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ABSTRACT

We theoretically demonstrate the subwavelength confinement of a quantum emitter in ladder configuration
adjacent to a plasmonic nanostructure. The lower leg of the ladder system interacting with a weak probe beam
of light is far detuned from the surface of the plasmonic nanostructure and thus does not feel any effect from the
plasmonic nanostructure. On the other hand, the upper, V-type, leg coupling with a standing wave (SW) control
field interacts with the surface-plasmon bands of the nanostructure, giving the anisotropic Purcell effect to the
spontaneous emission and leading to quantum interference in the spontaneous emission. The application of the
SW beam makes the light-matter interaction spatially dependent, as a result, measuring the absorption of the
weak probe beam provides a suitable tool to acquire information about the spatial confinement of the emitter.
It is found that when the nanostructure system is present, the spatial distribution of probe absorption modifies
significantly, allowing a distant control of subwavelength localization of the quantum emitter. In particular, a
superlocalization regime can be achieved for emitter-metasurface separation distances from 0.65¢/w, to c/w,.

1. Introduction

Light-matter interaction engineering has been an appealing field
of research with interesting consequences implemented in chemistry,
physics and nanotechnology [1]. Restricting light to nanosize volumes
through interacting with the conduction electrons of nanostructures has
been shown to result in various significant effects [2-4]. In addition,
quantum coherence and quantum interference in emitters placed near
the nanostructured plasmonic metasurface has led to several phenom-
ena, for instance the transparency and resulting slow light [5-7], en-
hancement in the index of refraction [8], Fano effects in energy absorp-
tion [9,10], modification of spontaneous emission [11-13], coherent
control of the optical bistability [14-16], four-wave-mixing [17,18],
enhanced Kerr nonlinearity [19,20], amplification without inversion
[21-23], and so on [24-27].

On the other hand, confinement in space of single emitters (mainly
atoms) has received a considerable interest because of its application
possibilities in patterning of Bose-Einstein condensation [14,28], laser
cooling [29], center-of-mass wave function measurements [30], and
atom nanolithography [31]. Different optical-based methods have been
proposed for spatial confinement of emitters [32-49]. These techniques
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are mainly based on the dark state of coherent population trapping
(CPT) [37] or Stimulated Raman Adiabatic Passage (STIRAP) [43],
detection of spontaneously emitted photon [45], measuring the spa-
tial distribution of either excited state population [33] or probe field
absorption [32,36].

While most of previous studies on subwavelength localization have
dealt with single emitters in vacuum, a remote distant control of
subwavelength localization of an emitter placed next to a periodic
plasmonic nanostructure has motivated this study. To this end, here
we consider a ladder shaped quantum emitter characterized by four
energy levels which is located next to the surface of a plasmonic
nanostructure. Specifically, a weak probe laser field acts on the lower
leg of the ladder configuration which is not influenced by the nanos-
tructure. On the other hand, the upper, V-type, leg interacting with a
standing wave (SW) beam (control field) exists in the surface-plasmon
bands of the nanostructure, giving the anisotropic Purcell effect to
the spontaneous emission and leading to quantum interference in the
spontaneous emission [11]. As a result, the light-matter interaction
becomes space-dependent when the quantum system interplays with
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Fig. 1. A quantum system with four energy levels in ladder configuration interacting with a weak probe field as well as a strong SW control field (a). A metal-coated dielectric

nanosphere (b) and a 2D array of such spheres (c).

a strong SW field, allowing to get accurate information on where the
quantum emitter is localized in space. This can be achieved from the
absorption distribution of the weak probe field. Interestingly, when
the quantum system is situated at particular to the nanostructure,
the localization is significantly improved compared to the situation in
which the nanostructure is absent.

2. Model, system, equations and results

Fig. 1(a) illustrates a four-level light-matter coupling quantum sys-
tem consisting of two closely lying upper states |2) and |3), as well
as two lower states |1) and |0). Such a quantum system is located in
vacuum with a distance d from the surface of a plasmonic nanostructure
(Fig. 1(b)). More specifically, we assume that the quantum system lies
on an axis normal to (the plane of) the nanostructure, crossing the
center of a sphere. For example, the two upper states |2) and |3) can
be Zeeman sublevels (J = 2, M; = 1), the intermediate state |1) can
be a level with J =1, M; = 0, and the lower state |0) represent a level
with J =0.

The quantum system is coupled with a weak probe field character-
ized by the Rabi frequency 2, = ujoE,/h, as well as a strong control
field of the Rabi frequency 2, = uE,,/h. Here u and u,, are the dipole

moments of the relevant transitions, and E,, and E, are the electric
field amplitudes. The probe laser field £, drives the transition between
states |0) and |1), while the control laser field 2, couples the state |1)
to the states |2) and |3).

We also assume that the control field is a classical standing wave
(SW) field aligned along the x direction, so the resulting Rabi-frequency
of control field is given by

Q.(x) = Q. sin(kx + 1), (€D)]

where k = 2z /1 is the wave vector corresponding to the wavelength 4,
while 7 is the phase shift of the SW beam. Assuming that the center-
of mass position of the quantum system is nearly constant along the
direction of the standing wave, the kinetic energy of the system can
be disregarded in the interaction Hamiltonian by applying the Raman-
Nath approximation [50]. The resulting Hamiltonian can be written
then, in the electric dipole and rotating-wave approximations

H = Hy+ Hy,. (2)
The first term in Eq. (2) describes the field-free Hamiltonian
3
Hy=Y Ejj;, 3)
j=0
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d =09¢c/w, (red solid).

while the second term represents to the interaction Hamiltonian

Hip, = —h82,e™ [1)(0] = hQ2,(x)e™ 4 (|1)(2] + |1)(3]) + Hec., )

where E; = ho; is the energy of the state |j) and o;; = |j)(j|. Here
also 6 = w; — wy — @ denotes the probe field detuning and 4, = @ — w,
indicates the detuning from resonance, with @ = (w, + w3)/2 — @, being
the average transition energy from the excited states |2) and |3) to the
state |1), and w, being the angular frequency of the control field. Two
upper states are assumed to be degenerate, i.e. E, = E; and thus ws, =
(w3 —m,)/2 = 0. Both upper states |2) and |3) are leaking spontaneously
to the states |0) and |1) with the rates y and y’, respectively. The state
|1y decays to |0) with the rate y”. The four-level emitter is selected
such that transitions |2), |3) to |1) lie within the surface-plasmon bands
of the plasmonic nanostructure, while transitions |2), |3) to |0) are
spectrally far from the surface-plasmon bands and are not affected by
the nanostructured plasmonic metasurface. We also define I, as the
decay rate of the states |2) and |3) to the state |1) in the electromagnetic
vacuum [12].

Assuming a Markovian response and by means of the Hamiltonian of
Eq. (1), the following equations for the matter fields can be obtained for
the density matrix elements of the quantum emitter (to the first order
in the probe field)

Pro=—0" +i8)p1g +iR.(x)p3g + iR, (X)pyg + iR, 5)
pro =~y +y' +i8+iA)pyy +iR.(X)p;p — kP30 (6)
P30 =—(r +7 +i8+iA)psy +iR.(X)pjp — Kpap- @

Egs. (5)-(7) imply the control field to be much stronger than the probe
one, keeping most of the population in the ground state |0), so that one
can treat the probe field as a perturbation. In the above equations, «
represents the coupling coefficient between states |2) and |3) (due to
the spontaneous emission in a modified anisotropic vacuum [51]). The
quantum interference can take place only if the coupling parameter « is
nonzero [52]. According to [11,53], the parameters y and x occur due
to presence of the plasmonic nanostructure and their values are given
by

y= 3L+ 1), ®)
k=3I =Ty, ©

where the values of the parameters I', and I}; depend on the distance
between the quantum system and the plasmonic nanostructure and can
be obtained from [5].

The linear electric susceptibility characterizes well the absorption
and dispersion optical properties of the weak probe field:

2
Niio pio

gh Q,
Here ¢, and N denote the permittivity of vacuum and the density of the
quantum emitters, respectively. The coherence p,, featured in Eq. (10)

can be obtained from the density matrix Egs. (5), (6) and (7) in the
steady-state

P10 =82, [iK? —i(y + 7' + 16 +i4,)] [-2Q2(x)(y + 7' + i +i4,)

x(8) = 10)

_ 11)
+ 26220 + K2 +18) = (" +i8)y + 7 +is +iA)?]
Substituting Eq. (11) to Eq. (10) yields
W2
2(8) = 507‘10 [ik? —i(y + v +i8 +i4,)?] [-2Q2()(y + v +i6 +i4,) 12

2 2 . . . . o\21-1
+ 2K025(x) + K @ +i8) =" +iS)y+y +is+id,) ]

When the ladder-shaped quantum emitter is located in the vacuum (far
from the nanostructured plasmonic metasurface) and for 4, = 0, one
gets

Ny, ik +y+7 +i8)
goh 20200+ (v +id)x +y+y +i6)

x(6) = 13

Now, let us study the absorption properties of the system (Fig. 2)
without taking into account any spatial dependence of the control field.
Note that the imaginary part y” of linear susceptibility, y = y' +iy",
refers to the absorption of the probe field by the system (while its
real part y' corresponds to the dispersion). As illustrated in Fig. 2(a),
if the strength of the control beam is strong enough, the absorption
profiles show a dip at center with two well-separated equally-strong
peaks at § = +£,.v/2 associated with the transitions [0) — |+) (see

Appendix). The presence of nanostructured metasurface modifies the

intensity and width of the absorption peaks (see Fig. 2(b)). Clearly,
for larger distances, the absorption is more reduced at line center,
profounding the resonant transparency.

Next, by taking into consideration the spatial structure of the control
SW field, we model the characteristic feature of the absorption profile.
We are interested in resonant localization effects i.e., 6 = 4, = 0. Setting
this into Eq. (12), this equation becomes purely imaginary, giving the
absorption characteristics of the probe field

2
Ny 1 ’ a4

goh 202
—K+(}'+r 5 sin (kx) + I

FOE
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Fig. 3. The absorption spectrum [”] of the ladder-shaped light-matter quantum coupling (in units of —2) versus kx for (a) £, =3I and (b) 2, = 6I;,. The dotted black curve
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surface of nanostructure. For the simulations we selected 4, = 6 =0, ' = 0.3I;, # =0 and y” = I},. The absorption profiles are plotted in units of —2. The dashed blue curve
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illustrates a sine-squared function characterizing the spatial-dependent SW field Q.(x) = 2, sin(kx + n).

where we have assumed y”’ = I, and n = 0. Observed in Eq. (14) the
absorption peaks occur in y”(0) at x positions satisfying sin’(kx) = 0,
or kx = nz. The full width at half maximum (FWHM) of these peaks is
given by

2 Kk+y+y
Ax = _ 15
T VT 2 (15)

If the system is in the vacuum (kx = 0), Eq. (15) takes the form

2 Iy+v
ke, 2

; (16)

(Ax)vacuum =

while in the presence of the plasmonic nanostructure, i.e., x # 0,
Eq. (15) simplifies, by means of Egs. (8) and (9)

2 I+y
(Ax)plasmonic = m P :

c

a7

Clearly, the value of I', is the crucial parameter here. As men-
tioned before, I', values decrease with increasing the nanostructured
metasurface-emitter separation. The values of I'| are quite larger than
the free-space decay rate when the emitter is very close to the surface of
nanostructure. For distances up to 0.6¢/w), the value of I' is still larger
than the corresponding decay rate values for the free-space. On the
other hand, for separations between 0.65c/®, and ¢/w, the I'| values
are less than the decay rate in vacuum. This indicates that for any
metasurface-emitter separations between 0.65¢/w, and ¢/,

(Ax)plasmonic < (Ax)vacuum’ (18)

and a superlocalization regime is achieved next to the plasmonic nanos-
tructure.

Fig. 3 compares the localization patterns obtained from measuring
the absorption of the weak probe field and for (a) £, = 37}, and (b)
Q. = 6I, when the ladder light-matter coupling quantum scheme is
in the vacuum, i.e., d = o (dotted black), and when it is placed in
proximity to the plasmonic nanostructure (red solid). For the latter case
we selected d = ¢/w, for which the value of I, is very small (I'| =
0.1837;). One can see that the presence of plasmonic nanostructure
produces sharper peaks on the spatial distribution of absorption profile
with a better resolution, well below the diffraction limit (compared to
the case which it is absent). Increasing the intensity of SW beam yields
much tighter confinement of absorption peaks, as depicted in Fig. 4.

Next in Fig. 5 we illustrate how the number of subwavelength
peaks, their widths and positions are modified as we vary the system
parameters. When the phase shift associated with the SW beam is

set to = x/2, the number of localization peaks reduces to two. In
this case, each absorption peak is situated in one sub-halfwavelength
region (kx = {-z,0} and kx = {0,7r}). Increasing the intensity
of SW causes a stricter confinement of emitters situated next to the
plasmonic nanostructure. Another regime of localization corresponds
to the existence of four peaks as opposed to the three (Figs. 3 and 4)
and two (Fig. 5). This can be achieved when the probe field is not on
resonance § # 0, see Fig. 6. In such a situation, each half-subwavelength
domain contains two peaks, whose position can be controlled by the
phase shift parameter 7.

Let us next investigate the localization in two-dimensional (2D) of
the quantum emitters next to the plasmonic nanostructure. For this
situation, the control field is a combination of two orthogonal standing
wave fields with the same frequency

Q.(x,y) = Q,[sin(kx + 1) + sin(ky + n,)], 19

with 5, being the corresponding phase shifts of the standing waves.
Fig. 7 shows the 2D simulations by proper adjusting the system pa-
rameters. As shown in Fig. 7(a), when § = 0,5, = 5, = 0, the
absorption peaks are distributed on the diagonal in both second and
fourth quadrants. The peaks of 2D localization resembles a lattice-
like pattern with a uniform distribution of position probability which
are across diagonals (corresponding to kx + ky = 2mz or kx — ky =
(2n + Dz with m,n being integers). For 6 = 0 but n; = n, = /2
(Fig. 7(b)), the maxima in the absorption profile are spreaded in all
four quadrants of the 2D plane and with a square-like pattern. For
6 = Ty, n; = n, = 0, the absorption peaks appear in the first and
third quadrants with a crater-like structure. The emitter is localized
at the circular edges of the two craters [see Fig. 7(c)]. Finally, for
6 =121, n; = np, = 0, the resulting spectrum of absorption represents a
pattern with two spikes placed in the first and third quadrants. Such a
structure provides a higher resolution in the spatial distribution of the
probe absorption of the quantum emitter situated in thr vicinity of the
plasmonic nanostructure.

3. Concluding remarks

In conclusion, we have investigated the distant control of localiza-
tion of a four-level quantum emitter in ladder configuration adjacent
to a plasmonic nanostructure. In such a light-matter coupling scheme,
the upper leg interacting with a standing wave control field is affected
by the surface-plasmon bands of the nanostructure, while the lower
one is interacting with a weak probe beam corresponding to the free
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the spatial location of the quantum emitter. It is found that such the

space. The application of the strong SW beam makes the light-matter
quantum interference in decay channels can significantly improve the

interaction spatially dependent. This indicates that by measuring the

absorption of the weak probe field one can acquire information about spatial confinement of quantum emitters, if the separation between the

Q. sin(kx +1).
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emitter and plasmonic nanostructure is between 0.65¢/w, and c/w,,.
We also studied a 2D localization of the quantum system next to the
plasmonic nanostructure. Different patterns as lattices, squares, craters
and spikes have been observed in the x — y plane by properly adjusting

the controlling parameters of the system.
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Appendix

The modification of the absorption of the probe field can be un-
derstood by using the semi classical dressed state picture. Defining the
rotated states |2) = e~/®c!|3), |3) = e~i®!|3), |1) = |1) and |0) = |0), and
neglecting the terms proportional to £,, the total Hamiltonian in the
rotated frame reads (A= 1)

Hyo = A, (12)21+13)31) — @, (131 + 12)(T] + He.) . (20)

Diagonalizing the rotated Hamiltonian one arrives at the follow-
ing characteristic equation (by assuming that the ground state is not
coupled to other states)

b —ab® + ayb+ay =0, (21)
where b are the eigenenergies of the Hamiltonian a;, = 24,, a, =
A2 —2Q2, 4y = 24,092, For A, =0, we find
by=0, b, =+2,V2, (22)
with the normalized eigenstates

2y-13
Dy = 1219 23)

V2

1 12)+13

0= L (115 B2 24)

V2 V2

Clearly, eigenstates show that |0) cannot be coupled to |D) as there is
no contribution of |1).
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