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Generation of sub-diffraction-limited pure longitudinal
magnetization by the inverse Faraday effect by tightly
focusing an azimuthally polarized vortex beam

Yunshan Jiang,"? Xiangping Li," and Min Gu"*

Centre for Micro-Photonics, Faculty of Engineering and Industrial Sciences, Swinburne University of Technology,
Hawthorn VIC 3122, Australia
*Department of Optical Engineering, Zhejiang University, Hangzhou 310027, China
*Corresponding author: mgu@swin.edu.au

Received June 10, 2013; revised July 8, 2013; accepted July 9, 2013;
posted July 11, 2013 (Doc. ID 192071); published August 5, 2013

In this Letter we report on the generation of sub-diffraction-limited pure longitudinal magnetization in optomagnetic
materials. The interaction between polarization singularities of cylindrically polarized beams and optical vortices in
the tight focus of a high numerical-aperture objective as well as the induced magnetic fields through the inverse
Faraday effect are investigated. A pure longitudinal magnetization distribution throughout the entire focal plane,
which has a 15% reduction in the lateral full width at half-maximum, is achieved by tightly focusing an azimuthally
polarized vortex beam. © 2013 Optical Society of America
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The discovery of the giant magnetoresistance [1] has
facilitated longitudinal magnetization (normal to the sur-
face of a recording medium) in recording with a granular
size of sub-hundred nanometers and thus accelerated the
development of high capacity magnetic storage devices.
Recently, the inverse Faraday effect (IFE), conceived in
the 1960s [2] for all-optical magnetic recording (AOMR),
has emerged as a key component for the next generation
storage technology of an ultra-high areal density [3-5]. In
AOMR, the magnetization reversal induced by focusing a
circularly polarized beam with an objective [3,4] has been
demonstrated to be an essential method for the longi-
tudinal magnetization recording. However, the degree
of the longitudinal magnetization in this case can be de-
graded due to the depolarization effect by an objective of
high numerical aperture (NA) which is a necessity for
sub-wavelength AOMR.

As is well known, the control of the phase, amplitude,
and polarization distributions of a laser beam at the back
aperture of a high NA objective can lead to enriched elec-
tric field components within its focus [6,7] and thus
shape both the spatial distribution and the orientation
of the light-induced magnetization by the IFE. As such,
focusing a radially polarized beam has resulted in vortex-
like transverse magnetization [8], although this outcome
is not necessarily useful for high density AOMR. On the
other hand, the binary phase [9,10] and amplitude modu-
lation [11] of an incident beam has been used to improve
the spatial resolution at the cost of the accompanying
detrimental transverse magnetization. Thus, generating
pure longitudinal magnetization within a sub-diffraction-
limited region by the IFE has remained a challenge
toward sub-wavelength AOMR. In this Letter, we demon-
strate that sub-wavelength AOMR with pure longitudinal
magnetization throughout the entire focal plane of a high
NA objective is possible when an azimuthally polarized
beam is superposed with an optical vortex.

As has been demonstrated [12,13], optical vortex
beams focused by a high NA objective can result in a
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dramatic change in the distribution of the electric fields
within the focus. Since the azimuthally polarized beam,
or in general a cylindrically polarized beam, can be seen
as the superposition of circularly polarized beams of an
opposite circular direction, let us first consider the focus-
ing property of the left/right-handed circularly (LHC/
RHC) polarized beam with vortices described by topo-
logical charge m. The incident beam can be expressed
as [E,,E,. E,] = [1, £¢,0]exp(img,) (positive for LHC
and negative for RHC). Based on the vectorial Debye dif-
fraction theory [6], at point (ps, @s,2s) Within the focal
vicinity of an aplanatic lens, the focal electric fields of
LHC and RHC polarized vortex beams can be expressed,
in cylindrical coordinates, as

EL/RHC (ps,q’svzs)

E, iR (mE1) FA, (m+1)]
— | E, | =imCei™EDes | [Ry(m+1) FAym+1)] |, (1)
E, 2Ry(m=+1)

Ry (n)=[§Py(0)sindcosOlJ,, 1 (kpssind)—J,,_; (kpssing)]
xexp(tkz,cos)do,

Ry(n)= [{Py(0)sinbcosbld 1 (kpssind) +J,,_; (kpssinb)]
xexp(tkz,cos)do,

R3(n)= [Py (0)sin®0J,, (kpssind)exp(ikz;cosd)do,

Ay (n)= [§Py(0)SinOlJ .1 (kpssing) +J,,_ (kp,sind)]
xexp(ikz,cosd)do,

Ay(n)= [Py (0)sinOlJ .1 (kpssing)—J,,_; (kp,sind)]
xexp(ikz,cosd)do,

@)

where C'is a constant, «a is the convergence semi-angle of
the lens, Py(0) = ly(f)cos'/%(0) represents the pupil
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function, and for the uniform illumination l4(0) = 1. J,, is
the nth Bessel function of the first kind. k¥ = 2z/1 = nk,
is the wave factor in image space. It should be noted
that terms A; and Ry are unnecessarily ignored in the
previous literature [12], which could lead to the
consequent light-induced magnetization with incorrect
characteristics.

Based on the free-energy function [14], the magnetiza-
tion field induced by the IFE through focusing a
circularly polarized vortex beam in the isotropic magneti-
cally ordered material can be expressed as

M = iyE x E*, (6)

where E is the electric field, E* represents its conjugate,
and y is the coupling efficiency proportional to the
magneto-optical susceptibility y of the material. By sub-
stituting Egs. (1) and (2) into Eq. (3), the induced mag-
netization field by the tightly focused LHC polarized
vortex beam can be given by

calculation, NA = 0.95 and the refractive index of 1
are used. The results for the RHC polarized vortex beam
are not presented here, since they are analogous to those
of the LHC polarized vortex beam.

The interaction between optical vortices and the
circular polarization field can dramatically change the
spatial distribution of the resultant magnetization field.
A Gaussian-shape-like longitudinal magnetization distri-
bution is dominant in the focal plane of the LHC polarized
beam without vortices, accompanied by a portion (23%)
of doughnut-shaped transverse magnetization [Fig. 1(a)].
When an optical vortex is present, the generated magneti-
zation distribution has a doughnut shape with an
increased lateral full width at half-maximum (FWHM),
and the ratio of the transverse component varies as the
helicity of vortex changes, ranging from 15.96% (m = -1)
to 27.11% (m = +1). Though the presence of optical vor-
tices may suppress the transverse magnetic component,
the resultant doughnut-shaped magnetization spot does
not favor high density AOMR.

M, -2Im[(Ry(m + 1) — Ay(m + 1)) * R (m + 1)]
MM (pg g, 2,) = | M, | = C'| 2Re[(Ry(m + 1) - A;(m + 1)) * R5(m + 1)) ; 4)
M, -Re[(Ri(m + 1) —A;(m + 1)) * (Ry(m + 1) — Ag(m + 1))*]

where C' = 2yC? is a constant. The induced magnetiza-
tion field in the focal plane of a LHC polarized beam with
a topological charge of 0, -1, and +1, respectively, are
shown in Fig. 1. The total magnetization field is calcu-
lated as M = (M2 + MZ + MZ)!/2 and is normalized to
unity by the maximum magnetization induced by the
LHC polarized beam with m = 0. Since the nonzero
radial magnetization components only exist in the out-
offocus area [15], it is not presented here. In the
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Fig. 1. Distribution of the light-induced magnetization in the
focal plane of tightly focused LHC polarized beams with a topo-
logical charge of (a) 0, (b) +1, and (c) —1. Arrows indicate the
orientation of the magnetization. (d)-(f) Cross-section plots of
normalized longitudinal (M, blue curves), azimuthal (M, red
curves), and total magnetization (M, black curves). The radial
magnetization field is null in the focal plane and not shown.

The mutual effect between polarization singularities of
cylindrically polarized beams and optical vortices cannot
only change the spatial distribution but also the orienta-
tion of the dominant magnetization field. As one kind of
polarization singularities, a radially polarized beam with
a topological charge of m can be expressed as the super-
position of two circularly polarized vortex beams,
ERad — 1/2[EMC(m - 1) + ERHC(m + 1)]. Based on the
mathematically corrected expression for focused circu-
larly polarized vortex beams and Eq. (3), the light-
induced magnetization for radially polarized vortex
beams can be given as

M, —-2Im[Ry(m) * R (m)]
M™% (p; p5,2) = | M, | = C'| 2Re[R,(m) * R (m)]
M, -Re[R,(m) * Rj(m)]

®)

When m = 0, the light-induced magnetization is a pure
transverse magnetic vortex [8]. Interestingly, for a radi-
ally polarized beam with a topological charge m =1, a
flap-top magnetization with a dominant longitudinal
component in the focal vicinity is generated in Fig. 2.
To gain insight on the interaction between polarization
singularities and optical vortices, let us first consider the
case under the low NA condition. For each ring (dd) of
the exit pupil, its contribution to the electric field com-
ponents on the focus point can be expressed as
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Fig. 2. (a) Spatial distribution and (b) cross-section plot of

light-induced magnetization by the IFE through tightly focusing
radially polarized beams with a topologic charge of m = 1.

E, J& cos pe*dy 1
ERad(O, 0,0) = E, | = foz” sin (peii‘ﬂd(p =gx| +1
E, 0 0
(©6)

From Eq. (6), it can be seen that circular polarization is
generated on the focus voxel, owing to the mutual effect
of the polarization singularity of the cylindrically polar-
ized beam and the optical vortex. The orientation of
the longitudinal magnetization is determined by the
helicity of the spiral phase. However, in the case of tight
focusing by a high NA objective (NA = 0.95), the
enhanced longitudinal electric field components result
in a large portion (30%) of the transverse magnetic field
in the off-axis area.

On the other hand, the interaction between the polari-
zation singularity of an azimuthally polarized beam and
optical vortices in the tight focus cannot generate
longitudinal electric components, which could tackle the
generation of pure longitudinal magnetization. For an
azimuthally polarized vortex beam with a topological
charge of m, EA% =1/2¢"7/2[EMC (1 - 1) - ERIC (m 4- 1)),
the resultant light-induced magnetization can be
expressed as

M, 0
MAZi(ps.(osvzs) = M(p =C|0
M, -Re[A; (m) * A} (m)]

(N

When m = 0, no magnetization can be generated by
focusing an azimuthally polarized beam. Interestingly,
when m =1 (or -1), the mutual effect between the
polarization singularity of an azimuthally polarized beam
and the optical vortex can lead to a Gaussian-shape-like
pure longitudinal magnetization throughout the entire
focal plane (Fig. 3). In addition, the orientation of the
longitudinal magnetization, or the logical bit in AOMR,
can be easily reversed by switching the helicity of the
optical vortices. The axial cross section of the amplitude
of the magnetization is shown in Fig. 3(b) with a dashed
line. The longitudinal direction remains unchanged be-
fore and after the focal plane and the longitudinality is
constantly one.
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Fig. 3. (@) Distribution of magnetization induced by the IFE by
tightly focusing an azimuthally polarized beam with a topologi-
cal charge m = 1. (b) Cross-section plots along the x axis
(shown in the black solid line) and the z axis (shown in the blue
dashed line). The azimuthal magnetization (M) is zero in the
focal vicinity.

Moreover, the generated magnetization field can be
confined to a sub-diffraction-limited region. Further cal-
culation indicates the lateral FWHM of the magnetization
spot induced by tightly focusing azimuthally polarized
vortex beams is only 84.9% compared with that of circu-
larly polarized beams when NA = 0.95, valuing 0.50804
and 0.59891, respectively, as shown in Fig. 4(a). This is
depicted more clearly in the plot of the lateral FWHM
as a function of the NA of the objective, as shown in
Fig. 4(b). The enriched focal electric field components
can lead to a large portion of transverse magnetic field
components for a LHC polarized beam (23%) and for a
radially polarized vortex beam (30%) at the NA of 0.95.
On the contrary, the ratio of the longitudinal component
to the total magnetization (M,/M) by focusing an azimu-
thally polarized vortex beam is independent of the NA of
the objective, owing to the nature of pure longitudinal
magnetization [Fig. 4(c)].

In conclusion, we have theoretically investigated the
light-induced magnetization by the IFE through focusing
cylindrically polarized vortex beams with a high NA
objective. It is found that the mutual effect between
the optical vortices and the input polarization plays a
critical role in determining the distribution and orienta-
tion of the focal magnetization. A pure longitudinal
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Fig. 4. (a) Cross-section plots of the normalized magnetization

for LHC polarized (red curve), radially polarized (black curve),
and azimuthally polarized (blue curve) beams when NA = 0.95.
(b) The lateral FWHMs of the magnetic field and (c) ratios of the
longitudinal magnetic component (M, /M), as a function of the
NA of the objective.
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magnetization distribution throughout the focal plane
with a 15% reduced lateral FWHM can be generated by
tightly focusing an azimuthally polarized vortex beam.
This feature holds great potential in ultra-high density
[16] AOMR. It may open a new avenue for controlling
light-mater interaction in magnetic materials as well
as for developing novel optomagnetic devices.
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