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We study the role of non-Markovian effects in the emission spectrum of a quantum emitter resonantly coupled
to a surface plasmon in a metal-dielectric structure as the system transitions to strong coupling regime. By

using a recent quantum approach to interacting plasmons that incorporates the effects of host material’s optical
dispersion and losses in the coupling parameters, we obtain analytically the emission spectrum for a plasmonic
system of arbitrary shape with characteristic size below the diffraction limit. In the weak coupling regime, the
dispersion-induced non-Markovian effects are weak and do not significantly affect the spectral shape of the

emission peak. In contrast, in the strong coupling regime, the non-Markovian effects lead to dramatic changes in
the emission spectra by causing inversion of spectral asymmetry, as compared with classical and quantum models
based on the Markov approximation, which results in a strong enhancement of the lower frequency polaritonic

band, consistent with the experiment.

DOI: 10.1103/PhysRevB.105.245411

I. INTRODUCTION

The effects of strong coupling between surface plasmons
in metal-dielectric structures and excitons in semiconductors
or dye molecules have recently attracted considerable interest
driven by numerous potential applications including ultra-
fast reversible switching [1-3], quantum computing [4,5], or
light harvesting [6]. In the strong coupling regime, coherent
energy exchange between excitons and plasmons [7,8] leads
to the emergence of mixed polaritonic states with energy
bands separated by the anticrossing gap (Rabi splitting) [9].
While Rabi splittings in the emission spectra of excitons
coupled to cavity modes in semiconductor microcavities are
about several meV [10-12], they can reach hundreds meV in
hybrid plasmonic systems involving excitons in J aggregates
[13-20], in various dye molecules [21-25], or in semicon-
ductor nanostructures [26—29] resonantly coupled to surface
plasmons. For single excitons, however, reaching a strong
coupling regime is a challenging task as it requires extremely
small plasmon mode volumes that can mainly be achieved in
nanogaps [30-32].

At the same time, the shape of emission spectra in the
strong coupling regime remains an actively debated issue as
the relative spectral weight of polaritonic bands is determined
by several competing processes. In general, the emission spec-
trum of a hybrid system, characterized by (effective) dipole
moment p,, is oc|ps|2a)4 [9], where w is the emission fre-
quency, implying that, in the strong coupling regime, the
spectral band associated with upper-energy polaritonic state
should be relatively enhanced due to its higher radiation rate.
Such a spectral profile is, in fact, predicted by the widely
used classical model of two coupled oscillators (CO), in which
only one oscillator (plasmon) couples to the electromagnetic
(EM) field while the second (exciton) is treated as dark due
to its much smaller optical dipole moment [33-35]. How-
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ever, recent experiments for excitons resonantly coupled to
cavity modes in semiconductor microcavities [36—38] or sur-
face plasmons in metal-dielectric structures [39—42] reveal the
opposite asymmetry pattern characterized by enhanced lower
polaritonic band. For plasmonic systems, a shift of spectral
weight in the absorption and scattering spectra has been ob-
tained by including the Fano interference effects between the
plasmon’s and plasmon-induced exciton’s dipole moments;
however, a significant spectral weight shift would require an
extremely strong field confinement [43—45] or a large number
of excitons coupled to the plasmon [46]. At the same time, for
molecular excitons coupled to a cavity mode, in the absence
of strong field confinement in microcavities, the accurate
spectral weight of polaritonic bands in the emission spectra
is obtained, within quantum master-equation approach, by
incorporating excitations of vibronic modes that accompany
optical transitions [47-49].

At the same time, the effects of optical dispersion
and losses in metal-dielectric structures, characterized by a
frequency-dependent complex dielectric function e(w,r) =
g'(w,r) + ie” (w, r), are far more significant than for semicon-
ductor microcavities. Here we stress that the non-Markovian
effect in plasmonic systems are distinct from those emerging
from the interactions of quantum emitters (QEs) with the
reservoir of photon or phonon states [S0-55]. In the latter
cases, the QE interactions with the reservoir states give rise to
memory effects, which lead to nonexponential time evolution
of the emission signal and to its oscillations with characteristic
time depending on the QE-reservoir coupling. In contrast,
surface plasmons at metal-dielectric interfaces interact di-
rectly with the EM field via their own frequency-dependent
optical dipole moment u(w) (see below) that is much larger
than the QE dipole moment. Furthermore, in the strong cou-
pling regime, the QE-plasmon coupling is comparable to the
overall plasmon decay rate, which, e.g., for gold structures,

©2022 American Physical Society


https://orcid.org/0000-0001-5139-1097
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.105.245411&domain=pdf&date_stamp=2022-06-15
https://doi.org/10.1103/PhysRevB.105.245411

TIGRAN V. SHAHBAZYAN

PHYSICAL REVIEW B 105, 245411 (2022)

corresponds to &10 fs lifetime [56], implying that, close
to the transition point, observing non-Markovian effects for
plasmonic systems by means of time-resolved spectroscopy
represents a formidable challenge. However, as we show in
this paper, the dispersion-induced non-Markovian effects can
show up prominently in the optical spectra of plasmonic sys-
tems due to a rather nontrivial interplay between the metal
dielectric function’s real part &¢'(w, r) and its imaginary part
&"(w, r), which define, respectively, the plasmon coupling to
the EM field and the broad plasmon optical band. Specifically,
the strong frequency dispersion of ¢'(w, r), which originates
from the free-electron absorption is metals, can lead to a
prominent spectral weight redistribution between the lower-
and higher-frequency parts of the broad emission spectra. In
the strong coupling regime characterized by well-separated
polaritonic bands, such non-Markovian effects result, in fact,
in an inversion of spectral asymmetry as compared with the
Markovian calculations.

Note that the materials’ optical dispersion effects in optical
spectra cannot be described neither within the classical CO
model with phenomenological parameters nor within the mas-
ter equation approaches based on the canonical Hamiltonian
for plasmon modes as the latter is only valid in the Markov
approximation [57]. In principle, the dispersion effects can
be accounted for within the macroscopic quantum elec-
trodynamics approach based on the fluctuation-dissipation
theorem which involves the reservoir states of the entire
metal-dielectric structure [58—60]. However, the excessively
large Hilbert space of reservoir states that are extended over
the entire system volume makes it difficult, except for rela-
tively simple systems [61-69], to model quantum dynamics of
plasmons excited primarily at the metal-dielectric interfaces.
Another numerical approach to modeling of electromagnetic
excitations in metal-dielectric structures involves expansion
over a set of quasinormal modes [70-76].

In this paper, to elucidate the emergence of non-Markovian
effects in optical spectra of hybrid plasmonic systems, we
restrict ourselves to relatively small plasmonic systems with
characteristic size below the diffraction limit. To this end,
we employ a novel analytical quantum approach developed
in our recent paper [57] that treats localized plasmons as
electronic excitations interacting with QEs and the EM field.
In this approach, starting with macroscopic electrodynamics
quantization scheme [58-60], the system’s reservoir states
are projected upon localized plasmon modes, thereby reduc-
ing the full Hilbert space to a much more limited subspace
spanned by a discrete set of bosonic operators with linear
dispersion. Interactions of these projected reservoir modes
(PRMs) with QEs and the EM field are mediated by clas-
sical plasmons, while the coupling parameters are defined
explicitly by the plasmon local fields, system geometry and
frequency-dependent dielectric function of the host material
[57]. Using this approach, we address the role of dispersion-
induced non-Markovian effects in the emission spectrum of
a QE resonantly coupled to a localized surface plasmon in a
metal-dielectric structure as this system transitions to strong
coupling regime. We show that, in the weak coupling regime,
the non-Markovian effects are weak and do not significantly
affect the emission spectrum shape. However, as the sys-
tem transitions to strong coupling regime characterized by

distinct polaritonic bands, the non-Markovian effects dramat-
ically affect the emission spectrum by shifting the spectral
weight towards the lower polaritonic band, in striking con-
trast with Markov-approximation-based calculations. For a
QE near a plasmonic nanostructure of arbitrary shape but with
the characteristic size below the diffraction limit, we obtain an
explicit expression for the radiated power spectrum in terms
of frequency-dependent coupling parameters and elucidate
the relevant processes contributing to the emission. In the
strong coupling regime, we perform numerical calculations
for a QE situated near the tip of a gold nanorod illustrating
inversion of spectral asymmetry caused by dispersion-induced
non-Markovian effects.

The paper is organized as follows. In Sec. II we outline
our approach to interacting quantum plasmon and collect the
relevant formulas to be used in the following sections. In
Sec. III, we derive the emission power spectrum for a QE
resonantly coupled to a localized plasmon mode in a metal-
dielectric structure. In Sec. IV, we elucidate the processes
contributing to the emission spectrum in the weak coupling
regime. In Sec. V, we present our numerical results for the
emission spectrum of a QE near a Au nanorod as this hybrid
system transitions to the strong coupling regime. Section VI
concludes the paper. In the Appendix, some technical details
of our approach are elucidated.

II. QUANTUM APPROACH TO INTERACTING PLASMONS
IN METAL-DIELECTRIC STRUCTURES

In this section, we outline our recent approach to in-
teracting quantum plasmons in terms of discrete set of
bosonic modes with linear dispersion [57] (see also the Ap-
pendix). We consider N QEs with excitation frequency w,
and dipole moments u; = p.n; (n; is the dipole orienta-
tion of ith QE) situated at positions r; (i =1, ..., N) near
a metal-dielectric structure characterized by a complex di-
electric function &(w,r) = &'(w,r) + ie"(w, r). We assume
that the characteristic system size is much smaller than the
radiation wavelength, and so the structure supports localized
plasmon modes described by quasistatic Gauss’s equation
V - [e'(@p, r)VD,,(r)] = 0, where w,, is the plasmon mode
frequency and &,,(r) is the mode potential that defines the

mode electric field as E,,(r) = —V®,,(r), chosen to be real
here [56]. Since the classical plasmon mode energy is
1 Awme" (Wm, P)] »
Uy,=——- —F—E , 1
" 16m dwy, n(r) M

it is convenient to use instead the normalized fields E m(r) =
Jhwy, /4UE ,(r) to describe eigenmodes of quantum plas-
mons with energy /iw,, [57]. The Hamiltonian of a hybrid
QE-plasmon system interacting with the EM field is

ﬂ = I:ib + ﬁb—qe + ﬁb—em + ﬂqe + I:iqe—em- ()

Here, the first term,
A o0 AT ~
H, = / dohowb), (0)b,(®), 3)
2,

is the Hamiltonian for reservoir states projected upon the
plasmon modes, to be referred to as projected reservoir modes
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(PRMs), which are described by creation and annihilation
operators I;jn and b,,, respectively, obeying commutation re-
lations [b,,(w), b} ()] = 8md(@ — o).

The second term in the Hamiltonian (2) describes PRM
interactions with QEs and has the form

Aog=Y fo dollgm(@)6bu(@) + Hel, (@)

where 6; and &; are, respectively, the raising and lowering
operators for the ith QE and g, (@) = gimin(w) is QE-PRM
coupling. Here, g, = —M; ~Em(r,-)/h is the standard QE-
plasmon coupling, while the function A, (®) is given by [57]
(see Appendix)

o /Vm(w) i
() = 2t w—wy + %Vm(w)’ ©)

where y,,(w) is frequency-dependent nonradiative decay rate
of a plasmon mode; in structures with a single metal-
lic component, it has the standard form [56] y,(w) =
2e"(w)/[0€' (wn)/dw,,]. Importantly, the function A, (w) has
a plasmon pole in the complex-frequency plane, implying that
QE-PRM interactions are mediated by the classical plasmons
[57]. Specifically, the rate of energy transfer (ET) from an
excited QE to a plasmonic mode can be obtained in the first
order as

2 * / /N2 /
Yiem(®) = — dw'|hgim(@')|"é(he” — hw),  (6)
0

h
where the integral runs over PRM’s final states, yielding
Viom(@) = (N

(On — ) + 2y2(w)

At resonance w = w,,, we recover the relation between QE-
plasmon coupling and QE-plasmon ET rate as [7] g, =
YiemVm/4.

The third term in the Hamiltonian (2) describes PRM in-
teractions with the EM field. For a monochromatic field of
frequency w and amplitude E uniform on the system scale,
in the rotating wave approximation (RWA), this Hamiltonian
term has the form

Hyem=—Y / do'ld} (0, @) - Ee” b} (') + H.c.],
m Y0
®)

where d,, (v, @) = p,,(w)A, (") is optical transition matrix
element (star denotes complex conjugate). Here, u,,(®) =
f dVx'(w,nE, ) is optical dipole moment of the plas-
mon mode, defined by plasmonic structure’s susceptibility
x(w,r) = [e(w, r) — 1]/4m, which determines the frequency-
dependent plasmon radiative decay rate as

4,ufn ()
3hc3

where c¢ is the speed of light [77]. Note that, similar to
QE-PRM coupling, the factor A,,(@") implies that PRM inter-
actions with the EM field are mediated by classical plasmons,
i.e., for the EM field frequency close to a plasmon mode
frequency, the corresponding optical transition is resonantly
enhanced.

€))

vl (@) =

The last two terms in the Hamiltonian (2) are the standard
QE Hamiltonian

Hye = o, Zaj&i, (10

and the Hamiltonian term describing QEs’ interactions with
the EM field,

Hyeem = — Z(,L,. -Ee™™6] + He.). (11)

We stress that the coupling parameters, characterizing the
interactions of PRMs with QEs and the EM field, retain
frequency dependence of the material dielectric function in-
cluding both its real part [via u,,(w)] and imaginary part
[via y,u(w)]. In contrast, within the canonical quantization
scheme, these parameters are taken at the plasmon frequency,
ie., w = w, (Markov approximation) [57]. Note that, in
either approach, the QE-plasmon coupling g;,, is frequency-
independent and can be recast, in terms of the original mode
fields, in a cavity-like form,

2 2o 1 2[n; - E(r))?
RO T VD T LAV (wne')/don)E2

12)

where V! is the projected plasmon mode volume characteriz-
ing the plasmon field confinement at a point r; in the direction
n; [7,77,78]. In the following sections, we demonstrate that
non-Markovian effects due to dispersion of the above parame-
ters have profound effect on the emission spectra in the strong
coupling regime.

III. SPONTANEOUS EMISSION NEAR
A PLASMONIC NANOSTRUCTURE

In the following, we consider the emission spectrum for a
single QE situated near a plasmonic structure. If the QE emis-
sion frequency w, is close to a plasmon mode frequency w,,,
we can restrict ourselves to a single resonant plasmon mode.
To highlight the role of dispersion-induced non-Markovian
effects, we consider the case when only a single excitation
is present in the hybrid system and disregard any nonlin-
ear effects. Furthermore, surface plasmons normally interact
with excitons in quantum dots or dye molecules which can
be approximately described, if one ignores exciton’s inter-
nal structure, by simple bosonic operators ¢ and e’ obeying
[e, ef]=1. As we show below, even in this simple case,
non-Markovian effects due to optical dispersion of the metal
dielectric function can dramatically affects the emission spec-
trum as the system transitions to strong coupling regime.

A. The Hamiltonian and Heisenberg equations

Within quantum approach developed in the previous sec-
tion, in the absence of external field, the system is described
by the Hamiltonian

A= / dwhwb] ()b, (w) + hw,é'é
0

+ f dolligen(@)é bp(@) + Hel,  (13)
0
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where g (@) = gemAim(®w) is the QE-PRM coupling. Here,
8em = —M, - E,,(r.)/h is the QE-plasmon coupling that, in
terms of plasmon mode volume, is given by Eq. (12), while
Am(w) contains the plasmon pole [see Eq. (5)]. Hereafter, for a
single QE, the subscript i is replaced with e in all expressions.
Using the Hamiltonian (13), the Heisenberg equation for the
PRM operator is obtained as

il;m(t, w) = wb,(t, ) + qs,(@)é), (14)

while for QE operator, the Heisenberg equation is

i%ﬁﬂw—%ﬂﬂﬂﬁ/dwﬁw%mw,aﬁ
0

where we added the decay rate y, of an isolated QE.

We assume that at + = 0, only the QE is excited. Intro-
ducing the Laplace transforms of QE and PRM operators,
respectively, as é(w) = —ifooo dte®é(t) and l;m(a), o) =
—i fooo dte b, (t, '), where an infinitesimal positive imag-
inary part of w is implied, we integrate Eqgs. (14) and (15) to
obtain

_ @on(@)2(@)

bm(ws (,()/) ,
w — W

(16)

and, correspondingly,

40 = o)

where &y = é(t = 0). For brevity, we use the notations

h+/wmmmw%wwﬂ,<m
0

i i
Q. (w) = — w, + Eye’ Qu(w) =0 — oy + Eym(w)~

(18)
Eliminating b,, from Eq. (17) and employing the relation
0 )\m /\12 1
[ dar P (19)
0 w—w +i0 Q,(w)

where we used that |4, (0)* = 77'Im,,! (), we obtain a
closed equation for é(w)

! |:éo + Son
Qe(w) Qp(w)
Note that, strictly speaking, the real part of Eq. (19) (i.e.,
the Kramers-Kronig relation) should include the negative fre-
quency contribution as well; however, within the RWA, this
contribution is neglected. Solving Eq. (20), we obtain the QE
operator as

é(w) =

é(a))i| . (20)

Qn(w)éy
Qe(w)Qm(w) - g%m '
which, in turn, defines the PRM operator via Eq. (16).

é(w) =

2L

B. System dipole moment and emission spectrum

The hybrid plasmonic system interacts with the EM field
via the dipole moment operator p, = p, + p,, that includes
both QE and PRM contributions (in the RWA). From Eq. (21),
the QE dipole moment readily follows as p,(w) = p.é(w) =
p.(w)éy, where

RS2 (@)
Qe(@)Q(@) — &2,

p.(w) = (22)

Consider now the RPM dipole operator [see Eq. (8)]
o0 A
D) = / do'd,(w, @ )by, (w, 0, (23)
0
where d,,(w, @) = p,,(@)A, (o). Using Egs. (16), (19), and
(21), we obtain p,, (w) = p,,(w)éy, where

ZemMy (w)
Qo(@)Q() — &,

Combining Egs. (22) and (24), we obtain the system dipole
moment operator as p(w) = p,(w)éy, where

Pn(@) = (24)

() = Ko@) + ontty (@)
P = G (@) m(@) — &,

Turning to the emission spectrum, we note that if the char-
acteristic system size is smaller than the radiation wavelength
then system’s interaction with light can be treated similar to
that of a localized dipole p, situated at some point r, which,
for convenience, we set at the origin. The far field generated
by such a dipole is Es(w, r) = Dy(w;r)p,(w), where Dy(w;r)
is the free-space EM Green’s function. The spectral intensity
of emitted light detected at a remote point r is defined as
[63] S(w, r) = (c/4n*)(E(w, r) - B (, ), which, using the
above relation, takes the form

(25)

Muﬂ=£§&@mﬁ@@»ﬂw» (26)

The full radiated energy in unit frequency interval is ob-
tained by integrating S(w, r) over a remote spherical surface:
S(w) = rzfdQS(w;r) at r - oo (2 is solid angle). Us-
ing far-field asymptotics of the free-space EM Green’s
function Dy(w;r) = (w?/c*r)I — #)e’™ [9] and the relation
f dQfi = (4m /3)I, where 7 is the unit vector, it is straightfor-
ward to obtain

4 4

2 2
S(@) = 5z (py(@)  Pl(@) = 5

— Lo p@r @D

Finally, using Eq. (25), we obtain the emission spectrum:

20" | R (@) + Gemb(@) |
33| Qu(@)m(w) — &, |

The above expression is valid for a plasmonic structure of ar-
bitrary shape and composition provided that its characteristic
size is below the diffraction limit. Importantly, the emission
spectrum (28) accurately accounts for the metal dielectric
function’s dispersion incorporated in the plasmon’s induced
dipole moment u,,(w) and the decay rate y,,(w). Below we
demonstrate that dispersion-induced non-Markovian effects
strongly affect the emission spectrum in the strong coupling
regime.

S(w) =

(28)

IV. WEAK COUPLING REGIME: DRESSED EMITTER
VS PLASMONIC ANTENNA

We start with an analysis of the weak coupling regime.
In this regime, there are no distinct polaritonic bands, and
so the emission spectrum (28), which includes the QE and
plasmon contributions, represents a single peak. Consider first
the QE part, S.(w) = (2w4/3nc3)|pe(a))|2, where p,(w) can
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be presented as

"Le — ,"e
Q@) = &,/(@)  »— o (®)+ LiTc(w)
(29)

p.(w) =

Here I'.(w) = Y. + Yesm(w) is the QE full decay rate that
includes the QE-plasmon ET rate y,_.,,(w), given by Eq. (7),
while w)(w) = w, + dw,(w) is the interacting QE’s frequency
that now includes the frequency shift due to near-field cou-
pling between the QE and plasmon,

gim(w - wm)

: 30
(@n — @) + V(@) e

dwe(w) =

Then the QE contribution to the emission spectrum can be
written in the form

Ne(@)le(w)

, 31
|0 — @ (@) + LTo()|* ey

how
Se(w) = 5

where n.(w) = ye”‘d (w)/T.(w) is QE’s radiation efficiency;
here, ye’“d (w) = 42w’ /3hc3 is its free-space radiative decay
rate. Note that, in dye molecules or quantum dots, optical tran-
sitions are accompanied by phonon or vibron excitation and,
therefore, the emission spectrum (31) should be integrated
with the corresponding distribution function, so that, in the
weak coupling regime, the effective rate y, is typically much
greater than the frequency shift dw, [9]. Finally, the energy W,
radiated by the dressed QE is obtained by integrating S.(w)
over the entire frequency range,

m=fwuw=mWW4 (32)

implying that, near the plasmonic structure, W, is reduced due
to ET from the QE to plasmon.

Let us turn to plasmon’s contribution to the emission spec-
trum S,,(w) = (2a)4/37rc3)|pm(a))|2, where p,,(w) is given by
Eq. (24). In a similar way, using Eq. (7), we get

S (w) — h_w UM(a))ne»m(w)Fe(a))
' 2 o — wl(@) + ()]

(33)

where n,,(w) = y"’l“d (w)/yYm(w) is the plasmon radiation ef-

ficiency and 1 m(w) = Yersm(®)/T (@) is the QE-plasmon
ET efficiency. This contribution describes the plasmonic an-
tenna effect as the energy is transferred from the QE to
plasmon with efficiency 1., (@) and then radiated away with
efficiency 7,,(w). Accordingly, the full energy radiated by the
plasmonic antenna is determined by their product,

tm=/w&wﬁﬁ@wwmﬁm%> (34)

To estimate the relative importance of dressed QE’s and plas-
monic antenna’s contributions, we use Eqs. (32) and (34) to

present the ratio of their radiated energies as
Win

W, = IpNm, (35)

where F, = Yoo/ ¥/ is the Purcell factor that characterizes
ET from QE to plasmonic antenna. For large Purcell factors
indicating a highly efficient QE-plasmon ET, the light mainly
emanates from the antenna due to its much greater dipole
moment.

Note that in the Markov approximation and with phe-
nomenological coupling parameters, a similar expression for
the antenna spectrum (33) can obtained within a classical
coupled-oscillator (CO) model with one of the oscillators
(QE) considered dark due to its much smaller dipole mo-
ment [33]. In addition to the QE and plasmon contributions
discussed above, the emission spectrum (28) also includes
the interference between the plasmon and plasmon-induced
dipole moments. Although the QE dipole moment is typically
much smaller than the plasmon one, for small nanostructures
characterized by small antenna size, such an interference does
affect the spectral weight of polaritonic bands in the scat-
tering spectra [44]. In the following section, we demonstrate
that non-Markovian effects caused by the dielectric function
dispersion can dramatically affect the shape of emission spec-
trum in the strong coupling regime.

V. STRONG COUPLING REGIME
AND NON-MARKOVIAN EFFECTS

To describe the transition to strong coupling regime, we
perform numerical calculations for a QE situated at a distance
d from the tip of a Au nanorod in water with excitation
frequency in resonance with the surface-plasmon frequency,
i.e., w, = wy,. The nanorod was modeled by a prolate spheroid
with semimajor and semiminor axes a and b, respectively (see
insets in Figs. 1 and 2). Calculations were carried out for
two nanorods of overall length 2a = 20 nm and 2a = 10 nm,
while the aspect ratio was fixed at a/b = 3.0 to ensure the
same longitudinal plasmon frequency w,, for both nanorods.
The orientation of QE’s dipole moment g, was chosen along
the nanorod symmetry axis, and the Au experimental dielec-
tric function &(w) = &'(w) + ie” (w) was used throughout [79]
(the dielectric constant of water is &, = 1.77). For these pa-
rameters, the plasmon resonance wavelength is A, &~ 675 nm,
at which ¢”(w) reaches its smallest value; this, in turn, trans-
lates to maximal value of the local density of states (LDOS)
[80] that determines the QE-plasmon coupling strength [7].
We employed the standard spherical harmonics formalism for
calculation of local fields near the tip of a prolate spheroid
which, together with ¢(w), determine the plasmon parameters
Um (@), Ym(®), nm(w) and the QE-plasmon coupling g.,,. The
QE spectral linewidth y, was chosen as y,/y,, = 0.1 relative
to the plasmon decay rate y,,, and the QE radiative decay
time was chosen te’“d = 10ns, which are typical values for
excitons in quantum dots [34]. Note that the QE radiative
decay rate y/% is much smaller that its spectral linewidth,
which contains phonon or vibron contributions: for our system
we have ¥ /y, ~ 107,

Let us first illustrate the high sensitivity of plasmon pa-
rameters to the medium optical dispersion. In Fig. 1, we
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(a) a/b=3.0
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-====--a =5 nm - Markov

-0.1 0.0 0.1
(('0 - ('Om)/wm,

FIG. 1. (a) Frequency-dependent plasmon’s decay rate is
compared with its Markov approximation value (dashed line).
(b) Frequency-dependent plasmon’s radiation efficiency for nanorod
sizes 2a = 20 nm and 2a = 10 nm is compared with their Markov
approximation counterparts. Inset shows schematics of a Au nanorod
in water.

’o a/b=30 e a=>5nm
L e =177 =10 nm
5L
£ d €,
S . a o
El0f - glo v2
= ' 2a

o1 02 03 04 05
d/a

FIG. 2. Normalized QE-plasmon coupling is plotted against QE
distance d to the Au nanorod tip for nanorod sizes 2a = 20 nm and
2a = 10 nm. Inset shows schematics of a QE situated near a Au
nanorod in water.

plot the frequency-dependent decay rate y,,(w) and the ra-
diation efficiency n,,(w) calculated for Au nanorod lengths
2a =20 nm and 2a = 10 nm. For such parameters, the
plasmon radiative decay rate y.“(w), given by Eq. (9),
is much smaller than its nonradiative decay rate y,,(w) =
2&"(w)/[0€' (wp,)/dw,,], which does not depend on plasmonic
system’s size or shape. In this case, the full plasmon decay
rate, shown in Fig. 1(a), can be approximated by y,,(w) and,
hence, the plasmon radiative efficiency, shown in Fig. 1(b),
is (@) = 75 (@)/Yn(®). Note that y,(w) and y,*(w)
depend on ¢”(w) and &'(w), respectively, while 3% (w) ad-
ditionally includes the standard frequency factor o’ [see
Eq. (9)]. For comparison, we also show the Markov ap-
proximation results obtained by setting ¢(w) — &(w,,) while
keeping intact the above w* dependence in ¥/ (w).

It is clearly seen in Figs. 1(a) and 1(b) that both plas-
mon’s decay rate and radiation efficiency deviate from their
corresponding Markov approximation values. The dip in the
frequency dependence of y,(w), seen in Fig. 1(a), can be
traced to the minimum of &”(w) for Au at the plasmon wave-
length X, &~ 675 nm [79], as discussed above. However, for
the plasmon decay rate, the difference between y(w) and
its Markov approximation value y,, = y (w,,), shown by the
dashed line in Fig. 1(a), is not very significant within the
plasmon bandwidth ~4.5 x 10~2w,,. In contrast, the radia-
tion efficiency 7,,(w) changes substantially (by ~30%) in
the same frequency interval [see Fig. 1(b)]. Importantly, here
nm(w) exhibits the opposite behavior, as compared with the
Markov approximation result: it decreases as the frequency
o passes through the plasmon resonance w,,. This change of
behavior is due to frequency dependence of the metal suscep-
tibility in plasmonic frequency range, x'(w) o< w~2, leading
to ,ui(a)) o w™* and, hence, y,j;“d(a)) x /Li(w)aﬁ xw . In
fact, the precise behavior of 1,,(w) is more complicated due
to nonmonotonic frequency dependence of y,,(w). Note that
radiation efficiency for the longer nanorod (2a = 20 nm) is
significantly higher than for the shorter one (2a = 10 nm) due
to larger plasmon dipole moment in the former. As we show
below, the effect of metal’s optical dispersion on plasmon
radiation efficiency leads to dramatic changes in the shape of
emission spectra for hybrid plasmonic systems in the strong
coupling regime.

In Fig. 2, we include a QE situated at a distance d from
the nanorod tip with its dipole moment oriented along the
nanorod symmetry axis and plot the distance dependence of
normalized coupling parameter g, calculated using Eq. (12).
The overall magnitude of QE-plasmon coupling is signif-
icantly larger for shorter (2a = 10 nm) nanorod due to a
much stronger field confinement near smaller nanostructures
[77]. With decreasing d, as QE approaches hot spot near the
tip, the coupling g., reaches values ~y,,/4, implying that
the hybrid system transitions to strong coupling regime [7].
Note that although, for the smaller nanorod, the coupling
Zem 18 considerably stronger, its radiation efficiency is signif-
icantly lower [see Fig. 1(a)]; together, these effects give rise
to the interference between QE and plasmon optical dipoles
which affects the shape of emission spectra, as we discuss
below.

In Figs. 3 and 4, we show the emission spectra for a
QE near the Au nanorod of overall length 2a = 20 nm. In
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FIG. 3. Normalized emission spectra for nanorod size 2a =
20 nm obtained in the Markov approximation are shown at several
values of d for (a) plasmonic system with both plasmon and QE
dipoles coupled to the radiation field and (b) CO model with only
plasmon dipole coupled to the radiation field.

Fig. 3(a), we present the results obtained in the Markov ap-
proximation, i.e., by setting e(w) — &(w,,) and, accordingly,
Vi = Ym(wp) and @, = w,(w,,) in Eq. (28). For comparison,
in Fig. 3(b), we show same emission spectra but for QE
uncoupled from the radiation field (i.e., for u, = 0), which
is equivalent to the CO model [33,34] albeit with micro-
scopic coupling parameters. As the QE approaches hot spot
near the tip, the system undergoes transition to strong cou-
pling regime signaled by the emergence of Rabi splitting
between polaritonic bands. In both cases, the emission spectra
show a distinct asymmetry pattern as the upper (higher fre-
quency) polaritonic band is enhanced relative to the lower
one. Such an asymmetry is caused by the standard prefac-
tor * in the emission spectrum (28) which reflects a faster
emission rate for higher-energy transitions. The asymmetry is
strongest in the CO model approximation [see Fig. 3(b)], i.e.,
if only the plasmon’s dipole radiates; since, in the Markov

150 L Full spectrum

100 |

5/5,

50

100 |

5/5,

FIG. 4. Normalized emission spectra for nanorod size 2a =
10 nm are shown at several values of d for (a) plasmonic system with
both plasmon and QE coupled to the radiation field and (b) plasmonic
antenna contribution only. Inset shows schematics of a QE near the
Au nanorod tip.

approximation, the plasmon’s dipole moment stays un-
changed across its bandwidth, the mixed state with higher
energy radiates with a faster rate. In Fig. 3(a), the asymmetry
is somewhat reduced due to the interference effects between
QE’s and plasmon’s optical dipoles. However, for a not very
small nanorod, the plasmon-induced QE dipole moment is
still much smaller than the plasmon dipole moment, so that, in
the Markov approximation, the upper polaritonic band carries
a larger spectral weight.

In Fig. 4(a), we show the results of full calculations
incorporating frequency-dependent metal dielectric function
carried for the same sets of parameters as in Fig. 3. For
comparison, in Fig. 4(b), we show only the plasmonic an-
tenna contribution obtained by setting p, = 0 in Eq. (28).
The striking difference between the emission spectra shown
in Fig. 4 and in Fig. 3 is the inversion of asymmetry pattern as
the main spectral weight now rests with the lower polaritonic
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FIG. 5. Normalized emission spectra for nanorod size 2a =
10 nm obtained in the Markov approximation are shown at several
values of d for (a) plasmonic system with both plasmon and QE
coupled to the radiation field and (b) CO model with only plasmon
dipole coupled to the radiation field.

band. Such a shift of spectral weight can be traced to the
effect of metal dispersion on plasmon’s optical dipole moment
Um(w) which results in the suppression of plasmon radiation
efficiency for higher frequencies, in contrast with the Markov
approximation result [see Fig. 1(b)]. While the asymmetry
inversion is clearly visible in the plasmonic antenna spectra
[see Fig. 4(b)], it is even more pronounced in the full spectra
[see Fig. 4(a)] because the interference effects between the QE
and plasmon optical dipoles further shift the spectral weight
towards lower polaritonic band.

In Figs. 5 and 6, we show the results of our calcula-
tions for smaller nanorod (2a = 10 nm) characterized by a
stronger field confinement near the tip and, accordingly, a
stronger QE-plasmon coupling [see Fig. 2]. Apart from a
considerably larger Rabi splitting, the main distinction of
these emission spectra from those for a larger nanorod is a
noticeably weaker asymmetry for spectra calculated in the

90 | Full spectrum d/a=04

ot
T

20 L

15 |

S/5,

FIG. 6. Normalized emission spectra for nanorod size 2a =
10 nm are shown at several values of d for (a) plasmonic system with
both plasmon and QE coupled to the radiation field and (b) plasmonic
antenna contribution only. Inset shows schematics of a QE near the
Au nanorod tip.

Markov approximation [compare Figs. 3(a) and 5(a)]. In fact,
for intermediate coupling (dashed line), the lower polari-
tonic band is slightly enhanced [see Fig. 5(a)]. This can be
traced to a combined effect of enhanced plasmon-induced
QE dipole moment and reduced plasmon dipole moment,
both taking place due to small nanorod size, which gives rise
to the interference between plasmon’s and plasmon-induced
QE’s optical dipoles. A similar interference-induced spec-
tral weight shift was recently reported in the weak coupling
regime for exciton-induced transparency in scattering spectra
[44].

In Figs. 6(a) and 6(b), we show the emission spectra for full
system and plasmonic antenna, respectively, calculated with
frequency-dependent metal dielectric function. The asymme-
try is more pronounced in Fig. 6(a), where the spectral weight
shift is also facilitated by interference effects. In all cases,
the main spectral weight in the emission spectra of a hybrid
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system firmly rests with the lower polaritonic band, indicating
the dominant role of non-Markovian effects in the strong
coupling regime.

VI. CONCLUSIONS

We have studied non-Markovian effects in hybrid plas-
monic systems which emerge from optical dispersion of the
host material’s complex dielectric function. We have found
that the emission spectrum of a quantum emitter resonantly
coupled to a surface plasmon in a metal-dielectric structure
develops a distinct asymmetry pattern as the system transi-
tions to strong coupling regime. By using a novel quantum
approach to interacting plasmons that retains the effects of
optical dispersion in the coupling parameters [57], we derived
an analytical expression for the system emission spectrum
for a plasmonic system of arbitrary shape with characteristic
size below the diffraction limit. We analyzed both weak cou-
pling and strong coupling regimes to elucidate the processes
involved in the emission of a photon by an excited emitter
placed near a plasmonic structure. We found that, in the weak
coupling regime, the non-Markovian effects are weak and do
not significantly affect spectral shape of the emission peak. In
contrast, in the strong coupling regime, non-Markovian effects
dramatically affect the shape of emission spectra by causing
an inversion of spectral asymmetry, as compared with that pre-
dicted in classical and quantum models based on the Markov
approximation, by shifting main spectral weight toward the
lower polaritonic band.
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APPENDIX: QUANTUM APPROACH TO INTERACTING
PLASMONS IN METAL-DIELECTRIC STRUCTURE

1. Classical plasmon modes

We consider QEs situated near a plasmonic metal-
dielectric structure characterized by a complex dielectric
function &(w, r) = &'(w,r) + is”(w, ¥). We assume that the
characteristic system size is much smaller than the radi-
ation wavelength, and so the structure supports localized
plasmon modes described by quasistatic Gauss’s equation
V - [e/(wp, r)V®,,(r)] = 0, where ®,,(r) is the mode poten-
tial, chosen to be real here, which defines the mode electric
fields as E,,(r) = —V®,,(r), and w,, is the plasmon mode
frequency. In such structures, the plasmon lifetime is mainly
determined by the Ohmic losses in metal incorporated in the
classical plasmon Green’s function tensor [77,80]

E(r)E,(r')

W

D, (w;r,r) = . , Al
pl( ) ; 4Um Wy — W — %ym(w) ( )
where U, is the plasmon mode energy [81],
1 3 m ! mos
Uy = — f gy Aome @nDlpa () (g
167 dwy,

and y,,(w) is the frequency-dependent decay rate,

2 [dVe" (o, rE2(r)
[dVI3e (@, 1)/d0nEZ(r)

Ym(w) = (A3)

In structures with single-metal components, the decay rate is
[56] ym(w) = 2&"(w)/[0€ (@) /0wy ].

2. Describing quantum plasmons by projected reservoir modes

To transition from the classical to quantum description of
plasmons, we recall that in the macroscopic electrodynamics
approach [58—60], the electric-field operator is defined as

o0
E@r) = / dw / dV'D(w;r, F)Py(w,F)+Hec., (A4)
0

where f’N(a),r)z(i/2n)«/he”(w,r)f(w,r) is the reser-
voir noise polarization vector operator and D(w;r,r’) is
the classical electromagnetic Green’s function. The noise
operators f(w,r) are driven by the Hamiltonian Hy =

Jo do [ dVan)fT(a), r)- f(w,r) and obey the commutation

relations [f(w, r), f (o, F)] = I8(w — &' )8(r — r'), where I
is the unit tensor. Then, the plasmon mode expansion of the
electric field operator is obtained by inserting the plasmon
Green’s function (Al) into Eq. (A4). The result can be pre-
sented in the form [57]

Eyr =) / " (@@ @) + He.,  (AS)
m 0

where E,,(r) = «/Tiwy /4U,E ,(r) is normalized mode field,
Am(w) is a complex function of the form

A (0)) — lym(w) [
" 27[ w — Wy + %ym(a))’

which has a plasmon pole in the complex-frequency plane,
and the operator b,,(w) is defined by projecting the reservoir
noise operator f(w, r) on a plasmon mode as

S AV @, NENT) - Fo,7)
[/ dVe' (o, nEL@)]"

(A6)

bp(w) = (A7)

Commutation relations for projected reservoir mode (PRM)
operators b, (w) follow from those for f(w, r),

[bn(), B(@)] = 8ymd(w — ), (A3)
while their time-evolution is driven by the Hamiltonian
o0
By=>" / dwhwb] ()b, (w), (A9)
— Jo

where we used the relation [dVe"(w,r)E,(r)-E,(r)=0
for m # n, which reflects the absence of dissipation-induced
coupling between the plasmon modes [57]. In this way, the
excessive degrees of freedom of full reservoir Hilbert space
are eliminated and the plasmon dynamics is driven by the
Hamiltonian (A9) in the reduced Hilbert space spanned by the
PRM operators Bm ().

The above approach can be further related to the canoni-
cal quantization scheme by defining the plasmon annihilation
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operators as [57] a,, = fooo dwkm(a))lsm(a)), so that the field
operator (AS5) has the normal-mode expansion of the form
Epl(r) = Zm[&mEm(r) + H.c.]. Furthermore, with help of
Eq. (A8), the canonical commutation relations [y, &Z] = S
can be proven in the Markov approximation by ignoring
the dielectric function dispersion, i.e., by setting w = w,,
in &(w, r). Using the normal-mode expansion, the canonical
plasmon Hamiltonian Hy = ) hw,a;,a,, can be derived as
well together with the plasmon coupling to QEs and the elec-
tromagnetic field [57]. However, the canonical quantization
scheme is valid only in the Markov approximation and, hence,
is not suitable for describing any effects sensitive to strong
optical dispersion and losses in metals.

3. Interactions with quantum emitters

The interactions between plasmons and QEs, which are
described by two-level systems with the excitation fre-
quency w, positioned at r;, are defined by the Hamiltonian
term ﬁpl_qe =—>,D -Epl(ri), where p; = ;Li(éf + 6;) is
the QE dipole moment. Here, and u; = p.n; is the transition
matrix element (n; is dipole orientation). Using the mode
expansion for plasmon field operator (AS), the coupling
Hamiltonian in the rotating wave approximation (RWA) takes
the form

o0
Frge =Y [ dolhgu@)bu@ +Hel. (10
im 0

where gi(®) = gimAn(w) is the QE-PRM coupling. Here,
Am(w) is given by Eq. (A6) and gi,, = —p; - E,,(r;)/ 1 is the
standard QE-plasmon coupling. Note that in terms of the
original mode fields, the QE-plasmon coupling can be recast
in a cavity-like form

2 _ znﬂzwm L: 2[","Em(r[)]2
"R T YD [aVd(wne)/dwnlEX

. (ALD

where V() is the projected plasmon mode volume [77,78],
which characterizes the plasmon field confinement at a point
r; in the direction n;. To establish a connection to classical
enhancement effects, we note that the rate of energy trans-
fer (ET) from an excited emitter to the plasmonic system is
given by the first-order probability rate I'y(w) = >, Viem(@),
where

2 o0
Vim(@) = 7 / 460 i (@) 28 (e’ — ), (A12)
0

and the integral runs over the PRM’s final states. Evaluating
the integral, we obtain

& Vm(®)

(a)m - w)Z + %Vy%(w) ’

Yiem(@) = 2185, |Am(@)* = (A13)

where we used Eq. (A6). In fact, the above expression rep-
resents the ET rate from a QE to plasmons evaluated, in
a standard way, using the classical plasmon Green’s func-
tion (Al) as I'i(w) = 2/W)Im[wDpi(w;r;, ri)p;], implying
that QE-PRM interactions are mediated by classical plasmons
absorbing the QE energy. At resonance w = w,,, we recover

the relation between the QE-plasmon ET rate and the QE-
plasmon coupling as [7] ¥j—m = 4g,2-m /Y-

4. Interactions with the electromagnetic field

The coupling to the EM field E(t) is described by
the Hamiltonian term H;,, = —Re f dVE pl(r) - P(t, r), where
P = {E is the induced polarization vector and (¢, r) is the
plasmonic system susceptibility. For a monochromatic field of
frequency w which is uniform on the system scale, using the
mode expansion for the electric-field operator (A5), we obtain
in the RWA

o0
Byom = — Z / do'[d’ (w, ') - Ee"' b} (') + H.c.],
m 0

(Al4)
where d,,(w, @) = p,,(@)Ay (') is PRM-EM transition ma-
trix element and u,,(w) = deX’(a),r)Em(r) is the plas-
mon optical dipole moment that determines its frequency-
dependent radiative decay rate as [77]

4;1,,2" (w)®
3hc3

where c is the speed of light. The rate of EM field energy
absorption has the form

Yot (w) = : (A15)

2 o0
Ly) =2 / dold (o, ) - EPS(h — i), (A16)
0
which, after evaluating the integral, can be presented as

T(w) = %Im[E*ocm(a))E]. (A17)

Here, «,,(w) is the optical polarizability tensor of a plasmon
mode that defines its response to an external field,

I w(op,(w)

o) = — - y
( ) ha)m —w— éym(w)

(A18)

and the full absorption rate is obtained by summing over
all PRM modes as T'pi(w) = (2/B)Im[E*ay(w)E], where
ap(w) = > om(w) is full optical polarizability of the plas-
monic structure [77]. Thus, within this approach, the classical
effect of resonant light absorption by surface plasmons is
recovered from the Hamiltonian (A14) in the first order. We
stress that, in contrast to canonical quantization scheme, here
the optical dispersion of dielectric function is controlled by
the incident light.

Finally, the system Hamiltonian should be supplemented
by the QE Hamiltonian

qu = ha)e 6;6’,‘

i

(A19)

and the Hamiltonian term describing QEs’ interactions with
the EM field,

Hyeem = — Z(”i -Ee™ 4! + He).
The full Hamiltonian H = Hy + Hy—qe + Ho—em + Hye +

Hge_em provides a starting point for studying non-Markovian
effects in hybrid plasmonic systems.

(A20)

245411-10



NON-MARKOVIAN EFFECTS FOR HYBRID PLASMONIC ...

PHYSICAL REVIEW B 105, 245411 (2022)

[1] T. Schwartz, J. A. Hutchison, C. Genet, and T. W. Ebbesen,
Phys. Rev. Lett. 106, 196405 (2011).

[2] A.-L.Baudrion, A. Perron, A. Veltri, A. Bouhelier, P.-M. Adam,
and R. Bachelot, Nano Lett. 13, 282 (2013).

[3] L. Lin, M. Wang, X. Wei, X. Peng, C. Xie, and Y. Zheng,
Nano Lett. 16, 7655 (2016).

[4] S. Sun, H. Kim, G. S. Solomon, and E. Waks, Nat. Nanotechnol.
11, 539 (2016).

[5] L. De Santis, C. Anton, B. Reznychenko, N. Somaschi, G.
Coppola, J. Senellart, C. Gomez, A. Lemaitre, I. Sagnes,
A. G. White, L. Lanco, A. Auffeves, and P. Senellart,
Nat. Nanotechnol. 12, 663 (2017).

[6] A. Tsargorodska, M. L. Cartron, C. Vasilev, G. Kodali, O. A.
Mass, J. J. Baumberg, P. L. Dutton, C. N. Hunter, P. Térmi, and
G. J. Leggett, Nano Lett. 16, 6850 (2016).

[7] T. V. Shahbazyan, Nano Lett. 19, 3273 (2019).

[8] C. Tserkezis, A. I. Fernandez-Dominguez, P. A. D. Goncalves,
F. Todisco, J. D. Cox, K. Busch, N. Stenger, S. 1. Bozhevolnyi,
N. A. Mortensen, and C. Wolff, Rep. Prog. Phys. 83, 082401
(2020).

[91 L. Novotny and B. Hecht, Principles of Nano-Optics
(Cambridge University Press, New York, 2012).

[10] J. P. Reithmaier, G. Sek, A. Loffler, C. Hofmann, S. Kuhn, S.
Reitzenstein, L. V. Keldysh, V. D. Kulakovskii, T. L. Reinecke,
and A. Forchel, Nature (London) 432, 197 (2004).

[11] G. Khitrova, H. M. Gibbs, M. Kira, S. W. Koch, and A. Scherer,
Nat. Phys. 2, 81 (2006).

[12] K. Hennessy, A. Badolato, M. Winger, D. Gerace, M. Atatiire,
S. Gulde, S. Filt, E. L. Hu, and A. Imamoglu, Nature (London)
445, 896 (2007).

[13] J. Bellessa, C. Bonnand, J. C. Plenet, and J. Mugnier, Phys. Rev.
Lett. 93, 036404 (2004).

[14] Y. Sugawara, T. A. Kelf, J. J. Baumberg, M. E. Abdelsalam, and
P. N. Bartlett, Phys. Rev. Lett. 97, 266808 (2006).

[15] G. A. Wurtz, P. R. Evans, W. Hendren, R. Atkinson, W.
Dickson, R.J. Pollard, A. V. Zayats, W. Harrison, and C. Bower,
Nano Lett. 7, 1297 (2007).

[16] N. T. Fofang, T.-H. Park, O. Neumann, N. A. Mirin, P.
Nordlander, and N. J. Halas, Nano Lett. 8, 3481 (2008).

[17] J. Bellessa, C. Symonds, K. Vynck, A. Lemaitre, A. Brioude,
L. Beaur, J. C. Plenet, P. Viste, D. Felbacq, E. Cambril, and P.
Valvin, Phys. Rev. B 80, 033303 (2009).

[18] A. E. Schlather, N. Large, A. S. Urban, P. Nordlander, and N. J.
Halas, Nano Lett. 13, 3281 (2013).

[19] W. Wang, P. Vasa, R. Pomraenke, R. Vogelgesang, A. De Sio,
E. Sommer, M. Maiuri, C. Manzoni, G. Cerullo, and C. Lienau,
ACS Nano 8, 1056 (2014).

[20] G. Zengin, M. Wersill, S. Nilsson, T. J. Antosiewicz, M. Kall,
and T. Shegai, Phys. Rev. Lett. 114, 157401 (2015).

[21] T. K. Hakala, J. J. Toppari, A. Kuzyk, M. Pettersson, H.
Tikkanen, H. Kunttu, and P. Torma, Phys. Rev. Lett. 103,
053602 (2009).

[22] A. Berrier, R. Cools, C. Arnold, P. Offermans, M. Crego-
Calama, S. H. Brongersma, and J. Gomez-Rivas, ACS Nano 5,
6226 (2011).

[23] A. Salomon, R. J. Gordon, Y. Prior, T. Seideman, and M.
Sukharev, Phys. Rev. Lett. 109, 073002 (2012).

[24] A. De Luca, R. Dhama, A. R. Rashed, C. Coutant, S. Ravaine,
P. Barois, M. Infusino, and G. Strangi, Appl. Phys. Lett. 104,
103103 (2014).

[25] V. N. Peters, T. U. Tumkur, Jing Ma, N. A. Kotov, and M. A.
Noginov, Opt. Express 24, 25653 (2016).

[26] P. Vasa, R. Pomraenke, S. Schwieger, Y. I. Mazur, V. Kunets,
P. Srinivasan, E. Johnson, J. E. Kihm, D. S. Kim, E. Runge,
G. Salamo, and C. Lienau, Phys. Rev. Lett. 101, 116801
(2008).

[27] D. E. Gomez, K. C. Vernon, P. Mulvaney, and T. J. Davis,
Nano Lett. 10, 274 (2010).

[28] D. E. Gomez, S. S. Lo, T. J. Davis, and G. V. Hartland, J. Phys.
Chem. B 117, 4340 (2013).

[29] A. Manjavacas, F. J. Garcia de Abajo, and P. Nordlander,
Nano Lett. 11,2318 (2011).

[30] H. GroB, J. M. Hamm, T. Tufarelli, O. Hess, and B. Hecht,
Sci. Adv. 4, eaar4906 (2018).

[31] K.-D. Park, M. A. May, H. Leng, J. Wang, J. A. Kropp, T.
Gougousi, M. Pelton, and M. B. Raschke, Sci. Adv. 5, eaav5931
(2019).

[32] J.J. Baumberg, J. Aizpurua, M. H. Mikkelsen, and D. R. Smith,
Nat. Mater. 18, 668 (2019).

[33] X. Wu, S. K. Gray, and M. Pelton, Opt. Express 18, 23633
(2010).

[34] H. Leng, B. Szychowski, M.-C. Daniel, and M. Pelton,
Nat. Commun. 9, 4012 (2018).

[35] M. Pelton, S. D. Storm, and H. Leng, Nanoscale 11, 14540
(2019).

[36] N. Christogiannis, N. Somaschi, P. Michetti, D. M. Coles, P. G.
Savvidis, P. G. Lagoudakis, and D. G. Lidzey, Adv. Opt. Mater.
1, 503 (2013).

[37] J. George, S. Wang, T. Chervy, A. Canaguier-Durand, G.
Schaeffer, J.-M. Lehn, J. A. Hutchison, C. Genet, and T. W.
Ebbesen, Faraday Discuss. 178, 281 (2015).

[38] A. Shalabney, J. George, J. Hutchison, G. Pupillo, C. Genet, and
T. W. Ebbesen, Nat. Commun. 6, 5981 (2015).

[39] M. Wersill, J. Cuadra, T. J. Antosiewicz, S. Balci, and T.
Shegai, Nano Lett. 17, 551 (2017).

[40] M. Wersill, B. Munkhbat, D. G. Baranov, F. Herrera, J. Cao,
T. J. Antosiewicz, and T. Shegai, ACS Photon. 6, 2570 (2019).

[41] D. Zheng, S. Zhang, Q. Deng, M. Kang, P. Nordlander, and H.
Xu, Nano Lett. 17, 3809 (2017).

[42] J. Wen, H. Wang, W. Wang, Z. Deng, C. Zhuang, Y. Zhang, F.
Liu, J. She, J. Chen, H. Chen, S. Deng, and N. Xu, Nano Lett.
17, 4689 (2017).

[43] S.-J. Ding, X. Li, F. Nan, Y.-T. Zhong, L. Zhou, X. Xiao, and
Q.-Q. Wang, Phys. Rev. Lett. 119, 177401 (2017).

[44] T. V. Shahbazyan, Nanophotonics 10, 3735 (2021).

[45] F. Shen, Z. Chen, L. Tao, B. Sun, X. Xu, J. Zheng, and J. Xu,
ACS Photon. 8, 212 (2021).

[46] Z. Scott, S. Muhammad, and T. V. Shahbazyan, J. Chem. Phys.
156, 194702 (2022).

[47] J. del Pino, J. Feist, and F. J. Garcia-Vidal, New J. Phys. 17,
053040 (2015).

[48] T. Newman and J. Aizpurua, Optica 5, 1247 (2018).

[49] A. Settineri, V. Macri, A. Ridolfo, O. Di Stefano, A. F. Kockum,
F. Nori, and S. Savasta, Phys. Rev. A 98, 053834 (2018).

[50] Y.-N. Chen, G.-Y. Chen, Y.-Y. Liao, N. Lambert, and F. Nori,
Phys. Rev. B 79, 245312 (2009).

[51] N. S. Averkiev, M. M. Glazov, and A. N. Poddubnyi, J. Exp.
Theor. Phys. 108, 836 (2009).

[52] A. Gonzalez-Tudela, F. J. Rodriguez, L. Quiroga, and C.
Tejedor, Phys. Rev. B 82, 115334 (2010).

245411-11


https://doi.org/10.1103/PhysRevLett.106.196405
https://doi.org/10.1021/nl3040948
https://doi.org/10.1021/acs.nanolett.6b03702
https://doi.org/10.1038/nnano.2015.334
https://doi.org/10.1038/nnano.2017.85
https://doi.org/10.1021/acs.nanolett.6b02661
https://doi.org/10.1021/acs.nanolett.9b00827
https://doi.org/10.1088/1361-6633/aba348
https://doi.org/10.1038/nature02969
https://doi.org/10.1038/nphys227
https://doi.org/10.1038/nature05586
https://doi.org/10.1103/PhysRevLett.93.036404
https://doi.org/10.1103/PhysRevLett.97.266808
https://doi.org/10.1021/nl070284m
https://doi.org/10.1021/nl8024278
https://doi.org/10.1103/PhysRevB.80.033303
https://doi.org/10.1021/nl4014887
https://doi.org/10.1021/nn405981k
https://doi.org/10.1103/PhysRevLett.114.157401
https://doi.org/10.1103/PhysRevLett.103.053602
https://doi.org/10.1021/nn201077r
https://doi.org/10.1103/PhysRevLett.109.073002
https://doi.org/10.1063/1.4868105
https://doi.org/10.1364/OE.24.025653
https://doi.org/10.1103/PhysRevLett.101.116801
https://doi.org/10.1021/nl903455z
https://doi.org/10.1021/jp306830s
https://doi.org/10.1021/nl200579f
https://doi.org/10.1126/sciadv.aar4906
https://doi.org/10.1126/sciadv.aav5931
https://doi.org/10.1038/s41563-019-0290-y
https://doi.org/10.1364/OE.18.023633
https://doi.org/10.1038/s41467-018-06450-4
https://doi.org/10.1039/C9NR05044B
https://doi.org/10.1002/adom.201300017
https://doi.org/10.1039/C4FD00197D
https://doi.org/10.1038/ncomms6981
https://doi.org/10.1021/acs.nanolett.6b04659
https://doi.org/10.1021/acsphotonics.9b01079
https://doi.org/10.1021/acs.nanolett.7b01176
https://doi.org/10.1021/acs.nanolett.7b01344
https://doi.org/10.1103/PhysRevLett.119.177401
https://doi.org/10.1515/nanoph-2021-0246
https://doi.org/10.3390/photonics8060212
https://doi.org/10.1063/5.0083197
https://doi.org/10.1088/1367-2630/17/5/053040
https://doi.org/10.1364/OPTICA.5.001247
https://doi.org/10.1103/PhysRevA.98.053834
https://doi.org/10.1103/PhysRevB.79.245312
https://doi.org/10.1134/S1063776109050124
https://doi.org/10.1103/PhysRevB.82.115334

TIGRAN V. SHAHBAZYAN

PHYSICAL REVIEW B 105, 245411 (2022)

[53] I. Thanopulos, V. Yannopapas, and E. Paspalakis, Phys. Rev. B
95, 075412 (2017).

[54] T. Moradi, M. B. Harouni, and M. H. Naderi, Sci. Rep. 8, 12435
(2018).

[55] Y.-X. Zhang, Y. Zhang, and K. Molmer, ACS Photon. 6, 871
(2019).

[56] M. 1. Stockman, in Plasmonics: Theory and Applications, edited
by T. V. Shahbazyan and M. I. Stockman (Springer, New York,
2013).

[57] T. V. Shahbazyan, Phys. Rev. B 103, 045421 (2021).

[58] H. T. Dung, L. Knoll, and D.-G. Welsch, Phys. Rev. A 57, 3931
(1998).

[59] L. Kndll, S. Scheel, and D.-G. Welsch, QED in dispersing and
absorbing media, in Coherence and Statistics of Photons and
Atoms, edited by J. Perina (Wiley, New York, 2001), p. 1.

[60] T. G. Philbin, New J. Phys. 12, 123008 (2010).

[61] H. T. Dung, L. Knoll, and D. G. Welsch, Phys. Rev. A 62,
053804 (2000).

[62] D. Dzsotjan, A. S. Sorensen, and M. Fleischhauer, Phys. Rev. B
82, 075427 (2010).

[63] F. Alpeggiani, S. D’ Agostino, and L. C. Andreani, Phys. Rev. B
86, 035421 (2012).

[64] C. Van Vlack, P. T. Kristensen, and S. Hughes, Phys. Rev. B 85,
075303 (2012).

[65] R.-C. Ge, C. Van Vlack, P. Yao, J. F. Young, and S. Hughes,
Phys. Rev. B 87, 205425 (2013).

[66] J. Hakami, L. Wang, and M. S. Zubairy, Phys. Rev. A 89,
053835 (2014).

[67] A. Delga, J. Feist, J. Bravo-Abad, and F. J. Garcia-Vidal,
Phys. Rev. Lett. 112, 253601 (2014).

[68] B. Rousseaux, D. G. Baranov, M. Kill, T. Shegai, and G.
Johansson, Phys. Rev. B 98, 045435 (2018).

[69] A. Sivan and M. Orenstein, Phys. Rev. B 99, 115436 (2019).

[70] R.-C. Ge, P. T. Kristensen, J. F. Young, and S. Hughes, New J.
Phys. 16, 113048 (2014).

[71] P. T. Kristensen and S. Hughes, ACS Photon. 1, 2 (2014).

[72] C. Sauvan, J. P. Hugonin, R. Carminati, and P. Lalanne,
Phys. Rev. A 89, 043825 (2014).

[73] P. T. Kristensen, R.-C. Ge, and S. Hughes, Phys. Rev. A 92,
053810 (2015).

[74] E. A. Muljarov and W. Langbein, Phys. Rev. B 94, 235438
(2016).

[75] W. Yan, R. Faggiani, and P. Lalanne, Phys. Rev. B 97, 205422
(2018).

[76] P. Lalanne, W. Yan, K. Vynck, C. Sauvan, and J. P. Hugonin,
Laser Photon. Rev. 12, 1700113 (2018).

[77] T. V. Shahbazyan, Phys. Rev. B 98, 115401 (2018).

[78] T. V. Shahbazyan, ACS Photon. 4, 1003 (2017).

[79] P. B. Johnson and R. W. Christy, Phys. Rev. B 6, 4370 (1972).

[80] T. V. Shahbazyan, Phys. Rev. Lett. 117, 207401 (2016).

[81] L. D. Landau and E. M. Lifshitz, Electrodynamics of Continu-
ous Media (Elsevier, Amsterdam, 2004).

245411-12


https://doi.org/10.1103/PhysRevB.95.075412
https://doi.org/10.1038/s41598-018-29799-4
https://doi.org/10.1021/acsphotonics.9b00193
https://doi.org/10.1103/PhysRevB.103.045421
https://doi.org/10.1103/PhysRevA.57.3931
https://doi.org/10.1088/1367-2630/12/12/123008
https://doi.org/10.1103/PhysRevA.62.053804
https://doi.org/10.1103/PhysRevB.82.075427
https://doi.org/10.1103/PhysRevB.86.035421
https://doi.org/10.1103/PhysRevB.85.075303
https://doi.org/10.1103/PhysRevB.87.205425
https://doi.org/10.1103/PhysRevA.89.053835
https://doi.org/10.1103/PhysRevLett.112.253601
https://doi.org/10.1103/PhysRevB.98.045435
https://doi.org/10.1103/PhysRevB.99.115436
https://doi.org/10.1088/1367-2630/16/11/113048
https://doi.org/10.1021/ph400114e
https://doi.org/10.1103/PhysRevA.89.043825
https://doi.org/10.1103/PhysRevA.92.053810
https://doi.org/10.1103/PhysRevB.94.235438
https://doi.org/10.1103/PhysRevB.97.205422
https://doi.org/10.1002/lpor.201700113
https://doi.org/10.1103/PhysRevB.98.115401
https://doi.org/10.1021/acsphotonics.7b00088
https://doi.org/10.1103/PhysRevB.6.4370
https://doi.org/10.1103/PhysRevLett.117.207401

