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We investigate the controlled manipulation of the Goos-Hänchen (GH) shift in probe light beams, encom-
passing both plane and Gaussian beams, when introduced into a cavity housing a highly resonant five-level
atomic system exhibiting a combined tripod and � (CTL) configuration. This complex scheme arises from the
interaction of three atomic ground states with two excited states through five distinct light fields. Such a system
effectively reduces to a �- or N-shaped configuration by manipulating the light fields, resulting in the alteration
of the dispersion behavior of the probe beam, ultimately inducing either a positive or negative GH shift. This
unique behavior is a direct consequence of the closed-loop structure inherent to the five-level atomic scheme.
For both plane and Gaussian beams, we demonstrate the superiority of CTL over � and N schemes in achieving
substantial positive GH shifts. When considering Gaussian probe light, we observe a critical role played by
the beam width in controlling the magnitude and sign of the GH shifts. Our proposed approach for studying
the GH shift carries significant practical implications, particularly in its capacity to monitor media with either
left-handed characteristics displaying negative permittivity and permeability or right-handed characteristics
displaying positive permittivity and permeability through the manipulation of externally controlled parameters.
This approach may find applications in various fields, including optical heterodyne sensors used to measure
beam angle, displacement, temperature, and refractive index, thereby advancing our understanding and control
of optical phenomena.
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I. INTRODUCTION

The Goos-Hänchen (GH) shift is a phenomenon charac-
terized by the lateral displacement of incident and reflected
light beams at the interface of two media, especially when the
incidence angle exceeds the critical angle. Its wide range of
applications spans various fields, including nonlinear optics
[1], quantum mechanics [2,3], micro and nanooptics [4], op-
tical sensors [5], plasma physics [6], neutron physics [7], and
acoustics [8].

The GH shift arises due to the angular dispersion of the
phase delay of light beams. This intriguing effect can be
deliberately induced by manipulating the phase delay, as
documented in numerous material systems and structures.
Noteworthy examples include graphene [9,10], photonic crys-
tals [11], metals [12,13], and absorbing media [14].

The first experimental investigation of the GH shift was
carried out by Goos and Hänchen in 1947 [15]. They em-
ployed multiple reflections within a glass slab to study
transverse electric (TE) polarized light beams. In 1948,

*Contact author: muqaddarabbas@xjtu.edu.cn
†Contact author: asadpour@ipm.ir
‡Contact author: zhangpei@mail.ustc.edu.cn
§Contact author: hamid.hamedi@tfai.vu.lt

Artmann proposed this effect by incorporating the stationary
phase theory [16]. It’s worth noting that Artmann’s analytical
findings extended to transverse magnetic (TM) polarized light
beams. In 1949, Goos and Hänchen experimentally confirmed
these results for TM polarized light beams [17].

In 1964, Renard introduced an alternative theoretical ap-
proach for studying the GH shift based on the energy flux
technique [18]. The first observation of a spectral resonance
in the lateral displacement of a laser beam totally reflected
from a glass-cesium vapor interface was reported in Ref. [19].
Shift and broadening in attenuated total reflection spectra of
the hyperfine-structure-resolved D2 line of dense rubidium
vapor was observed in Ref. [20]. The theoretical predictions
of the GH shift were later experimentally validated [21].

Observing the GH shift experimentally can be challeng-
ing due to its small amplitude, typically on the order of
a few wavelengths. To overcome this, researchers have ex-
plored various frameworks and materials to enhance the GH
shift’s amplitude, as outlined in Ref. [22]. One approach to
achieve an enhanced positive GH shift is by incorporating
multilayered periodic structures [23] and waveguide struc-
tures [24,25]. Conversely, an enhanced negative GH shift can
be achieved through the use of a slab design with a dielectric
medium possessing maximum absorption capacity, as well as
metamaterials [26].
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It is important to note that the GH shift exhibits po-
larization state dependence. Specifically, this information is
relevant for both TM and TE polarized light. Under the same
conditions, the reflection coefficients for these two polariza-
tions differ, leading to variations in the GH shift, as discussed
in Refs. [13,26].

The modulation, as opposed to amplification, of the GH-
shift magnitude plays a pivotal role in this context. This
procedure involves an investigation of an atomic medium, a
quantum dot, and a quantum well, all situated within a cavity.
The objective is then to determine the extent of the GH shift by
manipulating externally provided control parameters. Coher-
ent control fields can influence the absorption and dispersion
responses of the medium within the cavity [27–37]. Notably,
it has been observed that increased GH shift occurs at the
point of darkness in an asymmetric Fabry-Perot cavity con-
sisting of four layers when oriented at the Brewster angle [38].
Similarly, a cavity featuring an atomic medium with a double
ladder-type atomic configuration was employed to generate
adjustable positive and negative GH shift. Theoretical investi-
gations have also explored the effects of broadband squeezed
vacuum fields on GH shifts in reflected and transmitted light
beams, with control parameters including photon number and
phase difference relative to the control field, as indicated in
Ref. [5]. Furthermore, enhanced GH shift has been experi-
mentally achieved by exciting surface plasmons (SPs) on a
metal surface, as described in Ref. [39]. The excited surface
waves lead to a narrow resonance in the angular reflectance
spectrum. Theoretical studies have delved into the GH shift in
the context of a long-range surface plasmon setup, revealing
the involvement of orders of magnitude greater than the wave-
length [40,41]. A recent study observed giant GH and angular
shifts at designed metasurfaces [42].

In contrast, slabs characterized by spatially inhomoge-
neous permittivity, dependent on the intensity of incident
light, harnessed their GH shifts in a different manner when
examining reflection, as explored in Ref. [43]. Both theo-
retical and experimental investigations aimed to understand
the distinct behaviors of edge reflection in two-dimensional
graphene plasmons. In the presence of evanescent waves,
these plasmons gave rise to negative GH shift, with the unex-
pected amplitude oscillation of odd-even peaks attributed to
wave diffraction near the edge, as demonstrated in Ref. [44].
Additionally, the GH shift associated with pseudospin-3/2
Dirac-Weyl fermions was explored in the context of birefrin-
gence [45]. A graphene plasmonic metasurface was employed
to examine the potential for substantial and controllable
GH shift in the center of gravity of the reflected light
beam [46].

The GH shift holds significant potential for various ap-
plications in optical heterodyne devices. It serves as a
valuable tool for monitoring parameters such as temperature,
beam angle, displacement, and refractive index. Further-
more, it provides insights into material characteristics based
on permittivity and permeability, distinguishing between
left-handed (negative permittivity and permeability) and right-
handed (positive permittivity and permeability) materials. The
GH shift can also be employed to detect irregularities, sur-
face roughness, and other features on isotropic materials that
are uniformly distributed in space. Its adaptability allows for

versatile applications, making it a powerful tool for optical
switches and sensors. To achieve this adaptability, various
methods have been proposed to alter the GH shift by adjusting
temperature, electric fields, and light fields [28]. Furthermore,
research has delved into the plasmon-induced transparency re-
gion surrounding a tunable GH shift in a metal-insulator-metal
structure, as investigated in Ref. [47]. Theoretical evidence
supports the generation of significant GH shifts through sur-
face modes at parity-time symmetric interfaces at specific
incidence angles, as reported in Ref. [48]. The GH shift in
both the reflected and transmitted beams can be enhanced
by coupling to a broadband-squeezed vacuum field within
a cavity that features a two-level atom as the intracavity
medium, as discussed in Ref. [5]. Notably, the relative phase
between the compressed vacuum field and the control field
applied to the two-level atom has a substantial impact on the
GH shift in both scenarios. The GH shift was also calcu-
lated for resonance and nonresonance states of plane waves,
with consideration of atomic-cavity coupling [49]. In these
circumstances, a considerable GH shift, whether positive or
negative, was observed for both the transmitted and reflected
light beams, emphasizing the potential and versatility of this
phenomenon.

Recently, a novel atom-light coupling scheme, known as
the combined tripod and � (CTL) scheme, was introduced
for electromagnetically induced transparency (EIT) and slow
light [50,51]. This scheme involved three atomic ground states
interacting with two excited states through five light fields.
Notably, it enabled the formation of dark states, a crucial
element in achieving EIT and slow light. In the limiting cases,
this scheme reduced to conventional �- or N-type atom-light
couplings, providing EIT (with subluminality) or absorption
(with superluminality), respectively.

In the context of this paper, we aim to investigate the
tunability of the GH shift in the CTL model using a plane
probe light beam [27,49] and a Gaussian beam [30,32]. The
key motivation for this study arises from the significant advan-
tages of the CTL scheme compared to its two limiting cases:
the � and N-type atomic systems. The CTL scheme results
in a more substantial positive GH -shift in the reflected beam
when compared to the three-level � scheme. Additionally, it
offers the capability for precise control and enhancement of
GH shifts by manipulating the intensities of four control fields
and their relative phases. Such a level of control is absent in
the basic � scheme [34].

In contrast to the N-type system, the CTL model can gen-
erate a positive GH shift in the reflected beam, while the
N-type system typically leads to negative shifts due to its
inherent strong absorption and superluminal effects [35]. The
CTL system introduces an innovative approach to EIT and
slow light, resulting in prominent positive GH shifts in the re-
flected beam, as demonstrated in this study. These compelling
advantages provide the foundation for our investigation into
GH-shift properties within the CTL scheme.

We begin by examining a plane probe light beam and
analyzing the reflection coefficient. Our goal is to explore
the possibilities of achieving both positive and negative GH
shifts in the reflected probe light beam by varying exter-
nally provided control parameters, which cause the intracavity
medium to behave as �, N , and CTL systems. Furthermore,
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FIG. 1. (a) Schematic diagram of three layers cavity; the walls of cavity have thickness d1 and fixed permittivity ε1 and the intracavity
medium contains five-level atomic medium having thickness d2 and permitivity ε2. Also negative and positive GH shift are denoted by −Sr

and +Sr , (b) Five-level combined tripod and � atomic system, (c) Five-level combined tripod and � atomic system in the transformed basis
for α, β �= 0.

we consider the Gaussian probe light beam and assess the
impact of beam width. The width of the Gaussian beam plays
a crucial role in determining the GH shift. A narrow Gaussian
beam width results in a wide spectrum and a sharp profile
because it penetrates more deeply into the medium, leading
to a larger GH shift. Conversely, an increase in Gaussian
beam width reduces the GH shift, and the shift remains nearly
constant for very large values of the Gaussian beam width.
This is due to the fact that, for a large Gaussian beam width,
the characteristics of the Gaussian light resemble those of a
uniform plane wave.

II. THEORETICAL FRAMEWORK

Let us consider a TE-polarized probe light beam denoted as
Ep, which impinges on a three-layer cavity from vacuum with
(εo = 1), as illustrated in Fig. 1(a). The cavity walls are con-
structed from two dielectric materials characterized by fixed
permittivity ε1 and thickness d1. The intracavity medium’s
permittivity, denoted as ε2, is associated with the dielectric
susceptibility of the CTL atomic medium and has a thickness
of d2.

The CTL model involves a complex intercoupling, featur-
ing a four-level tripod subsystem that includes the ground
states |a〉, |c〉, |d〉, and the excited state |b〉. Addition-
ally, there is a three-level � subsystem comprising the
ground states |c〉, |d〉, and the excited state |e〉. These
subsystems are interconnected through the influence of
a probe field and four control laser fields, as depicted
in Fig. 1(b).

The interaction is facilitated by four control laser fields
characterized by Rabi frequencies �1, �2, �3, and �4. These
fields establish connections between the excited states |b〉
and |e〉 through two distinct pathways: |b〉 → |c〉 → |e〉 and
|b〉 → |d〉 → |e〉. This configuration results in the creation of
a four-level closed-loop coherent coupling scheme, which can

be described by the Hamiltonian

H4Levels = −�∗
1|c〉〈b| − �∗

2|d〉〈b| − �∗
3|c〉〈e|

−�∗
4|d〉〈e| + H.c.. (1)

A weak probe field described by a Rabi frequency �p cou-
ples then the closed-loop subsystem to a ground level |a〉 via
the atomic transition |a〉 ↔ |b〉. The destructive interference
between different transition pathways induced by the control
and probe beams can make the medium transparent for the
resonant probe beam in a narrow frequency range due to the
EIT [50,51]. The total Hamiltonian of the system involving all
five atomic levels of the CTL level scheme is then described
by

H5Levels = −(�∗
p|a〉〈b| + �p|b〉〈a|) + H4Levels. (2)

In Fig. 1(c), we illustrate the five-level CTL atomic sys-
tem in a transformed basis. Switching to a new basis, the
Hamiltonian describing the four-level atomic subsystem fea-
tured in Eq. (1) can be represented as

H4Levels = −β|De〉〈b| − α|Be〉〈b| − �|Be〉〈e|
+H.c., (3)

where |De〉 = 1
�

(�4|c〉 − �3|d〉) and |Be〉 = 1
�

(�∗
3|c〉 +

�∗
4|d〉) are the internal dark and bright states for the �

scheme composed of the two ground states |c〉 and |d〉, as
well as an excited states |e〉. In writing Eq. (3), we define

β = 1

�
(�∗

1�
∗
4 − �∗

2�
∗
3 ), (4)

α = 1

�
(�∗

1�
∗
3 + �∗

2�
∗
4 ), (5)

where we define the total Rabi frequency

� =
√

|�3|2 + |�4|2. (6)
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By changing the Rabi frequencies of the control fields one
can control the coefficients β and α arriving at three different
situations: (i) both α and β are nonzero; (ii) β is zero; (iii) α is
zero. When both α and β are nonzero (α, β �= 0), there exists
a superposition state

|D〉 = β|a〉 − �p|De〉. (7)

The superposition state |D〉 in Eq. (7) is composed of contribu-
tions from both the ground level |a〉 and the internal dark state
|De〉 of the sub-� system, constructed from the bare states |c〉
and |d〉. It excludes any contribution from the excited states
|b〉 and |e〉, establishing itself as a global dark state for the
entire CTL system. In simpler terms, if the atom is initially
in the state |D〉, there is no possibility of excitation to the
excited states |b〉 and |e〉, preventing subsequent spontaneous
emission.

In the case of a weak probe field (�p � �1,�2,�3,�4),
it becomes evident that the dark state |D〉 effectively sim-
plifies to β|a〉, precluding any possibility of excitation. This
implies that the ground state |a〉 effectively becomes a dark
state, rendering it unresponsive to incident light and creating
a transparency window around the zero probe detuning �p.

In the CTL scheme, the dynamics of the probe field and
the atomic coherences can be described by the optical Bloch
equations. When expressed in the new basis, the reduced

optical Bloch equations take on their specific form as

ρ̇ba = −(	b/2 − i�p)ρba + iαρBea + iβρDea

+i�p,

ρ̇Bea = i�pρBea + iα∗ρba + i�ρea,

ρ̇Dea = i�pρDea + iβ∗ρba,

ρ̇ea = −(	e/2 − i�p)ρea + i�ρBea. (8)

Here ρba represents the optical coherence associated with the
probe transition from |a〉 to |b〉, while ρBea, ρDea, and ρea

represent the ground-state coherences between |a〉 and |Be〉,
|De〉, or |e〉, respectively. As the probe field is assumed to
be significantly weaker than the control fields, most of the
atomic population resides in the ground state, allowing us to
treat the probe field as a perturbation. All rapidly oscillating
exponential factors associated with central frequencies and
wave vectors are removed from the equations, leaving only
the slowly varying amplitudes. We define the probe detuning
as �p = ωp − ωba, where ωp represents the central frequency
of the probe field. The control fields are assumed to be on
resonance. Two excited states |b〉 and |e〉 decay with rates 	b

and 	e, respectively.
From the coupled equations presented in (8), it is straight-

forward to derive the steady-state solution for the density
matrix element ρba

ρba = �p
�p(−|�|2 + i�p(	e/2 − i�p))

i�p(	e/2 − i�p)ζ + i|�|2�p(	b/2 − i�p) + (	b/2 − i�p)�2
p(	e/2 − i�p) − |�|2|β|2 , (9)

where ζ = |α|2 + |β|2. The dielectric susceptibility is given
by the relation

χ = ηρba, (10)

where η = N |μba|2/(ε0h̄), and

ε2 = 1 + χ. (11)

To investigate the behavior of the GH shift in the reflected
beam for our system, we need to find the reflection coefficient
of the field for the whole configuration. To this end, we rely
on the approach of the transfer matrix [27,49] as we have the
three-layer system. The transfer matrix for the jth layer of a
given configuration is expressed as

Nj (kz, ωp, d j ) =
⎛
⎝ cos

[
k j

x d j
] isin

[
k j

x d j

]
q j

iq jsin
[
k j

x d j
]

cos
[
k j

x d j
]
⎞
⎠. (12)

Here, k j
x = √

ε jk2 − k2
z is the x component of the wave vector

in the jth layer of the medium, similarly the thickness of the
jth layer is given by d j , where j shows the number of the
corresponding layer of the medium and q j = kx

k . Further kz is
the z component of wave vector in a vacuum. In our case, we
have three layers; 1 and 3 are the cavity walls and 2 is the
intracavity medium. The total transfer matrix for the incident
and reflected probe light beam for our proposed model can be

written as [27]

x(kz, ωp) = N1(kz, ωp, d1)N2(kz, ωp, d2)N3(kz, ωp, d3). (13)

Upon performing a series of mathematical derivations and
calculations, the reflection coefficient can be determined as
[27,49]

r(kz, ωp) = qo(x22 − x11) − (
q2

ox12 − x21
)

qo(x22 + x11) − (
q2

ox12 + x21
) , (14)

where xi j are the elements of transfer matrix x(kz, ωp) and

qo =
√

εo − sin2[θ ].

III. STEADY-STATE ABSORPTION-DISPERSION
CHARACTERISTICS

Figures 2(a) to 2(c) illustrates the absorption and disper-
sion characteristics of the scheme in three different scenarios:
(i) when both α and β are nonzero (corresponding to a five-
level CTL model); (ii) in the limiting case where β is zero
(representing a four-level N-type model); and (iii) in the sce-
nario where α is zero (characteristic of a three-level � model).
For all simulations we consider 	e = 	, 	b = 	, η = 0.01	

and all parameters are scaled by 	.
Due to the intricate and distinct nature of the three schemes

arising from varying Rabi frequencies and relative phase
requirements, it is imperative to adjust these parameters in-
dividually. Notably, it is not possible to use identical values
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FIG. 2. The absorption (red dashed line) and dispersion behavior
(purple solid line) of the five-level scheme for (a) �1 = 1.5	, �2 =
3	, �3 = 2.5	, �4 = 0.9	, and φ = 0, satisfying α �= 0 and β �= 0;
(b) �1 = 0.5	, �2 = 0.5	, �3 = 0.7	, �4 = 0.7	, and φ = 0, sat-
isfying β = 0 and α �= 0; (c) �1 = 0.5	, �2 = 0.5	, �3 = 0.7	,
�4 = 0.7	, and φ = π , fulfilling α = 0 but β �= 0. In all simula-
tions, we consider 	e = 	b = 	.

of Rabi frequencies because they must be altered to achieve
the different configurations. In the following and forthcom-
ing sections concerning the analysis of GH shifts, we select
parameters to accommodate each level scheme CTL, N , and
�. Specifically, we set the following parameter values: �1 =
1.5	, �2 = 3	, �3 = 2.5	, �4 = 0.9	, and φ = 0 to meet
the conditions where α �= 0 and β �= 0 (CTL model); �1 =
0.5	, �2 = 0.5	, �3 = 0.7	, �4 = 0.7	, and φ = 0 to sat-
isfy β = 0 and α �= 0 (N model); and �1 = 0.5	, �2 = 0.5	,
�3 = 0.7	, �4 = 0.7	, and φ = π to fulfill α = 0 but β �= 0
(� scheme).

The results demonstrate the presence of slow light in cases
(i) and (iii), where the positive slope of dispersion indicates
a positive group index. In contrast, case (ii) exhibits super-
luminality, as evidenced by absorption with a negative slope
of dispersion and, consequently, a negative group index. In
the following section, we will explore the GH shifts for these
three scenarios.

IV. CONTROL OVER GOOS-HÄNCHEN SHIFTS

A. GH shift for incident plane light beam

We initiate by examining an incident plane probe light
beam directed at a three-layer cavity medium, making an
angle θ with the normal. Utilizing the stationary phase theory,
we can compute the GH shift in the reflected light for the
incident plane probe light beam as

Sr = − λp

2π

dϕr

dθ
, (15)

where λp is the wavelength of incident probe light beam and
ϕr is the phase of the reflection coefficient.

The GH shift of the reflected light, as described in Eq. (15),
can be reformulated in terms of the reflection coefficient r and

FIG. 3. The magnitude of GH shift (Sr) for plane beam ver-
sus angle of incidence (θp): (a) �1 = 1.5	, �2 = 3	, �3 = 2.5	,
�4 = 0.9	, and φ = 0 satisfying α �= 0 and β �= 0; (b) �1 = 0.5	,
�2 = 0.5	, �3 = 0.7	, �4 = 0.7	, and φ = 0 satisfying β = 0 and
α �= 0; (c) �1 = 0.5	, �2 = 0.5	, �3 = 0.7	, �4 = 0.7	, φ = π ,
fulfilling α = 0 but β �= 0. The other parameters are d1 = 0.2 µm,
d2 = 7.2 µm, ε1 = 2.22, ε0 = 1, �p = 0.001	 and 	e = 	b = 	.

is represented as

Sr = − λp

2π |r(kz, ωp)|2
{

Re[r(kz, ωp)]
dIm[r(kz, ωp)]

dθ

−Im[r(kz, ωp)]
dRe[r(kz, ωp)]

dθ

}
. (16)

As previously mentioned, the group index of the intracavity
medium plays a pivotal role in shaping the behavior and mag-
nitude of the reflected GH shift [28,32]. In the following, we
will explore the GH shift of reflected light using Eq. (16), tak-
ing into account the intracavity medium in three distinct cases,
where we vary α and β, thus resulting in our model behaving
as a three, four, and five-level system. By considering these
different intracavity scenarios, the group index of the medium
undergoes variations, which directly impact the reflected GH
shift.

1. Case 1: Both α and β are nonzero

We investigate the behavior of the GH shift in reflected
light beams by examining a three-layer cavity in which the in-
tracavity medium is sandwiched between two dielectric slabs.
In this analysis, we consider an intracavity atomic medium
with nonzero values for α and β which gives rise to the CTL
system. The EIT and normal dispersion characteristics of the
CTL system positioned between two dielectric slabs is illus-
trated in Fig. 2(a). The incident light originates from a vacuum
medium with a dielectric constant of ε0 = 1 and strikes the
cavity wall at an angle θ relative to the x axis. The resulting
reflection of light may lead to a positive or negative GH-shift,
depending on the overall group index of the medium.

In Fig. 3(a), we analyze the behavior of the GH shift
against the angle θ ranging from 0 to π/2 radians in the
presence of non-zero α and β. We consider specific parameter
values: d1 = 0.2 µm, d2 = 7.2 µm, ε1 = 2.22, ε0 = 1, ε2 =
1 + χ , while keeping the remaining parameters consistent
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with those presented in Fig. 2. Our investigation is primarily
focused on understanding the GH shift’s characteristics within
regions characterized by normal dispersion in the intracavity
CTL atomic medium, with the probe field detuning �p set to
�p = 0.001	 near the resonance. To simplify our analysis,
we initially assume that the incident probe light beam is a
plane wave. Notably, the results indicate positive GH shifts
in the reflected probe light beams. This phenomenon can be
attributed to the fact that, for reflected light, the cavity can
experience a positive group index [refer to Fig. 3(a)], which
can be approximated using the relation Ng ≈ (1/L)dϕr/dωp

[30].

2. Case 2: When α is nonzero and β zero

In Fig. 3(b), we once more chart the GH shift versus
the incident angle θ . This time, we examine the intracavity
atomic configuration in a manner where β is set to zero,
while α remains nonzero, leading to an N-type configuration.
The intracavity medium exhibits absorption with anomalous
dispersion, resulting in a negative group index [see Fig. 2(b)].
As a consequence of this configuration, we observe a negative
GH shift in relation to the angle θ [as depicted in Fig. 3(b)].
This negative shift arises due to the overall group index of the
medium becoming negative.

3. Case 3: When α is zero and β nonzero

In Fig. 3(c), we present the GH shift plotted against the
incident angle θ when β is nonzero while α is set to zero.
In this specific case, the CTL model reduces to a � scheme,
which is decoupled from the two-level system involving the
states |Be〉 and |e〉. In this case, as expected, the intracavity
medium exhibits EIT with normal dispersion, resulting in a
positive group index [see Fig. 2(c)]. Consequently, we observe
a positive GH shift for all angles θ [as illustrated in Fig. 3(c)].
This positive shift is attributed to the overall group index of
the medium becoming positive.

One can observe from the comparison between Figs. 3(a)
and 3(c) that the GH shifts for the CTL model are nearly
twice as large and more pronounced compared to those for
the � model. This suggests the superiority of CTL over � in
achieving substantial GH shifts.

It is essential to note that the analysis is based on the
assumption that the incident light is a plane wave. The results
and analysis are derived from the stationary-phase theory. Ad-
ditionally, it is worth mentioning that the findings in Figs. 3(b)
and 3(c) align with previously reported schemes involving
four and three-level systems, which exhibit negative and pos-
itive GH shifts.

B. GH shift for incident Gaussian probe light beam

In this section, we examine a weak Gaussian probe light
beam with a finite beam half width ωs as it is incident on a
three-layer medium featuring an intracavity medium consist-
ing of a CTL atomic medium configuration. The electric field
of this beam is expressed as follows [30,32]:

Ei
y(x, z) = 1√

2π

∫
A(kz )ei(kxx+kzz)dkz. (17)

FIG. 4. The magnitude of GH shift (Sg
r ) for Gaussian light beam

versus angle of incidence (θ ): (a) �1 = 0.8	, �2 = 2	, �3 = 0.7	,
�4 = 	, and φ = 0 satisfying α �= 0 and β �= 0; (b) �1 = 0.7	,
�2 = 0.7	, �3 = 0.8	, �4 = 0.8	, and φ = 0 satisfying β = 0
and α �= 0; (c) �1 = 0.7	, �2 = 0.7	, �3 = 0.8	, �4 = 0.8	, and
φ = π fulfilling α = 0 but β �= 0. The other parameters are d1 =
0.2 µm, d2 = 8 µm, ε1 = 2.22, and ε0 = 1, ωs = λp, �p = 0.5	 and
	e = 	b = 	.

Here, A(kz ) represents the angular spectrum centered at z = 0
on the plane of x = 0 and is given by

A(kz ) = wz√
2

e−w2
z (kz−kz0 )2/4, (18)

where wz = ωs sec(θ ), and kz0 = k sin(θ ), with θ and ωs

denoting the angle of incidence and the half beam width,
respectively. Here, z corresponds to the distance from the
center axis of the beam, with the Gaussian beam positioned at
z = 0. Now, the reflected probe light beam from the proposed
cavity can be written as [30,32]

Er
y (x, z)|x<0 = 1√

2π

∫
r(kz, ωp)A(kz )e−i(kxx−kzz)dkz.

The final expression of the Gaussian GH shift in the reflected
beam Sg

r can be expressed as [30,32]

Sg
r =

∫
z
∣∣Er

y (x, z)
∣∣2

dz∫ ∣∣Er
y (x, z)

∣∣2
dz

. (19)

We employ the Gaussian incident light beam equations above
to create a plot illustrating the GH shift concerning the re-
flected probe light beam at varying incident angles θ .

In Fig. 4, we compare the GH shift for Gaussian probe light
with the incident angle θ across three different atomic config-
urations, mirroring the approach used for the plane wave in
Fig. 3. For this plot, we take ws = λp for the beam half-width
and set ε1 = 2.22, ε0 = 1, and ε2 = 1 + χ . Figure 4 demon-
strates the superior performance of the CTL model over the N
and � schemes in generating larger positive GH shifts for the
Gaussian beam. This is evident when comparing the magni-
tude of GH shifts for the CTL system [Fig. 4(a)] with those of
the N [Fig. 4(b)] and � [Fig. 4(c)] schemes. It is noteworthy
that the GH shifts for the CTL model remain entirely positive
across the entire range of incident angles, whereas for the
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FIG. 5. The magnitude of GH shift (Sg
r ) for Gaussian light beam

versus angle of incidence (θ ) for the case α and β are nonzero.
(a) Beam half width ωs = 2.5λp, (b) ωs = 25λp. The other param-
eters are �1 = 0.9	, �2 = 0.7	, �3 = 0.4	, �4 = 0.8	, �p =
0.001	 and φ = 0, d1 = 0.2 µm, d2 = 5 µm, ε1 = 2.22, and ε0 = 1.

N and � systems, the GH shifts become negative for angles
ranging from 1.2 to π/2 radians. Through careful adjustment
of system parameters, particularly the thickness values, the
CTL model can achieve even more substantial GH shifts.

Next, we examine the impact of the beam width ωs on our
results, focusing on cases where both α and β exhibit nonzero
values (CTL setup). In Fig. 5(a), we choose a smaller width,
setting ωs = 2.5λp for the incident light beam. Conversely,
in Fig. 5(b), we consider a significantly larger ωs for the
incident light beam, specifically ωs = 25λp, in comparison
to the wavelength of the incident probe light beam λp. We
then investigate the GH shift across different incident angles,
observing the effect of ωs on the GH shifts. In Fig. 5(a) with
ωs = 2.5λp, a positive GH shift is observed for the majority of
incident angles. However, in Fig. 5(b) with ωs = 25λp, the GH
shift transitions to negative values at specific angles. This sug-
gests that for smaller beam widths, the GH shift consistently
maintains a positive value across the incident angles, while
it diminishes or undergoes a transformation from positive to
negative for larger ωs values.

To gain a clearer understanding and further illustrate the
dependence of GH shifts on small or large beam width ωs,
as observed in Fig. 5, we present in Fig. 6 the GH shifts
plotted against the beam width for two distinct values of θ :
θ = 0.13 radians [Fig. 6(a)] and θ = 0.55 radians [Fig. 6(b)].
In Fig. 6(a), with θ = 0.13 radians, we observe that the GH
shift of reflected Gaussian beam is positive for smaller beam
widths, approximately up to 5λp. Beyond this threshold, the
GH shift becomes negative, reaching a maximum negative
value. Nevertheless, with a further increase in the beam width,
it approaches zero. In Fig. 6(b), where θ = 0.55 radians, we
observe a consistently positive GH shift as the beam width
varies from 0 to 80λp. For smaller beam widths, the GH
shift initially increases with a slight increment in ωs. How-

FIG. 6. The magnitude of GH shift (Sg
r ) for Gaussian light beam

versus beam half width ωs for α and β are nonzero. The other pa-
rameters are �1 = 0.9	, �2 = 0.7	, �3 = 0.4	, �4 = 0.8	, �p =
0.001	, φ = 0, d1 = 0.2 µm, d2 = 5 µm, ε1 = 2.22, and ε0 = 1.

ever, as ωs continues to increase, the GH shift begins to
decrease, eventually approaching zero at ωs = 80λp. These
results closely correspond to those depicted in Fig. 5, wherein
at θ = 0.13 radians, the GH shift was positive for a smaller
width of ωs = 2.5λp [Fig. 5(a)], while it changed to negative
for a larger width of ωs = 25λp [Fig. 5(b)]. However, at θ =
0.55 radians, the GH shift was positive for a smaller width
of ωs = 2.5λp [Fig. 5(a)], whereas it diminished to become
negligible for a larger width of ωs = 25λp [Fig. 5(b)].

V. EFFECT OF DOPPLER BROADENING

Thus far, the GH shift has been studied primarily in a cold
atomic system, with the assumption that atoms are motionless.
For an experimentally viable system, it is essential to consider
schemes that operate at room temperature, where the motion
of atoms within the atomic medium becomes a significant
factor. As temperature increases, atoms gain kinetic energy
and move faster. This motion causes Doppler broadening
(DB) in both the absorptive and dispersive spectra of the
atomic medium. Changes in temperature and DB can alter the
characteristics of the intracavity medium [52]. Consequently,
it is important to investigate the behavior of the GH shift in a
thermally active medium and understand the implications of
introducing DB into the model. To explore the impact of DB
on GH shifts, we focus specifically on the case of CTL atoms.

When light interacts with atoms undergoing thermal mo-
tion, a slight frequency variation occurs due to the Doppler
effect induced by the atoms’ movement relative to the light
pulse. The average velocities of these moving atoms within
the intracavity medium can be determined using the Maxwell
Boltzmann velocity distribution function, indicating that the
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atoms adhere to this distribution [53,54]. The interplay be-
tween the atoms’ motion and the optical field alters the
medium’s response, wherein the optical detuning is replaced
by �p + kpv in the susceptibility equation χ [as expressed in
Eqs. (9) and (10)]. Consequently, the modified optical suscep-
tibility χDB takes the form

χDB = η〈ρba〉v, (20)

〈ρba〉v = 1√
2πD

∫
ρba(�p + kpv)e− v2

2D2 dv, (21)

where D represents the Doppler effect accounting for the en-
semble of atoms in thermal motion, which can be determined
by utilizing

D =
√

2k2kbT

M
. (22)

Here, M represents the mass of the atom, kb denotes the
Boltzmann constant, and T stands for the absolute tempera-
ture. To analyze GH-shift behavior, we examine the reflection
of an incident electromagnetic wave within the cavity, po-
tentially resulting in a shift in the reflected portion. The
intracavity medium’s permittivity is then modified by the DB
effect, described by the relation ε2 = 1 + χDB.

The GH shift in the reflected beam for plane probe light can
be determined using the equations provided in Eq. (16). Let us
consider an incident light beam originating from the vacuum,
where ε0 = 1, onto a cavity composed of three layers. Within
this setup, a CTL scheme with an EIT configuration is posi-
tioned between two dielectric slabs, forming an angle θ with
respect to the normal axis, as illustrated in Fig. 1.

In Figs. 7(a) and 7(b), we investigate the behavior of the
GH shift for incident angles θ in the presence of DB with
a plane wave and a Gaussian probe light beam, respectively,
for a Doppler width of D = 100 MHz, which is relevant to
the room temperature Doppler width of Rb 87. Except for
some specific angles in the case of the plane wave for which
the GH shift becomes negative, a positive trend in GH shifts
for various incident angles is observed. The maximum shift
amplitude is slightly reduced now when considering the effect
of DB compared to the cold CTL model when DB is not
considered.

VI. EXPERIMENTAL REALIZATION
OF THE PROPOSED MODEL

The detailed schematic of the CTL system is illustrated
in Fig. 8(a). For 87Rb atoms, the proposed implementa-
tion involves a combined tripod and � configuration. The
CTL system includes two excited states, |b〉 = |5P3/2, F =
1, mF = 0〉, and |e〉 = |5P3/2, F = 0, mF = 0〉, as well as
three lower states, |a〉 = |5S1/2, F = 2, mF = 1〉, |c〉 =
|5S1/2, F = 1, mF = 1〉, and |d〉 = |5S1/2, F = 1, mF = −1〉.
It is important to note that a second probe beam cannot be
generated due to the forbidden transition from |a〉 to |e〉.
The polarization configuration in this implementation is as
follows: �p is either σ+ or σ−, �1 and �3 are σ+, and �2

and �4 are σ−, as shown in Fig. 8(b). In this way the ground
state driven by �p is isolated from the control fields �1, �2,
�3, and �4, as they drive different hyperfine levels.

FIG. 7. (a) The magnitude of GH shift (Sr) for plane probe beam
versus angle of incidence (θ ) for CTL scheme for Doppler width D =
100 MHz. (b) The magnitude of GH shift (Sr) for Gaussian probe
light beam versus angle of incidence (θ ) for CTL scheme for Doppler
width D = 100 MHz. The other parameters consider are �1 = 1.5	,
�2 = 3	, �3 = 2.5	, �4 = 0.9	, and φ = 0 satisfying α �= 0 and
β �= 0, d1 = 0.2 µm, d2 = 7.2 µm, ε1 = 2.22, ε0 = 1, �p = 0.001	,

and 	e = 	b = 	.

Assuming that initially only state |a〉 is populated prevents
the field �2 (�1) from exciting the mF = 0 → mF = +1
(mF = 0 → mF = −1) transition, as these states do not par-
ticipate in the overall scheme. Consequently, the transition
from mF = 0 → mF = +1 (mF = 0 → mF = −1) induced
by �2 (�1) would occur between unoccupied levels. Pop-
ulating only the state |5S1/2, F = 2, mF = 1〉 initially (e.g.,
by optically pumping atoms to this state) also avoids a TE
polarization probe field to couple various magnetic sublevels
of |5S1/2, F = 2〉 and |5P3/2, F = 1〉. A detailed description
of a possible experiment is beyond the scope of this article.

In our simulations, we use a detuning of �p = 0.001	 to
analyze the GH shifts very close to resonance. This small
detuning was chosen deliberately to clearly illustrate the the-
oretical behavior in an idealized condition and to highlight
the advantages of the CTL lower � and N schemes, partic-
ularly due to the EIT and dispersive properties of CTL near
resonance. Given that 	 is on the order of MHz, the chosen
detuning of �p corresponds to a value on the order of kHz.
For practical implementations, where achieving such a small
detuning might be challenging due to phase noise limitations
with typical light sources, using larger detuning values could
be more feasible to mitigate phase noise issues. However, this
would require careful adjustment of other system parameters,
including Rabi frequencies and thickness values, to optimize
the experimental results.

In our theoretical model, Eqs. (8) assume a weak probe
field �p, allowing us to linearize the density matrix equa-
tions and consider only the first-order terms in �p. Under this
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FIG. 8. (a) Hyperfine-level structure diagram of CTL type 87Rb five-level atomic system. (b) Schematic of five-level combined tripod and
� atomic system. Transitions are controlled by the probe and control fields. The �p, �1, �2, �3, and �4 shows the Rabi frequencies.

approximation, the total decay rates 	b and 	e are relevant,
representing the sum of the branching ratios from the excited
states to all lower states. This simplifies our analysis by focus-
ing on the primary effects of Doppler broadening and probe
beam characteristics on the GH shifts, without considering
specific decay pathways. While 	b = 	e = 	 is assumed for
the 5P3/2 state of Rb 87, including individual branching ratios
would provide a more detailed description. Note that the Rabi
frequencies depend on the Clebsch-Gordan coefficients, so the
laser intensities should be chosen accordingly.

VII. CONCLUDING REMARKS

In conclusion, we studied the interaction of a five-level
CTL atomic medium housed within a cavity, subjected to four
strong laser fields making a closed-loop structure. By manip-
ulating the light fields, this system can effectively transition
between a �-shaped or N-shaped configuration. Our investi-
gation primarily focused on the dynamic alterations of the GH
shift in reflection for both incident plane and Gaussian probe
light beams. Throughout our investigation, we showcased the
clear advantage of the CTL configuration over both � and N
schemes in achieving significant positive GH shifts, regardless
of whether the incident light was in the form of a plane or
Gaussian beam. Notably, we found a crucial influence exerted
by the beam width on the control of GH-shift magnitude
and sign, a factor that emerged prominently when analyzing
Gaussian probe light. Our proposed tunable GH-shift model
in the CTL system holds promise for various applications,
particularly in sensor devices and optical switches. This re-
search opens up new avenues for harnessing the GH shift
as a versatile tool in optical manipulation and control, with

potential implications for advancing technology and scientific
understanding.

It should be noted that the dark or bright states in EIT
can form after multiple cycles, but the final steady state [as
described in Eq. (9)] will remain the same [55–57]. While
dynamic processes occur at intermediate times [58–60], our
analysis focuses on the system once it reaches a steady state.
It is important to recognize that if the system is not entirely
closed (e.g., Ref. [58]), there could be population leakage,
which would result in not all atoms being involved in the
EIT formation. This issue can be mitigated by adequately
preparing the atomic population. Alternatively, as shown in
Ref. [27], using appropriate laser detuning can help prevent
such leakage.
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