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Direct Visualizing the Spin Hall Effect of Light via Ultrahigh-Order Modes
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We report an experiment showing the submillimeter Imbert-Fedorov shift from the ultrastrong spin-
orbital angular momentum coupling, which is a photonic version of the spin Hall effect, by measuring the
reflection of light from the surface of a birefringent symmetrical metal cladding planar waveguide. The
light incidents at a near-normal incident angle and excites resonant ultrahigh-order modes inside the
waveguide. A 0.16-mm displacement of separated reflected light spots corresponding to two polarization
states is distinguishable by human eyes. In our experiment, we demonstrate the control of polarizations of
light and the direct observation of the spin Hall effect of light, which opens an important avenue towards
potential applications for optical sensing and quantum information processing, where the spin nature of

photons exhibits key features.
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The spin-orbit interaction of photons on the interface
with the refractive-index inhomogeneity corresponds to the
interplay between the spin degree of freedom of light and
the extrinsic orbital angular momentum, which is a pho-
tonic version of the spin Hall effect [1-3]. It leads to a
perpendicular spin-dependent displacement of light, i.e.,
the so-called Imbert-Fedorov (IF) shifts [4,5]. For many
measurements of the spin Hall effect of light (SHEL), the
displacement between two opposite spins is at the order of
the wavelength of light, which cannot be distinguishable by
human eyes. The quantum weak measurement technology
[6-11] therefore has been utilized, which desires a complex
experimental setup and hence limits potential practical
applications [9,11]. On the other hand, the general concept
of SHEL associated with the polarization nature of light
occurs universally in many optical systems [10]. It leads to
the longitudinal Goos-Hénchen shift from the spatial
dispersion of light and also the transverse IF shift [7,9],
which originates from the geometric Berry phase and the
conservation of normal components of the total angular
momentum of light [10]. Because of the unique physical
nature [5-9] as well as possible implications in the
metrology and the spin-based nano-optics [10,11], the
research of SHEL is of important interest [12-14]. In
particular, a large number of experimental works with the
quantum weak measurement have been performed to
observe the IF shift at a variety of optical platforms
including the air-dielectric interface [15-20], metamaterial
with the photon tunneling process [12], metasurfaces
[17,21-24], Weyl semimetals [25], heterostructure semi-
conductors [26], and thin films supporting leaky guided
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modes [27], where the quantum noise of light limits the
efficiency of the measurement [11]. Recently, methods
associated with the surface plasmon resonance (SPR) have
been applied to enhance the SHEL [27-30]. For example,
an enhancement with a factor of 50 is revealed for the light
incident on the metal surface near the Brewster angle,
which gives the IF shift ~3.2 ym [30]. Moreover, a small
incident angle for the enhancement of SHEL in hyperbolic
metamaterials has been explored and the transverse beam
shift is ~9 ym [31]. A natural question arises: is there a
system supporting an IF shift associated with the SHEL that
is large enough to be distinguished by human eyes?

In this Letter, we show an ultrastrong spin-orbital
angular momentum coupling of light in the experiment
by using the resonance of resonant ultrahigh-order modes
(UOMs). A linear-polarized light is incident into the
birefringent symmetrical metal cladding planar waveguide
at the near-normal incident angle #;, and excites a high
density of UOMs inside the waveguide [32-35]. The
experiment shows a transverse spatial deviation at a
submillimeter scale in the reflected light corresponding
to two opposite spins, which can be visibly seen on the
CCD. Our work points out a unique platform for studying
the fundamental physics of the ultrastrong spin-orbital
angular momentum coupling of light without applying
the quantum weak measurement, leading towards broad
potential implications including quantum information,
optical communications, and biosensing.

We start with a brief description on the physical picture
of the spin-orbital angular momentum coupling of light by
considering a plane wave incident on a surface. Under the
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FIG. 1. Spin-orbital angular momentum coupling of light on the
birefringent symmetrical metal cladding planar waveguide and
the polarization-dependent resonances. (a) The physical picture
of SHEL. (b) 3D schematic diagram of the birefringent sym-
metrical metal cladding planar waveguide. (c) IF shift is calcu-
lated by the transfer-matrix method. Peaks a and ¢ are due to the
p-polarized resonance, while peaks b and d are related to the s-
polarized resonance [37].

transverse momentum conservation after the reflection,
the polarizations associated with the plane-wave compo-
nents experience different rotations due to the optical
spin-orbit interaction. In the spin basis set, the polariza-
tion states correspond to |H) = (1/v/2)(]+) + |-)) and
V) = (=i/v2)(]+) — |-)). Here, H (V) represents hori-
zontal (vertical) polarization. |+) (|—)) corresponds to left-
(right-)circularly polarized light [LCPL (RCPL)]. In the
lowest-order approximation, the change of one polarization
state |H) after the reflection gives |k,)|H) — |k,)(|H) +
k,6|V)) = |ky)|p) with ¢ = k,6 < 1. In the spin basis,
lp) = (1/V/2) [exp(—ik,8)|+) + exp(ik,6)|—)], which can
be written in the matrix form with exp(—ik,530) giving the
interaction between the spin and the transverse momentum
of light [36]. Expressions of the reflected angular spectrum
can be written as [37]

8) = = expliky L, )14 +expl—iky ). (1)
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Here, 5ﬁi>::|:(1+rs/rp)cot9,~/ko, 5Y|i)::|:(1+”p/”s)><
cotd;/ kg, and ko =2m/ly. Ay is the wavelength of
incident light, 6; is the incident angle, and ry (r)) is the
Fresnel reflection coefficient for the s (p) polarization
at 0; [see Fig. 1(a)]. Hence, in Eqgs. (1) and (2), the terms
exp(+ik,,8](,,) and exp(=£ik,,8) ) indicate the spin-orbit
coupling terms in the case of horizontal and vertical
polarizations of photons.

We consider the incident Gaussian beam with the H
polarization. From the boundary condition, we obtain
relations k,, = —k;, and k,, = k;, for the incident (k;,)
and reflected (k,,) optical momenta reciprocal to the Y axis.
From Egs. (1) and (2), we have the general expressions of
the reflected field [37]
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where @, , is the phase of the Fresnel reflection coefficient.
The similar expressions have been applied several times in
the literature [26,36,41-44].

In Eq. (5), |5f"’+v> —6ﬁ;>| gives the separation of the
reflected RCPL and LCPL with the incident light at the
polarization H or V, which corresponds to the splitting of
opposite spin photons as the result of the spin-orbit
interaction in light propagation. This quantity denotes
the transverse shift (i.e., IF shift) [31]. The general strategy
for enhancing such a shift is to achieve a large |r,|/|r,| or
|rs|/|r,| [10-13]. For instance, one uses the polarization-
dependent resonance such as SPR to reduce the reflectivity
of one polarization to 10~* in a practical experiment, and to
achieve an enhancement factor up to 10%. The resulting IF
shift reaches to the micrometer scale and therefore one can
observe it by using the quantum weak measurement
technology [12—18].

On the other hand, with a large |r,|/|r,| or |r,|/|r,|, the
IF shift can be further enhanced by increasing cot®; in
Eq. (5). One notices that cot; approaches infinite as 6;
reduces to zero. Therefore, considering a case with the
incident angle 0; < 1 degree and |r,|/|r,| = 10, one can
find the estimated total enhancement factor is ~570. It
therefore gives a submillimeter scaled IF shift in theory.
Achieving such an enhancement by utilizing the term cot8;
in the experiment desires the polarization-dependent res-
onances at the near-zero incidence. Here, we show the
possibility of achieving the increase of cot8; together with
a large |r,|/|r,| or |rs|/|r,| by using the UOMs in our
designed waveguide, and hence realizing an IF shift at the
order of submillimeter, which can be directly distinguish-
able by human eyes.
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The UOMs are the oscillating standing modes bounded
in millimeter thick metal-dielectric-metal structure as
shown in Fig. 1(b), which is referred to as the symmetrical
metal cladding planar waveguide [32-35]. In such a
waveguide, the use of the thin metal coupling layer
(d~30nm) and the small effective refractive index
(ngr < 1) enables the direct coupling of light from the
free space into the guiding layer without any additional
coupler such as grating or high-index prism [12,20-23].
Moreover, the relatively thick guiding layer sandwiched
between two metal layers can support thousands of guided
modes, which obey the dispersion relation

kd = mzx + 2 arctan (m=1,2,3,.), (6)

a
p_a
K

where p = 1 for TE(s) modes, while p = &, /¢, for TM(p)
modes. m is an integer and denotes the mode order. The
vertical propagation constant « in the guiding layer and the
decay coefficient « in the metal claddings are defined by
k= (ke, — p*)'/? and a = (B* — kie,)'/?, where k is the
wave number in the free space, €; and &, represent the
dielectric constants of the dielectric and the metal films,
respectively, and f# = koN is the transverse propagation
constant with the effective refractive index N for all guided
modes. The expression for x can be rewritten as
x = ko(e; — N?)'/2. One can find that # approaches zero
when 6; goes to zero. The second term on the right-hand
side of Eq. (6) is usually ignored since it goes to nearly zero
for the experimental condition m > 10°. We therefore can
expand Eq. (6) near 8; = 0, which reads

()

cost;, ~m

2/ed’

where 0;,, refers to the resonant incident angle for the
mth UOM. From Eq. (7), we notice that there exists an
UOM with an integer m, = [2,/€1d/4], which makes
cos®;,, ~ 1. Hence, in our designed optical structure,
a near-zero (0; ,,, ~ 0) incidence of light can be efficiently
coupled into the resonant mode inside the guiding layers,
which not only makes it possible to achieve a significant

large \51"' +V> 5ﬁ‘_‘;| associated to the SHEL, but also

generates a sufficiently large signal. It should be noted
that Eq. (7) is only valid for the small incident angle 6,
while one can find the more accurate way to calculate the
reflectivity of the layered structure via the transfer-matrix
method [37].

Here, we compare three structures with the SPR scheme,
Brewster’s angle, and UOMs, respectively [37], with
similar parameters and calculate the possible incident angle
of light at resonant couplings. We choose |r,|/|r,|~9
for all three structures. For cases with the SPR scheme
and Brewster’s angle, one obtains 0; as 43.72° and 56.30°,
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FIG. 2. Experimental setup and intensity distributions of
incident and reflected light. (a) Experimental setup. (b) Spot
detection system. (c) and (d) the CCD image and the intensity of
incident light spot, respectively. The CCD image and the intensity
distribution of reflected light spot, respectively. QWP: quarter-
wave plate; TIP: tunable linear polarizer; BP: beam splitter.

respectively, which leads to the enhancement factor
cotf; <09 for both cases [36,41-44]. This gives

|5r| W 6H V| < 0.94/2r, corresponding to a nanometer

order of magmtude that requires the quantum weak
measurement for the observation in the experiment. As a
comparison, for the birefringent symmetrical metal clad-
ding planar waveguide with UOMs, we plot the simulation
results of |5'rq‘ +V 6H V| with the incident angle varying
from 0° to 3.0°in F1g 1(c). For a peak value of |r|/|r,|, the
corresponding coupling angle 0; is ~0.47°, \5ﬁ ) 5H V| >
10°1/2z, which exhibits a significant enhancement for
SHEL [37]. It therefore makes it possible to reach the
submicrometer IF shift for the direct measurement of SHEL
in the experiment, which we demonstrate in the following.

The experimental setup is shown in Fig. 2(a). A pump
laser beam from a 632.8 nm He-Ne laser (model TEM,),
with an incident power of 25 mW, knocks on a beam
splitter. The reflected beam from the beam splitter is
collected by a photodetector which is used to monitor
the output power. The corresponding transmission beam
passes the linear collimating system, and then illuminates
on the surface of the birefringent symmetrical metal
cladding planar waveguide hold on a rotation stage. The
stage is controlled by a step motor linked to the computer
which can be rotated precisely. By rotating the stage, the
incident angle of light is tuned, so we can excite the desired
UOMs of the waveguide at the coupling angle. The
reflected light from the waveguide is projected onto a
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FIG. 3. The splitting in the reflected light spot for different
external applied voltages. (a) 3D schematic diagram of the
birefringent symmetrical metal cladding planar waveguide.
(b) The measured reflection spectra for TM (p) polarization at
different applied voltages. (c)—(e) The experimental measurement
of polarization dependent splitting in the reflected light spot for
external voltages as 0, 10, and 20 V, respectively. The incident
angle is fixed at 0.47 degree [see the dashed line in (b)].

screen and captured by the CCD. A spot detection system,
constructed by a quarter-wave plate and a linear polarizer
[see Fig. 2(b)], can be used before the light gets into the
CCD. With this additional spot detection system, one can
distinguish the polarization nature of light, i.e., spin |+)
and spin |—) components in the collected signal, by
changing the angle o between the mean axis of the linear
polarizer and vertical axis.

We first show the images and intensity distributions of
the incident light as well as the reflected light from the
waveguide in CCD, respectively, in Figs. 2(c) and 2(d). One
can directly see that the reflected light exhibits two
separated spots for the incident angle being 8, = 0.57°
in the experiment. Meanwhile, compared to the spot of the
incident light, the brightness of each spot of the reflected
light has been reduced, and the corresponding area of
illumination expands towards both directions along the
Y axis.

To present the resonance of the incident light coupling
into the waveguide by exciting the UOMs, we show the
experimental results of the collected reflected light with
different incident angles in Fig. 3. Figure 3(b) displays
plots of the reflectivity vs the incident angle with three
different external voltages, which are voltage applied on
two surfaces of waveguide layers to change the effective

refractive index. As indicated in Eq. (6), the resonance of
the corresponding UOM is modified by the voltage.
Therefore, one finds that three plots of the reflectivity in
Fig. 3(b) exhibit the dip (i.e., the resonance) at different
coupling angles. In particular, a specific resonant dip for
TM (p) polarization locates at #; = 0.57° without the
external voltage, and 0; is shifted to 0.47° when the applied
voltage is 20 V. We fix 6; = 0.47°, and plot the intensity
distributions of the reflected light under different external
voltages in Figs. 3(c)-3(e). The separation of spots is
clearly observed once the resonance of the corresponding
UOM is excited. The maximum value of the separation
is ~0.16 mm. For a nonresonant excitation as shown in
Fig. 3(c), we detect a single large spot in the experiment.

To determine the spin nature of the separated spots in
both Figs. 2 and 3, we measure the degree of polarization
(DOP) in the experiment. The spot detection system
including a quarter-wave plate and a linear polarizer splits
the right- and left-circularly polarization of light. The fast
axis of the quarter-wave plate is placed at a 45° to the X
axis, while the axis of the polarizer or the angle @ can be
tuned [see Fig. 2(b)]. Therefore, the DOP of the reflected
light can be calculated by the formalism (/. — Iinin)/
(Imax + Imin)| [37], where I, (I 1yin) refers to the maximal
(minimal) integral value of the intensity over the cross
section for each spot while changing a. The experimental
results of the intensity integral over the X axis with a range
of a from 0° to 90° as well as Y are plotted in Fig. 4(a),
where one can see that the intensity of one spot near ¥ =
150 um is decreasing with the increase of a while the
intensity of the other spot near ¥ = 260 um is increasing.
The intensities of two spots are changing at a period of
180°. We plot the intensity distribution of the reflected light
for cases with the axis of the polarizer chosen as vertically
and horizontally, respectively, in Figs. 4(b) and 4(c).
We find that the spot near Y = 260 ym has the maxi-
mum integral value V = 128.65 in Fig. 4(b), and it has
the minimum value V =5.06 in Fig. 4(c). Similar
phenomena can be found for the other spot. From
experimental results, we calculate the DOPs for the
right- and left-circularly polarized spots, which gives
~0.924 and ~0.832, respectively. This measurement
indicates that two spots exhibit the opposite spin nature.
The accuracy of this measurement shall be enhanced if a
higher-quality polarizer is used.

In the experiment, we show that the reflected light
exhibits two separated spots when the resonance of
UOM is excited by the incident light. Each spot corre-
sponds to the spin nature of light. A ~0.16-mm separation
between two spots (or two spins) in Fig. 3(e) has been
measured, indicating a significant IF shift due to the
ultrastrong spin-orbital angular momentum coupling of
light. The excitation of UOM is extremely important here
to support a strong optical spin-orbital coupling. If there is
no UOM resonance as shown in Fig. 3(c), the incident light
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FIG. 4. The Y intensity distributions of the reflected light with
the spot detection system as the axis of polarizer « in the spot
detection system rotates from 0° to 90°. (a) The change of the
intensity integral over the X axis. (b) and (c) the images of the
two orthogonally polarized light spots as the polarizer is placed
with @ = 90° and ¢ = 0°, respectively, of the value of V is
calculated by integrating the intensity over the cross section
of each of the spots.

gets directly reflected from the surface of the waveguide,
and hence there is no separation between two spins of
light.

In conclusion, we demonstrate an enhanced spin-orbital
angular momentum coupling of light with an IF shift
~0.16 mm in experiment, where the UOMs inside the
birefringent symmetrical metal cladding planar waveguide
is excited for the near-normal incident light at the visible-
wavelength regime. Such a transverse shift is visible to
human eyes. Our work hence points out a unique route for
efficiently manipulating the polarization degree of freedom
of light to harvest various functionalities in a broad range of
photonic technologies including filters, sensors, and beam
splitters, as well as the quantum metrology.
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