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We present a novel method for forming radially and azimuthally polarized beams by using computer-generated

subwavelength dielectric gratings.

The elements were deposited upon GaAs substrates and produced beams

with a polarization purity of 99.2% at a wavelength of 10.6 um. We have verified the polarization properties
with full space-variant polarization analysis and measurement, and we show that such beams have certain

vortexlike properties and that they carry angular momentum.
260.5430, 050.1950, 050.2770, 230.5440.

OCIS codes:

Singularities in optical fields have received much
attention lately.! Such singularities appear at points
or lines where the phase or the amplitude of the wave
is undefined or changes abruptly. One class of dislo-
cation is vortices, which are spiral phase ramps about
a singularity. Vortices are characterized by a topo-
logical charge, [ = (1/27) § Vods, where ¢ is the phase
of the beam and [ is an integer. Until now, research
had focused mainly on field dislocations in scalar
waves. However, if we allow for the polarization to
be space varying (i.e., transversely inhomogeneous),
disclinations can arise.? Disclinations are points or
lines of singularity in the patterns or directions of a
transverse field. An example is the center of a beam
with radial or azimuthal polarization. Such beams
can be created by interferometry,’ by intracavity
summation of two beams,* or by use of space-variant
metal stripe gratings.” However, all these methods
are somewhat cumbersome, are unstable, or have low
efficiency.

In this Letter we present a method for using
computer-generated space-variant subwavelength
dielectric gratings for the formation of radially and
azimuthally polarized light. By correctly determin-
ing the direction, period, and depth of the grating,
one can obtain any desired continuous polarization.
Furthermore, the continuity of our grating ensures the
continuity of the transmitted field, thus suppressing
diffraction effects that may arise from discontinuity.
Our gratings are compact, lightweight, and flexible
in design and have high transmission efficiency. We
discuss the design and fabrication processes and show
that the gratings can cause disclinations. We also
demonstrate that one can define a topological charge
for these beams and that it is related to the beams’
angular momentum. We analyze their propagation by
using scalar vortex theory. We substantiate our con-
clusions by presenting experimental results obtained
with COq laser radiation at a wavelength of 10.6 um.

Space-variant subwavelength gratings are typically
described by a grating vector,

K, = Ko(r, ) {cos[B(0,r)]F + sin[B(6,r)]0}, (1)

where # and 6 are unit vectors in polar coordinates,
Ky = 27 /A(r, 0) is the local spatial frequency for a
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grating of local period A(r, 6), and B(r, ) is the local
direction of the vector, chosen such that it is perpen-
dicular to the grating stripes. When the period of
the grating is smaller than the incident wavelength,
only the zeroth order is a propagating order, and such
gratings behave as layers of a uniaxial crystal with
the optical axes perpendicular and parallel to the
grating grooves.® The effective birefringence of these
gratings depends on their structure, and therefore by
correctly controlling the structure one can create any
desired wave plate.

Assume that we wish to construct a grating for con-
verting right-hand circularly polarized light into radial
polarization. We can do this by using a space-vary-
ing quarter-wave plate; i.e., the depth and structure
of the local grating are such that the retardation is
7/2. In addition we need to require that 8 = —45° at
all points to ensure that the resultant polarization is
linearly polarized in the desired direction. (Note that
incident left-hand circular polarization will result in an
azimuthally polarized beam.) Applying 8 to Eq. (1)
and ensuring the continuity of the grating by requiring
that V X K, = 0 result in

1 d aKO(r,G) _
7 {5 [rKo(r,0)] + T} =0. (2)

Owing to the symmetry of the problem we may as-
sume that K is independent of #, in which case Eq. (2)
can be solved to yield Ko(r) = (27rq/Ao) (1/r), where
Ao is the period when r = ry. Integrating the resul-
tant vector along an arbitrary path yields the grating
function (defined such that V¢ = K,)

¢ = (27r0/v2 Ao)[In(r/ro) — 6]. 3)

Continuity of this function requires that ¢(r, 0) =
¢(r, 0 + 27) * 2rm (m is an integer), and therefore
27ro/v2 Ag must be an integer, placing a constraint
on ro and Ayp.

We fabricated a Lee-type binary grating de-
scribed by the function of Eq. (3). The grating had
the values A¢ = 2 um and ro = 5 mm, such that
5mm<r <8mm, and 2 um < A < 3.2 um, such as
not to exceed the Wood anomaly. First we fabricated
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a chrome mask of the grating, using high-resolution
laser lithography. The pattern was transferred by
photolithography to a 500-um-thick GaAs wafer,
after which we etched the grating by using electron
cyclotron resonance with BCls for 39 min. Finally,
we applied an antireflection coating to the back side
of the wafer. Figure 1(a) shows the geometry of this
grating as well as a typical cross section of the grating
profile taken with a scanning-electron microscope.
We note the intricate structure of the grating and
the smooth and well-defined profile of the grooves.
We used this image to measure the grating profile
for simulations with rigorous coupled-wave analy-
sis.” The simulations showed that the retardation at
the relevant periods was close to 7/2. We confirmed
this experimentally with a chirped grating whose
period varied linearly over the relevant range.

Following the fabrication we illuminated the grat-
ing with right-hand circular polarized light, imaged it
onto a Spiricon Pyrocam I infrared camera, and mea-
sured the Stokes parameters (Sy—Ss3) at each point by
using the four-measurement technique.® We then cal-
culated the local azimuthal angle, ¢, and ellipticity,
tan(y), of the beam as tan(2¢) = S3/S; and sin(2y) =
S3/Sy, respectively. We found an average ellipticity
of tan(y) = 0.08 and an average deviation of the az-
imuthal angle of 2.6°, yielding a polarization purity
(percentage of energy in the desired polarization) of
99.2%. We also found a transmission of 86%, which
we verified with rigorous coupled-wave analysis, us-
ing the grating profile from Fig. 1. Figure 1(b) shows
the local azimuthal angle of the resultant beam, and
the arrows show the radial polarization. Figure 1(c)
shows the resultant local azimuthal angle when the in-
cident beam has left-hand circular polarization, and we
can see the azimuthally polarized beam as predicted.
Thus the single element can be used to form either ra-
dial or azimuthal polarization.

We gained additional insight by performing a theo-
retical full space-variant polarization and phase anal-
ysis of the element. By representing the element as a
space-variant Jones matrix, one can find the resultant
wave front for any incident polarization.” This analy-
sis showed that, for a space-varying quarter-wave plate
and incident circular polarization, the Jones vector of
the resultant beam will be

E = (cos 6, sin 6)7 exp(—i6). 4)

From here we can calculate the space-variant Pan-
charatnam phase® (based on the rule proposed by
Pancharatnam for comparing the phases of two light
beams in different states of polarization) of the trans-
mitted beam as ¢,(r, 8) = arg(E(r, ), E(R, 0)), where
arg(E1, Es) is the argument of the inner product of
two Jones vectors and (R, 0) are the radial coordi-
nates of the point on the resultant beam, relative to
which the phase is measured. This calculation yields
¢p(0) = arg[cos 6 exp(—i6)].

The beam displays a Pancharatnam phase ramp
similar to those found in vortices, and we there-
fore define the topological Pancharatnam charge as
I, = (1/27) §Vp,ds — 1. Note that 1 is the sin-

gularity index of the disclination, i.e., the number
of times that the azimuthal angle rotates about the
disclination.? (It is also half of the number of discon-
tinuities of ¢, in a cycle about the disclination). The
calculation yields a topological Pancharatnam charge
of [, =+1 for the wave in Eq. (4). This charge can be
modified by transmission of the beam through a spiral
phase plate of the form exp(il;0) (I4 is an integer), in
which case a topological Pancharatnam charge of /; is
added to the beam. Note that /; is exactly equal to
the topological charge associated with the phase plate.

Figure 2 shows the calculated real part of the
instantaneous fields of radially polarized beams. Fig-
ure 2(a) shows the field of the beam that is formed by
use of the grating only. Figures 2(b), 2(c), 2(d), and
2(e) show the beam that is created when, in addition
to the grating, the wave is also transmitted through
spiral phase elements of the forms exp(if), exp(—i6),
exp(i20>, and exp(—i20), respectively. We note that
the beams of Figs. 2(a) and 2(d) have the same form.
In addition, the absolute value of their topological
Pancharatnam charge is the same (although of op-
posite sign), hinting that the beams display similar
characteristics.

Figure 3 shows the far-field images of these fields
in their respective order [e.g., Fig. 3(a) corresponds to
Fig. 2(a), Fig. 3(b) corresponds to Fig. 2(b)] as well as
the theoretically calculated cross sections. We note
that Figs. 3(a) and 3(d) exhibit the same far-field image
with a bright center, as expected, whereas the beams
in Figs. 3(b)—3(e) exhibit distinct far-field images with
dark centers.

We can explain these images by expressing the
beams as the coherent sum of two orthogonally po-
larized components with circular polarization. The
beam of Fig. 3(a), which is described in Eq. (4), can
then be rewritten as

Fig. 1. (a) Geometry of the space-variant grating as well
as an image of a typical grating profile taken with a scan-
ning-electron microscope. The experimentally measured
local azimuthal angles of the beam when the incident polar-
ization is (b) right-hand circular and (c) left-hand circular
are also shown.



oy 4
ey {‘/f o " \\‘W] .
Seoas o o500 o
“Z =0 i~ L=+l ~s e el e
\//?/1 0&1\\A 4—;‘ \:; /\"/M‘\&/\

el N M
iy A
ST YT
oS L0y
% -2~ =z
\\/ d \ ‘.\\ ‘y/
Ly, ‘—\\ f/[,{&

Fig. 2. Calculated real part of the instantaneous vector
fields for the radial polarization formed (a) by the grating
and (b)—(e) with additional spiral phase plates as shown.

Fig. 3. Experimental far-field images for the beams in
Fig. 2 as well as their calculated and measured cross sec-
tions. The geometry of the spiral phase plates is shown
at the bottom left.

E =1/2[(1,i)T exp(—i20) + (1, —i)T]. (5)

We can find all the other beams by multiplying each
of the components by exp(ilz6). In Eq. (5) the beam
consists of a scalar wave with topological charge —2
and a wave with 0 topological charge. The wave with
charge —2 conserves its vortex, whereas the wave with
0 charge collapses and causes the bright center. When
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we apply the same logic to the wave of Fig. 3(b), we
find that that wave consists of two scalar vortices, with
topological charges —1 and +1. Neither of the two
vortices collapses, and the dark spot is retained. The
beams of Figs. 3(c)—3(e) can be analyzed in the same
fashion.

Another point of interest is the angular momentum
of these beams. For a scalar wave, the angular mo-
mentum in the direction of propagation per unit energy
isJ, = ( + 0)/w,” where [ is the topological charge,
o is the helicity (=1 for circular polarization), and w
is the optical frequency of the wave front. Using this
rule and the decomposition presented in Eq. (5), we
found that radially polarized beams carry an angular
momentum of

1
7=

S i+ 1)| [ o=ty

i=L, R

(& froa )+

where L and R indicate the components with left and
right circular polarization, respectively, and that the
angular momentum of these waves is given by the topo-
logical Pancharatnam charge. The same results hold
for any beam with axially symmetric linear polariza-
tion'! with 1 replaced by the appropriate singularity
index. Our results show a connection between angu-
lar momentum and topological Pancharatnam charge.
The nature of that connection is still unclear and re-
quires additional investigation.

Z. Bomzon’s e-mail address is zbomzy@tx.technion.
ac.il.
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