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Here we theoretically and experimentally demonstrate a way to control the intensity of optical
vortices by a magnetic field directed along the beam axis. We describe the principle of an opti-
cal vortex modulator and switch based on the Faraday effect in an iron garnet film. Importantly,
the magnetic field influences only the polarization plane of the vortex and keeps its topological

charge.
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I. INTRODUCTION

Optical vortex beams (OVBs) [1] are characterized by
a helicoidal shape of the wavefront with indefiniteness
of the phase, which leads to the appearance of an orbital
angular momentum (OAM) [2-5]. These unique proper-
ties of OVBs make them promising carriers of information
encoded in additional orbital degrees of freedom of light
[6]. In a simple case of Laguerre-Gaussian beams, OAM is
defined as £h per photon, where £ is the reduced Planck’s
constant and £ is a topological charge of the OVB. Since
£ =0,£1,£2,., a set of possible OAM values is theoret-
ically unlimited, allowing one to increase communication-
channel capacity by coding much more information as
compared with the standard technologies based on non-
OAM beams. Besides, it provides in principal another level
of resistance to eavesdropping [7].

In this connection, much attention is paid to the con-
trol of OVBs. Various methods for generation and control
of OVBs using optical crystals [8], g-plates [9], magnetic
materials [10—13], special types of optical fibers [14—18],
and photonic crystal fibers [19,20] have been proposed.
One of the topical tasks of OVB-based data encoding is
to find appropriate tools for the modulation of the OVB
intensity. To date, intensity modulation is successfully
implemented for the standard non-OAM-carrying (Gaus-
sian) optical beams by usage of devices based on the
magneto-optical (MO) effects in thin magnetic films. Such
magnetic films are known to be widely used in design of
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MO modulators of optical beams [21-27], MO sensors
[28-37], magnetometers [38,39], integrated MO devices
[22,40—44], optical isolators, and other nonreciprocal opti-
cal devices [45—48].

Optimal chemical composition of MO films [49,50]
allows one to increase the MO effects and get miniatur-
ization of devices. In particular, one of the commonly
applied MO materials is represented by films of bismuth-
substituted iron garnet (BilG). In this context, the perspec-
tive of MO control of vortex beams is attractive and looks
promising. For example, quite recently, a MO dichroism
effect [51] for OVBs has been demonstrated in a dyspro-
sium BilG film, which involves the dependence of the
optical absorption on the sign of the topological charge of
the OVB.

The idea of this paper is to show that the basic principles
of MO modulation that are well established for non-OAM
Gaussian beams can be directly generalized to OVBs. To
this end, we theoretically and experimentally demonstrate
the scheme of an intensity modulator and switch for vor-
tex beams based on the Faraday rotation in a film of
BilG.

II. THEORETICAL BACKGROUNDS

We consider a scheme that is constructed from a polar-
izer P, a transparent BilG film magnetized out of plane,
and an analyzer 4 placed one after another, as depicted in
Fig. 1. The analyzer has a transmission axis with an angle
y relative to the transmission axis of the polarizer. The
BilG film is described by the dielectric permittivity tensor

© 2022 American Physical Society
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in the visible spectral range [21]:

e ise(M) O
EM) =| —ideM) £ 01, (1)
0 0 €

where the magnetically induced optical birefringence
de(M) << &, M is the magnetization of the BilG film,
and we assume that the field is uniform. The basis of lin-
ear polarizations E = (Ex,Ey,EZ)T is used, where E is the
electric field and 7 means transposition.

Let a monochromatic circularly polarized Laguerre-
Gaussian beam of an arbitrary integer topological charge
£ be normally incident on the BilG film:

€]

lo, ¢, m) = e, (ﬁ) Ll,fl <¥> ef(r/wo)Zeiw' )
wo WO

Here e, is the unit vector of circular polarization, o = +1

means the right-hand and left-hand circular polarization,

respectively, LY are the generalized Laguerre polynomi-

als, m is the radial number, and wy is the beam waist.

As we show elsewhere, circularly polarized OVs (2)
prove to be inherent eigenstates for the considered film
with magnetically induced optical anisotropy. In other
words, the incoming polarization state as well as the topo-
logical charge (and OAM) remain unchanged during the
propagation. The optical beam in the BilG film looks like

€]
lo, £, m)(z) = eaﬂ (ﬁ) Ll;fl (i)

w(z) \ w(z) w2(z)

« e—(r/w(z))2 eiﬁkoz ei(w—ac:2+nr2+¢c;), A3)

where w(z) = wo/1 + (z/20)%, zo = w/eW}/A is the
Rayleigh distance, A is a wavelength, a, = —okode/2/c
is the standard Faraday term with vacuum wave number
ko = 21w /A, n = ky/e/2R(2), R(z) = z + z} /z is the radius
of the wavefront curvature, and ¢¢ is the Gouy phase [52].
Note that we have disregarded an insignificant to this study
small phase correction that is due to optical spin-orbit
interaction [53]. It should be noted that the separation of
OAM from the circular polarization takes place, which can
be ascertained straight from a comparison of Egs. (2) and
(3): the topological charge of the OVB passing through the
film is conserved while the difference in phase velocities of
orthogonal vortices is determined by the standard Faraday
term o .

In order to mathematically describe the light propa-
gation in the scheme shown in Fig. 1, the Jones matrix
formalism [54,55] can be used. According to this method,
the state of a field should be represented as a decom-
position over the eigenstates of the considered element.

Thus, circularly polarized optical vortices with topological
charge ¢, which are eigenstates of the BilG film, are con-
sidered as a basis. Strictly speaking, the generalization of
the Jones formalism [56] to beams with additional orbital
degree of freedom increases the dimension of the basis
from 2 to 4, so the Jones vector is a 4 x 1 column vec-
tor (a1,|g|,m, a_1,1¢),ms> A1,—|¢|,m» a_l,_m’m)T the components of
which are weight coefficients of corresponding basis fields
| & 1, £|€|, m). However, since the elements in the scheme
shown in Fig. 1 only affect the spin part of the vortex,
the description of total transformation of an OVB passing
through the scheme is significantly simplified. Indeed, it
turns out that the matrices of each element in Fig. 1 can
be represented as a direct sum of matrices that act on sub-
spaces of the orthogonal vectors with the same topological
charge:

{11,€,m),| — 1,¢,m)}. 4)

Thus, the matrix describing the beam propagation through
the polarizer with a vertical transmission axis reads as

Py =Py @ Py, (5)

l l
2011
space (4) and the superscript “+” indicates the sign of the
topological charge of OVBs in the subspace.

The matrix for the BilG film has the form of a diagonal
phase matrix since it is determined over the basis of its
eigenstates:

where f’(:)t = is defined for the vector sub-

T(p) =t (@) ® T (9), (6)

where ™) (¢) = diag (e, ), ¢ = kodde(M)/2./c is
an angle of the Faraday rotation in the film of thickness

d, and we have omitted the phase factor eiﬁkozei("rz+¢6).

The transformation of a beam passing through the ana-
lyzer with the transmission axis rotated at an angle y with
respect to the axis of the polarizer can be described as

Piiy)=PP )@ P (v), (7)

where P () =R PPR(y),  R(y) = diag
(¢”,e7) is a rotation matrix, and R™' is the inverse
matrix of R.

Hence, following the Jones method, the output field can
be obtained from the input beam as

[W)out = Py () T (2 0) PolW)in = 2 (0, 7) [¥)in,  (8)

Q*  QF
Q= (1 + ), and Q* is Hermitian adjoint of Q.

where @ (¢, 7) = Q) & Q) O® = (1/4) (Q Q)
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Scheme of an intensity modulator for an OVB based on Faraday rotation in a BilG film. The laser beam passes through

polarizer P, BilG film, and analyzer 4, whose transmission axis has an angle y with respect to that of the polarizer P. The topological
charge of an input OVB is not changed. The polarization state of the OVB and the rotation of the linear polarization are depicted as an

arrow near the OVB at each stage.

If the x-polarized OVB of topological charge ¢ is nor-
mally incident on the input of the scheme (see Fig. 1), an
output field can be obtained according to Eq. (8):

1]
|\Ij>out = I:ﬂ (ﬁ) LW (i) ef(V/W(z))zei«/Ekoz

w(z) \ w(z) AW (2)

w lrrrtoe) oo (v + ¢)] ( —Ccs)isnyy ) .
©)

The output OVB has the same topological charge as an
input one, whereas its intensity calculated as the scalar
product of the output field (9) with itself obeys the well-
known Malus law, which for the normalized intensity
(transmittance) reads as

T = cos’*(y + ¢). (10)

Thus, we can conclude that if the BilG film is used in the
scheme shown in Fig. 1, Faraday rotation leads to a change
in intensity of the OVB according to the Malus law in such
a way as for zero-OAM beams. Whereas the OVB struc-
ture remains unchanged on passing through such a scheme,
the Faraday effect allows one to modulate the intensity of
the output beam by controlling the film magnetization M
via the dependence §¢(M). Depending on the value of the

angle y the intensity modulator and switch regimes can be
implemented.

III. EXPERIMENT

In this section, we experimentally show the possibil-
ity of controlling the intensity of an OVB when passing
through a thin epitaxial film of BilG without destroying
the vortex structure of the beam. A solid-state laser with a
wavelength of 532 nm and adjustable power is used as a
light source. First of all, it is necessary to obtain a stable
OVB. To obtain this beam, a LCD modulator in the phase-
intensity modulation mode is used. The resulting OVB is
then isolated by a system of mirrors and diaphragms, after
which it is analyzed using a CMOS camera. The obtained
intensity distributions for a beam with topological charges
from 1 to 5 are shown in Fig. 2.

It is impossible to unequivocally determine the topolog-
ical charge and structure of the beam from the intensity
pattern, so the interference method is used additionally.
A modified scheme of a Mach-Zehnder interferometer
is used, in which beam-splitting prisms with a ratio of
1:1 are used instead of translucent mirrors. The intensi-
ties of the main and reference beams are equalized using
gray filters and then summed at the output beam split-
ter. The resulting interference pattern is recorded using a
CMOS camera in real time, tracking possible changes in
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FIG. 2. Images of the intensity (a),(c) and interference pattern
(b),(d) for the OVB with topological charges from 1 to 5 before
(a),(b) and after (c),(d) the magnetic sample.

the vortex structure of the beam. Topological charge of
the beam is defined as the difference in the number of
interference fringes before and after the location of the sin-
gularity. To measure the integral intensity of the optical
beam that passes through the sample, a Si photodetector
is installed after the beam splitter located behind the sam-
ple. After visualizing the beam structure, we are ready to
conduct measurements with the BilG film. A sample of
4.2-pum-thick BilG, (BiLuSm),(FeGa)sOy,, is grown on
a Gd;Gas0j, substrate with (111) orientation by liquid-
phase epitaxy. To obtain a relatively large Faraday effect
(Fig. 3, red curve), a significant amount of Bi ions is intro-
duced into the film composition. For the sample used, the
measured value of the Faraday rotation of the polarization
plane is 14° with a relatively high transmission of 25% at a
wavelength of 532 nm (Fig. 3, red and black curves). Rel-
atively low values of the magnetic field required for the
magnetic saturation of the sample in the out-of-plane direc-
tion are obtained by diamagnetic substitution of Fe ions
with Ga ions, which also leads to the appearance of uni-
axial anisotropy in the film. Measurements of the Faraday
rotation hysteresis loop in an external out-of-plane mag-
netic field show a saturation field of 75 Oe (see inset to
Fig. 3).

To modulate the intensity of the OVB passing through
the magnetic sample, a Glan-Taylor polarizer is installed
in front of the photodetector. Then the automatic system
is used to find a crossed polarizers position by the mini-
mum of the transmitted intensity to get the reference point.
In this experiment, we test two regimes of OVB modula-
tion: a MO switch and a MO intensity modulator. While
for the switch application the angle between polarizer and
analyzer is set equal to 90° (the crossed position), for the
intensity modulator it is fixed at 45°. The Faraday rota-
tion in the sample breaks the crossed polarization state,
and the light begins to transmit to the photodetector. The

0.8 7 T T T T

07

06 —
o

@ > 3

S 05 g =

S = S

T o4 S s

] kS e

o -

— ’ > o
ks S
© ©

0.2 g P
T

0.1 : : : : :

—80 —40 0 0 80 | _4g
0.0 Magnetic field (Oe)
. 1 1 1 1 —20

500 600 700 800 900 1000
Wavelength (nm)
FIG. 3. Spectral dependencies of transmittance (black curve)

and Faraday rotation (red curve) of the (BiLuSm);(FeGa)s0,,
sample used for the experiment. Inset: hysteresis loop for the
sample measured at 532 nm.

transmittance is measured for optical beams with topolog-
ical charges from 0 to 5 in the range of magnetic fields of
£100 Oe.

The theoretical and experimental curves for the depen-
dence of OVB transmittance on the external magnetic field
are shown in Fig. 4 for the MO modulator [Fig. 4(a)] and
MO switch [Fig. 4(b)] regimes. The theoretical curve is
obtained from Eq. (10) accounting for the dependence of
¢ on magnetic field given by the hysteresis loop (Fig. 3).
It should be stressed that in agreement with Eq. (10),
the experimental points for different topological charges
measured at a given magnetic field coincide with high
accuracy. The inset to Fig. 4(a) confirms that a coeffi-
cient of light modulation AT/AH does not depend on
the topological charge. In the MO modulator regime light
transmittance changes linearly with magnetic field for the
field below saturating and, consequently, the coefficient
of light modulation keeps constant. For the magnetic film
used, the modulation amplitude is around 20% for mag-
netic field variation of 80 Oe. Obviously, for some thicker
sample and a higher amplitude of magnetic field, a larger
modulation depth can be achieved. However, in this work
we aim to demonstrate a basic principle for modulation of
OVBs and skip the optimization of the device.

In the MO switch regime, the transmittance of the OVB
drops by two orders of magnitude down to 0.01% for
near-zero magnetic field. In the case of optimization this
dynamic range could be made larger.

A crucial point of the current experimental research is
to confirm that application of a magnetic field does not
influence the state of the OVB as theory predicts. There-
fore, during the measurements, the topological charge of
the OVB is controlled using an interference pattern. The
obtained OVB images of topological charges from 1 to
5 and the corresponding interference patterns before and
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FIG. 4. Experimentally measured MO modulation of trans-
mittance of optical beams with topological charge ¢ passing
through a magnetic film. Solid curves represent theoretical results
obtained from the Malus law (10). (a) The MO modulator regime.
Experimental measurements are shown for the cases of topo-
logical charge from £ =0 to £ = 5. Inset: coefficient of light
modulation AT/AH for different topological charges. (b) The
MO switch regime. Experimental measurements are shown for
the case of topological charge £ = 5.

after placing the sample in the magnetic field do not dif-
fer (see Fig. 2). Any possible changes in the interference
pattern are controlled both visually and by subtracting the
OVB image without a magnetic field from the OVB image
with an applied magnetic field. The results of the subtrac-
tions show that the interference pattern does not change
at least within the accuracy of the registration noise of a
CMOS camera, which confirms conservation of the topo-
logical charge upon transmission through the magnetized
film. Consequently, the standard principles of light modu-
lation based on the Faraday effect of Gaussian beams can
be directly applied to the family of higher-order OVBs.

IV. CONCLUSION

To conclude, we theoretically and experimentally
demonstrate the possibility of practical implementation of
MO modulator and switch for OVBs with an arbitrary inte-
ger topological charge based on the standard methods of
magneto-optical modulation. Magnetization of the sample
does not spoil the state of the OVB. These results open a
way for extension of the abilities of magneto-optics for the
class of beams with an additional orbital degree of freedom
of light, which could contribute to more miniature energy-
efficient tools for controlling OAM-carrying beams for
the needs of information technologies, micromanipulation,
sensors, etc.
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