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Spin-Orbit Coupling and the Evolution of Transverse Spin

Jorg S. Eismann,"? Peter Banzer,"? and Martin Neugebauer® > []

! Maz Planck Institute for the Science of Light, Staudtstr. 2, D-91058 Erlangen, Germany
2 Institute of Optics, Information and Photonics,
University Erlangen-Nuremberg, Staudtstr. 7/B2, D-91058 Erlangen, Germany

We investigate the evolution of transverse spin in tightly focused circularly polarized beams of
light, where spin-orbit coupling causes a local rotation of the polarization ellipses upon propaga-
tion through the focal volume. The effect can be explained as a relative Gouy-phase shift between
the circularly polarized transverse field and the longitudinal field carrying orbital angular momen-
tum. The corresponding rotation of the electric transverse spin density is observed experimentally
by utilizing a recently developed reconstruction scheme, which relies on transverse-spin-dependent

directional scattering of a nano-probe.

I. INTRODUCTION

The investigation of spin-orbit interactions of light has
become an integral field in modern optics, with a huge va-
riety of related effects being relevant for a manifold of ap-
plications [I]. Spin-orbit coupling plays an important role
in the design of spin-dependent meta-surfaces [2Hd], liq-
uid crystal mode converters [5l [6], and directional waveg-
uide and plasmon couplers [TH9], etc. Furthermore, it is
of relevance in the field of super-resolution microscopy in
the context of proper depletion beams [10, [IT], and in
optical manipulation experiments [12, [13].

The spin-orbit coupling also occurs naturally when a
circularly polarized beam is focused [I]. The arising or-
bital angular momentum can thereby be described by a
geometric Berry-phase effect [14], where the longitudinal
component of the field accumulates a phase of 27 for one
trip around the optical axis [I},[I5]. The corresponding fo-
cal field distributions and their properties regarding spin
and orbital angular momentum have been investigated in
various works over the last decade [I| [TGHIS].

In this Letter, we report on a novel effect caused by
spin-orbit interactions, which links the three-dimensional
distribution of the spin density (SD) to the orbital an-
gular momentum of the beam. Again, the effect occurs
when an initially circularly polarized collimated beam
of light—for simplicity, we consider a Gaussian beam
profile—is tightly focused. Because of the aforemen-
tioned spin-orbit coupling, the focused beam carries not
only spin, but also orbital angular momentum, which
arises in the form of a phase vortex of the longitudinal
field component [13, [15]. The superposition of the longi-
tudinal field and the circularly polarized transverse field
results in a tilted polarization ellipse offside the optical
axis. Consequently, the corresponding SD features trans-
verse components with respect to the propagation direc-
tion of the beam (optical axis). The actual local orienta-
tion of the spin depends on the relative phase between the
longitudinal and transverse fields, which changes upon
propagation [19]. As we will show later on, this causes the
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transverse components of the SD to rotate while travers-
ing the focal region.

In the following, we start by describing the aforemen-
tioned effect as a Gouy-phase-dependent interaction of
longitudinal and transverse fields [20]. For this we elabo-
rate on a simplified theoretical model in the framework of
an extended paraxial approximation considering also lon-
gitudinal field components. To demonstrate the rotation
of the transverse SD experimentally, we use a recently de-
veloped scheme for measuring transversely spinning fields
in tightly focused light beams [21], 22]. Finally, we com-
pare our results with numerical calculations and discuss
the possible implications of the effect on future works.

II. THEORETICAL MODEL

We begin with a simplified paraxial description of a
time-harmonic circularly polarized Gaussian beam. Uti-
lizing the complex beam parameter ¢ (z) = z—1zg, where
zr is the Rayleigh range of the beam, the transverse field
components are described by [23]
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with radius p = /22 + 42, up a complex amplitude,
and the wave number k. The sign of the polarization
vector oF indicates right- or left-handed circular polar-
ization. However, the field distribution as described by
Eq. does not fulfill Gauss’s law in vacuum, VE = 0,
which requires an additional longitudinal field compo-
nent. Within the paraxial approximation, the missing
component can be calculated using [24]
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For a more intuitive description of the distribution of E,,
we rewrite Eq. using the azimuth ¢ = arg (z + 1y) and
the Gouy-phase 7 (2) = tan~! (2/zg):
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As we can see, E, is represented by a first order Laguerre-
Gaussian mode with radial mode index 0 and azimuthal
mode index +1 (the sign depends on the handedness of
the incoming circularly polarized beam). Thus, the lon-
gitudinal field exhibits the helical phase-front typically
associated with the occurrence of orbital angular mo-
mentum [25]. Furthermore, in comparison to the trans-
verse field (zero order Laguerre-Gaussian mode), E, ex-
hibits an additional Gouy-phase factor [25]. Therefore,
the relative phase between longitudinal and transverse
fields changes upon propagation, which consequently af-
fects the three-dimensional polarization state [26].

Here, we take a closer look at the evolution of the SD of
the electric field sg, which describes the local orientation
and sense of the spinning axis of the three-dimensional
polarization ellipse [I} 27, 28]. For our paraxial model,
we result in:
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The longitudinal component of the SD has exactly the
same Gaussian distribution as the electric field intensity
distributions |E,|* = |E,|* « s3 whereby the sign indi-
cates right- and left-handed circular polarization. Most
importantly, it is shape-invariant upon propagation. In
contrast, the shapes of the transverse SD components de-
pend on the Gouy phase and, as a consequence, also on z.
In particular, the distributions of s}, and s% rotate upon
propagation along the z-axis. From z = —oc0 to z = o0,
the SD vector undergoes one half-twist around the z-axis.
The rotation direction depends on the handedness of the
incoming circular polarization.

For a more intuitive understanding, the effect is visu-
alized in Fig. [I} where we consider a right-handed cir-
cularly polarized beam propagating top-down, with the
local spin density marked as blue vectors and the corre-
sponding orientation and spinning direction of the elec-
tric field indicated by black arrows. In the far-field of the
upper half-space (z < 0), the spin points towards the ge-
ometrical focus. A projection onto the z-y-plane reveals
that the transverse SD, S}LE = s}pe, + ste,, is pointing
towards the optical axis (see top right inset). Upon prop-
agation, the relative phase between the transverse and
longitudinal field components changes, which results in a
rotation of the transverse SD. In the focal plane, s ex-
hibits a purely azimuthal distribution (see central inset).
Below the focal plane (z > 0), the rotation continues,
finally reaching a radial distribution pointing away from
the optical axis in the far-field (lowest inset).

In order to confirm the half-twist of the spin density,
we elaborate on this phenomenon with an experimental
demonstration and numerical calculations.

FIG. 1. Illustration of the electric spin density sg distribution
of a tightly focused right-handed circularly polarized beam.
The beam (red) propagates top-down, with the blue vectors
indicating the local orientation of sp and the black vectors
corresponding to the polarization ellipse of the electric field
E. The sketches on the right side represent the transverse
spin density s% for different planes of observation.

III. EXPERIMENTAL OBSERVATION

First, we investigate the rotation of the SD experi-
mentally. Since the strength of the transverse spin de-
pends on the lateral confinement [27], we investigate
a circularly polarized beam (wavelength A = 532nm)
tightly focused by a high numerical aperture microscope
objective (NA = 0.9, pupil filling factor ~ 0.8). The
beam impinges onto a dipole-like gold nano-sphere (ra-
dius &~ 40nm) sitting on a glass substrate, which is
scanned through a focal volume of ~ 3 x 3 x 3 um?,
where we use a step size of 30nm in lateral directions
(x and y) and steps of 200 nm along the propagation di-
rection (z). For each position, the light scattered into
the glass half space is collected with an index-matched
immersion-type objective. The directionality of the scat-
tered light into the substrate allows for determining the
transverse SD of the excitation field at the particle posi-
tion [21L 22]. This is due to the fact that the directional
scattering is a direct consequence of the spinning electric
dipole induced in the particle by the locally transverse
components of the SD [27]. Finally, we assemble the
scanning results to three-dimensional representations of
the transverse SD components s%, and sY,. The measure-
ment results for right- and left-handed circularly polar-
ized incoming beams are depicted in Figs. [2a){2|b) and
Figs. f)(g). As predicted by the paraxial model and
Eq. (4)), the distributions of the transverse SD compo-
nents rotate upon propagation, with the rotation direc-
tion depending on the handedness of the incoming circu-
lar polarization. This verifies the coupling of the trans-
verse SD distribution and the longitudinal orbital angular
momentum. For a quantitative comparison, we calculate
the corresponding transverse SD distributions using vec-
torial diffraction theory [29] [30], where we use the same
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FIG. 2. Experimental and theoretical results. (a)-(d) The experimentally measured and theoretically calculated transverse SD
components sg and s% in the focal volume of a tightly focused right-handed circularly polarized (RCP) beam. For each plane of
observation along the z-axis, the transverse SD is normalized to its maximum amplitude for better visibility. (e) Experimental
(green and purple circles) and theoretical (green and purple lines) rotation angles of the transverse SD distributions calculated

from the distributions in (a)-(d).

parameters as in the experiment and consider the beam
to be in free-space (effects of the glass substrate on the
field distributions are not taken into account). The theo-
retical results are shown in Figs.[2|(c){2[d) and Figs.[2(h)-
i). All four theoretical distributions are in very good
agreement with their corresponding experimental coun-
terparts. Also the rotation of the transverse spin den-
sities predicted by the simplified paraxial model is con-
firmed by the vectorial diffraction theory. As a next step,
we determine the rotation angles of the distributions of
s% and s¥. For this purpose, we calculate the centroids
of the positive and negative parts of the respective SD
component for each z-y-plane of observation along the
z-axis, and define the angle between the connection line
of both centroids and the z-axis as rotation angle ¢ (z).
The theoretical (solid lines) and experimental (circles)
rotation angles are plotted in Figs. e) and j), where
the green and purple colors correspond to s%, and s%,
respectively. For the right-handed circularly polarized
beam the experimentally measured rotation angles ex-
hibit a negative angular offset with respect to the the-
oretical curves, while for the left-handed circularly po-
larized beam the offset is positive. This spin-dependent
offset is caused by the interference of the incoming beam
and the light reflected by the glass substrate, which is
not considered in the theoretical treatment. Still, the ro-
tation angles follow a modified inverse tangent function,
#(z) = ttan"'[(z + 2,) /2R] + ¢o, With 2, the offset
along the z-axis and ¢, the angular offset. The fits, which
overlap very well with the experimental data, are plotted
as gray lines. This verifies that even in the tight focus-
ing regime, we can use the relative Gouy-phase factor

The Gouy-phase factor is fitted to the experimental data (gray lines). (f)-(j) Similar to
(a)-(e), but for a left-handed circularly polarized (LCP) beam.

between longitudinal and transverse fields derived from
the paraxial model as a qualitative explanation for the
half-twist of the SD.

IV. DISCUSSION

In conclusion, we observed the rotation of the trans-
verse SD upon propagation in tightly focused circularly
polarized beams. The effect can be explained by a differ-
ence in mode orders and, therefore, a relative Gouy-phase
between the transverse field components and the longi-
tudinal field, which carries orbital angular momentum
due to spin-orbit coupling. The theoretical description
of this effect is conceptually related to similar polariza-
tion interference effect, where two orthogonally polarized
beams with different mode orders interfere resulting in a
changing two-dimensional polarization distribution upon
propagation due to different Gouy-phase shifts [6, 3T, 32].
In our case, the effect is caused by spin-orbit interaction
and occurs for the transverse SD components represent-
ing a three-dimensional polarization parameter [33]. In
this regard, the measurement of the rotation of the trans-
verse spin density can also be interpreted as an experi-
mental demonstration of the non-separability of three-
dimensional fields [34] 35], and the generation of orbital
angular momentum by tight focusing [T, 16}, [17].

The evolution of three-dimensional polarization states
upon propagation might find application in novel polar-
ization based metrology approaches, where the local po-
larization state entails information on the position of a
scatterer relative to an excitation field [36H38]. By uti-



lizing a more complex input field distribution, it is pos-
sible to tailor the rotation of the spin density for a given
axis in space [19], which might facilitate the practical
implementation of such position sensing techniques and
spin-based directional coupling experiments [8, [@]. Fi-
nally, the notion of a position dependent orientation of
the spin density in tightly focused circularly polarized
beams can be relevant for optical manipulation experi-
ments, with the local spin exerting a torque or a lateral
force on nano-particles [39 40].
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