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Structured optical fields inside a waveguide possess the transverse spin, i.e., the spin angular momentum perpendicular
to the direction of the waveguide. The physical origin of the transverse spin can be attributed to the presence of an effective
rest mass of photons in guided waves, or equivalently, to the existence of a longitudinal field component, such that the
transverse and longitudinal fields together form an elliptical polarization plane. In contrary to the traditional viewpoint, the
transverse spin of photons in guided waves is also quantized, and its quantization form is related to the ellipticity of the
polarization ellipse. The direction of the transverse spin depends on the propagation direction of electromagnetic waves
along the waveguide, such a spin-momentum locking may have important applications in spin-dependent unidirectional
optical interfaces. By means of a coupling between the transverse spin of guided waves and some physical degrees of
freedom, one can develop an optical analogy of spintronics, i.e., spinoptics.

Keywords: transverse spin, topological photonics, the spin Hall effect of light, spinoptics
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1. Introduction
Light carries spin angular momentum (spin for short) as-

sociated with the polarization of light. For example, the right-
hand and left-hand circular polarizations of a paraxial beam
respectively correspond to the positive and negative helicities
of photons.[1] Interestingly enough, in addition to the spin of
photons in the conventional sense, there is an intriguing trans-
verse spin that was first studied in 2012 by Bliokh and Nori,[2]

where the term transverse means that the spin is orthogonal
to the mean propagation direction of a structured optical field.
Up to now, people have studied the transverse spin of evanes-
cent waves, focused beams, and two-wave interference,[1–18]

and have found important applications in spin-dependent uni-
directional optical interfaces.[9,10,13,19–26] Similar counterparts
of which have been found universally in other wave systems,
such as acoustic and elastic waves.[27–32]

On the other hand, waveguides and cavities are two key
device structures in many important engineering areas, people
have presented many investigations on them.[33–38] Though
the transverse spin and the related topics in two-dimensional
(2D) optical waveguides have been studied,[27,39] it is not clear
whether electromagnetic waves inside a 3D waveguide also
possess the transverse spin. In particular, the physical origin of
the transverse spin still remains obscure. In fact, the transverse
spin is previously mysterious and lacks a unified physical pic-
ture. For example, according to Bliokh and Nori,[1] there are
several kinds of transverse spin, which differ strongly in their
origins and physical properties. In this paper, the transverse
spin of electromagnetic waves inside a 3D waveguide is stud-

ied, based on which the physical origin and the quantization
form of the transverse spin are revealed. Moreover, some po-
tential applications of the transverse spin are tentatively ex-
plored.

We work in the international system of units (SI), the
4D metric tensor is taken as ηµν = diag(−1,1,1,1) (µ,ν =

0,1,2,3). Let ε0 and µ0 denote the permittivity and permeabil-
ity in vacuum, and then c = 1/

√
ε0µ0 is the velocity of light

in vacuum. Complex conjugation is denoted by ∗. Repeated
indices must be summed according to the Einstein rule.

2. Transverse spin of electromagnetic waves in a
waveguide
Let a Cartesian coordinate system be spanned by an or-

thonormal basis {𝑒x,𝑒y,𝑒z} with 𝑒z = 𝑒x×𝑒y, where the unit
vectors 𝑒x, 𝑒y, and 𝑒z are respectively along the x-, y-, and
z-axes. A straight hollow-tube waveguide is placed along the
z-axis, it has a rectangular cross section with perfectly con-
ducting walls at x = 0, x = a, y = 0, and y = b (a > b). Let us
consider that the electromagnetic waves of frequency ω prop-
agate along the waveguide, they consist of two independent
fields,[40–42] called transverse magnetic (TM) and transverse
electric (TE). Let 𝑘= (kx,ky,kz) is the 3D wavenumber vector
of photons inside the waveguide, where ω = c |𝑘|, kx = mπ/a,
and ky = nπ/b. The cutoff frequency of the waveguide is

ωc = c
√

k2
x + k2

y = cπ
√

(m/a)2 +(n/b)2. The electric field
intensity 𝐸 and the magnetic induction density 𝐵 inside the
waveguide are
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TM mode :



Ex = i mπ

a
kz
ω2

c
c2E0 cos

(mπ

a x
)

sin
( nπ

b y
)

exp[−i (ωt− kzz)],

Ey = i nπ

b
kz
ω2

c
c2E0 sin

(mπ

a x
)

cos
( nπ

b y
)

exp[−i (ωt− kzz)],

Ez = E0 sin
(mπ

a x
)

sin
( nπ

b y
)

exp[−i (ωt− kzz)], Bz = 0,

Bx =−i nπ

b
ω

ω2
c

E0 sin
(mπ

a x
)

cos
( nπ

b y
)

exp[−i (ωt− kzz)],

By = i mπ

a
ω

ω2
c

E0 cos
(mπ

a x
)

sin
( nπ

b y
)

exp[−i (ωt− kzz)],

(1)

TE mode :



Ex =−i nπ

b
ω

ω2
c

c2B0 cos
(mπ

a x
)

sin
( nπ

b y
)

exp[−i (ωt− kzz)],

Ey = i mπ

a
ω

ω2
c

c2B0 sin
(mπ

a x
)

cos
( nπ

b y
)

exp[−i (ωt− kzz)],

Ez = 0, Bz = B0 cos
(mπ

a x
)

cos
( nπ

b y
)

exp[−i (ωt− kzz)],

Bx =−i mπ

a
kz
ω2

c
c2B0 sin

(mπ

a x
)

cos
( nπ

b y
)

exp[−i (ωt− kzz)],

By =−i nπ

b
kz
ω2

c
c2B0 cos

(mπ

a x
)

sin
( nπ

b y
)

exp[−i (ωt− kzz)],

(2)

where E0 and B0 are two real constants, m,n = 1,2,3, . . . for
the TM mode, and m = 1,2,3, . . ., n = 0,1,2, . . . for the TE
mode. For propagation modes kz is a real number, for evanes-
cent modes kz = iβ with β being a positive real number.

The field intensities 𝐸 and 𝐵 of the guided waves inside
the hollow waveguide can be determined from the potentials
Aµ = (ϕ/c,𝐴) or Cµ = (cφ ,𝐶) (µ = 0,1,2,3, where the su-
perscripts or subscripts of i = 1,2,3 respectively correspond
to the x-, y- and z-components). Let us take the gauge as
ϕ = 0 and ∇ ·𝐴 = 0, or φ = 0 and ∇ ·𝐶 = 0, and then we
have 𝐸 = −∂𝐴/∂ t and 𝐵 = ∇×𝐴, or 𝐸 = −∇×𝐶 and
𝐵 =−∂𝐶/c2∂ t. In this way the field intensities are only de-
termined by 𝐴 or 𝐶. When all field quantities are expressed as
real functions, one can prove that the total angular momentum
of the electromagnetic field is given by[43–46]

𝐽 =
∫

ε0𝑟× (𝐸×𝐵)dxdydz

= ε0

∫
Ei(𝑟×∇)Ai dxdydz+ ε0

∫
𝐸×𝐴dxdydz

= ε0

∫
Bl(𝑟×∇)Cl dxdydz+ ε0

∫
𝐵×𝐶dxdydz, (3)

which provides the field falls off suitably as |𝑟| →+∞, where
𝑟= (x,y,z), i, l = 1,2,3 and repeated indices must be summed
according to the Einstein rule. Then the total angular mo-
mentum can be decomposed into an orbital angular momen-
tum depending on the reference frame and an angular mo-
mentum (spin) independent of the frame of reference. We re-
fer to 𝑠e = ε0𝐸×𝐴 and 𝑠m = ε0𝐵×𝐶 as the electric-like
and magnetic-like spin densities, respectively. For the electro-
magnetic waves of frequency ω propagating inside the waveg-
uide, in our gauge one has 𝐴=−i𝐸/ω and 𝐶 =−ic2𝐵/ω .
When all field quantities are expressed as complex functions,
the time-averaged electric-like and magnetic-like spin densi-

ties can be expresses as

𝑠e =
ε0

2
Re(𝐸×𝐴∗) =

ε0

2ω
Re(i𝐸×𝐸∗), (4)

𝑠m =
ε0

2
Re(𝐵×𝐶∗) =

1
2µ0ω

Re(i𝐵×𝐵∗). (5)

Let h = E0 for the TM mode and h = cB0 for the TE mode (the
same below). Applying Eqs. (1), (2), (4), and (5), one can ob-
tain 𝑠e = (se

x,s
e
y,0) and 𝑠m = (0,0,0) for the TM mode, while

𝑠m = (sm
x ,s

m
y ,0) and 𝑠e = (0,0,0) for the TE mode, where

TM :

 se
x =− nπ

b
kz

2µ0ω2
c ω

h2 sin2(mπ

a x)sin( 2nπ

b y),

se
y =

mπ

a
kz

2µ0ω2
c ω

h2 sin( 2mπ

a x)sin2( nπ

b y),
(6)

TE :

 sm
x = nπ

b
kz

2µ0ω2
c ω

h2 cos2(mπ

a x)sin( 2nπ

b y),

sm
y =−mπ

a
kz

2µ0ω2
c ω

h2 sin( 2mπ

a x)cos2( nπ

b y).
(7)

Obviously, both Eqs. (6) and (7) show that the spin densities
are transverse with respect to the longitudinal direction of the
waveguide, and then they are the so-called transverse spin.
It is worth noting that Eqs. (6) and (7) show that the trans-
verse spin is proportional to the wave number component of
kz, such a spin-momentum locking may have important appli-
cations in spin-dependent unidirectional optical interfaces. In
fact, the transverse spin of structured optical fields has been
associated with the spin Hall effect of light and topological
photonics,[39,47,48] etc.

To exhibit the density distribution of these transverse-spin
vectors within a cross section of the waveguide (i.e., at an arbi-
trary fixed z), we take the TM11, TM21, TE10, and TE11 modes
as examples, and show them by Figs. 1(a), 1(b), 2(a), and 2(b),
respectively, where the diagrammatic arrows represent local
spin vectors, with the thickness of arrows being directly pro-
portional to the spin density. For convenience let a= b= 1 and
πkzh2/(2µ0ω2

c ω) = 1 (it is just a matter of a relative density
distribution).
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Fig. 1. (a) The transverse-spin density distribution of TM11. (b) The
transverse-spin density distribution of TM21.
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Fig. 2. (a) The transverse-spin density distribution of TE10. (b) The
transverse-spin density distribution of TE11.

3. Quantization form of the transverse spin of
guided waves
The quantization of a spin angular momentum means that

the projection of the spin along a given direction is quantized.
In contrast with the previous studies,[1,2] here we will show
that the transverse spin of photons in guided waves is also
quantized. As for the nonvanishing spin densities, let si = se

i
for the TM mode and si = sm

i for the TE mode, i= x,y. Consid-
ering that they fluctuate with spatial positions, conventionally,
let us define the average of (s2

x + s2
y) over the cross section of

the waveguide as follows:〈
s2
⊥
〉
=

1
ab

∫ b

0

∫ a

0
(s2

x + s2
y)dxdy. (8)

Substituting Eq. (6) or Eq. (7) into Eq. (8), let m,n = 1,2, . . .,
using c2 = 1/(ε0µ0) and ωc = c

√
(mπ/a)2 +(nπ/b)2, one

has (for both the TM and TE modes)

〈
s2
⊥
〉
=

3
64

(
ε0ckzh2

ωcω

)2

. (9)

As an exception, for the TE mode with m = 1,2, . . . and n = 0,
one has 〈

s2
⊥
〉
=

1
8

(
ε0ckzh2

ωcω

)2

. (10)

Our discussion first bases on Eq. (9). Let L denotes the length
of the waveguide, and then V = abL is the volume of the
waveguide. The total transverse spin S⊥ can be expressed as

S⊥ =
∫ L

0

∫ b

0

∫ a

0

√〈
s2
⊥
〉

dxdydz =

√
3

8
ε0ckzh2V

ωcω
, (11)

where h = E0 for the TM mode and h = cB0 for the TE mode.
Equation (11) shows that the total transverse spin S⊥ also de-
pends on the wave number component of kz. On the other
hand, in the time-averaged sense, the total momentum of the
guided waves is

𝑃 =
∫ L

0

∫ a

0

∫ b

0

1
2

ε0Re(𝐸×𝐵∗)dxdydz = (0,0,Pz),

Pz =
ε0ωkzh2V

8ω2
c

. (12)

Likewise, using ω2 = ω2
c + c2k2

z and ωc =

cπ
√
(m/a)2 +(n/b)2 one can obtain the total energy of the

guided waves

W =
∫ L

0

∫ a

0

∫ b

0

1
4

ε0Re(𝐸 ·𝐸∗+ c2𝐵 ·𝐵∗)dxdydz

=
ε0ω2h2V

8ω2
c

. (13)

Then the energy velocity along the waveguide is 𝑣E =

c2𝑃 /W = (0,0,v), where

v = Pzc2/W = kzc2/ω =±c
√

1−ω2
c /ω2. (14)

That is, the energy velocity equals to the group velocity of the
guided waves. The electromagnetic waves inside the waveg-
uide consist of photons, which means that the vacuum energy
can be discarded by taking the normal product of field opera-
tors

W =
ε0ω2h2V

8ω2
c

= l}ω, Pz =
ε0ωkzh2V

8ω2
c

= l}kz,

l = 1,2, . . . . (15)

Comparing with Eq. (11), using Eq. (14) one can obtain the
total transverse spin of l photons

S⊥ =
√

3
ckzωc

ω2 l}=
√

3l}
v
c

√
1− v2

c2 , l = 1,2, . . . . (16)

Now, let us provide a physical interpretation for Eq. (16). It
should be emphasized that, though the guided waves with the
transverse spin are linearly polarized within the polarization
plane perpendicular to the mean propagation axis, they are el-
liptically polarized in a polarization plane containing the mean
propagation axis, and the ellipticity of the polarization ellipse
that makes contribution to the transverse spin can be described
by

TM : tanθ =

√〈
ExE∗x +EyE∗y

〉√〈
EzE∗z

〉 ,

TE : tanθ =

√〈
BxB∗x +ByB∗y

〉√〈
BzB∗z

〉 , (17)
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where 〈F〉 ≡ (ab)−1 ∫ b
0
∫ a

0 F dxdy denotes the average of F
over the cross section of the waveguide. Using Eqs. (1) and
(2), one can show that the two modes give the same result

e = tanθ =
kzc
ωc

=
v/c√

1− v2/c2
. (18)

Using Eq. (18) one can rewrite Eq. (16) as

S⊥ =

√
3

2
l}sin2θ , l = 1,2, . . . . (19)

Therefore, a single photon inside the waveguide possesses the
total transverse spin of }

√
3sin2θ/2. Obviously, as the energy

velocity v = 0, one has θ = 0 and e = 0, the elliptical polar-
ization becomes a linear polarization, and then S⊥ = 0. While,
as v =

√
2c/2, the ellipticity e = tanθ = 1 (i.e., the circular

polarization), and the total transverse spin of a single photon
inside the waveguide becomes S⊥ =

√
3}/2.

Likewise, as for the TE mode with m = 1,2, . . . and n = 0,
substituting Eq. (10) into Eq. (11), and using Eq. (18), one can
obtain

S⊥ =
√

2l}sin2θ , l = 1,2, . . . . (20)

In the case of the circular polarization, i.e., e = tanθ = 1 (and
then sin2θ = 1 and v =

√
2c/2), the total transverse spin of

a single photon inside the waveguide becomes the maximum
value of (S⊥)max =

√
2}. Because of (S2

⊥)max = 1(1+1)}2, it
is the usual total spin of a vector particle in free space.

4. Physical origin of the transverse spin of
guided photons
Equations (1) and (2) show that, along the cross section

of the waveguide, the electromagnetic waves are linearly po-
larized. However, along the longitudinal axis of the waveg-
uide, the electric-field components (for the TM mode) or the
magnetic-field components (for the TE mode) forms an ellip-
tical polarization plane, such that the guided waves have the
electric-like or magnetic-like transverse spin. This can be re-
garded as a direct physical explanation for the transverse spin
of guided photons. Nonetheless, we will discuss the physical
origin of the transverse spin from a more profound physical
point of view, so as to obtain a unified physical picture.

The terminology of transverse spin was first introduced
in 2012 by Bliokh and Nori,[2] it means that spin is perpen-
dicular to the propagation direction, and then corresponds to a
spin state with the helicity of λ = 0. As we know, a massive
vector field (the Proca field) has a longitudinal field compo-
nent that can contribute to the spin state with the helicity of
λ = 0, and then has a transverse spin which is perpendicular
to its propagation direction. In contrast to the Proca field, the
photon field in free space acting as a massless vector field, its
field intensities only contain two transverse field components

describing two kinds of transverse photons with the helicity of
λ = ±1, without the longitudinal field component describing
the admixture of the longitudinal and scalar photons with the
helicity of λ = 0 (the longitudinal and scalar photons can exist
just in the form of virtual photons).

As mentioned above, the Proca field’s transverse spin re-
lates to its longitudinal field component, which is due to the
existence of a nonvanishing rest mass. Likewise, we will show
that the transverse spin of guided photons can be attributed
to an effective rest mass of the guided photons, and it is as-
sociated with the presence of a longitudinal field component.
However, here the transverse direction is defined as perpen-
dicular to the average propagation direction of the guided pho-
tons, which is why the rest mass of the guided photons is just
an effective one.

Let 𝑘= 𝑘⊥+𝑘L, where 𝑘⊥ = kx𝑒x +ky𝑒y and 𝑘L = kz𝑒z

stand for 𝑘’s components perpendicular and parallel to the
waveguide, respectively. According to the waveguide the-
ory, the group and phase velocities of the guided waves are
𝑣g = 𝑒zc

√
1− (ωc/ω)2 and 𝑣p = 𝑒zc/

√
1− (ωc/ω)2, respec-

tively, such that single photons inside the waveguide satisfy
the de Broglie’s relations of matter waves 𝑣g · 𝑣p = c2 and
w2 = 𝑝2c2 +m2

0c4, where w = }ω and 𝑝 = }𝑘L are the en-
ergy and momentum of a single photon along the waveguide,
and m0 = }ωc/c2 is called as the effective rest mass of single
photons inside the waveguide. It is easy to prove that photons
inside the waveguide satisfy

w = }ω =
m0c2√

1− (𝑣2
g/c2)

, 𝑝= }𝑘L =
m0𝑣g√

1− (𝑣2
g/c2)

. (21)

They are exactly the relativistic energy and moment of a mas-
sive particle. In fact, the velocity 𝑣g can be viewed as a rela-
tive velocity between an inertial observer and guided photons
along the waveguide. Moreover, let us make an orthogonal de-
composition for pµ = (}ω/c,}𝑘) as follows: pµ = pµ

T + pµ

L ,
pµ

T ≡ (0,}𝑘⊥), pµ

L = (}ω/c,}𝑘L) = (w/c,𝑝). This orthogo-
nal decomposition is Lorentz invariant because of pLµ pµ

T = 0.
Likewise, let 𝑟L = z𝑒z and 𝑟⊥ ≡ x𝑒x + y𝑒y, one can make an
orthogonal decomposition of xµ = (ct,𝑟) = xµ

T + xµ

L , where
xµ

T ≡ (0,𝑟⊥) and xµ

L = (ct,𝑟L). It is easy to show that pµ xµ =

pTµ xµ

T + pLµ xµ

L . The operator p̂µ = i}∂µ = i}∂
/

∂xµ repre-
sents the totally 4D momentum operator of photons inside the
waveguide, while p̂µ

L = i}∂Lµ = i}∂/∂xµ

L represents the 4D
momentum operator of photons along the waveguide.

Now, let us associate the effective rest mass of guided
photons with the longitudinal component of guided waves. In
terms of Aµ = (ϕ/c,𝐴) and Cµ = (cφ ,𝐶) one can define an
electromagnetic field tensor Fµν = ∂µ Aν − ∂ν Aµ and a dual
electromagnetic field tensor Gµν = ∂µCν−∂νCµ , respectively,
and then Fi j = εi jkBk, Fi0 = −F0i = Ei/c, Gi j = −εi jkEk, and
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Gi0 = −G0i = Bic, where εi jk = ε i jk denotes the totally anti-
symmetric tensor with ε123 = 1 (i, j,k = 1,2,3). One can prove
that the time-averaged Lagrangian density satisfies

L = −1
8

c2Fµν Fµν∗ =
1
8

Gµν Gµν∗

=
1
4
(𝐸 ·𝐸∗− c2𝐵 ·𝐵∗). (22)

It contains the contributions from the longitudinal fields (i.e.,
Ez or Bz). Let F⊥µν and G⊥µν represent the transverse parts
of Fµν and Gµν , respectively, that is, F⊥µν = Fµν and G⊥µν =

Gµν for µν 6= 12, 21, 03, 30, F⊥µν = 0 and G⊥µν = 0 for
µν = 12, 21, 03, 30. The time-averaged Lagrangian density
of the TM mode and the one of the TE mode respectively sat-
isfy

LTM =
1
8

G⊥µν Gµν∗
⊥ +

1
4

EzE∗z ,

LTE =−1
8

c2F⊥µν Fµν∗
⊥ − 1

4
c2BzB∗z . (23)

For L = LTM, LTE, the time-averaged Lagrangian per unit
length along the waveguide can be written as L=

∫ a
0
∫ b

0 Ldxdy,
where L = LTM, LTE. In our case, Aµ Aµ∗ = 𝐴 ·𝐴∗ and
CµCµ∗ =𝐶 ·𝐶∗, then one can prove that

LTM =
∫ a

0

∫ b

0

(
1
8

G⊥µν Gµν∗
⊥ +

c2

4}2 m2
0CµCµ∗

)
dxdy, (24)

LTE =
∫ a

0

∫ b

0

(
−1

8
c2F⊥µν Fµν∗

⊥ − c4

4}2 m2
0Aµ Aµ∗

)
dxdy.(25)

Equations (24) and (25) imply that the effective rest mass is
carried by the longitudinal component of guided waves. As
an example, applying Aµ = (0,𝐴) and 𝐴 = (A1,A2,0), and
substituting the second formula of Eq. (23) into the Euler–
Lagrange equation

∂LTE

∂Aν

− ∂

∂xµ

∂LTE

∂ (∂µ Aν)
= 0, (26)

one can obtain (∂Lµ ∂
µ

L −m2
0c2/}2)Aν = 0, which is equivalent

to the Klein–Gordon equation of a massive particle moving
along the waveguide.

It is worth pointing out that, under the Lorentz transfor-
mations consisting of Lorentz boosts and spatial rotations with
respect to the axial direction of the waveguide (they form a
subgroup SO (1, 1) of the Lorentz group SO (1, 3)), Eq. (25)
is covariant and the effective rest mass m0 = }ωc/c2 keeps
invariant (F⊥µν Fµν

⊥ , G⊥µν Gµν

⊥ , CµCµ , Aµ Aµ are also invari-
ant). The emergence of a rest mass is always accompanied
with some symmetry breaking. Likewise, the appearance of
the effective rest mass of guided photons relates to the symme-
try breaking from the Lorentz group SO (1, 3) to the subgroup
SO (1, 1). In fact, the effective rest mass is the rest energy
of photons inside the waveguide (i.e., the energy as 𝑣g = 0),

and arises by forming standing-waves along the cross-section
of the waveguide. In other words, it arises by localizing and
confining the electromagnetic energy along the cross-section
of the waveguide.

5. Some potential applications of the transverse
spin: an initial discussion
The propagation direction of a photon in the free vacuum

is the special direction, and only along this direction the spin
projection of the photon can be observed. In contrary to this,
because of the nonvanishing rest mass, an electron has a mea-
surable spin projection along the direction of an applied mag-
netic field, such that spintronics has been developed during the
last twenty years.

However, a photon inside a waveguide has an effective
rest mass, its spin projection along the cross section of the
waveguide can also be observed, this is where the signifi-
cance of the transverse spin lies. As a result, based on the
transverse spin of guided waves, one can develop a new disci-
pline that can be called as spinphotonics or spinoptics, as an
optical analogy of spintronics. In fact, based on the effects
of spin-symmetry breaking in nanoscale structures caused by
spin–orbit interaction, a new branch in optics, i.e., spinop-
tics in plasmonics, has recently been developed.[49] Moreover,
by means of the transverse spin of a surface plasmon wave,
the authors of Ref. [10] have demonstrated a reciprocal effect
of spin–orbit coupling when the direction of propagation of
the surface plasmon wave determines a scattering direction of
spin-carrying photons, where the spin–orbit coupling effect is
an optical analogue of the spin injection in solid-state spin-
tronic devices (inverse spin Hall effect), and may be important
for optical information processing, quantum optical technol-
ogy and topological surface metrology. Similarly, here we will
initially discuss some potential applications of the transverse
spin of guided waves.

Along the cross section of the waveguide, the electromag-
netic waves are linearly polarized. While, along the longitu-
dinal axis of the waveguide, the electric-field components (for
the TM mode) or the magnetic-field components (for the TE
mode) form an elliptical polarization. As a result, for the TM
mode, 𝑠e 6= 0 and 𝑠m = 0; for the TE mode, 𝑠e = 0 and 𝑠m 6= 0.
To illustrate the possibility of developing a new branch in op-
tics based on the transverse spin of guided waves, let us first
mention two key points as follows:

(i) Let us assume that a dielectric (or ferromagnetic) mi-
crosphere is placed near a microhole in the wall of the waveg-
uide, where the effect of the microhole on the field distribu-
tion inside the waveguide can be ignored, and the microsphere
has an isotropic polarizability α (or an isotropic susceptibil-
ity ζ ). When the structured optical fields (SOF) inside the

064207-5



Chin. Phys. B 32, 064207 (2023)

waveguide impinge on the dielectric or ferromagnetic micro-
sphere through the microhole, the microsphere becomes polar-
ized or magnetized, the SOF-induced electric dipole moment
𝑝 (or magnetic dipole moment 𝑚) can be written as 𝑝 = α𝐸

(or 𝑚= ζ𝐵, up to a proportional constant), their components
satisfy (η1 and η2 are two real functions)

pz/px = Ez/Ex ∝ η1 exp(±iπ),

or mz/my = Bz/By ∝ η2 exp(±iπ). (27)

In return, the SOF-induced electric dipole moment 𝑝 (or mag-
netic dipole moment 𝑚) oscillates with SOF and can radiate
an elliptically polarized wave. Starting from Eq. (27), one can
study the transfer between the transverse spin of the structured
optical fields and the spin angular momentum of the micro-
sphere. In fact, Eq. (27) is also valid for a surface plasmon
wave. Starting from Eq. (27) associated with the transverse
spin of the surface plasmon wave, the authors in Ref. [10] have
demonstrated the inverse spin Hall effect of photons.

(ii) Starting from the Dirac Hamiltonian for an electron
(mass m, charge e) in an electromagnetic field with the gauge
potential Aµ = (Φ/c,𝐴), one can obtain an angular magneto-
electric (AME) coupling Hamiltonian[50,51]

HAME =
e2}

4m2c2𝜎 · (𝐸×𝐴), (28)

where 𝜎 = (σx,σy,σz) is the vector of Pauli matrices, 𝐸 =

𝐸ext−∇V/e is the total electric field (V is the crystal poten-
tial), 𝐸ext = −∇Φ − ∂𝐴/∂ t is the external electric field (as
an applied electric field). Correspondingly, 𝐵 = ∇×𝐴 is the
external magnetic field. In general, the total electric field in a
material can be split in terms of an internal electric field 𝐸int,
generated by all charges in the material, and an applied elec-
tric field 𝐸ext which would exist even in vacuum. The internal
electric field depends on 𝐸ext, such that 𝐸int = 𝐸0

int + γ𝐸ext,
where 𝐸0

int =−∇V/e is the internal electric field when no ex-
ternal field is applied and, for a cubic or isotropic material, γ

is a scalar.
In view of the fact that }𝜎/2 is the spin operator of the

electron and 𝑠e = ε0𝐸×𝐴 is the spin angular momentum den-
sity of the total electromagnetic field, Eq. (28) describes a cou-
pling between the spin of electrons and the one of photons. In
particular, the formula of 𝑠e = ε0𝐸×𝐴 implies that Eq. (28)
can also describe a coupling between the spin of electrons and
the transverse spin of guided waves. Based on Eq. (28) one can
investigate all potential applications of the transverse spin. For
example, the coupling of Eq. (28) can produce an energy level
splitting between the spin-up and spin-down states of an elec-
tron (or a photon), which can serve as a two-level electronic
(or optical) system. As a result, one can study the transmis-
sion and transfer of quantum information between electronic

and optical system, in terms of the spin-encoded electronic and
photonic qubits.

The main purpose of the present paper is to provide a the-
oretical framework for the transverse spin of guided waves, so
as to pave the way for our next work. Here we just mention a
preliminary idea about the potential applications of the trans-
verse spin. In fact, by means of photonic spin Hall effect and
acoustic spin transport in waveguides,[30,31,39] one can hope-
fully find more potential applications of the transverse spin in
waveguides.

6. Conclusions and prospect
As we know, a massive vector field has a longitudinal field

component and possesses a state with transverse spin, i.e., the
state with zero helicity. Similarly, photons inside a waveguide
possess an effective rest mass which is related to the existence
of a longitudinal field component along the waveguide, such
that they also possess a transverse spin whose projection along
the mean propagation direction of the guided waves vanishes.
The appearance of the effective rest mass of guided photons
can be attributed to the symmetry breaking from the Lorentz
group SO (1, 3) to its subgroup SO (1, 1).

From a unified point of view, when an electromagnetic
wave has a longitudinal (or transverse) spin, it should be an el-
liptically polarized wave whose polarization plane is orthogo-
nal (or parallel) to the mean propagation direction of the wave.
For example, though the guided waves with the transverse spin
are linearly polarized within the polarization plane perpendic-
ular to the mean propagation axis, they are elliptically polar-
ized within a polarization plane containing the mean propa-
gation axis. Some previous researches on the transverse spin
imply that the transverse spin is not quantized. In this paper
we show that the transverse spin of guided waves is also quan-
tized. Compared with the quantization form of the usual spin,
the quantization expression of the transverse spin contains an
extra factor related to the ellipticity of the polarization ellipse.
In particular, in the case of circular polarization, the quantiza-
tion expression of the transverse spin becomes the usual form.

The research on the transverse spin of light has both the-
oretical and practical interests. For example, because photons
inside the waveguide have an effective rest mass, their spin
projection along a transverse direction can also be observed.
Moreover, the sign of the transverse spin depends on the prop-
agation direction of the guided waves. As a result, the trans-
verse spin of the guided waves may have important applica-
tions in spin-dependent unidirectional optical interfaces, and
the quantum spin Hall effect of light can be implemented via
guided waves. Based on which, one can develop a new branch
in optics that can be called as spinoptics, which can be re-
garded as the optical analogy of spintronics.

064207-6



Chin. Phys. B 32, 064207 (2023)

In our next work, we will make a detailed research on the
potential applications of the transverse spin of guided waves,
starting from the two key points (1) and (2) mentioned in Sec-
tion 5, and with the aid of the (1,0)⊕ (0,1) representation of
SL(2, C).[52] Moreover, laser range-finding techniques are of
great interests for many industrial applications, where a laser
rangefinder determines the range to a target object based on
the round-trip time-of-flight of a laser pulse to and from the
object.[53] Though considerable progress has been achieved in
the last few decades, to meet more and more special require-
ments, people have to seek for more laser range-finding tech-
niques based on new physical principles. For example, when
a target object is a black body (but not an ideal black body), to
guarantee that the return pulse can hit the detector and trigger
a range measurement, a new kind of receiver with high sen-
sitivity is needed. We will design such a receiver based on a
coupling related to the transverse spin of guided waves.
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