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We investigate the electronic transport in a simple mesoscopic cross structure made of two wires (stubs) grafted at
the same point along a quantum waveguide. We show that the structure may exhibit important phenomena such as bound
in continuum (BIC) states. These states are transformed into electromagnetically induced transparency (EIT) resonance by
detuning slightly the lengths of the stubs. The last phenomenon is used to propose and study a mesoscopic demultiplexer
device with an input waveguide and two output waveguides. We give closed-form expressions of the geometrical parameters
that allow a selective transfer of a given state in the first waveguide without perturbing the second waveguide. The effect of
temperature on the transmission resonances is also examined by using Landauer—Biittiker formula. The analytical results
of the dispersion relation and transmission and reflection coefficient are obtained using the Green’s function method.

Keywords: mesoscopic structure, demultiplexer device, bound states in continuum (BIC), EIT resonance

PACS: 73.21.-b, 73.63.-b, 73.20.At

1. Introduction

In recent years, electron transport in a mesoscopic system
has been a subject of intensive research.'=3] Some mesoscopic
quantum structures are able to exhibit important phenom-
ena such as conductance quantization in ballistic transport, !
Aharonov—Bohm (AB) effects, > Fano resonances,”"'% and
bound in continuum (BIC) states.!'=14 The BIC states are
non-radiating, characterized by the resonant frequencies em-
bedded in the continuum spectrum of radiating modes of the
surrounding space, whereas Fano resonance is a kind of reso-
nance followed by an anti-resonance and is characterized by an
asymmetric line profile. In the literature, there are many dif-
ferent geometries of mesoscopic structures in which the Fano
resonance has been explored and studied. Among these ge-
ometries, the AB ring made of two arms with a quantum dot
(QD) embedded in one arm has been studied and analyzed ex-
perimentally and theoretically.!'>!1 Also, different devices
with different quantum dots have been discussed in several
studies.!13:1422.23] Recently, the interest in these phenomena
has been strengthened by some of us in two connected meso-
scopic AB rings.?4

In addition to Fano resonances, electromagnetically in-
duced transparency (EIT) resonances have attracted enor-
mous attention due to their interesting physics and potential
applications such as slow light effect and data storage.!>!
This phenomenon refers to the coherent interactions between
the excitation pathways to the atomic upper levels,[20:7]
which can lead to a sharp narrowband transparency window
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28.29] 1 condensed mat-

within a broad absorption spectrum. |
ter physics, the analogue of BIC, Fano, and EIT phenomena
have been demonstrated in different types of structures, such
as photonic crystal cavities, >l metamaterials, 3-8 acous-
tic waveguides,”) solid—liquid multilayers,'*°! and photonic
circuits. [4142]

In the literature, several studies dealing with transmission
zeros in stubbed structures have been reported in relation with
Fano and EIT resonances in various mesoscopic waveguide

43-45

systems. I Some years ago, 4% we studied symmetric and

asymmetric Fano resonances!! in a loop structure with two

stubs grafted on both sides. Recently,*”]

we have investigated
the EIT resonances and BIC states in a simple mesoscopic
structure made of double Aharonov—Bohm rings. This struc-
ture may exhibit a transmission gap and an EIT resonance in
a transmission spectrum without inserting any perturbation in
the arms of the rings; in particular we have shown that the
shape of the EIT resonance and the width of the transmission
dip can be tailored by varying the magnetic flux threading the
rings as well as the geometry of the structure. In another re-
cent work,*8 we have proposed a simple mesoscopic quan-
tum structure that can give rise to BIC states. These states,
which appear as hidden resonances with infinite lifetime, can
be transformed into EIT and EIR (electromagnetic induced re-
flection) resonances by means of the magnetic flux. In this
work, EIT and EIR resonances are analyzed as a function of
magnetic flux threading the loop as well as temperature. Also,
the Fano parameter q and the quality factor Q for each of these
resonances have been deduced and analyzed as a function of
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magnetic flux.

In this paper, we study a simple mesoscopic demulti-
plexer device by using induced transparency resonances. The
objective of this work is twofold. (i) We propose a simple
mesoscopic structure (Fig. 1(a)) composed of two waveguide
resonators (stubs) grafted on the same site. This structure can
support trapped states (also called BIC states!!'!l) for specific
values of the resonators lengths (d; and d;): these trapped
states can be transformed into EIT resonances by detuning ap-
propriately d; and d,. (ii) The cross structure is then proposed
to realize a mesoscopic demultiplexer with an input waveg-
uide and two output waveguides (Fig. 1(b)) where a specific
cross structure is placed on each waveguide, namely two res-
onators of lengths d and d are inserted along the first waveg-
uide at a distance ds from the input waveguide, while the sec-
ond waveguide is composed of two resonators of lengths d3
and dy, which are separated from the input by a wire of length
dg. Because of the existence of transmission zero around the
EIT resonance, we obtain the closed form expressions of the
geometrical parameters that enable the deducing of a perfect
transfer of a given state in the first waveguide without per-
turbing the second waveguide. Also, we analyze the effect
of the temperature on the resonance in the conductance spec-
trum by using Landauer—Biittiker formula. The theoretical
results are obtained using the Green’s function approach. [+°]
This method of calculation enables the deducing of dispersion
relations as well as transmission and reflection coefficients. It
is worth mentioning that in two recent papers, >’ we have
demonstrated the possibility to realize magnonic and photonic
demultiplexer circuits based on the EIT resonances. Each of
these systems consists of an input waveguide and two output
waveguides in Y-shape. Also, an electron multiplexer com-
posed of two semiconductor quantum wires resonantly cou-
pled has been proposed.’>33! This add—drop system enables
a good selectivity of the directional transfer of electrons from
one line to another line.

The rest of this paper is organized as follows. In Sec-
tion 2, we present some steps of the Green’s function which
enables the calculating of the transmission and reflection co-
efficients in the cross structure. Then, we show in Section 3
how one can deduce analytically and numerically BIC states
as well as EIT resonances. In Section 4 we give analytical and
numerical results about the possibility to realize perfect de-
multiplexing in a Y-shaped structure by using EIT resonance.
The effect of temperature on such a resonance is also high-
lighted. The main conclusions of this work are given in Sec-
tion 5.

2. Theoretical model: the Green’s function ap-
proach

The electronic transport in the mesoscopic structure pre-
sented in this work is performed within the framework of the

interface response theory of continuous media.**! The objec-
tive of this theory is to calculate the Green’s function of a com-
posite system containing a large number of interfaces that sep-
arate different homogenous media. The present theory allows
us to perform the calculations of reflection and transmission
coefficients as well as the dispersion relations. All the ma-
trix elements g(DD) in the whole space D of the composite
material, can be obtained from the knowledge of the matrix
elements g(MM) in the interface space M. The g(MM) is cal-
culated from its inverse g~!(MM). The latter is formed by a
linear superposition of the surface matrix elements g;l (MM)
of any independent wire bounded by perfectly free interfaces
with appropriate boundary conditions.!4"]

Hence, before treating the whole structure, it would be
useful to know the Green surface elements of its elementary
constituents, namely, the Green’s function of a finite resonator
of length d; (i = 1, 2) and semi-infinite leads. The Schrédinger
equation describing the motion of an electron in a potential
barrier V;(x) is given by

) 2
22{(&2 +Vi(x)}ll/(x) =Ey(x), D

where x is the coordinate along the quantum wire, 7 is the re-
duced Planck constant, and m is the effective mass of the elec-
tron. For the present case, neither potential barrier nor impu-
rity exists in the system, namely V;(x) = 0. The corresponding
Green’s function between two points x and x’ is defined by
hz d2 2 / /

_Zm{dxz_a }G(x,x)zS(x—x), 2)
where o = —jk, j =+/—1, and k = v/2mE /h, with k being the
wave vector. The solution of Eq. (2) is given by

G(x,x') = ZJ—F ejk(x_xl)7

3
where F = (h*/2m)k.
calculate®* the Green function of a finite resonator of length
d; (i=1, 2) in the space of its interface M = {0,d;} and then
deduce the inverse g,’l of this (2 x 2) matrix as follows:

/S —1/S;
gt =p( SIS @
—-1/8: CGi/S;
where S; = sin(kd;), and C; = cos(kd;) (i =1, 2).
The inverse of the Green’s function of semi-infinite lead

From Eq. (3) one can easily

can be written as

g (M,M) = —jF. Q)

3. BIC states and EIT resonances in a cross
quantum structure

The mesoscopic structure presented in Fig. 1(a) consists
of two resonators characterized by their lengths d; and d, and

127301-2
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inserted at the same place along an infinite quantum waveg-
uide. Each resonator induces its own transmission to be zero,
whereas the resonator of length d = d; +d» induces a complete
transmission resonance between the two transmission zeros.

(=) @
- -
o T
da
A\
WS A
(b) o\"QQ =
reflection  input
1'()12 P

Fig. 1. (a) Schematic illustration of one-dimensional mesoscopic system with
two grafted resonators of lengths d; and d5 on the same site. The whole struc-
ture is inserted between two semi-infinite leads. (b) Schematic representation
of a mesoscopic demultiplexer device with one input waveguide and two out-
put waveguides.Two resonators of lengths d; and d, are inserted along the
first waveguide at distance ds from the input waveguide, whereas the second
waveguide is composed of two resonators of lengths d3 and d4 separated from
the input by a wire of length d.

In order to understand and analyze the behavior of the
BIC phenomenon and EIT phenomenon presented by the cross
structure, first we calculate the transmission () and reflection
(r) coefficients by the Green’s function method. To calculate ¢
and r, we need first the Green’s function element g~!(0,0) of
the whole system (Fig. 1(a)) at the interface point x = 0. This
quantity can be obtained from a superposition of the inverse
of Green’s function of the different components, namely two
semi-infinite waveguides (Eq. (5)) and two resonators (Eq. (4))

of lengths d; and d,, namely,!>*!

g 10,0) = —2jF — — — ——, (6)

where S; = sin(kd;), C; = cos(kdy), S = sin(kd,), C; =
cos(kds), F = (h*/2m)k, j = /=1, and k = v/2mE /h with
h, k, and m being respectively the reduced Planck constant,
the wave vector, and the effective mass of the electron. By in-
verting again g~ (0,0), the transmission and reflection coeffi-
cient can be calculated from the equation®* t = —2jFg(0,0)
or equivalently

2518
r=o @
251518
Similarly, the reflection coefficient can be obtained from[>*!
r=—1-2jFg(0,0) or equivalently
s

=— 8
" 28515+jS’ ®)

where S = sin(kd) and d = d; + dp. From the expressions of
t (Eq. (7)) and r (Eq. (8)), one can deduce the transmission

rate and reflection rate as T = [¢t|> and R = |r|>. Then, one can
check easily the conservation law R+ T = 1.

As is well known, the eigenstates of the system can be
obtained from the pole of the Green’s function (Eq. (6)) or
similarly the transmission coefficient (Eq. (6)), namely,

28515 +jS=0. ©

This latter equation has the form of a complex quantity. Its
real part gives the position of the resonance in the transmis-
sion coefficient, whereas its imaginary part is related to the
width of the resonance. In general, it is not easy to simulta-
neously cancel real and imaginary part of Eq. (9) at the same
energy. However, when this happens, it will correspond to a
bound state falling in a continuum of states induced by the
semi-infinite wires. Indeed, if the lengths d; and d; are chosen
to be commensurate, then equation (9) can be factorized by a
real term whose zeros give the BIC states. The factorization
can take place if

m

dy = —d, 10

LS im0 (10)
ny

b=—"2_4, 1

2= o (11

where m; and my are non-zero integers, then we obtain S| =
SoUm,_, (Co), S2 = SoUp,—1(Co), and S = SoUp, +-m,—1 (Co)

with
kd kd
So = sin 0 , Cop=cos 0 ,
my +my my +my

and Uy, (x) being the Chebyshev polynomial of the second kind
of degree m. Therefore, equation (9) can be factorized by the
term Sp. Then, if So = 0, one obtains the energy for each of
the BIC states given by

kdyy :n(ml—i—mz)m (12)

where 7 is an no-zero integer.

In a particular case of similar resonators (i.e., m; =my =
1 and dy = d» = 0.5d), equation (9) can be factorized by the
term S as follows:

S1(281+j2C) =0. (13)
Equation (13) clearly shows that BIC states are given by
$1=0, (14)

or equivalently kd; = nrm (i.e., kdy/2 = nm; n is an integer,
see Eq. (12)). Therefore, the first BIC state (n = 1) can be
obtained from kd = 2z. In what follows, we shall give the
reduced energy in terms of kK = kd /7. Figure 2(a) shows the
curve of transmission versus k for d| = d, = d/2. The vertical
bar shows the position of the BIC state with zero width, and
its position on the abscissa axis is denoted by a solid circle in
Fig. 2(a).

127301-3
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In Fig. 2(b), the red and blue curves represent the trans-
mission coefficients versus reduced wave vector Kk for single
resonators of lengths d; = 0.55d and d, = 0.45d| respectively.
The expressions giving the transmission and reflection coeffi-
cients for the latter systems, can be deduced from Eqgs. (7)
and (8) by cancelling one of the two resonators in Egs. (7)
and (8). We can remark that each resonator induces its own
transmission zero given by S; =0 (i =1, 2) (i.e., kK = 2.22 for
dy = 0.45d and x = 1.82 for d = 0.55d). Now, when both
resonators are grafted at the same time, we obtain the black
curve in Fig. 2(b) where the two transmission zeros associated
with each resonator fall at the same position of those of the res-
onators taken alone. In addition, we can clearly notice that the
BIC state (hidden resonance) falling at k = 2 (Fig. 2(a)) where
the device behaves as an opaque system, is transformed into a
resonance inserted between two transmission zeros where the
device exhibits a transparency energy domain (full transmis-
sion). This is the result of a constructive interference between
the two resonators, inducing the so-called EIT resonance. By
varying the detuning length 6 = d — d| between the two res-
onators, one can adjust the width I" of the EIT resonance. In
particular when & decreases, I' decreases and collapses for
0 =0 (i.e. d| = dp), reducing to a hidden resonance or a BIC
state!!!1 with an infinite quality factor (i.e., infinite lifetime)
as shown in Fig. 2(a). This is a stationary wavefunction in
the two resonators with a node at the connecting waveguide.
Therefore, such a state does not interact with the continuum
states associated to the infinite quantum wire that can trans-
port energy away (see below). In this case, the system be-
comes opaque (Fig. 2(a)), giving rise to a complete reflection
of the wave function corresponding to Kk = 2.

It is noteworthy that some years ago, Tan et al.l>!
proposed an acoustic structure composed of two dangling
Helmholtz acoustic resonators located at the same axial po-
sition. They have shown experimentally and numerically the
existence of EIT resonance, mimicking thereby the quantum
interference between two direct excitation pathways in a three
level V-type atom. Our system is analogous to this system but
for a quantum waveguide. In the insets of Figs. 2(a), we give a
schematic representation of the three energy levels. The level
is associated with the ground state of the continuum states in
the waveguide, whereas 1 and 2 indicate the two energy lev-
els induced by the two stubs. In Fig. 2(a), the two stubs are
similar, giving rise to two degeneracy states 1 = 2, and the
shrinking of the resonance lying between them. Here the sys-
tem is opaque as no filtered resonance exists. However, in
Fig. 2(b), the two stubs are slightly different, therefore the de-
generacy is lifted between the two levels 1 # 2, giving rise to

a transparency window between them (Fig. 2(b)).

The behavior of the square modulus of the wave-function
in the structure is given in Fig. 3 for the BIC state at Kk = 2
and d; = dy = 0.5dy (Fig. 2(a)) and for the EIT resonance at
k =2 and d; =0.4dp and d, = 0.6dy (Fig. 2(b)). In the case of
the BIC state (Fig. 3(a)) as predicted, the wave-function does
not propagate on the right side of the waveguide (transmis-
sion zero). Indeed, k¥ = 2 corresponds exactly to the eigen-
states of the two identical stubs with vanishing wave-function
on both sides, so the incident wave interacts destructively with
the wave-function in the stubs and is totally reflected. At the
same time there is an additional state of the whole vertical
segment which has a node at the connection point with the
horizontal waveguide. This latter state is not affected by the
incident wave which confers on it the characteristic of a BIC
state as mentioned in Fig. 2(a). When the lengths d; and d»
are slightly detuned from d /2, the energy values of transmis-
sion zeros are shifted from the BIC state. At the same time the
node of the latter state happens at a different position from the
connection point with the horizontal waveguide (see Fig. 3(b))

and allows it to interact with the incident wave, thus reveal-

1.0
0.81
0.61

ing the BIC state as an EIT peak in the transmission spectrum
0.4t
0.2}

(Fig. 2(b)).
1 2
‘KO 7
0 L

1.0 1.5 2.0 2.5 3.0
0.2

1.6 . . . 2.4

dl = d2 = 0.5d0
1=2
BIC

Transmission

1.0
0.8
0.6
0.4

Transmission

Fig. 2. Curve of transmission coefficient versus dimensionless wavevector
k. (a) Two grafted resonators are considered to be similar, i.e., d| = dp =
0.5d. (b) Red (blue) curve corresponds to transmission through a single res-
onator of length d; = 0.55d (d, = 0.45d) along waveguide. Black curve
corresponds to the case when the two resonators are placed together at the
same point. Insets in panels (a) and (b) show the analogy to a three-level
V-type atom, with degenerate 1 = 2 and nondegenerate 1 # 2 energy levels,
respectively.

In order to confirm that the obtained resonance presents
indeed an EIT shape, we perform a Taylor expansion of the
transmission rate (Eq. (7)) around the resonance at Kk = 2 (i.e.
kd =21+ ¢€). After some straightforward calculations, the
transmission rate 7 can be written below following a Fano
shape

(e+q1 D)’ (e—qol)°
e(e+p)+r?

T=A (15)
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where A = 42’ /(4A* + 7%), B = 8wA*/(4A*+7?) , o0 =
Al2n+1/2, 0’ =1/2—A/2n, A =2n(d, /dy—1/2), and
27wA?

' Vaane 1o
is the full width at half maximum of the EIT resonance
falling at € = 0 (i.e., kK = 2). The two quantities q; =
VAA*+ 72 J4amA and o = VAA+ 72 /4 wA are the Fano
parameters; they represent qualitatively the magnitude of the
interference between the bound state and the propagating con-

(56,57

tinuum state. ! One can notice that I increases (i.e., the

quality factor decreases) and ¢ and g, decrease as 8 increases.

NA /\5di e @
9 1 NG 1

Position

Position

0.6 |¥[? (b)

Position

Position

=1
2
b
17

Position
°—0.47¢,

P

Fig. 3. Square modulus of wave-function as a function of space position (in
units of d) in structure for k =2 and (a) d; = d, = 0.5dy and (b) d; = 0.4dy
and d2 = 0.6d0.

1.0

di = 0.55d, (a)
0.8} dy=0.45d,

0.6

0.4P

Transmission

0.2

1.6 1.8 2.0 2.2 2.4

Transmission

1.6 1.8 2.0 2.2 2.4 2.6
K

Fig. 4. Transmission spectra as a function of reduced wavevector k. Exact
(full line) and approximate results (red circles) obtained by Taylor expan-
sion (Eq. (15)) are sketched around the EIT resonance. The two resonators’
lengths are (a) d; = 0.55d and d, = 0.45d, and (b) d; = 0.6d and d, = 0.4d.
The results of the approximate expression (Eq. (15)) are
represented by red circles in Fig. 4 for two values of § : § =

0.1d (Fig. 4(a)) and 6 = 0.2d (Fig. 4(b)). These two curves

clearly show that the resonance presents an EIT shape with
q1 = 145, g = 1.77, and width 2I" = 0.4 in the case of
0 = 0.1d (Fig. 4(a)). This induced resonance is trapped be-
tween two transmission zeroes, indicated by solid circles on
the abscissa axis around k = 2 in Fig. 4, and reaches unity
(i.e. T =1) for a lossless system. However, the above calcu-
lation shows that a well-defined EIT resonance with a width
2I" and coupling parameters g; and ¢ can be found. These
latter quantities can be fixed by varying the lengths of the two
resonators (i.e., 8). The curves show very good agreement
between the exact calculation (black curves) and the approxi-
mate one derived from a Taylor expansion (red circles) of the

transmission at the vicinity of the resonance energy.

4. Quantum demultiplexer device using induced
resonances

4.1. Analytical results

The schematic illustration of the demultiplexer device is
shown in Fig. 1(b). It consists of an input waveguide and two
output waveguides with a Y shape. Along the first waveg-
uide, two resonators of lengths d; and d» are placed at the site
marked as 2 at a distance ds from the input connector marked
as 1. Similarly, along the second waveguide, two resonators
of lengths d3 and d4 are placed at the site marked as 3 at a
distance dg¢ from the input connector 1. Using the Green’s
function method, we can obtain the expressions of transmis-
sion and reflection coefficients in the closed form. To do so,
we need to inverse the Green’s function g~ (M, M) in the in-
terface space M = {1,2,3} of the whole system (Fig. 1(b)).
This quantity can be obtained from a superposition of the in-
verse Green’s function of its elementary constituents as shown
below.

(i) The inverse of the surface Green’s function element of
the three semi-infinite waveguides (see Eq. (5)) at entrance 1
and exits 2 and 3154 is

g (1,1)=¢g;'(2,2)=¢,'(3,3)=—jF.  (l6a)

(i) The inverse of the surface Green’s functions of the
stubs placed at the site {2} and the site {3} are[>*!

C.
g '(2,2)=g7"(3,3)= ~Fig (i=1,2,3,4). (16b)

(iii) The inverse of the surface Green’s functions of the
waveguides of lengths ds and dg (see Eq. (4)) in the space of
interfaces Ms = {1,2} and Mg = {1,3} respectively (Fig. 1(b))

arel>¥

C;/Si —1/S;

-1
1 (M;, M;) = —F,
g (M My) (—u&qmi

) (i=5,6), (160)

where C; = cos(kd;), S; = sin(kd;) (i=1,2, 3,4, 5, 6).
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For simplicity, we assume that all the quantum waveguides are identical, i.e., F; = F (i = 1-6) such as for GaAs semicon-

ductor material. From Egs. (16a)—(16c), one can construct the inverse of the Green’s function g’] (M, M) of the whole system
(Fig. 1(b)) in the interface space M = {1,2,3} . This quantity is obtained just from a linear superposition of the preceding

constituents, namely,

j+Cs/Ss5+Cs/Ss —1/8s —1/86
g ' (M,M)=—F —1/58s Cs/Ss+Ci1/S1+Ca/S2+] 0 (17
—1/Ss 0 j+C3/S3+Ca/Ss+Cs/Ss

The reflection coefficient in the input waveguide of the de-
multiplexer can be obtained from the equation®*! r = —1 —
2jFg(0,0). After some algebraic calculations, one obtains

p _BtIE (18)
X1+J12%2

where

€1 = 51528354 (S586 — C5C6) — S1528'CSs

— 83848CsSe + SS'S5S6, (19)
£ = 8155354 (C5S6 +CeSs) — S15,5'C6Cs

— 53548CsS6 — SS'So, (20)
X1 = 3815,8384 (8556 — C5sCs) — S1528" (CsS6 + So)

— 53845 (CoSs5 +So) — SS'Ss, 1)
X2 = 351525384 (CsS6 + CoSs) + 51525 (28586 — C5Co)

+ 838545 (ZSGSS —C5C6) —S()S,S, 22)

and S = sin(k(ds +dg)), S = sin(k(d) + da)), S’ = sin(k(d5 +
dy)).

Similarly, the amplitudes of the transmitted waves in the
two output waveguides (Fig. 1(b)) are given respectively by
the equations!*8 #; = —2jFg(1,2) and 1, = —2jFg(1,3). Af-
ter some algebraic calculations, one obtains

; 25152(—C6S3S4 —5'Se +jS3S4SG)
1 =

- , (23)
X1+1x2

b 253854(—C5815, —.SSS +jS152S5) . (24)
X1+1Xx2

The expression of reflection rate R in the input waveguide is
given by R = \r|2, while the transmission coefficients in the
two output waveguides are given respectively by 71 = |f; |2 and
T, = |t2|2. From the expressions of reflection and transmis-
sion coefficient rates, one can check the energy conservation,
namely 71+ 7> +R = 1.

4.2. Numerical results of demultiplexing phenomenon
based on EIT resonance

Now we are looking for the necessary conditions to ob-
tain a total transmission in one output waveguide without dis-
turbing the other waveguide: these conditions can be obtained
as a function of geometrical parameters of the structure for
a given value of reduced wavevector k. Indeed, in order to
achieve |Tj| = 1, T, = 0, and R = 0 in the first waveguide, one

can show easily from Egs. (18), (23), and (24) that the fol-
lowing conditions should be satisfied: S354 =0 (i.e., S3 =0
or S4 =0), § =0 and Cg = 0. Similarly, in order to achieve
|T>| =1, Ty =0, and R = 0 in the second output waveguide,
the following conditions should be satisfied: 15, =0, S’ =0
and C; = 0.

From the above conditions, one can deduce the necessary
conditions that should be satisfied by the six lengths of the fi-
nite waveguides d, d, d3, da, ds, and dg in order to realize
perfect demultiplexing, namely,

=170 (25)

dy =224 (26)
d22

ds=2. @7)

%:ngfh:@. (28)

The above expressions can be rewritten also as a function of
detuning 6 = d — d| between resonators 1 and 2 as well as the
total length of these resonators (i.e., d = d| +d;). Indeed, as
mentioned analytically in Section 2, fixing the values of length
do for the two resonators 1 and 2 can fix the position of the
EIT resonance along the output 1, then by taking the lengths
of the two resonators to be slightly different (i.e., § = 0), the
conditions described previously in Egs. (25)—(28), become re-

spectively
a=%2 29)
@—%+g, (30)
=2 G
@:%+& (32)
@=%+§, 33)
d
%:f. (34)

In order to give a better insight into the analytical results
presented above, we plot in Fig. 5 the curves of numerical
results of the transmission spectra 77 and 7> along the first
and second output waveguide as well as the curves of reflec-
tion spectrum R in the input waveguide versus the dimen-
sionless wave vector k for four values of 6 around § = 0.
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For 6 = 0.15 (Fig. 5(a)), we can see that when the trans-
mission 77 in the first output waveguide (red curve) reaches
unity (i.e., T} = 1), the reflection R (black curve) in the in-
put waveguide and the transmission 7> in the second output
In addi-
tion, when the transmission spectrum in the second output

waveguide (blue curve) vanish (i.e., R=T, =0) .

waveguide (blue curve) reaches unity (7> = 1), the reflec-
tion R (black curve) in the input waveguide and the trans-
mission 77 in the first output waveguide (red curve) van-
ish (i.e., R=Ty =0) . For 8§ = 0.1 (Fig. 5(b)), we ob-
tain the same results as those in Fig. 5(a), however as pre-
dicted, the width of EIT resonances become narrower. For
6 = 0 (Fig. 5(c)), all resonators 1, 2, 3 and 4 become simi-
lar. Therefore, both EIT resonances fall at the same energy
(i.e., k = 2), the corresponding widths vanish, giving rise to
confined BIC states in the lateral stubs. For & < 0 (Figs. 5(d)
and 5(e)), we obtain the same results as those in Figs. 5(a)
and 5(b), but this time the resonance in the second waveg-
uide (blue curve) falls above the one in the first waveguide
(red curve). These results show that depending on the sign of

1.0
(a) §=0.15

1.6 1.8 2.0 2.2 2.4 2.6

1.6 1.8 2.0 2.2 2.
1.0
(e)
0.5F
0 : .
1.6 1.8 2.0 2.2 2.4 2.6
Fig. 5. Curves of transmission coefficient in output 1 (red curve) and output
2 (blue curve), and the reflected signal in the input of the demultiplexer de-

vice (black curve) versus dimensionless wavevector k for five values of §:
dy —dy, with d = d| + d, being fixed.

8, the EIT resonance in the second line can fall below or above
the EIT resonance in the first line.

Indeed, as shown in Section 2, for a fixed d, the EIT res-
onance in one waveguide with two stubs, falls at the same re-
As &
decreases, the width of the EIT resonance decreases and van-

duced wave vector k = 2 whatever the value of § is.

ishes for 8 = 0 (Fig. 2(a)). In the presence of the second output
waveguide, the position and the width of the second EIT reso-
nance depend strongly on the sign of d (i.e., when permuting
the two resonators 1 and 2). Indeed, as the first EIT resonance
exhibits two transmission zeros around kK = 2, the position of
the second EIT resonance falls below k¥ = 2 for 6 > 0 on the
left-hand side zero of the first EIT resonance. For § = 0, both
resonances cross each other and for § < 0 the second EIT res-
onance reappears above kK = 2 on the right-hand side zero of
the first EIT resonance (see Fig. 5).

4.3. Effect of temperature on transmission resonance

In this section, we are interested in the effect of tempera-
ture (6) on transmission resonance. It should be noted that in
all the results obtained in Subsection 4.2, we have not consid-
ered the thermal effect (i.e., @ = 0). By using the Landauer—
Biittiker formula,’®°! the conduction at a finite temperature
of the transmission rate in one-dimensional channel can then

Go/dE< afEEF’ )>T(E), (35)

where Gy = 262 /h is the quantum conductance, h the Planck

be written as2-3]

G EF7

constant, and f(E) the Fermi distribution function given by
f(E E]:,e) [eE Er)/kg 6 1]71
energy and kg being the Boltzmann constant. We change the
variable from E to k in the integral by using E = E* k? where
E* = W*n? / 2mdg. Also, we define a dimensionless temper-

with Er being the Fermi

ature 63 = kg6 /E*, then equation (35) can be written in the
following form:
2

Gr (kr, ) / dKT (x)cosh™2 (KK g
£ 204 200 )’

It is worth mentioning that equation (36) has been used to an-
alyze the thermal effect on the Fano resonance in electronic
transport of a quantum Aharonov—Bohm ring.[0-6%! In the
case that a GaAs mesoscopic structure with the length dp of
the resonators (stubs) on the order of ~ 1 um with effective
electron mass m = 0.067mg (myg is the free electron mass) is
really realized, a dimensionless temperature 63 = 0.1 will cor-
respond to 8 = 6.5 mK. These parameters are on the order of
those presented in the experimental realization. 103651

In Figs. 6(a)-6(c), we plot the normalized conductance
Gt/G as a function of dimensionless Fermi wave vector kg =
(Er—E *)1/ % for 8 = 0.1 and several values of the parameter
64. We note that the resonances in the conductances Gr; (red
curve) and Gt; (blue curve) are very sensitive to the effect of
temperature. Especially, when increasing the temperature, the
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conductances Gt; and G, become broader and the amplitude
of the conductance Gt decreases more rapidly than the am-
plitude of the conductance Gti. This is due to the fact that the
width of the resonance along the second output is thinner than
that of the resonance along the first output. The evolutions
of the normalized conductance as a function of temperature8y
and reduced wave-vector x are provided in Figs. 7(a) and 7(b).
We can notice that with temperature (6y4) increasing from 0 to
0.1, the conductance Gt; around x = 2 (Fig. 7(a)) and the
conductance Gt; around x = 1.8 (Fig. 7(b)) are considerably
affected for 83 > 0.08 and 64 > 0.06 respectively. Note that
the conductance is represented by color scale in Fig. 7.

1.0
0.81

Gr/Go

1.6 1.8 2.0 22 24

Gr/Go

(c) 04 =0.1

G1/Go

1.6 1.8 2.0 2.2 24
KRF

Fig. 6. Plots of normalized conductance versus dimensionless Fermi wave
vector kg for 6§ = 0.1 and different temperatures, with red color and blue
color referring to outputs 1 and 2 respectively.

GT1,0=0.1 Gr2,0 =0.1
2.3
2.1
- ()

=i

@" 1.9 _.0:6

0.8

1.7 =10
1.5

0.02 0.06 0.10 0.02 0.06 0.10
0a 04

Fig. 7. Normalized conductance (in color scale) versus wave vector kK and
temperature 6y along the (a) first output and (b) second output for 6 = 0.1.

5. Conclusions

In this paper, we study analytically and numerically the
possibility of existence of BIC state and EIT resonance in a
simple mesoscopic structure made of two stubs of lengths d
and d, inserted at the same position along a quantum waveg-
uide. The EIT resonance in the transmission spectrum can be
tailored by detuning the lengths of the two resonators (i.e.,
0 = dy —dy). From a Taylor expansion of the transmission rate
T around the EIT resonance energy, we deduce the expression

of T following a Fano form, which enables us to deduce the
width, the position and the Fano parameters of the EIT reso-
nance. Finally, we propose a simple mesoscopic device based
on the EIT resonance. The idea is to make the energy of the
EIT resonance in one line coincide with the transmission zero
in the other line and the reflection zero in the input line. This
property enables us to derive the analytical expression of the
waveguide length of the demultiplexer to achieve a selective
transfer of a single propagating state through one line without
perturbing the other line. We show that the different lengths of
the finite waveguide constituting the demultiplexer should be
chosen appropriately in order to realize a perfect demultiplex-
ing. In addition, the position and width (quality factor) of the
selected resonance in each line depend strongly on the detun-
ing & between the lateral stubs in Fig. 1(b). Also, we analyze
the temperature dependence of the resonance in the conduc-
tance by using Landauer—Biittiker formalism. We show that
the increasing of temperature affects the shape of the conduc-
tance resonance, in particular, its amplitude and width change
considerably.

We would like to note that throughout this paper, we re-
strict ourselves to the discussion and study of one-dimensional
model. The one-dimensional quantum wire case provides a
good approximation to a real wire with finite width at low
temperatures at which only the lowest subband is filled, 6!
which means that the wire behaves like a monomode waveg-
At higher temperatures, in the study of the con-
ductance of the quantum waveguide, the two and three-
dimensional model!®’-%1 and the Landauer—Biittiker formula

uide.

should be used.[385% However, in the literature, several one-
dimensional quantum models!’’! have been proposed and
studied theoretically“®-"!! and experimentally.[63-64]
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