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Optical orbital angular momentum from the curl of polarization
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We predict a new category of optical orbital angular momentum that is associated with the curl of

polarization and a kind of vector field with radial-variant hybrid states of polarization that can carry such

novel optical orbital angular momentum. We present a scheme for creating the desired vector fields.
Optical trapping experiments validate that the vector fields, which have no additional phase vortex, exert
torques to drive the orbital motion of the trapped isotropic microspheres.
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A light field can carry spin angular momentum (SAM)
or orbital angular momentum (OAM). As an intrinsic part
of the nature of a light field, SAM is associated with
circular polarization and has two possible quantized values
of £7 [1]. Since the original concept of optical OAM was
pioneered by Allen et al. in 1992 [2], as a fundamentally
new optical degree of freedom [3], OAM has attracted
extensive attention and academic interest due to its prac-
tical and potential applications in various realms (such as
nonlinear optics [4], atom optics [5], quantum optics and
information [6], optical communication [7], optical tweez-
ers and micromechanics or microfluidics [8], biosciences
[8], and even astronomy [9]). The concept of the optical
OAM has now been extended to other natural waves such
as a radio wave [10], sonic wave [11], x ray [12], electron
beam [13], and a matter wave [ 14], so that the optical OAM
is undoubtedly an extensively interesting issue.

As predicted by Allen et al. in 1992 [2], a scalar vortex
field with a helicoidal phase front of exp(—j€¢) could
carry an optical OAM of ¢h [1-3,15-21]. Evidently, for
scalar fields with homogeneous distribution of states of
polarization (SoPs), the space-variant phase is a prerequi-
site for possibility of producing optical OAM caused by the
phase. The question is whether the polarization as a fun-
damental nature of light can also be used to produce optical
OAM. It is imaginable that the light fields with the space-
variant distribution of SoPs have the possibility of carrying
OAM. Consequently, vector fields with space-variant dis-
tribution of SoPs [22-25] offer an opportunity of producing
optical OAM associated with the polarization nature.

In this Letter, we predict in theory and validate in
experiment a new class of optical OAM associated with
the curl of polarization independent of phase. It is quite
different from the well-known OAM associated with the
phase gradient independent of polarization. The theoretical
result reveals that this novel OAM can be carried by a
radial-variant vector field with hybrid SoPs. We present a
scheme for creating the desired vector fields. An optical
trapping experiment confirms that the optical OAM carried
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by the vector fields we presented drives the motion of
trapped isotropic microspheres around the ring focus.
The present result is a breakthrough from the limitation
that the polarization nature of light field can only influence
optically anisotropic materials.

Theoretical Prediction.—A light field at an angular fre-
quency w has a vector potential A, as A(x,y) = A(x,y) X
[a(x,y)é, + B(x,y)&,lexp(jkz — jot) with |al® + |BI* =
1, where the complex amplitude A can be described by
real-valued module u# and phase . « and B indicate the
distribution of SoPs of a light field. Under the paraxial limit
and the Lorenz gauge, the cycle-average momentum flux P
can be written as P o (E X H) in terms of the magnetic field
H=(VXA)/u, and the electric field E=jwA +
j(w/k*)V(V-A). The transversal component of P is di-
vided into

P(i) o« 2u2V v, (la)
P(f) « ju*(aVa* — a*Va + BVB* — B*Vp), (1b)
PV o« jV X [uX(aB* — a*B)e.]. (Ic)

The cross product of P with r (radius vector) gives the
angular momentum flux J « r X P. Accordingly, the z
component of J, J_, is composed of three parts

IV 2020 /0, (2a)
J? « jut(ada*/ap + BaB*/dd —c.c.),  (2b)
I o jrolu*(aB* — a*B)]/or. (2¢)

where Jﬁl) is the well-known OAM associated with the

azimuthal phase gradient, ng) and J§3) are associated

with the distribution of SoPs. If a and B are real valued,
implying that SoP at any location of the field section is

local linearly polarized, both J 22) and J?) are zero. If either
a or BB is at least a complex-valued function, ng) and J? )
are possibly nonzero values. J gz) arising from the azimuthal
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variation of SoPs is the simple superposition of contribu-
tions from two orthogonal field components.

We are interested in J?), a new class of optical
OAM. We define a parameter o, describing SoP, as o =
jlaB* — a*B). For instance, o = +1 or — 1 represents the
right-handed (RH) or left-handed (LH) circular polariza-
tion, whereas o = 0 is the linear polarization. Surprisingly,

1% originates from the curl of the vector ou’é.. As we
expected, the optical OAM can be indeed associated with
space-variant SoPs independent of phase. To achieve

nonzero-valued J%, two prerequisites should be satisfied:
(i) o # 0, i.e., local SoPs at locations in the field section
should not be all linearly polarized, and (ii) o or SoPs
should be radial-variant instead of being azimuthal-variant.

A nonzero-valued J. ;3) requires the light field to be a vector
field with the radial-variant hybrid SoPs. The crucial issue
is how to create the desired vector field satisfying the above
requirements.

We should emphasize that as a common requirement for
light field carrying optical OAM, a certain physical quan-
tity (phase or SoP) of light field must be space-variant. The
helically phased scalar fields, which have on-axis phase
singularity, carry the known OAM caused by the azimuthal
phase gradient independent of polarization [see Eq. (2)]. In
contrast, the radial-variant vector fields with hybrid SoPs,
which have no polarization singularity, carry the optical
OAM associated with the curl of polarization independent
of phase [see Eq. (2¢)].

Generation of Radial-Variant Vector Fields.—Most re-
ported vector fields [22-32] have a common feature: the
distribution of SoPs is a function of ¢ only. However,
radial-variant vector fields are rarely involved. Niv et al.
[33] reported the generation of radial-variant vector fields
with space-variant axially symmetric distribution of SoPs
with the aid of subwavelength grating for a 10.6 um CO,
laser. A crucial issue still remains: how to create the vector
fields satisfying the requirements of producing the optical
OAM associated with the curl of polarization. Based on the
idea of wave-front reconstruction in the scheme presented
in Refs. [24,25], the additional phase & in the transmission
function of a spatial light modulator (SLM) is a function of
¢ only,as 6 = m¢ + . The generated vector fields have
the azimuthal-variant SoPs. In theory, if 0 is a function of r
only, as 8 = 2nmr/ry + ay (where ry is the radius of the
vector field, n is the radial index, and « determines SoP at
r = 0), the vector field should have radial-variant SoPs.

Generating the radial-variant vector field with local
linear polarization requires a pair of orthogonal base vec-
tors [24]. The scheme similar to Fig. 1 in Ref. [24] is shown
by the dashed-line box in Fig. 3 below; in this situation two
A/4 wave plates are used to generate a pair of orthogonal
RH and LH circularly polarized fields, and the additional
phase in SLM is set as & = 2n7r/ry + a,. The intensity
patterns of all generated vector fields exhibit uniform
distribution and are indistinguishable for different values
of n and «y. As shown in Figs. 1(a)-1(d), the intensity

patterns of four vector fields passing through a horizontal
polarizer exhibit cylindrical symmetry with concentric ex-
tinction rings, suggesting that the SoPs of the generated
vector fields have radial-variant and local linearly polar-
ized distributions. The linear polarization at the center
r = 0 is along the direction of ¢ = «.

We now generate the radial-variant vector fields with
hybrid SoPs (including linear, elliptical, and circular polar-
izations). The scheme similar to Fig. 2 in Ref. [25] is
shown by the dashed-line box in Fig. 3 below, in this
situation two A/2 wave plates are used to generate a pair
of orthogonal linearly polarized fields, and the additional
phase in SLM is still set as § = 2nar/ry + ay. As shown
in the 1st and 2nd columns of Fig. 2, the intensity patterns
of two generated radial-variant vector fields exhibit the
uniform distribution, although SoPs have hybrid distribu-
tion. As an example, in the Ist column, as r increases from
r =0 to ry, SoPs change from 77/4 linear polarization at
r =0 to RH elliptical polarization within r € (0, ry/4),
RH circular polarization at r = ry/4, RH elliptical polar-
ization within r € (rg/4, ry/2), 37 /4 linear polarization
at r=ry/2, LH elliptical polarization within r €
(ro/2,3ry/4), LH circular polarization at r = 3ry/4, LH
elliptical polarization within r € (3ry/4, r), and finally, to
—37/4 linear polarization at r = r.

To characterize the distribution of SoPs of a vector field,
three Stokes parameters, sy, §,, and s3, in the representa-
tion of the Poincaré sphere 3 should be specified [25,34].
For the radial-variant vector field with hybrid SoPs,
the theoretical Stokes parameters are s; =0, s, =
cos(4nmr/ry + 2ay), and s3 = sin(dnmr/ry + 2ay). The
measured results, as shown in the 2nd to 4th rows of Fig. 2,
exhibit cylindrical symmetry, implying that SoPs are in-
deed radial variant only as predicted in theory, s; = 0, so
SoP at any location of the field section is represented by a
point in the 77/2 meridian circle on 2. For instance, in the
1st column, the SoP at r = 0 is 77/4 linearly polarized and
is located at point (sy, 55, s3) = (0, 1, 0) in the equator on
3., whereas the SoP at r = ry/4 is RH circularly polarized
and is located at the north pole of (0, 0, 1) on 2, and so on.
For comparison, the measured Stokes parameters of the
local linearly polarized vector field are also shown in the
3rd column of Fig. 2. Both theoretical and measured results
show that this vector field has s; = 0, suggesting that the
SoP at any location is indeed linearly polarized and is

FIG. 1 (color online).

Intensity patterns of four radial-variant
linearly polarized vector fields passing through a horizontal
polarizer and their schematics of SoPs. (a) n = 1.0 and «, =
0, (b) n=15 and @ =0, (¢c) n=0.5 and @y = 7/2, and
(d) n = 0.5 and o, = 37/4.
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FIG. 2 (color online). Intensity patterns of two radial-variant
vector fields with hybrid SoPs, schematics of SoPs, and mea-
sured Stokes parameters. The 1st and 2nd columns correspond to
(n=0.5, g =0) and (n = 1.0, ay = 7/4), respectively. For
comparison, a local linearly polarized vector field with (n = 0.5,
ag = 0) is also depicted in the 3rd column.

located at the equator on 3. The generated radial-variant
vector fields with hybrid SoPs indeed satisfy the two pre-
requisites previously mentioned for generating OAM asso-
ciated with the curl of polarization.

Evidence of OAM Associated with the Curl of
Polarization.—To confirm the feasibility of OAM associ-
ated with the curl of polarization, the focused vector field
as an optical tweezer is a useful tool. Figure 3 shows the
trapping experimental scheme, wherein the laser source at
532 nm has a power of 20 mW. All the generated vector
fields have the same radius of r, = 2.5 mm, a 60X objec-
tive (with NA = 0.7) is used to focus the vector field, and
the neutral colloidal microspheres with a diameter of
3.2 pm are dispersed in a layer of sodium dodecyl sulfate
solution between a glass coverslip and a microscope slide.

We first implement simulations for the focusing property
of radial-variant vector fields. The parameters used in
simulations are the same as those used in the experiment.
The simulation results indicate that the radial-variant vec-
tor fields (not only local linear polarization but also hybrid
SoPs) are tightly focused into a ring focus using a high NA
objective. As an example, the simulated intensity patten of
the ring focus where n = 10 is shown in the inset (a) of
Fig. 3. The inset (b) of Fig. 3 shows the simulated radial
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FIG. 3 (color online). Experimental configuration to validate
OAM associated with the curl of polarization. The dashed-line
box shows the generating unit of radial-variant vector fields.
Inset (a) shows an example of simulated ring focus. Inset (b)
shows the properties of the ring focus for a radial-variant vector
field with hybrid SoPs (n = 10), where the solid and dashed
lines are the radial dependences of intensity and OAM J?),
respectively.

dependences of intensity (solid line) and of OAM JS)
associated with the curl of polarization (dashed line) in
the focal plane for the radial-variant vector field with

hybrid SoPs where n = 10. The maximum OAM JES) and
the strongest intensity locate at the same radial position,
which is of such great importance that trapped particles in
the ring focus can acquire the maximum torque when
rotating around the ring focus.

The trapping experiments indicate that the ring traps
generated by radial-variant vector fields (not only with
the local linear polarization but also with hybrid SoPs)
can trap an arbitrary number of particles. The reason
originates from the fact that the ring focus has a continu-
ously changeable radius because n can be an arbitrary real
number, which is quite different from the discrete radius of
the ring focus generated by the azimuthal-variant vector
field. For the particles trapped in the ring optical tweezers
produced by radial-variant vector fields with local linear
polarization, no motion is observed around the ring focus,
implying that radial-variant vector fields with local linear
polarization carry no optical OAM.

We are very interested in the trapping property of the
ring traps generated by the radial-variant vector field with
hybrid SoPs. As the time-lapse photographs shown in the
upper row of Fig. 4, the trapped particles when n = 10
move clockwise around the ring focus [35], with an orbital
period of ~8.4s. When n is switched from positive
(n = 10) to negative (n = —10), the motion direction of
the trapped particles is synchronously reversed [35], as
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FIG. 4. Snapshots of the motion of trapped particles around the
ring focus generated by radial-variant vector fields with hybrid

SoPs, caused by polarization-curl-induced OAM (also see
Ref. [35]).

[51

(6]

(71
(8]

[9]
shown in the bottom row of Fig. 4. The observed results

imply that the ring traps have the capability to exert torque

to the trapped isotropic particles. Consequently, the radial- [10]
variant vector fields with hybrid SoPs can carry the optical
OAM associated with the curl of polarization independent
of phase. [11]
For the interaction of light with matter, the polarization
can influence anisotropic materials, but not isotropic ma- [12]
terials, which is true for scalar fields. As we predicted, the
induction of the vector fields breaks this limitation to make [13]
the polarization nature of light field influence optically
isotropic materials. Since SAM and OAM decouple in the [14]
paraxial limit [36] and SAM results in the rotation of an
anisotropic particle around its own axis [21], our observed
rotation of the trapped isotropic particles should be domi- [15]
nated by OAM. [16]
Summary.—We predict a novel optical OAM associated
with the curl of polarization independent of phase. To [17]
demonstrate this idea, a scheme is presented for creatin [18]
\ > 1ced, p reatng o)
the desired radial-variant vector fields and enabling the
flexible generation of novel vector fields. Using optical [20]
traps, we confirm that the radial-variant vector fields with
hybrid SoPs can carry this novel OAM, whereas the radial- [21]
variant linearly polarized vector fields cannot. Our results [22]
create a link between two important issues on optical OAM [23]
and vector field. Our idea may spur further independent (24]
insights into the generation of natural waves carrying OAM [25]
and the expansion of the functionality of many optical [26]
systems, thereby facilitating the development of additional (271
surprising applications. [28]
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