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A direct current through a metal-insulator-metal tunneling junction emits light when surface-plasmon
polaritons (SPPs) are excited. Two distinct processes are believed to coexist in this light emission mediated
by surface plasmons: inelastic tunneling, where electrons excite SPPs in the insulator gap, and hot-electron
radiative decay, which occurs in the electrodes after elastic tunneling. Previous theoretical approaches to
study light emission by inelastic tunneling have relied on Bardeen’s approximation where the electronic
wave functions are considered only in the barrier of the junction. In this work, we introduce an extension
to models of inelastic tunneling by incorporating the full quantum device solution of the Schrodinger
equation, which can also account for processes in the metallic electrodes. The extension unveils the
existence of long-range correlations of the current density across the barrier and enables us to establish the
equivalence between two models widely used in the past: (i) a calculation of the inelastic transition rate
between two states across the barrier based on Fermi’s golden rule and (ii) a calculation of the power
transferred to plasmons by current fluctuations. Importantly, the new model accounts for processes that take
place in the metallic electrodes and that could not be described within Bardeen’s approximation. Hence, it
is no longer necessary to invoke a hot-electron mechanism to obtain a dependence on the geometry of
metallic electrodes. The new framework enables to discuss the role of surface plasmons localized in
different metal-insulator interfaces and to include possible nonlocal effects at the interfaces.
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I. INTRODUCTION

The study of metal-insulator-metal (MIM) junctions in
vacuum as a source of electromagnetic radiation has grown
significantly since the pioneering experiment carried out
by Lambe and McCarthy almost half a century ago [1]. In
these systems, light emission originates from the excitation
of surface-plasmon polaritons (SPPs) by electronic injec-
tion when a bias potential is applied between the two planar
metallic electrodes inducing a tunneling current in the
insulator [see Fig. 1(a)]. The first studies of light emission
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by MIM junctions were carried out in planar junctions,
which involved introducing some roughness on the surfa-
ces of the electrodes to enable radiation of the SPPs. The
role of the surface roughness to scatter the gap plasmons
was further evidenced by depositing a disordered ensemble
of silver nanoparticles on the upper metallic electrode to
enhance the plasmon scattering [2]. Subsequently, the role
of fast plasmons localized at the vacuum-metal interface,
as opposed to the gap plasmon, was studied by several
authors [3—6]. The interest in light emission by inelastic
tunneling was revived when light emission from a scanning
tunneling microscope (STM) was first measured [7] and the
role of localized plasmons was shown [8]. This localized
light emission process has been used as a spectroscopic
tool to characterize samples with nanometer, and even
subnanometric, spatial resolution by measuring the spatial
variations of the emitted light [9—13]. After these milestone
contributions, light emission in the tunneling regime has
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FIG. 1. Schematics of the light emission process from a MIM

tunneling junction due to inelastic tunneling. (a) Sketch of a MIM
junction. When a bias potential Vjp is applied, an electronic
current density j is induced in the system. An electron excites a
plasmon of energy Am due to the inelastic tunneling mechanism.
This plasmon decays radiatively by emitting light toward the
detectors. (b) Sketch of the inelastic tunneling processes consid-
ered by Bardeen’s approximation, where the electron decays only
in the insulator gap. (c) Sketch of the inelastic tunneling processes
considered by the quantum device solution (QDS) that we
propose in this paper. The QDS includes inelastic tunneling
processes that may occur (i) in the first metallic electrode, (ii) in
the insulator gap, or (iii) in the second electrode.

been a topic of interest because of its many interesting
features for potential applications. It can be used to design
light sources with a very small footprint; it can be driven
electrically and can be modulated at high frequency. Many
recent experimental works have shown how to control the
emission process, of either photons or plasmons, by
controlling the environment using different types of reso-
nant structures [14-21].

Despite the many potential applications of these systems
as optical sources, their development has been hampered
by the extremely low electron-to-SPP conversion rate.
This rate is typically on the order of 107> for planar
junctions [2]. It was found later that, with localized
plasmons at the tip of a STM [22] or between the edges
of two cubes [18], the conversion rates are, respectively,
on the order of 1073 and 1072. To explain light emission by
tunneling junctions, it has been proposed that inelastic
tunneling takes place in the insulator gap. This process is
illustrated in Fig. 1(b). When a bias voltage Vp is applied,
electrons (with charge —e) in one electrode gain an excess
energy of e|Vpg|. These electrons can tunnel through the
few-nanometer-thick insulator gap between the metals to
occupy an unoccupied state in the other electrode with
lower energy. The excess energy excites a surface plasmon
(with energy #hw < e|Vg|). The plasmon subsequently
relaxes by either absorption or radiation. Since the dom-
inant tunneling process is elastic tunneling generating a

direct current [23,24], the efficiency of the inelastic process
is expected to be low. It can be improved by reducing the
elastic current [25,26].

It is worth mentioning that an effect similar to light
emission by inelastic tunneling has been observed in the
gigahertz regime when studying quantum electronic trans-
port through very small tunneling junctions. This effect,
called dynamical Coulomb blockade of tunneling, is a
quantum effect in which tunneling of charge through
a small junction is modified by the electromagnetic
environment [27,28], which offers radiative decay chan-
nels. Hence, tunneling assisted by emission of gigahertz
photons into the lines connected to the junction becomes
possible. The direct observation of emission has been first
reported in 2011 [29] in the 10 GHz range. The efficiency
of this process can be unity when using superconductors.

Although models based on the inelastic tunneling
mechanism describe many experimental data, they cannot
account for all the reported experiments. For instance,
Kirtley et al measured light emission from metallic
gratings. In this case, the theory based on inelastic tunnel-
ing underestimated the emitted power by an order of
magnitude [4,19]. Furthermore, it was observed that the
decay of the radiative intensity with the thickness of the top
electrode could not be explained. It was also observed that
emission can be quenched when introducing adsorbants on
the air-metal interface of the electrode [30], an effect that
cannot be explained if emission takes place in the barrier.
To explain these discrepancies between theory and experi-
ment, Kirtley et al. suggested an alternative mechanism of
light emission, known as hot-electron decay [31]. In this
mechanism, electrons first tunnel elastically and become
hot electrons in the second electrode. Then, they thermalize
through interactions with other electrons and with phonons.
Because of the continuous pumping, a population of hot
electrons, not described by a Fermi-Dirac distribution, is
maintained. These hot electrons can relax by emitting
surface plasmons at the air-metal interface. To support this
alternative mechanism, Kirtley et al. performed photo-
luminescence measurements from metals under continuous
laser pumping which produces hot electrons [32]. They
observed similarities of the emitted light under electrical or
optical excitation supporting the hot-electron mechanism.
However, in contrast with the variety of models proposed to
calculate the inelastic tunneling rate, the qualitative hot-
electron emission process is still awaiting the implementa-
tion of a quantitative theoretical model that could be
compared with experiments. To our knowledge, there is
only a qualitative estimation of light emission in a STM
including this hot-electron contribution, which found that
the inelastic tunneling mechanism overcomes the hot-
electron mechanism by a factor of approximately 10° [33].
In summary, the hot-electron picture has mostly remained a
qualitative mechanism, and there is no available model able
to explain the underestimation of the emitted power [4,19],
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the emitted power dependence on the electrode thickness
[4], and the emission quenching by adsorbants [30].

At this point, we emphasize that many authors have
considered that emission originated in the metallic elec-
trode is necessarily due to the hot-electron process [31,33]
and that inelastic tunneling implies emission originated in
the gap only [Fig. 1(b)] [31,33,34]. In what follows, we
revisit this point of view by considering a more rigorous
description of the inelastic tunneling that indicates how
processes in the metal can also lead to emission, as depicted
schematically in Fig. 1(c), without requiring the hot-
electron mechanism. This new point of view enables to
compute quantitatively the emitted power.

As stated, up to now, all the calculations (except
Refs. [25,35]) assume that the light emission induced by
inelastic tunneling takes place in the barrier. This process is
typically modeled based on Bardeen’s theory of electron
tunneling (Bardeen’s approximation) [36]. In this work, we
abandon Bardeen’s model and the idea that light is emitted
in the barrier. We introduce an extension of the models
of inelastic tunneling that is obtained by solving the
Schrodinger equation in the complete MIM device and
that we denote the full quantum device solution (QDS). We
note that a similar approach [25] has been used to account
for resonant tunneling in a double barrier. The QDS
solution accounts for processes in the metallic electrodes
[Fig. 1(c)]. We show that it enables to reproduce several
features observed experimentally that could not be repro-
duced by Bardeen’s theory. This includes a measured
emitted power larger than what is predicted [31], an
exponential decay of the emitted power on the thickness
of the electrodes with a decay length much larger than the
optical skin depth as predicted by Bardeen’s theory [31].
We also show the importance of light emission at the
air-metal interface due to nonlocal effects, a process that
can be quenched by adsorbants on the air-metal interface of
the electrode [30].

Additionally, within the QDS, we show the equivalence
of the two main approaches that have been used to describe
light emission induced by inelastic tunneling. The first one
is based on the usual picture of radiative emission due to an
electronic transition between two states. Fermi’s golden
rule can then be used to compute the rate of excitation of
SPPs [37,38]. The second one is based on the classical
picture of radiation due to time-dependent currents. It relies
on the calculation of the power radiated by the time-
dependent fluctuations of the current density [35,39]. Laks
and Mills used this viewpoint to model the experiment of
Lambe and McCarthy by calculating the emission effi-
ciency of planar junctions with surface roughness in
Ref. [35]. A summary of these two methods can be found
in the review paper by Parzefall and Novotny [38]. To our
knowledge, no systematic explicit proof of their equiv-
alence has been reported. Here, the cross-spectral density of
the current density is derived in a second quantization

framework within the QDS. This new approach unveils an
unexpected long-range correlation of the current density
across the gap. Using this form of the cross-spectral density,
it is possible to establish the equivalence of both methods.

The structure of this work is as follows. In Sec. II, we
introduce the theoretical formulation of inelastic tunneling.
We first (Sec. I1 A) present the QDS and use it to explain
elastic tunneling phenomena, comparing the obtained
results with those given by Bardeen’s approximation.
Then, in Sec. II B, we establish the equivalence of the
two different approaches used to describe light emission by
inelastic tunneling, based either (i) on the transition rate of
electrons between two states or (ii) on the calculation of
emission by fluctuating currents. In Sec. III, we calculate
the radiative and nonradiative power due to SPP excitation
in planar junctions. We show that the methods based on the
QDS can explain available experimental observations.
Finally, in Sec. IV, we summarize the conclusions and
discuss further applications of the theory for future work.

II. DESCRIPTIONS OF LIGHT EMISSION
FROM TUNNELING JUNCTIONS

We start by reviewing and comparing the frameworks
that are used to describe electronic transport in a barrier. We
first compare Bardeen’s description of elastic tunneling in
MIM junctions with a textbook solution of the Schrodinger
equation denoted QDS. We then compute the inelastic
tunneling rate using two models. We either use Fermi’s
golden rule or compute the power transferred from the
fluctuating currents to the surface plasmons. To proceed, we
derive and analyze the current density correlation function.
We then establish the equivalence of the two models.

A. Elastic tunneling

In order to describe the dynamics of the electrons
according to the theory of elastic electron tunneling, we

define the electronic Hamiltonian H,; as

_h2v2

2mege

+U(2), (1)

el —

where mgg refers to the effective mass of the electrons in
the MIM junction. This Hamiltonian is essentially a free
electron model supplemented with the description of a
potential to account for the barrier. It includes the kinetic
energy of the electrons in the metals (first term in the right-
hand side) and the potential energy U(z) (second term in
the right-hand side) [40].

To characterize the potential energy U(z) [see sketch in
the inset in Fig. 2(e)], we first consider that the metals
placed on the left and on the right of the insulator gap have
Fermi energies E% and EX, respectively. If there is no bias
potential applied (V3 = 0), the system is at equilibrium and
the Fermi surfaces of both metals are at the same energy,
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FIG. 2. Comparison of Bardeen’s and QDS approaches for electron tunneling mechanisms. (a) Electronic wave function WHA
corresponding to the left Hamiltonian A, within Bardeen’s approximation. (b) Electronic wave function WBA corresponding to the right
Hamiltonian A r Wwithin Bardeen’s approximation. In (a) and (b), solid lines indicate the boundary between the metal considered in the
Hamiltonian A, or Hy and the gap, whereas dashed lines show the boundary between the gap and the metal that is considered absent in
the corresponding Hamiltonian. (c),(d) Schematics of the processes of elastic tunneling (I'y;) and inelastic tunneling (T7,) using the
wave functions corresponding to Bardeen’s approximation (c) and the QDS (d). The wave functions are vertically shifted by their energy,

where h® is the initial electronic energy and hw%i is the energy of a SPP excited by the electron due to inelastic tunneling. (e) Elastic

tunneling rate I per unit of surface area S of the metallic interfaces, calculated with Bardeen’s approximation (black dots) and the QDS
(orange line), plotted as a function of the bias potential V. The inset shows the schematics of the potential energy U(z) of electrons in
the MIM junction and the occupied states in each metal. In this inset, the dashed lines represent the potential energy U(z) with the linear
function Uy, (z) for the gap, while solid lines represent the potential energy U(z) under the rectangular approximation that we consider
in our calculations. The system considered in this figure is composed by an aluminum and a gold electrode separated by an Al,O3

insulator layer of thickness Lg,, = 1 nm.

which we set as the zero energy level. From this reference,
the lowest values of the potential energy that electrons
can have in the left and right metals are —E% and —EX,
respectively. The height of the barrier in the gap region is
U, . For applied bias potentials, the energies of all electrons
in one metal are shifted by a value eV as compared to
those in the other electrode. We maintain the zero energy
reference in the Fermi energy of the left metal, and, thus,
the minimum potential energy remains here as U, = —E%.
In the right metal, this minimum energy shifts to the value
Ug = —ER — ¢V, while the energy of the highest occu-
pied state becomes —eVp. This shift of the energy levels
also affects the work functions of the metals, which causes
a modification of the potential inside the insulator barrier.
The potential in this region can be approximated with the

¥ (r) =

B
sk s s

and

(eikZLZ + rLe_ikZLZ)eikH.rH
(aLekzgapz + ﬁLe_kZ‘é“PZ)eikH'rH

1, eikrz oK)

linear function Ug,,(z) = Uy — eV(z/Lgyp), Where z is
the perpendicular direction to the interfaces of the junction
and L,,, is the thickness of the insulator gap [the potential
U(z) with the linear function is indicated by dashed lines in
the inset in Fig. 2(e)]. However, to obtain simple analytical
expressions of the electronic wave functions, we use a
rectangular approximation for the barrier potential, which
takes a constant value determined by the average U,,,(z) ~
Uy — (eV/2) [we show the rectangular potential U(z) in
the inset in Fig. 2(e) by solid lines].

With this model of the MIM junction, the electronic
properties of the system are obtained by solving the
Schrodinger equation of Eq. (1). For a fixed energy Ao
and parallel wave vector k, the Hamiltonian of a rectan-
gular barrier contains two degenerate states, of the form

70,
0 <z < Ly, (2)

L, B <z

gap
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ﬁ%tlz _lk ( gap) lkHr” < S 07
WP(r) = { i (ane onlehun) 4 ebon(chun)oMT 0 <2< Ly (3)
f % (e~ker(z=Law) 4 ppeiken(z=Lup)) ik | Ly <2

L. is the (arbitrary) length of the system in the z
direction, whereas S is the surface of the interfaces in
the r| = (x,y) plane. These two parameters act as nor-
malization constants in the wave functions. Furthermore,

2m
ko (ry (@ K )) :\/ = (ho! = Upg) =

k> (4)
is the z component of the wave vector of an electron in the
left (right) metal. The spatial decay of the wave function in
the gap region is governed by the value

2m, .
kzgap<wel’ k||) = \/TH(Ugap — hw 1) + |kH|2 (5)

The coefficients ay ), Br(r)> Tr(r)> and f7(g) are given in
Appendix A. The wave functions ¥2°%(r) in Eq. (2) and

Y5 (r) in Eq. (3) are the textbook solutions to describe
quantum tunneling from the left metal to the right metal and
vice versa, respectively. rpg) and 7, g) give the reflected
and transmitted amplitudes, respectively. Since the wave
functions are calculated in the complete MIM device, we
refer to these wave functions as the QDS.

These expressions can be simplified in an approximation
first carried out by Bardeen [36] that is widely used in
the study of elastic tunneling in MIM junctions. Under
Bardeen’s approximation (BA), the two metals are

1 2ik.g

\/_ VS ik p—Kgap

W) =

R(2—Lgp) |- éllizk+kzgup ek (z

—ik, o
Nl Gl

ekzgap (Z_Lgap) eikH Rl

considered as two separate entities, and the electronic
states of each metal are not affected by the other
one. We illustrate in Figs. 2(a) and 2(b) with vertical solid
lines the metal-insulator boundary considered in the
Hamiltonians A, and Hpg, respectively. The eigenstates
of the system are obtained by solving the Schrodinger
equation with the Hamiltonians H; and Hjy separately.
Each of these Hamiltonians includes operators for the
kinetic and the potential energy. The potential energy
operator considers the energy level of the corresponding
metal (U, or Uy) and of the barrier (Ug,,). However, when
calculating the wave function associated with each elec-
trode, we do not consider the presence of the other one;
i.e., we extend the gap barrier to infinity [we show in
Figs. 2(a) and 2(b) the metal-insulator boundary neglected
in each Hamiltonian by dashed lines]. Following this
procedure, we obtain the wave functions of the left metal
[see Fig. 2(a)] [41]:

lk L2 41 ik, +k, zgap —lk L2 ikHTH 7< 0
BA et ~Kegap -
Yt (r) = 2ik. "

i p—kagapZ ik T z>0.
ik, L™ k zgap

(6)

o5
-

Equivalently, the wave functions corresponding to the right
metal have the form [see Fig. 2(b)]

< S Lgaps

()

gap-

zgap

—Lgap>>eiku‘ru z>L

Under Bardeen’s approximation, the interaction between the two metals is treated at a perturbative level. Each electron of
the left metal is at first in the state |¥P*) corresponding to the Hamiltonian A, . The rest of the electronic Hamiltonian of

Eq. (1), A

— H, , induces transitions to states of the form |PBAY, as schematically shown in Fig. 2(c) by the arrow labeled

with the symbol I',;. The assumption of weak tunneling due to a sufficiently thick gap implies that the transition rate
between two particular left and right states is given by Fermi’s golden rule, as (see derivation in Appendix A)

2w ~
PPAk = 3 0(0f — o) [(PRA By — L[5 P
(271.)3712 . aLPBA(Z) a\PBA*(Z) 2
= S5 Ns(kp — k) [PBA* () —L 22 — R =2 8
an (0! — 0)5(k)r — k) | PR (2) o 1(2) o | (8)

gap
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By considering a single incident electron from the left
metal, its tunneling rate T2 is given by the sum over all
possible unoccupied states |PBA) of the right metal, i.e.,
P4 =37k, T2 k. To characterize these electronic states in
the metals, we use the periodic boundary conditions so that
the states are given by wave vectors of the form k) =
[(2z/V/S)n,, (27/V/S)n,, (2/L.)n.)] with integers n,, n,,
and n_. In this context, we can substitute the discrete sums
>k, With the integrals [L.S/(27)’] [ dkp(x), and by

performing the integral of I'?4 , [with the wave functions of
Egs. (6) and (7)] over the right states indicated by kz, we
obtain the tunneling rate per incident electron given by

h 16k%, k pk2gap o1 ()

FBA — e~ “Mezaptegap
Megr L, (k?L + k%gap)(kgR + kzgap)

The transition rate of Eq. (9) has been derived using
Bardeen’s approximation. We now turn to a more rigorous
approach that does not use Bardeen’s approximation.
It is possible to obtain the tunneling rate using the QDS.
Since the electrons under this description are already in an

|

zL

eigenstate of I:Ie] from the beginning, the tunneling proper-
ties are included in W25 (r), as we indicate in Fig. 2(d) by
the arrow with the I',; label. From this wave function, we
can obtain its associated probability current density from
the general definition [42]

ihe 0¥(r)

0z |’

—¥(r) (10)

jZ(r> = 2m -
€

which for Eq. (2) is constant over space with the
value j.(z) = —(1/L,S)(hek g/ meg)|t,|*. Since this
expression gives the amount of charge that crosses the
junction per unit of area and time, the tunneling rate I'; is
directly calculated as

S
==

(11)

By introducing the value of the coefficient #; (given in
Appendix A) into Eq. (2) and applying Eq. (10) to calculate
the current density j.(z), we obtain

szzgap 2k zgap Lgap

FQDS _
L - _
(1 +e gl mp)(’égdp + k§L><kggdp + sz)

The elastic tunneling rate given by Bardeen’s approxi-
mation [Eq. (9)] is identical to the expression that is
obtained from the rate of the QDS [Eq. (12)] under the
assumption of weak tunneling, i.e., for kg, Lg,, > 1. To
analyze the validity of this assumption, we focus on an
Al-Al,O3-Au junction as a particular example, which is
typically used to analyze elastic and inelastic tunneling
phenomena. We use numerical values of the Fermi energies
EL =11.5¢eV and ER =55 eV for Al and Au, respec-
tively [43]. Furthermore, it has been measured that the
effective mass of the electrons in alumina junctions is
megr = 0.23m, (where m, is the electron mass) [44], and
we fix the height of the barrier on a typical value of
Uy, =2 eV. Since Bardeen’s approximation works accu-
rately for k., L g > 1, the largest mismatch with the QDS
occurs in the regime of very thin layers and of high bias
potentials, where k_g,, is smallest according to Eq. (5).
However, even for values of Ly, = 1 nmand Vz =3V,
we have checked that Bardeen’s approximation under-
estimates the tunneling rate I'; of the electrons at the
Fermi surface only by a factor of 0.4%. Thus, Bardeen’s
approximation is well justified when considering elastic
tunneling.

Although the tunneling rate per electron allows us
to compare Bardeen’s approximation with the QDS by
means of an analytical expression [Egs. (9) and (12)],

2 e~ 2kzgapLogap [(k2

(12)

k?L) (kggdp k§R> 4kzgdpkzL sz] .

zgap

[

the measurable quantity in experiments is the intensity of
the electronic current (related to the total tunneling rate I'y;)
instead of the tunneling rate per incident electron I';.
In order to model these experiments, we calculate I, by
summing Eqgs. (9) and (12) over all occupied initial states of
the left metal that can tunnel to unoccupied states of the
right metal Ty = 30y T fip (ko)1 = fp(k.)]. To per-
form this calculation, we have included the probability
that a state is occupied in the left metal and unoccupied
in the right metal. Since the states described by Bardeen’s
approximation are localized in a single metal, these
probabilities are dictated by the Fermi-Dirac occupation
factors of its respective metal

ol (k)

L(R -1
_
kT

at temperature 7, with Boltzmann constant k. The assign-
ment of a Fermi-Dirac occupation factor is not so straight-
forward in the approach of the QDS, because the
corresponding electronic states are delocalized over the
two metals with different Fermi levels. However, following
a similar argument than for Bardeen’s approximation,
we associate the occupation factor f&,(k;) to the states

‘P(L)D 5(r) that originate from the left metal, and accordingly

Fa (k) = {1 + exp(
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the factor [I — R (k;)] corresponds to the unoccupied

states W% (r) that tunnel from the right to the left metal.

We plot in Fig. 2(e) the elastic tunneling rate I, per
surface area S as a function of the applied voltage V for
temperature 7 = 0 (we have checked that the following
discussion remains also valid for room and larger temper-
atures). We compare the results obtained with Bardeen’s
approximation (black dots) and the QDS (orange line)
for a thin gap of width L,,, = 1 nm. The two approaches
follow a nearly identical trend with a relative error of at
most 2.1 x 1073 at V; = 3 V. In most experiments, the gap
thickness Ly, is larger, which decreases the error between
the two approaches even more. Therefore, the agreement
between the Bardeen’s and QDS approaches indicates that
associating single-metal Fermi-Dirac occupation factors

félgR) (ky) to the states of the QDS works accurately,
and, thus, we follow this methodology in the following
subsection, where we turn to the inelastic tunneling current.

B. Inelastic tunneling

The phenomenon of light emission due to inelastic
tunneling has been computed using two different models
in the literature: a calculation based on Fermi’s golden rule
and a calculation of the radiated power due to current
density fluctuations. These two models are based on the
two usual physical pictures of light emission: The quantum
matter picture is based on the radiative relaxation of an
excited state, and the classical electromagnetic picture is
based on the power radiated by a time-dependent current.

In this subsection, we aim to provide a comprehensive
review of the two models and to prove their equivalence
under appropriate conditions. Furthermore, these methods
are often used within the framework of Bardeen’s approxi-
mation, but we emphasize here the consequences of using
them within the QDS. Finally, we compute the inelastic
transition rate leading to surface-plasmon excitation, as this
plasmonic contribution dominates the local density of
electromagnetic states. Once this transition rate is known,
multiplying it by the surface-plasmon radiative decay yield
gives the photon emission rate.

1. Fermi’s golden rule

In the description of light emission from tunneling
junctions, it is necessary to include the interaction between
electrons and electromagnetic modes. Among different
points of view to account for this interaction, one of
them is a direct extension of models of elastic tunneling
that involves introducing the light-matter coupling in the
quantum Hamiltonian of Eq. (1). The effects of this
coupling are usually treated under the formalism of
Fermi’s golden rule. This general approach has been used
in a large variety of systems, such as in the analysis of
photon emission from superconducting junctions [28].
Focusing now on the specific case of planar MIM junctions,

the complete Hamiltonian that describes elastic tunneling
together with the interaction between electrons and SPPs is

7 7 V) AT(v) AV e . 2
Hespp = He + Zzha’%iag”)“;{i P A (13)

K v eff

Together with the electronic Hamiltonian ., in Eq. (1), the
second term on the right-hand side of this expression is
the plasmonic Hamiltonian. The superscript v refers to all
different SPP modes of the system (mostly localized at

different interfaces) whose dispersion w%’a is a function of

the parallel component of the wave vector K. We include

the corresponding creation operator aI((H and annihilation

)

operator &KH for each vector K. The last term corresponds

to the light-matter interaction H,,,, which, depending on the
system and its mode structure, is described with the vector
potentlal A in the Coulomb gauge as Hlm = (e/ Megp )P -
A or in terms of the scalar potential ¢ as Hlnt = eg?)
[33,37,45]. In this work, we use the former interaction term,
because all transverse modes in planar junctions can be
described entirely with the vector potential. The operator
P = —iAV acts on the electronic wave functions, whereas

the field operator A is written after the decomposition into
all plasmonic modes as [46]

()

N 7} o v (V) —log t
A(r,t):zz ﬁelK“r“U%i(Z)a%ie K

K, v 280S0)KH
h i *(v T(v iy
+ | ——e Kmu ()ae ™', (14)
(v) I I
26()Sa)KH

where ¢, is the vacuum permittivity and uﬁz‘)‘ (z) gives the

spatial dependence of the vector potential along the z
direction for each plasmonic mode, under the condition

iK) - ui) (2) + (0/02)(u) (z) -m.) = 0 implied by the
Coulomb gauge (n, is the unit vector of the z direction).
Furthermore, the quantization of each plasmonic mode with

energy fza)ﬁz‘) leads to the following normalization condition

of uif)(2) [46,47]:

[ 3wt or

2
E(Z,CU)Q u(u) z .nz) }dZZ 1, (15)
1Ky

with ¢ the speed of light in vacuum and where &(z, )
gives the spatial distribution of the permittivity along the z
direction at frequency .

To quantize the plasmon field, losses have been
neglected. This approximation is valid inasmuch as the
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density of states is not perturbed significantly [46]. It
provides an accurate description of the electron-plasmon
coupling which will be used to compute the plasmon
emission rate. The photon emission rate can be computed
subsequently using the radiative yield of the plasmon. The
Hamiltonian of Eq. (13) is not exactly solvable, in general,
and the usual approach to describe inelastic tunneling is to
treat Hy, = —(e/me)p - A as a perturbative term under
the assumption of weak light-matter interaction. It is first
assumed that the electrons come from the left metal and
that there is no excited plasmon. Therefore, the initial state
is of the form [¥;) ® [0,;) (note that, if we do not specify
the superscript BA or QDS in the electronic state ¥y g), the
expression is valid for both of these approaches). Here, the
state |0,) implies that all plasmonic modes v at all wave
vectors K| are in the zero occupation number state. The

final plasmonic state is of the form |1;§i> where all modes
are unoccupied except for a SPP mode v of parallel Wave

ll’lt

<‘PL? pl‘Hmt

where we specify that in the QDS this integral has to be
performed in the volume of the gap Vy,, and of the metallic
regions V... We stress that this integral accounts for the
exact spatial dependence of both the electronic wave
functions and the surface-plasmon modes in the gap and
in the metal. Note that, when accounting for metallic layers
with finite thickness, we limit the integration over z but, for
the sake of simplicity, we still use the electron wave

|
lhe/
LRK
1 2¢eg Sa) 2meff M,+vmel

lP )
t \ 2¢e Sco
Trl K” \ 28 Sa)

vector K| with occupation number 1. On the other hand,
the electronic part of the final state can be of the form |¥; )
or |¥x), depending on the Fermi-Dirac occupation factor
of these states. Because of the applied bias potential, it is
expected that, at low temperatures, the number of unoccu-
pied states will be significantly greater in the right metal
than in the left metal for final energies lower than that of the
initial state. Thus, the transitions to the states of the left
metal are highly suppressed, i.e.,I';; << 1"} _r, and in this
formalism we focus on only the transitions of the form
L — R.In other words, we consider only the recombination
of an electron coming from the left to a hole coming from
the right. Specifically, the tunneling rate according to
Fermi’s golden rule reads

@ |?

Fpor = 225 of =0k )| Mk | (16)
Ky v
with the matrix element
lhe/ Wi (r (>( Je —iKu*u} - V¥ (r)dr
meff VaaptVimet
—the v —iK p
! / E{i(z)e K| fu} -VWi(r)dr,  (17)
eff p+Vme(

functions given by Egs. (2) and (3) established for a
semi-infinite reservoir. Since the contributions of the gap
and the metals must be summed, these two terms can
produce interferences, as we discuss in Sec. IIL
Furthermore, combining the two equivalent forms of the

matrix element shown in Eq. (17), we can write M<LD.)R,KH in

a symmetric form that is similar to the elastic tunneling rate
obtained with Bardeen’s approximation Eq. (9) as

—iKu-r@ Wi (r) VW, (r) — W, (r) VW (r))dr (18)

where, in analogy with Eq. (10), the wave functions ¥, (r) and W (r) appear in the form of the inelastic current density as [37]

. (r) = ihe
JL-R = 2

[Wr(r) V¥, (r)

— WL (r)V¥i(r)]. (19)

The experimentally measurable quantity is the intensity of the emitted light due to the total inelastic tunneling rate I';,.;, which
is given by the sum over all occupied initial states in the left metal and unoccupied final states of the right metal, calculated as

Cipa = ZkL ZkR T rfin(k)[1 = fip(kg)):

P = 30 S0 0 S0 6 (o = o~ 0le)) o )11 = ()] M P

K v k. kg

(20)
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The corresponding total power transferred by the tunneling current to the plasmons is given by

P = Z Z Z Z thHFL—»R (wKH>fFD<kL)[1 — fip(Kg)]

K v

= (-

K, v k kg

Following the standard procedure of elastic tunneling,
the calculation of these transition rates is usually done
under Bardeen’s approximation, by evaluating the integral
of the matrix element Eq. (18) just in the gap with the
wave functions from Egs. (6) and (7). This approximation
assumes that the SPP is excited in the gap due to the
inelastic tunneling processes across the barrier. This
approach also gives an intuitive understanding on how
the optical properties of the MIM junction influence the
light emission process. We first notice that, in typical gaps
of a few nanometers, the variation of the electromagnetic
field is very smooth and it can be considered as constant
in the integration region of Eq. (18). This assumption
implies that the electronic and optical properties of
the junction can be considered separately in Eq. (16).
On the one hand, I';_y is proportional to the electronic
matrix  element  [(PEA|p|PEA) + (PBA|p|PEA) |2 =
| —in [WRA (r) VPRA(r) — PBA(r) VPRA* (r)dr[>.  On
the other hand, by doing the sum over all plasmonic
modes, the tunneling rate is also proportional to the
projected local optical density of states pu,(r) =
Dok, 2w O(0f —of - w%’iﬂu%i (r) - n_|>. Therefore, this
analysis suggests that the light emission can be enhanced
by choosing optical antennas with large ppy.

However, we emphasize that Eq. (18) includes processes
inside the metals, provided that we use the wave functions
of Egs. (2) and (3) corresponding to the QDS, whereas
Bardeen’s approximation considers only processes in the
gap. When taking the square modulus of Eq. (18) within the
QDS, we obtain the contributions of the gap, the metal
electrodes and a mixed term which is a quantum interfer-
ence between the two processes. Hence, it appears that
it is not necessary to invoke a hot-electron mechanism to
obtain a contribution of light emission from the metallic
electrodes. Furthermore, we emphasize that the inelastic
tunneling rate is proportional to the projected local optical
density of states only within Bardeen’s approximation. This
is no longer necessarily true when considering the QDS,
due to the interferences between the amplitudes of the SPP
electric field in the gap and in the metal.

2. Energy-loss model and Poynting vector flux
calculation

An alternative model [37] that has been introduced to
describe light emission from tunneling junctions by Davis

off = o)) fho (k)1 = R (kR)] Mgk [P0k (21)

is to calculate the rate of energy dissipation by the
electronic current:

P:—/drj(r,t)-E(r,t), (22)

where E(r, 7) is the electric field generated by the current
density j(r,¢). This method has also been used by other
authors [34,48,49]. A slightly different formulation con-
siders the current density as a source that emits light to the
far field and integrates the flux of the Poynting vector. This
approach was proposed originally by Hone, Miihlschlegel,
and Scalapino in Ref. [39], and, since then, it has been a
popular method starting from the implementation of Laks
and Mills to describe light emission from planar junctions
[35], being followed by many works [6,19,50-53]. We first
show the equivalence of these two points of view using the
electromagnetic energy conservation in a volume V in the
stationary regime:

/ﬁmmoﬂun+Pm@+Pmm=u (23)

where P4 is the flux of the Poynting vector across a
surface enclosing the volume V and P, is the power
absorbed by the matter within this volume. Within the
approximation of a nonlossy metal, Pg(f) =0. The
radiated power is, thus, equal to the opposite of the power
transferred from the tunneling current to the field. This
equality establishes the equivalence between a calculation
of the Poynting vector and a calculation of the power
transferred from the fluctuating currents to the field. When
accounting for the unavoidable metallic losses, the emitted
power is then derived by multiplying the power P trans-
ferred to the SPPs [Eq. (22)] with the radiative efficiency
Naa @S discussed previously.

To proceed with the evaluation of Eq. (22), we first relate
the electric field to the current density using the Green’s
tensor G(r, ', ) of the MIM junction as

E(r.0) — iopu / ArG(rr, o) - j(r,0).  (24)

The power P transferred from the current to the field can,
thus, be written explicitly in terms of S jqu(r, r’, w), which

is the pq element of the power cross-spectral density tensor
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of the current density given by j,(r.®)j,(r,o') =
2n8(w + ')S; ; (r. ¥, w):

'Pz/ooda)Za)ﬂo/dr
0

« / 'S S, (60, 0)m(G, (v ¥, w)]. (25)
pPq

Under this form, the emitted power has the structure of
the square of the intensity times an impedance proportional
to Im(G). This point of view has been discussed in detail in
Ref. [54]. In particular, the connection between the imped-
ance and the local density of electromagnetic states has
been pointed out. We recover here the point of view
introduced in the dynamical Coulomb blockade where
an impedance accounting for the electromagnetic environ-
ment was introduced. To proceed, it is, thus, necessary to
know S; ; (r.r',w) in the nonequilibrium situation of a
biased junction. In most works [35,39,55], the emitted
power was calculated by using the form

_ ho
elel eVy

S..(r,r,o)——-— 5
J;Jz( 60) s2 1—exp("“’ eVB)

S(r—=r) (26)

and integrating within the gap only. In many works, the
limit at 7 = 0 K was used. It predicts a linear spectrum
proportional to eV — hAw. This simple form of the current
density correlation was derived from a calculation of the
intensity correlation in the gap and assuming a uniform
and delta-correlated correlation function. This form
assumed that the current density is nonzero along the z
axis normal to the interfaces of the barrier. It was further
assumed that the correlation function is nonzero in the
gap and zero outside.

All these assumptions hindered a comparison of this
model with the Fermi’s golden rule result derived in the
previous section. We report in Appendix B a derivation of
the power cross-spectral density of the current density for a
(nonequilibrium) biased junction that avoids the previous
assumptions. In this derivation, we introduce a quantum
field operator for the current density. As discussed before,
we use either the left or the right reservoir to perform the
statistical average depending on the propagation direction.
This enables us to perform the calculation of the ensemble

average of operators of the form 87;62&§84. We obtain

ZZ]p 1-r(X)j51-r(Y)

k, kg

/1114 l' l' 60

o) fho (k) [ 1= o (Ke)]
7)

x 2760 — 0§ +

This correlation function goes beyond the previous
models: (i) It is nonzero in the metallic electrodes, and

(ii) it is correlated for two points belonging each to a
different electrode, in marked contrast with the assumption
of a delta-correlated current. We note that, at equilibrium in
a homogeneous medium, the correlation function is given
by the fluctuation-dissipation theorem. Here, Eq. (27) is
valid for a biased junction. In Sec. IIB 3, we use this
explicit form to establish the equivalence with the Fermi’s
golden rule result obtained in Sec. II B 1. We then discuss
in detail the properties of this correlation function. We see
that it has all the properties that were missing in previous
models and motivated the introduction of a hot-electron
mechanism [31].

3. Equivalence of the methods

In order to compute from Eq. (25) the power transferred
from the electronic current to the SPPs, we restrict the
Green’s tensor to the contribution of the surface-plasmon
modes of all branches v and all wave vectors K. Using
the expansion of the Green’s tensor over the plasmonic
modes [56,57], we obtain

un'd ()ul ()

ZZ (C‘)KH) —w? ’ S

K, v

G, rra)

(28)

We then apply the limit lim,_oIm{1/[a?> — (w + i€)?]} =
7/(2a)8(w — a), which leads to
Im[G

(T r, )]

> ' (P (1
—ZZ“ O s ofg). @9)

K ZwKH

By inserting the above forms of the Green’s tensor
and the current density cross-spectral density into Eq. (25),

we recognize the matrix elements M(L”L K, and recover

Eq. (21). This establishes the equivalence between the
different models provided that the exact current density
cross-spectral density given by Eq. (27) is used.

4. Current-density correlation

We now turn to a detailed study of the correlation and
consider the same Al-Al,O5-Au system as in Fig. 2. For a
metal, the typical correlation length is expected to be given
by the Fermi wavelength. Surprisingly, we also unveil a
long-range spatial correlation over 10 nm across the barrier.
At this point, we note that the Hamiltonian does not
account for electron-electron and electron-phonon inter-
action so that the model does not include dephasing.
Nevertheless, the coherence length is expected to be larger
than 10 nm at ambient temperatures. For instance, the
dephasing time at ambient temperature in gold is estimated
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to be in the range 10-30 fs [58]. With a Fermi velocity of  zero temperature limit. For all considered values of Vg,
1.4 x 107° ms~!, we estimate the phase coherence length the results obtained with Bardeen’s approximation (dots)
to be on the order of 14-42 nm so that our results should be ~ agree almost perfectly with those obtained with the
valid. In Fig. 3(a), we plot §; ; calculated with Eq. (27)in QDS (lines). Hence, Bardeen’s approximation is a very
the center of the gap, for different bias potentials and in the ~ accurate approach to describe current fluctuations inside

L Bardeen's approximation

Quantum device solution
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FIG. 3. Spatial correlations of the current density j, and charge density p for an Al-Al,O3-Au tunneling junction. (a) Cross-spectral
density of the current density fluctuations S ; (r, r) in the center of the insulator gap as a function of the energy 7w, for different bias
potentials Vp = 0.5, 1, 1.5, and 2 V. Dots correspond to the calculation with the wave functions obtained within Bardeen’s
approximation, and the solid lines to the QDS. (b) Cross-spectral density S; ;. (z,7') for points z and 7’ at the same position in the parallel
direction (rj = r’H), for Ly,, =2 nm, Vg =2 V, and hw = 1 eV. The insulator gap is located at values of z and z’ between 0 and 2 nm.
Dashed lines highlight the two peaks under the conditions z = 2’ and 2’ — Ly, = —2\/(Ef + ¢V3)/E% (and its symmetric form).
(c) Cross-spectral density S; ; (x|, r" ‘) for varying positions z = z’ and as a function of the distance in the parallel direction x — x’, for the

same parameters as in (b). (d),(e) Cross-spectral density of the current S; ; (z, z’) and charge densities S,,(z. z’), respectively. The point
7/ = =3 nmis fixed, and the correlations are calculated for varying second point z (with r = ri‘), in the same system and for same w as

in (b) and (c).
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the gap. However, we note that a linear behavior with the
voltage is observed only for the smallest bias potential
considered, Vz =0.5 V. For larger bias potentials
(Vg =15 and 2.0 V), S, ; is not linear with respect
to w as opposed to the prediction of Eq. (26) at T = 0 K.
Therefore, the exact definition of Eq. (27) must be used
in this approach to calculate the intensity of the
emitted light. This issue has been discussed in two recent
papers [53,59].

We now discuss the spatial dependence of the correlation
between two arbitrary points of the full device, taking
advantage of the QDS to explore the currents in the metals.
With this aim, we plot in Fig. 3(b) the cross-spectral density
S;.j.(z.7, w) for fixed values Ly,, = 2 nm, V5 =2 V, and
hw = 1 eV, by varying the positions z and 7’ (for the same
position in the parallel direction, r| = rﬂ). We observe that

there is a peak at z = 7/ with a width of the order of 1 nm,
close to the Fermi wavelengths of the metals, which are
around 0.52 nm for gold and 0.36 nm for aluminum [43].
Therefore, the consideration of delta-correlated currents in
Eq. (26) is accurate enough to describe this feature for most
purposes. Nevertheless, we observe a second weaker and
broader correlation peak for positions z and 7z’ at opposite
metals. Upon inspection (see Appendix C), this maximum
occurs when the current density j;_r has a similar
phase for all L — R transitions. The equations describing
this condition are (i) (2’ = Lgyp/2) = —(kr/ky) =
—\/(ER + eVg/EL), if z is in the left metal and 2’ in
the right metal, and (ii) (z—Lg,p/2) =—+/(Ex +eVp/E%)
if z is in the right metal and 7’ in the left metal. Both cases
are indicated by dashed lines in Fig. 3(b).

We further analyze how the currents are correlated for
different points in the direction parallel to the interfaces
r - rh # 0, and for different values z = 7/, as shown in

Fig. 3(c) (we consider x # x’ but y = y'). The correlations
are oscillatory as a function of the difference x — x’ and
become weaker for distances larger than the Fermi wave-
length. The periodicity of these oscillations is of the order
of 1 nm. We also observe that the width of the peak of
S;. jz(rH,rh, ®) is not constant for z =z’ close to the
insulator gap and becomes broader inside the gap. This
effect can be easily included in the approximate Eq. (26)
by broadening the delta function §(r —r’) in the parallel
direction. Therefore, the assumption of delta-correlated
currents in Eq. (26) needs small corrections to describe
current correlations along the r direction due to the finite
thickness of the corresponding peak, but the assumption
completely fails to capture the second peak observed for the
correlations along the z direction.

In order to understand the physical origin of the current
correlations in the two metals, we now focus on the
correlations of the electronic charge density fluctuations.
The charge density p; _, g, associated to each transition from

an initial state W25 (r) to a final state W35 (r), is obtained

from the current density j; _z of Eq. (19) by using the
continuity equation

LR _

V-ij
Ji-r + or

0. (30)
The cross-spectral density S,, is then calculated with
Eq. (27) after substituting j; _,z with p;_z.

For the analysis, we fix the point z/ = —3 nm in the left
metal and observe the cross-spectral density of the current
density S; ; [Fig. 3(d)] and charge density S, [Fig. 3(e)]
for any second position z and for rj = rm. The latter

correlations oscillate more strongly in space as compared
to those associated to the current density. In the results
of S,,, we observe a clear peak in the position 7’ = z as
happens for S; ; . More importantly, the second peak in the
opposite metal also appears, but, whereas the correlation is
positive for the current density, we obtain negative values
in the case of the charge density. We attribute this result to
the presence of a hole with positive charge and opposite
velocity. In other words, as a negative charge moves toward
the gap in the left electrode, a positive charge also moves
toward the barrier in the right electrode. The double peak in
S, and §; ; disappears inside the gap, where the electron
and the hole recombine. These currents in the metal
electrodes give a contribution to the light radiation apart
from the correlations just inside the gap. This physical
phenomenon had not been accounted for so far. It is
included in the full QDS and introduces in a natural
way a contribution of the currents in the metallic electrodes
to the plasmon excitation without the need to invoke hot-
electron mechanisms.

5. Discussion

In closing this theoretical section, we discuss the validity
conditions of the model and its possible extensions. The
discussion has been limited to planar surfaces and to a
linear expansion through the use of the Fermi’s golden
rule excluding nonlinear effects such as two-photon emis-
sion. We stress that the equivalence between the quantum
formalism and the computation of the field radiated by
current fluctuations holds only within this approximation.
We now discuss the extension of the model to provide
guidance to further work.

Superbunching of photons attributed to two-photon spon-
taneous emission has been observed for a highly localized
plasmonic mode between a tip and a surface [60]. This effect
cannot be explained by computing the field radiated by
fluctuating currents. By contrast, Muniz et al. [61] have
shown how to account for two-photon emission using an
interaction Hamiltonian with a quantized field and
going to second order. Since our framework is based on a
quantized form of the plasmon field, the approach used by
Muniz et al. [61] could be implemented. It is expected that
the two-photon emission contribution should increase
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significantly for highly confined fields in the so-called
picocavity regime.

We now discuss how to extend the model discussed in
this paper, which is restricted to planar surfaces, to more
general systems. Under the linear approximation, the
emission can be described using the Green’s tensor and
the current density correlation function. Interestingly, the
transverse correlation length is found to be on the order of
1 nm, confirming the assumption introduced by Laks and
Mills [35]. As a consequence, the emission process is
highly localized. Hence, the correlation model derived in
the plane-plane geometry could be used locally provided
that the local radius of curvature is larger than the trans-
verse coherence length. Computing the emission can then
be done by calculating the Green’s tensor for the actual
geometry and integrating over the surface. This approach
has been used in the past to compute light emission by
gratings [19], where it was assumed that the current density
was delta-correlated in the transverse plane.

In summary, we have revisited the theoretical description
of light emission in tunneling junctions by using the
interaction Hamiltonian A, ¢pp of electrons and SPPs with
a quantized form of the electric field of the plasmon mode.
We have used the quantum field operator form of the
current density to derive its correlation function. With this
new formalism, we have established in Sec. IIB the
equivalence between the model based on Fermi’s golden
rule and the model based on the energy dissipation by a
current in the linear approximation. We have found that
light is emitted both in the gap and in the electrodes. In
practice, these two contributions depend on the amplitude
of the electric field of the plasmon modes in the gap and
in the electrodes. We explore in the next section how
significant are these contributions for the different plas-
monic modes of the junction.

III. LIGHT EMISSION FROM PLANAR
MIM JUNCTIONS

In this section, we analyze the contribution to
light emission from the different plasmon modes of a
device composed by metallic electrodes of approximately
10-20 nm thickness at both sides of the gap. The slow
mode of the MIM junctions is localized in the insulator gap.
Its electric field is strongly confined, and it is, therefore,
very large so that it couples efficiently to the tunneling
electrons [2,6,38,62]. On the other hand, this mode is
characterized by a small group velocity and has no radiative
losses unless the surface becomes rough or the metal
thickness is small enough to allow for radiative leakage;
thus, it is possible to engineer these radiative losses [19].
Other SPP modes are localized at metal-dielectric interfaces
a few nanometers far from the insulator gap and can also
contribute to radiation [3,31,53]. Their coupling to the
inelastic tunneling mechanism is less efficient, especially
at junctions with thick metallic electrodes, because the

electric field of the SPP of the corresponding interfaces
penetrates weakly into the gap. On the other hand, their
radiative losses can be larger. With the objective to analyze
the contribution to inelastic emission from the gap and from
the metal electrodes, we choose as a representative system a
junction that was considered in the first experiment of light
emission from tunneling junctions, consisting in a planar
junction formed by aluminum and gold electrodes sepa-
rated by a layer of aluminum oxide.

A. Structure of plasmonic modes of the system

In order to study the intensity of light emission due to the
process of inelastic tunneling in Al-Al,O3-Au junctions
(where electrons tunnel from the Al electrode to the
Au electrode), we first analyze the properties of the
SPPs of the system. These modes are obtained by assuming
that the insulators have a nondispersive permittivity, with
e = 3.1 for aluminum oxide in the gap. Furthermore, the
aluminum layer is deposited over a glass substrate with a
representative permittivity & = 2.5, and the insulator in
the opposite direction is set to be vacuum. The two metals
are represented by a Drude permittivity of the form e=
€eo — W} /w?, with parameters @, =14.7eV and &, =1 for
aluminum [63], whereas we choose @, =9.065 eV for
gold [64]. Furthermore, we consider interband transitions
in gold by setting e, = 9. The losses in the Drude model
are neglected in the calculation of the SPP excitation rates
to ensure that the energies of the modes are real and their
respective electric fields can be normalized following the
quantization rule from Eq. (15). We have checked that the
dispersion relations in the range of energies considered
change only slightly after including losses in the permit-
tivities. Furthermore, we fix the metal thickness of the
aluminum layer at L,; = 10 nm and that of the gold layer
at L, = 20 nm (unless stated otherwise). Since these two
thicknesses are on the order of the electron mean free paths
of their respective metal [65], we assume that the electronic
wave functions given in Sec. II A are valid in the whole
metallic regions. A sketch of the system is shown in the
inset in Fig. 4(a).

This system contains three different modes of SPPs,
typically referred to as the fast, intermediate velocity, and
slow modes, based on their group velocities according to
the dispersion relations [shown in Fig. 4(a)] [66]. The
group velocities of the fast and the intermediate velocity
modes are very close to the speed of light in vacuum and in
the glass, respectively, while it is much smaller for the slow
mode. Among these three modes, the slow mode [brown
line in Fig. 4(a)] has received significant attention in studies
of quantum tunneling due to its large electric field in the
gap region. Figure 4(b) illustrates the large sensitivity of the
group velocity on the gap thickness. The normalized

electric field distribution u%ﬂ of the slow mode at energy

Aol =2 eV and thickness L ap = 3 nm is shown in
K| gap
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FIG. 4. SPPs in Al-Al,O3-Au tunneling junctions. (a) Dispersion relation of the fast (yellow), intermediate velocity (gray), and slow
(brown) plasmonic modes for L,,, = 3 nm. The dark blue area indicates the light cone in vacuum, and the light blue area highlights the
light cone in the glass substrate. The inset shows a sketch of the device, including the thicknesses of the layers considered in the rest of
this figure and in most of the calculations throughout the manuscript. On the right of the structure, we show schematically the field
distribution of the different SPP modes, emphasizing the interface where each of them propagates predominantly. Each field distribution
is plotted in the same color as the corresponding dispersion (yellow for the fast mode, gray for the intermediate velocity mode, and
brown for the slow mode). (b) Dispersion relation of the slow mode for different gap thicknesses Lg,, = 1, 2, 3, and 4 nm (from the

darkest to the lightest brown). (c)—(e) Electric field distributions at energy hw%")‘ =2 eV of the slow (c), fast (d), and intermediate
velocity (e) modes, for Lg,, = 3 nm. The top shows the distribution of the electric field component oriented along the direction parallel

to the interfaces of the junction um(u, and the bottom shows the component in the z direction ui’fl)(“. Dashed lines in (c)—(e) indicate the

positions of the metal-insulator interfaces.

Fig. 4(c), where we plot the field components in the
directions (top) parallel and (bottom) perpendicular to
the interfaces. Since we neglect losses in the permittivities
of the metals, these fields are real (or purely imaginary) in
the whole space. It is apparent that the slow mode is
strongly confined in the gap. However, it is worth noting
that the electric fields also penetrate in the metals, which
can contribute to the coupling of the electric field with the
electronic alternating current and modify the excitation rate
when considering processes in metals within the framework
of the QDS, as discussed below.

Together with the slow mode, the finite thicknesses of
the metals lead to the existence of two additional modes

localized at the other two metal-insulator interfaces. The
fast and intermediate velocity modes are SPPs mostly
localized at the gold-vacuum and aluminum-substrate
interfaces, respectively. These modes follow the typical
dispersion relations of SPPs calculated with semi-infinite
Drude metals [67], and the materials at a distance of a few
nanometers from these interfaces cause only slight mod-
ifications to the dispersion relations.

The dispersion relation [Figs. 4(a) and 4(b)] and the field
distribution of the modes [Figs. 4(c)-4(e)] are useful to
analyze which mode may contribute to light emission. The
field distributions of the fast and intermediate velocity
modes suggest a smaller electromagnetic energy stored in
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the gap compared to the slow mode (shown for hwg‘)‘ =

fzwggi ) = hwg“) =2eVand Ly, =3 nm), which results in
a smaller excitation rate due to a weaker coupling with
tunneling electrons. However, despite its small excitation
rate, only the fast mode may contribute to light emission
through leakage in the glass, because it is the only mode
whose dispersion relation is inside the light cone of the
glass [Fig. 4(a)]. On the other hand, if the gold-vacuum
interface is rough [39] or periodically structured [19], the
slow mode can be coupled into vacuum, and it can
dominate the light emission process due to its far larger
excitation efficiency. In the following subsections, we
analyze the effect of the electric field distributions on
the theoretical prediction of light emission from the gap
and the metal regions for the fast and slow modes. For
completeness, the analysis of the intermediate velocity
mode is included in Appendix D.

B. Excitation rate of the slow mode

In this section, we explore the excitation rate of the slow
mode. Within Bardeen’s approximation, this calculation
amounts to computing an overlap integral between the
current density and the plasmon field in the gap [i.e., the
integral in Eq. (18) is calculated only inside the gap volume
Vaapl- Within the QDS model, we also need to explore the
contribution to the excitation rate from the processes in the
metal regions and from the quantum interferences between
the gap and the metal contributions.

1. Gap contribution to the slow mode excitation

We start by using Bardeen’s approximation and the

formalism of inelastic tunneling (described in Sec. I1 B) to
(s)

calculate the excitation rate I';

of the slow mode [from

Eq. (20)]. We plot Fi(rfil (where the superscript s refers to the
slow mode) in the inset in Fig. 5(a) as a function of the bias
potential for a fixed gap thickness of L,,, = 3 nm. As Vi
increases, the transition rate grows due to an exponential
increase of the matrix element and a linear raise of the
number of initial and final states. For instance, increasing
the bias potential from 0.6 to 2.4 V causes the number of
excited SPPs to increase by 3 orders of magnitude, from
3.8 x 10'8 to 1.2 x 10?' SPPs per second and square meter.
However, the elastic tunneling rate also increases signifi-
cantly with Vg, which means that the efficiency of the
tunneling junctions, corresponding to the number of
excited slow SPPs per tunneling electron, raises only
slightly from 107™* to 2 x 107 for the range of Vj
considered. We also check numerically that the efficiency
of the junction improves for thinner gaps because the
density of states of the slow mode is larger [as can be
deduced from the dispersion relations shown in Fig. 4(b)].
For example, at Ly, = 1 nm, we obtain an efficiency of

around 8 x 10~ SPPs excited per tunneling electron.

Therefore, the efficiency of the planar junctions according
to the inelastic tunneling process is not expected to exceed

the ratio Fi(rfil /Ty = 1073, even for narrower gaps that are
experimentally considered in typical light-emission experi-
ments with planar junctions.

2. Metal contribution to the slow mode excitation

To determine whether the inelastic tunneling in the gap
can fully account for the excitation of the slow mode, we
include the contribution of the metal electrodes according
to the QDS model, as explained in Sec. IIB. After

analyzing the SPP excitation rate Fi(ggl

Fig. 5(a), we now focus on the power P®) transferred
by the current to excite this mode [given by Eq. (21)]. With
this purpose, we show in Fig. 5(a) the spectral contribution

Pe) (hwiéi) at each energy ha);éﬂ which is related to

in the inset in

the total nonradiative power P*) and to the slow SPP-
excitation rate T'*) as PO = i P(“‘)(ha)g)d(ha)gi) =

inel

i hwg‘gi [dr')/ d(ha;g‘éﬂ )]d(ha)i(‘i) We use the electronic
states of the QDS [Egs. (2) and (3)] to calculate the spectral

power P(S1>)s according to the processes in the whole MIM
device [performing the integral of Eq. (18) in the volumes
Vgqp Of the gap and V., of the metals], and we compare it

with the contribution of the gap according to Bardeen’s

approximation, Pl(;/l [performing the integral of Eq. (18)
just in Vgl

For bias potentials Vg = 0.6, 1.2, or 1.8 V, the results of
the full QDS (solid line) are nearly identical to those from
Bardeen’s approximation (dots) for all energies, with a
largest mismatch of 5% in the integrated nonradiative
power P, Indeed, for all these values of V, the negative
permittivity of the metals is large for all energies

hwgg) < eV, resulting in limited penetration of the electric

S
field within these regions. Furthermore, at energies
hwgﬂ > eVp, the spectral power vanishes completely,

because we assume zero temperature in all this paper
and the Fermi-Dirac occupation factors of the metals
do not allow any transition between states at those

energies (for 7 > 0 K, it is possible to excite SPPs at

ha)ﬁé) > eVp [68], but we set T =0 K for simplicity,

I
because the main results of this work remain very similar

otherwise). Since the calculation within Bardeen’s approxi-
mation agrees with high accuracy with the calculation

of the full QDS at all ha)g one can conclude that the

consideration of the inelastic processes just in the insulator
gap would be accurate enough to describe the excitation of
the slow SPP in the range of Vj considered.

For Vp = 2.4 V, both calculations still agree with high
accuracy at low energies, but one can observe differences
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FIG.5. Analysis of the power transferred by the tunneling current to the slow mode. (a) Spectral power P(*) (hwﬁ‘)‘) per surface area S
of the junction, with thicknesses Lg,, =3 nm, L, = 10 nm, and L, =20 nm [see the sketch in Fig. 4(a)] and bias potentials

Vg = 0.6 (orange), 1.2 (red), 1.8 (purple), and 2.4 V (blue). Dots correspond to the gap contribution to the power, Pgl)\(fzwigi)

according to Bardeen’s approximation, and the solid lines to the joint contribution of processes in the gap and in the metals calculated
(s)

inel Per surface area in logarithmic scale as a function of

using the QDS, P81>)s (hmg ). The inset shows the total inelastic tunneling rate I

the bias potential, obtained within Bardeen’s approximation. Colored squares correspond to the values of V5 that we choose in the main
figure. (b) Ratio between the spectral power contributions obtained within the QDS and Bardeen’s approximation,

cap and SPP energy ha)g of the Al-Al,0O53-Au planar system. The

applied bias voltage is V3 = 3 V. The color bar is in linear scale. (c)—(e) Distributions along the z direction of the fluctuating electronic
current density Re(j, ;) for an electron initially in the highest occupied energy level (blue) and of the electric field E, (brown) of the

P(ngs(hwiéﬂ) / P}(;/l(hwg), as a function of the gap thickness L

slow mode. In each panel, we consider the gap thickness L, and energy hwg indicated by each of the dots in (b): (c) hwga =1.6eV

and L,,, = 1 nm; (d) hwﬁéi =25¢eV and Ly, = 1 nm; and (e) hwgéi =2.5 eV and L,,, = 4 nm. The wavelength of the electronic

gap

current density and the decay length of the SPP are indicated in each panel.

for ha)g > 1.8 eV. In this region, P(*) (fzw%) is dominated
by a peak, where the plasmonic density of states increases

considerably [see the dispersion relation in Fig. 4(b)].
At this peak, the spectral power according to the calculation

of the QDS, P(S]))S, is generally larger than the value

obtained within Bardeen’s approximation, ng, suggesting

that the metal contribution gains importance under these
conditions.

To further showcase the importance of the metal con-
tribution in the high-energy regime, we plot in Fig. 5(b) the
ratio Pgl))s / P](;,)\ for varying energies and gap thicknesses
under a larger bias potential of Vz =3 V. Two distinct
regions are observed: one at thin gaps or low energies,
where the contribution within the metals reduces the

excitation power of the slow mode (Pgﬁ)s < P](; 1)\), and
another at thick gaps and high energies, where it increases
(Pg]))s > P](;)\). To clarify this phenomenon, the spatial
distribution of the electric field of the slow mode is shown
in Figs. 5(c)-5(e) (brown line and background), together
with the inelastic current Re(j,;_g) associated with a
L — R transition for an electron initially at the highest
occupied energy level of aluminum (blue lines), for values

of Lg,, and hw%‘éi indicated by white dots in Fig. 5(b). For

thin gaps [Figs. 5(c) and 5(d) for L,,, = 1 nm], the electric
field is highly concentrated inside the gap, with some
penetration into the metals near the gap. Because of the
phase difference of the electric field between the insulator
and the metal, the metal contributions tend to interfere
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destructively with the gap contribution. Accordingly, the
calculation of the QDS in the full device predicts a smaller
excitation rate than Bardeen’s approximation, as shown by
the region of P(‘%s < Pf;/l in Fig. 5(b). The effect is more
significant at large energies, where the negative electric
field in the metal becomes even more concentrated close to
the gap, leading to a stronger destructive interference [as

can be observed by comparing Fig. 5(d) for ha)g =25eV

with Fig. 5(¢) for hwg = 1.6 eV].

On the other hand, the inelastic electronic current j; _p
oscillates in space. For larger L,,,, these oscillations can
give not only destructive interferences between the proc-
esses in the gap and the metals, but also constructive ones
under adequate circumstances. Because of the oscillations
of j;._r [Whose wavelength varies between 5 and 9 nm in
the energy range considered in Fig. 5(b)], the integrand of
the matrix element of Eq. (18) has the same sign in some
regions of the metal as in the gap, leading to a constructive
interference. Since the contribution close to the gap leads
to a destructive interference, the wavelength of the elec-
tronic current should be small compared to the SPP decay
length to have an overall constructive interference, which
happens for large L, [Fig. 5(¢)], because the SPP decay
length increases with the gap thickness. After accounting
for all constructive and destructive interferences within
the metal according to the QDS, the interference averages

to be constructive for all electrons in junctions with
Lgp 2 1.6 nm, and the excitation power at hwg =
2.5 eV can be even twice as high as that predicted by
Bardeen’s approximation. At larger energies, the slow
mode contains significant losses, and, thus, the description
based on nonlossy Hermitian Hamiltonians that we present
in this work loses its accuracy.

In general, Fig. 5(b) illustrates that Bardeen’s approxi-
mation can underestimate or overestimate the slow mode’s
excitation power up to a factor of 2. Importantly, while the
slow mode is nonradiative in perfectly planar junctions, it
can dominate light emission in other systems, such as in
localized gap tunneling junctions [33], commonly used in
STM, or in planar junctions with sufficient surface rough-
ness. In these systems, the QDS gives a more appropriate
description of radiation than Bardeen’s approximation that
considers only the gap contribution.

C. Excitation rate of the fast mode

The formalism of inelastic tunneling predicts that the
excitation of the fast mode is far less efficient than that of
the slow mode, due to the considerably weaker electric field
inside the gap for the former [see Fig. 4(d)]. In particular, as

shown in Fig. 6(a), the spectral power Pl(gf /i of the fast mode

at Vg = 0.6 V is of the order of 10'" s m~2, which is 107

times smaller than Pg A for the slow mode. However, the

study of the excitation rate of the fast mode is important,
because in perfectly planar junctions it is the only process
that leads to radiation. It was estimated that, in gratings
with a periodicity of hundreds of nanometers, the emission
of the fast mode may overcome the emission by the slow
mode by a factor of 107 [3]. Indeed, the main discrepancy
between the theory of inelastic tunneling and experiments
was first observed for gratings [4,5]. The results that we
present for planar junctions can be generalized to describe
the contribution of Bardeen’s approximation and the QDS
in other structured tunneling junctions where the fast mode
can be the leading mechanism of light emission.

1. Metal contribution to the fast mode excitation

Interestingly, when the QDS is applied, we already
observe a difference from Bardeen’s approximation at
Vg = 0.6 V in the calculation of the spectra of the radiative
power, PU). Although this variation is only 18% in the
integrated power PV), it is considerably larger than for the
slow mode at the same bias potential. This suggests that
including the metal contribution is significant for the fast
mode as pointed out by Kirtley et al. [31]. Note that the
metal contribution is obtained without using the hot-
electron mechanism. The discrepancy between Bardeen’s
approximation and the QDS increases considerably for
Vg = 1.2 V [Fig. 6(b)] and continues to grow with V.
Furthermore, at Vz = 1.8 V [Fig. 6(c)], local minima and

maxima in ngs are observed at different energies, which is

related to the oscillatory behavior of the inelastic current
density for each electron, as shown in the inset in Fig. 6(c)
together with the electric field of the fast mode. The
wavelength of the oscillations inside the metal depends
on the energy of the electrons, leading to constructive or
destructive interference with the contribution of the insu-
lator gap in the integral of Eq. (18), which relates the
current density according to Eq. (19) with the field
distribution of the mode [Eq. (14)]. However, we do not
expect these oscillations to be as predominant in experi-

ments, because the position of the maxima and minima in

the spectra Pg%s is very sensitive to the thicknesses of the

metals and the gap. In real systems, metallic surfaces
present small roughness, and, thus, the contribution of
different thicknesses cancels out these oscillations and the
measured power would be the average between thick-
nesses. Finally, we remind that the calculation of the matrix
element uses a very simple model of electronic wave
functions which may produce artifacts. Specifically, to
compute the overlap integral between the electronic wave
function and the plasmon mode, we use the electronic wave
function computed for an infinite metal and perform the
integral over a finite thickness.

The increased importance of the metal contribution to
light emission at larger energies becomes more evident in
Fig. 6(d). The comparison between the results obtained
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FIG. 6. Analysis of the radiative power due to the excitation of the fast mode. (a)-(c) Spectral radiative power P(f)(hwg)) per
surface area § of the junction, with thicknesses L,,, = 3 nm, L,; = 10 nm, and L,, = 20 nm [sketch in Fig. 4(a)] and bias poténtials
Vg = 0.6 (a), 1.2 (b), and 1.8 V (c). Dots indicate the contribution of the gap according to Bardeen’s approximation, and the solid lines
refer to the full results of the QDS. The inset in (c) shows the electric field of the fast mode at energy 1.8 eV and the oscillating inelastic

current density of one electron along the z direction. (d) Spectral radiative power P\ )(ha)g”)) per surface area S under bias potential

Vg = 2.5 V. We compare the results obtained using Bardeen’s approximation (dots) and the QDS (solid line) for L, = 20 nm. Dashed
lines indicate the results according to the QDS for L,, = 10 nm and L,, = 30 nm. The inset shows the results within Bardeen’s
approximation for L, = 10, 20, and 30 nm. (e) Spectral radiative power per surface area S including nonlocal effects (colored lines) for
different distances z, from the boundary between the gold and vacuum permittivity (corresponding to the position of the centroid of
charge) to the boundary of the ionic-positive background. z; is indicated in the inset and changes in steps of size 0.5 A. We consider that
the boundary between permittivities is inside the ionic background. The results obtained within the QDS without considering nonlocal
effects (zy = 0) and within Bardeen’s approximation are indicated by the black dashed line and by the gray dots, respectively. All the
calculations in (e) are done for a junction with an aluminum and a gold layer of thicknesses L = L, = 5 nm placed between a glass
substrate and vacuum, with parameters L,,, =2 nm and Vz = 0.5 V.

with Bardeen’s approximation (blue dots) and QDS (blue
solid line) for Vz = 2.5 V demonstrates that, for most
energies, the results of the latter calculation are signifi-
cantly larger than for the former. Therefore, despite the
oscillations in the calculation for the full system, the

integrated power ngs is notably larger than ngi.

The role of the thickness of the metallic electrodes is also

highlighted in Fig. 6(d). The inset indicates the result ngi

according to Bardeen’s approximation for L,, = 10 nm,
Lx, =20 nm, and L,, =30 nm (the values of L,
20 nm are the same as in the main figure). Bardeen’s

approximation predicts that ng K

decreases significantly

when increasing L ,,, because the overlap between the gap
and the fast SPP field decreases. Therefore, the decrease of
the inelastic tunneling rate is dictated by the decay length
of the SPP. However, experimental measurements from
Ref. [4] indicate that the intensity of the light emitted by the
fast mode decreases with L,, more slowly than the decay
length of the SPP. To assess if the QDS can account for this
experimental result, we plot in Fig. 6(d) the radiative power
for the same thicknesses L, = 10, 20, and 30 nm. The
obtained radiative power decreases more slowly as a
function of L,, than expected from Bardeen’s approxima-
tion. In general, Figs. 6(a)-6(d) show that, under different
circumstances, the QDS can lead to a value of the power
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738%5 2 or 3 times larger than P]g’;i for intermediate bias

potentials or even an order of magnitude larger at high
energies and thick metallic layers.

2. Nonlocal contribution to the fast mode excitation

Together with the inelastic processes inside the metallic
regions, Kirtley et al. argued that processes at the vacuum-
metal interfaces placed far from the insulator barrier could
also contribute significantly to the excitation of the fast
mode [31]. The importance of this interface was also shown
by experiments, notably when demonstrating experimen-
tally that the presence of adsorbants under ultrahigh
vacuum could quench the signal [30]. It is seen in
Fig. 4(d) that the electric field changes drastically from
the bulk metal to vacuum at the interface due to dielectric
screening. Therefore, one could expect that, under a non-
local description of the electromagnetic response, the
tunneling electrons could interact efficiently with an
unscreened electric field of the fast SPP outside the metal
over a distance given by the screening length.

To estimate the possibility of plasmon excitation at the
interface enhanced by nonlocal effects, we examine a
system composed of an aluminum electrode and a gold
electrode of thicknesses Lj; = L, = 5 nm separated by
an insulator gap of thickness Lg,, = 2 nm. These values are
taken from Ref. [53], where it was noted that the gap
contribution alone does not explain all the light emitted by
the fast mode of this system, even at low bias potentials. We
show in Fig. 6(e) the spectral radiative power PV) of the
fast SPP of the mentioned junction for Vz = 0.5 V. In these
circumstances, the calculation of the excitation power with

the QDS ngs and in the absence of any nonlocal effect

(dashed line) is very similar to the gap contribution Pg K

according to Bardeen’s approximation (dots), because (i) at
such low bias potentials, the field penetration is small at all

energies ha)g‘ ‘> < eVp due to the large negative permittiv-

ities of the metals, so that the fields at the gap are
comparatively large; and (ii) at so thin metallic layers,
the space to excite the fast SPP in the metals is not large
compared to the gap where the electric fields are confined.
However, the performed calculations assume that the
electron density is nonzero only up to the interfaces
between the gold and vacuum permittivities, where the
limits of the integrals in Eq. (18) are set.

According to microscopic descriptions of metallic sur-
faces, the electronic density in real metals may surpass the
position of the interface considered in classical electro-
magnetism [10,69-73]. We now consider that the electronic
current shifts by a maximum distance z, with respect to the
boundary between permittivities, as shown in the inset in
Fig. 6(e), according to the simple model of nonlocality
detailed in Appendix E. This simple model results in
electrons tunneling from the first electrode and reaching

positions near the metal-vacuum interface of the second
electrode where the electric field is strong, which efficiently
boosts the coupling to electrons. Specifically, we consider
that electrons can interact with the electric field outside the
junction in a region of different widths zo = 0.5, 1, 1.5, 2,
2.5, and 3 A [from brown to yellow lines in Fig. 6(e)]. The
power transferred to the fast SPP becomes considerably
larger for increasing zy. For example, for zy = 3 A, the

QDS predicts an excitation power ngs 3 times larger than
sz. We have, thus, shown that the QDS can account not
only for processes in the gap and in the bulk metal, but also
for those at the interface. The model is, thus, able to
describe systems where any contribution, and not only from

inelastic tunneling processes in the gap, is relevant.

IV. CONCLUSIONS

In this paper, we have introduced a theoretical approach
to describe light emission from biased planar tunnel
junctions. We stress that previous works mostly used
Bardeen’s approximation. We revisited the two models that
have been used so far to describe the inelastic tunneling
mechanism: a Hamiltonian description of light-matter
interaction based on Fermi’s golden rule and the calculation
of the power radiated by fluctuating currents. The latter
model requires the cross-spectral density of the fluctuating
electronic current. These models were used independently
in the past. Here, we derived the form of the cross-spectral
density of the current density for a biased junction. We
found that the electronic current density is strongly corre-
lated in the opposite metals. These long-range correlations
can be interpreted as an electron-hole pair that recombines
in the gap and were missing in previous models. They
provide a model that includes electronic and photonic
interactions in the metallic electrodes. With this long-range
correlation function, we have been able to establish explic-
itly the equivalence of the approach based on the Fermi
golden rule and the approach based on the calculation of the
power radiated by the current density fluctuations.

A detailed analysis of the effect of the long-range
correlations showed that they hardly contribute to the
excitation rate of the slow plasmonic mode of a planar
junction. This is in good agreement with the fact that
Bardeen’s approximation is valid to describe light emission
in planar tunneling junctions and also for STM light
emission. By contrast, we have found that this correction
is the major contribution for the fast mode excitation which
often dominates in the case of periodically corrugated
planar junctions.

Using the QDS model of light emission by inelastic
tunneling, we have been able to reproduce numerically
three experimental observations that could not be explained
by the previous models. First, it had been reported that
the existing models underestimated the measured emitted
power. We found that the QDS model increases the emitted
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power up to an order of magnitude. Second, we find that
the QDS model predicts a decay of the power when the
thickness of the metal increases slower than the exponential
decay of the fast SPP. Finally, we introduced an effective
model of nonlocality that accounts for a large excitation
of the fast mode at the vacuum-metal interface and also for
the quenching of light emission due to adsorbants. On the
whole, it does no longer appear necessary to invoke an
alternative process based on the existence of hot electrons.

In addition to these previously unexplained observations
that motivated our analysis, the QDS opens new possibil-
ities. Optimizing the choice of the material and thickness of
the metallic layer sustaining a fast plasmon mode could
lead to a large coupling due to nonlocal effects. Another
very interesting direction for future work is the modeling
and optimization of two-photon spontaneous emission
which leads to bunching as reported recently [60]. The
two-photon emission process can be computed using an
interaction Hamiltonian with a quantized field and a
second-order contribution [61]. Hence, the formalism
introduced in this paper based on a quantized plasmon
could be applied. Finally, the framework introduced in this
paper could be applied to light emission by quantum cascade
structures in the LED regime. So far, many systems expected
to produce electroluminescence assisted by plasmonic
emission are operating in the incandescence regime. The
experiments have been guided by a theoretical approach
based on two points of view: The plasmon is an electronic
collective excitation, and its excitation is described by a
deterministic injection. Here, the plasmon is treated as a
quantized electromagnetic field and the injection is treated as
a tunneling through a barrier separating the quantum well
from a medium with a well-defined Fermi level.

In summary, we have introduced a new theoretical
framework to account for light emission by inelastic
tunneling. It enables one to model experimental observa-
tions that were out of reach of the available models. The
new framework also appears to be a useful tool to address
important issues such as two-photon emission by inelastic

tunneling or spontaneous emission in electrically biased
cascade structures.
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APPENDIX A: DERIVATION OF THE ELASTIC
TUNNELING RATE

In order to compute the elastic tunneling rate that leads to
the intensity-voltage curves of the tunneling junction [as
plotted, for example, in Fig. 2(e)], we start by focusing on
Bardeen’s approximation (in this appendix, we omit the
superscript BA in the wave functions for brevity) to recover
the result that he discovered originally in Ref. [36]. We
consider the transition rate from a particular state |¥;) of
the left metal (with energy Aw$ and parallel component of
the wave vector k) to another state of the right metal |¥g)

(with respective values iw$ and Kk z). This rate is calcu-

lated by Fermi’s golden rule with the interaction
Hamiltonian A, — H; [Eq. (1)]:
2 ol 2 2 2
| :ﬁé(a}L —of)[(YrlHa —H [YL)[?. (Al)

We first compute the matrix element of the interaction
Hamiltonian. Although the wave functions depend on the
three spatial coordinates as Wy (g)(r) = Wpg)(z)e™ @™,
the interaction Hamiltonian depends only on z, which
enables to separate the integral into spatial coordinates:

(Wal g —Fy %) = ( [ steen, —ﬁm[%(z)e"km]dr) ( JEE —ﬁsz(z/)e“"R'“]dr')

-| [ - e, e

= ’/‘P}(Z)(ﬁel—ﬁL)LPL(Z)dZ

2//e—i(kk—kL>'(r‘r/)drdl"

2(27{)25(k||R - kHL)S'

(A2)

Since the Hamiltonian H; is equal to the complete electronic Hamiltonian H, in the regions of the left metal and
the insulator gap, the integral over z in Eq. (A2) has to be done just in the right metal. In this region, the complete
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Hamiltonian H is equal to Hpg, and, following the procedure of Bardeen in Ref. [36], we can add the vanishing term

~¥, (2)(H, — Hg)¥;(z) to obtain a symmetrical form inside the integral:
/ q’?e(z)(l:]el —HL)TL(Z)dZ —/L TE(Z)(Hel —ﬁL)‘I’L( ) =YLz )( HR)‘P*( )dz
—o 2ap
— [ i) B = o () - W 2) s ~ o) Vi )z
gap
o0 h2V2 h2V2
— lP*z( <— +UZ)"P*ZdZ
/ "0~ 5 U )%
A2 [ < 02‘I’L(z) *Wi(z )>
= - -Y¥, (z dz. A3
g D AOK (A3)

Here, we take into account that the energies S and A must be equal so that Eq. (A1) leads to a nonzero value.
By noticing that the functions ¥; (z) and 0¥, (z)/0z vanish at infinity, we solve the integral using the method of integration

by parts:

N N n?
[ - s = - 5 ()

0¥, (2)

| [rmiame,
Lg, Lgap

b [P,

i (2)|
9z |

-¥
0z 0z L(2)

gap aZ az
n? 0¥, (2) 6‘{’}3(z)>
= ¥ (z —¥;(z)————= A4
2meff ( R( ) 0z L( ) 0z 2=Lgyp ( )
Equations (A1), (A2), and (A4) lead to the following transition rate between left and right states:
(2r)3n? L 0¥ (2) 0¥5(2) 2
Tpp= Wzﬁ%(wi' — oR)5(kye — k)| | Wr(z) === ¥o(e) — » (A5)

According to Eq. (AS5), together with the energy, the
parallel component of the wave vector k| must also be
conserved in the transition due to the homogeneity of
the system in the r direction. Furthermore, the electronic
wave functions appear in the expression of the transition
rate in the form jp, (z) = (ihe/2meq)[Pi(2)0. ¥ (z) —
W, (2)0.Wx(z)In, (where n, is the unit vector in the z
direction) evaluated in the boundary between the gap and
the right metal. In the original work by Bardeen, this term
was associated to the transition current density of elastic

tunneling, due to its similar form of the probability current
density  j(r) = (ihe/2mq)[P*(r)V¥(r) — ¥(r) V¥ (r)]

of a quantum state.
L. S dk
r=3NT == ° |, ,22=R
L ; L—R 2 (2”)2/ L—-R da)gl
<\P’*3(kLﬁwi‘)(Z)

LS dk g
dm2; doy

el __ el
V=0,

dkHRda)%

a\PL(kHL Jot) (Z)

gap

The current density measured in an experiment is due to
all possible transitions from occupied states of the left
metal to unoccupied states of the right metal. Thus, the rate
I';_x must be summed for all these transitions. We first
consider the sum over all final states, which leads to the
transmission probability for each incident electron through
the junction. By using the Sommerfeld model of free
electrons with periodic boundary conditions to define the
states in each metal, all the states in the right metal have
a wave vector kp associated. Considering the large
number of states, the discrete sum (1/L_S) >y can be

converted into the integral [1/(2x)%] [ dkg, which leads to

the expression

_ lP alIlR(kHL,h{uzl) (Z)
L(kHL,hwil) (Z) aZ

(A6)

z=L, >
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The effect of the integral over the final states in Eq. (A6)
is, thus, to impose that the left and right states have
the same parallel wave vector k|, and energy ho?, as
expected for an elastic process. Furthermore, the term

occ L S 0 “min nglT(fzwzl—Uj)
I, = r = —2*_— _ dwel \//E{LAR} 7 dk
. kz L= 27 (2n)? A L, I

We notice that, for each energy aw¢, there are electronic
states with wave vectors up to a maximal value of

K r)| = \/(Zmeff/hz)(ha)il — Upry) in the metal on
the left and on the right. Because of the conservation
of k|, a transition is valid only if both metals have an
electronic state for a vector K. ). Thus, the integral has
to be calculated up to the minimum between the two
extremal values |k, ()| that accept a state in both metals.
Furthermore, in Eq. (A7) we impose that the initial state of
wave vector k; must be occupied [with probability given

by the Fermi-Dirac occupation factor f%,(k; )] and that the
|

e2kzgapLgap (kzgap + ikzL)(kzgap - isz) - (kzgap - ikzL)(kzgap + isz)

dk
[féD<kL>u k) (s k) 2k, ]

(dk.g/dwR) = (meg/hk_g) includes the density of states
in the metal on the right.

The total tunneling rate is then obtained by summing I';
over all initial states of the left metal:

(A7)
dwd

final state of wave vector kp must be unoccupied [with
probability 1 — fR(kg)]. Under Bardeen’s approximation,
the tunneling rate per electron is obtained by replacing the
wave functions from Egs. (6) and (7) into Eq. (A6), which
gives Eq. (9). Then, the elastic tunneling rate plotted in
Fig. 2 (black dots) is obtained by performing the integral of
Eq. (A7) with the expression of I'; of Eq. (9).

Alternatively, the elastic tunneling rate can be calculated
using the QDS. By solving the Schrédinger equation with
the Hamiltonian H,, the wave functions follow the
expressions of Eqgs. (2) and (3). For the states of the left
metal, the coefficients are

S . . . ), (a8)
62kzgupLgup (kzgap - lkzL)(kzgap - lsz) - (kzgap + lkzL)(kzgap + lsz)
o — 2ikzL(ngap + ikg) (A9)
L — — . . . . )
eZkzgapLgap (kzgap - lkzL)(kzgap - lsz) - (kzgap + lkzL)(kzgap + lsz)
pr = 2ikey (Kegap — ikp) eFontn (A10)
t EZkZWLgap (kzgap - ikzL)(kzgap - isz) - (kzgap + ikzL)(kzgap + isz) ’
diekeanlon g~ krlewf  k
t=—— £ o (A11)

e Zgz'I’Lgap(kzgap - ikzL)(kzgap - isz) - (kzgap + ikzL)(kzgap + isz) ’

and for the right metal

o — — eZkzgupLgap (kzgap - ikzL)(kzgap + isz) - (kzgap + ikzL)(kzgap - isz) (A12)
R — . . . . )
eZk:gﬂpLgﬂp (kzgap - lkzL)<kzgap - lsz) - (kzgap + lkzL)(kzgap + lsz)

Dik e (kogap + iky)

de — — : . : . , (A13)
. eHemlan (Kgay = ikop ) (kogap = iker) = (Kegap + ikep ) (Kogap + ikir)
Pr = 2ik g (Kogap — ik )e*anten (A14)
K Lo (kzgap - ikzL)(kzgap —ik.g) — (kzgap + ikzL)(kzgaP +ik:g)’
4 ekegapLoap o=k Ly k . k
IR =—"5¢ e e " KagapKer (A15)

e :gapLgap<kzgap - ikzL)(kzgap - isz) - (kzgap + ikzL)(kzgap + isz) .

In this approach, we can directly evaluate the probability current density associated to each electronic state as
j(z) = =(1/L.S)(hek,g/meg)|t, |™n.. This value is related with the tunneling rate per electron using Eq. (11). In order
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to calculate the total transition rate, we repeat the procedure
of Bardeen’s approximation and obtain Eq. (12). Therefore,
the results plotted in Fig. 2 for the QDS (orange line) are
obtained from the integral of Eq. (A7) using the corre-
sponding expression for I'; [Eq. (12)].

APPENDIX B: DERIVATION OF THE CURRENT
DENSITY CROSS-SPECTRAL DENSITY

We start by introducing the form of the field operator
for an arbitrary number of electrons in the conduction
band [74]:

W(r,1) =) wa(r)e, (). (B1)

Here, the subscript n = (k, 1), where [ = L, R labels the
state with wave vector k and propagation coming from
the left or the right metal. ¢, is the Fermionic annihilation
operator of the n state. The current density is then given
by [74]

i) —zl:fff B (e, ) V(1 1) =B (e, 1)V (1,1)].

(B2)

The time dependence of each Fermionic operator can be
cast in the form

¢,(1) = ¢, exp(—iw,t), (B3)
where Aw, = (h*k?/2mey) + Upg). It follows that the
current density in frequency domain is

i) = j(r.n.n)228(w — w0 )ehe,.  (B4)

nn'

Sji, (r.r'w) = Z Z Jp1-r(X)j51-p(X)276(w — of + of) fip (kL)1 = fip(kg)]-

k. kg

APPENDIX C: ORIGIN OF THE STRONG
CURRENT CORRELATIONS
AT OPPOSITE METALS

In Fig. 3(b) in the main text, we plot the cross-spectral

density S; ; (z,7' ,a)ﬁzi) associated with the spatial corre-

lations of the current density due to electrons tunneling
through a narrow gap. This calculation is performed by
introducing the wave functions of the QDS in the definition

of Sj ;. (Z’Z/vw%/‘)‘) from Eq. (27) and then solving the

where (0 n) = (it 2mege) (1) Vi (1) —
Wn’(r)v’//; (l‘)} and Wpy = Wy — Wy
We can now compute the ensemble average of the

current density j'p(r, a))}'q(r’ ,@'"), where p and ¢ stand
for the Cartesian components of the current density. To
proceed, we assume that the system is a statistical mixture
and use the commutation relations satisfied by Fermionic
operators {&,,¢,} = 0; {&}, éjl,} =0; {&).e,) = St
where {a,b} = ab+ba. We have to evaluate terms of

A AT A

the form &}, ¢, &h,é,, = S, P {r|eh, &,,¢h.e,,|r), Where r
denotes a particular Fock state and P, is the canonical
probability that the system is in state r. Given that
(rle|r) = (rleh|r) =0 and (r|che,|r) = frp(n), where
frp(n) is the Fermi-Dirac distribution evaluated at energy
hw,, the correlation is of the form

AT A AT

CnyCp,CnyCpy = 5"],}126113%4 (1 - 5n1,n3)cl

+ 5n1,n45n3,n2<1 - 5n1,n2)C2

+ 84,000, .1300,.1,C3- (B5)

Here, Cy = frp(m1)fep(n3), Co=frp(n1)[1 - fro(n2)],
and C3 = fpp(n;). We note that the terms C; and Cj
contribute only to a zero frequency [because Eq. (B4)
implies the condition n; # n, and n3 # n4 to have nonzero

® and o' frequencies in the j,(r, )j,(r', ') average] so
that only the contribution C, proportional to frp(n;)[1 —
frp(n,)] yields a nonzero contribution to the radiated field.
Furthermore, considering that the Fermi level on the left
side is larger than the Fermi level on the right side, Eq. (B4)
selects the terms where n; = (k;, L) and n, = (kg, R) so
that v = w,, — w,, = ®f — »f > 0. Hence, the statistical
average is nonzero only if there is an electron-hole pair with
an electron in a state L and a hole in a state R. Finally, we
obtain the cross-spectral density of the current density:

(B6)

integral over k; and ki numerically. We discussed that the
electronic currents are strongly correlated for z = 7’ but

. . . , _
also for points satisfying the condition 7' — Ly, =

—z/(EX + V/EL) at opposite metals. In this appendix,

we analyze analytically the origin of the strong correlations.

The cross-spectral density S; ;. (Z,z’,w%a) depends on

the expression of the current density j;_r associated to
each particular transition [Eq. (19)]. We consider the QDS
and, thus, use Eq. (2) for the wave function ¥, (r) of a state
in the left metal and Eq. (3) for the right metal. The final
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state Wx(r) has a lower energy than the initial state ¥; (r). By introducing their corresponding expression in Eq. (19),
we obtain the following expressions for the z component of the current density. For z < 0:

ihe 1 - ; - i -
jz,L—»R(Z) = _2m IS t;ee—zk;LLgap |:el(kz+L+kzL)Zi(k;rL _ kz_L> _ rLe—l(k:rL_k;Lki(k;’L -+ kz_L)}
€ z
he 1 . : -
~ e LS tpe ke e~ k0 kL3 (k0 + k7). (C1)
Mg Loy
For 0 < z < Lgyp:
. ihe 1 i _ « (K =k )2 pkaan L + - * —(Kaap—KZeap) 2 p—Kzgap L
JzL—R (Z) - 2m ffL_S [(kzgap + kzgap)aROCLe cgap™ zgap /< @zgapeap — (kzgap + kzgap)ﬂRﬁLe wap Treap/t e Teeap e
€] z
— (Kap — Kogap i K ¥ ebuntn 1 (K — Ky gy lVom e 2 ntin]. ()
For z > Lyt
ihe 1 i(K k)2 p=ik o Lgap 7 ( 1+ - % ik =k )2 ik g Ly (- -
JzL—»R(Z) m ffL—StL [e RTRR)Z TR R gapl(sz _kZR) + rpe’VeRT R et R gapl(sz —|-sz)}
€ Zz
he 1 i(kle=k )2 ik Lap (1 -
S T g LS tpryefa )z enlen (ke + k). (€3)
Mgt L; '

In these expressions, the superscripts 4+ and — in k,; , k,z,
and k_.,, mean that these wave vectors are associated to
the state of the initial state (at higher energy) or to the
final state (at lower energy), respectively. Furthermore,
. + —_

in Egs. (C1) and (C3), we assume that kzL(R) + kzL<R) >

Ikt o —k

LR ~ Kl

(v)
K )

we need to integrate the product of the current density of

Egs. (C1)-(C3) at two points z and Z/, over all initial (with|

To calculate the cross-spectral density S; ; (z,7', @

arg(t) +arg(ry) — kzp Ly — (ki —kZ,)z

arg{j.;r(z)} ~ { const

wave vector k; ) and final (with wave vector k) states, as
indicated by Eq. (27). Crucially, to obtain strong correla-
tions at different points z and 7/, the relation between the
phases of the current density j.;_(z) at these two points
must be equal for all transitions between ¥ (z) and Wg(z)
states, so that contributions with different phases do not
cancel out with each other. For each transition, we obtain
the following phase relations of the current density over
space [75]:

z<0,
0 <2 < Ly, (C4)

m+arg(1) + arg(ry) + KLy + (kg —kig)z  Lgap <z,

where arg indicates the argument (or phase) of a complex
number. In the length scales of usual insulator gaps, the
argument of Eq. (C2) changes very slightly, and, thus,
we have considered in the derivation of Eq. (C4) that
it is constant over the gap region. Importantly, the
phase of the current density changes linearly with z
in the metals, due to the exponential terms eik k)2
and e'*x k) i Egs. (C1) and (C3), respectively.
Furthermore, the continuity of the wave functions
¥, (z) and Wg(z) implies that j_.; _(z) must be also
continuous. By defining { as the argument of the current
density in the two metal-insulator boundaries at the gap,
we rewrite Eq. (C4) as

arg{jz,LeR(Z)}
- (k;—L - kz_L>Z 70,
~ ¢ 0<z=< Ly (C5)

¢+ (k;_R - kz_R)(Z - Lgap) Lgap <z

An important consequence of Eq. (C5) is that the values
of arg{j.; _r(z)} are related in the two metals. Indeed, at
two points z and 7’ satisfying the condition

7= _k;R_kZR (Z/_L ) (C6)
- kKt — k- gap/»
zL zL
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the current density has the same argument. Considering a transition from an initial state of energy 7@ and parallel wave

vector kﬁ to a final state of corresponding values Aw® — hw

L —

e . el _ (1’) L
kjL — k= \/zmeff(hw : + EILV) _ |kﬂr|2 _ \/2meﬂ(ha) thH + EF) _ |k— 2

hZ

%’3 and ki, the denominator of Eq. (C6) is evaluated as

nlk/?

) E L A wel
_ mefzf F 1 + - _
V" EL

2megp

h2
o _ g () _ AP
1+hw thH 2meg
Ef

W | AT P=lkP)

Il
~ 2m€ffE§:" thH + 2megp
Vw2 EL

where in the last step we make a first-order Taylor
expansion under the assumption that the electronic energies
ho! — (h|K["[*/2me;) are considerably smaller than

the Fermi energy EL in the transitions considered.
Following the same calculation for kJ, — kZz, we obtain
the same expression of Eq. (C7) with the substitution
EL — ER + eVp. Accordingly, we can evaluate the frac-
tion in Eq. (C6), which leads to the condition

Ejf
= | = Lyp).
‘ ER+ev, ~Lew)

Notably, under the approximations considered in this appen-

dix, Eq. (C8) does not depend on the transition frequency w%’i

(C8)

and on the parallel wave vectors kﬁ and kﬂ of the initial

and final quantum states. This means that, for all possible
transitions from a state ¥ (z) to a state Wx(z), the current
density has a similar argument at points z and z that satisfy
Eq. (C8). Therefore, all transitions act constructively in the
integral of Eq. (27) at these two points, leading to a strong
peak in the correlations of the current density.

Last, we note that in Eq. (C6) we assume that the positions
satisfy the conditions z < 0 and 7z’ > 0. Thus, Eq. (C8) is
valid only in this region, as can be observed in Fig. 3(b). For
the z > 0 and 7' < O regions, on the other hand, we can
follow a similar argument starting from Eq. (C5), and we
obtain the second expression shown in Fig. 3(b), i.e.,

Ef:-

/

=—(z—L,, .
7 (Z gdp) EI;-—I—BVB

APPENDIX D: EXCITATION RATE OF THE
INTERMEDIATE VELOCITY MODE

(C9)

Figure 7 shows the emission rate of the intermediate
velocity SPP mode under varying bias potentials

, (C7)

(Vp=0.6, 1.2, 1.8, and 2.4 V), for a junction with
thicknesses L =10nm, L, =20nm, and Ly, = 3 nm.
The goal is to complete the results obtained for the fast and
slow SPP modes in the main text. The calculation with the

QDS (P(Q”gs, results shown by solid lines) in the complete
device reveals some oscillations as a function of the SPP
energy. These oscillations are due to constructive or
destructive interferences between the metal and gap con-
tributions, as we have already discussed for the slow and
fast modes. Curiously, the QDS predicts an overall smaller
power transferred to the intermediate velocity mode than

1.5x10%
* Bardeen's approximation
— Quantum device solution
& 1.0x10%
£
X
)
ENIN
Q
05x10  PTR2Y
V=06V (x4)
NS
0.0x10% e
0.0 0.5 1.0 15 2.0 2.5

hoig)) (eV)

FIG. 7. Spectral nonradiative power P“’”(fzw% )) per surface
area S of the junction caused by the excitation of the
intermediate velocity SPP mode, with thicknesses L, =
10 nm, L,, =20 nm, and L,,, = 3 nm [sketch in Fig. 4(a)]
and bias potentials Vz = 0.6 (orange), 1.2 (red), 1.8 (purple),
and 2.4 V (blue). Dots indicate the calculation using Bardeen’s
approximation, and the solid lines refer to the full calculation
within the QDS.
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Bardeen’s approximation (P](S"Q, results shown by dots).
This is the opposite behavior found for the slow and
fast modes (Figs. 5 and 6), where the QDS generally gives
a larger contribution than Bardeen’s approximation.
Furthermore, the intermediate velocity mode excitation
rate is much smaller than the slow mode excitation rate.
In addition, it can be coupled only radiatively by roughness
as opposed to the fast mode. Therefore, the intermediate
velocity mode is likely negligible regarding light emission
by a planar junction, so that the contribution of the metallic
electrodes can be expected to increase the total emission
rate once all SPP modes are considered.

APPENDIX E: SURFACE CONTRIBUTION IN
THE EXCITATION OF THE FAST MODE

In the QDS approach to calculate the SPP excitation rate
in planar junctions, we need to calculate the integral of
Eq. (18). The regions of this integral are delimited by the
volumes of the insulator gap (V) and of the metals
(V mer)- In most of the calculations of the main text [except
in Fig. 6(e)], we consider a local approach of electro-
magnetism to calculate the electric field of the SPPs.
This perspective implies that in the metallic regions
(inside the volume V) the system has a Drude permit-
tivity and that outside this region the permittivity is
constant and positive. Accordingly, the electromagnetic
fields drop strongly exactly at the interface between these
two regions, so that the electronic current interacts with
the electric field in the gap and the weaker electric field
inside the metallic regions, while it does not interact with
the strong electric fields in vacuum and in the substrate
(see Fig. 4).

However, according to the nonlocal theory of optical
response of metals, the tunneling electrons could interact
with the strong electric fields close to the metal-vacuum
boundary. To visualize this, we show in Fig. 8(a) a sketch
of the electronic density distribution close to this boun-
dary. As an example, we consider a simple jellium model
for the metal, where the ions create an uniform density of
positive charge (indicated by the blue area). This uniform
background leads to the calculation of the electronic
ground state density py(z) that decays gradually at the
boundary between the jellium charge density and vacuum
(gray region). po(z) indicates the region where the wave
functions of the tunneling electrons are well defined.
Regarding the fields at optical frequency, the disconti-
nuity of the normal fields takes place across a finite but
narrow region where an oscillating charge density is
induced. This region of strong induced charges is called
the centroid of charge. The position of the centroid
of charge does not coincide with the interface between
the jellium and vacuum. It can be either inside [case 1
indicated by pj,q;(z), brown curve] or outside [case 2
indicated by pj.a(z), green curve] the jellium edge,

(a) Pind1(2) Pindz(2)

background

Boundary of ionic

po(z)
(b) Emetal(w)
]‘z,LHR(z)
Emetal(w)
z
FIG. 8. (a) Schematics of the ground state density py(z) (gray)

and the induced charge densities for two different possible metals
[Pinai (z) in brown and p;,¢»(z) in green]. The dashed lines
indicate position of the centroid of the induced charge density
of the same color. The blue area indicates the steplike positive
charge background that is considered in the jellium model of
metals. (b) Schematics of the distribution of the electronic current
density j,;_(z) considered in the calculations (solid blue line),
up to the boundary of the ionic positive background. We also
show the spatial distribution of the permittivities (¢, for the
metal and €, for the insulator) considered in our nonlocal
approach for each pj,q(z) distribution shown in (a).

depending on the metal (inside for noble metals including
d-band excitations, such as Au or Ag, and outside for
s-like metals such as Na or Al). The positions of the
centroid of the charge density are highlighted by vertical
dashed lines in the figure. From the optical point
of view, a simple model to obtain the optical response
amounts to shifting the position of the metal interface to
the position given by the charge centroid. This shift is
given by the so-called Feibelman parameters [69-72].
The key point regarding the interaction between tunnel-
ing electrons and optical modes is that in case 1 (brown
curve) the tunneling electrons (present in the jellium) can
interact with an electric field lying outside the centroid of
charge and, therefore, much larger.

To account for this interaction, we use a very simple
approach. We consider that the electronic current is defined
in the region delimited by the metallic volume V. of the
ionic background in the jellium model, as shown by the
blue curve (current density j, ; ) and the blue area (ionic
background) in Fig. 8(b). On the other hand, when
calculating the electric fields of the SPPs, we assume that
the boundary between the metallic permittivity &yci (@)
and the vacuum permittivity is given by the centroid of the
induced charge density (as shown by brown and green).
Importantly, the boundary between permittivities generally
does not coincide with the integration boundary of Eq. (18)
given by V. (blue area), and the difference z, between
them lies within a few angstroms (in our calculations, V
extends outside the boundary between permittivities).
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In the calculations for Fig. 6(e), we perform the integral in
Eq. (18) by increasing its boundary along the z axis with
respect to the boundary between the metallic and vacuum
permittivities, and we show that with an increase of just a
few angstroms the calculated excitation rate of the fast
mode increases significantly.
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