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Switching and Fano resonance via exciton—plasmon interaction
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We further study theoretically the properties of switching and Fano resonance in a hybrid nanosystem consisting of
two quantum dots (QDs) and a metal nanowire via exciton—plasmon interaction. The transmission of the single plasmon
can be switched on or off in a wide-frequency region by adjusting the transition frequencies of the QDs and the phase of the
propagating plasmon. Specifically, the dynamical mechanism of Fano-type transmission is further revealed and analyzed in

detail.
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1. Introduction

The interaction between excitons of semiconductor quan-
tum dots (SQDs) and surface plasmons (SPs) of metal
nanostructures is a research topic of growing interest.!!~14]
These hybrid nanosystems via exciton—plasmon interaction
exhibit many interesting and significant phenomena, such
as surface plasmon amplification by stimulated emission of

radiation, 12

I single optical plasmon generation,! exciton—
plasmon—photon conversion,*! and plasmon-induced fluores-
cence enhancement,!>% energy transfer,!”-8! nonlinear Fano

HO.H] etc.  Based on exciton—

effect,®] optical bistability,
plasmon interaction, a metal-semiconductor hybrid nanosys-
tem can be explored for use in a quantum switch,[!>-1%] single-
photon transistor, !’ nanosensor, '8! modulator, ! etc.

The transport of a single plasmon can be adjusted
through exciton—plasmon interaction. Recently, great atten-
tion has been focused on coherent single SP transport in metal

(20271 I these systems,

nanowires (MWN5s) coupling to QDs.
the transmission spectrum with asymmetric Fano-type and
switching a single plasmon on or off in a sharp frequency re-

16.24-27] However, switching a single

gion have been reported. !
propagating plasmon on or off in a wide frequency region and
the dynamical evolution of symmetric Fano-type transmission
have never been studied systematically.

In this paper, we further study theoretically the properties
of switching and Fano resonance in a hybrid nanosystem con-
sisting of two quantum dots (QDs) and a metal nanowire via
exciton—plasmon interaction. We reveal and analyze in detail
the switching property of a single plasmon in a wide-frequency
region and the dynamical mechanism of Fano-type transmis-

sion.

DOI: 10.1088/1674-1056/23/6/067302

2. Model and formalism

The schematic diagram of a hybrid nanosystem with a
single metal nanowire and two SQDs is shown in Fig. 1. The
metal nanowire is used as a one-dimensional (1D) SP waveg-
uide, and the QDs act as two tunable mirrors. So a Fabry—Perot
(FP) nanocavity will be formed between two QDs.
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Fig. 1. (color online) Schematic diagram (a) and energy level diagram
(b) of the hybrid system consisting of two quantum dots coupled to a
metal nanowire. #; and r, (1 r7) are the transmission (reflection) ampli-
tudes of the plasmon interacting with QD-p and QD-g, respectively.

In the real space, the Hamiltonian of the system can be
rewritten as!®8! (A = 1)

H= Y (@ =ir"/2)0 + o o]
j=pr4q
N Y P9
tivg [ dzfale)3-aue) ~ ahz) 5-ar()
+ ¥ allag(e) +ai ()0
J=D:4q

+ (ar(z)) +a(z)))05d)], (1)
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where o,

and a)éj ) are the eigenfrequencies of the ground
state |g) and the excited state |e) of the QD-j, respectively;
ay is the frequency of the incident k-mode SP, v is the group
velocity of the SPs, @y = ve|k|; 6J. = |g) i (e| (0, = |e);(g])
is the lowering (raising) operator of the QD-j (j=p, q9);
oce = le) jlel, oge = 8) (8-
operator creating a right-going (left-going) plasmon at posi-

ak(zj) laj (z;)] is the bosonic

tion z;; ar(zj) [aL(zj)] is the bosonic operator annihilating
a right-going (left-going) plasmon at position z;; I}; and I"’
denote the decay rate into the SPs and the other channels,
respectively. 2?39 An effective Purcell factor is expressed as
P= I;I/F/ = 1_1‘71/(Frad +Ifon-rad), Where I' =TI + Tion—rads
with I,q and Ijon—rag being the emission into free space
and nonradiative emission via ohmic loss with respective

rates[29-311
2
& —¢& R? 3 &—¢
P =1+ — Im
’ &+e d; /L6k2(d — R}’ <82+81)
K} (Cd,/R)
Oy - — I
O T GR)

Here, €, and & denote the dielectric permittivities in the re-
gions outside and inside the metal nanowire, respectively; R
is the radius of the Ag nanowire; d; is the separation between
QD— and the axis of nanowire; ; is a parameter depend-
ing on & and &; kg is the vacuum wave vector; C is a con-

M/ +2i5,/2) +

(I )@ +2i8,/Q)(I" /Q +2i8,/Q)]

stant; K; is one-order modified Bessel function; g; describes

the coupling strength between the QD-j and the SPs.[!6:24]

The stationary state of the hybrid system is given by?%3?]

W) = [ 4216 @)ai () + 0 et ()] [0.g)
+ ie,((j)
j=1

i) )

where |0,g) describes the two QDs that are both in ground

> denotes the QD-j in the ex-
cited state with zero plasmon e,({) is the probability ampli-
tude of the QD-j in the excited state; d)kR( ) and d)kL( ) are
the mode functions defined by (ka(z < 0) = elk, (p,iR(O <
2<L)=ne*h gl (z> L) =ne*), of (z<0) =

ke o (0<z<L)=re D) @f (z>L)=0,283
L is the distance between two QDs. By using the eigenvalue

state with zero plasmon;

rie

equation H |y;) = Ex | W) (E; = hay), one can obtain
vy 0o+ gl = 02 ®
89z YkR\Zi 8jk kP r\Zj)>
. d j
lvgjz¢;L(Z/) +gfel(<]) = i1 (2)); 4)

(@) —iI"/2)el!) + 5,107 () + 0L (2)] = el (5)

Substituting the mode functions ¢;,x(z) and ¢,'; (z) into
Egs. (3)—(5) yields

t‘_4(1—e21k1)+4(r'/9+1( 8, +8,)/Q)+(I'"/Q+2i8,/Q)(I""/Q +2i5,/Q)’ ©
o (I /Q +2i8,/Q)(I" /2 +2i6,/Q) o
2T 41— PN 14T +1(8,+6,)/Q) + (T Q +2i8,/Q) (T /2 +2i8,/Q)

B 2[2(—1+ k) — (1+ XM /Q +2i(5,/ Qe + 5,/Q)] o
"= 4(1— 2Ky + 4(I'"/Q +i(5, +5)/.Q) +(I'"/Q +2i6,/Q)(I""/Q +2i§,/Q)’ ®)
— 2¢M(I'"/Q +2i8,/Q) ©

()

where @3 () _ o) )

= — 0", 0} — o =8, Q@ = g?*/v,, and
Aj =6;/Q. We suppose g = g;. The transmission proba-
bility and reflection probability of the plasmon are defined as

=|t;|> and R; =

descrlbe the transport properties of the surface plasmon, while

|r7]? (1 =1, 2), respectively. Only Ry and T>

T and R, reflect the mode strength of the FP nanocavity. For
simplicity, we only consider a limited case for Purcell factor

P — o in the following discussion.

3. Results and discussion

The transmission probabilities 75 each as a function of the
detuning A for A, = —A,; = A with various values of phase

factor kL, are plotted in Fig. 2. As shown in Fig. 2, one can

4(1— M) 4+ 4(I'" /2 +1(8,+ 6,)/2) +

(I)Q+2i8,/Q)(I"/Q2 +2i5,/2)

‘ﬁnd that the full width at half maximum (FWHM) of the trans-

mission spectrum increases from O to 4 as the phase factor kL
increases from O to /2. The transmission spectrum of kL = 6
is the same as that of kL = w — 6. Due to the spontaneous
emission of the QDs, the plasmon will be completely reflected
back by the two QDs at @y, = a)g(g ) — a)e(g), and the two QDs
act as two perfect mirrors (7> = 0). The transmission proba-
bilities 7, are always equal to 1 when kL =0, . As is well
known, a quantum switch has two states (on and off) for con-
trolling the transmission of a single plasmon.!'® The switch
is off for 7 = 0, and on for 7> = 1. In our calculations, the
switch is always off when the plasmon is in the resonance con-
dition (@, = a)e(é) = a)e(g)), while the switch is always on for

A, =—A, = A when kL = 0, . These results will provide a
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new idea for designing a filter or a switch.
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Fig. 2. (color online) Transmission spectra of a single plasmon for
A, = —A, for the phase factor kL = 0, 7, 0.01x, 0.1z, 0.37, 0.57,
and 7.
In order to further explore the switch characteristics of the
propagating plasmon, figures 3(a) and 3(b) exhibit the trans-
mission probabilities 7> each as a function of the detuning A

1.0

0 0.57 T
kL

Fig. 3. (color online) Transmission probabilities 7, each as a function
of detuning A for A, = A, when kL = 0.17, 0.27, 0.37 (a), 0.77, 0.87,
and 0.97 (b). The position of transmission peak (Jy/€2) as a function of
kL (c).

for A, = A; = A with various values of kL. When 0 < kL <
7/2, the transmission spectra have a set of distinct Fano-type
line shapes, and 75 reaches its maximum value 1 at A = (.325,
0.727,1.38 for kL = 0.17, 0.27, 0.37, respectively. The trans-
mission peak shifts from left to right and the peak becomes
smoother as kL increases. When /2 < kL < 7, T is equal to
1 at A =—0.325, —0.727, —1.38 for kL = 0.97, 0.87, 0.77,
respectively. The transmission peak shifts from right to left as
kL increases. This asymmetric Fano-type transmission is use-
ful for designing biosensors.**! From Figs. 3(a) and 3(b), one
can see that the Fano-type transmission spectrum for kL = 6
is symmetric with respect to that of kL = = — 6. Moreover,
one can obtain the conditions where the plasmon switch is on
(T =1) are A, = tan(2kL) and sin(2kL) —cos(2kL)A, — Ay =
0 derived from Eq. (8). As long as the frequency detunings
A, and A; match well with the phase factor kL, the switch
can be switched on (7, = 1) or off (7> = 0). The positions of
transmission peak (Jy/€2) as a function of kL are plotted in
Fig. 3(c).

Figure 4(a) show the transmission probabilities 7, each
as a function of kL for A, = A; = A when A = 0.1, 0.5, and
1.0. One can obtain that the transmission probability 7> = 1
always happens at kL = nw +arctan(A) n =0, 1,2, ...), and
the period of 7, keeps invariant. Moreover, the peak position
has an obviously different shift for a different detuning A. As
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Fig. 4. (color online) Transmission probabilities 7> each as a function
of phase factor kL with detuning A = 0.1, 0.5, and 1.0 when A, = A,
(a) and A, = —A, (b).
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a comparison, figure 4(b) shows that the position of the trans-
—A;=Aand > =1
always happens at kL = n7 in spite of various values of A.

mission peak keeps invariant for A, =

According to the periodicity of the transmission spectrum, it
is clear that the switch can be switched on and off periodically
by adjusting the frequency detunings A, and A,.

The transmission probabilities 7> each as a function of de-
tuning A, for A, = 1 with different values of phase factor kL
are exhibited in Fig. 5. When kL = 7 /8, the transmission spec-
trum is a symmetrical curve with Lorentz line shape. When kL
increases to /6 or /4, an asymmetrical Fano-type transmis-
sion spectrum can be obtained. The dynamical evolutions of
Fano-type transmission spectra are plotted clearly in Fig. 5.
Therefore, the formation and evolution of the Fano-type trans-
mission spectrum may be attributed to the interaction between
Fabry—Perot nanocavity and the plasmon.

1.0} A=t

Fig. 5. (color online) Transmission probabilities 7> each as a function
of detuning A, for A, = 1 when kL = n/8, m/6, /4, n/2, 31t/4, and 7.

Figure 6 shows the transmission probabilities 7 each as a
function of detuning A, for kL = 7 with different values of A,.
As shown in Fig. 6, the transmission probability 73 is equal to
0 when A, = 0 in spite of the value of A,. When A, = 0.1, one
can obtain a Fano-type transmission spectrum. The line shape
of transmission spectrum attributed to Fano resonance will be-
come more obvious as the detuning A, further increases.
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Fig. 6. (color online) Transmission probabilities 7> each as a function
of detuning A, for kL = w when A, =0, 0.1, 0.5, and 1.0.

4. Conclusion

In this paper, the switching property and Fano resonance
in a hybrid nanosystem composed of two quantum dots (QDs)
and a metal nanowire via exciton—plasmon interaction are
studied theoretically. We can switch the transport of a sin-
gle plasmon on or off in a wide-frequency region, and further
reveal and analyze in detail the dynamical mechanism of Fano-
type transmission. Our results may be useful for nanoswitch,
biosensors, and quantum information and quantum computa-
tion.
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