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Controlling of the Goos-Honchen (GH) shifts of the reflected and transmitted probe pulses through a
cavity containing four-level GaAs/AlGaAs quantum dot with 15 periods of 17.5nm GaAs wells and 25-nm
Alp.3Gap.7As barriers is investigated. Under appropriate conditions, the probe absorption can be converted
to the probe gain, therefore the controlling of negative and positive GH shift in the both reflected and trans-
mitted probe beams can be occurred simultaneously. Our obtained results show that the group index of the
probe beams could be negative or positive in both reflected and transmitted pulses. Therefore, simultaneous
subluminal or superluminal light propagation in reflected and transmitted pulses can be achieved.
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Introduction. It is known that in geometrical op-
tics, reflected and transmitted light beams can be lat-
erally shifted from the position. This, firstly observed
experimentally by Goos and Hanchen (GH shifts) [1],
in 1947. The lateral shifts happen between the totally
reflected light beam and the incident light beam when a
total reflection happens at the interface of two medium
[2]. There are some interesting applications in GH shifts
for optical sensing and measurements [3], which can
measure various quantities such as beam angle, refrac-
tive index and displacement. Moreover, in negative re-
fractive index waveguide as compared with the regular
dielectric waveguide due to the negative GH shifts, the
amplitude of electric field can be greatly enhanced [4].
The GH shift also can be used as a characterization of
the permeability 1 and permittivity € of the materials [5]
and in the design of surface Plasmon resonance waveg-
uide device at range pum [6]. Therefore, it is worth study-
ing the control and manipulation of GH shifts in a fixed
configuration. For explain the positive and negative GH
shift various theoretical and experimental schemes have
been proposed. For example, Merano et al. [7] studied
the Goos—Hénchen effect experimentally for the case of
an optical beam reflecting from a metal surface (gold)
at 826 nm. They reported a negative lateral shift of the
reflected beam in the plane of the incident beam for a
p-polarization and a positive shift for the s-polarization
case. Recently, investigating of the GH shifts in a slab
system or left-handed materials has been done. Berman
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[8] and Lakhtakia [9] studied the negative GH shifts at
an interface between “normal” and left-handed media.
Kong et al. [10] elaborated the lateral displacement of a
Gaussian-shaped beam reflected from a grounded slab
with simultaneously negative permittivity and perme-
ability. It is also found that GH shifts of the transmit-
ted beam through a slab of left-handed medium can be
negative as well as positive [11].

It is known that the quantum coherence and inter-
ference has an essential role for controlling the absorp-
tion and dispersion properties of an atomic medium.
This control over the dispersive properties of the atomic
systems can lead to an electromagnetically induced
transparency (EIT) [12], optical solitons [13, 14|, opti-
cal bistability [15, 16], electron localization [17, 18], and
other phenomenon [19-21]. Based on this fact, some
models have been proposed for controlling of the GH
shifts by using two, three and four-level atomic systems
inside a cavity [22, 23]. Therefore, by using quantum co-
herence and interference, controlling of GH shift can be
done without changing the structure of the fixed de-
vice or atomic configuration [22, 23] inside the cavity. In
these configurations it is shown that the GH shifts can
be controlled by manipulation of the dispersive proper-
ties of the intracavity. In a recent work by Ziauddin and
Qamar [24], they proposed a Gain-assisted model for
controlling the GH shifts in a cavity containing three-
level dilute gaseous atomic medium. They found that by
manipulation of the detuning associated with the probe
light field which interacts with the intracavity medium
during its propagation through the cavity can lead to
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a control over negative and positive GH shift in the re-
flected and transmitted light beam via the anomalous
and normal dispersion of the medium.

Recently, many kinds of phenomena based on the
quantum interference and coherence have also been ex-
tensively studied in the semiconductors quantum wells
(SQW). For the intersubband transitions in SQW, we
can say that it behaves as an artificial atom [25]. There-
fore many interesting phenomena based on quantum co-
herence and interference in SQWs has been discussed,
such as optical bistability [26-30], four-wave mixing [31-
33], Kerr nonlinearity [34,35], and others [36-48]. The
devices based on intersubband transitions in the SQW
have many inherent advantages such as the large elec-
tric dipole moments due to the small effective electron
mass, the great flexibilities in devices design by choosing
the materials and structure dimensions, the high nonlin-
ear optical coefficients. The majority of the theoretical
analyses of the above works in SMQWs are based on
atomic quantum coherence theory [49]. A complete de-
scription of many-body effect such as Coulomb interac-
tion between charged carriers has not been considered.
It is known that in direct-gap semiconductors, excitons
play an essential role in optical processes near the fun-
damental band edge. It has been shown that excitonic
non-radiative coherence, including exciton spin coher-
ence and biexciton coherence, can lead to EIT processes
in quantum wells [36-38]. By predominant the rapid
decoherence with ultra fast laser pulses and by using
and restrains the many-body Coulomb interactions, the
realization of the excitonic EIT processes in QWs has
been made possible. With intersubband coherence be-
tween different conduction subbands [39-41] and differ-
ent valance subbands [42], and with intervalence band
coherence between the heavy-hole (HH) and light-hole
(LH) valance bands [43,44], EIT processes have also
been observed. Various EIT processes have also been
explored experimentally [45] as well as theoretically in
QDs [46-43].

Recently, the Goos—Hénchen effect and Fano res-
onance have been studied in photonic crystals that
are considered Fourier counterparts in wave-vector-
coordinate space. The Goos—Hénchen effect, which was
enhanced by the excitation of Bloch surface electromag-
netic waves, was visualized using far-field microscopy
and measured at the surface of photonic crystals by an-
gular spectroscopy. The maximal Goos—Héanchen shift
was observed to be 66 pm [50].

In this paper, we propose a new model for control-
ling the GH shifts behavior based biexciton coherence
in a quantum dot nanostructure. Recently, we analyzed
optical bistability and multistability based biexciton co-
ITucema B 2KOQTD
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herence in a multiple quantum well nanostructure [51].
We showed that biexciton energy renormalization which
resulted from biexciton coherence can change the inten-
sity threshold of optical bistability and multistability. In
another study, phase control of optical bistability and
multistability based biexciton coherence were also dis-
cussed [52]. Following the similar scheme, we here study
the behavior of the GH shifts for the corresponding su-
perluminal and also for the subluminal propagation of
the light through the intracavity medium. Here, a four-
level GaAs/AlGaAs as semiconductor structure with 15
periods of 17.5nm GaAs layer and 25-nm Aly 3Gag.7As
barriers is used as an intracavity. It is found that biex-
citon coherence and relative phase of applied fields has
a major role on controlling GH shifts of probe beams
reflected from or transmitted through a cavity.

Model and equation. Three layers with a struc-
ture ABA can be considered as a model of cavity. Two
side layers A, with the same thickness da and per-
mittivity ea are nonmagnetic dielectric slabs and are
considered as walls of the cavity. Layer B is the intra-
cavity medium with thickness dg and permittivity ep
(Fig.1). The gas atoms [27] or semiconductor layer [48]
can be used as an intracavity medium. The intracavity
medium consists of four-level biexciton-exciton cascade
scheme of GaAs/AlGaAs quantum dot with 15 periods
of 17.5 nm GaAs wells and 25-nm Aly 3Gag.7As barriers.
A TE-polarized light beam with angular frequency w is
incident on one side of the cavity which is in the vacuum
with permittivity eg = 1. The incident pulse makes an
angle 6 with the z-axis. This field is either reflected back
or transmitted through the cavity with a lateral shifts
(GH shifts). Generally, the electric and magnetic fields
at two positions z and z + Az in the ;" layer can be
related to each other via a transfer matrix as:

) i sinf[kid;
cos|kid;] Zsmc[Iizﬂ]
My(kywidy) = | o
[k1d;]
7 S11 i .
——=2% cos[kid]
4q;j

where k] = /e;k? — k2 is the z component of the wave

vector in ;' layer, k, is the y component of wave vector
in vacuum k = w/c. Here, c is the speed of light in vac-
uum, and parameter g; is defined as ¢; = K /k. d; is the
thickness, and j represents the j*" layer of the medium.
Since the cavity has three layers, the total transfer ma-

trix of the cavity is given by:

X(kya QJ) = MA(kya w, dA)MB(kya w, dB)MA(kyv w, dA)a
(2)

where, X(k,, w) represents the total transfer matrix con-
necting the fields at incident end and at the exit end.
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Fig.1. (a) (color online) — Schematic diagram of the GH shifts of the reflected and transmitted light beams in a fixed cavity.
The cavity contains a four-level GaAs/AlGaAs quantum dot with 15 periods of 17.5 nm GaAs wells and 25-nm Alg.3Gag.7As
barriers. Sy, S; are the reflected and transmitted beams of the GH shifts, respectively. The red arrows displays the inci-
dent probe beam, while the green and blue arrows shows the two coupling fields. (b) — Energy levels and transitions of the
exciton-biexciton states. |0) — ground state, |1) and |2) — one-exciton states, |3) — biexciton state (or two-exciton continuum
state). The medium interacts with two laser control fields and two pulsed probe and signal fields

From the transfer matrix method, the transmission co-
efficient t(ky,w) and the reflection coefficient r(k,,w)
can be given as:

B 2q0
Hky,w) = [q0(X22 + X11)] — [¢5 X12 + Xoi1] ¥
T(kva) = [QO(X22 — Xll)] — [(](%X12 _ X21] (4)

[q0(Xa2 + X11)] — [¢3X12 — Xo1]’

where gy = /o — sin” 0. Parameter X;;(k,,w,) (i, =
1,2) is the element of matrix X(ky,w). It can be seen
that the transmission and reflection coefficients depend
on the permittivity and thickness of the cavity walls,
permittivity and thickness of the intracavity medium,
and the incident angle of the probe field. The permit-
tivity of intracavity medium ep can be related to the
susceptibility of the four-level quantum dot via

EB = 1+X(w)v (5)

where x(w) = ¥ (w) + X" (w), X' (w), x”(w) are the real
and imaginary parts of y(w), which represent the dis-
persion and the absorption properties of the intracav-
ity medium, respectively. By using the stationary phase
theory, the lateral shift in the reflected and transmitted
light beams can be given as:

- A dgﬁr’t
St = o df (6)

where ¢, ; are the phases associated with the reflection
r(ky,w) and transmission t(k,,w) coefficients. Thus, the

lateral shifts of the transmitted and reflected probe light
beams can be expressed as:

A 1 d(Imt(ky, w)]
— Im[t(ky,w)] 7d(Re[g:y’w)] } (7)
_ A Y R, oy Al ey, w0)]
A A
Tl (o0 A ®)

We now discuss the level structure of the doped four-
level GaAs/AlGaAs quantum dot nanostructure with 15
periods of 17.5nm GaAs layer and 25-nm Aly 3Gag.7As
barriers as a dispersive layer of slab. This system is same
as one employed in Ref.[53]. As shown in Fig.1, the
ground state |0), one-exciton states |1), |2), and biexci-
ton state |3), resemble a four-level double cascade con-
figuration. In the present system, two probe fields with
angular frequencies w = w5, one-half Rabi frequen-
cies €2, 5, and two continues wave coherent couple fields
with angular frequency w,;(.2), one-half Rabi frequency
Qc1(c2), complete the respective excitations. In this sys-
tem, the exciton coherence is the nonradiative coher-
ence, which can lead to destructive interference in the
optical transition between the one-exciton and bound
biexciton states. Under the rotating wave approxima-
tion and electric dipole approximations and including
to the free energy term, the total Hamiltonian can be
written as:
H = Hy + HL,, (9)
ITucema B8 2KOQTD Tom 101 2015
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Ho = huwo|0)(0[+Rwon [1) (1] +huwa| 2) (2] + huws[3) (3], (10)
HL, = Qe rten|1)(0] + Que™ ™ 4e#+[2) (0] +

1

+ Qoo WerteiPer|3) (1] + Quge~we2lei?ez|3) (2], (11)

The time evolution of the system, expressed using the
density operator p, is governed by the Liouville equation
which leads to the following equations for the density
matrix elements p;;:

p11 = 1Q(po1 — p10) + i1 (ps1 — p13) +

+ Yap2z — (Vo + v4)p11 + Y233,

T pa3) +
+71p33 — (93 + Ya) P22 + VP11,

p33 = +ifea(

paz = iQs(po2 — p20) + iQe2(e™p3a — e

€ a3 — € p3a) +

(71 + 72)p33,

pro=—[1/2(va+ v + %dgh) — 1Aq]p1o +
+iQ,(poo — p11) + 1Qc1p30 — Qs p12,

pr0 = —[1/2(y + va + 758") — i8] 20 +

+iQ4(poo — p22) + iQe2e™ p3o — i p21, (12)

p30 = —[1/2(71 + 72 + 758") — ils]pso +

+ Q1 p10 + 120" pog — 1 Qpz2 — iQpp31,
—[1/2(m + 72 + 73 +755") — i(As — A1)]pss —

+1iQc1(p13 — p31) —

P32 =
— iQc2e" (p33 — paz) — iQe1p21 + iQspo3,

por = —[1/2(m+7s+7a+Ya+750 ") — (A1 — Ag)]pa1 —
— i p20 — 101 p23 + 102" p31 + iQpo1,

ps1 = —[1/2(n+72 v+ +750") — (A1 — As)]ps1 +

+ Q003 + Q%1 (p33 — p11) — Q26" p12,

where pi; = pj;, Aj = wy) — (wj —wo) (G = 1,2),
Az = wp(s) +wWej — (w3 —wp). The former v; (j =1, 2, 3,
4) denotes the total decay rate of exciton and biexciton
coherence, which are added phenomenologically in the
above density matrix equations (12). The letter *ydph is
the dephasing broadening linewidth, which may origi—
nate from electron-electron scattering, electron-phonon
scattering, as well as inhomogeneous broadening due to
scattering on interface roughness. Generally, v, dph is the
dominant mechanism in a semiconductor solid- state Sys-
tem in contrast to the atomic systems. Here, v,, 73 is
decoherence rate of the exciton spin relaxation between
the two exciton states respectively, and describes the
spin decoherence between these states. And we have in-
troduced ¢ = @+ @2 —@p —@c1 as the relative phase of
laser fields. In order to derive the linear susceptibility it
is needed to obtain the steady state solution of density

5 ITucema B 2KQT® Tom 101 BeI. 7—8 2015

matrix elements can be
The zero™

matrix equations. The dens1t
expanded as p;; = pg)) + pU + p(2) + ...
order solution of pgg will be identical, i.e., p(()%) =1, and
other elements are set to be zero. The matrix elements

p10 and pog are obtained as follows:

- dZdS)Qp - Qchlg(Qe_m5

T 13
Pio —didds t B+ a0z, 1)
D (92 — dids) Qs — 9,01 Quae™ ™ »
* —dydads + da 2, + 02,
Adn‘}il d1=1/2(va +7b+7dph) + Aé’}fi? = [i/2(~3 + o+
Yoo )+ Do), ds = [i/2(v1 + 72+ 730 )] + As, first order

susceptibilities of the two probe fields of the medium
can be determined as:

Nlpol*, 1y |
1
é) = 2heoQ), (P Pio + 20) (15)

Results and discussion. The GH shifts in the
reflected and transmitted probe light beam under ap-
propriate condition is discussed as follow. In the other
words, we consider a TE-polarized light beam which in-
cident by angle 6 on the cavity is a probe light beam
with frequency w = wy(s). At temperature up to 10K,
we select the real system parameters as 3 = 72 = v =
= 0.054meV and v3 = v4 = 0.108 meV , P" = 50 meV,
Ay = Ay = Az = 0 [54] (which can be translated into
the ratio with ~y). Similarly in the following numerical
calculations, all the parameters used are scaled by -,
which should be of the order of meV for the quantum
well. The dependence of the GH shits of the reflected
and transmitted probe beams versus incident angle for
resonance condition of probe lights with different rela-
tive phase are displayed in Fig.2. It can be seen that
the GH shifts for the reflected and transmitted probe
beams alter by changing the relative phase ¢. In the
other word, for ¢ = 0 and ¢ = 2nm, the GH shifts
of reflected and transmitted probe beams are enhanced
and have maximum values. Physically, at ¢ = 2nx the
absorption of medium is very weak and near to zero,
and medium is transparent for the applied probe lights.
However, at ¢ = (2n+1)7/2 and (2n+ 1), there exists
strong absorption of the probe light beams when the
probe beam is in resonance with atomic transition. In-
fact, the changing in linear susceptibility of the system
by relative phase of applied fields makes the changing in
the GH shifts of reflected and transmitted probe beams.
The effect of relative phase on GH shifts of reflected
and transmitted probe beams versus incident angle and
for nonresonance condition of probe lights are shown in
Fig. 3. For the case of ¢ = 0, it is found that the similar
behaviors with part a of Fig.2 are obtained. Infact for
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Fig. 2. The dependence of both S, and S; on the incident angel of probe light beam for Q¢ = Q¢ = 5y, Qp, = Qs = 0.17,
Yo = =0, A1 = Ay =A3=0; ¢ =0 (a), 7/2 (b), 7 (c), and the dependence of susceptibility versus relative phase of

applied fields (d)

nonresonance and resonance conditions, the medium is
transparent for the probe beams. However, the behav-
iors of GH shifts for reflected and transmitted beams
are completely different when the relative phase changes
from 0 to 2w. For ¢ = /2, the S, and S; can be en-
hanced and can be positive or negative at certain angles.
Infact, for ¢ = 7/2, there is a net gain in the medium
which makes the GH shifts of reflected and transmitted
probe beams be positive or negative at certain angels.
This tells us that the GH shift can be enhanced signif-
icantly by amplification at certain angels in the nega-
tive absorption region. It is known that the group index
of the medium that is related to the superluminal and
subluminal behavior of light propagation through the
medium. The group index of the atomic medium can be
calculated by using the real part of the susceptibility.
In fact, for superluminal light propagation, the group
index can be negative, while for subluminal light prop-

agation it becomes positive. It should be noted that the
behavior of the group index of the intracavity medium
may be different from the behavior of the group index of
the cavity. Therefore, we discuss the dependence of the
GH shifts on the group index of the cavity correspond-
ing to superluminal and subluminal light propagation.
The group velocity of the reflected or transmitted light
beam is given by:

” L
vg’t = = (16)
Tg

where L = 2da + dp is the total cavity thickness. The
superscripts r, t correspond to the reflection and the
transmission parts of the incident light probe beam. The
corresponding group delay, i.e. Tg’t, is then given by:

TT’t _ a(br,t _ 8¢r,t
g ow o 6wb '

(17)

ITucema B 2KQT® Tom 101 2015

BbIII. 7—8



Controlling of Goos-Hénchen shift via biexciton coherence in a quantum dot

939

S, t/h

—80

-120-

-160 : '

0 (rad)

L--
.

0.5 1.0 1.5
0 (rad)

Susceptibility

100

(b)

80
60

0.015

0.010

5
o
S
(93]

Fig. 3. The dependence of both S, and S; on the incident angel of probe light beam for Qc1 = Q¢ = 5y, Qp, = Qs = 0.17,
Yo =7 = 0, and Ay = Ay = 2.57, Ag = 0; ¢ =0 (a), 7/2 (b), 7 (c), and the dependence of susceptibility versus relative

phase of applied fields (d)

So, the cavity group index is defined as

rt_ € E 8¢T,t
9 v;’t L &ub

(18)

Relation (18) shows that the group index depends on the
thickness of the cavity and the phase associated with the
reflection and transmission coefficients. Therefore, the
GH shifts depend on the sign of the group index nz’t,
that can be positive or negative depending on whether
the group index is positive or negative, respectively. It is
observed that the cavity group index for reflected and
transmitted probe beams is positive (negative) when-
ever the GH shift is positive (negative). Therefore, by
controlling the relative phase of applied fields the simul-
taneous positive or negative of group index for reflected
and transmitted probe beams can be obtained. It can
be seen that for ¢ = /2, the group index of reflected
and transmitted probe beams both are positive or neg-
Bl 7—-8 2015
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ative at certain angle. This is to say that the GH shifts
for superluminal or subluminal case can be both nega-
tive and positive. In addition, the negative or positive
GH shifts only occur for a certain choice of the incident
angel. In this case, by controlling the angle of incident
light one can control the GH shifts of superluminal or
subluminal light propagation in the medium. The effect
of relative phase on GH shifts of reflected and transmit-
ted probe beams when we increase the Rabi frequencies
of applied fields are shown in Fig. 4. It can be seen that
for ¢ = 0.0, the S, and S; is enhanced and can be posi-
tive or negative at certain angles, while for ¢ = 7/2, the
peaks of GH shift in reflected (transmitted) beam suffer
the negative (positive) shift. In this case, there is a weak
absorption in the medium. But in Fig. 4c, the suscepti-
bility of the medium becomes gain and both the S, and
S; can be increased and are positive or negative at cer-
tain angels compared with in weak absorption region.

5*
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Fig. 4. The dependence of both S, and S; on the incident angel of probe light beam for Q.1 = Q2 = 107, Q, = Qs = 0.17,
Yo =7 =0, and Ay = Ay = A3 =0; ¢ =0 (a), 7/2 (b), 27 (c), and the dependence of susceptibility versus relative phase

of applied fields (d)

These results tell us that the GH shift can be enhanced
significantly by amplification in the negative absorption
region. Our results show that the manipulation of the
GH shifts of the reflected and transmitted probe beam
can be easily controlled without changing the structure
of the cavity and medium.

Conclusion. In summarize, the GH shifts of the
reflected and transmitted probe beams in a four-level
GaAs/AlGaAs quantum dot with 15 periods of 17.5 nm
GaAs wells and 25-nm Aly 3Gag 7As barriers have been
investigated. By controlling the external control param-
eters such as probe field detuning, relative phase of ap-
plied fields and Rabi frequencies of coupling field with-
out changing the structure of the system. It is also
shown that under the certain conditions, the large GH
shifts of the reflected and transmitted probe beam can
be both positive and negative in the gain region.
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