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We theoretically investigate the strong coupling in silver-molecular J-aggregates-silver structure sandwiched between
two dielectric media by using classical methods. Fresnel equations are employed to solve our proposed structure. The
results show that both the reflection and transmission spectra show a Rabi splitting-like line shape, revealing the strong
coupling phenomenon. Furthermore, the radiative angle versus incident wavelength exhibits a Fano line shape. The strong
coupling phenomenon can be well tuned by controlling the surface plasmon excitation, such as the incident angle and the
thickness of the silver films. Our structure has potential applications in quantum networks, optical switches, and so on.
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1. Introduction

Strong interactions between cavities and quantum emit-
ters open a new branch to manipulate light, which has
much applications such as quantum networks,!!! single-atom
lasers, [?! ultrafast single-photon switches,?! and quantum in-
formation processing.!*! Recently, plasmonics cavities are
widely used to realize strong coupling phenomenon with emit-
ters in both theory and experiment at room temperature, which
would lead the cavity and emitter mode hybridization and Rabi
splitting.!”! There are lots of plasmonic cavities, such as single

8-14]

metallic nanoparticle/metallic nanoparticle array, ! metal-

lic gratings,!'>16] subwavelength hole arrays,[!”) and the most
popular structures of Krestchmann configurations. 182!
Kretschmann configuration is a fundamental structure
to generate surface plasmon polaritons (SPPs).[3-261 Lots
of Kretschmann configurations are widely used in nano-
tweezers, [>’! four-wave mixing,?®! and optical bistability.[>]
The nonlinear effect of the lateral shift or Goos—Hinchen (GH)
shift3% is reported in Kretschmann configuration involving

29311 If the molecular J-aggregates is

Kerr nonlinear medium. !
sandwiched between two Kretschmann configurations instead
of the dielectric medium, the relation between input and output
turns to be very interesting and is a great point of exploration.

In this paper, we investigate the strong coupling in the
structure based on two Kretschmann configurations involv-
ing molecular J-aggregates. The proposed structure is made
up of a molecular J-aggregate layer sandwiched between two

Kretschmann configurations. Incident light is injected from

DOI: 10.1088/1674-1056/ab4fda

one Kretschmann configuration with an incident angle, and the
output is detected in the other configuration. Fresnel equations
are employed to solve our proposed structure. The parameters
of molecular J-aggregates and Ag film are changed in order to
show the impact on the output. Our structures have potential

applications in quantum networks, optical switches, and so on.

2. Calculation models and results

The sketch of our calculation model is shown in Fig. 1.
An Ag film—molecular J-aggregate layer—Ag film structure is
sandwiched between dielectric media, which is denoted from
L1 to L5 from the down to the top. Incident light is injected
from the dielectric medium with an incident angle 6; and the
output angle is 6y. The thicknesses of Ag film and molecular
J-aggregate layer are d; and d,, respectively. The dielectric
constant function (&) of Ag is obtained in Ref. [32]. The in-
dex of the dielectric medium (,/€;) is chosen to be V/3.6. The
molecular J-aggregates were modeled by a single Lorentzian

oscillator!3:11]
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where, £.=1.44> comes from the bound electron permittivity,
@y =27c/ Ay, c is the speed of light, A is the oscillator wave-
length of 580 nm, and y;, = 2.45 x 103 [rad/s] is the damp-
ing constant.[®! £ is the oscillator strength and related with the

density of molecular J-aggregates.
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Fig. 1. The sketch of our calculation model.

By solving the wave equation for the magnetic field at the
interface between L2 and L3 (H3 gown), We can obtain the re-
lation between H3 gown and the magnetic field at the interface
between L3 and L4 (H3 p) as

H3,up = H3,downC = H3,down e—koRe(g)d27 2

where g2 = k(z)£3 — €& sin® 6;, and ko is the wave vector in
vacuum. According to the Fresnel equations of this kind
of Kretschmann configurations and decoupling from SPPs to
light,?>?°! we can obtain the transmission of our proposed
structure

T =1 x Mo X A; x Age2iRe(®)d (3)

where, n; o< 1 — |r123(6;)[%, Mo o< 1 — [rs43(60)[%, r123 and rss3
are the reflection coefficients!?3]

Fab + rpeexp(2ikydy)
1+ raprpcexp(2ikpdy)’

Fabe = a=1,5,b=2,4,c=3, 4
where rij = (Ejki—sikj)/(Sjki—FSikj), i,j=1,12,3,4,5.
ky = \/k3er— K%, ki = ko\/E;sin6, and ko is the vacuum
wave vector. A; and Ag are related with the dissipation of
Ag films (4;, Ag ~ e~91/%) and § is the intensity skin depth.
Considering the decoupling from SPPs to light, 6y is close to
Ospps = /& ! %.[331 The reflection R is related with |rj23|?.
Hence, we can calculate R and T based on the above equations.

First, we calculate the structures without and with molec-
ular J-aggregates. The thicknesses of Ag films and molecular
J-aggregates are 20 nm and 50 nm, respectively. The incident
angle is adopted as 40°. f is chosen as 0.01. We calculate
the reflection and the transmission in the corresponding sur-
faces. The reflection (R), the transmission (7'), and the output
angle (6) versus the incident wavelength (A1) of the structures
without and with molecular J-aggregates are shown in Fig. 2,
respectively.

As shown in Figs. 2(a)-2(d), the strong coupling phe-
nomenon happens in forms of Rabi splitting. The curve of
6y versus A shows a Fano line shape. The strong coupling in
Kretschmann configuration has been reported in the previous
works, which shows two splitting peaks in the reflection spec-
trum in the structure involving molecular J-aggregates. The
additional Kretschmann configuration (made up of L3, L4, and
L5) converts SPPs excited in Kretschmann configuration (L1,
L2, and L3) into light in L5, and the Rabi splitting appears in
the transmission spectrum as shown in Fig. 2(d).
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Fig. 2. The reflection R [(a) and (b)], the transmission T [(c) and (d)] and
the output angle 6y [(e) and (f)] versus the incident wavelength A without
and with molecular J-aggregates.

The Fano line shape is induced by the interaction be-
tween SPPs and molecular J-aggregates. Light is injected
from L1 onto L2 and is changed to SPPs which provides
a dark mode, while molecular J-aggregates support a bright
mode. 43¢ The interaction of the two modes makes the out-
put angle versus the incident wavelength showing a Fano line
shape with SPPs decoupling in the structure made up of L3,

L4, and L5.
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Fig. 3. The real and the imaginary parts of ri»3 and rs43 with d; = 20 nm,
dr =50 nm, and 6; = 40°, respectively.

We also plot the real and the imaginary parts of rj»3 and
rsq3 in Fig. 3 according to Eq. (4). As figure 3 shows, the
values of the real and the imaginary parts of rj»3 and rs43 are
close to zero at the wavelength around A,. This is because
of the strong resonance of molecular J-aggregates making the
light confined in the structure. We also noticed that the peak
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value of the Rabi splitting is dissymmetry and varies with con-
ditions. This is because the absorption of metals varies with
both the thickness of the metal and the incident wavelength.

Furthermore, we use finite-difference time-domain
(FDTD) method to calculate our proposed structure. We
choose three wavelengths of 550 nm, 580 nm, and 583 nm,
which covers the wavelengths around A,. The incident angle
6; and the thickness of Ag film d; are 40° and 20 nm. The
thickness of molecular J-aggregates d, is 50 nm. The indies
of Ag and molecular J-aggregates are adopted as above. The
gird is 0.5 nm. The output angle 6y, the transmission 7', and
the reflection R are listed in Table 1. Comparing these two
methods, there are small differences. FDTD method needs to
mesh the structure in the simulation processes and it mainly
introduces a small errors in the simulation. Hence, there are
small differences between these two methods.

Table 1. Comparisons between FDTD and calculation.

Wavelength/nm 6, (FDTD) T (FDTD) R(EDTD) 6, T R

550 433 0.005 0.62 41.7 0.006 0.65
580 38.6 0.003 0.51 359 0.004 0.48
583 45.5 0.011 0.44 48.5 0.015 0.41

Then, we change the incident angle 6; to show the
changes of the reflection spectrum R and the transmission 7.
The incident angles 38°, 40°, and 42° are adopted, R and T
versus A are shown in Fig. 4. As figure 4 shows, the Rabi
splitting denoted as Q = |w; — ®_| increases with the increase
of the incident angle and the intensity of the transmission de-
creases, where . and @_ are the frequencies of the two split-

ting peaks.
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Fig. 4. The reflection spectra (a) and the transmission spectra (b) with
6, = 38°, 40°, and 42°, respectively.

Rabi splitting in Kretschmann configuration is related
with the interaction between SPPs and molecular J-aggregates.
The intensities of SPPs for each wavelength are determined by
the difference between the incident angle and Ospps (A = 6; —
Ospps). If A is less than 0 and 6; is less than Ogpps in all wave-
length regimes, there are few SPPs excited in Kretschmann
configuration. Bspps is changed from 30° to 55° in the wave-
length regime from 500 nm to 650 nm. With the incident angle
increasing from 38° to 42°, the wavelength regime for the best
SPP excitation increases and there more and more SPPs in-
teract with molecular J-aggregates. Hence, the Rabi splitting
increases with the increase of the incident angle. With the in-
crease of 6;, much more energy of incident light is used to gen-
erate SPPs propagating along the interface between molecular
J-aggregates and Ag film. Hence, the transmission decreases.

Then, we show the impact of f on the reflection spec-
tra. The f is considered as 0.005, 0.01, and 0.015, and the
results are shown in Fig. 5. As figure 5 shows, Rabi splitting
Q linearly increases with the increase of f. The f is deter-
mined by the molecular J-aggregates involving in the interac-
tion with SPPs. If f becomes larger, the number of molec-
ular J-aggregates in the interaction increases and Rabi split-
ting becomes larger. Comparing with the analysis above, the
change of f can be treated as the change of incident angle. The
increase of f in the interaction seems that SPPs increase by
the increase of the incident angle with molecular J-aggregates
fixed. Rabi splitting can be amplified by the increase of SPPs
or molecular J-aggregates in the interaction around the reso-
nant wavelength of molecular J-aggregates.
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Fig. 5. The reflection spectra (a) and the transmission spectra (b) with
f=10.005, 0.01, and 0.015, respectively.
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Finally, we change the thickness of Ag film to show how
Rabi splitting changes. We adopt d; = 15 nm, 20 nm, and
25 nm, and the reflection and the transmission spectra are
shown in Fig. 6. As shown in Fig. 6, Rabi splitting increases
with the increase of d; in both reflection and transmission
spectra.
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Fig. 6. The reflection spectra (a) and the transmission spectra (b) with
dy = 15 nm, 20 nm, and 25 nm, respectively.

As figure 6 shows, the transmission increases with the
decrease of di. A part of reflection spectra shows the same
behavior with the transmission. With the decrease of d;, the
dissipation of Ag film (A; and Ag) decreases, especially in the
regime from 580 nm to 650 nm. Hence, the transmission and
the reflection in this regime show a linear relationship with d;.

3. Summary

In summary, we theoretically investigate the strong cou-
pling in silver-molecular J-aggregates—silver structure sand-
wiched between two dielectric media by using Fresnel equa-
tions. Results show that both the reflection and the transmis-
sion spectra show the strong coupling phenomenon. The ra-
diative angle versus the incident wavelength exhibits a Fano
line shape around the resonant wavelength of molecular J-
aggregates. The incident angle not only impacts on the inten-
sity of the transmission, but also influences on the Rabi split-
ting. The oscillator strength and the thickness of Ag films are
also used to tune the strong coupling. Our structure has poten-

tial applications in quantum networks, optical switches, and so
on.
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