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Most studies on Goos-Hénchen and photonic spin Hall beam shifts are focused on reciprocal, or direction-
independent, beam shifts. In this work, we present a strategy to induce nonreciprocal beam shifts in the reflected
field from a planar heterostructure by exploiting direction- and polarization-dependent coupling between the in-
cident field and the structure. We show that the heterostructure’s resonant modes lead to polarization-dependent,
nonreciprocal reflection at specific incident angles. This behavior enables controlled tuning of the direction-
dependent transformation of optical momentum. Consequently, we observe nonreciprocal Goos-Hédnchen and
photonic spin Hall shifts in the reflection plane, manifesting as lateral and transverse displacements, respectively.
These shifts arise from the conversion of linear momentum and orbital angular momentum into spin angular
momentum. The results are verified using three independent approaches—comsol multiphysics simulations,
the stationary phase method, and Gaussian beam scattering calculations—with excellent agreement among

them.
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I. INTRODUCTION

When an electromagnetic field is scattered from a planar
interface, the scattered plane may undergo a lateral shift,
namely, a Goos-Hénchen (GH) shift [1,2], and a transverse
spin-dependent shift, known as an Imbert-Fedorov or pho-
tonic spin Hall (SH) shift [3]. These lateral and transverse
shifts in the scattered plane occur due to the transformation
of optical linear and angular momentum [4-6], respec-
tively. Because of momentum exchange between incident and
scattered fields [3,7], the GH shift occurs parallel to the
plane of incidence, while the SH shift occurs perpendicu-
lar to the plane of incidence [8]. As a result, the scattered
field appears to deviate from the original positions [9,10].
These photonic shifts have been extensively investigated, both
theoretically and experimentally, in various media such as ep-
silon near zero (ENZ) metamaterials [11-13], absorptive and
lossy dielectric materials [14—16], photonic crystals [17-19],
bianisotropic structures [20-26], quasibound states in the con-
tinuum [27,28], and nonreciprocal (NR) photonic crystals
[29,30]. These shifts have potential applications in diverse
fields, including measurement of the rate of chemical reaction
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[31], chiral resolution [10], slab thickness measurement [32],
optical conductivity measurement [33], and biosensing [34],
to name a few.

To understand the origin of beam shifts, different methods
were employed, such as the transformation of the optical
momentum [10,35]. When a linearly polarized field scatters
from a generic interface, an exchange of linear momentum
between the incident field and the reflected field takes place.
This interaction leads to positive or negative GH shifts de-
pending on whether the reflected signal loses or gains energy,
respectively [14,36]. As an example, in Fig. 1(a), we schemat-
ically illustrate a positive GH shift in the reflected field for the
NR multilayered structure. In contrast, the SH shift appears
due to the splitting of a linearly polarized incident field into
the right-handed circularly polarized (RCP) and left-handed
circularly polarized (LCP) components of the reflected field,
as schematically illustrated in Fig. 1(b). The SH shift is di-
rectly related to the spin-orbit interaction of light; a stronger
spin-to-orbital angular momentum conversion leads to a larger
SH shift [35,37].

Generally, GH and SH shifts are small compared to the
incident wavelength, making their experimental measure-
ment challenging. Tremendous efforts have been made to
enhance these shifts to enrich their applications [25,38—40].
For instance, large shifts are measured near Brewster angle
[41], total internal reflection [42,43], ENZ materials [44,45],
PT-symmetric materials [20,21], grating structure [46], and
anisotropic materials [26,45,47,48]. The investigation of the
beam shift discussed in these works is direction independent
due to reciprocal scattering behavior, where the scattering
response does not depend on the propagation direction of the
incident beam. However, there are limited studies that explore

Published by the American Physical Society


https://orcid.org/0009-0008-8883-9009
https://orcid.org/0000-0002-7919-1107
https://ror.org/01q3tbs38
https://ror.org/01q3tbs38
https://crossmark.crossref.org/dialog/?doi=10.1103/bmp1-dk4z&domain=pdf&date_stamp=2026-02-20
https://doi.org/10.1103/bmp1-dk4z
https://creativecommons.org/licenses/by/4.0/

RFAQAT ALL F. A. ALMOBI, AND YING WU

PHYSICAL REVIEW B 113, 075308 (2026)

PR Aoz

Z T (0, .
% 000K g i
d, | Nonreciprocal slab d, [ Nonreciprocal slab
d, | Dielectric slab d, I Dielectric slab
Perfect electric conductor Perfect electric conductor
£,

in

FIG. 1. (a) Schematic illustration of NR planar structures, where
an incident field impinges obliquely at an incident angle 6; onto a
NR slab of thickness d;, which is placed over a dielectric slab of
thickness d,. The bottom slab is a perfect reflector. The reflected
field is subjected to the GH shift represented by Agy. The bottom
figure illustrates the lateral distance of the reflected field intensity
from the incident field intensity. (b) With the same planar structure,
the reflected field is subjected to the SH shift represented by Agy.
The bottom figure shows the shift of each spin component of the
scattered field intensity along the transverse direction with respect to
the incident field intensity.

the NR GH shift, particularly those arising from asymmetric
reflection in photonic crystals [29,30].

Recently, it has been shown that NR scattering by a
planar structure can be achieved by applying the external
magnetic field parallel to the incident plane and tuned by
adjusting the geometrical parameters [49—-54]. For the exper-
imental realization of such structures, Weyl semimetals, such
as WP,, Y,Ir,07, HgCr,Sey, TaAs, and CosSn,S,, exhibit
magneto-optical properties [55] and are potential candidates
for observing the nonreciprocity in the visible frequency re-
gion. They are widely used for different applications, such
as bidirectional phase modulation [51,56,57] and magnetic
Hall effect [50,58]. In this work, by considering an NR planar
heterostructure, we aim to explore direction- (incident angle)
and polarization-dependent NR reflection. We numerically
(using the commercial software comsol multiphysics) show
that the NR reflection is enabled by the selective coupling of
the incident field with the structure at specific combinations of
incident angle and polarization. This NR reflection provides a
promising platform for achieving strong spin-orbit interaction
[8,10,34], which leads to both linear and angular momentum
transformation. By tailoring the incident angle, we optimize
GH and SH beam shifts in the reflected field through coherent

This paper is organized as follows. In Sec. II, we de-
scribe the theoretical framework, including the transfer matrix
method and the expressions of beam shifts. In Sec. III, we
present the main calculated results and compare the stationary
phase approach with comsol simulations. Additionally, we test
the experimental viability of our approach by comparing the
analytical results obtained via the stationary phase method
with those derived from Gaussian beam scattering. Finally, in
Sec. IV, we conclude our findings.

II. METHODS

We consider a planar structure composed of three layers:
an NR slab of thickness d; (top layer), a dielectric slab of
thickness d, (middle layer), and a perfect reflecting medium
(bottom layer) as shown in Fig. 1. To characterize the system,
the relative permittivity tensor of the NR slab is defined as

€xx 0 €xz
€NR = 0 €yy 0], (1 )
€zx 0 €z

where €,, = €,, = €;; = €4, and €,; = —€;, = i€, is a purely
imaginary number. The nonzero €,, can be obtained by apply-
ing a magnetic field on Weyl semimetals along the y direction
[49]. The dielectric slab has €, = 2.25. We consider an elec-
tric field E = (Ex, Ey, E;)exp [i(k - r — ot)] incident onto the
top of the structure at (0,0,0), i.e., the NR layer, with an inci-
dent angle 6; ranging from —90° to 90°, as illustrated in Fig. 1.
Here, k is the wave vector and w is the angular frequency,
and E,, E,, and E, are the electric field components along the
Cartesian coordinate axes. To find the electromagnetic field in
the NR medium, we solve the Maxwell equations V x H =
€oénr - E and V x E = —p,8,H in the Cartesian coordinate
system, where €( and i, are the permittivity and permeability
of vacuum, respectively. The incident wave is propagating
in the xz plane with wave-vector components k, = nkg sin 6;
and k, = n1ko cos 6;, where n; is the relative refractive index
of the background medium, kg = 27 /Ao and A is the incident
wavelength in vacuum. Our structure exhibits medium dis-
continuity along the z axis; the electromagnetic fields across
the interface can be determined by applying the continuity
conditions. This allows determining the fields E,, E,, H,, and
H, in the NR medium (see details in Appendix A) as

TE
ZE

0, =iM- , 2)
control of the nonreciprocity. In addition, we investigate these
beam shifts by considering experimentally viable Gaussian
beams and demonstrate the real-space displacement of the
scattered fields. with
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where €, = €; — €,,€,./€4. Since the incident field impinges on the NR slab at z = 0, by integrating the above equation over z,

we get the field across the slab interfaces as

E.(Az) E, (O)
BT _ opimag . | 5O 3
H.(Az) H,(0)
H,(Az) Hy(o)

where Az is the path of the electric field that passes through the NR medium along the z axis. In our configuration shown in
Fig. 1, and the incident wave carries a k, along the —z direction. Thus, we have Az = —d,, where d; is the thickness of the NR
slab. The propagation matrix for the NR slab P; = exp(—iMd) ) can be expressed as (see details in Appendix B)

i€xsky sin (dikzp1)
Ccos (dlkzpl) — T)l, 0
P — 0 cos (dikizs1)
1= 0 ikzs1 sin (dikz1)
How
N iweoe, sin (d1k;p1) 0
k:p]

where ki = Vesk — k2 and k. = Ve, ki — k2 are wave
numbers for s- and p-polarized fields, respectively. Note that
the k1 does not involve off-diagonal elements of the per-
mittivity tensor. Thus, the s-polarized field is rotationally
symmetric and does not exhibit NR scattering. On the other
hand, k;,; depends on €., and the scattering response will
depend on the direction of incidence.

The propagation matrix carries all polarization information
(such as s and p polarization) passing through the NR slab.
In each layer of our multilayered system, the propagation
matrix is defined similarly by accommodating the appropri-
ate relative permittivity. The propagation matrix P, for the
dielectric slab of thickness d, can be obtained by taking an
isotropic permittivity €1, where I is the identity matrix. Since
the bottom layer of the structures is a perfect reflector and no
transmitted wave in this system, our focus lies on the reflected
field. To find the s- and p-polarized reflection coefficients
along a generic direction 6, (6, = 6; as required by Snell’s
law), we rotate the incident fields E, and E, to define the s-
and p-polarized fields as follows:

E, ag
E, | ap
i | =Reo)- |7 @
H, Tp
where
R(n, 0)
0 cosf 0 —cos6
1 0 1 0
ncosf [ 0

—ncosf /& 0 )
Ho Mo
0 —n_ [& 0 —n_ |
Mo Ho
and a, and r, (0 = s, p) are the incident field and reflected

field coefficients. We can then define the transmission f, and
reflection r, coefficients of the entire structure (excluding the

0 ikil sin (d1k;p1)
T weoedkop
ipowsin (dyk;p1) 0
kml k)
cos (d1kizs1) 0
i€y ky sin (dikzpr)
0 CcOS (dlkzpl) + €akopn s
[
perfect reflector) as
ts dg
t 1 a
(')’ =R (n3,63)-Py- Py -R(ny, 6) - rp )
N
0 Tp

where n3 = 10% is the refractive index used to model the
perfect electric conductor, 05 is the transmission angle at the
interface between the dielectric slab and the perfect reflector,
and T = R~ !(n3,603) - P, - P, - R(ny, 6;) is the transfer ma-
trix. Finally, the normalized reflection coefficients for the s-
(as =1,a, =0) and p- polarized (a; =0, a, = 1) incident
waves can be defined as ry, = 131/T33 and rp,p, = Tup /Ty, te-
spectively. It is important to note that due to the particular
configuration of the permittivity tensor, the cross-polarized
reflection coefficients (i.e., ryp, rps) are zero. Using 7y and
7pp> We can define the reflection amplitudes of the copolarized
reflected fields as

R,y = |1l (6)
Ry = |rss|2~ (7)

Using these reflection coefficients, we can investigate the
NR beam shifts driven by anisotropic permittivity. Without
loss of generality, we define the beam shifts by considering
the incident field of a large beam waist wy > Ao with a narrow
angular spectrum. Under this assumption, we use Artmann’s
formalism [2] or the stationary phase method to define the
maximum possible shifts that are independent of wy (see de-
tails in Appendix C). According to the stationary phase theory,
the lateral shift in the reflected fields can be defined as [1,2]

1 09,
ko 06
where ¢, = arg(r,,) and o = s, p. Using the above equation,
it is convenient to define the Goos-Hénchen shift as
{ dIm[rys] dRe[rw]}

Re[ryq] TN Im
@) dc:)

o j—
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where Re[-] and Im[-] denote the real and imaginary parts of
the complex function [-], respectively.

On the other hand, the SH shift appears due to the split-
ting of the incident field into LCP and RCP fields along
the transversal direction (along the y axis) as shown in
Fig. 1(b) (bottom figure), where the centroids of the scattered
field intensity distribution (green) are shifted away from the
centroid of the incident field intensity (red). This splitting
is a direct consequence of spin-orbit interaction, where the
orbital angular momentum transforms into nonzero spin an-
gular momentum. This splitting, or photonic SH shift of light,
compensates for the conservation of total angular momentum
in the normal direction. In accordance with the geometric
prediction, a spin-dependent splitting of the reflected field can
be defined as

HV _ fnyfiderer
SH f f ErH:,tV dyr er s

where the positive (4) and negative (—) signs represent
the right- and left-circularly polarized reflected fields, re-
spectively. Accommodating horizontally H-polarized and
vertically V-polarized fields, one can get the expressions of
the SH shifts [38—40,59] as

(10)

Ao |75
Al = j:g[l + @ cos (¢py — ¢p)} cot 6;, (11)

Ao

AL =+
SH 27_[

] |7ppl
|: + ] cos (¢, — d)s)] cot 6;. (12)
These expressions are only valid for a large beam waist and
give the maximum possible SH shifts (see details in Ap-
pendix C). Note that the strong coupling of the incident light
of polarization p- and s-polarized with the structure leads to
large SH shifts in the H- and V -polarized fields, respectively.

III. RESULTS AND DISCUSSION

We consider an incident field of vacuum wavelength Ag =
1 um impinging on the planar structure at angle 6; as shown
in Fig. 1, and the reflected field is subjected to the GH and
SH shift, as illustrated in Figs. 1(a) and 1(b), respectively.
We fix other parameters as n; =1, ¢, =94 0.03i, d; =
0.1 wm, and d, = 0.32 um. Figures 2(a) and 2(b) show the
analytically calculated, using Egs. (6) and (7), respectively,
copolarized reflection amplitudes as functions of the incident
angle and off-diagonal terms of the permittivity tensor €,.
Figure 2(a) exhibits an asymmetric behavior indicating that
the p-copolarized reflected amplitude is not symmetric for
the incident angle, i.e., R,,(6;) # Rp,(—6;), where R,,(6;)
and R,,(—6;) represent the reflection amplitudes when the
incident field is coming from the left and right, respectively.
Our analytical formula, Eq. (B4), predicts such asymmetric
reflection because k,; depends on the anisotropic parame-
ter €,;. In contrast, the s-copolarized reflected amplitude is
symmetric and does not depend on the incident direction, i.e.,
Ry (6;)) = Ry (—6;), because k. does not depend on €,,. Thus,
only the p-polarized field is subjected to NR reflection. Note
that Fig. 2(a) shows that the reflected amplitude vanishes at
{6; = —41.7°, ¢, = 12}, meaning all incident field is coupled
with the structure. On the other hand, the reflection amplitudes
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FIG. 2. Normalized reflection amplitudes for the NR planar
structure: phase plots of (a) R,, and (b) R, as functions of the inci-
dent angle and the off-diagonal component €, of the NR permittivity
tensor. The reflection amplitudes R, along the horizontal dashed line
in (a) and R, along the horizontal black line in (b) are plotted in (c) as
a function of the incident angle, where €, = 12. Here, the solid and
dashed lines are obtained from Eqgs. (6) and (7), while the circular
markers represent numerical results calculated using comsol multi-
physics. (d) The nonreciprocity factors n,(6;) = R,,(6;) — R,,(—6;)
and 71,(6;) = Ry (6;) — Ry (—6;) are shown as a function of the inci-
dent angle.

for the left incident field at {6; = +41.7°, ¢, = 12} are close
to 1. Thus, the large nonreciprocity factor 1,(6;) = R,,(6;) —
R,,(—6;) is achieved.

In Fig. 2(c), we calculate the reflection amplitudes as a
function of incident angle for p-polarized (dashed) and s-
polarized (solid black) incident fields with fixed €, = 12, as
marked by the horizontal lines in Figs. 2(a) and 2(b). To
verify our analytic formula, we numerically calculate the
reflection amplitudes as a function of incident angle using
comsol multiphysics, a finite-element package, and plot in
Fig. 2(c) in solid dots. Good agreement is seen between the
analytical and numerical approaches. The reflection ampli-
tude of the p-polarized field exhibits an asymmetric behavior,
especially at 6; = £41.7°, where R,,,(6; = —41.7°) ~ 0 and
R,,(0; =41.7°) ~ 1 and the nonreciprocity factor is nearly
unity |1,(6; = £41.7°)| ~ 1. In Fig. 2(d), we plot 1,(6;) as
a function of the incident angle for the s-polarized field (black
curve) and p-polarized field (dashed curve). It clearly shows
that while the s-polarized wave has symmetric reflection, the
p-polarized wave exhibits strong asymmetric reflection at sev-
eral incident angles, such as 6; = —41.7° and 6; = 77°. To
get deeper insight into the direction-dependent coupling of
the incident field, in Fig. 3 we plot the numerically calculated
field distributions by setting the incident angle at 6; = +41.7°.
Figures 3(a) and 3(b) show the real part of the magnetic field
for a p-polarized wave incident from the left and from the
right, respectively. Figure 3(b) shows that the p-polarized field
incident from the right fully couples to the slab, and this
direction-dependent coupling leads to a large value of 1,(6;).
However, for the s-polarized incident beam, the reflection
behavior remains reciprocal, i.e., independent of the incident
direction, as shown in Figs. 3(c) and 3(d). Therefore, only
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FIG. 3. The magnetic field distributions when the p-polarized
incident field incidence forms (a) left and (b) right. The electric field
distributions when the s-polarized incident field is impinging from
(c) left and (d) right. All other parameters are the same as those in
Fig. 2(c).

the p-copolarized reflected field experiences both enhanced
lateral and transverse beam shifts, which are predicted by
Egs. (9) and (11), respectively.

We calculate the GH shift using Eq. (9) for the NR struc-
ture with €, = 12 and for an isotropic structure with €, = 0,
and plot the results in Fig. 4. When the p-polarized wave
impinges from the right (negative angle), Fig. 4(a) shows that
Al is small [AZ (6, = —41.7°) & o] for the isotropic case.
Whereas for the anisotropic case, when |n(6; = —41.7°)|~1,
the GH shift A%, (6 = —41.7°) &~ —5219. When the p-
polarized wave impinges from the left (positive angle),
Fig. 4(b) shows that A’éH is small at 6; = 41.7°; this is because
the incident field is not coupled with the structure as shown
in Fig. 3(a), i.e., Rp,(6; = 41.7°) ~ 1. However, a large GH
shift also appears at 6; ~ 77° [AZH(Gi = 77°) ~ 16 1¢] where
the nonreciprocity factor |n(6; = 77°)| =~ 0.89. To reveal the
effect of the reflection phase (¢,) on the GH shift, we plot
¢, in the insets of Figs. 4(a) and 4(b). The results show that
near the maximum coupling angles, where the reflectance
approaches zero, the phase varies continuously with a large
slope, as marked by vertical dashed lines. Thus, a large shift is
found. In contrast, the smooth phase variation for the isotropic
case (e, = 0), results in a weaker GH shift. Since the incident
angle is positive, the resulting large GH shift is also positive.
The sign of the GH shift is determined by the direction of
illumination. It is important to mention that the fundamental
relation Ay (—6;) = —AZy(6) is only valid for the recipro-
cal system, as shown by the dashed lines in Figs. 4(a) and 4(b).
For an NR system, such a relation is not necessarily valid.
Figure 4(c) shows the GH shifts for s-polarized waves as a
function of positive incident angle. The s-polarized reflected
wave is independent of €, and exhibits weak coupling with the
structure, as shown in Figs. 3(c) and 3(d). Consequently, the
phase ¢, varies smoothly [inset of Fig. 4(c)] and is indepen-
dent of ¢,, leading to a weak reciprocal GH shift. Altogether,
we have shown that the reflected field from our proposed
structure exhibits a large NR GH shift for p-polarized light
and a reciprocal GH shift for s-polarized light. This behavior
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FIG. 4. GH shift (in units of Xy) for a p-polarized incident field
illuminating the slab from (a) the right side (with a negative incident
angle) and (b) the left side (with a positive incident angle), plotted
as a function of the incident angle. (c¢) GH shift for an s-polarized
field incident from the left side. The off-diagonal elements of the
permittivity tensor are fixed at €, = 0 (dashed) and €, = 12 (blue),
and all other parameters are the same as those in Fig. 2(c). The insets
show the reflection phase variation as a function of the incident angle.

arises from the polarization- and angle-dependent reflection
caused by the anisotropic nature of the permittivity tensor.
We conduct a similar study for the SH shift. Figure 5(a)
shows the SH shift as a function of the incident angle for
the V- and H-polarized fields for fixed €, = 12. It is seen
that the SH shift for the H-polarized field is subjected to
a large shift |A§’H(Gi = —41.7°)| & 3.5 19 due to full optical
momentum conversion to the slab, as shown in Figs. 2(a)
and 2(c). In this case, the p-polarized field is completely
coupled with the NR structure as shown in Fig. 3(b) such
that Ry, /Rss < Rys/R,), at 6; = —41.7° as shown in the inset
of Fig. 5(a). Thus, a large shift is found as suggested by
Eq. (11). Figure 5(b) shows that the SH shift for left-side
incidence is very small |A151H(91 =41.7°)| ~ 0.04) because
the p-polarized field does not couple with the structure, as
shown in Fig. 3(a), which leads to R,,/Rs ~ 1 at 6; = 41.7°
as shown in the inset of Fig. 5(b). On the other hand, the SH
shift for the V-polarized field coming from the left | A (6; =
41.7°)| ~ 0.05 Ao and right |AY,(6; = —41.7°)] ~ 0.192¢ is
small, due to weak coupling of the s-polarized field with the
structure, as shown in Figs. 3(c) and 3(d), thus R,,/Rs ~ 1.
In contrast to the GH shift, it is important to mention that in
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FIG. 5. Agy in units of vacuum wavelength for H polarized (V
polarized) blue (dashed) as a function of incident angle for (a) right
illumination (with negative 6,) (b) for left illumination (with positive
6;) with €, = 12. Similarly, Agy for (c) right illumination and (d) for
left illumination with €, = 0. Here, the insets show the ratio of reflec-
tion amplitudes as a function of incident angle. Plot of cos(¢; — ¢,,)
as a function of incident angle for (e) right illumination and for
(f) left illumination. All other parameters are the same as those in
Fig. 4.

our structure, the SH shift for the 1eft incident wave |A§IHV )]

and the right incident wave |A V(—6;)| is not symmetric, as
illustrated in Figs. 5(a) and 5(b) due to the involvement of R,
(which is nonreciprocal) [see Egs. (11) and (12)]. Therefore,
both SH shifts AY}; and A%, are NR.

To explore the effect of nonreciprocity, we plot the SH shift
for the isotopic slab in Figs. 5(c) and 5(d) for negative and
positive incidences, respectively. The results show that the
reflected field does not exhibit a large beam shift due to the
smooth variation of the reflection amplitude versus the inci-
dent angle. In this context, R,,/Rs ~ Ry /Rpp ~ 1, as shown
by the insets of Figs. 5(c) and 5(d). Therefore, Egs. (11) and
(12) predict a small shift. In addition, for the isotropic struc-
ture, the SH shift is reciprocal, i.e., |ASH )| = |A V(=0)l,
because reflection amplitudes for both polarlzatlons are inde-
pendent of the incident direction, such that 5, (+6;) = 0

To gain a deeper insight of the physics of the SH shift,
we analyze the relative phases of the reflected field defined
as cos(¢p, — ¢;), where ¢, = arg(r,,), and o =s or p. In
Figs. 5(e) and 5(f), the relative reflected phase is plotted as a
function of negative and positive incident angles, respectively,
which shows an abrupt phase variation at 6; = —41.7° in
the field reflected from the NR structure. At this angle, the
optical linear momentum of the reflected field is significantly
reduced, corresponding to a near-zero reflected field ampli-
tude Ry, ~ 0. This abrupt variation in the phase suggests a
large beam shift as shown in Fig. 5(a). On the other hand,
for an isotropic structure, cos(¢, — ¢) is smoothly varying
as a function of the angles, and no sharp optical momentum
transformation occurs. Thus, the shift is negligible. A similar

trend is observed in Fig. 5(f), where the phases vary smoothly
and the resultant SH shift is weak.

Gaussian beam incidence

The GH and SH shifts obtained using the stationary-phase
method, as discussed earlier, correspond to the maximum pos-
sible beam shifts. In this formalism, we assume that the beam
waist is very large, such that the shifts become independent
of the beam waist (see details in Appendix C). To verify the
conclusions we drew, we calculate the GH and SH shifts by
illuminating the entire structure with a Gaussian beam whose
waist wo >> Ao and compare them with stationary phase calcu-
lations. We consider an incident Gaussian beam with electric
field magnitude E; in the input co-ordinates (x, ¥/, 7 = 0) as

follows [60]:
x/2 + 2
Ein(x/’ y,v Z/ - O) =E0 exp (_(—Zy))s (13)
2wy

and set the amplitude of the incident wave as 1 at the origin,
i.e., Eyg = 1. The input field can be expressed by the two-
dimensional inverse Fourier transform as [60]

kit
m(xyz)— / f exp 2w0_2 ,

x exp (—i(kyx' + kyy')) exp (—ia)dkydky,
(14)
where a = k7' = (n%kg — kf, — kyz,)l/ 271, with z; the distance
between the incident source and the NR slab. The reflected
wave is expressed in local coordinates (x”,y”,z”) as illus-

trated in Fig. 6(a). Using the reflection coefficients, we can
define the reflected field at z” = 0:

k2 K+ K k2
r[r (ky, ky)exp

X exp [—i(erx’ + kyy')] exp (—i,B)dkx/dk ;o (15)

E:r (x//’ y//’ Z// — 0)

where 8 =k, (z1 + 22) = (n%kg — kf/ — kf,)l/z(zl + z5), with
zp the distance between the slab and the reflected wave de-
tector and o = s, p. We plot the intensity of the p-polarized
incident waves, Ej,(x,y = 0, z = 0), at a fixed incident angle
6; = —41.7° along the x axis in Fig. 6(b) in dashed curves,
where the peak intensity occurs at x = 0. Similar behavior is
found in Fig. 6(c) for the same incident wave, but opposite
incident angle, i.e., 6; = 4+41.7°. To demonstrate the GH shift
in the reflected field, we plot the normalized reflected field
intensity along the x axis (y = 0) in the same figures for their
respective incident angles. The result shows that for the right
incident Gaussian beam (6; = —41.7°), the reflected field is
shifted from the origin by a distance Ax = —52, which is
referred to as a GH shift. Noticeably, the simulated GH shift is
the same as we have shown in Fig. 4(a), near ; = —41.7°. For
clear illustration, we zoom in the peak intensity distribution
around the origin as shown in the inset of Fig. 6(b). In contrast,
when the Gaussian beam is incident from the left (6; = 41.7°),
the shift in the reflected field is negligible as shown in Fig. 6(c)
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FIG. 6. (a) A schematic illustration shows a Gaussian source positioned at a distance z; from the multilayer slab, illuminating the structure
at an incident angle 6;. The reflected field is collected by a detector located at a distance z, from the slab. The incident plane (x, z) is defined
in the laboratory coordinate system (x, y, z). The input plane (x’, z') and output plane (x”, z”) are described using local coordinate systems
.y, 7)and (x",y", 7”), respectively, with the y axes aligned parallel, i.e., y || ¥’ || ¥”. The normalized incident field intensity (dashed curve)
and reflected field intensity (solid curve) along the x axis (y = 0) for fixed incident angle (b) 6; = —41.7° and (c) 6; = +41.7°. The lateral
displacement Ax of the solid line from the origin represents the GH shift as shown in the insets. (d) The normalized reflected field intensity
distribution along the y axis (x = 0) for fixed incident angle (d) 6; = —41.7° and (e) 6, = 41.7°. Here, Ay represents the spin-dependent
splitting of the LCP and RCP reflected field intensity as clearly shown in the inset of each figure. Here, we set wy = 500A¢, z; = 22 = 200wy,

and the rest of the parameters are the same as we used in Fig. 4(a).

as predicted in Fig. 4(b). Thus, our stationary method calcula-
tion agrees with the Gaussian beam analysis.

To compare the SH shift, we plot the normalized reflected
intensity along the y axis (x = 0) for fixed incident angle
6; = —41.7° in Fig. 6(d) and 6; = 41.7° in Fig. 6(e). The
incident field has a Gaussian profile with maximum intensity
centered around y = 0 (not shown here), and the reflected
field undergoes a spin-dependent splitting of E* along the
positive and negative y axis, as we schematically illustrated
in Fig. 1(b). It can be seen in the inset of Fig. 6(d), where
the reflected field is split into left- and right-polarized fields.
The splitting is symmetric along the y axis [as suggested by
Eq. (12)] and shifted through a distance of Ay ~ 3.5A¢, which
is the same as shown in Fig. 5(a) (blue lines at 6; = —41.7°).
On the other hand, for left-side incidence (6; = 41.7°), the
spin-dependent splitting is negligible as shown by the inset of
Fig. 6(e) and predicted in Fig. 5(b). Thus, it also agrees with
our stationary phase method calculation.

IV. CONCLUSION

In this work, we have investigated the NR Goos-Hinchen
shift and photonic SH shift by a planar heterostructure made
of an NR slab and a dielectric slab placed over a perfect reflec-
tor. The results demonstrate that by tuning the off-diagonal
elements of the permittivity tensor of the NR medium,
the structure exhibits NR reflection due to polarization-
and direction-dependent coupling of the incident field with
the structure. Our numerical results obtained using com-
sol multiphysics- show that the engineered coupling enables
direction-selective optical momentum transfer to the slab. As

a result, the reflected beam exhibits both a large NR GH
shift and SH shift due to the conversion of linear and orbital
angular optical momentum, respectively. To validate our find-
ings, we employed two independent analytical approaches:
the stationary phase method for planewave incidence and the
scattering analysis of a Gaussian beam. The results reveal
that when a Gaussian beam is reflected by the structure, it
experiences both GH and SH shifts. These observed shifts are
in excellent agreement with those predicted by the stationary
phase method. Thus, the presented results are reliable and
experimentally achievable. We believe our findings pave the
way to control the flow of light, enabling the development
of efficient optical devices based on directional-dependent
beam manipulation and polarization control, with potential
applications in the field of sensing.
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APPENDIX A: ELECTROMAGNETIC FIELD
IN THE NONRECIPROCAL MEDIUM

We consider time-harmonic electromagnetic fields propa-
gating in an NR medium of anisotropic permittivity tensor
éxr, as given in Eq. (1). Under the time convention
exp(—iwt), Maxwell’s equations are written as follows:

V x E = iwuoH, (AD)

VxH= —l'a)E()ENR -E. (AZ)

We assume that the incident field propagates in the xz plane,
and the medium has discontinuities along the z axis. To
apply the boundary condition at each interface, we expand
Eq. (Al)as

—03.Ey = iwpoH;, (A3)
0.E, = iopoH, + ik E,, (Ad)
kxEy = wpoH,, (AS)
and Eq. (A2) as
—03.Hy = —iweg(€4Ey + €x.E,), (A6)
0.H, = —iwepeqEy + ik H,, (A7)
kav = —weo(exEy + €4E;). (AB)

Since the NR medium has discontinuities along the z axis,

we will apply the boundary conditions at z = 0 and z = —d;.
Therefore, we eliminate E, and H, from Eqgs. (A4) and (A7),
respectively. We get H, = af_:‘oEy and E, = —ﬁ(kay +

wepeEy). By inserting into the equations. (A3), (AS), (A6),
and (AS8), we obtain the coupled system of differential equa-
tions as

iky€y ) K2
0B = — Ey + il pow — H,y, (A9)
€4 WENEY :
0. Ey = —iwpoH,, (A10)
k2
0.H, = i( X a)eoed>Ey, (A11)
How
X X .kx X.
3.H, = ia)e()(ed _ & )Ex _ By (A12)
) o o

J

ky sin(kzp1d1)

cos(kypidy) — fexe
exp(—iM,d,) =

kzpl

The above coupled equations can be compactly expressed in a
matrix form as

E, E,
E, E,
ol =M .
H, H,
H, H,
with the matrix M given as
€cky kf
_? O 0 Hoa) - wWeN€Eg
0 0 — oW 0
M = @ ,
0 /I-wa — WEN€EY 0 0
WEYE, 0 0 — Cacky

€4

€xz€ax

€, = (€, — ==). This matrix M is used in the main text.
€4

APPENDIX B: EXPLICIT EXPRESSION
OF THE PROPAGATION MATRIX P,

We start with the given matrix M, which describes the
field coupling in an NR slab. The matrix M is Block-diagonal
and can be decomposed into an s-polarization (E,, H,) Block

matrix as
0 — Mo
M.v - kxz_wzuogugd 0 (Bl)

o

with eigenvalues AL = +iv edkg —k? = =ik, . By using the
identity exp(—iM,d;) = cos(kzd))I — %M“ we ex-
press the solution as )

. cos(kzs1dp) w
exp(—iMd,) = ity sin(kos1dy) e | (B2)
T me cos(kz1dy)

Similarly, the p-polarization (E,, H,) component of the
Block matrix can be expressed as

€xcky 3
T e Ho® — o
M, = ), (B3)
_ ExzRy
WENE,, T

The eigenvalues of the matrix can be written as

62 kZ 2

k-e
det(M,, — AT) = A% + (—;—2 — o pocoey + = ) =0,
d d

A:ﬁ: = :l:i‘/Evk% — k% = :I:ikzpl.

exp(—iM,d;) = cos(k;,1di)I —
M,, we express the solution as

By using the identity
i sin(kzp1di)

k:pl

_ ik2, sin(kzpidy)

€akzp weg€eqkp) (B4)
_ iweg€, sin(k;p1d)

i€xzky sin(kzp1di)
Edk:pl

cos(kzpid) —
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By combining Eqs. (B3) and (B4) we write the complete solution as

i€y ky sin(k;p1dy)
cos(kzpid,) eakopt 0
0 cos(kzs1dy)
Pl = i i
0 ik sin(kzdy)
How

kzpl

which is the propagation matrix used in the main text.

APPENDIX C: EFFECT OF BEAM WAIST
ON THE BEAM SHIFTS

1. Effect of beam waist on the Goos-Hénchen shift

In the main text, we use the stationary-phase method to
define the GH shift, which is valid for a large beam waist.
However, to explore the effect of the beam waist on the GH
shift and provide the limitations of the our work, we compute
the GH shift using a Gaussian beam in Fig. 7, by plotting
incident and reflected fields for several beam waists: (a) wy =
1040, (b) wy = 5040, (c) wy = 100%¢, (d) wo = 20040, (e)
wo = 500A¢, and (f) wo = 600Ay. The lateral displacement
(GH shift) in the reflected field is illustrated by arrows. The
results show that, as the beam waist increases, the GH shift
also increases and eventually converges to the value of —52A,
consistent with our analytical prediction obtained using the
stationary-phase method. This confirms that our analytical
formulation accurately describes the GH shift in the large
beam waist limit, i.e., wy = 5001y. Therefore, we choose
wo = 5004 in Fig. 6.

1.02
101 f@
1.00 f
0.99 f= === |E_|?
098 F—|E P
097F
096 F
1.02 :

1.01 t(b) A ~-33%

1.00 F N E
L]
1
1

Aym-127, wo=10h,

L

TEEE=D

0

099
098 F
097F
0.96 ¢

1.02 -
101E© A, ~44n,  wo=100, 3
100
099 F
098
097F
096 F

100 50

Normalized intensity Normalized intensity Normalized intensity

P P I R 1
0 50 100 -100 -50 0 50 100
x () x (A,)

- 0

FIG. 7. Effect of beam waist on the GH shift. The normalized
incident field intensity (dashed curve) and reflected field intensity
(solid curve) for different beam waists, (a) wo = 104, (b) wy =
50)\.0, (C) Wy = 100)\.0, (d) Wy = 200)\.0, (e) Wy = 500)\.0, and (f)
wy = 600X, are plotted along the x axis (for y = 0) for a fixed
incident angle 6; = —41.7°. The remaining parameters are the same
as those used in Fig. 6(b).

wepegkzp
ipow sin(kz1di)
k:;l O
9
cos(ks1d)) 0
i€y ky sin(k,pidy)
0 COS(kzpldl) €ak;py

2. Effect of beam waist on the photonic spin Hall shift

In the main text, we employ the stationary-phase method
to define the SH shift, which provides the maximum possible
shift and is valid only when the incident field has a large beam
waist and a narrow angular spectrum. To explore the limi-
tations of our work, we calculate the beam waist dependent
SH shift by considering an incident Gaussian beam with the
angular spectrum as

E Wo w(Z) (k)%/ =+ k)%,)
in = exp| ———— |.
" e P 4

Using the reflected coefficients, we can calculate the angular
spectrum E,; or E,_ of the LCP and RCP components of the

(ChH

@) e wo=l0%, A

3 [ i w0 =502, ]

- W0 =100}, .

< 2 Wo =00 1, ]

< F w0 =500 ), .

l p == == Equation (11) .

0 B e s 1 e

-45 -44  -43 -42 -41 -40
Incident angle (deg)

it 1 — T | T T T J

T I N N TN NN NN NN MRNN TR NN NN R M| E

200 400 600 800

Beam waist (1))

FIG. 8. (a) SH shift as a function of the incident angle for dif-
ferent beam waists, computed using Eqs. (C2) and (11) based on the
stationary phase method. (b) SH shift as a function of beam waist for
fixed incident angle 6; = —41.7°. The remaining parameters are the
same as those used in Fig. 5.
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reflected field. By substituting them into

H _
SH —

<Eri | i ak,.y |E~'ri>
(Eri |Eri>

and a straightforward calculation leads to a simplified w-dependent expression of the SH shift given as [19]

o :I:kow(%|rpp|[|rpp| + |rgs| AD] cot 6;

Agy =

where x = [d7,,/06;| and A® = cos(¢s; — ¢p). This equa-
tion shows that the SH shift is proportional to wg, and in
the asymptotic limit (wy — 00), reaches its maximum value.
Under this limit, the analytical expression for the SH shift can
be expressed as

Ao |rss|
AL = :i:glil + T cos (¢s — ¢,,)] cot 6;, (C3)

which corresponds to Eq. (11) (likewise for V polarized) in
the main text. In this case, the shifts are proportional to the

kgw(%|rpp|2 + X2 + [|rpp|2 + |rss|2 + 2|rpp||rss|A<D] cot? Gi’

(C2)

(

ratio of reflection amplitudes. A large shift occurs when the
755!/ |7pp| becomes significantly large.

To demonstrate the effect of wy on the SH shift, we plot
it as a function of the incident angle for different values of
wp in Fig. 8(a). The results show that as wy increases, the
SH shift approaches the value calculated using Eq. (11). For
better illustration, we also plot the SH shift as a function of
the wy in Fig. 8(b). The results indicate that for wy > 500 X,
the SH shift converges to the value predicted by Eq. (11), as
marked by the dashed line. This confirms that our approach is
applicable in the large beam waist limit.
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