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Pure transverse spin perpendicular to wave propagation in multiple plane waves
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Transverse spin, an intriguing aspect of spin angular momentum, has gained considerable attention in recent
years. However, transverse spin is typically accompanied by longitudinal spin in electromagnetic fields. This
work aims to generate a series of optical fields with pure transverse spin. We present analytical and numerical
demonstrations showing that when multiple linearly polarized plane waves interfere in the same plane, the
longitudinal spin vanishes, leaving only the transverse spin, which is perpendicular to both the wave propagation
and the inhomogeneous field plane. This transverse spin is demonstrated to be related to the imaginary part
of the complex Poynting momentum. Furthermore, we show that pure transverse spin is also observed in
the interference of multiple Gaussian beams, offering practical applications in optical field preparation and

enhancing our understanding of spin-related physics.
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Introduction. Spin angular momentum (SAM), which en-
compasses both longitudinal and transverse components [1,2],
is a fundamental dynamic property of electromagnetic
fields [3—8]. The longitudinal spin (L spin), a helix-dependent
component, aligns along the local wave vector (k). On the
other hand, the transverse spin (T spin), a helix-independent
component, is perpendicular to the local wave vector and
is locked by the momentum, giving rise to the concept of
spin-momentum locking [5,9,10]. In physics, the T spin is
related to the inhomogeneity of momentum distribution in
the optical field [11-14]. The unique physical characteristics
and orientation of T spin, distinguished from L spin, provide
new avenues for manipulation, sparking research interest in
a wide range of fascinating phenomena, such as optical ma-
nipulation [15-20], laser cooling [21], unidirectional guided
waves [22], imaging [23-25], and communications [26]. In
addition, metasurfaces, which flexibly control the spatial
structure of SAM in the light, open new paths for T-spin-based
applications in ultracompact nanophotonic platforms [27-30].

However, in most optical fields, the emphasis is on the
L spin, while the T spin tends to be overlooked [31-34].
This is primarily because, for instance, the intense T spin is
confined to a narrow region when the optical fields are tightly
focused, whereas the L spin extensively persists. [35-37]. The
persistence of the L spin can be attributed to the presence
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of the intrinsic or interference-generated helix in these inter-
ference fields [38]. While T spins can be generated in fields
such as surface-plasmon polaritons, they depend highly on the
designed medium [27,28,30,39]. Furthermore, the evanescent
fields with a pure T spin are experimentally practical only
within the near-field range [2,22,35,40,41]. Consequently, ex-
ploring optical fields that carry a pure T spin with an extensive
range is urgently needed.

In this Letter, we present a study on optical fields carry-
ing pure T spin perpendicular to wave propagation while the
L-spin component vanishes and the total SAM is locked by
momentum [40,42-44]. In this case, the lateral component of
Belinfante’s spin momentum (BSM) disappears [40,42-44].
As a result, the T spin aligns itself along a direction where
momentum symmetry is preserved, and the light does not
exhibit any field gradient or propagation characters in this
lateral direction. Therefore, this T spin is perpendicular to
both the wave propagation and the inhomogeneous field plane.
We provide an analytical derivation on the general case of
plane-wave interference, which leads to the pure T spin under
certain conditions. The results are applicable universally and
are not restricted to specific physical parameters such as com-
plex amplitude, propagation direction, or the number of plane
waves. In the case of an interference field with pure T spin,
the relationship between the T-spin density and the imaginary
Poynting momentum (imaginary part of the complex Poynting
momentum) density is established to study the intricate inter-
play between the T spin and optical forces [15,38,40,45—47].
Furthermore, the robustness of pure T spin in the quasi-optical
lattice [48-50] formed by Gaussian beams [35,51,52] further
support the practical implications of our study.
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FIG. 1. The pure T spin is perpendicular to wave propagation and
locked by the momentum, in an optical field composed of four plane
waves with all the wave vectors lying in the xy plane and sharing
the same polarization vector. The total SAM density vector and the
momentum density vector on the z = 0 plane are represented by red
and blue arrows, respectively. It is obvious that the T-spin density are
all along the z direction and the momentum density lying in the xy
plane. The parameters of the four plane waves are setasm; = 1,A; =
1,1, I +i, 1 —i,and ; = 0°, 108°, 1987, 252° fori =1, 2, 3, 4,
respectively.

Results and discussion. To illustrate the pure T spin, let us
consider an optical field composed of n,, plane waves. Figure 1
depicts a schematic plot of this field for a specific case where
np = 4. In this scenario, the n, plane waves all have the same
wavelength, and their wave vectors are confined to the xy
plane. The electric field of a general optical field composed
of n, plane waves can be expressed as [40,53,54]

np

E= ZPE,- = Z(J,-S,-eikf'r, 1

where U; = A;/(1 + |m;]*)"/? is the normalized amplitude of
each wave. The position vector r = xe, + ye, + ze., where
e, e,, and e, are the unit vectors in the Cartesian coordi-
nate. The wave vector k; = k cos f;e; + k sin B;e,, where k
represents the wave number in the background medium, given
by k = 2z /XA, with A being the wavelength. The variables §;
correspond to the angles that determine the direction of the
wave vector k; in the xy plane. In this optical field, the phase
of the plane wave k; - r = kx cos 8; + k y sin ; does not de-
pend on the z coordinate. This property implies that the light
field exhibits translational invariance along the z direction,
which corresponds to the lateral direction perpendicular to
the inhomogeneous field plane. In addition, the vector £; =
—m,; sin B;e, + m; cos B;e, — e characterizes the polarization
of each wave with the complex polarization parameter m;
associated with the real normalized Stokes parameters defined
as [1]
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These parameters describe the different polarization states in
the optical field. Specifically, the parameters 7; = £1, x; =
41, and o; = %1 represent the x (y) linear polarizations,

45° (—45°) linear polarizations, and right-hand (left-hand)
circular polarizations, respectively.

The SAM density and complex Poynting momentum den-
sity are defined as [40,44,54,55]

1 -
s= —ImE* x E+ uH* x H), = -LE* xH, (3)
4w 2

where w = k/,/ep is the angular frequency, and ¢ and p
denote the absolute permittivity and permeability of the
background medium. The total SAM density s of the elec-
tromagnetic field, as described in Eq. (1), consists of two
components: the L-spin density s; and T-spin density s; [1,2].
The T-spin density component emerges due to the nonuniform
distribution of the total momentum density, represented by
st = V x p/2k?, indicating T-spin-momentum locking [2,9].
The Poynting momentum density p, consisting of the BSM
density ps and orbital momentum density p,, i.e., p = Rep =
Ps + Po [44,55]. After a series of algebraic calculations, which
are detailed in the Supplemental Material [56], the distribution
of the L-spin density component can be derived as

I‘ll,

& i(k—K )
S|=§—8§ = ~30 Zlm [Ui*Uj(m;k —m))e i(k; k,)r]
ij

x [1 4 cos(Bi — B;)]
x [(cos B; + cos B;)e; + (sin B; + sin B;)e,]. @)

When setting m; —m; = 0, it leads to the elimination of the
L-spin density in Eq. (4). However, the component of the
total SAM density perpendicular to the wave propagation is
independent of m; — m; (see Eq. (S12) in the Supplemental
Material [56]), retains as the pure T-spin density, i.e.,

s=s = _% S sin(Bi — ;) Im [AFA ;e e,
iJ

1 Bi—B
- ——Ztan'g i Im(w; )e;. (5)
W 2
ij
The complex number w;;, which is independent of my;, is
derived from the energy density of the interference field (see
Eq. (S17) in the Supplemental Material [56]). Moreover, tak-
ing mf — m; = 0 into Eq. (2), the Stokes parameters become

xi=xj, o0;i=0. (6)

This implies that for each plane wave in the system, it is
necessary for them to possess the same linear polarization
state in order to attain a pure T spin. Then the total SAM
density is perpendicular to the wave propagation and the
inhomogeneous field plane and locked by the momentum
density [2,10], as shown in Figs. 1 and 2.

Figures 2(a) and 2(b) illustrate the distribution of total
SAM density and T-spin density, respectively (normalized to
the maximum value of the SAM density). The spatial profiles
in Figs. 2(a) and 2(b) are identical, implying a zero L-spin
density and the optical field’s total SAM density being solely
contributed by the T-spin density. This is further verified by
Fig. 2(c), which shows that the T-spin density (represented
by dashed lines) coincides perfectly with the total SAM den-
sity (represented by double solid lines), thereby confirming

T, = 'L'j,
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FIG. 2. The spatial profiles of the total SAM density s, T-spin
density s, and the momentum density p in the interference field
of three plane waves. The parameters of the plane waves in vac-
uum are set as A = 1000 nm, m; =1, A; = 1,1, 1 +1i, and §; =
0°, 100°, 260° for i =1, 2, 3, respectively. (a) The spatial profile
of the normalized total SAM density. (b) Black arrows indicate the
momentum-density vectors. The background intensity describes the
distribution of normalized T-spin density derived from the momen-
tum density’s curl. (c) The normalized total SAM and T-spin density
along the x direction when y is set to zero (Su.o) and S () and
—A/3 (Stx,—2/3) and s (x —;/3)), respectively. The double solid lines
expressing the total SAM density and the dashed lines representing
the T-spin density show perfect agreement.

the presence of a pure T spin in the optical field. Furthermore,
in contrast with the interference field with pure T spin, the
spin density in the interference field generated by left circu-
larly polarized plane waves (m; =1, o; = 1) is exhibited in
Fig. 3. The landscapes of total SAM density, as visualized in
Fig. 3(a), arises from the T spin and L spin. And the T spin
and L spin have the similar relative magnitude in Figs. 3(b)
and 3(c).

Next, let us focus on the characteristics of the complex
Poynting momentum density p. For an interference field
consisting of multiple plane waves propagating in the same
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FIG. 3. Interference of three left circularly polarized plane waves
with parameters the same as those used in Fig. 2, except for the
complex number m = i. The spatial profiles of the normalized spin
density on the z = 0 plane, including the modulus of total SAM
density [s| in panel (a), T-spin density [s;| in panel (b), and L-spin
density |s|| in panel (c).

xy plane, the z component of the Poynting momentum density
p is demonstrated to originate from the BSM density ps,
expressed as

[pl, = [ps], = —% ZRe [U7 U} — mje k0]
ij
x sin(B; — B;)e;. @)

Then in the scenario where m; — m; = 0, indicating that all
plane waves have the same linear polarization and the optical
field only possesses pure T spin, the z component of the
momentum density becomes zero. This can be observed in
Fig. 1, where the blue arrows represent the momentum density
vectors of the interference field, and they are all confined to
the xy plane. Similarly, in Fig. 2(b), the black arrows depict
the momentum density vectors, which also lie within the xy
plane. The alignment of these momentum density vectors in
the field inhomogeneity plane (i.e., xy plane) confirms again
that the T spin is restricted to the direction perpendicular to
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FIG. 4. (a) The spatial profiles of the normalized z component
of the total SAM density in the optical lattice generated by the
interference of three plane waves Epy with the same polarization
vector m; = 1 and amplitude A; = +/2. The angles between the wave
vectors of the plane waves and the x axis are §; = 0, 27 /3, 47 /3 for
i =1, 2,3, respectively. (b), (c) Replacement of the incident plane
waves in panel (a) with Gaussian beams Egg with the waist radius
wp = 5A in panel (b), wy = 2X in panel (c). Distortion of the total
SAM density distribution increases as the waist radius decreases.
(d)—(f) The spatial profiles of the normalized z component of the
T-spin density with parameters the same as those used in panels
(a)—(c). (g) The z component of the total SAM and T-spin density
on the y axis when x is set to zero. The double solid and dashed lines
express the total SAM and T-spin densities, respectively.
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the wave propagation and the inhomogeneous field plane, as
indicated by the red arrows in Fig. 1. This alignment is a
result of spin-momentum locking, a phenomenon where the
direction of the spin (equals to T spin in this case) is coupled
or “locked” to the direction of momentum.

On the other hand, in the case of interference field with
pure T spin, we establish the relationship between the T-spin
density and the imaginary Poynting momentum density (de-
tailed in the Supplemental Material [56])

i m 22 OV (w — wii”)
R Dy s
The imaginary Poynting momentum density has been demon-
strated to be responsible for various intriguing optical force
and torque phenomena [45,46]. Equation (8) opens up op-
portunities to study and understand the intricate interplay
between T spin and optical forces, allowing for the inves-
tigation of a wide range of attractive optical phenomena
associated with T spin. In the evanescent wave with pure
T spin, the curl part of the imaginary Poynting momentum
density also corresponds to the T spin density, which was
discussed in our previous work [47].

As an additional example, in an optical lattice field com-
prising three plane waves Epw, we present the spatial profiles
of total SAM density in Fig. 4(a) and T-spin density in
Fig. 4(d) (normalized to the maximum value of the SAM
density), each plane wave with the same polarization vector
m; = 1 and an amplitude A; = /2. The wave vectors’ an-
gles with respect to the x axis are 8; =0, 27 /3, 47 /3 for
i =1,2,3, respectively. Furthermore, we have investigated
the z component of the total SAM and T-spin density in a
quasi-optical lattice generated by Gaussian beams Egg with
optical axes situated in the z = O plane. In contrast with the
scenario involving plane waves, when comparing Fig. 4(e)
with Fig. 4(f), we observe that the distortion in the pure
T-spin density resulting from the interference of Gaussian
beams becomes more prominent as the beam waist radius

(wp) decreases. Figure 4(g) illustrates the variation of the z
component of the total SAM (represented by double solid
lines) and T-spin density (represented by dashed lines) along
the y axis at x = 0 in the quasi-optical lattice. The distribution
of SAM density deviates as the position moves away from
the center of the optical field. When considering an infinite
beam waist radius, these expressions go back to the case in the
optical lattice. Remarkably, even with a narrow waist radius
(wp = 2A), the T-spin density closely aligns with the total
SAM density, underscoring the robustness of pure T spin in
the interference field. This robustness further suggests that a
range of fields with pure T spin hold significant potential for
experimental detection.

Conclusion. To summarize, we have successfully demon-
strated both analytically and numerically the presence of a
pure T spin in optical fields with translational invariance. This
phenomenon occurs when an interference field is formed by
multiple plane waves with the same linear polarization state.
The optical field interference disrupts the uniform distribution
of momentum in the xy plane. Consequently, a T-spin density
arises and is directed along the direction perpendicular to the
wave propagation and the inhomogeneous field plane. The
physical properties of the individual plane waves in gener-
ating pure T spin, apart from having the same frequency
and polarization state, can be arbitrary. This characteristic
ensures the high universality of our analysis. By selecting a
certain polarization, we achieve a pure T spin while simulta-
neously eliminating the lateral BSM. This provides a unique
mechanical property in the lateral direction, deepening our un-
derstanding of spins and offering new avenues for spin-based
applications.
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