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We use symmetry considerations to understand and unravel near-field measurements, ultimately showing that
we can spatially map three distinct fields using only two detectors. As an example, we create two-dimensional
field maps of the out-of-plane magnetic field and two in-plane fields for a silicon ridge waveguide. Furthermore,
we are able to identify and remove polarization mixing of less than 1/30 of our experimental signals. Since
symmetries are prevalent in nanophotonic structures and their near fields, our method can impact many future
near-field measurements. c⃝ 2014 Optical Society of America

OCIS codes: 180.4243, 350.4238, 230.7370.

Most structures, be they naturally occurring crystals or
artificial nanophotonic objects, posses some degree of
symmetry. In fact, we often rely on these symmetries,
to predict the flow of light about these structures. For
example, structural symmetries are essential to the el-
egance of Mie scattering theory [1], or to the existence
of photonic bandgaps [2]. Surprisingly, with few notable
exceptions [3–5], the prevalent symmetries of nanopho-
tonic structures have not been exploited in the analysis
of near-field optical measurements.
Due to the tight confinement of light in nanopho-

tonic structures, in the vicinity of these structures typi-
cally all six components of the optical near field - the
three electric and the three magnetic - are nonzero.
However, polarization-resolved near-field scanning opti-
cal microscopy (NSOM), be it in collection [6–8] or scat-
tering [9–12] mode, allows for the simultaneous detection
of only two orthogonally polarized channels. As we have
recently shown, with those two channels it is possible
to measure four field components [13]. Although in this
case only two electromagnetic (EM) fields are missing,
the separation of the signals into maps of the individual
EM components is far from trivial. In fact, to date such
a separation has not been demonstrated.
As is often the case, the underlying symmetry of pho-

tonic structures constrains their near fields, and can
therefore help unravel near-field measurements. For ex-
ample, on planes of symmetry, such as the center of
a waveguide or nanoantenna, certain near-field compo-
nents are identically zero. For the nanoantenna, a care-
ful measurement of two nonzero field components was
sufficient to create full EM field maps on the symme-
try plane [3]. Likewise, measuring along the center of a
ridge waveguide allowed for direct observations of the
out-of-plane magnetic field using a split ring aperture
probe (SRP) [4]. These examples, however, are limited
to a single plane, whereas the constraints imposed by
symmetry apply over all space.
In this Letter we demonstrate how knowledge of the

symmetry of the structure and its associated fields can
be used to unravel aperture NSOM measurements and
create comprehensive two-dimensional near-field maps.
We begin by showing how, for a benchmark photonic
structure such as a ridge waveguide, we can use symme-
try considerations to identify and correct for polarization
mixing as small as 1/30 of our signals. Furthermore, we
show that when we use a SRP to measure on this struc-
ture, we can unravel our measurements and create two-
dimensional maps of three signals while using only two
detectors.
To test our new methodology we measure on a bench-

mark photonic structure. Specifically, we use a 20 nm
high, 2 µm wide ridge waveguide, that is mirror sym-
metric about the yz-plane (Fig. 1a). Using a commercial
full wave solver (COMSOL), we find that at a free space
wavelength of 1550 nm this structure supports a single
TE mode (neff = 1.65). In Fig. 1b we show a snapshot in
time of the calculated electric and magnetic components
of the fields associated with the TE mode. We choose the
point in time where Ex is completely real. At this instant
all components are either completely real or completely
imaginary. Around the center of the waveguide, Ex, Hy

and Hz have an even symmetry, whereas Ey, Hx and
Ez have an odd symmetry [14]. Noteworthily, the field
profiles of both the even Ex and Hy and the odd Ey and
Hx are very similar. The similarity between the in-plane
electric and magnetic fields is further underlined by the
observation that the ratio of the amplitude of Ex to Ey

is close to the ratio of Hy to Hx.
These near fields can be converted to far-field radia-

tion with a near-field probe that is in close proximity of
the sample. We ensure x- and y- oriented electric near
fields radiate to electric far-fields polarized along x and
y (Fig 1a) [4], resulting in the signals Lx and Ly, respec-
tively. However, the conventional aperture probe (AP)
converts not only the in-plane electric, but also the in-
plane magnetic near fields to far-field radiation [13]. In
fact, radiation from Hy (Hx) has its electric field along

1



-0.1

0.0

0.1

 

0.0

0.5

-0.1

0.0

0.1

0.0

0.5

1.0

1.0

-0.1

0.0

0.1

A
m

p.
 (

V
/m

)

2-2 0 -2 0 2
0.0

1.0

0.5

1.5

x (µm) x (µm)

Im{Ey}

Re{Ex}

x

(a) (b)

z
y

Re{Ez}

Z0 Im{Hy}

Z0 Re{Hx}

Z0 Re{Hz}

SRP

AP

Ly

Lx

x

z
y

Fig. 1. (Color online) (a) A sketch of the sample and the tip of the SRP used in this work. The fiber forms the core
of the tip. The green and purple arrows near the sample indicate electric fields along x and y. The probe converts
these fields to radiation polarized along x and y, indicated by the top purple and green arrows. The polarization
resolved detection of this radiation results in the signals Lx and Ly. The semi-transparent plane denotes the mirror
symmetry of the waveguide (yz-plane). The inset shows scanning electron microscope images of the AP and the SRP.
(b) Calculated field profiles 20 nm above the structure. To indicate to which detection channel the far-field radiation
from these fields contributes, the borders of the plot windows are color coded to match the colors of field orientations
shown in (a). The magnetic fields are multiplied by the free space impedance Z0 and the amplitude of all fields is
normalized to the maximum of Ex. The dashed black lines indicate the edges of the ridge.

x (y) and hence will be detected on the same detector as
Ex (Ey). An additional component can be detected by
using a SRP (inset of Fig. 1a). This probe converts not
only the four in-plane fields, but also the out-of-plane
magnetic field (Hz) into radiation to the detectors [4].
Before turning to the SRP, we apply the field symme-

try constraints to unravel the data collected with an AP
(inset of Fig. 1a). An example of such a measurement is
shown in Fig. 2, where in the top panels of part (a) and
(b) we show the 2D maps corresponding to the real part
of the complex signals Lx and Ly, respectively. For the
situation depicted in this figure we can write:

Lx = αxEx + βxZ0Hy ≈ α′
xEx, (1a)

Ly = αyEy + βyZ0Hx ≈ α′
yEy, (1b)

where the complex parameters α and β quantify the sen-
sitivity to experimental electric and magnetic fields. We
multiply the magnetic fields by the free space impedance
Z0, because we detect the electric field associated with
this magnetic field. Furthermore, both the amplitude
and profile of the calculated Ex (Ey) and Hy (Hx)
are very similar (Fig. 1) and their ratio is constant
over all space to within experimental accuracy. That is,
Z0Hy,x/Ex,y ≈ p (where p is complex) and in Eq. 1 we
use α′

x,y = αx,y + pβx,y to express the signals in terms
of Ex,y alone.
The fields maps shown in the top panels of Fig. 2a and

b suggest that indeed a AP largely collects the signals
predicted by Eq. 1. Not only does Lx appear to have even

symmetry, and Ly odd, but the amplitude of the meas-
ured Lx is also an order of magnitude larger than Ly,
as is predicted by the calculations (Fig. 1b). However,
a closer inspection of Ly (top panel of Fig. 2b) reveals
an unexpected oddity: the line of minimal amplitude of
this signal is shifted by 0.3 µm from the center of the
waveguide. This suggests that Ly not only contains a
component with odd, but also a component with even
symmetry. We therefore separate the signals according
to their symmetries, by computing the signals with even
symmetry, Leven(x, y), and odd symmetry, Lodd(x, y), as
follows:

Leven(x, y) =
L(x, y) + Lmir(x, y)

2
, (2a)

Lodd(x, y) =
L(x, y)− Lmir(x, y)

2
, (2b)

where Lmir(x, y) = L(xc−x, y) indicates the signal mir-
rored around the center xc of the waveguide. We find xc

with an accuracy of 250 nm by fitting a peaked function
to Lx. This uncertainty is caused by the low confinement
of the model waveguide used. With increasing confine-
ment this number will decrease. This approach is justi-
fied because |Ex| >> |Ey|. Hence, any appreciable shift
of Lx due to mixing between the two channels would re-
sult in Ly being dominated by a component with even
symmetry, which is clearly not the case.
In the middle and bottom panels of Fig. 2a and b

we show the field maps with even and odd symmetry
constructed with Eq. 2. We find that, as expected in Lx,
the even symmetry component is much larger than the
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Fig. 2. (Color online) (a) and (b) Top panels: 2D maps
of the real part of Lx and Ly, respectively. Middle and
Bottom panels: 2D maps of the real part of the signals in
Lx and Ly with even (Middle) and odd (Bottom) sym-
metry. In (a) and (b) the dashed black lines indicate the
position of the line traces shown in (c) and (d), the multi-
plication factors refer to scaling of the colormap. (c) and
(d) Line traces of the real part of the signal in Lx (c) and
Ly (d) (indicated by the light grey lines), together with
the even (dark blue lines) and odd (light blue lines) sym-
metry components, together with the fitted calculated in
plane electric fields (red lines).

odd symmetry component. Furthermore, we observe that
the minimum of the odd-symmetric signal in Ly is now
on the center of the waveguide, and that Ly contains a
non-negligible even-symmetric signal.
To gain more insight in our measurements, we inspect

line traces (at a constant y) along the maxima of the
signals with even and odd symmetry (Figs. 2c and d).
As the 2D maps suggested, Lx is mainly even, with a
negligible odd component. We attribute the signal with
even symmetry in Ly to the presence of Ex and Hy in
this channel. The presence of Hy or Ex in Ly, could be
caused by mixing of the polarizations in the probe, the
fiber or the detection path. We can place an upper bound
on the amount of mixing by comparing the amplitude of
the signal with even symmetry in Lx to that in Ly. From
this comparison, we estimate that we detect ∼ 1/30 of
the signal from Ex and Hy in Ly (1/900 in intensity).
Strikingly even such a small amount of mixing can dis-
tort Ly and, importantly, using Eq. 2 we can filter out
this mixing.
Having shown how we can use symmetry considera-

tions to identify the polarization mixing in our measure-
ments, we now quantify the sensitivities of our system.
In specific we use α′

x,y (Eq. 1) to fit the calculated in-
plane electric fields to our measurements. From these fits
we find that the relative sensitivity to the in-plane elec-
tric fields α′

x/α
′
y = 1.1 ± 0.2 ± 0.1. Here, the first error

indicates the range over which α′
x,y can vary before the

sum of squares of the residual of the fit increases by a
factor 2, and the second error follows from the 250 nm
uncertainty in xc. A comparison of the measurements to
the magnetic field instead results in the same sensitivity
ratio (β′

y/β
′
x = 1.2 ± 0.2 ± 0.3). The difference in sen-

sitivities could be explained by, for example, a slightly
ovally shaped probe, a more sensitive detector in the x
branch, or a slender tilt of the probe with respect to the
sample.
Because the signal with even symmetry in Ly is

smaller than the other signals and we understand its ori-
gin, we can use this channel to map an additional com-
ponent of the near field. Hence, we now turn to the SRP
measurements, where in addition to the in-plane elec-
tromagnetic components we also expect to detect signal
from the out-of-plane component of the magnetic field.
Here we orient the SRP such that the slit is parallel to x
(as sketched in Fig. 1a) and light from Hz will contribute
to Ly [4].
We confirm the detection of Hz by analyzing the am-

plitude of the standing wave pattern that results from
a reflection of the end facet of the structure (inset of
Fig. 3c). Because Ex and Hy do not experience a phase
flip upon reflection, whereas Hz does, the standing wave
of Hz is offset by a quarter wavelength compared to the
standing wave of Ex and Hy. In our measurements (inset
of Fig. 3c) we observe this shift, and accordingly detect
Hz with Ly [4].
Having confirmed the detection of Hz, we now write

the signals we expect to measure with the SRP as follows:

Lx ≈ α′
xEx, (3a)

Ly ≈ α′
yEy + γyZ0Hz, (3b)

where we use γy to quantify the sensitivity to the out-
of-plane magnetic field.
We show the field maps measured with the SRP in the

top panels of Fig. 3a and b. It is immediately evident
that these 2D maps differ greatly from those measured
with an AP (Fig. 2). Where with the AP Ly largely
had an odd symmetry, we now mainly observe an Ly

with even symmetry. Because we expect that the in-plane
fields with odd symmetry still contribute to Ly, we again
separate fields with even and odd symmetry in the signal
from the two detectors. We show the resulting 2D maps
in the middle and bottom panels of Fig. 3a and b. In
contrast to the measurements with an AP (Fig. 2), these
maps show that the dominant component of both Lx

and Ly now has an even symmetry. At the same time,
and in agreement with the measurements shown in Fig.
2, we only find a clear odd symmetry signal in Ly. That
is, the symmetries of our measured near fields allow us
to resolve three signals using only two detectors.
These findings are confirmed by the line traces of

the separated signals that are shown in Fig. 3c and d.
In these figure panels we see that the even symmet-
ric component of Lx and both the even and odd sym-
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Fig. 3. (Color online) (a) and (b) Top panels: 2D maps
of the the real part of Lx and Ly. Middle and bottom
panels: 2D maps of the real part of the signals in Lx and
Ly with even (Middle) and odd (Bottom) symmetry. The
scaling of the bottom maps in (a) and (b) is indicated in
the figures. (c) and (d) Line traces of the even (dark blue
lines) and odd symmetry (light blue lines) components of
Lx and Ly, together with the fitted calculated in-plane
electric fields (red lines). In (c) the inset shows line traces
of the amplitude of Lx (green) and Ly (purple) along
x = 0. In (d) the dark grey line indicates Hz fitted to
the signal in Ly with even symmetry.

metric components of Ly are in good agreement with
the calculated distributions for Ex, Hz and Ey, respec-
tively. By fitting these fields to the measurements, we
find for the SRP that αx/αy = 0.23 ± 0.08 ± 0.07 and
α′
x/γy = 0.94 ± 0.50 ± 0.05. That is, the sensitivity to

Hz is roughly equal to that of the superposition of Ex

and Hy. Furthermore, the SRP is also relatively more
sensitive to Ey than the AP. We explain the increased
sensitivity by the slit that forms the gap in the SRP,
because for y-polarized illumination there may exist an
available mode in the slit, whereas for x-polarized illu-
mination there is no available mode [15].
In this work we showed how symmetry can be used to

identify and separate different electromagnetic field com-
ponents in NSOM signals. By separating these fields, we
opened up a new detection channel that allowed us to
measure three near-field signals on only two detectors.
That is, we mapped the out-of-plane magnetic field and
two superpositions of the in-plane fields in two dimen-
sions. In the future, we aim to extend this method, so
that it can be used to measure all six components of
the electromagnetic field. In combination with [13], this
work allows for the simultaneous detection of five com-
ponents of the optical near field. Because the only un-
detected field component is Ez, which in our study has
odd symmetry, we aim to design a probe that in addition
converts this last component to radiation on Lx. Such a
probe, combined with the approach demonstrated in this

work, would make the detection of complete nanoscale
vector fields feasible. Lastly, the symmetries of the ridge
waveguide are generally present in nanophotonic struc-
tures. Since measurement of the phase of the near-field
signal is the only requirement enable the use symme-
try for separating fields, we believe that our method will
benefit different NSOM schemes, and experiments for a
wide range of nanophotonic structures.
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