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Photonic spin-orbit coupling induced by deep-subwavelength structured light
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We demonstrate both theoretically and experimentally beam-dependent photonic spin-orbit coupling in a
two-wave mixing process described by an equivalent of the Pauli equation in quantum mechanics. The considered
structured light in the system is comprising a superposition of two orthogonal spin-orbit-coupled states defined
as spin-up and -down equivalents. The spin-orbit coupling is manifested by prominent pseudospin precession
as well as spin-transport-induced orbital angular momentum generation in a photonic crystal film of wavelength
thickness. The coupling effect is significantly enhanced by using a deep-subwavelength carrier envelope, differ-
ent from previous studies which depend on materials. The beam-dependent coupling effect can find intriguing
applications; for instance, it is used in precisely measuring variation of light with spatial resolution up to 15 nm.
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I. INTRODUCTION

Spin-orbit coupling (SOC), which refers to interaction of
a quantum particle’s spin with its momentum, is a fundamen-
tally important concept. It has been extensively investigated in
condensed matter physics [1,2], atomic and molecular physics
[3,4], and contributes to exciting phenomena such as the spin
Hall effect [5] and topological insulators [6,7]. Analogous
photonic SOC is also demonstrated in a variety of settings [8].
The photonic SOC refers to an interaction between the mo-
mentum of light, which also includes spin angular momentum
and orbital angular momentum (SAM and OAM). Whereas
the SAM is associated with photon circular polarization [9],
the OAM is relevant to a helical wavefront of light charac-
terized by a topological number � [10]. The photonic SOC
is crucial for the optical Hall effects [11–14], spin-to-orbital
angular momentum conversions [15,16], spin-orbit photonic
devices [17–19], etc.

The SOC can be engineered in appropriately designed
materials. For example, engineering a tensional strain in
graphene shifts the electronic dispersions and induces a con-
trollable vector potential for the electronic SOC [20–24].
Analogous strategy can be applied to engineer the photonic
SOC, by using strained evanescently coupled waveguide ar-
rays [25,26]. Other approaches for manipulating the photonic
SOCs are demonstrated by appropriately designing micro-
cavities [27–32], metamaterials [33–36], photonic crystals
[37–39], twisted optical fibers [40,41], dual-core waveguides
[42,43], etc. The resultant SOCs are material dependent,
determined by geometric configurations of the materials
which are often difficult to be tuned once fixed by de-
signs. As a consequence, a tunable photonic SOC process
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remains elusive. Recently, several engineered photonic SOC
schemes have been reported, by either embedding a strained
honeycomb metasurface inside a cavity waveguide [44] or
using an optical cavity filled with controllable liquid crystals
[45]. However, the resultant photonic SOCs remain material
dependent.

In this work, we report theoretically and experimentally
a mechanism for engineering the photonic SOC. We demon-
strate this by exploiting analogy between quantum description
of a spin- 1

2 system and a spin-orbit Hamiltonian derived for
structured light in a photonic crystal. The obtained Hamilto-
nian is closely relevant to structured light, which means that
the SOC can be engineered by controlling carrier envelope
rather than the structures of materials. Strong SOC is achieved
by using deep-subwavelength structured light, as manifested
by clear pseudospin precessions. Although the structured light
has been extensively investigated in recent years [46–51],
the dependence of the photonic SOC on its spatial structure
remains unnoticed.

II. THEORETICAL MODEL

We consider a two-wave mixing process involving two
interacting photonic states. The SOC takes place in a crystal,
represented by its principal refractive index: nx, ny, and nz.
With an approximation of the slowly varying envelope along
optical axis z, a coupled-wave equation for the process is given
by [52]
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where Ex,y are linearly polarized fields, and βx,y = k0nx,y

denote their propagation constants. k0 = 2π/λ is free-space
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FIG. 1. (a) Geometrical representation of spin precession in the presence of SOC. R̂ and L̂ define the spin-up and -down equivalents in the
B2 direction, respectively; whereas 	+ and 	− denote two spin eigenstates in the direction of synthetic field B. Spin precession is initiated
by a mixing spin 	 = 1/

√
2(	+ + i	−) located at z0. (b) Bloch-sphere representation of spin- 1

2 system, in the presence of external field
B. 	↑ and 	↓ are spin up and down in the z direction, while 	

1/2
+ and 	

1/2
− denote eigenstates of the system, corresponding to direction of

B. (c) Polarization states mapped on a longitude line of the first-order (� = 1) sphere in (a). (d) Corresponding spin vectors to (c). (e) SOC
strength as a function of beam width r0. (f)–(i) Theoretical results for the spin vectors under actions of LG beam with different widths.

wave number with λ being the wavelength. �β = βy − βx is
a phase mismatch. We define γx,y = 1 − n2

x,y/n2
z as coupling

parameters, related to crystal’s polarity. The derivatives ∇2
xy

and ∇2
yx in Eq. (1) stem from the nonzero term ∇ · E �= 0,

featuring origin of the SOC [41].
To address the rapid oscillation terms exp(±i�βz), we

transform the wave equation to a rotating form, by defining

Ex = Ãx exp(+i�βz/2),

Ey = Ãy exp(−i�βz/2), (2)

respectively. Thus, a Hamiltonian of the system is written as

H = 1

2β̄

[−∇2
⊥ + γ̄∇2

xx, 0

0,−∇2
⊥ + γ̄∇2

yy

]
+
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�β/2, γ̄∇2
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γ̄∇2
xy/(2β̄ ),−�β/2

]
,

(3)

where ∇2
⊥ = ∇2

xx + ∇2
yy denotes the Laplace operator. We have

assumed shallow crystal birefringence, namely, β̄ ≈ (βx +
βy)/2 and γ̄ ≈ (γx + γy)/2. The second term in Eq. (3), which
includes the derivative operators, couples the two polarization
components. It means that the SOC is related to spatial struc-
ture of light.

We study the beam-dependent SOC in a synthetic two-level
spin-orbit system. We define right and left circularly polarized
vortex states as spin-up and -down equivalents in the z direc-
tion. They are written as [53–55]

R̂ = exp(+i�φ)(x̂ − iŷ)/
√

2,

L̂ = exp(−i�φ)(x̂ + iŷ)/
√

2, (4)

respectively, where x̂ and ŷ are unit vectors and φ =
arctan(y/x). Since the pseudospins are defined in the circular
basis, the Hamiltonian is modified by a transformation from
the Cartesian coordinate to the circular basis, yielding

H′ = γ̄ − 2

4β̄

[∇2
⊥, 0

0,∇2
⊥

]
+

[
0,�β/2 − iγ̄∇2

yx/(2β̄ )

�β/2 + iγ̄∇2
yx/(2β̄ ), 0

]
. (5)

Given an overall field Ã = Ã(x, y, z)(	RR̂ + 	LL̂), where 	R

and 	L are weights on R̂ and L̂, respectively, we reduce Eq. (1)
to the Schrödinger-type (Pauli) form

i
∂	(z)

∂z
=

(
1

2M
P2

⊥Ã − 1

2
σ · B

)
	(z), (6)

where 	 = (	R,	L )T, P2
⊥ = [−∇2

⊥, 0; 0,−∇2
⊥], and M =

2β̄Ã/(2 − γ̄ ). Here σ is the Pauli matrix vector. The SOC
is described by a term −σ ·B, where B1 = −γ̄∇2

xyÃ/(β̄Ã),
B2 = 0, and B3 = −�β. It is analogous to a coupling form
which describes interaction between a particle’s spin and its
angular momentum in a moving frame [1,2]. More details
refer to Appendix A. Since B2 is zero, the vector B lies on the
purely transverse B1B3 plane. The SOC Hamiltonian admits
eigenstates that point to the vector B and comprise an equal
superposition of R̂ and L̂, written as

	+ = 1/
√

2[R̂ + exp(iϕ)L̂],

	− = 1/
√

2[R̂ − exp(iϕ)L̂]. (7)

Figure 1(a) visualizes the eigenstates and the pure states
(R̂ and L̂) in the Poincaré sphere, showing close analogies
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to Bloch-sphere representation of the spin- 1
2 system [56,57]

[Fig. 1(b)]. The spin states exhibit cylindrically symmetric
polarization distributions. As illustration, Fig. 1(c) displays
typical polarizations of states mapped onto a longitude line in
the first-order (� = 1) sphere, while Fig. 1(d) depicts their cor-
responding spin vectors, represented by an angle arccos(S2),
where S2 is value of polarization ellipticity. Since the state ex-
hibits identical polarization ellipticity in the transverse plane,
the resultant spin vectors are homogeneous.

The SOC term shows a dynamical effect, caused by the
propagation-variant envelope Ã. This shows sharp contrast to
conventional ones which are usually being independent terms.
However, if optical diffraction is neglected, the dynamical
behavior disappears and the SOC strongly relies on the enve-
lope. In this scenario, a relevant beam parameter becomes an
important degree of freedom for engineering the SOC. This is
demonstrated in Fig. 1(e), showing close relationship between
SOC strength and beam width in the phase-matching condi-
tion (�β = 0). Here the Laguerre-Gaussian (LG) envelope is
considered as

Ã(r) = r

r0
exp

(
− r2

r2
0

)
, (8)

where r = (x2 + y2)1/2, and r0 features the beam width. At
the deep-subwavelenth region (r0 < λ/2), the SOC strength
is rapidly increasing with a slight decrease of r0. It becomes
relatively negligible when r0 > λ. This relation suggests that
shrinking light to deep-subwavelength scale significantly en-
hances the SOC. Although the derivations are based on the
slowly varying envelope approximation, the model can be
applied to deep-subwavelength regime at the early stage of
spin evolution.

To demonstrate the deep-subwavelength-induced SOC, we
set the coupling length to be only one cycle (z = λ), such
that a moderate SOC cannot cause obvious spin transport
phenomenon. On the other hand, the SOC strength can be
maintained during beam propagation, due to the short cou-
pling length. This results in an adiabatic spin evolution,
represented as a spin precession around B, i.e.,

dS
dz

= B × S, (9)

where S = (S1, S2, S3) is the state vector defined as Sh =
	†σh	 (h = 1, 2, 3). The spin vector is therefore described
by S2. We initiate the spin precession from a mixing state:
	 = 1/

√
2[	+ + i	−]. Figures 1(f)–1(i) display theoretical

distributions of the spin vectors for different beam parame-
ters. Evidently, for r0 = 0.05 µm, the spin rotates to an angle
about −78◦; by comparison, increasing the parameter to r0 =
0.13 µm causes less significant spin precession, manifested
by a spin rotation angle about −12◦. This indicates that the
SOC strongly depends on the carrier envelope. Figures 1(h)
and 1(i) show that a moderate SOC induced by the relatively
larger envelope cannot cause spin precession.

III. EXPERIMENTAL RESULTS AND DISCUSSION

Experiments are carried out to confirm the predictions.
A crucial ingredient is to generate the required spin-orbit
state at the deep-subwavelength scale. This is challenging

FIG. 2. (a) Experimental setup. BS: Beam splitter; Q: q plate;
FL: Flat lens; M: Mirror; OB: Objective lens; TL: Tube lens; QWP:
Quarter-wave plate; P: Polarizer; CCD: Charge-coupled device. The
laser is operating at wavelength of λ = 632.8 nm. The insert in
(a) shows that an equatorial mixing spin with equal weight on 	R

and 	L is adiabatically converted to a pure spin down in the presence
of the SOC. (b) Layout of the 60-nm-thick flat lens with NA=0.87.
(c) Intensity distribution of the LG beam at the focal plane (z f )
of the flat lens. (d) Plane-wave interference and (e) y-polarization
component of beam at z f , indicating a generation of the expected
spin state 	 = 1/

√
2(	+ + i	−). The scale bar in (c)–(e) is 250 nm.

In color bar, L: Low; H: High.

since the incident state cannot maintain its property after
tightly focused by the high-numerical-aperture (NA) objec-
tive lens [58–60]. To overcome this problem, we fabricate a
topology-preserving high-NA flat lens (the thickness is 60 nm)
according to a technique reported in [61]. The flat lens [the
layout is shown in Fig. 2(b)] has a NA up to 0.87 and a focal
length of z f = 8 µm. A system comprising an objective lens
(150×, NA=0.9) and a tube lens is utilized to characterize
the flat lens [see Fig. 2(a)]. Figure 2(c) presents recorded
intensity distribution of light at the focal plane. The focused
LG beam exhibits a parameter of r0 � 0.32 µm. The recorded
regular interference [Fig. 2(d)] and y-polarization component
[Fig. 2(e)] suggest that the expected initial spin is generated.
Theoretical derivation about topology-preserving property of
the flat lens (Appendix B) further confirms the generation.

An experimental setup is built for measuring the spin pro-
cession. A linearly polarized He-Ne laser (λ = 632.8 nm)
is divided by a beam splitter. A q plate with a charge of
q = 1

2 is applied to transform the beam into expected spin
state carrier by the LG envelope. The purity of the spin state
from the q plate is measured as 95.2% (Appendix C). The LG
beam is focused into deep-subwavelength region by the flat
lens. A c-cut lithium niobate crystal film (γ̄ = −0.08) with a
thickness about one wavelength is placed at the focal plane.
The emerging beam, in the presence of the SOC, is expected
to accumulate a nontrivial spin phenomenon [see the insert in
Fig. 2(a)].
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FIG. 3. Experimental observation of spin rotation induced by
the deep-subwavelength LG beam (r0 = 0.32 µm), as manifested by
spin angular momentum conversion (flipping) from right-handed one
(b) to the left-handed one (a). In comparison, a larger LG beam pa-
rameter r0 = 2.2 µm is considered, resulting in balanced left-handed
(c) and right-handed (d) components. (e), (f) The measured spin
vectors before and after the crystal film, for (e) r0 = 0.32 µm, and
(f) r0 = 2.2 µm. In the color bar (d), L: Low; H: High.

Figure 3 presents measurements confirming the spin pre-
cession. Since the spin is relevant to the circular polarization,
we measure the right- (spin-↑) and left-handed (spin-↓) circu-
lar polarization components. These are achieved by rotating a
quarter-wave plate to an angle of −π/4 and +π/4 with re-
spect to x axis, respectively, while inserting a linear polarizer
in front of the camera. Figures 3(a) and 3(b) depict intensity
distributions of 	L and 	R, respectively. The measured 	L

component is stronger than the 	R one, indicating a spin pre-
cession toward south pole of the sphere. Figure 3(e) shows the
measured spin rotation by an angle of −5.2◦, compared to the
initial one [62]. This approximately matches to the simulated
result. However, for a larger parameter (r0 = 2.2 µm), the 	L

and 	R components are approximately identical [Figs. 3(c)
and 3(d)], meaning that the induced SOC is insufficient to flip
the spin [Fig. 3(f)]. Slight difference between the experiment
and theory can be mainly attributed to the imperfect LG en-
velope that is closely relevant to the derivative operator ∇2

xy
[62].

We observe nontrivial spin-precession phenomenon, man-
ifested by a generation of the photonic OAM. Initially, both
the SAM and OAM of state at the equator are zero. Under
the action of the SOC, its intrinsic OAM and SAM are sepa-
rated simultaneously. This nontrivial phenomenon is observed
in Fig. 4(a), showing a clear dislocation in the plane-wave

FIG. 4. Observation of the orbital-angular-momentum state in-
duced by spin precession. (a), (c) The experimentally measured
plane-wave interference patterns, for two different LG beam param-
eters: (a) r0 = 0.32 µm, and (c) r0 = 2.2 µm. (b), (d) The simulated
[based on Eq. (1)] interference patterns corresponding to the mea-
surements in (a) and (c). Experimental conditions are kept the same
as those in Fig. 3.

FIG. 5. Observation of the spin rotation by using the deep-
subwavelength BG beam (r0 = 0.12 µm). (a), (b) Experimentally
measured intensity distributions of the left- and right-handed circular
polarizations. (c), (d) Plane-wave interference patterns obtained both
in experiment (c) and in simulation (d). (e), (f) The measured output
spin rotation in comparison with the initial one: (e) experiment; (f)
simulation.

interference fringes for the deep-subwavelength LG beam.
This is a manifestation of wavefront helicity with a topologi-
cal charge being � = 1. The spin precession accompanied by
the OAM generation confirms the phenomenon of spin-orbit
separation. This effect becomes negligible for larger envelope
since the spin remains at its original position, as indicated
by the regular interference fringes [Fig. 4(c)]. Theoretical
results correspondingly shown in Figs. 4(b) and 4(d) are in
accordance with the measurements.

We observe more prominent spin precession by consid-
ering the Bessel structured light with deeper-subwavelength
feature size. The carrier envelope is replaced by

Ã(r) = J�(r/r0), (10)

where J� denotes the Bessel function of order �. In practice,
we should properly truncate the ideal Bessel beam by using
a Gaussian factor. The resultant Bessel-Gaussian (BG) pro-
file exhibits nondiffracting property over a certain distance.
We generate this BG beam using a metasurface whose ge-
ometry exhibits cylindrical symmetry. The highly localized
BG beam is a result of in-phase interference of many high-
spatial-frequency waves [51]. We demonstrate result for a
beam parameter of r0 = 0.12 µm, while maintaining other
parameters unchanged. Similarly, an initial balance between
the left- and right-handed components is broken by the SOC
[Figs. 5(a) and 5(b)]. The output spin rotates to a larger angle
of −17.1◦, nearly in accordance with the theoretical calcu-
lation [Fig. 5(f)]. The measured and simulated interference
patterns verify the spin-precession-induced OAM generation
[see Figs. 5(c) and 5(d), respectively].

Finally, we propose to using the beam-dependent SOC in
precision measurement of slight variation of structured light,
with measurement accuracy up to 15 nm. This nanometric
resolution is usually impossible to be reached by current
optical detectors. It requires to realize rapid oscillation be-
tween the spin up and spin down. Specifically, we exploit
the deep-subwavelength BG beam as carrier envelope of the
spin. In this scenario, the Pauli equation [Eq. (6)] emulates a
SOC process for the spin oscillation. Figure 6(a) depicts the
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FIG. 6. (a) The simulated [based on Eq. (6)] beam-dependent
spin oscillatory modes. (b), (c) The simulated [based on Eq. (1)]
phase distributions of the output light states from the barium
metaborate crystal film (γ̄ = −0.16), for (b) r0 = 95 nm and (c)
r0 = 110 nm.

SOC-supported spin harmonic oscillations along with the
coupling distance, for different cases of beam widths. Obvi-
ously, the spin oscillation is very sensitive to the change of
spatial structure of light, giving rising to ultrasensitive beam-
dependent oscillatory modes. As a result, a slight change of
the beam width leads to significant spin flipping. This allows
to detect the spatial variation of light as small as 15 nm.
To verify the result, we present simulated outcomes [see
Figs. 6(b) and 6(c)], clearly showing opposite helical wave-
fronts of the output states (corresponding to the spin down
and spin up), for r0 = 95 nm and r0 = 110 nm. Note that
one can further increase the measuring sensitivity by properly
reducing the beam width.

IV. CONCLUSION

In summary, we have demonstrated both theoreti-
cally and experimentally SOC phenomena caused by the
deep-subwavelength spin-orbit structured light. This beam-
dependent SOC contrasts to those being material dependent
[44,45]. The reported SOC is closely relevant to the spatial
gradient of light field, hence, it can be significantly enhanced
by using the deep-subwavelength carrier envelopes. We have
qualitatively characterized this effect, by measuring the spin
precessions under different beam parameters. Particularly,
based on the deep-subwavelength Bessel beam, a significant
spin rotation about −17.1◦, accompanied by OAM gener-
ation, was achieved within a coupling length of only one
wavelength. The influence of the phase mismatch on the
beam-dependent SOC was also discussed (see Appendix D).
These fundamental SOC phenomena may find interesting
applications in different areas [63–66]. As an example, we
have proposed to use such a strong SOC effect in the precise
measurement of slight spatial change of light with nanometric
resolution.
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APPENDIX A: ANALOGY OF SPIN-ORBIT COUPLING
IN SPIN- 1

2 SYSTEM AND SYNTHETIC TWO-LEVEL
SYSTEM

The spin- 1
2 dynamics in the external vector field B can be

described by a Hamiltonian term H1/2 = σ · B, where σ is the
Pauli matrix vector. In a normalized form, it can be expressed
as

H1/2 = 1

2

[
cos θ sinθ exp(−iϕ)

sinθ exp (iϕ) −cosθ

]
, (A1)

where θ and ϕ are two angles that define a normalized (unit)
sphere. The vector B then possesses around the sphere, with
direction determined by θ and ϕ. This Hamiltonian H1/2 ad-
mits two spin eigenstates that point along to B, written as

	
1/2
+ = cos

(
θ

2

)
	↑ + exp(iϕ) sin

(
θ

2

)
	↓,

	
1/2
− = sin

(
θ

2

)
	↑ − exp(iϕ) cos

(
θ

2

)
	↓, (A2)

where 	↑ = [1 0]T and 	↓ = [0 − 1]T are spin-up and
-down states defined in the z direction. Figure 1(b) geomet-
rically depicts this picture onto a Bloch sphere. All possible
spins of the system can now be mapped onto the sphere, with
the spin up 	↑ and spin down 	↓ located at the north and
south poles of the sphere, respectively. In the presence of the
external field B, the initial spin precesses around the vector B,
giving rise to many intriguing spin transport phenomena such
as the geometric phase.

In our case, we study spin-orbit coupling of structured light
in a photonic crystal. The structured light in the system is
comprising a superposition of two orthogonal spin-orbit states
with nontrivial topological structures. They can be written as
R̂ = exp (ilφ)(x̂ − iŷ)/

√
2 and L̂ = exp (−ilφ)(x̂ + iŷ)/

√
2,

respectively. These topological states define the spin-up and
-down equivalents along the z axis, respectively, but they
are not eigenstates of the analogous spin-orbit Hamiltonian
Hsoc = −σ · B. In the circular basis, a similar Hamiltonian
matrix can be written as

Hsoc =
[

B2 B3 − iB1

B3 + iB1 −B2

]
. (A3)

In our case, since B2 is zero (see the main text), the effective
vector B obtained here lies on the purely transverse B1B3

plane, as shown in Fig. 1(a). As a result, the pseudospin
eigenstates of Hsoc that point along this transverse vector B
comprise an equal superposition of R̂ and L̂, express as

	+ = cos
(π

4

)
R̂ + exp(iϕ) sin

(π

4

)
L̂,

	− = sin
(π

4

)
R̂ − exp(iϕ) cos

(π

4

)
L̂. (A4)

We can now interpret these eigenstates as a mixing of R̂ and
L̂. Poincaré-sphere representation allows us to visualize these
spin eigenstates as well as the pure states R̂ and L̂. Clearly, this
is analogous to the Bloch-sphere representation for the spin- 1

2
system. The spin-orbit coupling makes this state evolve along
the Poincaré sphere, which can be described by the synthetic
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TABLE I. Analogies between the presented synthetic spin- 1
2 system in the higher-order optical regime and the spin- 1

2 system in the quantum
mechanics. The direct analogies between these two different settings enable us to emulate intriguing spin transport phenomena in the presence
of spin-orbit coupling.

Physical parameters Spin- 1
2 system Synthetic spin- 1

2 system

Spins 	↑ and 	↓ R̂ and L̂
Eigenstates 	

1/2
+ and 	

1/2
− 	+ and 	−

Field vector B (real) B=[−γ̄ /(β̄Ã)∇2
xyÃ, 0, −�β]

Spin-orbit coupling term H1/2 = σ · B HSOC = σ · B
Space/time coordinates (x, y, t ) (x, y, z)
Mass m M = 2β̄Ã/(2 − γ̄ )
Momentum operator P2

⊥ = [−∇2
⊥, 0; 0, −∇2

⊥] P2
⊥ = [−∇2

⊥, 0; 0, −∇2
⊥]

Pauli equation

i
∂	

∂z
=

(
1

2M
P2

⊥Ã − 1

2
σ · B

)
	. (A5)

Table I summarizes analogous formulas between these two
systems.

APPENDIX B: THEORETICAL DERIVATION
FOR THE TOPOLOGY-PRESERVING FLAT LENS

In this Appendix, we theoretically prove that the flat lens
used in the experiment does not change the spin-orbit prop-
erty of the LG beam after tightly focusing. The flat lens is
designed by an amplitude-only hologram generated from an
interference between an angular cosine wave and a spherical
wave (see Ref. [61] in the text). When the LG beam Ã(x, y)
carrying a general spin state 	 passes through the flat lens, it
is modulated in binary. As a result, the light field behind the
flat lens can be expressed as

E(x, y, z = 0) = Ã(x, y) · t (x, y)[	x(φ)x̂ + 	y(φ)ŷ], (B1)

where t (x, y) denotes transmission function of the flat lens and
φ = arctan(y/x). Within this initial condition, we solve the
diffractive problem according to the vectorial Helmholtz wave
equation. The diffractive field at the focal plane of the flat lens
can be written as

E(x, y, z f ) = k

i2πz f

∫∫
E(x′, y′, z = 0)

× exp

{
ik

2z f
[(x − x′)2 + (y − y′)2]

}
dx′dy′.

(B2)

Note that owing to the cylindrical symmetry of the flat lens
[see the layout in the text, Fig. 2(b)], the transmission function
can be also given in a cylindrical form of t (r), where r =
(x2 + y2)1/2. In this case, the complex amplitude of the initial
field is separable in the polar coordinates (r, φ). We therefore
rewrite the solution in the cylindrical coordinate system and
deal with the integrals. We finally obtain the analytical solu-
tion for the vectorial light field at the focal plane, given by

E(x, y, z f ) = f (r)[	x(φ)x̂ + 	y(φ)ŷ], (B3)

where

f (r) = − k

z f

∫ ∞

0
Ã(r′)t (r′)r′J1

(
krr′

z f

)

× exp

[
ik

2z f
(r2 + r′2)

]
dr′ (B4)

and J1 indicates the first-order Bessel function. It is evident
that the diffractive field at the focal plane shares a similar
analytic form to the initial one, except for that the envelope
becomes a z-dependent function. It indicates that the flat lens
can completely retain the initial spin state when it is focused
into the input end of the crystal. The topology-preserving flat
lens enables us to detect the pseudospin precession caused
by the deep-subwavelength structured light, which cannot be
achieved by using the conventional high-NA objective lens.

APPENDIX C: PURITY MEASUREMENT
OF THE FIRST-ORDER LG BEAM FROM THE q PLATE

We perform additional experiment to show that the gener-
ated first-order LG beam from the q plate is of high purity,
which is sufficiently enough to detect the photonic spin-orbit
coupling effect. We utilize a modal decomposition method
[67,68] to measure the purities of the output LG mode from
the q plate with a topological charge of q = 1

2 [see an

FIG. 7. Modal decomposition results. (a) An experimental setup
used to measure the purity of the first-order LG beam emerging from
the q plate. The LG beam is decomposed into LG basis modes.
The linearly polarized He-Ne laser operating at the wavelength of
632.8 nm is considered. QWP, quarter-wave plate; QP, q plate with
a topological number of q = 1

2 ; SLM, spatial light modulator; BS,
beam splitter; CCD, charge-coupled device. (b) The modal decom-
position results at the basis of LG modes with topological charge
ranging from l = −5 to 5.
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FIG. 8. Controllable spin-orbit coupling by engineering the
phase mismatch in a c-cut electro-optic lithium niobate crystal.
(a) Experimental scheme for observing the electrically engineered
spin-orbit coupling. (b)–(f) Experimentally measured photonic spin
states at different applied voltages: (b) U=60 V, (c) U=80 V,
(d) U=100 V, (e) U=120 V, and (f) U=140 V. (g) The measured
topological charge as a function of applied voltage. Sim: Simulation;
Expt: Experiment. In this experiment, the coupling length of the
crystal is set to z = 30 mm.

experimental setup in Fig. 7(a)]. Two quarter-wave plates
(QWPs) are used to select a proper polarization of the

generated first-order (l = 1) LG beam that matches to the
spatial light modulator (SLM). A group of pure LG modes
generated from digital holograms by using the SLM are con-
sidered to decompose the LG beam. Figure 7(b) shows the
decomposing result depicted in a histogram. It is seen that the
measured purity of the first-order LG beam from the q plate
is 95.2%.

APPENDIX D: ENGINEERING PHOTONIC SPIN-ORBIT
COUPLING BY TUNING THE PHASE MISMATCH

In addition to the beam-dependent photonic spin-orbit cou-
pling which we have shown in the main text, we perform
additional experiments confirming that the spin-orbit coupling
can be also controlled by engineering the phase mismatch. To
this end, we consider electrically tuning the phase mismatch
in a c-cut electro-optic lithium niobate (LN) crystal, whose
optical axis is in accordance with propagation direction of the
beam [see Fig. 8(a)]. In the presence of transverse modulation,
the phase mismatch can be written as

�β = −k0n3
oγ22U/d, (D1)

where k0 = 2π/λ denotes wave number in vacuum with λ

being wavelength, no is the ambient refractive index of the
crystal, U is the applied voltage, d is the thickness, and γ22 =
6.8 pm/V is an electro-optic coefficient of the crystal. In this
case, the external knob U is utilized to finely tune the phase
mismatch and the resulting spin-orbit coupling. We use the
same experimental setup and obtain a voltage-dependent tran-
sition between different spin states in the phase-mismatching
regime. Figures 8(b)–8(f) show controllable spin states of
light by varying the applied voltage. Moreover, we perform
detailed experiments to measure the topological charge of the
output light state as a function of voltage [see Fig. 8(g)].
These results suggest another important degree of freedom for
engineering the spin-orbit coupling.
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