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Abstract
This paper explores the impact of orbital angular momentum (OAM) in composite vortex light
on the absorption and dispersion characteristics of a weak probe light interacting with a
single-layer graphene system. Through systematic investigation, we demonstrate the
exceptional control achievable over absorption and dispersion profiles by manipulating the
OAM of light. Under resonance conditions for the probe light, transparent regions emerge in the
spatial profile of probe absorption, and the number of these transparent regions can be precisely
regulated by adjusting the OAM number of the composite vortex light. Conversely, in the case
of off-resonance probe light, amplified regions surface in the absorption spectrum, with the
number of these regions controllable by the OAM state of the composite vortex light. These
findings hold significant implications for optical communication systems, offering a valuable
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tool for the detection and measurement of the OAM number of composite vortex light, and
paving the way for advancements in tailored signal processing and communication technologies.

Keywords: orbital angular momentum, single layer graphene, composite vortex light

1. Introduction

The interaction between matter and light constitutes a found-
ational aspect of numerous optical phenomena in theoretical
quantum optics. These encompass advancements such as large
Kerr nonlinearity [1, 2], the optical solitons [3], the phe-
nomenon of electromagnetically induced transparency (EIT)
[4], the modified optical bistability [5], the dynamics inherent
in four-wave mixing (FWM) [6, 7], and various others [8–12].
A pivotal requirement is the interaction between a light source
and a material, which can span across diverse mediums [13–
19]. When an atom engages with a field, the resulting atomic
coherence emerges as a crucial mechanism, facilitating effect-
ive control and modulation of the optical properties within
quantum systems [20–25].

The EIT in atomic systems has proven to be partic-
ularly advantageous for graphene-based systems, offering
numerous theoretical and experimental applications [21, 26–
28]. Graphene, characterized by a two-dimensional hexagon-
shaped crystal structure composed of carbon atoms arranged
in a single sheet, possesses unique optical and electrical prop-
erties. In proximity to the Dirac point or cones, these optical
and electrical characteristics exhibit a linear dispersion [29,
30]. The graphene sheet, owing to its gapless band structure,
demonstrates nonlinear behavior in the terahertz (THz) and
infrared region (IR) [27, 31].

The orbital angular momentum (OAM) of light [32], on
the other hand, imparts an additional layer of flexibility to
optical technologies, unlocking a myriad of applications in
various quantum technologies [33, 34]. OAM light takes the
form of a vortex beam, characterized by a helical phase front
and a ring-shaped intensity profile. Despite their roots pred-
ating 1992, Allen et al [35] pioneered the observation of such
twisted light beams with helical wavefronts and a phase singu-
larity, resulting in a dark spot with no intensity in the middle.
Intriguing quantum optical phenomena, including second har-
monic generation [36], FWM [37], sum-frequency generation
[38], and spatially structured EIT [39], emerge when such
structured light interacts with matter. Recent studies have
utilized Laguerre–Gaussian beams to explore symmetric and
asymmetric diffraction patterns in ensembles of three- and
four-level atomic systems [40, 41]. It has been revealed that
the Fraunhofer diffraction pattern in multi-level atomic sys-
tems is contingent on both the applied fields’ OAM and their
intensity profile [42].

This article introduces a graphene-based system designed
for measuring the OAM state of a composite optical vortex
field. Our investigation reveals that, owing to the radiation of
THz signals, the probe absorption can be controlled across
various regions, exhibiting a strong dependence on the OAM

number of the vortex light. This dependence arises from dis-
tinct electrical characteristics and selection rules governing
transitions between Landau levels near a Dirac point [26, 43,
44]. Consequently, a probe laser beam can generate a dis-
cernible nonlinear frequency even within a single monolayer
of graphene. This allows for the identification of OAM in
graphene’s Landau level, presenting valuable implications for
memory storage. We anticipate that our proposed graphene-
based technology offers greater practical feasibility and utility
in optical memory and sensor applications compared to previ-
ously published techniques.

2. Model and formulations

The diagrams presented in figures 1(a) and (b) illustrates
the arrangement of Landau levels in a single-layer graphene
(SLG) system interacting with laser fields. This specific con-
figuration has previously been employed to investigate notable
optical nonlinearity, nonlinear frequency conversion, gener-
ation of entangled photons, and the formation of ultraslow
solitons, as referenced in [15, 26, 43–45]. By introducing
an external magnetic field within the range of 0.01–10T,
optical transitions between neighboring Landau levels (LLs)
in graphene are expected to occur in the infrared to THz region.
In the scenario of a monolayer graphene subjected to a mag-
netic field without the presence of an external optical field, the
effective-mass Hamiltonian can be expressed as [29]:

Ĥ0 = vF


0 π̂ x− iπ̂ y 0 0

π̂ x+ iπ̂ y 0 0 0
0 0 0 π̂ x+ iπ̂ y

0 0 π̂ x− iπ̂ y 0

 ,

(1)

where vF = 3γ0/(2h̄a)≈ 106m/s (where γ0 ∼ 2.8eV and a=

1.42
o
A represent the nearest-neighbor hopping energy and C–

C spacing) is a band parameter denoting the Fermi velocity,
ˆ⃗π = ˆ⃗p+ eA⃗/c denotes the generalized momentum operator, ˆ⃗p
is the electron momentum operator, e is the electron charge,
and A⃗ is the vector potential, equal to (0, Bx) for a static mag-
netic field.We introduce the vector potential of the optical field
(A⃗opt = icE⃗/ω and E⃗= E⃗p+ E⃗0) to the vector potential of the
magnetic field in the generalized momentum operator ˆ⃗π in the
Hamiltonian when the SLG interacts with two electric con-
trol fields. Specifically, a coupling field with Rabi frequency
Ωk and a weak probe field with Rabi frequency Ωp inter-
act on transitions |b⟩ → |c⟩ and |c⟩ → |d⟩. Simultaneously, an
intense driving laser field with Rabi frequencyΩTH applied on

2



Laser Phys. Lett. 21 (2024) 045206 S I S Al-Hawary et al

Figure 1. (a) Quantized energy levels (LLs) depicting electron and hole linear energy dispersion in the absence of a magnetic field near the
Dirac point. (b) Landau levels of single layer graphene system interact by laser fields.

transition |d⟩ → |a⟩. The resulting interactionHamiltonian can
be expressed in the following form:

Ĥint = vFσ⃗.
e
c
A⃗opt . (2)

The density matrix for Dirac electrons in graphene, coupled
to infrared laser fields, can be obtained by employing
Liouville’s equation ∂ρ̂

∂t =− i
h̄ [Ĥint, ρ̂] + R̂(ρ̂). In this context

R̂(ρ̂) represents incoherent relaxation, stemming from factors
such as disorder, phonon interactions, and carrier-carrier inter-
actions. As a result, the equations of motion for the density
matrix in the four-level graphene system can be written as:

ρ̇dc = [i∆p− γ1]ρdc+
i
2
ΩTHρac+

i
2
Ωp (ρcc− ρdd)−

i
2
Ωkρdb,

ρ̇ac = [−i(∆TH −∆p)−Γp]ρac+
i
2
ΩTHρdc−

i
2
Ωpρad−

i
2
Ωkρab,

ρ̇ab = [−i(∆TH −∆p)− γ3]ρab+
i
2
ΩTHρdb−

i
2
Ωkρac,

ρ̇db = [i∆p− γ2]ρdb+
i
2
ΩTHρab+

i
2
Ωpρcb−

i
2
Ωkρdc (3)

where ∆TH = (εn=1 − εn=−2)/h̄−ωTH and ∆p = (εn=1 −
εn=0)/h̄−ωp stand for the single-photon detunings, and εn =

sgn(n)h̄ωc
√
|n| shoes the energy of the Landau level for

electrons near the Dirac point, with n= 0,±1,±2, . . . , ωc =√
2vF/lc, and lc =

√
h̄c/eB indicates the magnetic length.

Also γ1 is stimulated decay from |d⟩ to |c⟩, γ2 shows decay
from |d⟩ to |b⟩ and γ3 represents decay from |c⟩ to |a⟩, where
Γf is basically forbidden decay from |c⟩ to |a⟩. The set of
equations represented by equation (3) can be reformulated into
the concise form of a single differential matrix equation [2]

K̇=−MK+C (4)

whereK andC are column vectors andM is the matrix of coef-
ficients. The formal solution of such an equation is given by

K(t) =
ˆ t

−∞
e−M(t−t ′)Cdt ′ =M−1C. (5)

We employ the aforementioned equation to derive the
steady-state solution for ρdc as follows:

ρdc =
i [iΩTHα1 +α2 (−i∆p+ γ3)]

A
, (6)

where

A= iΩTHα3 +(γ3 + i∆TH − i∆p)α4 (−i∆p+ γ3)+ iΩkα5,
(7)

and

α1 =−iΓfΩTH +∆THΩTH −∆pΩTH,

α2 = (Γf+ i∆TH − i∆p)(γ3 + i∆TH − i∆p)+Ω2
k ,

α3 =−Γf∆pΩTH − i∆TH∆pΩTH + i∆2
pΩTH − iΩ3

TH

+ iΩTHΩ
2
k − iΓfΩTHγ1 +∆THΩTHγ1 −∆pΩTHγ1,

α4 = iΩk (−iΓfΩk+∆THΩk−∆pΩk)

+
(
Ω2

TH +Γf+ i∆TH − i∆p
)
(−i∆p+ γ1) ,

α5 = iΩ2
THΩk− iΩk

(
Ω2
k +(−i∆p+ γ1)(−i∆p+ γ3)

)
. (8)

Indeed, it is established that the imaginary component of
the coherence term signifies absorption, whereas the real part
is indicative of dispersion. Specifically, a positive imaginary
part denotes absorption, while a negative value implies gain.
This fundamental relationship between the coherence term and
absorption/gain provides valuable insights into the behavior of
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Figure 2. Absorption (a) and dispersion (b) properties of the medium versus probe detuning for solid line l= 0, dashed line l= 1 and
dotted line l= 3. The selected parameters are Γf = 0.002, γ1 = 1, γ2 = 0.1, γ3 = 0.2,∆TH = 0, r/w= 1, εk = 5, ΩTH = 1 and ϕ = π/6.

the system under consideration. Such understanding is pivotal
for interpreting and manipulating the optical characteristics of
the proposed system, offering avenues for tailored control in
diverse applications, ranging from amplification to dispersion
engineering.

3. Results and discussion

In the following, we replace the coupling field Ωk by a com-
posite vortex light of the form:

Ωk =Ωe−r2/ω2
[
(r/ω)|l1|eil1ϕ +(r/ω)|l2|eil2ϕ

]
(9)

where, we have l1 =−l2 = l. Then we have for equation (9):

Ωk = εk cos(lϕ) (10a)

εk = 2Ωe−r2/ω2

(r/ω)|l| (10b)

where l corresponds to the OAM, ϕ denotes the azimuthal
angle and r shows the radial distance of the vortex light. In
figure 2, we present the absorption (a) and dispersion (b) char-
acteristics of the medium against the detuning of the probe
light. Notably, for l= 0 and at ∆p ≈±2.5, the absorption
curve exhibits a negative value, emphasizing an amplifica-
tion of the probe field in these frequency regions. This beha-
vior is particularly pronounced around the resonant frequency
∆p = 0, where the absorption value turns positive. Upon closer
examination, it is evident that for l= 1 (dashed line), the
absorption spectrum retains a similar profile, with the gain
value experiencing an increase in frequency regions away from
the resonance. However, for l= 3 (dotted line), the absorp-
tion spectrum undergoes a substantial change, manifesting a
positive value throughout all frequency regions. This signi-
fies that in these areas, the probe light is absorbed within
the graphene system. The modulation of the l value serves
as a mechanism for controlling the dispersion behavior of
the system. By adjusting l the slope of the dispersion curve
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Figure 3. Absorption (a) and dispersion (b) properties of the
medium versus azimuthal angle ϕ in resonance condition of the
probe light (∆p = 0). The solid line l= 1, dashed line l= 2 and
dotted line l= 3. The selected parameters are same as figure 2.

undergoes noticeable changes, particularly in frequency
regions distant from the resonance. This implies the capab-
ility to influence the group velocity by altering the l value
in these specific frequency areas. This observation suggests
a versatile control over absorption and dispersion behaviors,
paving the way for tailored applications in manipulating and
harnessing light-matter interactions within the graphene-based
system. Further exploration and fine-tuning of these paramet-
ers could lead to advancements in optoelectronic devices and
quantum technologies.

In figure 3, the absorption (a) and dispersion (b) spec-
tra are presented in relation to the azimuthal phase of the
vortex light. Assuming resonance between the probe field
and the corresponding transition, it becomes evident that the
absorption spectrum attains zero values at different phases

Figure 4. Absorption (a) and dispersion (b) properties of the
medium versus azimuthal angle ϕ in off-resonance condition of the
probe light (∆p = 2.5). The solid line l= 1, dashed line l= 2 and
dotted line l= 3. The selected parameters are same as figure 2.

by manipulating the OAM value. This observation under-
scores the potential to achieve a transparent medium for the
probe field in the resonant frequency region through metic-
ulous control of both the OAM and azimuthal phase para-
meters. Furthermore, the dispersion behavior exhibits tunab-
ility, showcasing the capacity to control it for various OAM
values and azimuthal angles. This dual control over absorp-
tion and dispersion characteristics offers a promising avenue
for tailoring the optical response of the system. Such tunab-
ility is crucial for advancing applications that demand preci-
sion in managing light-matter interactions, ranging from trans-
parent media creation to the design of customizable photonic
devices.

In figure 4, we depict the compelling behaviors of the
absorption (a) and dispersion (b) spectra when the probe field
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Figure 5. Spatial dependent of the probe absorption versus x/w, y/w in the resonance condition of the probe light (∆p = 0). l= 0 (a), l= 1
(b), l= 2 (c) and l= 3 (d). The selected parameters are same as figure 2.

is considerably detuned from the resonance frequency (∆p =
2.5), presented in terms of the azimuthal angle. Notably, in
this scenario, the absorption spectrum of the probe field exhib-
its negative values across various azimuthal angles, signify-
ing robust signal amplification within the environment. This
intriguing finding underscores the potential for achieving sig-
nificant signal enhancement even when the probe frequency is
far from resonance. Moreover, the dispersion spectrum reveals
a pronounced dependence on the light-dependent parameters
of the vortex light in these conditions. This inherent depend-
ency enables precise control over the group velocity of the
probe light. This level of tunability in the group velocity,
particularly in the context of amplified probe fields, holds
great significance for applications demanding controlled sig-
nal amplification and manipulation of the propagation charac-
teristics in advanced photonic systems.

In the subsequent analysis, explored in figures 5 and 6, we
delve into the spatial intricacies of the absorption spectrum
across various OAM values. Figure 5 scrutinizes the spatial
dependence when the probe field resonates with its transition,
while figure 6 investigates the scenario where the probe field
is far from resonance.

In figure 5(a), with l= 0 (part (a) of figure 5), a distinct
ring emerges in the absorption spectrum. Encircling this ring,
the absorption values are notably higher than in the surround-
ing regions, indicating enhanced absorption. Transitioning to
figure 5(b) with l= 1 (part (b) of figure 5), two distinct spots
appear in the absorption spectrum, with heightened absorp-
tion at their center. As the OAM parameter increases to 2 and
3 (figures 5(c) and (d)), the number of spots escalates to 4
and 6, respectively, all characterized by the highest absorption
values.

Contrastingly, in figure 6, where the probe field is in a
non-resonant state with its transition, the spatial pattern of
the absorption spectrum evolves with varying l. The crucial
distinction lies in the negative absorption values at the cen-
ter of these spots. In these regions, the probe field under-
goes amplification, signifying the environment’s role as an
amplifier.

This spatial exploration not only enriches our understand-
ing of absorption dynamics but also provides insights into
tailoring light-matter interactions for applications such as
spatially controlled amplification and signal enhancement in
diverse photonic systems.
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Figure 6. Spatial dependent of the probe absorption versus x/w, y/w in the off- resonance condition of the probe light (∆p = 2.5). l= 0 (a),
l= 1 (b), l= 2 (c) and l= 3 (d). The selected parameters are same as figure 2.

4. Conclusion

In conclusion, this study has delved into the influence of OAM
in composite vortex light on the absorption and dispersion
characteristics of a weak probe light interacting with a SLG
system. The key findings highlight the remarkable control
achievable over absorption and dispersion profiles through the
manipulation of the OAM of light.

Under resonance conditions for the probe light, we
observed the emergence of transparent regions in the spa-
tial profile of probe absorption. The number of these trans-
parent regions proved adjustable by varying the OAM num-
ber of the composite vortex light. Conversely, in the case of
off-resonance probe light, amplified regions surfaced in the
absorption spectrum. Remarkably, the number of amplified
regions could also be controlled by the OAM state of the com-
posite vortex light.

These results unveil promising avenues for applications
in optical communication systems, where the detection and
measurement of the OAM number of composite vortex light
are crucial. By leveraging the controllable absorption and dis-
persion behaviors demonstrated in this study, advancements

in tailored signal processing and communication technologies
may be achieved.
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