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Controlling gap plasmons with quantum resonances
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We use classical electrodynamics, time-dependent density functional theory, and random-phase approximation
to study the gap plasmons propagating in the nm-wide gap between metal surfaces. Particular emphasis is given
to the quantum effects emerging when the junction is functionalized with a nanostructure supporting unoccupied
gap localized electronic states. With the example of a quantum well (QW) introduced in the junction we show that
the optically assisted electron transport across the junction via the gateway QW localized electronic states might
strongly affect the lifetime and the propagation length of the gap plasmon. The coupling to the single-particle
electron-hole excitations from occupied electronic states at metal surfaces into the QW-localized electronic
states provides an efficient decay channel of the gap plasmon mode. Different from the through-gap electron
tunneling discussed in the plasmonics literature, the electron transport involving the gateway electronic state is
characterized by the threshold behavior with plasmon frequency. As a consequence, the dynamics of the gap
plasmon can be controlled by varying the binding energy of the QW-localized electronic state. In more general
terms, our results demonstrate strong sensitivity of the gap plasmons to the optically assisted electron transport
properties of the junction which opens further perspectives in design of nanosensors and integrated active optical

devices.
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I. INTRODUCTION

Interaction between electromagnetic field and collective
electronic excitations in metals or two-dimensional (2D) ma-
terials, plasmons, allows one to reach orders of magnitude
field enhancement and to manipulate the light at the scale well
below the wavelength. This opens a broad range of applica-
tions placing plasmonics at the focus of intense research effort
[1-5]. Plasmonic excitations in individual (nano)objects, in
engineered nanostructures, and at surfaces can be divided in
two major classes: propagating and localized plasmons. Prop-
agating plasmons are characterized by continuous spectrum
with an energy dispersion given by the wave vector, while
the localized plasmons are characterized by a discrete energy
spectrum defined by a set of quantum numbers. Obviously,
quantization of the propagating plasmons by, e.g., reflecting
boundary conditions also leads to their localization and the
discrete energy spectrum emerges as in an optical corrals
[6,7], planar nanoparticles [8,9], and patch antennas [10-17].

Among the examples above, the gap plasmons (GPs) prop-
agating in a narrow dielectric layer sandwiched between metal
surfaces are of great practical interest ranging from infor-
mation transfer technologies to sensing and single-photon
sources. This is because the GPs allow one to reach strong
field confinement, low losses, and high effective index of re-
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fraction [18-25]. In this context, the gap plasmon waveguides
have been proposed for plasmonic circuitry [26-29]. The GP
modes localized in the junction between a metal nanoparticle
and a metal surface determine the optical response of the
patch nanoantenna [10-17]. As well, the excitation of the
localized GP modes is often evoked as an important mech-
anism for tip enhanced Raman scattering [30-32], or for the
light sources based on the tunneling junctions [33-36]. Recent
experimental developments demonstrated the excitations of
the (single) molecules placed in plasmonic nanocavities. The
coupling between GPs and molecular excitons drives in this
case molecular optomechanics [37—43] as well as the light
emission from molecule functionalized gaps [44-52].

Interpretation of the experimental data on the plasmon
coupling with molecular excitons in narrow gaps between
metal surfaces requires definition of the relevant plasmon
modes. Typically, these are obtained using local classical elec-
trodynamics calculations [37-43], and are then used within
the framework of the cavity quantum electrodynamics, or
within the framework of classical theory. At the same time,
reaching the nm size of the molecule functionalized plasmonic
gaps puts forward a question on the role of the quantum effects
such as nonlocality and electron tunneling. The latter might
be affected by electronic transitions involving the orbitals
localized on the molecular species in the gap.

The effect of the nonlocal screening on the propagation
of the GP has been studied using the hydrodynamic model.
In brief, for the noble metals the nonlocality results in an
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effective refraction index lower than that predicted by the
classical local theory [21-25]. The divergence of the effective
refraction index at vanishing sizes of the gap is removed.
Indeed, neglecting the retardation effects, within the classical
local Drude description of the metal dielectric function the
dispersion of the GP is given by [53] wgp ~ wp/kD,. Here,
wgp and k are the energy of the GP and its wave vector,
wp is the bulk plasma frequency, and D, is the width of the
gap between metal surfaces. When the nonlocal effects are
taken into account, the screening charges are located not at
the geometrical surfaces, but shifted inside metal so that D,
effectively increases [54-56].

Along with nonlocal screening, a number of experimental
and theoretical studies demonstrated that the electron tun-
neling can strongly affect the plasmon modes of the metal
nanostructures with narrow gaps [57-66]. However, the effect
of the electron tunneling on the propagating GP has not been
addressed in detail so far, in particular for the functional-
ized gaps where the photon assisted electron transport (PAT)
through the gateway electronic states localized in the gap
region becomes possible [67-75]. Such unoccupied electronic
states might be the lowest unoccupied molecular orbitals
(LUMO) of the molecules bridging the junction, or the quan-
tized states of the quantum well structures, as considered in
this work. Different from the situation where the electrons
tunnel through the vacuum potential barrier separating the
nanostructures [57-66], the PAT through the gateway gap-
localized electronic states is characterized by the frequency
threshold. This frequency threshold corresponds to the onset
of electronic transitions from the Fermi levels of the metal
leads into the gap-localized states. It is worth noting that
the existence of the tunneling at optical frequencies for the
functionalized plasmonic gaps is confirmed by the observation
of the optical rectification in these systems [76,77].

In this work, using classical electrodynamics, density func-
tional theory (DFT), time-dependent density functional theory
(TDDFT), and random-phase approximation (RPA), we study
energy dispersion and decay of the GP in nanogaps between
metal surfaces functionalized with a quantum well structure.
Our results demonstrate that, because of the localization of
the electric field in the gap region, the GPs with frequencies
above the threshold value wy, efficiently induce PAT across the
quantum well (QW) functionalized junction. The PAT is dom-
inated by the transitions involving unoccupied quantum-well
localized electronic states (QWSs). The associated electron-
hole excitations from the occupied electronic states of the
metal leads to the unoccupied gateway QWSs serve as an ef-
ficient decay channel of the GPs. This is to be compared with
decay of the surface plasmon via electron-hole excitations
inside metal [53,66,78-82]. As a result, we obtain that the
GP lifetime and propagation length can be strongly reduced
for the frequencies above wy,. In this respect, controlling
the wy, value via tuning the energies of the gap-localized
states with, e.g., a gate electrode, opens up the possibility of
active electrical control of the GP propagation length with
possible application for active optical devices based on the
gap plasmon circuitry. We also discuss the quantum-classical
correspondence of this result and the role of the strength of
the electronic coupling between the gap-localized electronic
states and the metal leads.
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FIG. 1. (a) The geometry of the studied system. Two parallel
metal slabs of width L are separated by a vacuum gap of width D,.
The gap is functionalized with a QW structure placed at its middle.
The coordinate system is set such that the z axis is perpendicular to
the slabs and the (x, y) plane is parallel to the slab surfaces. (b) The
one-electron potential in the gap region is plotted as a function of the
z coordinate perpendicular to the metal surface along with electronic
structure corresponding to the 1D motion in the z direction. The zero
energy corresponds to the vacuum level. Shaded regions indicate
the occupied electronic states of the metal slabs below the Fermi
levels (Ef) shown with thick blue lines. Thick red line shows an
unoccupied quantum well state. The electronic transitions involved
in the PAT are schematically shown with red arrows. (c) Magnetic
field of the plasmon modes characterized by symmetric with respect
to the middle of the gap H, component of the magnetic field. Gap
plasmon (GP) and hybridized surface plasmon (SP) are shown.

The paper is organised as follows. In Sec. II we describe the
studied system and the methods used. Section III is devoted to
the results of this work and their discussion. Sec. IV provides
summary and conclusions. Atomic units are used throughout
the paper unless otherwise stated.

II. METHODS

A. System and general considerations

As stated in the Introduction, we are interested in how
the dynamics of the GP is affected by the PAT through the
unoccupied electronic states induced by the functionalization
of the junction between metallic surfaces. To this end we study
the structure schematically shown in Fig. 1(a). The junction
consists of two identical metal slabs of width L separated
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by a narrow gap of width Dy ~ 1 nm. Results presented in
this paper are obtained with L ~ 20 nm. In order to check
robustness of the main qualitative and quantitative trends
we also performed calculations with L ~ 10 nm and L ~
5 nm. Thicker slabs would require prohibitively long RPA and
TDDFT calculations. The gap is functionalized with a metallic
QW structure formed by a metal film of several monolayers
width [83,84] isolated from the leads by a dielectric. Similar
multilayer metal-dielectric-metal structures are used as optical
metamaterials or waveguide claddings [85-87] in the infrared
and visible frequency ranges; as well, they are used for the
XUV optics [88,89].

The metal-QW-metal structure is translationally invariant
in the x and y directions. The z direction is perpendicular to
the interfaces. The QW electron motion is confined in the z
direction leading, within the 1D picture, to the unoccupied
QW-localized electronic state at energy Ey. This state can
be populated by the electrons from the Fermi levels of the
leads by absorption of photons within the eV energy range
as sketched in Fig. 1(b). We consider the case where the
transitions from the occupied QW states require higher photon
energies and can be neglected. The model outlined here should
also be relevant for the systems where the narrow plasmonic
gap between metal nano-objects is functionalized with an
organic self-organized molecular layer as has recently been
studied in several works [44-52,90-92]. In this case, if the
energy difference between the highest occupied molecular
orbital (HOMO) and LUMO is large enough, the optical tran-
sitions from HOMO are not active within the frequency range
of interest corresponding to the electron excitation energy
from the Fermi level of the slabs to LUMO.

In what follows, the dielectric spacer layers between the
QW and metal slabs are considered as vacuum. The electron
interaction with the metal slabs is obtained self-consistently
using the DFT calculations within the free-electron approxi-
mation. The QW structure is represented with model potential,
as described below in this section. The thickness of the spacer
layers at the metal/QW interfaces is set such that the metal
slabs are electronically decoupled in the absence of the QW
(the tunneling across the vacuum gap is negligible). At the
same time, for the functionalized gap, the QWS is strongly
coupled to the metal leads and appears as a broad unoccupied
resonance in the projected density of electronic states. Thus, it
can serve as an efficient intermediate for the electron transport
across the junction. From technological considerations one
would expect that the spacer layer between the QW and
metal leads is formed by an oxide film or other dielectric
material. We address this issue after the discussion of the main
results and the underlying physics which show that our main
conclusions are robust with respect to the approximations
used.

The system of two metal slabs with narrow vacuum gap
supports four propagating plasmon modes [10,18]. Without
loss of generality we will consider the wave vector k to be
directed along the x axis. These modes posses the electric-
field components along the x axis (€,) and the z axis (£;), and
can be classified according to the symmetric/antisymmetric
character of the magnetic field H, with respect to the middle
of the gap (z = 0). The magnetic fields of the symmetric
modes are shown in Fig. 1(c). One can distinguish the gap

plasmon (GP, red line) localized essentially in the gap and the
hybridized surface plasmon mode (SP, blue color) resulting
from the hybridization of the surface plasmons localized at
external surfaces of the slabs. Calculations have been per-
formed for kgp = 0.005 66 A~! so that wgp = 1.74 eV and
wsp = 8.62 eV as retrieved from the dispersion curves shown
below.

When the vacuum gap is functionalized with a QW struc-
ture as sketched in Fig. 1, the 2D band of unoccupied QW
localized states emerges at energies Eo + q>/2. Here Ey >
Er, and q is an electron wave vector parallel to the surface.
(For the case of the molecular layer present in the gap the
parabolic dispersion should be replaced by the band formed
by the hybridization of the LUMO orbitals of individual
molecules.) In such a situation, for wgp > wy = Eg — E the
strong electric field of the GP allows for efficient electronic
excitations from occupied electronic states of the metal leads
to the QWS. The GP triggers the photoassisted transport
across the junction [67—75]. Within the classical point of view,
the PAT is linked with resistive losses. In quantum-mechanical
terms, an efficient absorption of electromagnetic energy oc-
curs when the photon energy matches the energy difference
between electronic states coupled by the time-dependent field.
Thus, the PAT associated with electron-hole excitations into
the QWS would be an additional decay channel for the GP
plasmon mode [53,66,78-82]. However, the question to be
addressed is whether the presence of the single band of the
empty states (single state at Ey if only the motion perpendic-
ular to the surface is considered) is sufficient to notably alter
the dynamics of the GP. We note in passing that because of the
field localization at external surfaces of the metal slabs the SP
appears nearly unaffected by the electronic properties of the
gap region.

B. Calculation of the plasmon linewidth and
propagation length with RPA

To calculate the dynamics of the GP in the metal-QW-
metal structure we use the quantum DFT, TDDFT, and RPA
approaches, as well as the classical electromagnetic theory.
The metal slabs are modelled using free-electron, jellium
metal (JM) approximation [93] which well captures the effects
owing to high mobility of valence electrons, such as spill
out of electron density and tunneling. Within the JM the
atomic cores are not treated explicitly, but represented by a
positive background charge density n™ = [%’rf]fl. Here, r;
is the Wigner-Seitz radius. At a price of losing full atomistic
details, as well as features in the optical response due to the
localized bands (such as d bands in the case of noble metals),
the simplification owing to the JM allows us to address large
size systems with well developed plasmon modes. Thus, the
quantum effects in plasmonics were predicted [57,58,79,94]
using the JM, which in particular allowed a thorough study of
the underlying physics. These results were later on confirmed
experimentally and theoretically with ab initio studies [59-
66,95]. In what follows we use r; = 2.07 ay corresponding
to an Al metal. The Al is a prototype free-electron metal
which fully validates the JM description and allows meaning-
ful straightforward comparison with classical electromagnetic
calculations based on the Drude model for the metal permit-
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tivity. Moreover, recently Al has attracted growing interest in
the context of plasmonic applications [96-100]. We neglect
formation of the oxide layer at the surfaces of Al films which
would affect the tunneling probability through the gap. It is
worthwhile to stress however that, similar to the earlier works
on tunneling effects in plasmonics, we use the JM to reveal
the robust physical effects and discuss their dependence on
the main parameters of the system. We further elaborate on
the issue of the model description below in this paper.

As a first step, the ground-state electronic structure of the
system is obtained by solving self-consistently the Kohn-
Sham (KS) equations of DFT [101]. Considering the free-
particle electron motion in the (x, y) plane, the KS orbitals are
sought in the form e'%"1;(z), where q is the electron wave
vector in the (x, y) plane, and r; = (x, y). The v;(z) states
solve the 1D KS equations,

2
[—%% + Ve, z)}%(z) —Ey. ()
and form a discrete spectrum with energies E; because of the
reflection at the boundaries of the metal slabs. The electron
density of the system n(z) is given by n(z) = % Z;\/:] (Efp —
E;) |y (2)|?, where the spin degeneracy and the translational
invariance of the problem are accounted for. The sum runs
overoccupied (j =1, ..., N) KS orbitals such that E; < Ef.
Note that each z-quantized state gives rise to the 2D contin-
uum of electronic states with energies Eq ; = E; + q°/2.

The effective one-electron potential is given by several
contributions:

Veir(n, 2) = Vg (n, 2) + Vie(n, 2) + Vow (2). @

In Eq. (2), Vg is the Hartree potential, Vi, is the ex-
change correlation potential of Gunnarson and Lundqvist
[102], Vow(z) is the model potential which describes an
electron interaction with the QW structure. We use Vow (z) =
—Vol1 +exp (L=2)]™", with b =2 g and § = 0.25 ay (the
Bohr radius ag = 0.53 A). The width of the potential well is
thus 2b ~ 2 A, and its depth is given by the V, parameter.
Typically, the 2 eV < Vp < 5 eV range is encompassed in our
study, and variation of V{y can be seen as the effect of applying
voltage to a gate electrode. The above choice of the QW
model allows one to introduce the unoccupied quantum well
localized electronic state between the vacuum level and the
Fermi levels of the slabs [see Fig. 1(b)] with binding energy
controlled by the potential depth V.

In Fig. 2 we show the QW induced resonance in the energy
dependence of the projected density of states (PDOS) for vari-
ous values of V, and two widths of the junction Dy = 8 A and
D, =10 A. Because of the planar symmetry of the problem,
only the electron motion perpendicular to the metal surface
is considered here. The PDOS has been calculated from
the solution of the one-electron time-dependent Schrédinger
equation using the wave-packet propagation approach [103].
The initial wave function is set as ¢y = Aexp[—(%)z],
where A is the normalization constant. Absorbing boundary
conditions are introduced inside metal so that the electron
reflections at distant metal/vacuum interfaces are suppressed.
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FIG. 2. QW structure in the vacuum gap between semi-infinite
Al slabs. (a) An unoccupied QW resonance in the projected density
of electronic states for the zero electron momentum parallel to the
surface, and for various values of the depth of the QW potential Vj
as given in the insets. The results are shown (in arbitrary units) as
functions of the electron energy measured from the Fermi level of Al
metal. The width of the gap D, = 8 A. (b) Same as panel (a) but for
the width of the gap D, = 10 A.

Results then correspond to the functionalized gap between
semi-infinite metal leads. In this situation, the QWS induced
resonance is not quantized by the finite-size effect. It features
the Lorentzian profile allowing us to determine the energy
Ey of the quasistationary QWS and its width I". The latter
corresponds to the rate of the QWS population decay (inverse
of the lifetime) via energy-conserving one-electron transfer
into the metal leads at fixed value of the electron wave vector
parallel to the surface.

As a general trend, for the fixed width of the gap D,
increasing the depth of the QW potential V; lowers the energy
of the QWS. The energy in Fig. 2 is measured from the
Fermi level of metal slabs, so that one can easily infer the
Vo dependence of the gap plasmon frequency threshold for
an efficient PAT between Al slabs via an intermediate of the
QWS. Since the potential at the QW/metal interfaces is only
slightly modified by changing Vj, the effective barrier for the
electron tunneling into the metal increases for lower E,. The
quasistationary QWS becomes longer-lived and the resonance
width I" decreases. Similarly, increasing D, [cf. Figs. 2(a) and
Fig. 2(b)] at fixed width of the QW leads to broader QW/metal
potential barriers. The decay rate I' of the QWS decreases
leading to narrower resonances in PDOS. Note that increasing
D, at a fixed value of Vy reduces an attractive part of the
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electron-metal interaction potential at the position of the QW.
The QWS resonance shifts then to somewhat higher energies.

To calculate the effect of the QWS resonance on the
dynamics of the GP mode we use the RPA approach which
is the linear-response approximation to the full TDDFT. In a
system like that studied here the rate of electronic excitations
created by an external potential of the form

2
vmmhw=—féz 3)

is proportional to the imaginary part of the surface response
function Im[g(k, w)], where k stands for the absolute value of
the momentum parallel to the surface. The surface response
function is determined as [104]

2 ,
gmm=—%/ﬂ/ﬁwmvahm @

Here x(z,7';k, w) is the 2D Fourier transform of the dy-
namical density-response function of interacting electrons
x(r,r’;w) which is a nonlocal and complex function. In
the framework of TDDFT y(r,r’;w) satisfies the integral
equation

x=x"+x"(V + K)x o)

with x°(r, r’; w) being the density-response function of non-
interacting electrons, V (r — r’) is the Coulomb potential, and
K,.(r,r’; w) accounts for dynamical exchange-correlation ef-
fects. In the RPA used here K,. = 0. With the eigenfunc-
tions v;(z) and eigenenergies E; obtained in the ground-
state DFT calculation we evaluate the 2D Fourier transform
x(k, z, 7, o) for the system under study as

1z, 7k, 0) = % Z Vi)V ()i (2)v;(2)
L]

x Z fq,i - fq+k.j -
” Eqi — Eqk,j + o +in

(6)

Here the sum over the i and j bands includes all occupied
and the unoccupied states up to a maximal energy of 150 eV
above the Fermi level; A is the area of the surface supercell.
The Fermi factors fq ; are taken at zero temperature and 7 is a
positive infinitesimal. Further details of calculation of x° and
x can be found in Refs. [105,106].

Once the loss function Im[g(k, )] is calculated in the
(k, w) plane, the plasmon modes appear as resonance features
allowing one to obtain their frequency dispersion wgp(k),
as well as their lifetime t and propagation length ¢. The
lifetime 7 of the GP mode with defined momentum parallel
to the surface k is given by the inverse of the energy width
of the GP resonance 7 = (Aa))_l, where Aw is obtained
from the frequency dependence of the resonance profile in the
loss function at fixed k. The propagation length ¢ of the GP
excited, e.g., by a spatially localized monochromatic source is
of relevance for plasmonic circuitry. It is given by the inverse
of the GP momentum broadening ¢ = (AK)™!, where Ak is
obtained from the wave-vector dependence of the resonance
in the loss function at fixed frequency w.

C. Calculation of the plasmon linewidth and propagation length
with classical electromagnetic theory

In order to get a simple physical insight into the main
factors controlling the dynamics of GP in functionalized
nanogaps, the results of quantum RPA calculations are com-
pared with predictions of the local classical electromagnetic
theory. The GP is characterized by the field components &,,
&, and H,. Assuming the e~'“'¢/** dependence of the fields
on time and on the parallel to the surface coordinates, we
obtain from classical Maxwell equations (¢ is the z-dependent
dielectric function, c is the speed of light in vacuum)

1
& =—-i—-0.H,, & =——-H,, 7
we ’ w
and
—]HV =0. )
c )

Here, without loss of generality we choose the plasmon wave
vector k to be directed along the x axis. In what follows we
will be interested in plasmon modes possessing symmetric
(with respect to the center of the gap) magnetic-field compo-
nent H,,. These modes, and in particular GP, allow us to obtain
strong gap-localized electric fields leading to the efficient PAT
through the junction. Assume that within each region: (i) in
the gap (g) (Iz| < z1 = Dg/2), (ii) inside the metal (m) (z; <
|z] < 22 = Dg/2 4 L), and (iii) in the vacuum (v) (z» < |z]),
the material dielectric function is local and z independent.
Then, the magnetic-field component H, can be sought in the
form

age Vet [TV 4 7], 0

NP
Hy — amefym(zﬂl) + bmeym(zfzz)’ 21 <z< 2. 9)
<

ave_y“(z_m, 7

The exponential factor within each region is given by yf =
kK — 85%2, where s = (g, m, v). For the sake of comparison
with RPA results we have also used the nonretarded classical
calculations, where y, = k.

In the vacuum region &, = 1. The permittivity of the

2
wp

metal slabs is described with Drude model ¢,, = 1 — P
with plasma frequency of Al w, = 15.82 eV, and attenuation
n = 0.19 eV as determined from the comparison with RPA
results for the case of the vacuum gap between metal slabs
(metal-vacuum-metal structure). It is worth noting that the
parameters of the Drude model reported above are very close
to those deduced from the measured Al permittivity within the
considered frequency range [96,107,108]. The present value
of the attenuation 7 is however somewhat larger as it accounts
for the Landau damping in the present system.

The choice of the dielectric function of the gap material
is crucial to reproduce the RPA results. In the case of the
nonfunctionalized vacuum gap between metal surfaces we use
g, = 1. For the QW functionalized gaps we assume that the
fields are nearly constant in the gap region and employ a
local connection between the dielectric function and transport
properties of the gap:

6y = 1 4i270@) (10)

w
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The conductivity of the gap o(w) has to account for the
electron tunneling effects, and, in particular, for the PAT
through the unoccupied QWS. It is then obtained from the
TDDFT calculations [109,110] (see details in Ref. [110]) for
the kK = 0 case. This approximation is justified because the
optical wave vectors addressed in this work are nearly two
orders of magnitude smaller than the Fermi wave vector of Al
electrons. The complex frequency-dependent conductivity of
the junction is defined as o (w) = J,(w)/&,(w), where J,(w)
and &, (w) are the z-components of the current and electric
field at the middle of the junction. Thus, the classical local
approach (we refer to it as classical model below) accounts
for the ac transport properties of the junction through the
quantum TDDFT inputs. It is noteworthy that, because of
the high symmetry, the TDDFT calculations with z-polarized
electromagnetic pulse are ~107 times faster than the full RPA
run over the (k, w) range of interest.

Using boundary conditions for the fields at the gap/metal
(z1 = Dg/2) and metal/vacuum (z, = Dy/2 + L) interfaces
Eq. (9) leads to the homogeneous system of linear equations
for ay and b, coefficients [s = (g, m, v)] which has a solution
if

det(R) =0, (11)
where
—e 7ePe 4 1 e vl 0
0 e vl 1 —1
R = }}?;_ng[e—yng _ 1] _1 e—ymL O . (12)
’ el ]
Y€y

Equation (11) determines the dispersion of the plasmon modes
with even symmetry of H,. In practice, we analyze the reso-
nances of the |1/det(R)| function in the (k, w) plane as shown
in Fig. 3 for the case of the vacuum gap between metal slabs.
Two resonances corresponding to the hybridized plasmon
mode with surface character (SP) and gap plasmon (GP)
are obtained. The resonance analysis yields the gap plasmon
characteristics: (i) The GP frequency wgp as a function of the
wave vector kgp, i.e., the dispersion relation, (ii) the width of
the plasmon resonance Aw at fixed kgp equal to the inverse
of the GP lifetime 7, and (iii) the Ak broadening at fixed wgp
equal to the inverse of the GP propagation length £.

III. RESULTS AND DISCUSSION
A. Dispersion relation

The SP and GP character of the symmetric in H, plasmon
modes results in their very different dispersion as can be seen
in Fig. 3 for the case of the vacuum gap [18]. The hybridized
SP closely follows the dispersion of the individual surface

c 1+¢, °
wave-vector dependent frequency is close to the light line at
low k, and it approaches the w,/ V2 constant value at large
k. The “slow” GP features a very different dispersion curve
that can be approximately described with wgp ~ wp\/kDg
dependence in the nonretarded limit [53].

In Fig. 4 we plot the GP dispersion calculated using
different approaches for the nanosructure characterized by the
D, =38 A gap between L = 20 nm Al slabs. For the vacuum

plasmon at the metal/vacuum interface ksp = 2 /22—, Its

a
3
<

1

o

[9)
==
=
=

fix 0 = Akgp

min [ max
0 002 004 006 0.08 1.0
k (1/A)

FIG. 3. Dispersion of the symmetric plasmon modes with surface
plasmon (SP) and gap plasmon (GP) character. Results of the clas-
sical calculations In [|det(R)|~'] are shown as function of the wave
vector k along x axis and frequency w. The case of the vacuum gap of
the width D, = 8 A gap between L = 20 nm Al slabs is considered.
Position of the resonances at (w, k) plane allows extraction of their
dispersion characteristics. The cuts at fixed k or w, indicated with
dashed lines, can be used to extract the frequency Aw and wave
vector Ak width of the plasmon modes, i.e., the plasmon mode
lifetime T = 1/Aw and its propagation length £ = 1/Ak.

gap, the results obtained with quantum RPA (black dots) and
classical theory (solid black line) are very close to each other.
However, the RPA predicts slightly higher GP frequencies
because it does not account for the retardation effects. This
follows from the comparison between RPA and nonretarded
(dashed black line) classical calculations. Overall, the clas-

Classical, SP -~
4 - — - Classical, Nonretarded .
— Classical, GP

RPA, Vacuum |
RPA, 2 eV
2 . RPA, 3 eV i
RPA, 3.5eV
RPA, 4 eV
1 Model, 3 eV
Model, 3.5 eV
Model, 4 eV
0 & . I \ I , I . | \ |

0 0.004 0.008 0.012 0.016 0.02

k (1/A)

o (eV)

FIG. 4. Dispersion of the plasmon modes with even symmetry
of magnetic field H,. The wave-vector dependence of the frequency
of the surface plasmon (SP) and gap plasmon (GP) is shown for the
structure characterized by the D, =8 A gap between L =20 nm
Al slabs. Results of the classical calculations for the vacuum gap
(classical, solid lines) and classical calculations with model dielectric
function (model, triangles) for the QW functionalized gap are com-
pared with RPA data (dots). For the QW functionalized gap results
obtained with different potential depths of the QW, V,, are shown.
For further details see the insets. We also show the GP dispersion
calculated classically within nonretarded limit for the vacuum gap
(dashed line).
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sical theory performs remarkably well for these extremely
narrow gaps. The direct comparison between quantum and
classical calculations for the dispersion of the GP modes pre-
sented here sets a benchmark for using local classical theories
in the description of the GP modes in nm gaps. The remaining
differences we ascribe to the effect of the nonlocal screening
[21-25] not captured within the local classical model. Because
of the nonlocality the “effective” size of the gap measured
between the centroids of the screening charges at opposite
surfaces is different from the geometrical size of the gap [54—
56]. For the free-electron Al metal the effective size of the gap
is smaller than D, [54] leading to lower GP energies at fixed
k. For the QW functionalized gap the dispersion curve is only
mildly affected in both RPA and classical model calculations.
In particular, the change of the depth of the QW potential and
thus of the energy of the QWS (see Fig. 2) does not lead to an
appreciable change of the wgp (k) dependence. This is in sheer
contrast with the lifetime and propagation length of the GP as
we discuss below.

B. RPA calculations of the gap plasmon decay

Within the RPA approach, the GP dispersion, as well as
the w and k broadening of the plasmon line, are obtained from
the loss function calculated in the (k, ) plane. Analysis of the
results is similar to the classical case where Eq. (11) is used
[see discussion of Fig. 3 in Sec. II]. The loss function calcu-
lated with RPA for the nanostructure with a Dy = 8 A gap
between L =20 nm Al slabs is shown in Fig. 5 for the
0-3.5 eV frequency range relevant for optical applications.
We compare results obtained for the vacuum gap and the gap
functionalized with QW structure of variable potential depth.
Depending on the QW potential depth Vj, the energy E( of
the bottom of the 2D band of the QWS takes different values
(see Fig. 2). In turn, this modifies the frequency onset of the
optical excitations from the occupied electronic states below
Fermi levels of Al metal slabs into the unoccupied QWS:
wmn = Eo — Ep. The small change of the electron wave vector
parallel to the surface (accounted for in the RPA calculations)
can be neglected here for the sake of simplicity.

When the QW is introduced in the junction, the width
of the GP resonance strongly increases above the thresh-
old frequency wgp = ww. The GP lifetime and propagation
length are reduced. Owing to the electric-field localization
in the junction between metal surfaces, the GP is strongly
coupled with and efficiently decays to the single-particle
electron-hole pair excitations from the metal slabs into the
unoccupied QWS. Such plasmon decay into electrohole pair
excitations [53,66,78-82] is often evoked in the context of
hot electron production, surface photochemistry, and solar
energy harvesting with plasmonic nanoparticles [111-118].
In the case of the propagating surface or localized plasmons
in individual nanostructures, the plasmon decay is due to
the excitations involving the 3D continua of the bulk bands.
With present results we show that efficient plasmon decay
can be reached owing to a single 2D continuum of the QW-
localized unoccupied electronic states in the junction (single
QW-localized state at E, for the electron motion perpendic-
ular to the surface). Since the electronic states of the metal
slabs possess a discrete energy spectrum with respect to the

Vacuum

Threshold for the
excitations
Er -> QWS

3.0

2.5

2.0

o (eV)

0.5

0.0

0.004  0.01 0.016  0.022 0.004 0.01 0.016  0.022

k (1/A) k (1/A)

FIG. 5. Loss function calculated with RPA for the nanostructure
with Dy =8 A gap between L = 20 nm Al slabs. Results are shown
as functions of the wave vector k and energy w. Different panels of
the figure correspond to the case of the vacuum gap (vacuum) and
QW functionalized gap. In this latter situation the depth of the QW
potential, Vj, is indicated in eV at the top left of each panel. The
horizontal white lines indicate the threshold frequency wy, for the
optical transitions between unoccupied QWS and metal states below
Fermi level.

transverse motion, the GP broadening appears in the form of
avoided crossing structures between the GP dispersion curve
and discrete excitation energies [66,78,79] as nicely seen in
Fig. 5. Increasing the depth of the QW shifts the energy of
the QWS and consequently the threshold frequency for the
plasmon broadening to lower values.

While Fig. 5 provides a qualitative picture of the effect
of the QW functionalized gap on the GP, the quantitative
information on the plasmon lifetime and propagation length
can be deduced from the RPA results presented in Fig. 6.
In Fig. 6(a) we show the frequency width Awgp (inverse
of the lifetime, ') of the GP at fixed wave vector kgp,
and in Fig. 6(b) we show the wave vector broadening of the
GP resonance Akgp (inverse of the propagation length, £71)
at fixed wgp. Results are obtained as a function of the GP
frequency wgp by performing the fixed k£ and fixed w cuts
of the RPA loss function in Fig. 5. A Fourier filter has been
applied to the data. This allows us to attenuate the strongly
oscillating features caused by the avoided crossings between
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FIG. 6. The width of the gap plasmon resonance calculated
with RPA for the vacuum and QW functionalized D, = 8 A gap
between L = 20 nm Al slabs. Results are shown as functions of the
frequency of the GP along the wgp(kgp) dispersion curve. For the
QW functionalized gap the calculations were performed for various
depths of the QW potential V. The value of V; is indicated (in
eV) in the insets where the color code is explained. (a) Frequency
width Awgp of the gap plasmon resonance. (b) Wave-vector width
Akgp of the GP resonance. Vertical lines of the corresponding
colors indicate the threshold frequency wy, for the optical transitions
between unoccupied QWS and metal states below Fermi level.

plasmon and electron-hole excitations. Only the main trends
in the plasmon broadening are thus retained. This mimics
the situation of thick metal leads, where the effects of the
quantization of the electron motion perpendicular to the film
surface will be lifted. Note however that, even being attenu-
ated, these oscillating features are still visible in particular in
Fig. 6(b). For the completeness of the presentation we show
the “raw” data for the frequency broadening of the GP later in
this section (see Fig. 8).

For the vacuum gap, the RPA calculations in Fig. 6 re-
produce the well-documented results [10,12—-14,17,53] that
can be fully retrieved with classical electromagnetic the-
ory. At low frequencies, the GP is characterized by the
frequency width Awgp = 0.12 eV and wave-vector width
Akgp = 2 um™! because of the plasmon decay via intraslab
electron-hole pair excitations. The corresponding propagation
length is 0.5 pm. With increasing frequency, the electric field
penetrates deeper into the metal leading to larger losses so
that Awgp and Akgp increase. The relatively low propagation
length in the present case is because of the high attenuation

1.2 T
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© 08; — 3eV
© L 35eV
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- L
x 04r ]
° - _
| I I I L

0 L 1 n 1 . L
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FIG. 7. Conductivity of the D, =38 A junction between L =
20 nm Al slabs. Results are shown as functions of the frequency of
the z-polarized plane wave for the vacuum and QW functionalized
gaps. For the QW functionalized gap the calculations were performed
for various depths of the QW potential V; as indicated in eV in the
inset where the color code is explained.

in Al and small width of the gap. Using, e.g., Ag metal
slabs would strongly increase the GP lifetime and propagation
length. However quantum computational study in this case
requires atomistic description of metallic leads, and it is out
of reach presently.

For the QW functionalized gap, a new efficient channel
of the GP decay via electron-hole pair excitations into the
empty QWS opens above wgy,. This results in the up to
four times increase of the frequency broadening, Awgp
[Fig. 6(a)], and wave-vector broadening, Akgp [Fig. 6(b)],
of the GP resonance. Correspondingly, plasmon lifetime t
and propagation length ¢ are reduced by the same factor. The
finite energy width I' of the quasistationary QWS (see Fig. 2)
explains the absence of the sharp steplike threshold behavior
at wgp = wy,. Progressive increase of the plasmon broadening
is observed starting from wgp = wy — I, and the entire QWS
resonance in PDOS becomes available for transitions when
wn + T f/ wGp-

The frequency onset of the transitions to the QWS can be
controlled by tuning the QWS energy Ej, i.e., by modifying
the depth V, of the QW potential as indicated by vertical
dashed lines in Fig. 6. This opens up a possibility of the active
electrical control of the decay rate and the propagation length
of the GP by applying voltage to a gate electrode which in turn
would shift the energy of the QWS.

C. Model classical calculations including electron
transport through the junction

The electron excitations into the QWS leading to the faster
decay of the GP resonance, as found in the RPA calculations,
can be linked with the transport properties of the junction.
Indeed, the QWS population decays via resonant energy-
conserving electron tunneling to both metal slabs. Thus, the
electronic excitations into the QWS from one of the metal
slabs allows for excited electrons to be transferred across the
junction to the opposite slab. The QWS serves as a gateway
for the PAT [67-75]. The associated local conductivity o (w)
can be obtained from the TDDFT calculations as the ratio
between the current and electric field in the gap (see Sec. II).
In Fig. 7 we show the absolute value of the conductivity of
the Dy =8 A junction between L = 20 nm Al slabs obtained
for the metal-vacuum-metal and metal-QW-metal cases. As
compared to the vacuum gap, the PAT via an intermediate
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FIG. 8. The width of the gap plasmon resonance calculated
with RPA [dots in (a); solid lines in (b), and (c)], and classical
electromagnetic model (dashed lines) for the vacuum and QW
functionalized D, = 8 A gap between L =20 nm Al slabs. For
the QW functionalized gap the calculations were performed for
various depths of the QW potential V; as indicated in the insets.
Results are shown as functions of the frequency of the GP along
the wgp(kgp) dispersion curve. Panels (a) and (b): Frequency width
Awgp of the gap plasmon resonance obtained from RPA and classical
electromagnetic calculations without (a) and with (b) Fourier filter
smoothing of the data. (¢c) Momentum broadening Akgp of the GP
resonance. The Fourier filter is applied. Vertical dashed lines of
the corresponding color indicate the threshold frequency wy, for the
optical transitions between unoccupied QWS and metal states below
Fermi level.

QWS resonance leads to orders of magnitude increase of the
ac conductivity of the junction. This effect can be further
controlled by varying the depth of the QW potential V) and
thus the energy of the QWS.

The conductivity o (w) calculated with TDDFT allows us
to define the local dielectric function of the gap &, using
Eq. (10). Thus, the PAT is represented via local classical
model so that the classical electromagnetic calculations of
the plasmon modes using Eq. (11) can be performed. In
Figs. 8(a)-8(c) we compare the model classical and RPA re-
sults for the frequency Awgp (inverse of the lifetime) and the
momentum Akgp (inverse of the propagation length) width of
the GP resonance as function of the GP frequency wgp. The
agreement between the two approaches is remarkable. Even
the features in the RPA data because of the avoided crossing
structures between plasmon and electron-hole pair excitations
are well reproduced within the classical approach. It is worth
mentioning that at higher frequencies, above the range shown
in Fig. 8, the classical model fails. This is primarily because
the dynamics of the excited population in the QW localized
quasistationary electronic state prevents reliable extraction of
the local transport properties of the junction.

With results shown in Fig. 8, the faster decay and shorter
propagation length of the GP in the QW functionalized gap
can be thus explained in classical terms as caused by the
resistive losses associated with ac electron transport via
an intermediate of the QWS. This establishes a quantum-
classical correspondence for PAT via a gateway QWS where
the electron-hole pair excitations from the metal leads into
the QWS are linked with resistive electron transport through
the junction. Importantly, the frequency dependence of ac
electron tunneling in this case is in sheer contrast with electron
tunneling through the vacuum gaps broadly discussed in the
previous works [57-66]. The PAT through the gateway gap-
localized electronic states is characterized by the frequency
threshold behavior absent for the electron tunneling through
the nonfunctionalized gaps. As a consequence, the spatial and
temporal decay of the GP owing to PAT is strongly increased
above wy,. Modifying the energy of the QWS opens up a pos-
sibility to control wy, and thus the propagation length of the
GP. In turn, this can be used for the amplitude variation of the
GP signal between emitter and receiver along the plasmonic
circuit.

Since the RPA calculations are time consuming, studying
dependence of the results on different parameters of the
junction would require prohibitively long computation times.
Our finding that the PAT can be accounted for within the
classical model allows us to notably reduce the computational
effort. Thus, we use classical electromagnetic calculations to
analyze how the GP decay in the functionalized gap depends
on the width of the junction, i.e., on the electronic coupling
between QWS and metal slabs. In Figs. 9(a) and 9(b) we show
the classical model results for the frequency Awgp (inverse
of the lifetime) and the momentum Akgp (inverse of the
propagation length) width of the GP resonance as a function
of the GP frequency wgp. The calculations are performed
for the Dy = 10 A junction between L = 20 nm Al slabs.
Qualitatively, the main features are similar to those obtained
for narrower gap Dy = 8 A (Figs. 6 and 8). In particular, as
compared to the vacuum junction, the PAT through the QWS
in a QW functionalized gap leads to the faster decay in time
of the GP plasmon and its shorter propagation length above
the threshold frequency wg,. The latter depends on the depth
of the QW potential V.
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FIG. 9. The width of the gap plasmon resonance calculated with
classical model approach for the vacuum and QW functionalized
D, =10 A gap between L = 20 nm Al slabs. Results are shown
as functions of the frequency of the GP along the wgp(kgp) dis-
persion curve. For the QW functionalized gap the calculations were
performed for various depths of the QW potential V. It is indicated
in eV in the insets where the color code is explained. (a) Frequency
width Awgp of the gap plasmon resonance. (b) Wave-vector width
Akgp of the GP. Vertical dashed lines of the corresponding color
indicate the threshold frequency wy, for the optical transitions be-
tween unoccupied QWS and metal states below Fermi level. The
Fourier filter is applied to attenuate the structures linked with avoided
crossing between plasmon and single-particle excitations.

The difference with the D, = 8 A case is however clearly
reflected by the sharper threshold behavior at wgp = wy, and
essentially smaller effect of the PAT on the GP decay above
the threshold. For Dy = 8 A the decay rate and propagation
length of the GP are varied by nearly a factor of 4, while
for D =10 A only about 60% variation is obtained. This
is because larger width of the junction results in the broader
tunneling barriers at metal/QW interfaces. Coupling of the
QWS to the metal slabs is reduced. The QWS resonance in
projected density of electronic states narrows (Fig. 2) which
explains sharper threshold behavior. As a second consequence
of the reduced QWS-metal coupling, the ac conductivity of the
junction decreases so that the effect of PAT becomes smaller.
However, choosing metal leads with lower attenuation should
reduce the “reference” GP width obtained for the vacuum
gap or functionalized gap below the frequency threshold for
PAT. Thus, the relative importance of the plasmon broadening
owing to PAT above wy, might be increased.

This discussion brings about an important point concerning
the robustness of the present results. As we have shown, the
change of the GP energy and momentum broadening above
the threshold frequency due to the PAT effect is associated
with appearance of an additional decay channel. It consists
in the excitation of electrons from the valence bands into the
QWS, and depends on the corresponding couplings. The tails
of the valence-band wave functions into the gap region are
mainly determined by the metal work function and dielectric
spacer layers. Therefore, the valence-band electron coupling
with the QWS is only slightly sensitive to the specific band
structure of the metal leads. Thus, while obtained with model
Al metal, the results reported here should qualitatively hold
for widely used plasmonic metals such as gold and silver.

One comment is in order with respect to the size of the
junction needed for observable effects. A priori, the coupling
between the QW structure and metal leads can be controlled
using the oxide layers as metal/QW interfaces [119,120]. In
the case of the vacuum layers between metal surfaces and
QW structure as considered here, the tunneling barrier is
determined by the binding energy of the QWS with respect
to the vacuum level. At variance, in the case of the oxide
film, the energy should be referred with respect to the bottom
of the oxide conduction band. This allows much larger D,
to be used while keeping the same ac conductivity of the
junction. Additionally, for self-organized molecular layers in
the junction, the strength of the coupling between LUMO and
metal leads can be controlled by the choice of the molecular
end groups [121-126].

IV. SUMMARY AND CONCLUSIONS

In summary, using quantum RPA, TDDFT, and classical
model calculations we have studied the effect of the opti-
cally assisted transport on the gap plasmon in a compound
nanoscale device. With the example of a QW structure sand-
wiched in a nanometer vacuum gap between two 20-nm-thick
metal slabs, we have shown that the temporal and spatial
decay of the gap plasmon can be strongly affected by the
presence of the unoccupied 2D band of QW localized elec-
tronic states in the junction. In the studied case, the coupling
between collective excited mode of the system (gap plasmon)
and single-particle electron-hole pair excitations from metal
surfaces into the QW-localized electronic states leads to the
strong decay of the gap plasmon above a threshold frequency.
This threshold frequency can be modified by changing the
energy of the bottom of the QW continuum which opens up a
possibility of active electrical control using a gate electrode.

One can imagine a device where the signal is transmitted
via the gap plasmon from an emitter to detector in the func-
tionalized gap between metal surfaces. Depending on the con-
trollable energy of the unoccupied gap-localized electronic
state, the gap plasmon propagation length can be altered so
that the amplitude of the transmitted signal can be strong or
exponentially weak.

We have demonstrated that the RPA results for the disper-
sion and broadening of the gap plasmon can be retrieved using
classical Maxwell equations. To this end, the photoassisted
transport across the junction has to be taken into account, e.g.,
using a local effective-medium description of the junction as
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proposed in this work. The good agreement between classical
and RPA results for the functionalized gap allows us to link
electronic excitations into the resonant QWS and transport
properties of the junction. The ac electron transport through
the gateway gap-localized electronic states, and the associated
losses, are the main physical mechanisms behind the plasmon
broadening. Along with earlier works on electron tunneling in
vacuum gaps, the possibility of the classical treatment of the
resonant PAT effect on the gap plasmon is very attractive as
it opens a way to address complex systems with large sizes
where the quantum approach is impossible.

Despite that the present work has been performed for a
model structure, our main results reflect the robust physics
of the GP decay via electronic excitations from the valence
band of the metal leads into the unoccupied electronic states
localized in the functionalized gap. In particular, we have
shown that even a single quantum well localized state quan-
tized in the direction perpendicular to the structure (2D QWS
continuum vs 3D bulk bands of metal if the motion parallel to
the surface is considered) can lead to a sizable reduction of the
gap plasmon lifetime and propagation length above the thresh-

old frequency. Clearly, subject to specific conditions, these re-
sults should hold for different functionalized plasmonic gaps.
In this respect, we hope that our work will stimulate quantum
studies of the transport properties of molecule functionalized
gaps. Albeit extremely heavy computationally, this might
reveal further interesting aspects of the coupling between
propagating plasmons, electron transport, and excited states
in such systems [127].

The sensitivity of the gap plasmons to the ac electron
transport properties reported here opens further perspec-
tives in design of nanosensors and integrated active optical
devices.
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