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1. Introduction 

Mechanism of interaction of emitters with surrounding 
media is a fundamental problem in physics, because it 
demonstrates that radiation parameters depend not only 
on an inner structure of the emitter but also on its 
neighbours. This interaction leads to modification of 
radiated intensity, emitter lifetime, resonance frequency 
(Lamb shift) and even Rabi splitting in emitted spectra. 
Modification of the emitter lifetime (or decay rate) and 
Lamb shift were studied theoretically [1, 2] and 
experimentally [3, 4] much more often than strong 
coupling between emitter and surface plasmon. The 
extended reviews [1, 2] use the classical electrodynamics 
consideration of the influence of flat substrate on the 
lifetime and resonance frequency, but the first one [1] 
describes it in the framework of the local response of the 
metal substrate, while the second one [2] pays attention 
to the nonlocal response. Quantum electrodynamics 
approach was developed and applied in [5] to find the 
molecule spontaneous emission decay near a flat metal 
substrate. Dependences of these two parameters on the 
molecule-metal distance were also studied for a single 

sphere with local [6-8] and nonlocal [9-12] response of 
the metal. Dramatic changes in emission spectra, 
namely, Rabi splitting, of a single emitter placed near a 
metal structure were not studied in detail, as it was done 
for the decay rate. There are few publications [13-16] 
where this problem was theoretically investigated. 
Different quantum mechanical approaches were applied 
to study the strong coupling between a molecule and a 
single spheroidal particle [13, 14]. The classical 
electrodynamics approach was applied to study emitted 
spectra of a quantum dot placed at a dimmer 
nanoantenna [15] and molecule near flat surface [16].  
The influence of the nonlocal response of the metals on 
emitted spectra was not considered in [13-15]. It is not 
clear from the mentioned papers what is the reason for 
Rabi splitting – near-field or far-field: there is some 
impression that Rabi splitting is associated with far-field. 
The aim of this paper is to study the influence of many 
parameters (dipole moment, distance behaviour, etc.) 
including the metal nonlocal response on the emitted 
spectra. A comparison of the emitted spectra of a 
molecule placed near a spherical particle with the case of 
a flat surface [16] will be made too.  
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2. Fluorescence of an emitter near metal 

As it was written above, there two approaches for the 
study of interaction of radiating molecules with metal 
particles: quantum and classical. The spontaneous 
emitting spectrum of a molecule placed near a metal 
nanoparticle has been theoretically investigated with the 
use of the both quantum [14] and classical [16, 17] 
approaches. This work follows the classical approach. 
Let us first consider a spontaneous radiating molecule – 
modelled as a dipole – in vacuum undertaking a 
harmonic oscillation along z axis. The electromagnetic 
wave emitted from this molecular dipole is scattered by 
a metal object; the scattered wave then acts on the 
oscillator. The equation of motion of the molecular 
dipole placed near the metal object can be written as  
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where m* is the effective mass of the dipole, γ0 – its 
radiation rate in the vacuum, ω0 – its oscillation 
frequency, e* – effective electric charge of the dipole, 
and ( )trEref ,

r
 – amplitude of the electric field reflected 

from the metal object. Note that γ0 can be interpreted by 
the action of the dipole on itself [18]. Looking for the so-
lution of Eq. (1) in the form ( ) tiezz ω−ω= 0  and conse-
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Since the total emission field is proportional to the 
dipole e*z0, and Eq. (2) is the equation for the eigen-
frequency ω, the emitted spectra can be found. The 
reflected field is defined by 
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where k0 is the wavevector in vacuum, ε0 – vacuum 
permittivity, ( )rrGref

ZZ
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,,ω  – zz component of the 
reflected part of the electrodynamic Green tensor [16]. 
As a result, Eq. (2) can be rewritten as  
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Since the dipole moment is in inverse proportion to 
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where ( )rrG Djz
rr

,,0 ω  is the vacuum electrodynamic Green 

tensor, Dr
r

 – position of the detector in far-field zone,  
αj – angle between the j-axis and Dr

r
. Both the vacuum 
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Green tensor are responsible for the transformation from 
the near-field zone to the far-field zone. The spectrum 
depends mainly on the denominator, but is slightly 
modified by the nominator.  

Equations (4) and (5) can be analyzed directly. First, 
note that the emission spectrum can be modified due to 
the backscattering field (generalized radiation reaction 
force). The emitted spectrum is governed by the spectral 
behavior of ( )rrGref

ZZ
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,,ω . If the reflected part of the elec-
trodynamic Green’s function has no resonance near the 
eigen-frequency of the molecule in vacuum ω0, one can 
conclude that the real part of ( )rrGref

ZZ
rr

,,ω  is responsible 

for the Lamb shift: ( )[ ]rrG
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while its imaginary part alters the decay rate: 
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+γ≈γ  [18]. These effects 

have been manifested by the huge decay rate for a 
fluorescent molecule placed near a metal surface [1, 21]. 
A spectral shift [21] of molecular fluorescence near Ag 
surface was displayed too, however, it should be noted 
the other possible for the shift, namely, molecular 
aggregations. The decrease of the molecule fluorescence 
intensity, caused by the energy transfer to the metal 
surface, leads to a change of the ratio between Raman 
and fluorescence intensities [22] and was proposed to 
extract the enhancement factors of SERS [23] and to 
determine the fluorescence time [24] and molecule-metal 
distance [25, 26]. If the resonance frequency ωr of 

( )rrGref
zz

rr
,,ω  is near ω0, Eq. (4) can be considered as an 

equation of two coupled oscillators and can lead to Rabi 
splitting of the emission spectra [16]. Namely, this case 
will be considered in this study.  

Let us examine the spectral behavior in the case of 
a spherical particle with the radius a and the dielectric 
permittivity ε2. Let the molecule dipole is placed in the 
medium with the dielectric function ε1 near sphere on the 
axis Oz and the distance r (r > a) from the center of the 



 
Semiconductor Physics, Quantum Electronics & Optoelectronics, 2017. V. 20, N 4. P. 458-464. 

doi: https://doi.org/10.15407/spqeo20.04.458 
 

 

© 2017, V. Lashkaryov Institute of Semiconductor Physics, National Academy of Sciences of Ukraine 
 

460 

sphere. The reflected part of the Green dyadic at the 
local response of the metal is [27] 
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are vector spherical functions, ( )( )krhl
1  is the spherical 

Hankel function, m
lP  is the generalized Legendre 

function.  
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are reflection coefficients, zi = ki a. 
In the particle, the rr-component of the Green 

dyadic and for θ = 0 is simplified as follows  
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while for the dipole parallel to the sphere surface [28] 
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When substituting Eqs. (11) and (12) into Eq. (5), 
one can get spectra of spontaneous emission. In the case 
of nonlocal response of metals in the hydrodynamic mo-
del, the Mie reflection coefficients should be modified 
[29-31]. Namely, the coefficient M

lB1  remains without 

any changes, while the coefficient N
lB1  takes the form 

[31]  
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Thus, within the hydrodynamic model of the nonlocal 
response of metals, only the coefficient N

lB1  has to be 
modified, and Eq. (6) may be applied. 

3. Results and discussions 

As we have mentioned, a strong coupling between a 
single molecule and surface plasmon can occur, if the 
resonance frequency ωr of ( )rrGref

zz
rr

,,ω  is close to ω0. 

Resonance properties of ( )rrGref
zz

rr
,,ω  can be found 

from the frequency behaviour of ( )[ ]rrG ref
zz

rr
,,Im ω , 

namely, from the behaviour of γ /γ0, since this ratio is 
much higher than unity for small distances between the 
molecule and metal surface. The above described 
theory was applied first of them to a silver sphere, 
since Rabi splitting was predicted only for Ag in the 
case of a flat substrate [16]. The spectral dependence of 
it on the emitted wavelength is presented in Fig. 1 for 
local and nonlocal responses of Ag. It is clearly seen 
that, in the case of the local response of Ag, there is a 
sharp resonance at the resonance wavelength 
approximately 340 nm, which corresponds to the real 
part of the dielectric function of Ag [32] to be equalled 
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to –1. In other words, this resonance condition is 
exactly equalled to the one of the case of a small 
distance between a molecule and flat substrate [16]. 
Indeed, it has been noted in [8, 33] that at very small 
distances between the dipole and sphere surface as 
compared to the sphere radius, the sphere can be 
considered as a flat substrate from the point of view of 
the reflected part of the Green function. In other words, 
the well-known electrostatic approximation [1, 20] may 
be applied in this case. The nonlocality of the metal 
response reduces the Q-factor of the resonance, but its 
peak is still nearby this wavelength. Thus, we will 
investigate the spontaneous emitted spectra at the 
resonance wavelength of the emitter in vacuum to be 
340 nm. This wavelength (340 nm) corresponds to ω0 
in all equations above.  

The spontaneous emission spectra at different 
molecule-metal distances, the sphere radius of 25 nm 
and radiation rate of γ0 = 109 s–1 are shown in Fig. 2. It is 
clearly seen that Rabi splitting is not symmetrical. This 
asymmetry is associated with the resonance condition of 
surface plasmon [34]: Re[ε2] < 0. The wavelength of 
320 nm corresponds to Re[ε2] = 0. So, the wavelength of 
320 nm looks like a wall. The other feature of Rabi 
splitting is its dependence on the distance between the 
emitter and particle surface. As for the flat substrate 
[16], Rabi splitting can be observed only for small 
distances. Typical inhomogeneous line broadening of 
fluorescence is about 10 nm for this frequency range. So, 
even for the emitter-metal distances of 1.5 nm Rabi 
splitting can be observed according to the theory within 
local response of metals. However, already at the 
emitter-metal surface distance of 2 nm, the splitting is 
not predicted at this response. The position of the upper 
peak can be a good indicator for the emitter-metal 
distances. 

 
 

 
 
Fig. 1. The spectral dependence of γ/γ0 for the particles with 
radius a = 25 nm and the distance from the sphere centre to 
dipole location r = 26 nm in local (solid line) and nonlocal 
(dashed line) responses of Ag. 

 
 
Fig. 2. The fluorescence spectra at a =25 nm and r = 25.5 nm 
(solid line), r = 26 nm (dashed line), r = 26.5 nm (short dashed 
line) and r = 27 nm (dotted line). 
 
 

One more important parameter influencing on the 
emitting spectra is the dipole of the emitter or its 
radiation rate γ0. The higher value of radiation rate leads 
to the higher value of splitting [16]. The spontaneous 
emission spectra at different values of γ0 and at the 
sphere radius of 25 nm, the molecule-metal distance of 
0.5 nm are shown in Fig. 3. It is seen that the splitting at 
γ0 = 109 s–1 is much higher than that at 2·108 s–1. In the 
case of flat substrate, Rabi splitting is roughly 
proportional to 0γ . The deviation from this rule is 
caused by the existence of the loss conditioned by metal 
absorption [35]. One can check from Fig. 3 that the 
splitting is not exactly proportional to 0γ , which can 
be associated with the mentioned contribution of the 
losses to Rabi splitting. 

 
 

 
 
Fig. 3. The fluorescence spectra at a = 25 nm, r = 25.5 nm and 
γ0 = 109 s–1 (solid line) and γ0 = 2·108 s–1 (dashed line). 



 
Semiconductor Physics, Quantum Electronics & Optoelectronics, 2017. V. 20, N 4. P. 458-464. 

doi: https://doi.org/10.15407/spqeo20.04.458 
 

 

© 2017, V. Lashkaryov Institute of Semiconductor Physics, National Academy of Sciences of Ukraine 
 

462 

The orientation of the dipole is also important for 
Rabi splitting, because it influences on the decay rate in 
the case of a flat substrate [1]. The spontaneous emission 
spectra at two different values of γ0, at the sphere radius of 
25 nm, the molecule-metal distance of 0.5 nm and the per-
pendicular and parallel orientations of the emitting dipole 
are shown in Fig. 4. Since γ0 is twice lower in the case of 
flat substrate for the parallel dipole as compared to the 
perpendicular one in the electrostatic approximation [1] 
and the mentioned above of the Rabi splitting dependence 
on γ0, one could expect that the splitting should be 2  
lower for the parallel orientation as compared to the 
perpendicular one. However, one can check that there is a 
deviation from this rule, and it is caused by the mentioned 
contribution of the losses to Rabi splitting. 

At the distances between metal particles smaller than 
few nanometers, the nonlocal response of metals [31] and 
electron tunnelling effect [36] between the particles 
become important. Thus, it is expected that, at the 
distances between emitter and metal surface of 0.5–2 nm, 
the nonlocality in the metal response is also sensitive. 
Thus, with the use of the mentioned in previous section 
hydrodynamical approach, the emitted spectra were 
calculated with nonlocal response of silver. Needed pa-
rameters of Ag has been taken from Ref. [37]. The cal-
culated data are presented in Fig. 5a. It is seen that non-
local response of metals reduces the value of Rabi split-
ting roughly twice. For the comparison, the emitted spect-
ra at the same parameters of emitter-metal distances (z = 
0.5 nm) of flat metal surface [16] are shown in this figure, 
too. One can find that the deviation between these two 
cases (emitter at sphere and emitter at flat surface) is not 
high. The emitted spectra are determined by the distance 
from metal surface (sphere or flat substrate) to emitter. In 
this case, the emitter plays a role of a detector, too. How-
ever, local field spectra are observed usually at the plane 
wave excitation. In other words, the emitter is located in 
far-field zone, while the detector is near the metal particle. 
Fig. 5b represents the local field enhancement factor 
(E/E0) of Ag sphere with two radiuses of 25 and 5 nm at 
the distance between the observation point and the sphere 
surface to be 0.05 nm and in the direction of applied 
electric field. Here, E is the amplitude of the field in the 
mentioned point, and E0 is the amplitude of the incident 
plane wave. Fig. 5b clearly shows that there is a small red 
shift in the local field enhancement factor at the nonlocal 
response as compared to the local one [38]. On the other 
hand, Rabi splitting at the nonlocal response is roughly 
reduced twice (Fig. 5a) as compared to the local one. 

The emitted spectra have been tested by different 
size of the spheres. Fig. 6 shows the emitted spectra for 
the two values of the radiuses, namely 25 and 5 nm. One 
can find that the splitting almost does not depend on the 
sphere radius. It was not expected, because according to 
quantum electrodynamics consideration [39, 40] light-
matter interaction is inversely proportional to square root 
of effective volume. The effective volume for the sphere 
with smaller size is expected to be lower. This problem 
is needed for a detail and separate consideration. 

 
Fig. 4. The fluorescence spectra for a = 25 nm, r = 25.5 nm at 
γ0 = 109 s–1 (solid and dashed lines) and 2·108 s–1 (short dashed 
and dotted lines). The orientation of the dipole is perpendicular 
(solid and short dashed lines) to the surface and parallel 
(dashed and dotted lines) to it. 

 

 
Fig. 5. (a) The fluorescence spectra for a = 25 nm, r = 25.5 nm 
(solid and short dashed lines) and z = 0.5 nm (dashed and dot-
ted lines) nm at the local (solid and dashed lines) and nonlocal 
(short dashed and dotted lines) responses of Ag. (b) The spect-
ral dependence of the local field enhancement factor (E/E0) for 
a = 25 nm (solid and dashed lines) and a = 5 nm (short dashed 
and dotted lines) at the local (solid and dashed lines) and 
nonlocal (short dashed and dotted lines) responses of Ag. 
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Fig. 6. The fluorescence spectra at a = 25 nm, r = 25.5 nm 
(solid and short dash) and a = 5 nm, r = 5.5 nm (dash and dot) 
for γ0 = 109 s–1 (solid and dash) and 2·108 s–1 (short dash and 
dot). 

4. Conclusions 

The problem of strong coupling in light-matter inter-
action of a point-like source placed near a spherical 
silver particle was considered using the classical 
electrodynamics way. The strong coupling is manifested 
in spontaneous emission spectra. Particularly, Rabi 
splitting can occur at some special conditions. The main 
behaviours of this phenomenon are as follows: 
− Rabi splitting can be resolved at very small 

distances between the emitter and particle surface 
(up to 1...1.5 nm); 

− the dipole orientation and its radiation rate affect on 
the splitting; 

− near Ag surface, the resonance of backscattering 
waves occurs at about 340 nm, where the real part 
of the dielectric permittivity of Ag equals to –1, but 
not at the wavelength having resonance in far-field 
zone; 

− nonlocal response of metals reduces Rabi splitting. 

The study also showed that all behaviours 
mentioned above are similar to the case of the point-like 
source placed near a flat Ag substrate (see also Ref. 
[16]). 
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