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Surface Plasmon Wave Manipulated by Quantum Coherence
of Multilevel Quantum Dots

. . *
Jian Qi Shen?!> %

Abstract—An EIT (electromagnetically induced transparency)-based prism coupler is suggested for
realizing tunable reflection spectrum via quantum coherence of phases in a multilevel system, where
destructive and constructive quantum interference will occur among multilevel transition pathways that
are driven by two external control fields. In this prism coupler, a semiconductor-quantum-dot (SQD)
medium layer, which can exhibit EIT and relevant quantum coherent effects, bounds the prism base,
and the two external control fields are used to manipulate the probe field and the excited surface
plasmon wave (on the SQD layer surface). Then the surface plasmon wave modes, which are generated
by the probe field incident into this multilevel SQD medium layer, can be coherently tunable through
the switchable quantum interference (destructive and constructive quantum interference) among the
energy levels in the SQD systems. Such switchable quantum interference can be realized if we tune the
intensities (i.e., adjust a proper intensity ratio) of the two control fields that drive the SQD multilevel
EIT system. New switchable photonic devices, which could find applications in photonic microcircuits
as well as some areas in integrated optical circuits, could be designed based on this quantum-interference
switchable surface plasmon resonance.

1. INTRODUCTION

Since surface plasmon excitation and SPR (surface plasmon resonance) polaritons can exhibit a strong
interaction with nanoscopic objects, and would have many intriguing applications for designing new
micro- and nano-scale photonic devices [1-3], recently the SPR optics have captured much interest
in photonics, electronics and related technologies [4-9]. In the literature, an effect called ATR
(attenuated total reflection), where surface plasmon resonance is involved, has been observed in Otto
and Kretschmann’s configurations (prism couplers) [10-12]. In such configurations, a sudden drawdown
in the reflectance on the prism base is caused by the drastic coupling of incident waves into surface
plasmon polariton modes in a thin metal layer, and hence the intensity of a p-polarized (TM) reflected
wave exhibits a sharp dip when the angle of incidence at the prism base is larger than the total-
reflection critical angle [13]. The ATR technique has been a powerful tool for determining metal
characteristics (e.g., dielectric function and film thickness) [12-15], and the surface plasmon resonance
(SPR) involved in has become a fundamental mechanism of many optical devices (e.g., optical sensors
and modulators [16,17]) and biomolecular sensors [18].

In order to offer working mechanisms for designing new photonic and quantum optical devices (e.g.,
logic and functional gates), phase coherence (quantum interference in multilevel transition pathways)
can be one of the promising scenarios. For example, quantum-interference-based controllable SPR
presented here would be particularly essential for the working principle of such photonic devices. We
shall here suggest an experimentally feasible scheme, i.e., a prism coupling system (prism coupler) based
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Figure 1. The schematic diagrams of (a) a four-level quantum coherent SQD system and (b) an EIT-
prism coupler. The four-level quantum coherent system (an SQD multilevel system) is driven by two
strong control fields and one weak probe field. The two control fields excite the |¢)-]a) and the |¢/)-|a)
transitions, respectively. The probe wave that can excite the |b)-|a) transition is incident and then
reflected at the prism base, i.e., the interface (at = d) between the prism dielectric and the thin EIT
layer (SQD medium). The optical response of the |b)-|a) transition can be coherently controlled by the
destructive and constructive quantum interference between |c)-|a) and |¢/)-|a) transitions.

on EIT (electromagnetically induced transparency) (see Fig. 1 for its schematic diagram) for achieving
such an effect of quantum-interference-assisted surface plasmon excitation. In this EIT-prism coupler,
an incident probe wave, which can be coupled into surface plasmon wave modes, will be dramatically
influenced by the quantum interference between |c)-|a) and |¢’)-|a) transitions driven by two control
fields in a four-level EIT system (see Fig. 1(a)). Such a four-level EIT system can be found in a
semiconductor-quantum-dot (SQD) system [19-21]. A quantum coherent medium layer, e.g., the four-
level SQD medium layer, bounds the prism base (see Fig. 1(b)) in the present EIT-prism coupler for
generating surface plasmon wave excitation. Then the surface plasmon wave will be excited underneath
the quantum coherent SQD medium layer (at = 0 plane).

In the sections that follow, we shall treat the optical behavior of the four-level semiconductor-
quantum-dot medium and the electromagnetic eigenstates in the present EIT-prism coupler. The
quantum-interference assisted tunable reflection spectrum will be given as an illustrative example for
the application of the present EIT-prism coupler. The field distribution of optical excitation of surface
plasmon wave, which can be controlled by the switchable quantum interference (SQD phase coherence)
among the energy levels in the SQD system, will also be presented. We will conclude this work with
some remarks on its potential applications in new photonic device design.

2. OPTICAL RESPONSE OF A FOUR-LEVEL SQD MEDIUM

Let us consider the optical response of the four-level SQD system required in our scenario of quantum-
interference-based controllable SPR. The four-level SQD system {|a), |b),|c), |c')} (see Fig. 1(a) for its
energy level configuration) interacts with three laser beams, i.e., the two control fields and one probe
field couple the level pairs |¢)-|a), |¢/)-|a) and |b)-|a), respectively. Here, the three Rabi frequencies
are expressed by Q. = pacEc/h, Qv = oo Ee/h, and Q, = puE,/h with @4, @ac, and gqp the
transition-induced electric dipole moments, and E., E» and E, the electric field envelopes (slowly
varying amplitudes) of the strong control beams and the weak probe field, respectively. The three
frequency detunings d., 0 and 6, are defined as follows: 0. = wWe—Wqe, 0y = Wer —Waer, aNd 0p = Wp —Wep,
where wye, wee and wg, denote the energy-level transition frequencies, and w., wy, w, represent the
mode frequencies of the control and probe beams, respectively. The |b)-|a) transition (driven by the
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probe wave) can be controllably manipulated via the destructive and constructive quantum interference
between |c)-|a) and |¢)-|a) transitions. If, for example, the destructive quantum interference between
|c)-la) and |¢')-|a) transitions occurs, the two levels |¢) and |¢’) seem to be absent, and then the four-level
system {la), |b), |c), |¢}} will be equivalent to a two-level one {|a), |b)}.

We assume the Rabi frequency 2, of the probe field is sufficiently weak (i.e., it is small compared
with the other parameters such as the spontaneous emission decay rate 7, and the control-field
Rabi frequencies Q., ), so that nearly all the SQDs remain in the ground state [22]. The electric
polarizability of the SQD due to the probe transition |b)-|a) is given by

2 2|0pal?
— §£baPab o ‘pba‘ pab. (1)

el eohfl,

By using the density matrix equation of the four-level system [23,24], one can obtain the explicit
expression for the microscopic electric polarizability of the SQD
- ’@ab‘z (512 —0c+ i'}/bc) (5p — 0 + i'ch’)

_ 2
0 o D (2)

with
. . . 1_, . 1, .
D= (5p—5c—l—wbc) (5p — (SC/ —|—1'ybc/) (5p+1’yab) — ZQCQC (5p_5c’ + 17bc’)_ZQC/Qc’ (5p_5c+17bc) . (3)

According to the Clausius-Mossotti relation that accounts for the contribution of all neighboring
SQDs to the polarization of a given SQD system (local field correction), the relative electric permittivity

of the SQD medium layer (i.e., the medium 1 in Fig. 1(b)) is given by e = 1 + li\f& with N the
3

concentration (total SQD number per unit volume) in the quantum coherent (EIT) medium. The
typical parameters for the four-level SQD system are chosen as follows: the spontaneous emission decay
rate vq5 = 1.0 x 1019571 [19,20], the collisional dephasing rates Ve = Yap/50, Yoer = Yap/25 [21], the
electric dipole moment ., = 6.3 x 10728 C - m [19, 25], the Rabi frequency of one of the control field
Qy = 6.074 (the other Rabi frequency €2, will be tuned in order to realize destructive and constructive
quantum interference), the detuning frequencies do = —0.474, 0 = 1.27., and the SQD number
density N = 1.0 x 10! m™3 [19,26]. These parameters will be adopted throughout this work.

We shall point out that the electric permittivity €1 of the four-level quantum coherent SQD medium
layer can have a negative real part (e.g., Ree; = —7.5, Ime; = 2.2) if the four-level system experiences
destructive quantum interference between |c)-|a) and |¢’)-|a) transitions when the Rabi frequency
Q. = 5.0v4, and the electric permittivity 1 will have a small imaginary part (e.g., Ree; = 1.5,
Ime; = 0.02) if the constructive quantum interference between |c)-|a) and |¢/)-]a) transitions occurs
when the Rabi frequency €2, = 18.07,. This, therefore, means that under certain proper conditions
(particularly in the case of destructive quantum interference), there will be surface plasmon wave
excitations at the interface (at x = 0 plane) between the EIT layer and the bounding medium (located
in the region of # < 0 shown in Fig. 1(b)). This will be demonstrated in more details in our numerical
example.

3. AN EIT-PRISM COUPLER AND ITS REFLECTION SPECTRUM

Now we shall present the theoretical mechanism of the EIT-prism coupler, including the optical response
of the tunable reflection spectrum and the field distribution (determined by the boundary conditions
on the two sides of the SQD EIT layer) in the prism coupler. With the help of the Maxwell equations,
the spatial distribution of the magnetic field in the prism system can be expressed as [12,27]

Aje2(@=d) 4 g emo2(e—d) 4~ ¢
y(@) =9 A1e™? 4 Bre=™?, 0<z<d (4)
Age*”, x <0
where a; = (8% — k(%e;f)lm (7 = 0,1,2 represents the bounding medium, the EIT medium and the
prism dielectric, respectively) and the Z-direction phase constant 3 = kg+/€5sinf (the wave number in
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vacuum is given by kg = w/c). Here, 8;7 denotes the complex conjugate of €; because we will adopt the

convention of engineers for the factor of phasor time dependence e“! [28,29] when we treat the field
distribution in the prism coupler. By substituting Eq. (4) into the electromagnetic boundary conditions
(i.e., the tangential components of the electric and magnetic fields are respectively continuous at the
interfaces at = 0 and z = d in Fig. 1(a)), we can obtain the magnetic field amplitudes:

1 ¥y 1 g100
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D) 0( +53a1>’ 179 0( 58041)’ (5)
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We will show how the quantum-interference switchable reflection spectrum can be coherently
controlled by the two external control fields (these two control fields drive the |¢)-la) and |¢/)-|a)
transitions and hence the quantum interference between |c)-|a) and |¢)-|a) transition pathways can
control the |b)-|a) transition excited by the weak probe field). The reflectance of an electromagnetic
wave (e.g., a weak TM probe wave) on the prism base is given by R = |A,/A;|* with A, and A; the
incident and reflected amplitudes, respectively. The wave vector of the incident probe field in the Zz-
direction (parallel to the prism-EIT interface) in this EIT-prism coupler can be equal to the wave vector
of the surface plasmon wave if we tune the angle of incidence of the probe wave on the prism base at
x = d (i.e., the interface between the prism base and the thin SQD EIT medium layer). Such a surface
plasmon wave mode can then be excited at the interface (at = 0 underneath the SQD medium layer) if
we choose a proper thickness d of the SQD medium layer. In other words, the EIT-prism system couples
the incident probe wave into a surface plasmon wave mode. As a result, the reflectance at the prism
base (the = = d plane) decreases dramatically (e.g., the curve of the reflectance R at the incidence angle
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Figure 2. The dispersion characteristics of the refractive index of the four-level quantum coherent
SQD medium and the quantum-interference switchable reflection spectrum of the EIT-prism coupler.
In the curves of the reflectance R shown in (b), the probe frequency detuning is chosen as 6, = 2.074.
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0 ~ 38° when Q. = 5.0, in Fig. 2(b)). We choose the thickness of the SQD medium layer d = 50 nm,
the relative electric permittivity of the prism dielectric (i.e., medium 2 shown in Fig. 1(b)) g2 = 3.24,
and the wavelength of the incident light in vacuum A = 632.8nm [14,27]. In the region of z < 0 the
dielectric (medium 0) is air (i.e., the relative permittivity £ = 1). In what follows, we shall consider the
dispersion characteristics and tunable behavior of the reflection spectrum of the prism coupler. Since
the SQD-state phase interference is determined by the parameters: €. (the strong control-field Rabi
frequency) and §, (the weak probe frequency detuning), including the ratio Q./€., we shall consider
the behavior of dependance of the reflection spectrum on these parameters.

The reflection spectrum depending upon the angle of incidence, 6, of the probe field on the prism
base is presented in Figs. 2(b), (c), (d) and Fig. 3, where two representative cases, i.e., double-control
destructive quantum interference (e.g., 2. = 5.07,5) and double-control constructive interference (e.g.,
Q. = 18.074), have been considered. In the case of double-control constructive interference (i.e.,
Q. = 18.074), the relative permittivity 1 of the SQD medium layer has a relatively small imaginary
part (if 0, is close to 0., then the imaginary part of the permittivity would be quite small because of
the two-photon resonance and dark-state population trapping), and the reflectance R increases to 0.9
(close to that in total reflection) when the angle of incidence, 6, at the prism-EIT interface (at z = d)
becomes large. For the case of destructive quantum interference (i.e., Q. = 18.074,) between |c)-|a)
and |¢)-|a) transitions, in which the permittivity £; of the quantum coherent medium layer can exhibit
some of the metal characteristics, e.g., £1 has a large negative real part and a relatively small imaginary
part (|[Regi| > Imey), the reflectance R is quite large (e.g., R ~ 0.6) at small angle of incidence, and
when 6 > 30°, the reflectance R will increase quickly to 0.8, which is relevant to total reflection. Then
when 6 > 35°, R will, however, drops to a small value (almost zero). This is an effect of attenuated
total reflection, since the surface plasmon resonance occurs at the lower interface (at z = 0) of the
quantum coherent (EIT) medium layer, and the electromagnetic energy of the incident probe light has
been coupled into this four-level SQD medium layer as a surface plasmon wave mode. In Fig. 3 the
reflection spectrum in the narrow bands [—207,p, +2074p] and [—1074p, +10745] of the probe frequency
detuning ¢, is also presented in order to manifest more details of the dispersion characteristics of the
reflection spectrum of this quantum-interference-assisted prism coupler.
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0
0 0 10 Splyab

Figure 3. The dispersion characteristics of the quantum-interference switchable reflection spectrum
of the EIT-prism coupler when the Rabi frequency Q. = 5.0, (destructive quantum interference) and
Q. = 18.07,4p (constructive quantum interference).
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Figure 4. The tunable reflection spectrum when the control-field Rabi frequency 2. changes. The
frequency detuning of the incident probe field is d, = 2.0r,. The reflectance R decreases to zero at
some positions, e.g., . = 5.0y, and 6 = 37°, which will be considered in more details.

The tunable reflection spectrum depending upon the control-field Rabi frequency €. is presented in
Fig. 4. Since the EIT system experiences constructive quantum interference between |c)-|a) and |¢')-|a)
transitions (driven by the two control fields) when €2, is in the range [6.074p, 10.0743], the four-level SQD
medium has a small imaginary part in the permittivity ;. Therefore, the reflectance R is small at § = 0°
because the incident light is highly transmitted into the EIT medium layer. But when . < 6.0y,
the destructive quantum interference between |c)-|a) and |¢/)-|a) transitions would take place. Then it
seems that both the two levels |¢), |¢) and the two control fields €., Q. were absent. In this case, the
SQD medium permittivity has a large imaginary part, and the incident light is highly reflected on the
interface (prism base) at small angles of incidence (this is similar to the case of incidence on a metal
surface). In all these ranges of €., the reflectance R is always increasing when 6 becomes large. But
there are some ranges of the incidence angle 6 for R to become small (or almost zero) due to surface
plasmon resonance that couples the incident light into the thin layer of the four-level SQD medium. In
other words, when 6 > 30°, the total reflection should have already taken place, but now instead, it has
actually been replaced by the effect of attenuated total reflection (i.e., the reflectance drops to zero) due
to the surface plasmon wave excitation (at = 0 plane). Such a process of surface wave excitation is
coherently induced by the quantum interference in the four-level SQD system.

4. OPTICAL EXCITATION OF SURFACE PLASMON WAVE MODES IN THE
PRISM COUPLER

In the preceding section, we have considered the tunable reflection spectrum, where the reflectance R
decreases to zero when the surface plasmon wave is excited. Now we shall treat the issue of optical
excitation of surface plasmon wave modes in the prism coupler. The field distribution at the interface
between a medium and the quantum coherent SQD layer is shown in Fig. 5 (the incidence angle of the
probe field on the prism base is # = 38°) and in Fig. 6 (the incidence angle § = 37°). Here, the Rabi
frequency of the control field driving the |c)-|a) transition is €. = 5.094, (i.e., corresponding to the
destructive quantum interference). The relative permittivity of the quantum coherent SQD medium
layer (corresponding to the case of Q. = 5.0v4) is 1 = —7.5 4+ 2.2i. It should be pointed out that
there is no surface plasmon wave excited at the interface of x = 0 when the incidence angle 8 is 38°
(see in Fig. 5, where the field amplitude at the interface of x = 0 is almost equal to the incident
amplitude of the probe field). But when the angle of incidence of the probe field on the prism base
is @ = 37°, the surface plasmon wave will be excited by the incident probe field. It can be seen from
Fig. 6 that the field amplitude at the interface of x = 0 is larger than the incident amplitude of the
probe field (the fact that the amplitude excited at the interface is larger than that of the illuminating
light can be considered a visual criterion of surface plasmon wave excitation). Then the electromagnetic
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Figure 5. The electromagnetic eigen mode of surface wave propagates in the 2-direction parallel to
the interface between the SQD medium layer (z = [0,50] nm) and the air medium (z < 0), and decays
evanescently in the Z-direction perpendicular to the interface. The incidence angle 6 = 38°.

0.8
0.6
0.4
0.2

(arb. units)

-0.2

> 04

H

0.6 -
-0.8

EN
20

10

7z (Clo)

"5
<
o x (Clo)

-20 10

Figure 6. Optical excitation of a surface plasmon wave mode in the prism coupler when the incidence
angle § = 37°. The electromagnetic eigen mode of surface wave propagates in the Z-direction parallel to
the interface between the SQD medium layer (z = [0,50] nm) and the air medium (z < 0), and decays
evanescently in the Z-direction perpendicular to the interface.

excitation (a surface eigen mode of the Maxwell equations) propagates in the 2-direction parallel to the
layer interface of the quantum coherent SQD medium, and decays evanescently in the perpendicular
direction to the interface. It can be found that the attenuation length in the Z-direction in air (in
the half space z < 0) is less than 5e/w ~ A\ (subwavelength strong confinement). Since the optical
behavior of the quantum coherent medium depends upon the applied external control fields, we have
so far shown that the attenuation length of the surface wave modes due to strong localization can be
controllably manipulated by SQD phase coherence (destructive and constructive quantum interference
among multilevel transition pathways driven by external control fields).

5. DISCUSSIONS

We shall discuss the topics concerning the effects of inhomogeneous broadenings on quantum dots, and
suggest how to reduce the impact, and then present a brief prescription to treat the effects due to
homogeneous and inhomogeneous broadenings:

The homogeneous and inhomogeneous broadening effects on quantum dots have been considered by
many authors [30-34]. When the self-assembled quantum dots are formed, it will exhibit inhomogeneous
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broadening because of nonuniformity of size (size fluctuations) [32], strain distribution, and material
composition of quantum dots [30], and hence the signal and pump beams experience different detunings
at different quantum dots (i.e., each frequency detuning depends on the individual quantum dot
size) [25,32]. Though each quantum dot can exhibit quantum coherence, the total contribution of
all the quantum dots in one wavelength to quantum coherence will be cancelled. In the references, some
routes have been suggested in order to reduce the impact of inhomogeneous broadening on quantum
dots, e.g., resonant microcavity scenario [25] and multicolour pumping scheme [31]. Some authors
suggested a simple scheme, i.e., if the coupling power density is large enough for Rabi splitting to
overcome the inhomogeneous broadening width, the detrimental effect of inhomogeneous broadening
would be suppressed [32].

If we do not adopt these routes for reducing the quantum dot size effects, the influence can also
be analyzed by using some methods, e.g., spatially resolved model that can incorporate homogeneous
and inhomogeneous broadenings for quantum dots [33]. In this model, different quantum dot sizes yield
their own confined energies that can be calculated by solving the Schrodinger equation. A separate rate
equation is assigned to each energy level as well as to each carrier type [33]. Here, the size distribution
must be quantized into subgroups. Such size distribution subgroups can be determined in accordance
with the energetic spacing between each group and its neighboring groups, where the homogeneously
broadened line is also taken into account [33].

We shall close this section by illustrating the following performances of the EIT-based prism coupler
for experimental verification:

i) The quantum-interference switchable reflection spectrum. The tunable reflection spectrum
(depending upon the incidence angle 6) can be controllable manipulated by the quantum interference
between |c)-|la) and |¢/)-|a) transitions driven by the two control fields. The reflectance of the prism
base is determined by the intensity ratio of the two control fields.

ii) Surface plasmon wave excitation. When the four-level SQD system experiences destructive
quantum interference between |c)-|a) and |¢’)-|a) transitions and the incident probe light illuminates
the prism base at a proper incidence angle, the surface plasmon wave will be drastically excited in the
thin SQD layer (enhancement of light-atom interaction).

iii) Extremely dispersion-sensitive optical response of both tunable reflection spectrum and surface
plasmon wave excitation. The dispersion (close to the resonance frequency) in the permittivity of the
multilevel medium is strong, e.g., 10° times that in a metal. Such a dispersion-ultrasensitive behavior of
multilevel medium is also the physical origin of slow light [25]. It can open opportunities for designing
new optical and photonic devices that are sensitive to external fields.

6. CONCLUDING REMARKS

The EIT-based surface plasmon resonance presented here has three attractive characteristics: i) the
switchable quantum interference is exhibited by surface plasmon wave excitation, ii) the surface plasmon
resonance is quantum-coherently manipulated by external control fields, iii) the surface plasmon wave
is quite sensitive to dispersion of the quantum coherent medium. Since the optical response of a four-
level SQD system can be controllably manipulated via tunable quantum interference between level
transitions driven by two control fields, the double-control quantum interference can lead to various
nontrivial interference-switchable optical behavior. By taking full advantage of such a multilevel SQD
optical response, the quantum-interference switchable effect of attenuated total reflection accompanied
by surface plasmon resonance can be utilized to design some new photonic logic and functional gates
(e.g., the two applied control fields act as input signals in these gate devices) as well as sensitively
switchable devices, which could find new applications in all-optical technique, photonic microcircuits
(and integrated optical circuits).
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