Magnetic field generation with helical laser beams in electron-hole plasmas

H. M. Ikramb2, S. Ali%>%, Z. K. Niazi!, and B. Eliasson®
! Department of Applied physics,
Federal Urdu University of Arts Science and Technology,
Islamabad Pakistan
2 National Centre for Physics at QAU Campus, CoE Physics,
Shahdra Valley Road, Islamabad 44000, Pakistan and
3SUPA, Physics Department, University of Strathclyde, Glasgow G4 ONG, Scotland, UK
@ Corresponding author’s email: shahid_ gc@yahoo.com
(Dated: April 21, 2025)

A circularly polarized Laguerre-Gaussian (LG) laser beam moves in an electron-hole plasma,
producing a quasi-static magnetic field in azimuthal direction. To achieve this, electron and hole
momentum equations are solved taking nonrelativistic ponderomotive and Lorentz forces on equal
footing. However, the present model neglects quantum effects for low-carrier densities and high
temperatures, also omitting electron-hole thermal pressures compared with ponderomotive force.
Electron and hole velocities move along the z-axis to generate the current density according to
the Ampere’s law, resulting in the azimuthal magnetic field. The latter strongly depends on laser
intensity and confirms its behavior in typical semiconducting materials. A high degree of agreement
between the analytical and numerical results is found, supporting the validity of the analytical
method. Numerically, it is shown that azimuthal and radial mode numbers, pulse amplitude, and
hole-to-electron effective mass ratios significantly modify the magnetic field profiles. The present
findings only validate a non-relativistic classical electron-hole plasma for which the carrier density
must be smaller than the critical density neo < ner.

PACS numbers:

I. INTRODUCTION

Low-dimensional nanostructures, integrated circuits
and semiconductor devices [1] are generally governed
by the conduction of charge carriers, attracting a spe-
cial attention for physico-chemical properties in confined
systems. The fabrication of semiconductor oscillators
and switches has opened up new avenues [2] and con-
sequently, photo-conductive semiconductor switches and
tunnel diodes have been developed to investigate the im-
pact ionization transit-time, Gunn oscillators and radi-
ation detectors [3]. Optical and electronic properties
may vary in semiconductors using different technologies
[4] like nano-electronics, opto-electronics, plasmonics and
spintronics. Charge carriers are often described by fluid
model to analyze their collective behavior. Due to high
densities and low temperatures in semiconductors and
metals, various models [5] have been proposed to account
for quantum effects of charge carriers. However, semi-
conductors exhibits classical behavior [6] at low-carrier
densities and high temperatures, where the thermal de
Broglie wavelength (Age pp,) of the charge carriers is very
small, allowing them to be treated as pointlike with no
wave overlapping and no quantum effects.

A semiconducting plasma may be composed of elec-
trons and holes, interacting through the electromagnetic
forces and leading to the electron and hole currents.
Holes have an opposite charge to that of electrons and
have a different effective mass (m},) compared to electron
effective mass (m) for band structures in semiconduc-
tors. When laser beam interacts with a semiconductor,
it leads to the absorption of photon energy, which transits

some of the electrons from the valence band to the con-
duction band. As a result, the inter-band electron tran-
sition creates both free electrons and vacancies known
as holes behaving like particles. However, in this tran-
sition, the incident photon energy must be larger than
the band gap energy. In electromagnetic fields, electrons
and holes collectively maintain quasi-neutrality in semi-
conductors. At low temperatures, semiconductors act as
insulators with a large energy band gap. This gap de-
creases if exposed to laser or thermal energy, leading to
the formation of electron-hole pairs. Thermal excitation
allows electrons to transition between bands and move
through the lattice [5]

Semiconductor ionization by lasers depends on vari-
ous factors like laser intensity, experimental conditions
(pulse duration, wavelength), and material band gap en-
ergy. Each semiconductor has a unique critical intensity
for ionization. Surpassing this threshold causes the semi-
conductor to transition into a dense plasma by losing its
crystalline structure. The electron-hole plasma has at-
tracted considerable interest in experiments [7] for the
laser annealing of ion-implanted semiconductors. In sili-
con electron-hole plasma, densities up to 10*°cm =2 have
been achieved using ns laser pulses, which can be in-
creased to 102%¢cm ™3 with 10ps lasers. Similarly, 100fs
lasers can deliver a flux of 1J em™2, reaching a high
number density around 10%2em=3[7].

In 1845, Michael Faraday expressed the rotation of
plane of polarization due to intense magnetic field and
experimentally verified the propagation of light through
a medium in the direction of magnetic field, known as the
Faraday effect or Faraday rotation. On the other hand,
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the generation of an axial magnetic field due to helical
laser field [8] has led to the inverse Faraday effect (IFE).
This effect demands for certain experimental setup and
analytical modeling for understanding the interaction of
light with a plasma medium. The process essentially
involves a broader framework of the electromagnetism
and optical physics. Moreover, the use of Ampére’s law
results in the creation of an azimuthal magnetic field
due to axial movement of plasma species, generating an
electric current density. The light being an electromag-
netic (circularly-polarized) wave carries only spin angular
momentum for planar wavefronts, whereas helical wave-
fronts exhibit an orbital angular momentum (OAM) due
to phase structure of the beam apart from the spin po-
larization. Such type of wavefronts are generally repre-
sented by the Laguerre-Gaussian (LG) beams and give
rise to the well-defined OAM states.

The interaction of electromagnetic (EM) radiation
with a collisionless plasma has resulted in an axial mag-
netic field [8] via the IFE. Previously, various models [9-
12] have been proposed to account for linear and circu-
lar polarizations and to understand the mechanism of
magnetic field, in different scenarios [13-17]. Specifi-
cally, Lehner [12] incorporated the ponderomotive force
to study magnetic field proportional to the square root
of laser-intensity and particle density in underdense plas-
mas. Najmudin et al. [13] considered the laser inten-
sity of the order ~ 10?3 W-m~2 and predicted the mag-
netic field of 7TMG in an underdense helium plasma. De-
schamps et al. [14] discussed microwaves of power IMW
to obtain a magnetic field ~ 2x10~2G. Sheng and Meyer-
ter-Vehn [15] estimated a magnetic field strength of 100
MG in overdense plasmas by taking into account inho-
mogeneous laser-beam and electron density. Haines [11]
computed an axial magnetic field in the MG range ow-
ing to the propagation of circularly polarized laser in a
plasma, while magnetic fields of the orders 10 kG and
2 MG have also been reported [16, 17] with neodymium-
glass laser intensities 10’7 W m~2 and 10'® W m~2, re-
spectively.

Gradov and Stenflo [18] considered a nonuniform
Gaussian laser pulse interacting with a plasma, produc-
ing axial plasma currents and created an azimuthal mag-
netic field in the presence of mon-relativistic pondero-
motive force. Shukla and Yu [19] extended the work
[18] for incorporating the effects of relativistic nonlinear-
ity and ponderomotive force. Later, Shukla and Elias-
son [20] also discussed the magnetization of electron—
positron plasmas with relativistic ponderomotive force
involving the LG beams to analyze quasi-stationary mag-
netic fields. Wilson et al. [21] investigated amplification
of magnetic field due to high power lasers, showing quasi-
static magnetic fields for tens to hundreds of laser peri-
ods. Recent investigations have uncovered a burgeoning
interest in exploring collective modes and instabilities in
semiconducting plasmas at a scale where the thermal de
Broglie wavelength of the charge carriers is comparable
to or greater than the inter-particle distance. Analytical

and numerical studies [22-24] have delved into the im-
pacts of spin-1/2 particles, magnetic fields, beam parti-
cles, quantum statistics, quantum diffraction, exchange-
correlations, and wave scattering. These investigations
have yielded valuable insights into the plasma dynamics,
shedding light on new understandings in this field.

In this letter, we aim to develop a theoretical model
for the generation of quasi-static azimuthal magnetic
fields from the interaction of a LG laser beam with
a semiconducting plasma. The latter is influenced by
the OAM-carrying ability of LG beams, creating heli-
cal phase structures and spatial intensity gradients that
drive charge separation and current generation. The goal
is to understand how structured light can control mag-
netic field generation at microscopic scales with impli-
cations in optoelectronics, spintronics, and plasma-based
devices. We explore the impact of azimuthal and radial
mode indices on the OAM-driven magnetic field in semi-
conducting plasmas.

II. MAGNETIC FIELD BY LG BEAMS

An EM wave that carries planar wavefronts, exhibits
a uniform phase along the beam axis. However, he-
lical wavefronts can be formed by utilizing a spiral
phase plate, and are associated with a distinct or-
bital angular momentum (OAM). Helical wavefronts
can be represented by the basis set of orthogonal
Laguerre-Gaussian (LG) modes, where each LG mode
corresponds to a distinct photon OAM state. The
incident LG laser beam on a semiconducting plasma
may impart various OAM states, caused by the vari-
ation in phase structure. Here, the incident beam
is a right-handed circularly polarized wave in the x-
and y-directions, propagating along the z-direction
with frequency w and weve number k. The vector
potential in cylindrical coordinates can be defined as [20]
A(r,0,2) = AL (r,0) (éz+1ié,)exp(—iwt +ikz)+complex
conjugate with a beam-amplitude A, (r,0) =
Ay (ﬁr/wo)l” LL” (2r?/wd) exp (—r?/wi) exp (—ild) .
Here é, (é,) represents the unit vector along the x- (y-)
axis and r = (22 + y?)/2, while wy is the beam width
in the focal plane at z = 0. The associated Laguerre
polynomials are denoted by L¥| with their radial and
azimuthal mode numbers p and [, respectively. The
phase factor exp(—ilf) represents different OAM states
for different values of [, creating a phase singularity
in the wavefront along the beam axis. It is pertinent
to note that OAM gives an extra contribution to the
magnetic field (for helical wavefronts) that can either
be enhanced or reduced, significantly relying on the
intensity of LG laser modes (in the case of non-Gaussian
modes) involving radial and azimuthal mode numbers.
Moreover, the presence of OAM is not a requirement
for the generation of magnetic field, as it can also be
generated by the purely Gaussian beams. The frequency
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of the EM wave in a semiconducting plasma is given by
the dispersion relation [25] w? = k*c® + w7, + w2, where
c is the speed of light in vacuum and wpe (wpp) is the
electron (hole) plasma frequency.

The current model is mainly focused on the plasma
currents using the Ampeére’s Law, which can produce
magnetic fields stronger than those produced by IFE.
Plasma currents offer better control over the strength and
direction of the magnetic field, and have potential appli-
cations in nuclear fusion and laboratory plasma physics.
In contrast, IFE is typically studied in the context of op-
tics and light-matter interactions, and it faces challenges
in terms of efficiency and practical implementation com-
pared to the well-established and proven plasma-based
methods.

Thus, we consider an intense circularly polarized EM
laser beam that carries a finite OAM states owing to
the variation of azimuthal phase structure. Such a
beam upon interaction with a semiconducting plasma
imparts its OAM to the plasma species and leads to
the excitation of electrons and holes, generating elec-
tric currents and fields. So, we begin with a cold non-
relativistic fluid equation that represents the momentum
equation for electrons and holes, as (0 +u; - V)p; =
q; (Es + %uj X BS) , where p;(= mju;) is the momen-
tum and m} (g;) is the effective mass (charge) of the
jth species {qj equals —e for electrons and e for holes).
Defining the slowly varying electric and magnetic fields
in terms of the scalar (¢) and vector (A) potentials,
E, = f%atA — V¢ and B; = V x A, one can eas-
ily find the relation V[gj¢ —mjc*u3] = 0, where puf =
4 |AL /m3*c* and |A| represents the magnitude of
the transverse vector potential. The first term here corre-
sponds to the electrostatic force, while second term iden-
tifies the non-relativistic ponderomotive force of the jth
species. Thus, treating the electrons and holes as sepa-
rate non-relativistic fluids of opposite charge, we can take
their ponderomotive forces, balanced by corresponding
Lorentz forces [18, 19], eventually, resulting in the fol-
lowing equations:

1
m:czvﬂz = —¢€ (Es + Eue X Bs) ) (1)
and
* 2 2 1
mpc"Vu, =e ES—FEU}LXBS : (2)

Here u, (uy,) is the electron (hole) fluid velocity and m
(m}) is the electron (hole) effective mass, and e denotes
the unit charge. It is important to specify the assump-
tions used in deriving Egs. (1) and (2) for a classical,
non-relativistic, semiconducting plasma. The following
limits must be met: i. neo,ehA%e’Bh < 1 to ignore quan-
tum Bohm potential effect, ii. Tc > Tre Fh,Tp to ensure
thermal dominance over quantum or binding energies,
iti. T. = e%/e,rmskpT. < 1 for weakly coupled plasma

behavior, iv. €2|A |* / ¢ > kpT. to make thermal pres-
sure negligible compared to the ponderomotive force, and
v. 7, > w! to justify a two-fluid model when carrier
recombination time (7,.) is much longer than the laser
period (w™1t). Similarly, in deriving Egs. (1) and (2), we
have also used p. = eA/c and pp, = —eA/c, whereas the

. . oy 2
dimensionless quantities such as 2 <: e?|AL| /mfc‘l)

and 2 (: e2|AL? /mffc‘*) significantly depend on the
effective masses and beam-amplitudes, as

201
2( ) e? A3 Vor 1l i 2r2 2e 272
r) = ———> — X —
He m2ct \ wo P\ wd P wd )’
(3)
e2A2 [ /2or 21 22\ 12 212
2/ N 0 l
“h(”‘m#&(wo) (5] e ()

(4)
For the lowest order LG mode with [ = 0 = p,
we obtain pure Gaussian pulses in the form p2(r) =
12y exp (—2r?/wd) and pi(r) = pigexp (—2r?/wi)
with pulse-amplitudes p2, = e2A2/m?c* and pi, =
e? A2 /mi2ct, respectively. To eliminate the electric field
from Egs. (1) and (2), we have to add up these equations
to get

g

AV [mipd(r) + mypi(r)] = — (uxBy),  (5)

ol®

where u = u;, — u. is the effective charge fluid velocity.
For an azimuthally slowly varying magnetic field (Bgp)
in the angular direction, we shall consider z-component
of (u x B;) by assuming the flow of electrons and holes
along the beam axis. Hence the fluid velocity becomes
u = ué, = (Upy — Uey) €5, Where €, is the unit vector
along the z-axis.
From the Ampére’s law, we know that

V % BS:‘%”J. (6)

The effective current density can be calculated as J =
eng (Up, — Uez) €, with an equilibrium density ng(=
Neo ™ Mpo), Where neo (npo) is the electron (hole) equi-
librium number density. Using cylindrical coordinates
r = (r,0,z), one may write (V x By), = %% (rBsg) €.
with Bgp being the azimuthal magnetic field. Thus, sub-
stituting Eq. (6) into Eq. (5), the radial component
yields

d | 2 o 2 (M ’ 2 1d 2
% wpe:ue(r) + Wph miz :U“h(r) = _;ﬂ (TQe) ,
(7)
where the effective electron and hole plasma fre-
. 9 o1/2
quencies are wp. = (47re ng/ me) and wp, =
(4me?ng/m;)'/2, respectively, whereas Q. (= eBsg/cm})
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denotes the space-dependent electron gyrofrequency.
Equation (7) can be expressed as

d 1 d (rQ.°

£ by i) = -5t ()
with M (= mj}/m}) being the hole-to-electron effective
mass ratio. Taking integrals on both the sides, we finally
obtain

- 1/2

2 [l M) dr|

To

Qe 1

This is the main result showing the generation of az-
imuthal (quasistatic) magnetic field that is caused by
the laser beam interaction with a semiconducting plasma.
Notice that quasi-static magnetic field has been expressed
in terms of normalized gyrofrequency and is strongly de-
pendent on the laser intensity of circularly polarized LG-
EM beam. Physically, the positive sign of gyrofrequency
[as given in Eq. (8)] indicates the gyration of charged
particles in the direction of magnetic field and negative
sign of gyrofrequency describes the gyratory motion of
charged particles in the opposite direction to the mag-
netic field. The magnitude of gyro-frequency remains
positive itself but negative sign signifies the direction
of magnetic field. For the lowest order LG mode, we
set [ = p = 0 in (8) to obtain magnetic field for pure
Gaussian pulses propagating through an electron-hole
plasma, where factors 2 and ,u%, in turn, correspond to
non-relativistic amplitudes /@07 no < 1. It is worth men-
tioning here that for [ = 0 = p, ug,h corresponds to a
maximum at 7 = 0, and so we set 1o = 0 in Eq. (8).
However, when [ > 0, u2 , identifies a minimum at 7 = 0
and hence the selection r’o = 0 leads to unphysical results
with complex-valued magnetic fields. Keeping the same
radial mode index p = 0 with different azimuthal index
[ # 0, the LG beam appears in a single-ringed doughnut
shape with its maximum size r =1y = wy (1/2)1/2 .

In a nutshell, when a helical laser physically interacts
with semiconducting plasma, the intensity gradients in
the laser beam create a ponderomotive force. This force
spatially separates the electrons and holes, leading to the
generation of an electric field. The differential motion
along the beam axis results in an axial current, which
induces a quasi-static azimuthal magnetic field following
the Ampeére’s law.

A. Special case: Magnetic field by the lowest order
LG beams

In this subsection, we set the LG beam with mode in-
dices p = 0 and [ = 0, also known as a pure Gaussian
pulse, is important for its symmetric laser beam charac-
teristics. Such a beam has maximum intensity at the
center with no orbital angular momentum. It serves

as a reference mode for studying light-matter interac-
tions without complexities of beam phase structure, is
widely used in experiments due to its easy generation
and stable propagation. To study azimuthal magnetic
field on the beam axis by using a pure Gaussian pulse,

p = 1 = 0, we can easily express Egs. (3) and (4)
as p2 = pd.exp (—272) and pi = pd, exp (—27%) with
F = r/wo, [L§ (27:2)]2 =1, p2y = e?A%/m:?c* and

p}%o = e2A%/ m2204. Thus, substituting these expressions
in (8), the normalized azimuthal magnetic field simplifies

to:

_ 1/2

1 ~2 d 2 =27 2 27
Q= i? -2 |7 %{ueoe + Mugpe }dr ,

0

) (9)
where Q@ = ./wp. More conveniently, expres-
sion (9) can be expressed as Q = £1[-2(; +
MD)Y?2  with I = p2) [7Lexp (—27?)dF

0
and I = piy [ 7L exp (—272) di.  Solv-
0
ing these integrations by parts, we come up
with I = p2)[-1+exp(—27%) (1+27%)] and
L = pio[-1+exp(—27%) (1+27%)]. Eventually,
Eq. (9) takes the following form
1/2

0= i% [(1 + M“é“) {1 —exp(—27) (1 +27) }

Heo

(10)
This is quasi-static magnetic field in azimuthal direction,
produced by interaction of pure Gaussian pulses with a
non-relativistic electron-hole classical plasma. Note that
this magnetic field is directly proportional to Ag through
oo and inversely proportional to 7. Ignoring the second
term from (10), one immediately reproduces previous re-
sults of references [18, 19].

III. RESULTS AND DISCUSSION

For graphical illustration, we plot Egs. (8) and (10)
to show numerically the generation of an azimuthal mag-
netic field due to interaction of circularly polarized LG
beam with semiconducting (electron-hole) plasma. At
the first step, the previous findings [19] have been veri-
fied by assuming the lowest order mode of the LG beams
with [ = p = 0 (pure Gaussian beams) and ignoring
the effective hole dynamics (i.e., M = 0 for m; = 0) in
Eq. (8). On a classical timescale, the charge carriers are
assumed to behave as pointlike particles in a semicon-
ducting (electron-hole) plasma, satisfying a certain cri-
terion that could disregard quantum effects. Hence the
charge carriers and their corresponding parameters such
as low-carrier density (n.o\phpz < 1), high-carrier tem-
perature (T, > Tr.), excitation temperature (T, > Tp)
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FIG. 1: (Color online) The azimuthal magnetic field

Q(= Qec/wpe) is plotted as a function of radial coordinate
7(=r/wo) [given by Eq. (8)] for different azimuthal indices
(a) I = 0,1,3 and (b) I = 0,2,4 with radial index p = 0
and non-relativistic amplitude u.q = 1,0 = v0.01 in GaAs
material.

and week coupling (. = €?/e,rmskpT. < 1) play a
crucial role in the classical treatment of semiconduc-
tors. As an example, for computational analysis [6], we
have chosen Gallium Arsenide (GaAs) semiconducting
material having electron effective mass m} = 0.067my,
hole effective mass mj = 0.5mg, equilibrium carrier
density nep ~ 1.01 x 10em™3, electron temperature
T. = 300K, and electron binding energy F, = 4.2meV,
where mg is the electron rest mass, e,(= 12.9) is the
electric permittivity and 7,,s(~ 8.99 x 10~ 7cm) is the
Wigner seitz radius. Using these values, we can eas-
ily verify the above conditions involving the electron
Fermi temperature Tp, ~ 1.368K < T., the electron
binding temperature T, ~ 48.73K < T, the low-
carrier density n.oA\hp ~ 0.006 < 1 and week cou-
pling I'. ~ 0.479 <« 1. It is also found that for a GaAs
electron-hole plasma, the carrier electron density must
be smaller than the critical density ne.o < ne., where

Nep = (277121{:3Te/7i2)3/2 (1/37%) =3.2x10em =3 and h
denotes the scaled Planck constant.

On the other hand, in Indium phosphide (InP) ma-
terial, we have electron effective mass m} = 0.077myg
and hole effective mass mj = 0.64mg, with ne, ~
1.01 x 10™em ™3, T. = 300K, E, = 10meV, ¢, = 12.4
and 7y ~ 8.391 x 10~7cm. As a result, one can ver-
ify the conditions for classical semiconductors, as T, ~
119K < T, Ty ~ 116 < T, neoAz ~ 0.006 < 1 and
I'. ~ 0.51 < 1. The lowest order LG beams are described
by the pure Gaussian profiles p2(7) = u?, exp(—272) and

FIG. 2: (Color online) The azimuthal magnetic field Q is
plotted against the radial coordinate 7 [given by Eq. (8)] for
changing the radial index p = 0,1,2 with [ = 0 and non-
relativistic amplitude p o = po = v0.01 in GaAs material.

1y (F) = pig exp(—27%) with amplitudes 1. o < 11in the
non-relativistic regime in electron-hole classical plasma.
However, if higher order modes of the LG beams are in-
corporated, then a significant change occurs in factors
p2(7) and p2 (7) due to LG functions and effective mass
of electrons and holes. These factors are not only in-
fluenced by the variation of azimuthal and radial mode
numbers [ and p, but also effectively modifying the mag-
nitudes of azimuthal magnetic field. The latter arises by
equating the electron and hole ponderomotive forces with
the Lorentz forces on equal footing.

_ Figure 1 represents how an azimuthal magnetic field
Q(= Qe /wye) varies against the radial distance 7#(= r/wp)
in a GaAs material for changing azimuthal mode num-
ber [ (for its odd and even values). For p =1 = 0 (black
solid curve), the magnetic field in Fig. 1(a) first increases
and then decreases with increasing the radial distance 7.
A pure Gaussian curve is characterized by LG indices
p=Il=0atT= \/1/72 = 0, implying that the magnetic
field curve starts from the null. For [ = 1 (blue dashed
curve) with p = 0, the magnetic field curve shifts to the
right with a relatively small magnitude. However, for
[ = 3 (red dot-dashed curve), the magnitude of the az-
imuthal magnetic field is effectively increased and is now
present at a larger radial distance. On the other hand,
Fig. 1(b) shows the influence of even azimuthal mode
numbers (I = 0,2,4) on the magnetic field profiles. The
azimuthal magnetic field strength is noticeably higher for
these values compared to the odd values of [ shown in Fig.
1(a). It has been observed that magnetic field generation
starts at the edges of LG beams and becomes localized
with a 1/7 dependence for large distances. A plasma free
region can be defined when 7 is much smaller than unity,
indicating the absence of a magnetic field. The choice
of azimuthal and radial indices is crucial in determining
the overall beam profile, and has a significant impact on
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FIG. 3: (Color online) The azimuthal magnetic field

is shown versus the radial coordinate 7 [given by Eq.
(8)] for varying (a) non-relativistic amplitudes p2, =
0.01,0.05,0.09,0.1 with p,, = +0.01 in GaAs mater-
ial (b) hole-to-electron effective mass ratio M = 7.462,
8.510, 10, 8.311, respectively, in GaAs, GaSb, GaN, and InP
materials with p g = pe = v0.01.

the spatial structure and magnetic field strength. The
LG modes with specific indices caused by helical lasers
establish a natural orthonormal basis set for describing
the beam in a cylindrical geometry. Higher azimuthal
modes (indicated by ”{” in LG beams) correspond to in-
creased width and OAM, affecting the torque exerted on
the electron-hole plasma and leading to changes in the
spatial orientation and distribution of the magnetic field.

In Figure 2, we display how the radial mode num-
bers p(=0,1,2) with [ = 0 modify the magnitude of
azimuthal magnetic field in GaAs material. It may be
noted that for p = [ = 0, the factor p2(r) [us(r)] at-

. . . . 2 e2 A2 2
tains its maximum amplitude pgy = —2% < 1 [uj, =
2 42 ¢
7;*;1004 < 1] in a non-relativistic regime at 7 = 0. But
h

magnetic field starts appearing at normalized spatial co-
ordinate 7 = 0 and varies as a function of 7, reaching
to the maximum value and then decreases with further
increasing 7. For p = 1,2 with [ = 0, the magnetic field
relatively tends to decrease and shifts towards the leftside
of the figure. It is important to note here that a higher
radial index leads to multiple amplitude maxima associ-
ated with the LG beam. This complexity adds a layer of
difficulty to the treatment and is, therefore, left for fu-

.F

FIG. 4: (Color online) A comparison to show azimuthal mag-
netic fields as function of the radial distance [given by Egs.
(8) and (10)] is made by setting the indices at p =1 = 0 for
Gaussian profiles using GaAs material.

ture investigation. Changing radial mode index not only
affects the LG beam profiles in radial direction but also
excites electrons and holes in radial regions, significantly
altering the strength of angular magnetic field.

Figure 3 exhibits the impact of (a) non-relativistic
pulse-amplitude (u2, = 0.01,0.05,0.09,0.1) on the az-
imuthal magnetic field Q(= Q/wpe) as a function of
the radial distance 7(= r/wy) for I = 1, p = 0, and
u2, = 0.01. The strength of the azimuthal magnetic field
increases as long as the pulse amplitude increases. Sim-
ilarly, using different semiconducting materials such as
GaAs, GaSb, GaN, and InP, the quasi-static azimuthal
magnetic field can be varied due to their effective hole-to-
electron mass ratios M (= 7.462,8.510, 10, 8.311), respec-
tively, see Fig. 3(b). We have solved Egs. (8) and (10),
and compared the magnitudes of the azimuthal mag-
netic fields by varying the radial distance 7 for the pure
Gaussian pulses (i.e., p =1 = 0), see Fig. 4. Numerically,
the solution from Eq. (8) perfectly matches the analytic
solution (10), indicating a high degree of agreement be-
tween the analytical and numerical results, supporting
the validity of the analytical method. This alignment of
the curves holds true in a non-relativistic regime, where
the pulse amplitudes (i.e., p,q and ;o) are considered to
be smaller than unity.

IV. SUMMARY

To summarize, we have presented a theoretical model
for the generation of quasi-static azimuthal magnetic
fields due to interaction of non-relativistic Laguerre-
Gaussian (LG) beam with a semiconducting plasma. For
this purpose, the momentum equations for electrons and
holes are solved by balancing their non-relativistic pon-
deromotive and Lorentz forces. Ponderomotive forces de-
pend on helical phase, introducing higher-order terms in
the LG beams, which are responsible for the orbital an-
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gular momentum (OAM). This OAM can either enhance
or reduce magnetic field depending on the azimuthal and
radial indices of the LG modes. In this model, we have
ignored quantum effects due to low-carrier density and
high temperature, and highlighted the dominating role
of Lorentz forces over the pressure gradient forces.

The interaction of LG beams with a semiconducting
plasma leads to ponderomotive force that separates elec-
trons from holes to generate an electric field. Electrons
move opposite to electric field, while holes move in the
same direction, setting their differential motions along
the beam axis. The mobility, band structure, temper-
ature, crystal lattice, and doping of carriers affect the
motion of electrons and holes. This motion creates a
current density and leads to an azimuthal magnetic field
according to Ampere’s law. It is numerically shown that
how azimuthal and radial mode numbers, non-relativistic
pulse amplitudes, and hole-to-electron effective mass ra-
tios impact the azimuthal magnetic field profiles. An

agreement between the analytical and numerical results
is also found, supporting the validity of the analytical
method. The present findings are only valid for a clas-
sical non-relativistic electron-hole plasma, where carrier
density is comparable or smaller than the critical density

Neo S Mer With e = (2mikpT,/h2)** (1/372). New
features of gallium arsenide and indium antimonide semi-
conductors are explored by using LG laser beams, un-
like the previous research that has focused on Gaussian
pulses only. The findings might improve the efficiency of
photoconductive switches, oscillators, and tunnel diodes,
enabling precise control of magnetic fields in semicon-
ducting plasmas.
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