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PHYSICS

Spin Hall effect of transversely spinning light

Liang Peng’?*t, Hang Ren’t, Ya-Chao Liu*t, Tian-Wei Lan?, Kui-Wen Xu?, De-Xin Ye®,
Hong-Bo Sun®$, Su Xu?*, Hong-Sheng Chen’, Shuang Zhang

Light carries spin angular momentum, which, in the free space, is aligned to the direction of propagation and
leads to intriguing spin Hall phenomena at an interface. Recently, it was shown that a transverse-spin (T-spin)
state could exist for surface waves at an interface or for bulk waves inside a judiciously engineered metamaterial,
with the spin oriented perpendicular to the propagation direction. Here, we demonstrate the spin Hall effect for
transversely spinning light—a T-spin-induced beam shift at the interface of a metamaterial. It is found that the
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beam shift takes place in the plane of incidence, in contrast to the well-known Imbert-Fedorov shifts. The ob-
served T-spin-induced beam shift is of geometrodynamical nature, which can be rendered positive or negative
controlled by the orientation of T-spin of the photons. The unconventional spin Hall effect of light found here
provides a previously unexplored mechanism for manipulating light-matter interactions at interfaces.

INTRODUCTION

Spin-orbit interaction (SOI) is a universal phenomenon that is
prevalent in various research areas including condensed matter
physics (I, 2) and photonics (3-5). Because of SOI of light, the
spatial degrees of freedom of a light beam couple with its circular
polarization, i.e., optical spin (6-8). Besides its fundamental impor-
tance (9-11), optical SOI has triggered many novel applications,
with some representative examples including spin-to-orbital angular
momentum conversion (6, 12, 13), spin-to-vortex conversion
(14, 15), photonic topological insulators (16-18), spin-controlled
unidirectional propagation of electromagnetic (EM) modes (19-22),
and spin Hall effect of light (SHEL) (23-28).

SHEL, spin-dependent shift of the reflected or refracted beam
for a circularly polarized incident laser beam, is one of the most
fundamental optical processes universally present in various optical
systems (23-28). In conventional media, light has a longitudinal
angular momentum, i.e., it is aligned with its linear momentum (k)
(3, 5). SHEL refers to a spin-dependent lateral shift of the refracted/
reflected beam in a direction normal to the plane of incidence (27-29).
This effect, named the Imbert-Fedorov (I-F) shift (Fig. 1, A and B),
can be attributed to the internal Berry phase associated with the re-
flection and refraction processes (5). It was recently demonstrated
that the spin angular momentum (SAM) of light can be transverse
to its propagation, i.e., the rotation of electric or magnetic field can
take place in a plane that contains the propagation direction [i.e.,
the transverse-spin (T-spin)] (30-32). The T-spin of light has been
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observed in diverse systems, including evanescent waves near optical
interfaces (30) and inside carefully designed inhomogeneous struc-
tures (31, 32), spatially structured propagating waves (33, 34), and
bulk modes inside a judiciously engineered metamaterial (MM)
with magnetoelectric (ME) coupling (35). T-spin light shows some
markedly different behaviors from light with conventional longitu-
dinal spin, such as wheel-like dynamics of optical fields (4), twisting
of Mie particle in evanescent field (21, 36), and extraordinary opti-
cal momentum and force upon internal total reflection (31). Here,
we demonstrate spin Hall effect for bulk optical mode with T-spin,
which is manifested as a beam shift in the plane of incidence (equiv-
alently, in the plane of the rotating electric or magnetic field). Unlike
the well-studied Goos-Hanchen (G-H) shift for linearly polarized
waves that rely on the evanescent wave penetration (27, 28), the beam
shift studied here is of purely geometrodynamical nature, whose
direction and amplitude are solely determined by the SAM of the
beam (Fig. 1, C and D).

Fig. 1. Spatial shifting of spin polarized light beams. (A and B) I-F shifts perpendic-
ular to the plane of incidence, for right-handed circular polarization (RCP) (A)
and left-handed circular polarization (B) incident beam. (C and D) lllustration of
beam shifts in the plane of incidence for light with transverse SAM, (C) negative shift
for 2.5 < 0 and (D) positive shift for 2-5 > 0.
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RESULTS

The T-spin Hall effect

Without losing generality, we consider the total reflection in a me-
dium supporting bulk optical mode with a T-spin. The basic config-
uration of the system being studied is shown in Fig. 2A, in which the
upper half space (y > 0) is filled with a bianisotropic medium, while
a perfect magnetic conductor (PMC) is assumed for the lower half
space (y < 0). The bianisotropic medium is described by the consti-

tutive relations of B = T- H+#-Eand D = £-E — i}’ - H, with
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Fig. 2. Spatial shift of transversely spinning beams. (A) Systematic configuration
of a beam with T-spin reflected by a PMC surface. (B) The photon’s SAM remains
unchanged before and after the interaction with the PMC boundary. (C) Full-wave
simulations of the beam shift based on the effective medium description. E; field
distribution is plotted, for opposite T-spin cases, in which the light beam experiences
a shift in positive or negative directions. In the simulations, 3 = 2, u; =, = 0.6, and
% =+0.4, for top and bottom panels. The two insets exhibit the field distribution in
the enlarged areas. (D) Simulated positive and negative beam shifts for incident
light with opposite T-spin feature. In (D), A is the free space wavelength.
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described above has a broken mirror symmetry in y direction (the
normal of the reflector surface), and it supports bulk mode propa-
gating in the x-y plane with a rotating magnetic field lying in the
same plane, corresponding to a transverse SAM in z direction
(30, 35, 36). For the interface formed between the bianisotropic
MM and PMC, the incident and reflected waves are linked through
the boundary condition of PMC, i.e., zero tangential magnetic field
at the interface (36, 37), which leads to the following expression for
the reflection coefficient (see Materials and Methods)

_ kcos ¢; + ikoy 1
" kcosd, — ikoy 1
with ¢; and ¢, being the incident and reflection angles, respectively
(Fig. 2A). In Eq. 1, k = \jki + k§ and k is the wave number in the
free space. Because total reflection is guaranteed by the PMC surface,
|R| =1 and R can be simply written as R = ¢,

The elliptically polarized incident and reflected waves can be ex-
pressed as H; = U® +)’/‘A,-eiQ") e and H, = U(F +)’/‘A,eiQ')e kr7 re-
spectively, wherein Aj;) and Qj.) are real numbers accounting for
the spinning of EM fields (5, 30). After some derivation, we have
R = —¢%~ %) which indicates that the phase of reflectance arises
from the variation of the polarization state (i.e., exhibiting geomet-
rical nature). Consequently, a spatial shift for a light beam is in-
duced in the plane of incidence, which strongly depends on the
SAM of the operation photons, as elaborated below.

For an incident Gaussian beam, the shift of beam center in the
x direction can be numerically calculated by D, = :_k’;’ i.e., the well-
known approach in evaluating the shift of light beams (the Artmann

formula) (5, 27-29). It is straightforward to obtain :—]i = ng’ ZI?:,

and then D, can be expressed explicitly in terms of ¢;, which yields

ko xsin ¢; 2)
cos0iM2 k2 cos? o, + ki y
Note that the beam shift Dy is induced by a nonzero bianisotropy
term y, and its sign can be flipped by reversing the bianisotropy
(x = —x), which also leads to the flipping of the SAM of the incident
beam for a given incident angle (35). Thus, a link is established
between the beam shift [as schematically depicted in Fig. 1 (Cand D)]
upon reflection and the SAM of the incident beam, which is expressed
asS = Im [ugH" x H]/4m (4). We further define a normalized SAM,
which is expressed as

D, =2

o _ Sin _ y—HoMi  xksindip

no_ =2 2. 2. 2.2
i(r) |Hx|2 2c M2 k2C052¢i(r) + kgxz

©)

with ¢ being the velocity of light in vacuum. For the configura-
tion studied here, we have ¢; = ¢,, H, = H, # 0, and thus §;= 5,
S! =8} =35" Thus, a simple relationship between the beam shift
and normalized SAM can be established

_ _kO A on
=4c okcoso; (z-8" (4)

Note that D, diverges if cos¢; is sufficiently small, i.e., in the limit
of grazing incidence. On the other hand, it is more convenient to ex-
perimentally characterize the lateral shift of the beam perpendicular
to k, (D¢ in Fig. 2A), which is given by
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D= Dycos¢,= —4(:%(2 -8 (5)

Given that the host medium has isotropic dispersion in the x-y
plane (i.e., lt; = 1), Dy would be linearly proportional to §” regardless
of the incident angle, i.e., the spin Hall effect is solely determined by
the normalized SAM of the incident beam.

To confirm the theoretical predictions, we perform numerical
simulations for the beam reflection, using an effective medium de-
scription. In Fig. 2C, we plot the electric field (E;) distributions for
the reflection of incident beams with opposite SAMs, wherein the
beam centers are indicated by the arrowed lines. In the insets of
these two panels, we show the enlarged view of the standing waves
close to the PMC surface, which reveals the T-spin-dependent
interference pattern upon reflection. We further retrieve the beam
shift for different incident angles, and the dependence is plotted in
Fig. 2D. It is shown that the beam shift is zero at normal incidence,
and it increases with the incident angle because of the increase of
the SAM of the beam (the limit at grazing angle is D, = ,i”—x") For y of
opposite sign (so the SAM of the incident beam is also flipped), the
beam shift is reversed, agreeing with the theoretical prediction.

Note that the underlying mechanism of the spin Hall effect of
transversely spinning light is very different from the I-F shift. The
spin Hall effect of transversely spinning light discussed here is purely
induced by the intrinsic property of the bulk optical mode, and it
can occur without involving any evanescent waves at the interface.
However, the I-F shifts cannot occur in a total reflection if the
evanescent wave is absent. As an example, for a beam reflected by a
PMC [or perfect electric conductor (PEC)], the reflectance is con-
stant (1 or —1) for both the transverse electric (TE) and transverse
magnetic (TM) polarizations, regardless of the incident angle. In addi-
tion, in the I-F shifts, the total optical angular momentum around
the surface normal (y axis) is conserved because of rotational sym-
metry. However, in the present case, the optical angular momentum
around the z axis is not conserved, because there exists a torque on
the reflective surface, transferring angular momentum between light
and the bulk material.

Experiments

The structural design of the MM used in the experiments is shown
in Fig. 3A. The detailed information can be found in Materials and
Methods. The MM behaves as a homogeneous bianisotropic effec-
tive medium away from its resonance frequencies. From full-wave
simulations, we can obtain the equifrequency contours for the TE
mode in the x-y plane, as shown in Fig. 3B. The MM exhibits isotro-
pic EM responses in the frequency range from 9.5 to 10.5 GHz. Because
the periodicity of the MM (3 mm) is much smaller than the free
space wavelength (typically 30 mm at 10 GHz), the effective consti-
tutive parameters (for the TE mode) are well defined (Fig. 3C).

In the experiments, a large area sample in the shape of two quarter
disks of different radii (R; = 60 cm and R, = 90 cm) joined together
is fabricated (Fig. 4, A and B). The EM wave is launched from the
smaller quarter circle and detected at the edge of the bigger one,
with the blue and green arrows indicating the propagation path of
the light beams. Here, the small radius of the quarter circle on the
incident side can help minimize the broadening of incident EM
beam, while the large radius of the quarter circle on the receiving
side can effectively reduce the edge effect.

To provide the PMC-like boundary condition in the experiments, an
auxiliary MM [artificial magnetic reflector (AMR)] having ultrastrong
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Fig. 3. The design of bianisotropic MM supporting T-spin states. (A) Structural
configuration of the unit cell with geometric parameters being indicated. (B) Nu-
merically calculated equifrequency contours in the k-k, plane. (C) Effective consti-
tutive parameters of the MM, which are obtained through the medium parameter
retrieval method (43-46), with applying reflection/transmission coefficients. Real:
real part; Imag: imaginary part. The equifrequency contour (B) is calculated with
using these parameters.

magnetic resonance around 9.75 GHz is designed. The details of
the design and effective parameters of the AMR are provided in Mate-
rials and Methods. Such an MM behaves nearly the same as an ideal
PMC in the frequency range from 9.65 to 9.85 GHz, which falls in
the working band of the bianisotropic MM (9.5 to 10.5 GHz), fa-
cilitating the observation of the pronounced beam shift. On the basis
of the retrieved effective parameters of the designed MM sample
(Fig. 3C), we can numerically evaluate the normalized beam shift,
which is shown in Fig. 4C.

For the experimental investigation, the measured D; shows
sensitivity to some experimental imperfections such as systematic
uncertainties and material defects and is disturbed. Fortunately, the
difference in the beam shifts between incident beams with opposite
SAMs, ie.,, A = Df — D%, performs much more stable than Df (or D;*)
alone, even with some inevitable imperfections. Proofs can be found
in Materials and Methods. As an effective parameter in confirming
the beam shifting phenomenon, A; is extracted from the measured
data and shown in Fig. 4D. Here, only the results in the frequency
range between 9.7 and 9.8 GHz are presented, with fully considering
the limited bandwidth of the auxiliary AMR. It is found that the
envelope of measured A, grows as the incident angle increases, con-
sistent with the theoretical prediction. However, the measured data
do not show sufficient smoothness to finely fit the theoretically cal-
culated results, because of the limited samples in the measurements.
For the purpose of interpretation, the measured data points of A, are
fitted by a polynomial equation of two variables, incident angle and
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Fig. 4. Experimental demonstration of SHEL for T-spins. (A) Schematic configura-
tion of the experimental setup. The AMR layer provides the same boundary condi-
tion as a PMC in the frequency range of interest. (B) Photo of the experimental
setup with light path being indicated. (C) Theoretically calculated transverse shift
(i.e., Ac = Df — D¢ as a function of the incident angle and frequency. (D) Measured
transverse shift (the stars) and the fitted curve. Please note that partial of the stars
are hidden behind the fitted curve.

frequency, to illustrate the wideband and wide-angle profile of the
beam shifting effect. The fitted surface in Fig. 4D shows good
agreement with the simulation results in Fig. 4C. Hence, our mea-
surement provides a direct observation of T-spin-induced SHEL.

DISCUSSION

The observed SHEL by T-spin waves is induced by the evolution of
the polarization states (photon spin) inside bianisotropic MMs,
which is of purely geometrodynamical nature. The beam shifting is
directly determined by the intrinsic SAM of the light beam, i.e., a
simple yet elegant link between the beam shift and the light's SAM
has been theoretically established. Positive and/or negative beam
shifting can be uniquely driven and/or enhanced by the T-spin
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profile of the bulk’s optical mode. The observed phenomenon is
physically distinct from the conventional G-H shift for linearly po-
larized waves (27, 28), which relies on evanescent penetration of the
wave into the transmitting medium. The unconventional SHEL
found here provides new degrees of freedom for wave manipula-
tion, such as interface optical trapping and particle manipulation
(38), light position retrieving (8), optical sensors (39), and edge de-
tectors for imaging (40, 41).

MATERIALS AND METHODS
Reflection of bulk T-spin mode from a PMC surface
We consider the total reflection in a bianisotropic system support-
ing bulk mode with a T-spin associated with a rotating magnetic
field. The basic configuration of the system can be found in Fig. 2A,
wherein an infinitely large PMC is assumed in the lower half space,
and the upper half space is filled with a bianisotropic medium. Both
the eigenstates of the incident and reflected waves have T-spins (for
magnetic field) because of the material bianisotropy, but they are
generally different because the T-spin is k dependent. Here, we
consider the reflection by a PMC surface because the transverse
spin of the bulk mode inside the bianisotropic MM is associated
with the rotating magnetic field.

The constitutive relation can be written in the most general form
asB=F-H+ix-Eand D = - E - i%' - H. The spinning bulk
mode (magnetic T-spin mode) in the medium can be realized by setting

g 0 O b 0 0 00 g
E=¢g0|0 & s E=Uo|0 pp O ,and7=\jﬁouo[0 0 O]-
0 0 €3 0 0 U3 000

With such parameters, i.e., ME coupling occurs between E, and H,, purely
magnetic T-spin mode can be excited (located in the x-y plane).
By solving the source-free Maxwell equations (42), we derive the eigen-

] [atth - ko)
states of the TE mode (E,#0, H,=0)as| h, ek = 1 ( [0} )
O\ X
e, 1
hi
eﬂz?, with “z‘k2+ k}z, = 0(£3u1 X 2). Then, we can write h’ ik
wH()Hl(kl lkox) P h; T “’llolll(kr
1 Wigi i Wole™rT = R Hl r r
wHoHl(_Ek;) ¢ and f ¢ wuoul 2 x
1 €,

(ki = RkL+ 9 k}i,, k, = ki + pkj, and R is the reflection coef-
ficient) for incident and reflected waves, respectively.
On the PMC surface, the tangential component of magnetic field

vanishes, and then we get H., | y=0 + H| o = 0 or, in detail, (k;, —

iko x)e”?"? ly=0 = —R(kj, — ikoy) e*rr | o Phase matching on the

surface requires ki = k} = k,, and we get
K, — ikoy
R= k{io (6)
y Ikox
We emphasize that the incident and reflected T-spin beams are
linked through their magnetic fields, as enforced by the boundary
condition of the PMC that the tangential H field must vanish at the
interface. As such, the reflection coefficient is related to the T-spin
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formed by the magnetic field of the photons. On the other hand, if
the reflector is replaced by a PEC, then R = -1 holds for arbitrary
incidence. In such a case, there would be no shift in the center of the
reflected beam because the magnetic T-spin is not involved in the
boundary condition. Hence, we study the reflection from a PMC
surface to guarantee the geometrodynamic nature of the problem.

To show the geometrical dynamics of the reflection, we assume
that the elhptlcally polarized incident and reflected waves are writ-
tenas H; = U(X + J A; e W) e® T and H, = U(® +9A, e ’)e’k T
wherein A and Q are two real factors to handle the T-spinning, i.e.,
with nonzero A, Q is crucial in generating the spinning (5). For in-
cident and reflected waves, A; (Q;) and A, (Q,) generally differ and
can be determined by consulting their wave vectors (k; and k). For
instance, the magnetic field of incident and reflected wayves can be
simply expressed through their eigenstates, ie., H; = Hohe™ and
H,=RHoh,e™", with h;and I, being the thormahzed magr}[etua—
tions. It is stralghtforward to have A;e’@ = and A,e'¥ = ;2 - By
matching the tangential continuity on the PMC surface, we can
simply estabhsh the relationship between incident and reflected
waves as R = —h—’.

Physically, R plays the role of connection between incident and
reflected waves, which contains all the information needed in de-
scribing the variation of the T-spin photon (TSP). To illustrate the
change of T-spin states in the interaction, R is rewritten as

i i Ae'
R=-2>2.-2. =T 7)
X AielQi

It reveals that the transition of the T-spin state gives rise to an
extra phase delay to the TSP’s propagation, i.e., Q, — Q;, which is of
spinning nature and will be lifted for linearly magnetized waves.

T-spin induced beam shifts

From previous analysis, TSPs experience a phase delay, i.e., P(¢;,0,),
in the reflection because of the variation of T-spin states. With vary-
ing the incident angle, this phase changes. Numerically, the beam
shift can be found out through calculating the directional derivative

of the phase of reflectance. For instance, Dy = 42

2k, represents the

spatial shift of hght beams in % direction. For R = T, we get
D,=—iR7". d—kx. By using Eq. 6, we obtain
_dky _dky,
i dk, . dk,
D,= +1i
* —kyl +ikox — —kyr+ikox
For MK + k2 = Kd(esp; — i) _ In addi

or LKy + Ky = Kol€3H1 oy sz,() n addi-
tion, noticing that k,, ; = ky, and (k,, )= (ky, )? = k%, D, can be re-
written as D, = — :—”Ekz o It is obvious that D, is induced by
nonzero ¥, and the shifting will be reversed if ) takes an oppo-

site sign.

Now, we are ready to find out the inner connection between
the SAM and the spin Hall-induced beam shift. The SAM of the
bulk mode with magnetic T-spin can be worked out through

S=Im[uyH" x H]/40 (4), which leads to S = z—|H |2E21k27k“’

where ¢ is the speed of light in the free space. It is obvious that S; = S,
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because H,; = Hy, # 0. For T-spin light with predeﬁned H,, we can

define a normalized SAM as 5" = ‘}i‘z = gpett X kz kz ,. Then,
D, can be expressed (in the form of §") as D, = 4c——(2 - §").

Mok

Numerical estimation of the beam center

In the simulations, E, distributions are obtained in the zone close to
the PMC surface. To observe the spin Hall-induced beam shift, the
position of the center of the reflected beam shall be extracted. To
this end, we determine the intensity of E, by extracting its absolute
value, as shown in fig. S1 (A and B). Then, we obtain the |E,|
distribution in a cutting plane normal to the reflected wave vector
(k). The position of the cutting plane is highlighted in red in fig. S1
(A and B). A typical | E,| distribution in the cutting plane is exhibited
in fig. S1C. The position of the beam center is obtained by evaluating
BC = Iy where the integral path is along the cutting plane.

| Ez| dx

In simulations, if g = 0, i.e., no spin Hall shift is induced, then the
beam center reference (BCre ) is obtained. With nonzero ¥, the beam
center shifted by spin Hall effect is obtained as BC*. Then, the shift
distance is derived by comparlng the beam centers for two cases,
ie,Df = BC *-BC ref,

MM design

MMs consisting of single-gap split-ring resonators (SRRs) can be
designed to have the required bianisotropic EM parameters, as shown
in fig. S2A. To reduce the overall dimension of a single unit cell, the
two arms of the SRR (SRR I) are bent into curved shape, as shown
in fig. S2B. Thus, the size of the unit cell can be much smaller than
the free space wavelength. However, such an MM is still anisotropic
because of the lack of rotational symmetry, and hence, the refraction
index in x and y directions would be different. It is highly desired
that the MM exhibits isotropic spatial dispersion in the x-y plane,
because material anisotropy would complicate the T-spin-induced
phenomenon. To this end, a secondary SRR (SRR II; oriented per-
pendicular to SRR I) is introduced to provide an additional degree
of freedom to tune L, (or equivalently, y direction refractive index),
as shown in fig. S2 (C and D). The overall unit cell of our MM is
constructed by combining SRR I and SRR II, on a printed circuit
board substrate (composed of poly tetra fluoroethylene and glass
fibres, with €, = 2.55 and loss tangent of 0.003), as the supporting
substrate. Please refer to fig. S2 (E to G) for details.

Note that, by bending the metallic arms of both SRRs I and II,
some unwanted ME effects would be induced. For instance, SRR I
exhibits ME coupling not only between E, and H,, but also between
E, and H,. Similar ME coupling also exists in SRR II. Here, a single
layer of the MM unit cells is sandwiched between two PEC plates
along z direction, and the implementation of PEC boundary condi-
tion on both sides can suppress these unwanted effects. For the
numerical calculation of the band dispersion, periodic boundary
condition is applied in both x and y directions, and PEC (E; = 0)
bounds are set at Z,, and Zy;,. The reason to have such boundary
confinement in z direction is twofold. First, we are focusing on the
TE polarization for which the electric field is z-polarized. Second,
all the unwanted ME coupling brought by the bending arms of the
SRRs are eliminated from a macroscopic view.

Last, by tuning the dimensions of SRRs I and II, a bianisotropic
MM with nearly isotropic spatial dispersion (in the x-y plane) can
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be obtained, as shown in fig. S3. For the detailed information about
the structural parameters, please refer to the figure captions. Here,
in fig. $3, we show the band structure and three equifrequency con-
tours of the MM. It is obvious that the MM exhibits near isotropic
spatial dispersion in the range between 9.5 and 10.5 GHz. Further-
more, if we consider the small size of the unit cell, then it is evident
that such an MM can behave as a homogeneous medium in the
band of interest. Here, by using the reflection/transmission co-
efficients (the S parameters), the effective constitutive parameters
(€2 Wo My, and ) relevant to the TE polarized waves are retrieved
through the algorithm reported in (43-45), which are shown in Fig. 3.

In the experiments, we can obtain the transmission spectra for
the fabricated MM in orthogonal directions, as shown in fig. S4. It
shows that the fabricated MM has a transmission band of more than
8.7 GHz in both the x and y directions, which confirms our design
and fabrication. The fluctuation between the two transmittance
curves is induced because of the distinct impedances of the MM
along these two directions.

Experimental setup

To facilitate the experimental measurements, we combine two
quarter circular-shaped samples, as shown in fig. S5. The radii of
the two circles are R; = 60 cm and R, = 90 cm, respectively. The EM
wave is excited from the small quarter circle and is detected at the
edge of the big one, as indicated by the red and purple arrows in fig.
S5, respectively. The incident beam is launched by a standard horn
antenna, whose main lobe points to the origin of the quarter circle(s).
We design the sample in such a configuration for two reasons. First, a
smaller quarter circle in the incident side can help reduce the broad-
ening of EM beams. Second, a larger quarter circle in the receiving
side can help minimize the edge effect that may affect the EM beams
with a broad beam width. Because the beam shift (D;) is much smaller
than R;, we simply have D; = Rys.

AMR design
The design of the AMR, as shown in fig. S6 (A to C), consists of two
single-turn helices of different shapes combined together. The structure
is embedded into an F4B substrate to form the final unit cell, as shown
in fig. S6 (D to E). The helical structure of the unit cell can excite ME
coupling between H, and E,, i.e., a chiral response, which is not desired
by the AMR. To eliminate the unwanted ME coupling (chirality), PEC
boundary condition (E; = 0) is implemented at Z,,x and Zyy.
Because of the strong magnetic response of the helical unit cell,
the AMR is expected to have PMC-like reflection at frequencies
where the internal magnetic resonance takes place, i.e., the frequency
region with extremely large effective permeability. However, it is
rather hard and almost impossible to make an accurate estimation
of the permeability in the AMR’s resonance frequency region be-
cause complex coupling may exist and the spatial dispersion (non-
local effect) may dominate the macroscopic EM behaviors of the
AMR. Nevertheless, we only need to focus on the AMR’s reflection
behavior, so the AMR’s reflectance is sufficient to characterize its
particular role as a magnetic reflector. Here, with full-wave simula-
tion, we obtain the phase of reflectance from the AMR for several
oblique illumination angles, as shown in fig. S7A. It is obvious that
the phases of reflectance at different incident angles from the AMR
surface are almost identical to a value close to zero at around 9.75,
and a PMC-like behavior is confirmed. This phenomenon occurs
because of the enhanced magnetic permeability in the y direction, as
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expected. On the basis of the reflection/transmission coefficients
and by applying the retrieval method proposed in (46), we make an
estimation of the AMR’s effective parameters (by neglecting the
spatial dispersion), which are shown in fig. S7 (B and C). It is con-
firmed that the magnetic permeability is substantially enhanced at
around 9.75 GHz.

In the experiments, we measure the transmission and reflection
from the AMR sample. The measurement configuration is shown in
fig. S8A, wherein the reflection is measured by two horn antennas
(a transmitter and a receiver) in an open environment. For the
AMR, we find that the transmission is extremely weak (the trans-
mission power level cannot be identified from the environment
noise) in the band above 9.5 GHz, so only the reflection spectrum is
shown in fig. S8 (C and D). It is shown that, although the measured
reflected power is lower than that of the simulation due to the
collection loss, the spectral distribution can roughly match the
simulated results.

Implementation of the PMC boundary
In previous discussion, we show that PMC is required for the
demonstration of the T-spin-induced Hall effect. Here, we show
that a PMC-like boundary can be provided by an anisotropic MM
with extreme parameters. We consider the refraction from the
interface between a bianisotropic medium and an anisotropic
medium, as shown in fig. 9.

The incident and reflected waves in region I can be ex-

1 .
hx,i . (Dpopl(ky,i - lkOX) - hx,, -
ressed by | h,; [e™" = 1 (W e®iTand| ., |e®T =
P Y e (”Moul( M2 x) »r
€z 1 ezr

m(kyi — ikox)

R| U’H})Hl(_ Ekx) e™*r7 with Eki + kﬁ = k(2)(83 ny — xz). For the
1
hx,t — mk}”t —
transmitted wave in region II, we have | h, | e keT_T ok e ikt
€zt ly

with k2 + K5 = ke,

The continuity of the tangential electric and magnetic fields
leads to

1+R=T
ﬁ%rmﬂwgwpmmpﬁm

Thus, it follows that

(@ _ lX) _ Mlky,t
ko Wxko

(@ _ 1X> _ Lllky,t
ko Hxko

We note that Eq. 8 will return to Eq. 6 if region II is really filled
by a PMC. Nevertheless, the PMC-like reflectance can still be

. k . . i
achieved by % — 0, even without a real PMC. This condition can
xR0

be satisfied if u, is sufficiently large and any other parameters are kept

W o Koeaby — k2
%o Tty

(8)

M1 ky,l
ko

finite, i.e., — 0. For practical

Uy—>oo

Uy— oo
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implementations, medium of this kind may be designed on the basis

. . . k,
of standard SRRs or helical structures. For instance, if ‘i‘ kyo'
small enough, then we can rewrite Eq. 8 as
M
R = _Q.M (9)
TOA - Mg
Axpy Pt

with A = k,; — ikoy and A; = k,, — ikoy. It is straightforward to
obtain R =~ —2—;, provided by ‘ﬁky,[ < 1(j=12). With k,; =
~kyr A1 =k, i — ikoy, and A; = - k,,; — ikoy, we get

K1 ky,t
ko

_ 1
. Ko\ 2
J=12 el 2
(kU) X

M1
ka" | < 1 could be en-

(10)

19!
—k
‘Ajux "

kyi . .
Because ;- is always finite and real,
0

ik
ko
at frequencies close to the MM’s resonance.

On the other hand, the beam shift can be observed by measuring
the relative difference between the beam shifts of optical modes with
opposite T-spin feature, by using MMs with opposite bianisotropy,
i.e., x and —y. For simplicity, we neglect the surface loss and assume

R = ¢”, then we have A, = DX — D* with D, = ;TP. The relative beam

. . d(P* — pX s XIRX
shift can be further derived as A, = (‘dk ) = (R%/;,x)d(RdliR )

Thus, the key term in determining A, is Ry = R*/R"*. In practice, the
measurement of R, is more robust than R* (or R™*), considering the
systematic uncertainties. From Eq. 9, we obtain

sured by ‘ < | % |. We note that this condition can be fulfilled

. (%’+ix)2 (:‘TIX)

R RE (A1) [(2) ][ ()]
A—ﬁ_<A_2> - (%_ix)z (%)

[ORSICR

L ('%‘Jrix)2 ‘ [ |2

R (R M

(%) - CRANTE

1- i

Because 1, itis evident that Ry would be less per-

— S
(-

turbed than R* (a numerical comparison can be found in fig. $10), pro-
vided | %x ky| is sufficiently small, or equivalently | ‘:le—kio‘ |<|xl.
Here, with the effective parameters of both the bianisotropic MM
(Fig. 3) and the AMR (fig. S7), we can evaluate the ratio between

|x| and ‘tﬂxk,f(‘)' |, as shown in fig. S9B. It is evident that around
9.75 GHz, the ratio is enhanced (|X |/ ‘il—lzo‘| > 10), and AMR can

behave like a PMC regardless of the incident angle.
SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abo6033
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