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Exciton-induced transparency in hybrid plasmonic systems
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We present a microscopic model for exciton-induced transparency (ExIT) in a hybrid system
comprised of an emitter resonantly coupled to a surface plasmon in a metal-dielectric structure.
We obtain an effective optical polarizability of such a system with coupling between the system
components expressed in terms of energy transfer rates. We demonstrate that, in the weak coupling
regime, the underlying mechanism of ExIT is the energy exchange imbalance between the plasmon
and the emitter in a narrow frequency region. We derive in analytic form a frequency-dependent
function that accurately describes the shape and amplitude of the transparency window in scattering

spectra, supported by numerical calculations.

I. INTRODUCTION

Strong coupling between surface plasmons in metal-
dielectric structures and excitons in semiconductors or
dye molecules has recently attracted intense interest
driven to a large extent by possible applications in ul-
trafast reversible switching [1-3], quantum computing
[4, 5], and light harvesting [6]. In the strong coupling
regime, coherent energy echhange between excitons and
plasmons [7] leads to the emergence of mixed polaritonic
states with energy bands separated by an anticrossing
gap (Rabi splitting) [8]. For excitons coupled to cavity
modes in microcavities, the Rabi splitting magnitudes
are relatively small on the scale of several meV [9-11].
However, in hybrid plasmonic systems, in which surface
plasmons are coupled to excitons in J-aggregates [12—
22], in various dye molecules [23-27] or in semiconductor
nanostructures [28-31], the Rabi splittings can be much
greater even reaching hundreds meV.

While Rabi splitting in the emission spectra signals
on strong exciton-plasmon coupling, a narrow minimum
may also appear in the scattering (or absorption) spec-
tra prior the strong coupling transition point. Such a
minimum in the hybrid plasmonic system spectra has
been referred to as exciton-induced transparency (ExIT)
[33-35], in analogy to electromagnetically-induced trans-
parency (EIT) in three-level atomic systems, and has sim-
ilarly been attributed to a Fano-like interference between
different excitation pathways [35, 36]. A recent comple-
hensive review [37] has suggested that ExIT has, in fact,
been observed in a number of experiments involving sin-
gle excitons in J-aggregates or colloidal QDs coupled to
gap plasmons in nanoparticle-on-metal (NoM) systems
[36, 38-40], as well as in two-dimensional atomic crys-
tals, such as WSy monolayers, conjugated with Ag or
Au nanostructures [42-46]. Notably, for single excitons,
achieving a strong exciton-plasmon coupling is a chal-
langing task as it requires extremely large plasmon local
density of states (LDOS) at the exciton position that can
mainly be achieved in nanogaps [47-49].

The analogy between ExIT and EIT hinges on an acute
observation that, due to large difference (several orders)
in the plasmon and exciton dipole moments, an exciton
near a plasmonic structure can be viewed as a dark state

that is mainly excited indirectly by the plasmon near field
[35, 36]. The latter is thought to play the role of pump
field in EIT and, at the same time, to provide the cou-
pling between bright (plasmon) and dark (exciton) states.
Similar to EIT, the ExIT in a hybrid plasmonic system
has been described by a classical model of two coupled
oscillators, coupled via a phenomenological parameter g,
where only a single one interacts with the radiation field
[35]. However, with increasing coupling, such a system
undergoes a transition to strong coupling regime that
relies upon coherent energy exchange between the sys-
tem components [7]. This, in turn, raises a question on
whether, in the weak coupling regime, a similar energy
exchange mechanism, rather than the Fano interference,
underpins ExIT as well.

In this paper, we present a microscopic model describ-
ing ExIT for a single emitter resonantly coupled to a
plasmon mode in a metal-dielectric structure. We derive
the effective polarizability of a hybrid plasmonic system
that includes the coupling between an exciton and plas-
mon expressed in terms of the energy transfer (ET) rate
between them. We elucidate the underlying ExIT mecha-
nism by analyzing this effective polarizability in terms of
both the interference of excitation pathways and the en-
ergy exchange between the system components. We show
that, if the plasmon spectral linewidth is larger than that
of the emitter, the back and forth energy transfer rates
are not balanced in a narrow frequency interval, despite
being equal in the entire spectral range, and that such
an imbalance leads to a minimum in the scattering spec-
tra on top of the plasmon resonance peak. We derive
in analytic form the characteristic frequency-dependent
function that describes the ExIT window spectral shape
and amplitude. We illustrate our model by numerical cal-
culations for an emitter near the tip of a gold nanorod.

II. QUANTUM EMITTER COUPLED TO A
RESONANT PLASMON MODE

A. Optical polarizability of a plasmonic stucture

We consider a metal-dielectric structure characterized
by a complex dielectric function ¢(w,r) = &'(w,r) +
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ie” (w, r) that supports localized plasmon modes with fre-
quencies wy,. For characteristic system size smaller than
the radiation wavelength, the plasmon modes are deter-
mined by the Gauss’s law [50]

V€ (Wm, )V, (r)] = 0, (1)

where ®,, (r) is the mode potential that defines the mode
field E,,,(r) = —V®,,(r), which we choose to be real. To
determine the plasmon dipole moment for optical tran-
sitions, we recast Eq. (1) as V- [E,(r) + 47 Py, ()] = 0,
where Py, (r) = X' (wm, 7)En(7) is the electric polariza-
tion vector and x = (¢ — 1)/4x is the plasmonic system
susceptibility. The plasmon dipole moment has the form

P = /dVPm = /de'(wm,r)Em(r). (2)

Although the Gauss’s equation (1) does not, by itself,
determine the overall field normalization [50], the later
can be set, e.g., by matching the plasmon radiative decay
rate to that of a localized dipole with excitation energy
hwy,. The radiative decay rate of a plasmon mode has a
standard form [51] v/, = W] /Uy, where

1 Olwme’ (Wm, )]
167 Owm,
is the plasmon mode energy [52, 53] and

E;(r),  (3)

2, 4
_ P,
W’r’;"L - 303 ’ (4‘)
is the radiated power [8]. The normalized modes E,, (r)
are determined by setting v/, = 4u2 w3 /3hc3, where c is
the speed of light and pu,, is the mode optical transition
matrix element. We then find the relation

Bolr) = 5/ T2 Bn(r), o)

and, accordingly, py, = [ dV X (wm, ) Em(r) (the factor
1/2 reflects positive-frequency contribution). Hereafter,
we will use the normalized modes, unless noted.

The response of plasmonic structure to an external
field E;,e~ ™! is characterized by the polarizability ten-
sor [51] apr =Y, Oy, Where o (W) = G (W) MMy s
the mode polarizability tensor (n,, is the plasmon mode
polarization). Near the resonance, the mode scalar po-
larizability has the form

2
am (W) = ﬂfm;za (6)
Wm —W = 37m
where, v, = v + 7, is the plasmon decay rate that
is comprised of radiative rate v;, and non-radiative rate
v = 2e" (W) /[0 (Wm ) / Owm] due to Ohmic losses. The
scattering cross section of a plasmon mode is given by
a standard relation 03¢(w) o< w*|a,, (w)|? and, near the
resonance, has a simple form

w4

(W —w)? +77,/47

where we omitted a constant prefactor.

oo (w) x

(7)

B. Effective optical polarizability of a hybrid
plasmonic system

Let us now consider a quantum emitter (QE) situated
at a position r. near a metal-dielectric structure. The
optical response of a hybrid system can be described in
terms of effective polarizability cas(w) that includes QE-
plasmon optical interactions. Typically, the QFE optical
transition matrix element pe = pene., where n. is the
dipole orientation, is much smaller (by several orders)
than p,, and, therefore, direct QE interaction with the
radiation field can be neglected [35, 36]. Instead, the
QEs are excited indirectly by the local field Em(re) of
resonantly-excited plasmon mode. The plasmon-induced
QE dipole moment has the standard form

Pe = te(w)Ep (re), (8)

where a.(w) = a.(w)nen. is the QE optical polarizabil-
ity tensor. Since QE excitation is a secondary effect,
the effective polarizability of a hybrid system can be ob-
tained, within the dressed plasmon picture, by appropri-
ately modifying the plasmon polarizability (6). Namely,
the back-interaction of plasmon-induced QE dipole with
the plasmon is described by plasmon self-energy

hYm (w) = _pe'Em(re) = —ae(w)[ne-Em(re)]2, 9)

which should be added to the plasmon energy hw,,. At
the same time, the full dipole moment for optical tran-
sitions of hybrid system becomes ps = py, + pe- Note,
however, that for a single emitter, the induced dipole mo-
ment is still much smaller than the plasmon one, and so
we assume s & Wy, in what follows.

Thus, the effective polarizability tensor of a hybrid sys-
tem near the resonance takes the form

2
as(w) = Bm L —.
b wm 4 Bm(w) —w — 57m

(10)

We assume that the QE excitation frequency w, is close
the the plasmon frequency w,,, and therefore, near the
resonance, adopt a classical QE polarizability [8]

e 2we

2
1
ae(w) = ~ e

howe—w— 57

—= 11
h w2 —w? —iwy, (1)

where v, is the QE spectral linewidth assumed here to
be much smaller than the plasmon one, v, < v,,. Using
Eq. (11), the plasmon self-energy (9) takes the form

92

Y (w) = —————,
m{w) We =W = 3%

(12)

where hg = ue-Em(re) is the QE-plasmon coupling pa-
rameter. Returning, for a moment, to the original (not
normalized) plasmon mode fields (5), we recover a cavity-
like expression [7]

s 2Tplwm 1 2[ne-Ep(re)]?
R TV [dV[0(wme') /0w E2,

m

(13)



where V is the projected plasmon mode volume that char-
acterizes the plasmon field confinement at the QE posi-
tion 7. along its dipole orientation n. [51, 53].

The effective polarizability of a hybrid system near the
resonance is obtained by inserting Eq. (12) into Eq. (10):
2 7

ag(w) = P ‘;)e W= 3% .
—w = 5Ym)(we —w = 5%) — 9

X

(14)
Thus, for a QE decoupled from the radiation field, the
effective polarizability (14) is indeed similar to that for
two coupled oscillators [35], but with exciton-plasmon
coupling g now expressed in terms of the plasmon mode
volume, as given by Eq. (13).

h (wm

C. Emitter-plasmon coupling and energy transfer

The above QE-plasmon coupling g can be related to
the corresponding QE-plasmon ET rate [7]. Namely, the
rate Ye—m (w) for transferring energy hw from a QE to a
plasmon is given by the Fermi Golden Rule as

27 - 2
’Ya%m(w) = f ’Ne'Em('re) fm(w)a (15)
where
fn) = gz (16)

27h (W — Wi )2 + 72, /4

is plasmon spectral function satisfying A [dw fm (w) = 1.
Using the relation g = p. - E,,(r.)/h, the frequency-
resolved QE-plasmon ET rate (15) takes the form

2
9" Tm

. 17

w—wm)?+12/4 (17)

Ye—m (w) = (

For resonance frequency (w = wy,), we obtain an impor-
tant relation

1
92 = Z'Ym'Ye—)ma (18)

where hereafter we use the notations vye—m = Ye—ym (W )-
Comparing to Eq. (13), the QE-plasmon ET rate is ex-
pressed via the plasmon mode volume as

 8muZQm
Ye—m = W (19)

where @, = wm/vm is the plasmon quality factor. Re-
calling that the Purcell factor is Fj, = vYe—m/75, Where
v = 4pwd /3hc? is the QE radiative decay rate, we re-
cover the cavity-like expression for the Purcell factor in
terms of the plasmon mode volume: F, = 6mc®Q,, /w?V.

III. EXCITON-INDUCED TRANSPARENCY
A. Excitation pathways interference picture

The effective polarizability Eq. (14) possesses two res-
onances in the complex frequency plane assigned to po-
laritonic bands wy = L[w), +w, + \/(w), —wl)? + 4g?],
where W], = Wy — Ym /2 and w, = we — @7 /2. Assume,
for a moment, that QE and plasmon frequencies are in
resonance (we = wy,). In the weak coupling regime, the
polaritonic bands are energy-degenerate but have differ-
ent linewidths,

7; m—"_ e
Wi = Wy — 3 [% + \/(%n —%)2/4—492] . (20)

In terms of transitions to polaritonic states, the effective
polarizability Eq. (14) can be presented as

_@(1—1—@ 1—a), (21)

h \wy —w  w_—w

as(w)

where the parameter a is given by

(’7m B '76)/2 )
\/(’Ym - 76)2/4 - 492

Note that, even at resonance, the interference between
two excitation pathways is neither purely constructive
nor destructive but, in fact, is the admixture of both con-
trolled by the parameter a. In the absence of QE-plasmon
coupling (i.e., a = 1), the effective polarizability (21) re-
duces to the plasmon polarizability (6) reflecting the fact
that the QE is not coupled to the radiation field. With
the QE-plasmon coupling ¢ turned on, the parameter a
increases up until the strong coupling transition point,
at which it becomes imaginary. Since a > 1 prior the
transition, the system absorption spectrum, described by
o (w), exhibits a narrow minimum (ExIT). However, this
minimum has no specific onset and, therefore, does not
imply a separate (intermediate) phase, in contrast to the
strong coupling regime characterized by a clear transi-
tion point. At resonance frequency (w = wp; = We),
the system effective polarizability is purely imaginary
as X i(Ym + 4g%/7.) L. Normalizing as by the plasmon
polarizability (6) at resonance frequency, oy, o i/Ym,
and using the relation (18) between the QE-plasmon cou-
pling and ET rate, we obtain the ratio of the absorption
spectra, at resonance frequency, for the hybrid system
and plasmon mode,

a =

(22)

1

s _ Ve
an, B Ye + '7e—>m7 (23)

Q

which characterizes the ExIT minimum depth. With in-
creasing QE-plasmon ET rate 7., the ratio (refexit-
minimum) steadily decreases crossing over to the strong
coupling regime (|a|] = o0), where the ExIT minimum
turns into the Rabi splitting. Importantly, Eq. (23) is



independent of the parameter a, which controls the in-
terference between excitation pathways, and therefore is
not sensitive to the transition point. This suggests an
interpretation of ExXIT in terms of QE-plasmon energy
exchange that governs the strong coupling regime as well.

B. Energy exchange picture

In the steady state, as the system is continuously illu-
minated by monochromatic light, the full back and forth
ET rates between a QE and a plasmon should coincide.
However, for 7. < vm, the ET balance can be violated in
a narrow frequency interval, leading to distinct spectral
features. To demonstrate this effect, we note that the
frequency-resolved QE-plasmon ET rate (17) is propor-
tional, as it should [8], to the acceptor (i.e., plasmon) ab-
sorption spectrum «// (w). At the same time, the reverse
plasmon-QE rate is related to the plasmon self-energy
(12) as Ym—e(w) = —2%7 (w), or

9°e
w—we)? +72/4

Tm—se (W) = ( (24)

which is also determined by the acceptor (QE) absorp-
tion spectrum o/ (w) [see Eq. (11)]. To obtain the full
plasmon-QE ET rate I';,,_, the frequency-resolved rate
Ym—e(w) should be integrated [8] with the normalized
plasmon spectral function f,,(w), given by Eq. (16):

Drse = /dwfm(W)Vmae(w)' (25)

Similarly, the full QE-plasmon ET rate I'._,,, is obtained
by integrating the corresponding frequency-resolved rate
(17) with the analogous normalized QE spectral function.
Both rates are easily evaluated and we obtain

9> (Ym + 7e)
Wm — We)2 + (’Vm + ’76)2/4,

(26)

F1n~>e = Fe%m = (

indicating an overall energy exchange balance.

Near the resonance, however, the frequency-resolved
plasmon-QE ET rate Eq. (24) can be much faster than
the QE-plasmon ET rate Eq. (17) due to a sharper QE
absorption peak. Namely, for w = w,, = w,, we have

Ym—e _ TYm > 1, (27)
Ye—m Ye

implying significant ET excess in a narrow frequency in-
terval, to be compensated at frequencies beyond this in-
terval. Such imbalance between near-resonance ET rates
leads to a narrow minimum in the plasmon spectrum as
the states of a hybrid system are redistributed between its
interacting components. Since the incident light mainly
couples to the plasmon, a QE-induced minimum in the
dressed plasmon spectral band results in an enhanced
light transmission (ExIT).

To elucidate the emergence of ExIT minimum, we re-
call the relation between the system scattering cross sec-
tion o3¢ and its polarizability: o0¢(w) o w|as(w)|?.
Comparing Eqs. (6) and (14), we obtain

o3 (W) = o (W) R(w), (28)

where 05¢(w) is given by Eq. (7) and

(wm—w—%Wm) (we—w—%’%)
) = ' - . (29
(w) (Wi — w = 2vm) (we —w — £7¢) — g2 (29)

is a frequency-dependent function that, in the weak
coupling regime, modulates the plasmon cross section
05¢(w). In a narrow frequency interval |wy, —w|/vm < 1,

using the relation (18), the function R(w) simplifies to
e2+1

PW= i

(30)
where € = 2(w — we) /7. is the detuning from the emitter
frequency normalized by its linewidth, and

_ Yeom _ TYm—e (31)

Ve Tm

is the parameter characterizing the EXIT minimum depth
[compare to Eq. (23)].

We observe that the ExIT function F(w) is distinct
from the Fano function F(w) = (e — ¢)?/(e? + 1), which
arises from the interference between a localized state and
continuum. Indeed, the Fano parameter ¢ defines the fre-
quency, away from the resonance, at which the destruc-
tive interference occurs, whereas the ExIT parameter p
modifies the plasmon decay rate near the emitter fre-
quency. Namely, in the weak coupling regime, the decay
rate of a dressed plasmon resonantly coupled to a QE has
the form ), (w) = Ym + Ym—e(w). Using Eq. (24) and
the relation (18), we obtain

) =m (14 257 ). 52)

indicating that the dressed plasmon linewidth increases
by factor (1 4 p) in the frequency interval |w — we| ~ 7e.
Since a linewidth increase is accompanied by amplitude
drop, this leads to a dip in the dressed plasmon spectrum
in that frequency interval.

IV. DISCUSSION AND NUMERICAL RESULTS

Below we present the results of numerical calculations
for an emitter situated at a distance d from the tip of
an Au nanorod in water modeled by a prolate spheroid
with semi-major and semi-minor axes a and b, respec-
tively (see Fig. 1). The emitter’s dipole orientation is
chosen along the nanorod symmetry axis, the nanorod
overall size is 2a = 20 nm, and Au experimental di-
electric function is used in all calculations. The emit-
ter spectral linewidth 7. is much smaller than that of



plasmon, 7./, = 0.1, while its radiative decay time is
chosen 7] = 10 ns, which are typical values for excitons
in semiconductor quantum dots. Note that the emitter’s
radiative decay rate . is much smaller that its spec-
tral linewidth: for our system we have /7. ~ 107°.
For such values, the transition to strong coupling regime
for a single emitter requires extremely large Purcell fac-
tors that are not normally achieved for free-standing
nanorods, so that all the results below are obtained in
the weak coupling regime.

In Fig. 1, we plot the ExIT parameter p = Ye—ym/Ye =
Fove /e against the emitter’s distance to nanorod tip for
several values of aspect ratio a/b. Note that the Purcell
factor is largest near the tip of elongated particles, where
the plasmon mode volume is small, so that p ~ 1 for the
nanorod with aspect ratio (a/b = 3), but it is negligibly
small for a nanosphere (a/b = 1). Away from the tip,
p drops sharply to p < 0.1 at d = 0.5a. However, even
for small values of p, the dressed plasmon’s decay rate
Eq. (32) still shows a spike at the emitter’s frequency,
which develops into a pronounced peak with reducing d
[see Fig. 2(a)]. This rise of the dressed plasmon decay
rate in a narrow frequency region originates from the dif-
ference between QE-plasmon and plasmon-QFE (back and
forth) ET rates in that region [see Eq. (27)]. The same ef-
fect defines the shape of function R(w), given by Eq. (29),
which modulates the plasmon spectrum [see Fig. 2(b)].
In order to signify the role of ExIT parameter p, we also
plot the ExIT function E(w), given by Eq. (30), for each
value of QE-nanorod distance d (dotted lines). Clearly,
deep in the weak coupling regime (small p), the ExIT
function E(w) accurately describes the spectral minimum
(blue curves), while for larger p (i.e., closer to the tip) the
spectrum develops ”wings” outside the dip region as the

25 Au nanorod in water = ----e a/b=1.0
¢=10nm T a/b=2.0
20 L e, = 1.77 a/b=3.0

FIG. 1. The ExIT parameter p for an emitter near a tip of
gold nanorod in water is plotted against the distance to the tip
for several values of nanorod aspect ratio. Inset: Schematics
of an emitter near Au nanorod tip.
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FIG. 2. (a) Normalized decay rate of a dressed plasmon is
shown for several values of d. (b) System scattering crosssec-
tion relative to the plasmon crosssection, given by Eq. (29),
and the corresponding ExIT function E(w) (dotted lines) are
shown for several values of d.

system approaches the strong coupling transition point.
Importantly, for any distance d, the ExIT function E(w)
very accurately reproduces the central part of ExIT mini-
mum and, in particular, its amplitude, implying that it is
the energy exchange mechanism, rather than a Fano-like
interference, which is responsible for ExIT.

In Fig. 3, we plot the normalized scattering cross sec-
tion (28) of the hybrid system for several values of d. In
the weak coupling regime, the overall spectral shape is
described by plasmon resonance peak modulated by the
ExIT function F(w) which exhibits a narrow minimum at
the emitter’s frequency w,. For the emitter and plasmon
frequencies in exact resonance (we = Wy, ), the ExIT win-
dow is positioned at the center of plasmon spectral band
[see Fig. 2(a)], but for w, blueshifted relative to wy,, the
transmission maximum shifts to a higher frequency as
well [see Fig. 2(b)]. The fact that the ExIT window is al-
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FIG. 3. System scattering crosssection at the emitter fre-
quency (a) in resonance with and (b) blueshifted from the
plasmon frequency is shown for several values of d.

ways centered at the emitter’s absorption peak position,
as described by Eq. (30), is readily consistent with energy
exchange mechanism of ExIT but has no natural inter-
pretation in terms of Fano interference. Note that even
at exact resonance (we = wy, ), the double-peak spectrum
is asymmetric [see Fig. 2(a)] since the scattering crossec-
tion is proportional to w* [see Eq. (7)], reflecting the fact
that, for higher frequencies, the re-emission takes place at
a higher rate (77, oc w?). Finally, the emergence of ExIT
window is not characterized by any clear onset, implying
the absence of a distinct ”intermediate” coupling phase.

V. CONCLUSIONS

In summary, we developed a model for exciton-induced
transparency in hybrid plasmonic systems based on en-
ergy exchange mechanism between the system compo-
nents. For a single emitter resonantly coupled to a sur-
face plasmon in a metal-dielectric structure, we derived
an effective optical polarizability that includes exciton-
plasmon coupling expressed in terms of the energy trans-
fer rate. We analyzed in detail possible ExIT mecha-
nisms to show that the spectral minimum in the weak
coupling regime results from the energy exchange imbal-
ance between the system components in a narrow fre-
quency interval. We derived in analytic form a frequency-
dependent function that describes accurately the shape
and amplitude of the transparency window centered at
the emitter absorption peak position.
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