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Effects of quantum coherence and interference in atoms near nanoparticles
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Optical properties of ensembles of realistic quantum emitters coupled to plasmonic systems are studied by
using adequate models that can take into account full atomic geometry. In particular, the coherent effects such
as forming “dark states,” optical pumping, coherent Raman scattering, and the stimulated Raman adiabatic
passage (STIRAP) are revisited in the presence of metallic nanoparticles. It is shown that the dark states are
still formed but they have more complicated structure, and the optical pumping and the STIRAP cannot be
employed in the vicinity of plasmonic nanostructures. Also, there is a huge difference in the behavior of the local
atomic polarization and the atomic polarization averaged over an ensemble of atoms homogeneously spread near
nanoparticles. The average polarization is strictly related to the polarization induced by the external field, while
the local polarization can be very different from the one induced by the external field. This is important for the
excitation of single molecules, e.g., different components of scattering from single molecules can be used for
their efficient detection.
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I. INTRODUCTION

It is well known that metallic nanoparticles allow re-
searchers to enhance electric fields via plasmonic interactions
[1]. Although the enhancement of the field decreases very
rapidly at even small distances from the nanoparticles, it is this
enhanced field that is responsible for the many orders of mag-
nitude enhancement of the Raman signal from molecules [2].
The plasmonic nanoparticles can be viewed as nanoantennas
that are able to “focus” the field into relatively small regions
that are much smaller than the wavelength of radiation. Optical
(linear and nonlinear) and electronic properties of atoms
and molecules experiencing huge field enhancement can be
modified due to these plasmonic interactions. The plasmonic
interaction also has a strong influence upon coherence effects.

The quantum coherence effects, such as coherent popu-
lation trapping (CPT) [3] and electromagnetically induced
transparency (EIT) [4–7], have been the focus of broad
research activity for the last two decades, as they drastically
change the optical properties of media. For example, for EIT in
CW and pulsed regimes [5–9], absorption practically vanishes.
The medium with excited quantum coherence, i.e., phaseo-
nium [4], can be used to make an ultradispersive prism [10]
that has several orders of magnitude higher angular spectral
dispersion. The bending of light has also been demonstrated
using the transverse dragging effect [11]. The corresponding
steep dispersion results in the ultraslow (subluminal) or fast
(superluminal) propagation of light pulses [12–16], which
can produce huge optical delays [16] and can be used for
drastic modification of the phase-matching conditions for
Brillouin scattering [17], four-wave mixing [18], controllable
switching between bunching and antibunching [19,20], storage
and retrieval of pulses [21], freezing of a light pulse [22],
and ultrahigh enhancement in absolute and relative rotation
sensing using fast and slow light [23]. Recently, the coherent
effects have been employed to theoretically demonstrate a
quantum metamaterial with an all-optical and ultrafast (on the
time scale inverse of the drive field Rabi frequency) control
made of dense ultracold neutral atoms [24]. The so-called

hyperbolic metamaterials open a new realm of physics with
exciting potential applications [25–28].

The quantum engineering of light-matter interaction at the
nanoscale is an active field of research, and the quantum
coherence and interference effects might have broad appli-
cations to novel nanoscale hybrid metal-semiconductor com-
posites due to demonstrated field enhancement ranging from
implementations of coherence effects [3–5] in nanostructures
such as quantum dots and nanowires, and doped solids [29],
to efficient radiators [30] and sensitive sensors, and efficient
photovoltaics due to their unique structural, electrical, optical,
and thermoelectric properties.

In this paper, we revisit the coherent effects in atomic
and molecular systems located near nanoparticles. The first
task here is to study the modification of the dark state of
the atoms near the nanoparticles. The dark state, which is
formed under the action of the coherent laser fields interacting
with the atomic system, is the cornerstone of the coherent
and quantum interference effects. Due to strong modification
of the electromagnetic field near metallic as well as even
near dielectric nanoparticles, the coherent population trapping
state depends on the relative position of the atom with
respect to the nanoparticle. The second task is to study
the process of coherent control of the state of atoms via
adiabatic change of the coherent laser field. The stimulated
Raman adiabatic passage (STIRAP) [3–5] allows researchers
to perform the adiabatic transformation of the “dark” states
using the adiabatic change of the optical fields. We consider
the STIRAP processes in atoms located near the dielectric or
metallic nanoparticles. These processes are very efficient for
creating maximal coherence in atomic and molecular media
[30], and they are also important to control nanoparticles
[31] and multilevel quantum systems [32]. The sensitivity of
coherent Raman scattering can be improved by applying a
femtosecond adaptive technique to excite maximal vibrational
coherence to perform real-time identification of bacterial
spores [33,34], and this technique has a potential to identify
biomolecules as well. It was theoretically shown that chirped
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laser pulses, even a single linearly chirped laser pulse, can be
used for an efficient manipulation of the atomic population in
ultracold Rb atoms [35–39]. Finally, the last task is to study
the atomic responses’ average over the position with respect
to the nanoparticles.

II. MODEL

We study the behavior of atoms in the presence of a field
created by a nanoparticle. Because the electromagnetic fields
are strongly changed by the presence of nanoparticles, we have
to take into account the sufficient number of levels and develop
a model that adequately describes the geometry of atomic
states. For simplicity, we consider four- and seven-level atomic
systems. In particular, to study the formation of the dark state,
we consider the atomic transitions between a ground state
F = 1 and an excited state F ′ = 0 (see Fig. 1). To perform
simulations, we have to take into account all four atomic levels.
The level structure under consideration can be found in alkali
atoms, for example, 87Rb. The ground state 5S1/2 consists
of two hyperfine levels, F = 1 and F = 2, and the excited
state 5P3/2 consists of four hyperfine levels, F ′ = 0, F ′ = 1,
F ′ = 2, and F ′ = 3. Here we consider the transition between
|F = 1,m〉 and |F ′ = 0〉, which is a part of the D2 line. The
Hamiltonian is given by

Ĥtotal = Ĥ0 + V̂ ,

where Ĥ0 is given by

H0 = E1|1〉〈1| + E2|2〉〈2| + E3|3〉〈3| + E4|4〉〈4|,
and E1, E2, E3, and E4 are the energies of the levels 1
(|F ′ = 0〉), 2 (|F = 1,m = −1〉), 3 (|F = 1,m = 0〉), and 4
(|F = 1,m = +1〉), respectively, V̂ = − �℘ · �E describes the
interaction of the atom with the electromagnetic field, �℘ is
the operator of atomic dipole moment, and �E is the laser
electric field. We consider that �E is the laser field modified
by the nanoparticle that has all three components. Using
the rotating-wave approximation (RWA), we can write the
Hamiltonian as

Ĥ = �

⎛
⎜⎜⎜⎝

0 �1 �2 �3

�1
∗ �2 0 0

�2
∗ 0 �3 0

�3
∗ 0 0 �4

⎞
⎟⎟⎟⎠, (1)

where �2, �3, and �4 are the detunings of the frequencies
ω2, ω3, and ω4 of the applied fields between levels 1 and

F ’ = 0

F = 1

Ω1 Ω2 Ω3

1

2 3 4

FIG. 1. The levels of a four-level atom.

2, 1 and 3, and 1 and 4, respectively, and �1, �2, �3

are the Rabi frequencies, �α = ℘αEα/� (where α denotes
the corresponding transitions; see Fig. 1). The electric field
and the dipole moment can be decomposed as �E = E1ê− +
E2ẑ + E3ê+ and �℘ = ℘1ê− + ℘2ẑ + ℘3ê+, where E1,3 are the
amplitudes of the right and left circularly polarized electric
fields, E2 is the amplitude of the linearly polarized electric
field,

℘1,3 = 〈F ′ = 0|x ± iy|F = 1,m = ±1〉
and

℘2 = 〈F ′ = 0|z|F = 1,m = 0〉
are the matrix elements of the dipole moment, ê± are the unit
vectors of right and left circular polarizations, and ẑ is the unit
vector of linear polarization.

We solve numerically the set of density matrix equations,

ρ̇ = − i

�
[Ĥ ,ρ] − �̂ρ, (2)

where �̂ is the matrix operator that describes the decay and
relaxation processes in the system. The matrix operator �̂ρ is
given by

�̂ρ =

⎛
⎜⎜⎜⎝

−γ1ρ11 −�ρ12 −�ρ13 −�1ρ14

−�ρ21 γ2ρ11 −γ0ρ23 −γ0ρ24

−�ρ31 −γ0ρ32 γ3ρ11 −γ0ρ34

−�ρ41 −γ0ρ42 −γ0ρ43 γ4ρ11

⎞
⎟⎟⎟⎠,

where γ1 is the relaxation rate of ρ11; γ2, γ3, and γ4 are the
relaxation rates of ρ11 to levels 2,3, and 4, respectively; � is
the relaxation rate of optical coherences, for example, ρ13, ρ12,
and ρ14; and γ0 is the relaxation rate of coherences between
ground-state sublevels F = 1, for example, ρ23, ρ24, ρ34. The
relaxation rates are γ1 = γ2 + γ3 + γ4, and � = γcol + (γ1 +
γ0)/2, where γcol is the relaxation due to collisions (for our
simulations here, we use γcol = 0).

A. Field distribution near nanoparticles

To find out the field distribution, we solve Maxwell’s
equations for fields E and H,

∇ × H = ikm2E, (3)

∇ × E = −ikH, (4)

∇H = 0, (5)

∇E = 0, (6)

where k is the wave number, and m is the index of refraction
of the medium. The fields satisfy the wave equations

∇2E + k2m2E = 0, (7)

∇2H + k2m2H = 0. (8)

Using the scalar potential ψ(r,θ,φ), the wave equation

∇2ψ + k2m2ψ = 0 (9)
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has the solution that can be written as

ψln =
(

u

v

)
=

(
sin lφ

cos lφ

)
P l

n(cos θ )zn(kr), (10)

where P l
n(cos θ ) are the associated Legendre polynomials, and

zn(kr) are the spherical Bessel functions.
We introduce Mψ and Nψ for the fields (see, for example,

[40]) as

Mψ = ∇ × (rψ), (11)

mkNψ = ∇ × Mψ, (12)

which have the spherical components

Mr = 0, kmNr = ∂2(rψ)

∂r2
+ k2m2rψ, (13)

Mθ = 1

r sin θ

∂(rψ)

∂φ
, kmNθ = 1

r

∂2(rψ)

∂r∂θ
, (14)

Mφ = −1

r

∂(rψ)

∂θ
, kmNφ = 1

r sin θ

∂2(rψ)

∂r∂φ
. (15)

Then, the fields E and H [solutions of Eq. (7) and Eq. (8)] can
be written as

E = Mv + iNu, (16)

H = m(−Mu + iNv). (17)

We consider the case of a single sphere, and assume that the
laser field is the plane wave (if the laser field is focused, that
means that the focal spot is much larger than the wavelength
of the laser beam), and the incident wave can be written as

�E = �E0e
i�k�r , (18)

and potentials are given by

ψ =
(

u

v

)
=

(
sin φ

cos φ

) ∞∑
n=1

(−i)n
2n + 1

n(n + 1)
P 1

n (cos θ )jn(kr).

(19)
For the field scattered by the sphere, the potentials are
(

u

v

)
=

(
sin φ

cos φ

) ∞∑
n=1

(−an

−bn

)
(−i)n

2n + 1

n(n + 1)
P 1

n (cos θ )h(2)
n (kr).

(20)
Inside the sphere, the potentials are given by
(

u

v

)
=

(
sin φ

cos φ

) ∞∑
n=1

m

(
cn

dn

)
(−i)n

2n + 1

n(n + 1)
P 1

n (cos θ )jn(kmr).

(21)
For the case of many spheres, the generalized Mie theory
[41] can be used, where the approach is similar to [42,43] for
layered media.

B. Near-field approximation

Simple physics can be gained by considering the electric
field close to spheres in a near-field dipole approximation
(radius of the spheres is much smaller than the wavelength of

radiation, a 	 λ). The electric field induced by polarization
of the sphere is given by

E′ = −4π

3
P, (22)

where the polarization is related to the field inside the
sphere as

P = ε − 1

4π
Ein. (23)

Then, the field inside the sphere is given by

Ein = E0 + E′ = 3

ε + 2
E0, (24)

and polarization is

P = 3

4π

ε − 1

ε + 2
E0. (25)

The corresponding dipole moment of the sphere related to the
polarization as

pi = Ql = 4π

3
R3Pi (26)

can create an electric field that is given by

�Ep = 3n̂(n̂ · �p) − �p
r3

. (27)

Then, the field near the sphere is given by the external field
and the field created by the dipole as

�E = �E0 + ε − 1

ε + 2

R3

r3
[3n̂(n̂ · p̂) − p̂]E0, (28)

where n̂ and p̂ are corresponding unit vectors. One can see
that at some frequencies where ε + 2 
 0, the electric field
can be enhanced. For the case of many spheres, the dipoles
induced in the sphere can be enhanced even more due to
the dipole interaction between the gold nanoparticles. The
rough estimation of the field enhancement based on this
dipole approximation gives the same order of magnitude
enhancement as that from the simulations based on the solution
of the Maxwell’s equations.

III. MODIFICATION OF “DARK STATE”

The coherent effects can be described by using the so-called
“dark” and “bright” states. Let us consider the fields at the reso-
nance �2 = �3 = �4 = 0; then the Hamiltonian given by Eq.
(1) has the eigenvalues ±�eff = ±

√
|�1|2 + |�2|2 + |�3|2

corresponding to the bright states |B±〉 given by

|B±〉 = ±�eff|1〉 + �1|2〉 + �2|3〉 + �3|4〉√
2�2

eff

, (29)

and, for the zero eigenvalues, we have two dark states,

|D1〉 = −�2|2〉 + �1|3〉√
|�1|2 + |�2|2

(30)

and

|D2〉 = −�3|2〉 + �1|4〉√
|�1|2 + |�3|2

. (31)
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FIG. 2. Atomic coherence ρ23 (a) in vacuum, (b) in the vicinity
of ZnO and (c) gold nanoparticles.

Then the atomic coherences ρ23 and ρ24 describe the dark
states. We perform calculations of the atomic coherences ρ23

and ρ24 depending on the position of the atom near the sphere;
the results are shown in Fig. 3.

Figure 2(a) depicts ρ23 in vacuum, and Figs. 2(b) and 2(c)
represent it for ZnO and gold, respectively (we use the realistic
parameters for gold from [44]). Figure 3(a) shows the plot of
the absolute value of coherence ρ24 in vacuum, whereas Figs.
3(b) and 3(c) are those for ZnO and gold. The 3D dependence
of absolute values of atomic coherence, ρ23, are shown in Fig.
2(a). We can see that the dark states depend on the atomic
position with respect to the nanoparticle.

IV. MODIFICATION OF STIRAP AND OPTICAL PUMPING

A. Stirap

Now we turn to the stimulated Raman adiabatic pas-
sage (STIRAP). The STIRAP allows researchers to per-
form the adiabatic transformation of the dark states using
the adiabatic change of the optical fields [3–5]. To per-
form STIRAP, we assume that all of the atomic popula-
tion is initially in the state 2, and we apply two short
optical pulses E1(t) and E3(t) with left and right circu-
lar polarizations. The corresponding Rabi frequencies are

0.0 0.5 1.0 1.5 2.0 2.5 3.0  0  1  2  3  4  5  6
0.2475
0.2490
0.2505
0.2520

θ φ
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0.10
0.15
0.20
0.25

(a)

(b)

(c)

θ φ

FIG. 3. Atomic coherence ρ24 (a) in vacuum, (b) in the vicinity
of ZnO and (c) gold nanoparticles.

given by

�1 = �01 exp

[
− (t − t1)2

2τ 2

]
(32)

and

�3 = �03 exp

[
− (t − t3)2

2τ 2

]
, (33)

where �01 and �03 are the amplitudes of the Rabi frequencies
of optical pulses, τ is the optical pulse width, and t1 and
t3 are the time delays of STIRAP optical pulses (see Fig.
4). For simulations, we use �01 = �03 = 8γ2, γ0 = 1 10−3γ2,
τ = 0.25γ −1

2 , and t1 = 0.75γ −1
2 and t3 = 1.25γ −1

2 .
Figures 5 and 6 show the time evolution of atomic

populations, ρ22 and ρ44, during the STIRAP. Figures 5(a)–5(c)
depict the time evolution of the two populations in vacuum,
in the presence of a dielectric sphere with dielectric constant,
ε = 1.55, and in the presence of a metallic nanoparticle with
ε = −2.1, respectively. We see from Figs. 5(a) and 5(b) that
STIRAP works for materials with a small dielectric constant,
but as the material deviates away from vacuum, it does not
work. For example, Fig. 5(c) shows the time evolution of ρ22

and ρ44, which is complicated.
In Fig. 6, we show the time evolution of atomic populations

for the atom in the vicinity of a ZnO nanoparticle [Fig. 6(a)]
and for a gold nanoparticle [Fig. 6(b)]. Again, we can see
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FIG. 4. Time evolution of the STIRAP pulses given by Eqs. (32)
and (33).

from Figs. 6(a) and 6(b) that the atomic populations show a
complicated distribution.
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FIG. 5. Time evolution of atomic populations ρ22 and ρ44 during
STIRAP (a) in vacuum, (b) in the presence of a dielectric sphere,
ε = 1.55, and (c) in the presence of a metallic nanoparticle, ε = −2.1.
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FIG. 6. Time evolution of atomic populations ρ22 and ρ44 during
STIRAP (a) in the presence of a ZnO nanoparticle, ε = 4.01, and (b)
in the presence of a gold nanoparticle, ε = −1.26 + i3.58.

B. Optical pumping and STIRAP

In the previous section, we assume that all of the atomic
population is initially in the state 2, but it is interesting to
study whether it is possible to prepare the atom in this state.
In vacuum, it is the optical pumping that can be used for this
purpose. To simulate this process, we use a set of pulses to
avoid coherent population trapping (as we have already seen
in Sec. III, under the mutual action of fields �2 and �3, the
dark state is formed and some population is trapped in this
state). We apply a pulse of the field �2, and then we apply a
pulse of the field �3, namely, we apply the set of laser pulses
to pump populations in levels 3 and 4 into level 2. The time
evolution of the set of optical pumping pulses [consisting of
E1(t) and E2(t)] and the STIRAP optical pulses [consisting
of E1(t) and E3(t)] is shown in Fig. 7. At the end of the set
of optical pumping pulses, two short optical left and right
circularly polarized pulses E1(t) and E3(t) are applied, and
the corresponding Rabi frequencies are given by

�1 = �01 sin2

(
t

Tm

)
exp

[
− t2

2T 2
0

]

+�01 exp

[
− (t − t1)2

2τ 2

]
(34)

and

�2 = �02 cos2

(
t

Tm

)
exp

[
− t2

2T 2
0

]
, (35)
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FIG. 7. Time evolution of the set of optical pumping and STIRAP
pulses.

where �02 = 5γ2 is the amplitude of the Rabi frequencies of a
linearly polarized optical pulse, �01 = 8γ2 and �03 = 8γ2 [see
Eqs. (32) and (33)] are the amplitudes of the Rabi frequencies
of a circularly polarized optical pulse, τ = 0.25γ −1

2 , T0 =
8γ −1

2 is the width of optical pumping, Tm = 1.5γ −1
2 is the

modulation width of the optical pulses providing optical
pumping, and t1 = 12.25γ −1

2 and t3 = 12.75γ −1
2 are the time

delays of the STIRAP optical pulses.
We have also performed a simulation of the process of

the optical pumping. Figure 8 shows the time dynamics of
ρ22, ρ33, and ρ44 during the pumping. Figures 8(a)–8(d) show
the time dynamics in vacuum (ε = 1.0), in the presence of
ZnO nanoparticle, in the presence of a metal nanoparticle with
dielectric constant, ε = −1.1, and in the presence of the gold
nanoparticle.

V. COHERENT RAMAN SCATTERING

In previous sections, we have demonstrated that dark states,
optical pumping, and STIRAP in atoms near nanoparticles
depend on the position of the atom with respect to the
nanoparticle. In this section, we study the generation of
optical fields by induced atomic coherence. This process
is important to understand the coherent Raman scattering
and its modification (such as, for example, enhancement) by
nanoparticles [2].

In particular, we consider an atomic model that provides us
with the correct description of all polarization components of
the electromagnetic field near nanoparticles. The atomic level
structure is shown in Fig. 9 with the Hamiltonian given by

H = �

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

0 �1 �2 �3 �4 �5 �6

�1
∗ �2 0 0 0 0 0

�2
∗ 0 �3 0 0 0 0

�3
∗ 0 0 �4 0 0 0

�4
∗ 0 0 0 �5 0 0

�5
∗ 0 0 0 0 �6 0

�6
∗ 0 0 0 0 0 �7

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

,

where �α are the detunings from the atomic transitions (see
Fig. 9), �1, �2, �3 are the Rabi frequencies, �α = ℘αE(1)

α /�

(where α = 1,2,3 denotes the corresponding transitions; see
Fig. 9), and �4, �5, �6 are the Rabi frequencies, �α =

0.00

0.12

0.24

0.36

0.48

 0  2  4  6  8  10  12  14  16
γ2t

(c)
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ρ44
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(a)

FIG. 8. Time dynamics of atomic populations ρ22, ρ33, and ρ44

during optical pumping (a) in vacuum, (b) in the presence of a
ZnO nanoparticle, (c) in the presence of a metal nanoparticle with
dielectric constant, ε = −1.1, and (d) in the presence of a gold
nanoparticle.

℘̃αE(2)
α /� (where α = 4,5,6 denotes the corresponding transi-

tions; see Fig. 9).
The electric field �E(1) is close to the resonance to transitions

F ′ = 0 and F = 1, and the electric field �E(2) is close to
the resonance to transitions F ′ = 0 and F = 1′, and the
fields can be decomposed as �E(1) = E

(1)
1 ê− + E

(1)
2 ẑ + E

(1)
3 ê+

and �E(2) = E
(2)
1 ê− + E

(2)
2 ẑ + E

(2)
3 ê+. The dipole moments of

corresponding transitions can be decomposed as �℘ = ℘1ê− +
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FIG. 9. The levels of a seven-level atom.

℘2ẑ + ℘3ê+ and �̃℘ = ℘̃1ê− + ℘̃2ẑ + ℘̃3ê+, where

℘1,3 = 〈F ′ = 0|x ± iy|F = 1,m = ±1〉,

℘2 = 〈F ′ = 0|z|F = 1,m = 0〉,

℘̃4,6 = 〈F ′ = 0|x ± iy|F = 1′,m = ±1〉,

℘̃5 = 〈F ′ = 0|z|F = 1′,m = 0〉
are the matrix elements of the dipole moment.

We consider that the circularly polarized and resonant to
transitions laser pulses induce the atomic coherence at the low-
frequency transition between sublevels of F = 1 and F = 1′
(see Fig. 9). Then, at a later time, the circularly polarized
laser pulse at the transition is applied to the atomic system
and it induces a pulse of the atomic polarization that generates
a coherent Raman optical pulse (see the time evolution of
the pulses for coherent Raman scattering in Fig. 10). The
corresponding Rabi frequencies are given by

�1 = �01 exp

[
− (t − t1)2

2τ 2

]
+ �012 exp

[
− (t − t12)2

2τ 2

]
and

�4 = �04 exp

[
− (t − t4)2

2τ 2

]
, (36)

where �01, �012, and �04 are the amplitudes of the Rabi fre-
quencies of optical pulses, τ is the optical pulse width, and t1,
t12, and t4 are the time delays (see Fig. 4). For simulations, we

 0

 2

 4

 6

 8

 0  3  6  9  12

γ
2

t

Ω
1

Ω
4

FIG. 10. Time evolution of the pulses for coherent Raman
scattering given by Eq. (36).
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FIG. 11. Real and imaginary parts of polarization components for
the incident field amplitude, �04 = 0.1γ2. (a),(b) Real and imaginary
components in vacuum, (c),(d) real and imaginary components in
the presence of a ZnO nanoparticle, and (e),(f) real and imaginary
components in the presence of a gold nanoparticle.

-1.2
-0.6
0.0

 8.5  10.5  12.5

A
vg

. P
x

(a)

Real

Imag.

0.6 x 10-3

-1.2
-0.6
0.0

 8.5  10.5  12.5

A
vg

. P
y

(b)

Real

Imag.
0.6 x 10-3

-2.6
-1.3
0.0

 8.5  10.5  12.5

A
vg

. P
x

(c)

Real

Imag.

1.3 x 10-3

-2.6
-1.3
0.0

 8.5  10.5  12.5

A
vg

. P
y

(d)

Real

Imag.
1.3 x 10-3

-6.0
-3.0
0.0

 8.5  10.5  12.5

A
vg

. P
x

(e)
Real

Imag.

3.0 x 10-3

-6.0
-3.0
0.0

 8.5  10.5  12.5

A
vg

. P
y

(f)

Real

Imag.
3.0 x 10-3

FIG. 12. Average polarizations Px and Py for �04 = 0.1γ2.
(a),(c),(e) Real and imaginary components of polarization Px along
the x axis in vacuum, in the presence of ZnO and gold nanoparticles,
respectively. Similarly, (b),(d),(f) real and imaginary components of
polarization Px along the y axis in vacuum, in the presence of ZnO
and gold nanoparticles, respectively.
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FIG. 13. Average polarization components Px and Pz, and aver-
age field components Ex and Ez over the sphere using the Mie field
for a ZnO nanoparticle of 2 nm radius. (a) Real and imaginary parts
of average polarization Px , (b) real and imaginary parts of average
polarization Pz; (c) and (d) correspond to Ex and Ez.

use �01 = �012 = �04 = 8γ2, γ0 = 1 10−3γ2, τ = 0.5γ −1
2 ,

t1 = t4 = 1.5γ −1
2 , and t12 = 10.5γ −1

2 .
Figure 11 shows time variations of induced polarization

components Px , Py , and Pz over time for different nanoparti-
cles at incident field amplitudes, �04 = 0.1γ2. Figures 11(a),
11(c), and 11(e) show the variations of real components of
Px , Py , and Pz in vacuum for a ZnO nanoparticle and for a
gold nanoparticle, respectively. Similarly, Figs. 11(b), 11(d),
and 11(f) represent the imaginary parts of Px , Py , and Pz for
the same material nanoparticles, respectively. We have also
observed that as the incident field amplitude increases, there is
a dependence in the variation of polarization components, but
it is not significant.
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FIG. 14. Average polarization components Px and Pz, and aver-
age field components Ex and Ez over the sphere using the Mie field
for a ZnO nanoparticle of 40 nm radius. (a) Real and imaginary parts
of average polarization Px , (b) real and imaginary parts of average
polarization Pz; (c) and (d) correspond to Ex and Ez.
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FIG. 15. Average polarization components Px and Pz, and aver-
age field components Ex and Ez over the sphere using the Mie field
for a ZnO nanoparticle of 100 nm radius. (a) Real and imaginary parts
of average polarization Px , (b) real and imaginary parts of average
polarization Pz; (c) and (d) correspond to Ex and Ez.

A. Average of atomic response and average field

We can see that the atomic response depends on the
position with respect to the nanoparticle. The field created
by the nanoparticle modifies the external field. In this re-
gard, a question arises regarding how the average atomic
response over the position of the atom is with respect to the
field.

The average field can be easily found for the near field of the
nanoparticle that is much smaller than the wavelength, a 	 λ.
Indeed, according to the near field given by Eq. (28),

〈E〉 = E0 − ε − 1

ε + 2
E0 = 3

ε + 2
E0. (37)

The averaging above is defined as

〈Q〉 ≡ 1

4π

∫ 2π

0

∫ π

0
Q(θ,φ) sin θ dθ dφ. (38)

For ZnO nanoparticles, ε 
 4, the average field 〈E〉 
 0.5E0.
Then we calculate the average polarizations over the

spheres. Figures 12 show the time variation of the average
polarizations for the same incident fields as those for the
polarization components. Figures 12(a), 12(c), and 12(e)
represent real and imaginary components of polarization Px

along the x axis in vacuum, in the presence of ZnO and
gold nanoparticles, respectively, and Figs. 12(b), 12(d), and
12(f) represent those of polarization Py along the y axis
in vacuum, in the presence of ZnO and gold nanoparticles,
respectively.

Figures 13–16 show the average polarization components
Px and Pz, and the average field components Ex and Ez over the
sphere using the Mie field for a ZnO nanoparticle of radii 2, 40,
100, and 400 nm, respectively. Figures 13(a) and 13(b) through
Figs. 16(a) and 16(b) represent the real and imaginary parts of
average polarization components Px and Pz, respectively, and
Figs. 13(c) and 13(d) through Figs. 16(c) and 16(d) correspond
to the real and imaginary parts of average fields components
Ex and Ez over the spheres, respectively.
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FIG. 16. Average polarization components Px and Pz, and aver-
age field components Ex and Ez over the sphere using the Mie field
for a ZnO nanoparticle of 400 nm radius. (a) Real and imaginary parts
of average polarization Px , (b) real and imaginary parts of average
polarization Pz; (c) and (d) correspond to Ex and Ez.

VI. CONCLUSION

In conclusion, we have demonstrated that the optical
properties of atoms and molecules coupled to plasmonic
systems are strongly modified and changed. We develop and
use accordingly the adequate atomic models, properly taking
into account atomic geometry. We have shown that, indeed, the
structure of dark states depends on the location of the atom with
respect to the nanoparticle and the three-level models cannot
be properly used to describe the interaction of radiation with
the atomic systems. We demonstrate the formation of dark
states, optical pumping, coherent Raman scattering, and the
stimulated Raman adiabatic passage (STIRAP) in the presence

of metallic nanoparticles. It is shown that the dark states are
still formed but they have more complicated structure, and
the optical pumping and the STIRAP cannot be employed
in the vicinity of plasmonic nanostructures. The STIRAP
technique should be carefully used because it might not work
or at least has new features in the presence of nanoparticles.
Also there is a huge difference between the local atomic
polarization and the atomic polarization averaged over an
ensemble of atoms homogeneously spread near nanoparticles.
The averaged polarization is strictly related to the polarization
of the external field, while the local polarization can be
very different from the one induced by the external field.
This is important for the excitation of single molecules, e.g.,
different components of scattering from single molecules
can be used for efficient detection of nanoparticles. These
features mentioned above are important because they may
lead to new applications such as the appearance of vortices
of radiation near the nanoparticles that can demonstrate
the rotational Doppler effect. Thus an extremely compact
sensor of rotation can be developed on the basis of these
effects. Note that these effects open a way to detect rotations
which is different from Sagnac interferometry [45–48]. Let
us stress here that the demonstrated implementations of
coherence effects in nanostructures and nanoparticles have
broad applications to doped solids [29] to develop efficient
radiators and sensitive sensors, and efficient photovoltaics due
to their unique structural, electrical, and optical properties.
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