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ABSTRACT

We present a novel method for the nano-positioning
measurements of a sample. Based on symmetry con-
siderations, the method transforms the problem of po-
sition sensing into identification of topologically robust
features obtained from the scattered field. In particular,
we exploit the cylindrical symmetry of a control defect
appended to the sample. Experimentally, we demon-
strate a precision of 10 nm (λ/60) which is limited by
the stability of our mechanical set-up, rather than the
fundamental resolution of the technique. This far field
method provides a deeply sub-wavelength precision and
the possibility of rapidly retrieving the initial zero posi-
tion. In addition, we envision that the principles of the
technique could be adapted to other measurements and
variety sample geometries.
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1 INTRODUCTION

The concept of symmetry plays a key role within di-
verse areas of physics [1]. From a fundamental point of
view, the direct link between continuous symmetries of a
system and conserved quantities is significant [2]. More
generally, the recognition and understanding of both
continuous and discrete symmetries present in a physical
system can provide considerable insight, and often sim-
plifies the problem at hand [3]. This has immediate ap-
plications, for example the reduction of computational
resources required for a numerical model when particu-
lar symmetries are present in the system to be modeled.
Although the use of symmetries within physics already
has a very long history, research possibilities based on
the framework of symmetries and conserved quantities
are far from exhausted. For example, the discovery and
discussion of conserved quantities and conservation laws
in electrodynamics is an ongoing endeavor [4]. The use
of symmetries also opens up a variety of practical appli-
cations; here we would like to show that one such ap-
plication is the nanopositioning of specimens. We will
show how to relate cylindrical symmetries with transla-
tional measurements. In the process we will show that
topologically distinct features obtained from the scat-
tered field can be used for improving the precision and

robustness of our measurements. The fundamental idea
behind the technique, the relation between translations
of the scatterer and rotations of the system, could also
be of use for other kinds of measurements.

In this paper, we propose a technique for nanoposi-
tioning based on symmetry considerations. We assume
the ability to execute a controlled nano-scale movement
of the sample as a given, in our case realized by a trans-
lational piezo-electric stage, and address the second as-
pect: providing a reference position. Such reference po-
sition enables accurate navigation on the sample, which
is essential in processes such as multi-step lithography.
Our method is robust under small imperfections of the
scatterer or the set-up, as it makes use of a topological
singularity obtained from an analysis of the scattered
field. Although the technique we have developed is used
for nanoapertures in a metal film, the approach could
be generalized to other geometries. In addition, only
standard optical equipment is required to implement the
proposed technique, making it a practical, low-cost op-
tion with deeply subwavelength precision.

2 RESULTS

The general idea behind the proposed technique re-
lies on fundamental symmetry considerations. The posi-
tion of the sample is tracked through the light scattered
by a given defect. The reference position is such that the
whole system presents an important geometrical sym-
metry: cylindrical symmetry. As the defect is displaced
from the reference position the symmetry is broken, the
scattered field pattern changes in consequence. To quan-
tify the scattered field pattern changes, two identifiable
points are then defined, providing a vector related to
the displacement from reference (angle and magnitude).
Based on geometrical considerations, not exposed here
for the sake of brevity, this position sensing of the ref-
erence position is transformed into the identification of
a topological singularity. Consequently, the reference
position is defined as the point where this angle is ill-
defined, i.e. for a vector of null magnitude. This type of
image analysis based on the scattered field pattern has
two advantages: (1) When off-center, the angle provides
directional information about the displacement. (2) The
existence of the singularity, from which the reference po-
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Figure 1: a: Experimental set-up. A Gaussian beam
is circularly polarized and focused on an isolated cir-
cular nanoaperture in a metal film. The transmitted
light is then collected and analyzed with a quarter wave-
plate, polarizer, and a charge-coupled device (CCD)
camera. b: Image analysis. On the changed helicity
mode, the midpoint (blue cross) between the minima
of intensity (blue dots) is determined, along with the
intensity-weighted centroid of the image (yellow square).
This allow to define the distance (d) and the angle (α).

sition of the scatterer can be deduced, is expected to be
robust to imperfections of the system based on its topo-
logical nature.

We use the identification of such topological singu-
larity for the purpose of nanopositioning in the experi-
mental set-up schematised Figure 1a. The sample con-
sists of a 150 nm thick gold film deposited on a 1 mm
quartz substrate, with isolated circular nanoapertures of
250-630 nm diameters. This choice of sample clearly ful-
fils the cylindrical symmetry requirements on the scat-
terer. The sample is probed using a laser beam with
wavelength λ = 633nm: a circularly polarised Gaussian
beam is brought to focus on the gold-quartz interface of
the sample. This choice of incident beam also conforms
to the cylindrical symmetry requirements. It is impor-
tant to note that the field incident on the sample has a
well-defined component of the angular momentum in the
direction in which the beam is propagating, and well-
defined helicity (Jz = 1 and Λ = 1 respectively, both
normalised by h̄) [10]. These two observables play a cen-
tral role within the experiment as Jz is linked with cylin-

drical symmetry of the system and because we analyse
the transmitted field in terms of helicity. The position
of the sample relative to the incident beam is controlled
using a translational piezo-electric stage. After interac-
tion with the sample, the transmitted light is collimated
and a projective measurement of the field pattern of one
helicity mode is performed. In this way, the two helicity
modes can be separately imaged. As mentioned earlier,
any two identifiable points of the scattered field can be
used to find the topological singularity. The analysis of
the field in terms of helicity modes provides us with an
elegant method to choose such two points.

Now we are in a position to describe and analyse our
technique, which exploits the symmetry of the scattered
field. The technique consists of imaging the changed
helicity component of the transmitted light for different
positions of the sample relative to the incident beam,
and extracting two quantities from the images, as illus-
trated in Figure 1b. From each image, the midpoint be-
tween the two minima and the position of the weighted
centroid are determined. Using these two points as ver-
tices, their distance (d) and the angle (α) between the
edge connecting the two vertices and the horizontal (par-
allel to the x-axis) are calculated.

Following the symmetry considerations, the midpoint
between the minima and intensity-weighted centroid co-
incide when the nanoaperture and the incident field are
perfectly aligned, and this results in a zero distance d
and undefined angle α. Conversely, when the sample is
displaced in the transverse plane, the cylindrical sym-
metry of the system is broken. New Jz components
can then be created, the scattered field intensity will no
longer be invariant to rotation by π (examples of this
symmetry breaking can also be found in Reference [13]).
This the case for example Figure 1b where the nonzero
distance and defined angle are clearly results of asym-
metry. Now, let us consider the relation between two
physical systems in which the sample is misaligned rela-
tive to the centre by the same distance, but in different
directions. This corresponds to the symmetry consider-
ation presented at the beginning of the article. The two
systems are related by two different transformations:
(1) Translation of the sample in the transverse plane
(as is experimentally carried out using the stage), and
(2) rotation of the complete system about the axis of
the incident field. This relation between translation of
the sample and rotation of the system relies on the fact
that both the incident field and the nanoaperture in-
dividually exhibit cylindrical symmetry. Our technique
can then be used to identify the central position as the
topological singularity of the angle, α.

It should be noted that imperfections of the optical
components can prevent the incident beam within a real
experiment from being a pure Jz eigenstate. In addition,
slight breaking of the cylindrical symmetry of both the
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Figure 2: Experimental results of scans over an area of
200× 200 nm with a 10nm step size for a nano-aperture
of 630 nm. a: Distance d between midpoint of intensity
minima and the intensity-weighted centroid (arbitrary
units). b: Angle α between the horizontal and the edge
connecting the midpoint and the intensity-weighted cen-
troid.

incident beam and the nanoapertures also occurs due to
other experimental limitations. However, we show that
the technique is robust to such experimental imperfec-
tions, so that the reference location of the sample can
still be obtained. This robustness is unsurprising due to
the topological character of the singularity we use in the
measurement. In the following, we present experimen-
tal results obtained for nanoapertures with diameters of
500 nm and 630 nm. Using the translational piezo-stage,
we carried out scans over a square grid extending over
200 × 200 nm of x- and y- positions of the sample with
step size of 10 nm for both coordinates, taking an image
of the changed helicity field pattern at each position.

Figure 2 shows the distance d and angle α as a func-
tion of the x- and y-positions of the sample, as ob-
tained from the image analysis. Probing the 630 nm
nanoaperture resulted in a higher sensitivity of d for
displacements, and is therefore preferable for position
sensing. However, for all probed apertures (from 250nm
to 630nm) there exists a position at which the distance
decreases to zero and the angle exhibits a singularity, as
expected. This is the reference position, and its reso-
lution of approximately 10 nm is a reflection of the ex-
perimentally obtained precision. The method was also
modelled using a semi-analytical model. The results,
not shown here, closely matched the experimental re-
sults but with a higher precision. As we show below,
the experimental precision is limited by the stability of
the optical set-up.

To determine the stability of the optical set-up, we
recorded a series of images using the 630 nm aperture,
moving the piezo-stage between a central position and
± 20 nm in x and y from that position. This resulted
in five groups of images, one for each of the different
nominal stage positions. After extracting α and d from
each image, the position of the sample in the x-y plane
relative to the central mean position was inferred. The

Figure 3: Stability measurements. a: Five groups of
data sets, obtained for the translational piezo-electric
stage at five nominal positions. The distance from the
centre (dx and dy) is then inferred from d and α with
a calibration obtained according to the mean x (y) val-
ues of the groups. The ellipses represent the standard
deviation for dx and dy values. The insets b and c are
histograms of the dx and dy values from the group of
points belonging to the central stage position.

data from the stability analysis are shown in Figure 3,
where the five groups of data points are represented by
different symbols. The insets b and c are histograms of
the dx and dy values from the group of points belonging
to the central stage position. The ellipses in Figure 3a
represent the standard deviation for dx and dy values.
Using the data points of the central group, the standard
deviation in dx and dy correspond to 4.5 nm and 5.4
nm, respectively.

In addition, the stability analysis demonstrates: (1)
The directional information contained in the angle mea-
surement provides the ability to map the data points in
the x-y plane. Using the mapping, the noise is found to
be anisotropic, which might be related to the effect of
gravity. (2) The precision of the reference position as
determined in our main experimental results shown in
Figure 2 is of the order of the stability of the physical
set-up (Figure 3). Based on this, it could be possible to
further increase the experimental precision of the refer-
ence position by using a set-up with higher stability.

3 DISCUSSION

On the most fundamental level, the idea behind our
proposed technique is to sense the central position of
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the nanoaperture from the scattered field, taking into
consideration rotational symmetries of the physical sys-
tem. The scattered field analysis identifies two spatial
attributes of the pattern, which enables the recognition
of rotations in the field pattern that can in turn be re-
lated to translations of the scatterer. A topological sin-
gularity then marks the central position. In our case, we
choose to use the changed helicity mode for the analysis
instead of the full field. The reason for this is that the
changed helicity mode provides us with two easily acces-
sible attributes (midpoint between minima of intensity
and intensity-weighted centroid), and the spatial distri-
bution of the field has high sensitivity to displacement of
the sample relative to the incident beam. At off-center
positions of the nanoaperture, the image analysis of the
scattered field yields information about both magnitude
and direction of the displacement, through the quanti-
ties d and α, respectively. Consequently, in a practical
nanopositioning application where the aim is to locate
the central position quickly, it would be possible to use
an iterative process to progressively approach the cen-
tral position based on past d and α values. This removes
the need for a full scan such as the ones shown in Figure
2, and could lead to a fast nanopositioning scheme.

4 CONCLUSIONS

We proposed here a simple, low-cost technique for
the nanopositioning of samples. Using nanoapertures in
a metal film, we have presented an intuitive explanation
for the underlying mechanism, along with experimental
and theoretical results that demonstrate the successful
implementation of the method. The central position de-
termined with the technique can be used as a reference,
which enables navigation on the sample. The demon-
strated precision of 10 nm is deeply subwavelength, de-
spite the far-field nature of the measurement. The tech-
nique, providing information about the magnitude and
direction of the displacement, allows for the central po-
sition to be retrieved quickly. Our technique has impor-
tant applications in nanophotonics for testing the align-
ment and navigation on the sample. The benefits of
providing a reliable reference position could also be at-
tained for other nano- and microstructures in industrial
applications using the technique in its proposed form,
by incorporating a perforated metal film on the sam-
ples. Moreover, owing the generality of the symmetry
considerations, the technique could be adapted to other
types of nanostructures with cylindrical symmetry.
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