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We propose a discrete set of continuous deformation of a circular nanoslit to generate and control

optical vortices at the microscopic scale. The process relies on the interplay between the spin and orbital

angular momentum degrees of freedom of light mediated by appropriate closed-path nanoslits milled on

a thin gold film. Topological shaping of light is experimentally demonstrated in the visible domain.

Moreover, all experimental observations are quantitatively validated by a simple model that takes into

account the transverse manipulation of the optical phase via the space-variant form birefringence of

subwavelength slits.

DOI: 10.1103/PhysRevLett.111.193901 PACS numbers: 42.25.�p, 42.50.Tx, 42.81.Gs

The orbital angular momentum (OAM) carried by a light

beam is associated with its phase spatial distribution. Some

features of the OAM confer to it unique benefits relative

to the spin angular momentum, which is connected to the

polarization state of light. A striking property is the for-

mally unlimited discretization of the OAM per photon, as

is the case for Laguerre-Gaussian beams [1] that represent

a complete basis with infinite dimension made of optical

vortex beams. This promises many applications, as dis-

cussed in recent reviews [2,3] or anticipated from recent

findings in optical communications [4]. In particular,

further development relies on the ability to realize optical

vortex generators at small scale.

In practice, several attempts to reduce the size of optical

vortex generators were undertaken by straightforward

downsizing of existing demonstrations at the centimeter

scale. For instance, 5 �m diameter spiral phase plates

have been produced by direct laser writing [5]. The minia-

turization of so-called Pancharatnam-Berry phase macro-

scopic optical elements [6,7] is another example. This has

been done by using natural [8] or field-induced [9–11]

liquid crystal topological defects that allow realizing tuna-

ble optical vortex generators at the 1–100 �m length scale.

Other approaches have also been developed, such as the

realization of �10 �m diameter integrated vortex beam

emitters [12] and plasmonics options relying either on

achiral [13] or chiral [14,15] nanostructures. However, the

route to ‘‘singular nanophotonics’’—the controlled genera-

tion of optical singularities at the nanoscale—still remains

challenging.

Here, we propose to use curved closed-path nanoslits

(width-to-wavelength ratio<1) homeomorphic to the circle

to achieve topological shaping of light at the microscale.

The concept basically relies on the introduction of cusped

design. Interestingly, cusped slits withwidth-to-wavelength

ratio �103 have been recently noticed for their intriguing

scalar diffraction properties [16].

Noting that a straight nanoslit behaves as a form bire-

fringent retarder whose main axes are perpendicular and

parallel to it [17], a simple understanding to our geomet-

rical approach can be inferred from Jones formalism. To

this aim, let us consider a singly connected closed path C

that defines a curvilinear birefringent optical element char-

acterized by a constant birefringent phase retardation �, as
shown in Fig. 1(a). Neglecting diffraction, the expression

of the output light field along C for a normally incident

circularly polarized plane wave with Jones vector Ein ¼
E0c�, where c� ¼ ðxþ i�yÞ=

ffiffiffi

2
p

, � ¼ �1, refers to the

circular polarization basis, is Eoutð�Þ ¼ E0½cosð�=2Þc� þ
i sinð�=2Þei2��ð�Þc���, where �ð�Þ is the local tangent

angle to C. Consequently, by designing the contour C

such as the circulation of � around the closed path satisfies

s ¼ ð1=2�ÞH
C
d�, with s a half-integer, one obtains an

azimuthal phase dependence�ð�Þ ¼ 2��ð�Þ for the c��

(a) (b)

FIG. 1 (color online). (a) Geometry and definition of charac-

teristic angles � and � for a closed-path nanoslit circuit C

homeomorphic to the circle. (b) Illustration of the experimental

setup. A circularly polarized collimated Gaussian beam with

wave vector k, waist diameter 2w, and helicity � ¼ �1 imp-

inges at normal incidence on the nanoslit plane.
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polarized output field just after the device that satisfies

‘ ¼ ð1=2�ÞH
C
d�, with ‘ integer. That is to say, an optical

field component associated with a topological charge ‘ is

obtained.

The particular case when C is a circle, which leads to

‘ ¼ �2, has been reported only recently [13]. Here, we

unveil the generalization to arbitrary values of ‘ by mere

continuous deformation of the circle. The main idea is to

introduce a contour C with multiple cusps, for instance,

with a design consisting of m arcs of circles (m � 3) with
radius Rm ¼ R tanð�=mÞ, where R is the radius in which

the structure is inscribed; see Fig. 2. In this case, one gets

‘ ¼ �ð2�mÞ. This can be grasped from the variation of

the tangent angle � to the structure along one of them arcs

of the circle, namely, ��¼�ð�¼2�=mÞ��ð�¼0Þ¼
2�=m�� [see Fig. 2(a)], which leads by definition to a

topological charge that is m times 2��� divided by 2�.
In practice, two kinds of topological nanoslits have been

fabricated, namely, the ‘‘open’’ and the ‘‘closed’’ forms, as

shown for m ¼ 3 in Figs. 2(b) and 2(c), respectively. The

samples were made on 500 �m thick borosilicate glass

substrates. The substrates were first cleaned by washing

them in an ultrasonic bath for 5 min in deionized water,

acetone, and isopropanol. Layers of titanium and gold

(6 and 60 nm, respectively) were magnetron sputtered

(AXXIS, Kurt J. Lesker) on the cleaned substrates, and

vortex generators were made by direct Ga-ion beam lithog-

raphy (IonLiNE, Raith). A 300 pA current was used to

mill 150–200 nm wide grooves throughout the gold and

titanium layers.

Closed loop topological nanoslits of order m ¼ 3 to 8

are shown in the upper part of Fig. 3, for R ¼ 10 �m.

Ensuing polarization conversion is observed at �¼532 nm
wavelength under normal incidence illumination by a

Gaussian laser beam with 2w ¼ 280 �m diameter and

circular polarization state [Fig. 1(b)]. The structure is

then imaged by a microscope objective by selecting the

c�� polarized component of the output field; see the

bottom part of Fig. 3. Note that the observed nonuniform

intensity patterns are explained by the finite numerical

aperture (NA ¼ 0:25) of the microscope objective and

illustrated in the insets of Fig. 3, which display the

calculated intensity distribution of an evenly illuminated

structure convoluted by a Gaussian function with waist

radius 0:61�=NA. Hot spots are indeed expected at the

tip of each cusp.

Quantitatively, the polarization conversion efficiency �
is measured as the ratio between the power carried by the

c�� polarized component of the light field transmitted by

the nanoslit and the total transmitted power by the nanoslit.

We find � ¼ 0:7%� 0:1%, whatever the open or closed

nature of the structure and its radius, as shown in Fig. 4.

Such a modest value merely emphasizes the use of non-

optimized structures rather than intrinsic limitations of

the polarization conversion process. Larger values of effi-

ciency can indeed be achieved by appropriate nanoslit

width and height for a given wavelength and material

[17]. For instance, almost 50% efficiency has been reported

in Ref. [13] for e=� ’ 0:2 at � ¼ 830 nm and a 200 nm

thick gold layer. In contrast, here we have e=� ’ 0:3–0:4
at � ¼ 532 nm and a more than 3 times thinner gold layer.

(a) (b)

(c)

FIG. 2 (color online). (a) Closed-path topological nanoslit of

order m, here with m ¼ 5 (thick curve), where R is the radius of

the circle in which is inscribed the structure and Rm is the radius

of the circles that generate the design. (b),(c) Scanning electron

microscope (SEM) image of the case m ¼ 3 in its open and

closed forms, with R ¼ 10 �m and slit width e ¼ 150–200 nm.

The scale bar is 5 �m. The contrast difference of the two SEM

images is due to different electrical charging effects between the

two kinds of structures.

FIG. 3 (color online). Upper row: SEM images of closed loop

nanoslits of order m ¼ 3 to 8 with R ¼ 10 �m (see dashed

circle) and slit width e ¼ 150–200 nm. Bottom row: Optical

imaging of the slit at 532 nm wavelength under crossed circular

polarizers. Insets: Calculated convoluted nanoslit images ac-

counting for the numerical aperture of the imaging system.

FIG. 4 (color online). Polarization conversion efficiency � of

nanoslit structures of different order (m), size (R), and nature

(open or closed forms). The dashed line is the mean value, and

the gray area refers to the standard deviation range.
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In addition, we notice that � is not only dictated by a bire-

fringent phase delay condition but also involves dichroism

[18]. Here, the relatively low thickness of the gold layer

probably plays a crucial role on the value of �. We have

checked that finite-difference time-domain simulations

give indeed efficiency of the order of a percent with present

parameters. The topological shaping of light, however, is

basically dictated by the order m of the structure.

The azimuthal behavior of the phase of the c�� polar-

ized light field component at the nanoslit output can be

retrieved experimentally. This is done from spatially

resolved polarimetric analysis of the output beam in order

to determine the map of the polarization ellipse azimuth

angle, which equals half the latter phase [8]. The results are

displayed in the upper row of Fig. 5 and compared with the

theoretical behavior shown in the bottom row of Fig. 5,

which qualitatively agree with the data, whatever is m.

In fact, the agreement is quantitatively validated as well.

This is demonstrated in Fig. 6, where �mð�Þ data are

shown for m ¼ 3, 4, and 5 and compared with the

piecewise expression generated from the first arc A1A2

by introducing the angle � [see Fig. 2(a)], namely,

�mð�Þ ¼ �2��ð�Þ, with the following relationship

between � and �: tan� ¼ Rmð1� cos�Þ=ðR� Rm sin�Þ.
As presented above, topological shaping of light is

achieved in the plane of the nanoslit. The question of

how it manifests in the far field is investigated in what

follows. This is done by observing the transverse intensity

distribution vs the propagation distance z. The case m ¼ 3
is shown in Fig. 7 for a nanoslit with R ¼ 5 �m and

� ¼ �1. In this figure, the intensity distribution of the

c�� polarized output light field component exhibits a

one-arm spiral pattern that blooms with propagation,

hence revealing the generation of on-axis optical phase

singularity with unit topological charge, as expected.

Generalization to higher-order nanoslits is summarized in

Fig. 8 for m ¼ 3 to 8, hence ‘ ¼ 1 to 6, where the upper

part of the figure displays the observed ‘-arm spiraling

patterns. Noticeably, no additional beam has been used, as

is quantitatively supported next.

For this purpose, the light field at the output of the

circular polarizer Eout is calculated from the Fresnel dif-

fraction integral in the paraxial approximation by taking

into account (i) the residual transmission of the gold film

(we measure 3% power transmission, hence an amplitude

transmission tfilm ¼ 0:17), (ii) the finite contrast of the

circular polarizer made of a zero-order quarter-wave plate

placed at 45� from a linear polarizer (we measure a resid-

ual 0.05% transmittance for the ‘‘blocked’’ polarization

state, hence t� � 0:02, whereas we have t�� � 0:9 for

the ‘‘passing-through’’ polarization state), and (iii) the

finite polarization conversion efficiency �. We thus get

Eoutð	;#;zÞ/� i

�z

ZZ

ftfilmt� �Aðr;�Þþ½
ffiffiffiffiffiffiffiffiffiffiffiffi

1��
p

t�

þ ffiffiffiffi
�

p
t��e

i�mð�Þ�Aðr;�Þg
�GðrÞei�=�z½r2þ	2�2r	cosð��#Þ�rdrd�; (1)

where GðrÞ ¼ expð�r2=w2Þ, Aðr;�Þ refers to the area

defined by the nanoslit aperture (equals 1 where the gold

layer has been milled, 0 otherwise), and �Aðr;�Þ is the

complementary screen. In addition, r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2 þ y2
p

is

the distance from the z axis and � the azimuthal angle in

the nanoslit plane, whereas 	 and # are the polar coordi-

nates in the observation plane located at the distance z from
the plane of the aperture. Taking into account that w � R
and that observations are performed at z values much

smaller than the incident Gaussian beam Rayleigh distance

z0 � 10 cm, Eq. (1) can be recast in the form

FIG. 5 (color online). Map of the phase distribution of the

generated optical vortices for nanoslits of order m ¼ 3 to 8, in

the plane of the nanoslit, with � ¼ �1. Upper row: Experimental

data with R ¼ 10 �m. The shown data refer to the location

where intensity is measured for the contracircularly polarized

field component; see Fig. 3. Bottom row: Model.

FIG. 6 (color online). Nonuniform azimuthal phase profile

�mð�Þ of the generated optical vortices for nanoslits of order

m ¼ 3, 4, and 5 with R ¼ 10 �m and � ¼ �1. Markers:

Experimental data averaged over three different structures (one

in open form and two in closed form). Curve: Model.

FIG. 7 (color online). Propagation of the contracircularly

polarized optical field component for the fundamental nanoslit

structure m ¼ 3 with R ¼ 5 �m. The first image refers to the

nanoslit plane (z ¼ 0), and others, from left to right, correspond

to dz ¼ 20R propagating steps. All images are on the same

scale, and acquisition time increases with z.
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Eoutð	;#;zÞ / tfilmt�e
�	2=w2 � i

�z

ZZ

A

½ð
ffiffiffiffiffiffiffiffiffiffiffiffi

1��
p

� tfilmÞt�

þ ffiffiffiffi
�

p
t��e

i�mð�Þ�
� ei�=�z½r

2þ	2�2r	cosð��#Þ�rdrd�: (2)

The resulting intensity patterns Ið	;#;zÞ¼ jEoutð	;#;zÞj2
are displayed in the bottom row of Fig. 8. Fair agreement

with experimental data is found. Note that both tfilm � 0
and t� � 0 are necessary to provide the intensity pattern

with spiraling features.

Also, the wave front handedness of the contracircularly

polarized field generated by a nanoslit can be switched,

say, from right to left, by changing the handedness of the

incident circular polarization state, whatever is the value

of m. This is illustrated in Fig. 9 in the cases of m ¼ 3
and m ¼ 4. Such a behavior is analog to the polarization

control of the wave front helicity reported in the case for

macroscopic optical elements with space-variant birefrin-

gent phase retardation [19].

Although spiraling patterns with ‘ arms are observed off

axis, the data suggest that far-field topological shaping of

light is not associated with the appearance of higher-order

optical vortices with topological charge ‘ as m increases.

Instead, as confirmed by simulations at finite values of

propagating distance z, we observed a constellation of

off-axis unit charge vortices; see Fig. 8. In fact, this is a

general feature of high-order phase singularities [20,21].

In the present case, it is the broken axial symmetry of the

geometry that is basically at the origin of the vortex

splitting. This is emphasized in the upper and middle

rows of Fig. 10, where the scalar Fraunhofer diffraction

intensity and phase patterns of the output c�� polarized

field produced by nanoslits of order m ¼ 3 to 8 sitting on

an ideally opaque milled film are shown. Calculations are

done, up to an unimportant multiplying real factor that

quantifies the polarization conversion efficiency, following

the expression

E��ð�; 
Þ /
ZZ

C

ei2��ðu;vÞe�i2�ðR=�Þð�uþ
vÞdudv; (3)

where expði2��Þ is the complex transmittance along the

nanoslit for the c�� polarized output field, with u ¼ x=R
and v ¼ y=R, whereas � and 
 are the reduced reciprocal

coordinates, which vary between�1 and 1. This confirms a

far-field on-axis topological shaping for m ¼ 3 and 4,

whereas vortex splitting is more pronounced as m
increases. Still, the circulation of the phase along the circle

that passes by intensity maxima equals 2�‘ with a mono-

tonic and quasilinear azimuthal phase dependence, as

shown in the bottom row of Fig. 10.

Combining topological diversity with ultrafast polariza-

tion driven OAM modulation abilities, the realization of

ultrathin plasmonic vortex nanoplates operating on arbi-

trary OAM subspaces could be envisioned. Our findings

might also lead to novel designs of plasmonic OAM cou-

plers based on spin-controlled transmission [22] towards

the elaboration of miniaturized OAM sorters with

enhanced functionalities. Efficient OAM sorting down to

the single photon level is indeed restricted so far to macro-

scopic refractive devices [23], whereas microscale sorters

are only in their infancy [24]. Being based on geometrical

considerations, our approach could be formally down-

sized, as emphasized in Ref. [25] in the axially symmetric

case. Since the nanofabrication state of the art allows

FIG. 9 (color online). Polarization switching of the topological

charge for nanoslits of order m ¼ 3 and 4 with R ¼ 10 �m,

where � ¼ �1 refers to the helicity of the incident beam on the

structures.

FIG. 10 (color online). Far-field characteristics for m ¼ 3, 4,
5, 6, 7, and 8. First and second rows: Fraunhofer diffraction

intensity and phase patterns in the reciprocal coordinate system,

here displayed in the range �0:1 	 ð�; 
Þ 	 0:1. Third row:

Azimuthal dependence of the phase along the circle that passes

by the intensity maxima. Simulation parameters: � ¼ �1,
w=R ¼ 0:02, � ¼ 500 nm, and R ¼ 10 �m.

FIG. 8 (color online). Characteristic single beam self-spiraling

optical textures for nanoslits of order m ¼ 3, 4, 5, 6, 7, and 8.

The number of spiral arms is m� 2, which corresponds to the

topological charge of the optical vortex generated by the closed

loop nanoslit. Upper row: Experimental data with R ¼ 10 �m.

Bottom row: Model.

PRL 111, 193901 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

8 NOVEMBER 2013

193901-4



considering 10–20 nm width nanoslits [26], individual

nanostructures with radius down to 100 nm become pos-

sible to fabricate. This promises further development of

singular nanophotonics. However, downsizing in the

closed form case is expected to alter the sharpness of the

cusp, hence the optical performances of the structure.

Finally, we note that one could obtain fractional values

of ‘ by an appropriate modification of the proposed

geometry.

We are grateful to Lorenzo Rosa who provided us with

numerical simulations regarding the expected value of the

polarization conversion efficiency.
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