’fgﬁ‘ﬂ Nev,00 describing decay of the second MNP has
the same form.
The IVR rate is obtained from the coupling expression
given by Eq. (8).2°-22 It is diagonal with respect to the charging
number and the molecular electronic level,

kE\I]ZE?OO—)Nuv,OO = JIna(@vi){0y, ur1( + Dn(wyip)

+6v,;1.—ll'L[1 + n(wyip)1}- (20)

Here, n(wyjp) is the Bose-Einstein distribution function and
Jna(wyip) denotes the spectral density of the coupling of the
primary mode to the reservoir of secondary modes. Note that
the particular rate kg;ﬁ?ooﬁ Ngv,00 (molecular ground-state to
ground-state transition) is identical with those where one MNP
is excited.

The rates kgfd;) are caused by the coupling of the molecule

to the two leads.?*2> The molecular charging rate is (general
transition energies have been reduced to the molecular part)

k(leads)
N—1lap, 00— Nbv,00

X
= Z FEV—)la,Nb(ENbV,N*MM)
X

X 1OV =10 | Xvp0) 1 FrCENbo N—1ap — IAX)

(X)
= Z N—lap—Nbv> (21)

X
and that responsible for discharge reads

k(leads)
N+1lapw, 00—~ Nbv,00

X 2
= Z ngila,Nh(ENHW,NbvN (XN+1apl XNpv)|
X

x [1 = fr(Entiap,Nov — x)]
(X)
= ZkN—Hau,—)Nbv' (22)
X

The rates kgii??moo_) Ngv,00 (Molecular ground-state to ground-
state transition) are completed by those where one MNP is
in its excited state. The above given formulas contain the
Fermi function fr(E), the chemical potential puy of lead X,
as well as the vibrational overlap expression (Xy-+iaulXnbv)-
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The remaining expression r;j‘iw, ~p(E) is the molecule-lead
coupling function, which takes the form

T vy (E) = 27” > IVx(N £ 1a.NbK)*8(E — exy).
K,s
(23)
In the so—called wide band limit, it reduces to a constant.
Finally, we present the rates of radiative decay. They have
been discussed at length in Ref. 24, including the molecule-
MNP energy-transfer coupling. This introduces a certain
enhancement of the radiative decay rate of the molecule, but
is of minor importance for the overall kinetics (the molecular
radiative lifetime is reduced from a value in the ns region to
a value of some hundreds of ps). The only important term is
the MNP radiative decay rate, which may reach about 30%
of the nonradiative rate 2y,. Because of this, we ignore the
inter-MNP coupling and use**

3
(rad) _ pl 2
kNg;L,IO—>Ng;L,OO - 36‘37! |dpl| . (24)
The expression is diagonal in the molecular quantum numbers,
and the other rate k;f,;‘ilo,_) Ngu,00 100ks similar. Both rates
appear as a simplified version of the frequency integrated
emission spectrum, which is introduced in the subsequent

section.

B. The emission spectrum

The frequency-resolved emission spectrum F(w) has been
derived at several places (cf. Ref. 24 and references therein).
A brief derivation can be found in Appendix B. One obtains

3ncih
x Z [dady] Z(XNAVIXNW,OO)

N,A,B v

X Z ongu,00:NCk (s NB)once,Nav-  (25)
C.x

4 3 00 )
Flo) = —2 _Re f dte= "
0

The quantity F(w) is the probability of photon emission per
frequency (it covers all polarizations and spatial directions,
thus it is not angle resolved). If integrated with respect to w, it
results in the radiative lifetime of the coupled molecule-MNP
complex. To achieve a sufficiently compact notation of F(w),
the new quantum number A labels excited electronic states of
the system, i.e., « = New,00 = NAu as well as Ngu,I0 =
NAp and Ngu,0I = N Ap (if the ground state is concerned,
we further write Ngu,00). Accordingly, xn4, might be xyey
but also xu,, if A refers to an excited MNP state. Since A
refers to product states of the system and the charging number
N is quoted explicitly, A differs from the quantum numbers
introduced in relation to Eq. (11).

The density matrix elements pyce nva, appearing in
Eq. (25) account for the actual steady state of the coupled
molecular junction MNP system. The newly defined density
matrix follows as

onguoonee(t; NB) = (Ngu,0016 (t; NB)INCk),  (26)

with the operator &(¢t; NB) = U(t)|Ng,00) (N B|. The time-
evolution superoperator U/(¢) generates the equation of motion
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for the reduced density operator. The state |Ng,00) is the
electronic part of the system ground state and |N B) is the
electronic part of | N Bv). Accordingly, the initial condition for
0 is oygu00.vce(t =0; NB) = (Ngu,00|Ng,00)(NB|NCk)
(for more details, see Appendix B). Then, Fourier transforma-
tion of the o functions results in the frequency dependence of
the emission spectrum, given by Eq. (25). The combination of
dipole moments characterizing either the molecular excitation
or the MNP-plasmon excitations guarantees plasmon hybrid-
level formation as well as Fano-like structures in the emission.

C. Charge and energy currents

The presented rates for molecular charging and discharging
constitute the formula for the current moving from lead X into
the molecule,?!

Iy = lel ) kasx Pua- 27)
The rates
(X) X)
kNapL—>X = Z (kNau—>N+1hu - kNall.—)N—lbU) (28)
b,v

are determined by the rates introduced in Eqs. (21) and (22).

Besides the electric current, we consider energy flow
through the molecule by computing the change of the active
system energy Es = trs{0(¢)Hs} with time. Noting the equa-
tion of motion for p and the approximation of the dissipative
part —Dp as taken in Eq. (16), we get (cf. also Ref. 29)

d \
EE3=—US{HSD,0(1)}
== eapkaspPaa — Y (1 = 8ap)Vepap V- (29)
a,p a.B

The first term on the right-hand side can be rewritten as
Za, p Paaka—pépa. Here, egq gives the energy change due to
the particular « — g transition. The total energy gain (or loss)
per time follows by weighting all transitions with the transition
probabilities pyyko—p. Coupling energies among different
states are considered in the second term on the right-hand
side of Eq. (29) (our numerical computations indicate that this
term is small and can be ignored).

According to the separation of the transition rates, given by
Eq. (18), into four different contributions, we can split d Es /0t
into

0

EES — R(nonfrad) + R(IVR) + R(leads) + R(rad). (30)

In the steady state, dEs/dt = 0, energy outflow from the
molecule due to electronic and vibrational relaxation, i.e.,
Ron—rad) L RAVR) o R(rad)  ig balanced by energy input
R4 dye to charge transmission through the molecule.

IV. THE MOLECULAR JUNCTION MNP SYSTEM

In carrying out experiments on single-molecule electrolu-
minescence, different types of molecules have been used so
far.’? Accordingly, a parameterized model is introduced in the
present study to cover the variety of these molecules and also to
investigate different energetic configurations of the molecular
junction MNP system. The introduced parameters can be found

155426-6



PLASMON-ENHANCED ELECTROLUMINESCENCE OF A ...

TABLE I. Parameters used in this study (for explanation, see text).

AE]() 0.05-1eV
E, 1.925 eV
hwyip 50 meV
QO;,7 0

Qoe 2
ng 3

Ote 1
dmol 8D

71 ¥Ymol 3 meV
nJ 1 meV
nr 1 meV
mnp 10 nm
Ep] 2.6eV
dyi 2893 D
hypl 28.5 meV
kg T 5 meV

in Table I and are in line with our preliminary investigation of
Ref. 13.

In contrast to Ref. 13, however, we consider pyramidal leads
and two separate spherical MNPs which form a nanoresonator
and establish hybrid levels (cf. Sec. VI). The MNPs are given
by Au nanoparticles with a diameter of 20 nm and with a
dipole-plasmon excitation energy around 2.6 eV (concerning
the lifetime broadening y; and the transition dipole moment
dp1; see also Table I).

As in our earlier studies, we again focus on a molecular
junction which operates in the regime of sequential charge
transmission (this is also in line with the experiments of Ref. 6).
According to this case of weak molecule-lead electron transfer
coupling, the related coupling parameter I" is small (the given
value of Table I has to be considered as an upper limit in
this respect). Since our focus is not on specific molecule-lead
coupling effects, we use a common quantity which is identical
for the two leads and all involved electronic levels. Moreover,
we assume that in the considered voltage range, only the singly
negatively charged state of the molecule participates in the
current formation. The molecular electronic energies are Ey,
(see Sec. II; possible electrostatic couplings of the charged
molecule to the leads and the MNPs shall be included in the
definition of the energies E1,). The difference AE g = E, —
Eo, — o gives the so-called relative charging energy (jo is
the uniform chemical potential of the leads). Since less is
known about AFE, we consider it as a parameter and set
AE; > 0, i.e., charging is impossible in the absence of an
applied voltage. The additional assumptions, E>, — Ejg > o
and Eg, — E_j, < g, guarantee that double charging and
hole transfer, respectively, do not contribute for all applied
voltages. Figure 2 displays possible processes of molecular
charging and discharging as analyzed in the following. The
model of a symmetrically applied voltage is used by replacing
the actual Fermi energy of the left lead by Er + |e|V /2 and
that of the right lead by Er — |e|V /2.

As already indicated in Sec. II, we will concentrate on
a model with a single active vibrational coordinate. This is
confirmed by experiments which indicate the dominance of
one vibrational mode when charging or discharging of the
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molecule (different types of a copper phthalocyanine) takes
place.?! The vibrational energy %, has been taken in a form
independent of the electronic state and shall amount to 50 me'V.
Reorganization energies Ay, np may refer to charging (M =
1,N = 0) or to molecular excitation (M = N,a =e,b = g).
To have a noticeable nuclear rearrangement upon charging, we
set Aig,0, = 112.5 meV, while the A, 0, and A, 1, related to
electronic transition are 50 meV. In the course of discussing
the results, these values following from Table I will be changed
also. IVR as introduced in Eq. (20) is determined by the single
value J = Jy,(wyip) of a common spectral density (cf. Table [;
it results in a lifetime 1/J of the first excited vibrational state
of about 0.5 ps).

V. ABSENCE OF MNP PLASMON EFFECTS

In order to highlight below the effect of molecule-MNP cou-
pling, we first briefly consider the case where this coupling is
absent. The behavior of the steady-state current versus applied
voltage is well documented in the literature (for an overview,
see Refs. 34—37). Here, we mainly focus on the contributions
of molecular excited electronic states. Figure 5 displays the IV
characteristics at different reorganization energies fAazq np-
The values Ap, np correspond to the parameters given in
Table I and f = 4,2.25,1,0.25,0 scales down the reorgani-
zation energy up to a vanishing electron-vibrational coupling
(f = 0; the different f values are realized by a proper change
of the Q).

The behavior of the IV curves is easily understood in using
the energy scheme of Fig. 2 (note the small value of 50 meV
for the relative charging energy A E( and also remember the
additional assumption E.; = Eo., = E.g). The background
curve of Fig. 5, corresponding to the case of vanishing electron-
vibrational coupling, displays three plateaus. The current starts
to move if the applied voltage is large enough to realize
conditions as drawn in the upper part of Fig. 2. The energy of
the neutral molecule (in its electronic ground state) combined
with the actual Fermi energy of the left lead coincides with the
energy of the charged molecule: Eg, + Er + eV /2 = Ey, (be
aware of the absence of vibrational contributions). It results

250

nA
- N
(%)) (=]
o o

CURRENT (
]
o

o
o

o

0 1 2 3 4 5
VOLTAGE (V)

FIG. 5. (Coloronline) IV characteristics of the molecular junction
at different reorganization energies Ay, n» (absence of molecule-
MNP coupling). Curve in the center is with parameters according
to Table I. Other curves with A, v, changed by the prefactor f =
0,0.25,1,2.25,4 (from background to foreground).
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in eV = 2AE), i.e., the current from the left to the right
lead starts to flow at 0.1 V. The involved charge motion from
the molecule to the right lead is also possible since the right
lead offers energies of empty electron levels Fe) > Er — eV /2
which, if combined with Eyg, realize molecular discharge.

The described charge transmission regime does not change
up to a voltage, which results in the energy-level scheme of
the middle panel of Fig. 2. Now, discharge of the molecule
becomes also possible via a population of the excited electronic
state: Ej, = E,y + Egg + Ep — eV /2. A new channel for
charge transmission has been open [at eV = 2(E,, — AE|o)]
and the steady-state current moves to a second plateau. The
last plateau in the background curve of Fig. 5 is reached if
the electronically excited state of the charged molecule is
populated. The lower panel of Fig. 2 indicates that Eo, + Ef +
eV /2 (see leftlead) has to coincide with £y, = E., + E|g. So,
the last current plateau starts at V = 2(E,, + AEjp)/e.

The second and the third plateaus in the IV character-
istics correspond to the molecular excited-state population.
Therefore, we expect the appearance of electroluminescence
in this voltage range. However, the large voltage values up to
5 V would be critical for the junction stability (as explained
later, the voltage range can be noticeably reduced when using
molecules leading to a larger relative charging energy). When
increasing the molecular reorganization energies, additional
small steps due to the participation of vibrational levels appear
and the second current plateau vanishes. Moreover, the current
sets in at larger voltages when the reorganization energies are
increased. This reflects the well-known phenomenon of the
so-called Franck-Condon blockade.

Total steady-state populations Py, = Zu PNau,Nayp Of the
molecular electronic levels for the case of the reference
reorganization energies (values according to Table I) are
displayed in Fig. 6. In line with the foregoing description of
the IV characteristics, excited states are empty in the voltage
range below 3.6 V and Py, ~ P, ~ 0.5 isrealized. Increasing
further the applied voltage, excited molecular states are
populated. Finally, the case Py, = 0.25 is reached, indicating
that noticeable photon emission becomes possible. A typical

l~——7 /71—
0.8} -
3 L .
- 0.6 -
g
. | I -
2
204
o L '.‘
0.2} ',-'
0 J o " PR 1 1/
) 1 7

VOLTAGE (V)

FIG. 6. (Color online) Total steady-state populations Py, of the
molecular electronic levels (parameters according to Table I; absence
of molecule-MNP coupling). Black solid line: Py, ; green dotted line:
Pyg; red dashed line: Py, ; blue dashed dotted line: P,.
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FIG. 7. (Color online) Steady-state populations Py, of ex-
cited molecular states (parameters according to Table I; absence
of molecule-MNP coupling). Variation of the relative charg-
ing energy AFEj,. From foreground to background: AE;, =
0.05,0.2,0.4,0.6,0.8,1 eV. Upper panel: Py.. Lower panel: P,,.

emission spectrum (without plasmon enhancement) is shown
in Fig. 9 (foremost red filled curve, applied voltage 4.2 V).
According to the chosen reorganization energies, a noticeable
broad vibrational progression appears (curve increased by a
factor of 1000).

As already indicated, a decrease of the voltage range where
electroluminescence has to be expected can be achieved by
changing to molecules with a larger relative charging energy
AEp. Figure 7 shows the steady-state populations Py, of the
excited molecular states with AEjq increasing up to 1 eV.
Having a molecule with AE |y > 0.6 eV electroluminescence
shall already appear in the 2 V region.

As a final discussion in this section, we consider the energy
balance in the junction (without coupling to the MNP). In the
steady state, the energy per time R1°*%) put into the molecule
via the coupling to the leads is nearly identical to the vibrational
energy per time — R1VR) dissipated via relaxation [cf. Eq. (30);
radiative decays are of minor importance]. Figure 8 displays
RU€ad) ~ _ RUVR) yersus the applied voltage and for different
IVR rates. If IVR is nearly absent, then R1* is small since
almost no energy is dissipated in the molecule. The work
necessary to be done at the molecule via charge injection and
charge outflow increases with increasing IVR strength. It also
increases with increasing voltage up to the range where the
excited-state population starts (cf. Fig. 5). This increase is
caused by the population of higher-lying vibrational levels (in
the molecular electronic ground state) which goes along with
an enlarged amount of vibrational energy dissipated via IVR
(see also Fig. 2). If excited electronic states become populated,
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FIG. 8. (Color online) Steady-state energy balance of the molec-
ular junction in the absence of the MNPs. Shown is the energy
per time R put into the molecule via the coupling to the leads
[note RU€ ~ — RUIVR)] Variation of IVR strength (other parameters
according to Table I). Black solid curve: iJ = 0.01 meV; red dashed
curve: iJ = 0.1 meV; green dotted curve: iJ = 1 meV.

then the respective low-lying excited vibrational states are also
occupied, which reduces the amount of dissipated energy.

VI. PRESENCE OF MNP PLASMON EFFECTS

After the brief consideration of what has to be expected if
MNP-plasmon effects are absent, we study in the following
the electroluminescence of the molecular junction embedded
in the MNP nanoresonator (cf. Fig. 1). In order to interpret the
emission spectra, we introduce the MNP hybrid levels which
did not appear in the description so far (the applied density
matrix is based on single MNP excited states as well as their
coupling, accounting in this way for hybrid-level formation in-
directly). Noting the MNP-MNP surface distance 2Ay > 5nm
(remember the symmetric arrangement of Fig. 1), the coupling
is dominated by a dipole-plasmon—dipole-plasmon interaction,
given by Eq. (6). Among the various matrix elements J,, 1 s,
nonzero terms are Jiy o = Jiz 0, = Jpi and Jiy 0, = —2Jp
(interchange of m’ = 1 and m = 2 is also possible). Note that
Jot = d3/(2Runoi—mnp)*, Where Ruol—mnp = Ay + F'mpp is the
center-to-center distance between the molecule and one of
the MNPs. The decoupling of the plasmon excitations with
respect to the three Cartesian coordinate indices I = x,y,z
simply results in the six hybrid levels £+ = £+ = Ep £ Jp
and &,+ = Ep £ 2Jp. Figure 3 shows the respective energies
versus the MNP-MNP surface distance Ay (cf. Fig. 1). To
realize the resonance case between £,_ and the molecular
excitation energy E.,, we took the latter somewhat larger as
in Table I (see also below).

The following discussion of electroluminescence focuses
on the effect due to the actually applied voltage. We also
display results caused by a detuning of the hybrid levels
with respect to the molecular excitation energy (via changing
the MNP-MNP distance). The effect due to a change of the
molecular transition dipole moment orientation and due to
a change of the molecular reorganization energies is also
discussed.

PHYSICAL REVIEW B 88, 155426 (2013)
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FIG. 9. (Color online) Steady-state emission spectra of the molec-
ular junction coupled to the nanoresonator vs photon energy (relative
to the molecular excitation energy E,,; parameters according to
Table I; MNP-MNP surface distance 2Ay =5 nm; dyalle,, cf.
Fig. 1). Variation of the applied voltage. From background to
foreground: V =4.2,4.1,4.0,3.9,3.8,3.7,3.6 V (cf. Fig. 5). The
foremost red filled curve shows the emission for a molecular junction
decoupled from the MNPs (increased by 1000; applied voltage 4.2 V).

A. Change of the applied voltage

We consider the case of a small relative charging energy (cf.
Table I) and vary the applied voltage in the range where excited
molecular states become populated. According to Fig. 6,
this covers the voltage range between 3 and 4 V. Figure 9
offers respective emission spectra. At the chosen MNP-MNP
distance, the molecular excitation energy E,, = 1.925 eV is
in resonance to &£,_. This hybrid level is of interest since
the molecular transition dipole moment has been assumed to
point in the y direction (cf. Fig. 1). Accordingly, a strong
enhancement of the emission spectrum around the photon
energy of hw = E,, appears. To rationalize this, note the
respective emission spectrum in the absence of a molecule-
MNP coupling (foremost red filled curve in Fig. 9). The chosen
reorganization energies result in a rather broad vibrational
progression. Since it also corresponds to the case of 4.2 V,
we can state a more-than-three order-of-magnitude plasmon
enhancement of the molecular junction’s electroluminescence
(the red filled curve has to be compared with the backmost
blue filled curve).

B. Change of the MNP-MNP distance

Changing the MNP-MNP distance changes the energetic
position of the plasmon hybrid levels. We take a somewhat
higher molecular excitation energy compared to Table I and
move &,_ through E,, when varying 2Ay between 5 and 16
nm (see Fig. 3). Figure 10 shows how the increasing hybrid
plasmon energy (what is caused by an increase of 2Ay) results
in the enhancement of different parts of the molecular emission
spectrum. As long as £,_ < E,, (2Ay < 10 nm), a separate
plasmon resonance becomes visible and the low part of the
vibrational progression is strongly enhanced and deformed.
The decreasing intensity which goes along with the increase
of £,_ is originated by an increasing detuning and a decreasing
molecule-MNP coupling with increasing distance.

In the right panel of Fig. 10, we confronted these results
with those obtained for a molecule with very small (van-
ishing) reorganization energies. The molecular emission is
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FIG. 10. (Color online) Steady-state emission spectra of the molecular junction coupled to the nanoresonator vs photon energy (relative to the
molecular excitation energy E,, = 2.2 eV; other parameters according to Table I; applied voltage 4.8 V; dyq1||€,, cf. Fig. 1). Variation of plasmon
hybrid-level position via a variation of the MNP-MNP surface distance 2Ay = 5,6,8,10,12,14,16 nm (from background to foreground; cf.
Fig. 3). Left panel: reorganization energies according to Table I. Right panel: absence of electron-vibrational coupling (vanishing reorganization

energies).

characterized by a single peak which increases with decreasing
detuning between £,_ and E,,. The third curve from the back
(2Ay = 8 nm), where £,_ < E,,, displays a small structure
at the low-energy shoulder of the main peak. It belongs to the
hybrid plasmon level (cf. also the discussion in Ref. 13). So,
if detuning is present, the molecule strongly couples to the
MNPs, but an enhancement of the sole molecular emission
takes place. In contrast, the curve for 2Ay = 10 nm combines
the molecular and MNP emission in one line.

C. Change of the molecular transition
dipole moment orientation

Emission spectra for different orientations of the molecular
transition dipole moment d,,, are shown in Fig. 11. In order
to demonstrate that all three MNP hybrid levels can be
addressed by choosing appropriate spatial orientations of dj,
the molecular excitation energy E,, has been placed at2.47 eV.
Taking 2Ay =8 nm, we arrive at &_ < E.o < E4,E4
(the MNP hybrid levels are off-resonant to the molecular
excitation). A coupling to the hybrid level &,_ is achieved
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FIG. 11. (Color online) Steady-state emission spectra of the
molecular junction coupled to the nanoresonator vs photon energy
(relative to the molecular excitation energy E,, = 2.47 eV; other
parameters according to Table I; applied voltage 5 V; MNP-MNP
surface distance 2Ay = 8 nm). Different orientations of the molecular
transition dipole moment d (cf. Fig. 1). From background to
foreground: dmolHey’ dmol||ex + e)' + €, dmol| |ex, dm01||ez~

if dmol || €y, and a coupling to &, (€4+) becomes possible if
Aot || €x (dmot |l €;). If we set dpor || € + €, + e, however,
all hybrid levels are addressed. Comparing these spectra with
those in the absence of the molecule-MNP coupling (not
shown), the spectrum for dp, || €, is about 500 times larger,
the spectrum for dy,; || €x(dmol || €;) displays an enhancement
by 100 times, and that for dp, || €, + e, + e, by 200 times.

The enhancement effect for d, || €, is the largest one since
the total MNP dipole-plasmon populations,

Py = Z PNgu,I0;Ngu, 105 (31)
N,u, 1
and
P2 = Z PNgu,0I;:Nguw,01 5 (32)

N,u,1

amount to P; = P, = 4.4 x 107*. If dyq || €,.e., then the
population only reaches the value of 5.7 x 1073,

D. Change of the molecular reorganization energies

Figure 12 displays a situation where E, is in near resonance
to £y,— (dmotlley; 2Ay = 5 nm). The reorganization energies
Auma, np have been varied as in Sec. V and Fig. 5. The separation
of a single line at Ap, np =0 into a widened vibrational
progression along with decreasing emission line intensities
becomes visible.

E. Energy balance

Finally, we discuss the change of the energy flow through
the molecule if it is coupled to the two MNPs. Figure 13, upper
panel, displays a slight decrease of the steady-state current.
This behavior can be interpreted as a resistance increase
due to an increased energy dissipation by the molecule and
the MNPs (plasmon decay, IVR, photon emission). Such an
enlarged dissipation becomes more obvious in the lower panel
of Fig. 13, where the energy per time R transmitted into
the molecule via the coupling to the leads is shown. Moving
the applied voltage into the range where the excited level of the
molecule (either being in its neutral or charged state) becomes
populated (cf. Fig. 6), R4 increases strongly. Here, the red
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FIG. 12. (Color online) Steady-state emission spectra of the
molecular junction coupled to the nanoresonator vs photon energy
(relative to the molecular excitation energy E., = 1.925 eV; other
parameters according to Table I; applied voltage 4.4 V; MNP-MNP
surface distance 2Ay =5 nm; dyalle,, cf. Fig. 1). Variation of
molecular reorganization energies A, np, by the prefactor f =
0,0.25,1,2.25,4 (from background to foreground).

dashed curve has to be confronted with the black one, which
is identical to the green dotted curve of Fig. 8 (i.e., absence of
the molecule-MNP coupling). This increase of R14 reflects
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FIG. 13. (Color online) IV characteristics and steady-state energy
balance for the molecular junction coupled to the nanoresonator (red
dashed curves) and decoupled from it (black solid curves; use of the
same parameters as in green dashed curve of Fig. 8). Upper panel: IV
characteristics. Lower panel: energy per time R“*® transmitted into
the molecule via the coupling to the leads.
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FIG. 14. (Color online) Steady-state populations of the excited
molecular levels Py,, P;, and of the total MNP plasmon excitations
P,—1,2, given by Eqgs. (31) and (32) (same parameters as in Fig. 9).
Upper panel: black solid curve denotes Py, ; red dashed curve denotes
P,.. Lower panel: black solid curve denotes P,,_;; red dashed curve
denotes P,,_,.

the onset of the coupling to the MNP hybrid level. If the
levels are populated, a fast energy dissipation starts due to the
short plasmon lifetime. The increase of R also covers the
enlarged portion of energy per time which is dissipated due to
an enhanced photon emission rate.

Figure 14 indicates that the molecule-MNP coupling goes
along with a strong decrease of the excited-state population
Py, (molecule in its neutral state) and P;, (molecule in its
singly charged state). Noting these quantities in the absence
of the molecule-MNP coupling as drawn in Fig. 6, a nearly
one order-of-magnitude decrease becomes obvious. At the
same time, a steady-state dipole plasmon population in the
per mill range appears. These small excited-state populations
of the molecule-MNP system prove that the restriction on
singly excited states, as done in the formulation of the general
approach, is sufficient for the chosen parameter range (and
multiple excited states are of no importance).

VII. CONCLUSIONS

In continuing earlier investigations of Ref. 13, electrolumi-
nescence of a molecular junction placed in a nanoresonator,
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which is formed by two Au spheres, has been studied theoreti-
cally. The computations are based on a density matrix approach
valid for the regime of sequential charge transmission through
the molecule. An enhancement of the related photoemission by
more than three orders of magnitude could be demonstrated.
The surface plasmon excitation is caused by excitation energy-
transfer coupling between the excited molecule and the hybrid
plasmon levels. This mechanism is different from MNP-
plasmon excitations due to the inelastic electron tunneling
process as described in Ref. 16. The simulations also account
for nonradiative and radiative decay as well as vibrational
relaxation. In changing the distance between the two spheres,
the hybrid plasmon levels formed by the nanoresonator can be
varied and possibly be moved into resonance to the molecular
transition. A selective enhancement of different parts of the
vibrational progression in the emission spectrum becomes
possible. So, the whole molecular spectrum can be scanned by
changing the MNP-MNP distance. Molecules with a charging
energy (relative to the lead’s Fermi energy) in the 1 eV range
allow for electroluminescence enhancement at an applied bias
around 2 to 3 V. Considering the energy balance of the molec-
ular junction nanoresonator system, the plasmon excitation,
photoemission enhancement, and nonradiative plasmon decay
could be related to an increased energy put into the molecule
via its coupling to the leads.

The given considerations focus on a singly excited state of
the coupled molecule nanoresonator system. If the molecule-
lead coupling is large enough, the fast population of excited
molecular states may pump multiple plasmon excitations of
the MNPs*® (plasmon lifetime may be increased by changing
to those of doped graphene). This also requires a sufficiently
strong molecule-MNP coupling. Accordingly, the molecular
emission in the presence of multiple plasmon excitations
should be further increased. This mechanism is the subject
of ongoing work.
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APPENDIX A: LOW-EXCITATION HAMILTONIAN

To reduce the description of the molecular junction MNP
system to only singly excited states besides the ground
state, we introduced in Sec. III the states |o), given by
Egs. (12)—(15). An expansion of the active-system Hamilto-
nian, given by Eq. (1), simply reads

Hs =" Hagla) (B, (A1)
a.p

with the Hamiltonian matrix Hyg = 84,880 + (1 — 84,8) Vagp-

According to the definition of the quantum number «, there

appear the energies &ng,.00, ENew,005 ENgu,10, a0d Engy 01- The

overall ground-state energy takes the form

ENgu,00 = Engu + (210 + Q20) = Eno + phoyip.  (A2)

Eno is the total electronic ground-state energy (including
vibrational zero-point energy) and uhwyp is the related
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vibrational excitation energy. The energy of the molecular
excitation is written as

(A3)

where the molecular excitation energy Eycg = Eneu—o —
Engu—o has been introduced. If one MNP is excited (here
with m = 1), we get the energy

Engu,10 = M(Q21; — Qo) + phwyi, + Eno. (A4)

The off-diagonal elements V,g of the Hamiltonian matrix
H,g cover molecule-MNP interaction via V(Neu,00|Ngv,10)
and V(Neuw,00|[Ngv,0l) (coupling to the first and the
second MNP, respectively), and the inter-MNP coupling
V(Ngu,I0|Ngv,0I"). Noting Egs. (6) and (7) for the coupling,
we get, for example,

V(New,00|Ngv,10) = (xneul Xngv)In,11-

The coupling Jy 1; responsible for energy transfer from the
first MNP (m = 1) to the molecule is weighted by a vibrational
overlap expression. Furthermore, we have

V(Ngu,I0|Ngv,01") =8, ,Jior.

ENew,00 = ENeg + /’Lhwvib + EN07

(AS5)

(A6)

Of course, there are also complex conjugated versions of the
considered coupling matrix elements.

APPENDIX B: SPONTANEOUS EMISSION OF THE
MOLECULAR JUNCTION MNP SYSTEM

The computation of the photon emission rate R;k(f) is
based on a second-order perturbation theory with respect to
Hérffg, given by Eq. (10). As done earlier (see Ref. 24 and
references therein), R;x(t) = R;(w,t) can be determined as
the time derivative of the photon-number expectation value.
Then, the spontaneous emission rate as the number of photons

emitted per frequency interval and at time ¢ reads

\% 2
Flo.1) = (mr—wc)% Z/doRA(w,t),
A

where [ do abbreviates solid angle integration and V is the
quantization volume. The second-order expression for the
photon emission rate is

B

t
Rix(1) = 2Re [ die™ ™ Dirs{hulU(t — DhipD]). (B2)
fo

The coupling operators /1, have been introduced in Eq. (11),
and U is the time-evolution superoperator which generates
the equation of motion for the density operator p. Next,
we insert the concrete form of A sk and neglect off-resonant
contributions. Noting also the restriction to singly excited
states only, the emission rate can be written as (A and B
label excited electronic states)

t
Ryk(t) = 2Re / die” ™D N gk(NA)g(NA)

fo N,AA
x tryin{(Ng,00][U(t — 1)INg,00)(N B|p(D)]|N A)}.
(B3)
The used states are the electronic part of the electron-

vibrational states introduced in Eqs. (12)—(15). The latter are
considered via the vibrational-state trace.
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Next, one changes to F(w,t), given by Eq. (B1), and takes
into consideration the concrete form of the coupling constants
gx(N A). This allows one to profit from the identity

8
3 f dofdamyJimssdy) = Sldady ], (B4
A
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where d 4 abbreviates the involved transition dipole moments.
In a final step, to arrive at Eq. (25), one replaces the vibrational
trace by introducing vibrational states suitable for the actual
electronic states and takes the density operator ¢ in Eq. (B3)
at the actual time ¢, which is appropriate for the steady state.
In the limit ¢ — #y — oo, we arrive at F(w), given by Eq. (25).
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