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We generate tightly focused optical vector beams whose electric fields spin around an axis transverse to
the beams’ propagation direction. We experimentally investigate these fields by exploiting the directional
near-field interference of a dipolelike plasmonic field probe placed adjacent to a dielectric interface. This
directionality depends on the transverse electric spin density of the excitation field. Near- to far-field
conversion mediated by the dielectric interface enables us to detect the directionality of the emitted light
in the far field and, therefore, to measure the transverse electric spin density with nanoscopic resolution.
Finally, we determine the longitudinal electric component of Belinfante’s elusive spin momentum density,
a solenoidal field quantity often referred to as “virtual.”
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Introduction.—The angular momentum (AM) of light
can be decomposed into two distinct parts: the spin and the
orbital AM. While the spin AM is associated with circular
polarization, i.e., with a spinning electric and magnetic
field vector, the origin of orbital AM resides in the phase
gradient [1-4]. In beams that can be described within
the paraxial approximation (here defined by possessing
negligible longitudinal field components), the spin density,
a quantity describing the local circular polarization of the
light field, is either parallel or antiparallel to the beam’s
propagation direction [2,5].

However, this property does not hold true in nonparaxial
light fields or evanescent waves [3,6]. Indeed, fields with
a spinning axis transverse to the propagation direction
(corresponding to transverse components of the spin den-
sity) have recently been investigated in the case of tightly
focused polarization tailored vector beams [7-10], two-
wave interference [11], evanescent waves [5], surface
plasmon polaritons [12], and whispering-gallery-mode res-
onators [13]. In addition, they have proven to be a useful
tool in nano-optics for controlling directional emission
and waveguide coupling of dipolelike plasmonic antennas
[10,14,15], and can be used to probe circular dichroism
induced by an external static magnetic field [16,17].

Besides these applications, the transverse spin density
also yields a contribution to the longitudinal linear momen-
tum density [5,12]. Similar to the AM, the cycle-averaged
linear momentum density of a monochromatic light field
p x Re[E x H*] also can be separated into spin and orbital
parts, p = p, + p,. The orbital contribution p, equals the
canonical momentum density, which is proportional to the
local phase gradient [5]. The solenoidal spin part p,, which
is defined by the curl of the spin density, is referred to
as Belinfante’s spin momentum density (BSMD) [1]. While
BSMD has long been considered a “virtual” field quantity,
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since it does not exert force on an absorbing Rayleigh
particle (radius < wavelength) [3,5,18], recent theoretical
and experimental studies indicate the possibility of meas-
uring BSMD directly by light-particle momentum transfer
in the Mie-scattering regime (radius =~ wavelength)
[5,19-21]. Consequently, for the investigation of this
intriguing BSMD in an optical tweezer setup, and for
the implementation of optical transverse-spin-dependent
experiments [10,14,16,22], measurements of individual
components of the spin density and BSMD in complex
field distributions are highly desirable.

Here, we present direct measurements of the distribu-
tions of the transverse spin density components of tightly
focused linearly and radially polarized monochromatic
beams of light. In addition, we determine the corresponding
longitudinal component of BSMD from experimental data.

Theoretical foundation.—To describe the distributions of
the transverse spin density as well as BSMD, we start with
the general definition of the spin density [1-3],

s « Im[eg(E* x E) + po(H* x H)]. (1)
Equation (1) depends on both the electric and magnetic
field [3]. Here, we only consider the electric contribution,
s o« Im[E* x E], since the plasmonic field probe used in
the experiment described below predominantly reacts to the
local electric field [23]. The transversely spinning electric
fields can be written explicitly as [5]

sp o« Im[ESE, ], (2a)

sy o« Im[EE,], (2b)
with the upper index i = x,y denoting the spinning axis.

Both parameters are akin to the classical Stokes para-
meter, S3 s o« Im[EYE,], describing the longitudinal
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component of the spin density (circular polarization) in
paraxial light beams [2,24]. In fact, all three components
of the spin density are proportional to the respective 3D
Stokes parameters defined in Refs. [25-27]. Alongside the
transverse spin density, we experimentally investigate the
electric contribution to BSMD generated by the curl of
the electric spin density, p,; p « V x sg. The longitudinal
component of pg . is therefore given by

Pig & (D5 — Oysp). (3)

In the upcoming paragraph, we show how the distributions of
s} and s}, in the focal plane of a high numerical aperture
focusing system can be determined via a nanoprobe scanning
measurement, which also permits the calculation of p§ ..

Experimental concept.—Our experiment is based on
probing the tightly focused electric fields with a dipolelike
plasmonic scatterer. Position-dependent transversely spin-
ning electric fields induce a transversely spinning dipole
moment, which can result in directional far-field emission
[see Fig. 1(a)] [10,14,28]. Measuring the emission direc-
tionality for each position of the field probe allows us to
reconstruct the transverse spin density. In the following, we
describe the underlying theoretical concept and, therefore,
briefly discuss the directional far-field emission of a
transversely spinning dipole sitting on an interface.

If a dipole is in close proximity to a second dielectric
medium with a higher refractive index (here: glass,
n = 1.5), the evanescent near fields of the dipole in the
optically less-dense medium can be partially converted into
propagating waves at the interface [29]. Those propagating
waves can then be observed in the far field, in particular, in
the region above the critical angle indicated by the red arcs
in Fig. 1(a). The critical angle itself is outlined by the
dashed black line and corresponds to a numerical aperture
of 1. The interface between both dielectric media can be
considered planar with the surface normal z pointing into
the glass half-space. For the chosen Cartesian coordinates
(see Fig. 1), the region above the critical angle is defined by
k,/ky =NA € [1, 1.5], with the transverse wave number
ky = (k4 k2)"'/? and the wave number in vacuum
ko = w/c. The intensity emitted into the far field consists
of two polarization components: the transverse magnetic
(TM) and transverse electric (TE) components,

1(ky, ky) o |Erg|* + |Eqg/*. (4)
Considering only one specific transverse wave number
above the critical angle, k, = k’r which implies the
restriction to a ring around the optical axis of the system
in k-space, we can obtain a simplified expression for the
far-field intensity [10],
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(a)

FIG. 1 (color). Experimental concept, setup, and far-field
detection scheme. (a) A transversely spinning dipole (here:
counterclockwise spinning denoted by the black arrow in the
inset) in close proximity to a dielectric interface has a directional
emission pattern (green line) into the region above the critical
angle (red arc). The actual critical angle is indicated by the dashed
black line at the numerical aperture (NA) equal to 1. (b) An
incoming (here: radially or linearly polarized) paraxial beam is
tightly focused onto a gold nanoparticle (radius = 40 nm) sitting
on a glass substrate. The light emitted by the dipole into the
region above the critical angle (NA > 1) can be collected up to
a NA of 1.3 by the immersion-type objective. An exemplarily
measured far-field pattern of a transversely spinning dipole is
depicted in (c). Only the light scattered by the particle is detected
above the critical angle. Averaging the intensity in four small
regions in k-space (white circles) yields four intensity values
(11,12,13, and 14)

2 (5b)
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The components of the electric dipole moment ¢ =
(9x»4y+q,) have herein complex values, and the longi-
tudinal component of the k-vector is defined by
k, = [k — k'2]/2, which results in k_, = 1|k,| in the angular
regime above the critical angle.

As can be seen from Eq. (5b), the transverse electric
component |Erg|? is always symmetric with respect to the
z axis. In contrast, the transverse magnetic component
|Expm|* defined in Eq. (5a) can be asymmetric (directional),
because of the interference of the longitudinal dipole
moment with the transverse dipole moments [10,14,28].
By comparing the intensity scattered into opposite direc-
tions along the x and y axis, AI* = I(0,—-k",) —1(0,k'))
and AP’ = [(K'|,0) —I(—k' ,0), we obtain as a result a
simple measure for the directionality,
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AT o Im[g}q.], (6a)
AP o Imlglq.]. (6b)

The expressions for the directionality parameters in Eq. (6)
are formally equivalent to the formulas for the transverse
spin densities in Eq. (2), the only difference being the
dependence on the transversely spinning dipole moments,
in lieu of the transversely spinning electric fields. For that
reason we choose the same notation, with the upper indices
x and y representing the respective spinning axis of the
dipole. In our experiment, we utilize this equivalence
between Eq. (6) and Eq. (2) to measure the spatial
distribution of the transverse electric spin density and,
accordingly, the longitudinal electric component of BSMD.
For that purpose we use a subwavelength, dipolelike
plasmonic particle as field probe, and choose the wave-
length of the incoming beam to be close to the electric
dipole resonance of the particle. In these conditions, the
particle primarily gets excited by the local electric field. Its
polarizability and, for this reason, its dipole moment is
proportional to the local electric field vector, q « E [23].
With this approximation we can rewrite Eqgs. (6) as

Al x s}, (7a)
Al  s%. (7b)

By exploiting this simple proportionality law, we are able
investigate the transverse spin density of the electric field
in the focal plane of tightly focused radially and linearly
polarized light beams. Both types of beams are often
utilized in nano-optics [10,30-32], and have interesting
properties regarding ps ., as will be discussed below.

Experimental implementation.—The experimental setup,
similar to that described in our earlier studies [31,32],
is depicted in Fig. 1(b). The incoming paraxial beam
(with either radial or linear polarization) is tightly focused
by a first microscope objective with NA = 0.9. In the focal
plane, a spherical gold nanoparticle (radius 40 nm) sitting
on a glass substrate is utilized to probe the transversely
spinning electric fields. The wavelength of the beam,
A =530 nm, is close to the electric dipole resonance of
the particle. The light scattered by the particle as well as
the beam transmitted through the air-glass interface are
collected and collimated by an oil immersion objective
mounted from below. Since the second microscope objec-
tive has a NA of 1.3, the intensity distribution above the
critical angle (k| /ko = NA € [1, 1.3]) can be imaged using
an additional imaging lens and a camera [see exemplary
image of the back focal plane in Fig. 1(c)].

While moving the particle through the focal plane
(xy plane), we measure the intensity distribution in the back
focal plane for each particle position, restricting ourselves
to the region above the critical angle as indicated. We

average the detected intensity over four small separated
regions in k-space [see white circles in Fig. 1(c)], yielding
four intensity values (I/y, I, I3, and I4) corresponding
to four different k-vectors. By calculating the difference
signals AI* =15 —1, and AP’ =1, — 1, s} and s} are
determined via Egs. (7).

Experimental and theoretical results.—We use the afore-
mentioned experimental scheme and reconstruction tech-
nique to investigate two different tightly focused beams
under normal incidence. In theory, both beams have no
longitudinally spinning fields, hence s = 0 in the focal
plane, and only the longitudinal component of BSMD,
ps g, is different from zero. Figure 2(a) illustrates the
polarization distribution of an incoming radially polarized
beam before focusing, while Fig. 2(b) shows the numeri-
cally calculated electric field distribution |E.|* in the
focus. Both distributions exhibit the same cylindrical
symmetry with respect to the optical axis. However, a

(@)

FIG. 2 (color). (a) The beam profile of the incoming paraxial
radially polarized beam, and (b) the respective theoretically
calculated focal energy density distribution of the electric field
|E|>. The measured distributions of the two components of the
transverse spin density s} and sy (normalized to their common
maximum value) are depicted in (c) and (d), and the experi-
mentally reconstructed component of Belinfante’s spin momen-
tum pﬁ’ ¢ (normalized to its maximum value) is shown in (e). The
corresponding theoretically calculated distributions are plotted
as insets. A side view of the tightly focused beam propagating in
the z direction (green arrow) is sketched in (f). Counterclockwise
and clockwise transverse spinning of the local electric field vector
to the left and right of the optical axis (gray arrows) yields an
antiparallel p? . (red arrow) on the optical axis.
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strong longitudinal field component appears in the center of
the focal spot [30]. In Figs. 2(c)-2(d) the measured trans-
verse spin density components s% and sy are depicted.
The experimental distributions exhibit a very good overlap
with theory (see insets) demonstrating the high accuracy
of the measurement approach. Using those results, the
distribution of p{ p is reconstructed from the experimental
data using Eq. (3) [see Fig. 2(e)]. The comparison with
the theoretical distribution (see inset) shows a very good
overlap as well. An interesting result is that BSMD is
negative in the center of the beam, which implies that, on
the optical axis, BSMD is antiparallel to the propagation
direction of the radially polarized beam [see side view
sketch in Fig. 2(f)]. A similar effect can be seen in
evanescent waves or surface plasmon polaritons [5,12].
In theory, the magnetic field is zero on the optical axis
of the tightly focused radially polarized beam, because of
the azimuthal symmetry of the magnetic field vectors.
Accordingly, the linear momentum density p is zero as
well. For this reason, the electric component of BSMD
must have exactly the same value as the canonical
momentum, but with the opposite sign, p; p = —p;. The
spin momentum and the orbital momentum are in equilib-
rium as indicated by the schematics in Fig. 2(f).

As an example for a case with significantly different
distributions of s}, s, and p? ., we consider a tightly
focused linearly polarized beam. A sketch of the incoming
paraxial beam is depicted in Fig. 3(a). The calculated focal
spot in Fig. 3(b) shows the typical elongated distribution
caused by the breaking of the axial symmetry by the
polarization state of the incoming beam [30]. Additionally,
the distributions of sy, and si- depicted in Figs. 3(c)-3(d) are
drastically changed in comparison to the radially polarized
beam. The x component of the electric spin density is very
weak (it has nonzero values) and beyond the noise level
of our experimental data. However, the measured distribu-
tion of sy has a very good overlap with the theoretical
prediction. In contrast to the radially polarized beam
[see Fig. 2(d)], the spinning directions of the electric field
to the left and right of the optical axis have flipped their
signs. As a result, the distribution of pf . in Fig. 3(e)
is positive on the optical axis, and therefore parallel to
the canonical momentum [see sketch in Fig. 3(f)]. This
demonstrates that the sign of BSMD on the optical axis is
linked to the symmetry and polarization distribution of the
incoming beam.

Discussion and conclusions—In this Letter, we have
measured the spatial distribution of the transverse compo-
nents of the electric spin density in tightly focused vector
beams. The high resolution of the nanoprobe scanning
measurement permitted us to subsequently reconstruct
the longitudinal electric component of Belinfante’s spin
momentum density. By comparing radially and linearly
polarized beams, both commonly used in nano-optics and
optical tweezer experiments, we have shown that the

(2)
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FIG. 3 (color). (a) The beam profile of the incoming paraxial
linearly polarized beam, and (b) the respective theoretically
calculated focal distribution of | E,|?. The measured distributions
of s and s}, (normalized to their common maximum value) are
depicted in (c) and (d), and the experimentally reconstructed
distribution of p? ; (normalized to its maximum value) is shown
in (e). The corresponding theoretically calculated distributions
are plotted as insets. A side view of the tightly focused beam
propagating in the z direction (green arrow) is sketched in (f).
Clockwise and counterclockwise transverse spinning of the local
electric field vector to the left and right of the optical axis
(gray arrows) yields a parallel p? . (red arrow) on the optical axis.
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transverse spin density and, consequently, BSMD can be
tuned by the mode and polarization state of the incom-
ing beam.

In a recent article, a full reconstruction technique of focal
fields in terms of the amplitude and phase distributions
of the electric field components has been introduced [32].
In principle, this scheme also enables the calculation of
all components (electric and magnetic) of the spin density
and the corresponding linear momentum density [1-3].
Nevertheless, it requires solving a complex set of equations
from which the parameters can be deduced. Conversely,
in this Letter we have shown that by restricting ourselves
to the experimental reconstruction of the transverse com-
ponent of the electric spin density, taking advantage of
directional scattering, a simple difference signal measure-
ment in the far field is sufficient for an accurate
high-resolution determination of the longitudinal electric
component of BSMD. In addition, the measurement tech-
nique can also be used to investigate field distributions that
are more spatially extended.
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In general, transversely spinning fields might be useful
for achieving 3D control for the excitation of quantum
dots or single atoms [13]. Furthermore, they might find
application in optical tweezer experiments. With the goal
of determining individual forces and torques of an optical
particle trap, a map of individual angular momentum
components is especially crucial [21,33].
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