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Abstract
This paper is devoted to the study of optical chiral cylindrical waveguides from the point of view of their application in 
optical spintronics. In the paper, it is proposed to use a chiral optical cylindrical waveguide as an optical spin diode. The 
mode structure of the waveguide under consideration is calculated and the dispersion equation for fundamental modes of 
the waveguide with an azimuthal number m = ±1 is numerically solved for various values of the chirality parameter of 
the waveguide material. Expressions for the energy flux and the optical spin current inside the waveguide are derived. 
It is shown that in the single-mode regime, the direction of the optical spin currents in the waveguide is determined 
exclusively by the sign of the chirality parameter of the waveguide material, regardless of the azimuthal number and 
the direction of mode propagation. Due to this, the superposition of m = 1 and m = –1 modes propagating in opposite 
directions will have a zero energy flux, but a nonzero optical spin current. Our results expand the element base of optical 
spintronics and open up new ways for creating energy-efficient optical computing systems.
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Аннотация 
Представлено исследование оптических хиральных цилиндрических волноводов с точки зрения их применения 
в оптической спинтронике. Предложено использование хирального оптического цилиндрического волновода 
в роли оптического спинового диода. Рассчитана модовая структура рассматриваемого волновода и численно 
решено дисперсионное уравнение для фундаментальных мод волновода с азимутальным числом m = ±1 для 
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различных значений параметра хиральности материала волновода. Получены выражения для потока энергии 
и оптического спинового тока внутри волновода. Показано, что в одномодовом режиме работы волновода, 
направление протекания оптических спиновых токов в волноводе определяется исключительно знаком параметра 
хиральности материала волновода, вне зависимости от азимутального числа и направления распространения 
моды. Следовательно, суперпозиция m = 1 и m = –1 мод, распространяющихся в разных направлениях, будет 
иметь нулевой поток энергии, но ненулевой оптический спиновой ток. Полученные результаты расширяют 
элементную базу оптической спинтроники и открывают новые пути для создания энергоэффективных оптических 
вычислительных систем.
Ключевые слова 
оптический спин, оптическая спинтроника, хиральность, оптические методы переноса информации, оптические 
волноводы, оптоволокно
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Introduction

Photonics has rapidly advanced as a transformative 
technology provid ing numerous benefits compared to 
conventional electronics, including lower material losses, 
enhanced bandwidth capabilities, and significantly faster 
data transmission [1, 2]. While traditional electronic 
systems depend on the movement of electrons, photonics 
leverages the intrinsic characteristics of photons, notably 
their extremely high propagation speed and negligible 
mass. This intrinsic advantage ensures that photonic devices 
operate with substantially lower heat generation, resulting 
in higher operational frequencies and markedly improved 
energy efficiency relative to electronic devices [3–5]. 
However, the operation principle of most photonic and 
optoelectronic devices is based on electromagnetic energy 
which introduces severe difficulties into the engineering 
process of nonreciprocal and nonlinear optical devices, and 
imposes significant limitations on energy consumption and 
modulation frequencies .

Spintronics, similarly poised as a promising alternative 
to traditional electronics, utilizes the intrinsic spin of 
electrons rather than their charge for data storage and 
processing [6–8]. The utilization of spin degrees of 
freedom in electrons allows for energy-efficient data 
processing and storage, reduced heat generation, and 
increased device performance [9, 10]. Analogously, 
photons possess intrinsic angular momentum, comprised 
of Spin Angular Momentum (SAM), related to polarization, 
and Orbital Angular Momentum, arising from spatial 
phase distributions [11–13]. The manipulation of 
SAM and Orbital Angular Momentum of photons 
provides additional degrees of freedom for information 
encoding, transmission, and manipulation, enhancing 
the capabilities of optical communication systems and 
quantum computing technologies [14–16]. And recently it 
was shown that utilization of electromagnetic SAM as an 
information carrier allows for the implementation of the 
low-energy nonreciprocal optical devices such as optical 
diode and circulator without the violation of the Lorentz 
reciprocity [17]. However, the real-life implementation of 
an optical spin diode here was purely conceptual and far 
from real photonic systems.

Optical nanofibers have become particularly important 
in the field of photonics due to their exceptional ability 
to guide and confine light in extremely small volumes 
[18, 19]. These fibers are characterized by sub-wavelength 
diameters, enabling strong evanescent fields and efficient 
interaction between guided modes and surrounding 
materials or quantum emitters. Nanofibers offer significant 
advantages for applications in optical communications, 
sensing, and quantum information processing due to 
their high field intensity, low loss, flexibility, and ease of 
integration into existing photonic platforms [20, 21]. The 
convenience, versatility, and widespread availability of 
optical nanofibers have made them ubiquitous in modern 
photonic technologies.

In this work, we extend the ideas developed in [17] on 
the use of optical spin currents for optical communication 
and information processing. We show that a chiral optical 
nanofiber can operate in the optical spin diode regime. To 
confirm this fact, we solve the eigenstate problem for a 
chiral optical waveguide, derive expressions for the energy 
flux and the SAM flux in such a waveguide, and show 
that in the nanofiber regime, the electromagnetic energy 
can propagate in either direction, while the direction of 
propagation of the optical spin currents is strictly specified, 
and is determined by the sign of the chirality parameter 
of the waveguide material. We note that while all results 
presented in this paper are for chiral waveguides made of 
isotopic chiral materials, the same physics can be observed 
for structurally chiral waveguides, e.g. like in [22–24].

Eigenmodes of a Chiral Cylindrical Waveguide

Consider a cylindrical waveguide with radius a 
whose axis is directed along the z-axis (Fig. 1, a). The 
waveguide under consideration is made of an isotropic 
chiral material with permittivity ϵ, permeability μ = 1, 
and chirality parameter χ. For simplicity, we consider 
air to be the surrounding medium. Following the default 
approach for the solution of an eigenmode problem for 
a cylindrical waveguide, we find eigenmodes by solving 
Maxwell’s equations inside and outside of the waveguide, 
and then use boundary conditions to find unknown complex 
coefficients.    
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In an arbitrary homogeneous chiral medium with 
material parameters ϵ, μ, and χ, in the basis of Riemann-
Silberstein vectors (see section “Supplementary 
Materials”), Maxwell’s equations can be written as

	 ×F±(r) = ±k0n±F±(r), n± = n ± χ,	 (1)

where F±(r) = E(r) ± i μ/ϵH(r) are the Riemann-
Silberstein vectors [25, 26]; n = ϵμ is the refractive index 
of the media; k0 = ω/c is the freespace wavenumber. 

Riemann-Silberstein vectors separates electromagnetic 
fields into two physically independent chiral components 
with sign ± encoding the helicity of the field, which makes 
such a basis a very natural choice for the chiral materials. 
In addition, due to the cylindrical symmetry of the problem, 
we can use the following ansatz [27]

	 F±(r) = F±,m(ρ, β)eimφ+iβz,	 (2)

where m is the angular momentum number; β is the 
propagation constant; ρ and φ are the radial and angular 
coordinates in the cylindrical system of coordinates.

Thus, in cylindrical coordinates, Eq. (1) can be written 
as (omitting index m and argument β for the sake of brevity)

	
im
ρ

F±,z(ρ) – iβF±,φ(ρ) = ±n±k0F±,ρ(ρ), 	 (3)

	 iβF±ρ(ρ) – ∂ρF±,z(ρ) = ±n±k0F±,φ(ρ),	 (4)

	
1
ρ

 [∂r(ρF±φ(ρ)) – imF±,ρ(ρ)] = ±n±k0F±,z(ρ),	 (5)

from which it is possible to derive the following relations,

	 �
±imn±k0

ρ
 + iβ∂ρ�F±,z(ρ) = κ±

2F±,ρ(ρ), 

	 �mβ
ρ

  n±k0∂ρ�F±,z(ρ) = κ±
2F±,φ(ρ),	

(6)

where κ±
2 = n±

2k0
2 – β2, and the equation for F±,z

 	 ρ∂ρ[ρ∂ρF±,z(ρ)] + [ρ2κ±
2 – m2]F±,z(ρ) = 0.	 (7)

Eq. (7) is the Bessel equation, which solution are 
Bessel functions. To satisfy the regularity condition for 

the solution at the origin ρ = 0, and to satisfy the outgoing 
boundary conditions, we choose a Bessel function of the 
first kind Jm(κ±

inρ) for the fields inside the waveguide, and 
a Hankel function of the first kind Hm

(I)(κ±
outρ) for the fields 

outside of the waveguide

	 F±,z
in (ρ) = a±κ±

in2Jm(κ±
inρ),

	 F±,z
out(ρ) = b±κ±

out2ρHm
(I)(κ±

outρ),	
(8)

where indices “in” and “out” encode fields inside and 
outside of the waveguide; a± and b± are the complex 
amplitudes yet to be determined.     

To find complex amplitudes a± and b±, we substitute 
the obtained solution into a set of boundary conditions, 
which reads as

 	 F+,τ
in (a) + F–,τ

in (a) = F+,τ
out(a) + F–,τ

out(a),

	
F+,τ(a) – F–,τ(a)

μin/ϵin

in in

 = 
F+,τ (a) – F–,τ  (a)

μout/ϵout

out out

.	 (9)

where τ encodes tangential component of the vector 
field; μin/out, ϵin/out are the permeability and permittivity 
of the material of the core (in) and claddings (out) of the 
waveguide. 

Expressions for the angular component of the fields can 
be derived from Eqs. (6), and (8)

	 F±,φ
in (ρ) = Qm,±(κ±

inρ) =

	 = a±�– 
mβ
ρ

Jm(κ±
inρ)  n±

in κ±
in k0 Jḿ(κ±

inρ) �,

	 F±,φ
out(ρ) = Pm,±(κρ) =

	 = b±�– 
mβ
ρ

Hm(κ±
outρ)  n±

out κ±
out k0 Hḿ(κ±

outρ) �.	 (10)

Combining Eqs.  (8)–(10) ,  and introducing 
dimensionless parameters

	 κ± ≡ aκ±
in = n±

2 k 2 – β2, κ ≡ aκ±
out = k 2 – β2,

	 k  = ak0, β = aβ,	 (11)

0 4 8
1.0

2.0

β/k0

ak0 n2 – 1

χ = 0.2n

χ = 0.1n
χ = 0
χ = –0.1n
χ = –0.2n

z

a

air

ba

Fig. 1. Isotropic chiral waveguide. Geometry of the waveguide (a). Dispersion of the fundamental mode with azimuthal number 
m = 1 for the value of the refractive index n = 2, and different values of χ (b). Variables k0 and β encode freespace wavenumber and 

propagation constant accordingly
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and recalling that

	 ϵin = ϵ, ϵout = 1, μin = μout = 1, χout = 0,	 (12)

boundary conditions become

	 a+κ+
2Jm(κ+) + a_κ–

2Jm(κ–) = (b+ + b–)κ2Hm(κ),

	 a+κ+
2nJm(κ+) – a_κ–

2nJm(κ–) = (b+ – b–)κ2Hm(κ),	 (13)
	 a+Qm,+(κ+) + a_Qm,–(κ–) = b+Pm,+(κ) + b–Pm,–(κ),

	 a+nQm,+(κ+) – a_nQm,–(κ–) = b+Pm,+(κ) – b–Pm,–(κ),

where n = ϵin. The solvability condition det 𝒟 = 0 gives 
the dispersion equation for the eigenmodes of the system. 
These equations can be simplified if we notice that

	  b+Pm,+(κ) ± b–Pm,–(κ) = 

	 = b+[–mβHm(κ) – kκHḿ(κ)] ±	
(14)

	 ± b–[–mβHm(κ) + kκHḿ(κ)] = 

	 = –(b+ ± b–)mβHm(κ) – (b+  b–)kκHḿ(κ).

Introducing

	 c± = (b+ ± b–)Hm(κ),	 (15)

we rewrite the boundary conditions in a matrix form as

	

	 κ+
2Jm(κ+)	 κ–

2Jm(κ–)	 –Hm(κ)	 0
	nκ+

2Jm(κ+)	 –nκ–
2Jm(κ–)	 0	 –Hm(κ)

Qm,+(κ+)	 Qm,–(κ–)	 mβHm(κ)	 kκHḿ(κ)
nQm,+(κ+)	 –nQm,–(κ–)	 kκHḿ(κ)	 mβHm(κ)

𝒟

 ×

	 × 

a+
a–
c+
c–

 = 0.	 (16)

It is possible to show that

	 (m, β) → (–m, –β) ⇒ (F±,ρ, F±,φ, F±,z) →

	 → (–1)m(–F±,ρ, –F±,φ, F±,z),	
(17)

which follows from Eqs. (6), (8), and expressions for the 
Bessel and Hankel functions of the negative order J–m(z) = 
= (–1)mJm(z), H–m(z) = (–1)mHm(z). In addition,

 	 (m, χ) → (–m, –χ) ⇒ (–1)m(F±,ρ, F±,φ, F±,z) →

	 → (F ,ρ, –F ,φ, F ,z).	
(18)

And, from Eqs. (17), and (18) it follows that

 	 (β, χ) → (–β, –χ) ⇒ (F±,ρ, F±,φ, F±,z) →

	 → (–F ,ρ, –F ,φ, F ,z).	
(19)

Symmetries in Eqs. (17)–(19) follow from the 
properties of the physical system, namely reciprocity, 

chirality, and time-reversibility. It is possible to show that 
each of the symmetries corresponds to the multiplication 
of 𝒟 rows/columns by a constant or to the row/column 
permutations. It is well-known that such transformations 
leave the determinant of the matrix invariant, and, as a 
consequence, lead to the corresponding degeneracies in the 
eigenmodes structure of the system. 

By taking 𝒟 = 0, we arrive at the dispersion equation 
which can be written as

 	 2nk 2κ2Hm
2(κ)Jm(κ+)Jm(κ–)ℱm(k , β, n, χ) = 0,	 (20)

where

 	 ℱm(k , β, n, χ) = κ+
2κ–

2ℋm
2(κ) + 

	 + 
κ(n2 + 1)

2n
 ℋm(κ)[4kβmnχ – κ+κ–(n+κ– m(κ+))] +

	 + n–κ– m(κ–) + �n+κκ+ m(κ+) – 
kβ(n+ – 1)

κ

2
�×

	 ×�n–κκ– m(κ–) + kβ(n– – 1)
κ

2
�,

	 (21)

where

 	 ℋm(x) = 
Hm(x)
Hm(x)

′

, m(x) = 
Jm(x)
Jm(x)

′

.	 (22)

We note that for waveguide modes, κ2 < 0, which 
corresponds to the total internal reflection regime. In this 
case, in the waveguide cladding, fields become evanescent 
instead of propagating. Mathematically, this means that a 
more natural choice for the fields outside of the waveguide 
is the modified Bessel function (Macdonald function). The 
conversion from the Hankel to the Macdonald function can 
be done via the introduction of the parameter ζ as

	 ζ = β2 – κ0
2

 ∈ ℝ, κ = iζ.	 (23)

Then, the Hankel functions will be expressed in terms 
of the modified Bessel functions as

	 Hm(κ) = 
2

�im+1Km(ζ), Hḿ(κ) = 
2

�im+2
Kḿ(ζ),	 (24)

	 ℋm(κ) = –i
Km(ζ)
Km(ζ)
′
˜
˜

 ≡ –i m(ζ).	 (25)

Eq. (20) is a quadratic equation for ℋm, thus it has 
two solutions, corresponding to EH and HE modes, 
as in the dielectric waveguide. We note that due to the 
presence of the reciprocity and time-reversal symmetry, the 
dispersion equation is invariant under each of the following 
transformations

	 (χ, β) → (–χ, –β), (m, β) → (–m, –β),
	 (m, χ) → (–m, –χ).	 (26)

Dispersion in terms of the effective refractive index 
neff = β/k0 and size parameter V = ak0 n2 – 1 for the 
fundamental mode (m = ±1), calculated from Eq. (20), is 
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presented in Fig. 1, b for n = 2 and different values of χ. 
The dispersion is plotted only for m = 1 and β > 0, however 
all other cases can be obtained from the symmetrical 
considerations. One can see that the dispersion of the 
fundamental mode for χ ≠ 0 is similar to the dispersion 
of a dielectric waveguide with dielectric permittivity 
ϵ = n+

2. Dispersion curves for the chiral waveguide have 
similar behavior to the dispersion curves for the dielectric 
waveguide. Namely, the effective refractive index of the 
fundamental waveguide mode with m = 1 lies in the range 
neff ∈ [n0, n+], where n0 = 1 is the refractive index of 
the waveguide cladding. This fact suggests that one can 
treat κ+ as the transversal quasi-wavevector component 
of the mode, similar to the nin

2 2k0 – β2 in the dielectric 
waveguides. From the symmetry of the system, one can 
show that the dispersion of the fundamental mode with 
m = –1 is the same as for the fundamental mode with m = 1, 
but for the chirality parameter equal to –χ. In particular, 
the effective refractive index of the mode with m = –1 
will lie in the range neff ∈ [n0, n–], and the transversal 
quasi-wavevector component will be κ–. Fig. 2 shows 
the dependence of the effective refractive index of the 
fundamental eigenmodes (with m = ±1) on the chirality 
parameter in the different regions of the dispersion curve. 
Near the cutoff (ak0 ϵ – 1 = 1.01, Fig. 2, a), the effective 
refractive index shows nonlinear dependence on the 
chirality parameter, however the difference Δneff = neff(χ) – 
– neff(–χ) is negligible. Far from cut-off, as expected, the 
behaviour of the effective refractive index is close to a 
straight line neff ≈ n±.

Power and SAM Flow

Energy f low and optical  SAM flow inside 
the waveguide can be calculated as (see section 
“Supplementary Materials”)

	 〈Pz
in〉 = 〈Pz,+ 

in 〉 + 〈Pz,– 
in 〉, 〈Jzz 

in〉 = 〈Jzz,+ 
in 〉 + 〈Jzz,– 

in 〉, 	 (27)

where

 	 〈Pz,± 
in 〉 =  

cn
8

 ∫
a

0
 Im{F±,ρ

in (ρ)F±,φ
in* (ρ)}ρ dρ,	 (28)

and

	 〈Jzz,+ 
in 〉 = ± 

cn
32k0

 ∫
a

0
 �|F±,ρ

in (ρ)|2 + |F±,φ
in (ρ)|2 –

	 – |F±,z
in (ρ)|2�ρ dρ.	

(29)

Each of the integrals above can be presented in the 
following form

	 I = c1 ∫
a

0
 
Jm(κρ)

ρ

2
 dρ + c2 ∫

a

0
 Jm(κρ)Jḿ(κρ) dρ +

	 + c3 ∫
a

0
 Jḿ

2(κρ)ρ dρ + c4 ∫
a

0
 Jm

2
 (κρ)ρ dρ. 

	 (30)

We note that all the integrals above are calculated for 
the case of m ≥ 0, however, since J–m(x) = (–1)mJm(x)  
and H–m(x) = (–1)mHm(x), all quadratic forms of 
Bessel functions of same m will be invariant under the 
transformation m → –m. The integral

I4 = ∫
a

0
 Jm

2
 (κρ)ρ dρ = 

a2

2
 [Jm

2
 (aκ) – Jm–1(aκ)Jm+1(aκ)]	 (31)

can be easily evaluated using the Lommel’s integral. The 
integral

	 I2 = ∫
a

0
 Jm(κρ)Jḿ(κρ) dρ =

	 = 
1
κ

  ∫
κa

0
 Jm(x) 

dJm(x)
dx

 dx = 
Jm(aκ) – Jm(0)

κ

2 2

,	
(32)

is straightforward. Integrals

	 I1 = ∫
a

0
 
Jm(κρ)

ρ

2
 dρ =	

(33)

	= 
(aκ)2m

4m Γ(2m)2F3(m, 
1
2

 + m; 1 + m, 1 + m, 1 + 2m; –a2κ2),

1.0

1.4

β/k0

ak0 n2 – 1 = 2

n+ =
 n + χ

ba

–0.2 0 0.2

1.000

β/k0

ak0 n2 – 1 = 1.01

–0.2 0 0.2

1.002

1.6

2.0

β/k0

ak0 n2 – 1 = 8

–0.2 0 0.2
χ/nχ/n χ/n

m = 1 m = –1

n–  = n – χ

c

Fig. 2. Dependence of the effective refractive index neff = β/k0 of the fundamental eigenmodes of the waveguide (m = ±1)  
vs. the normalized chirality parameter χ/n for different values of the dimensionless size parameter V = ak0 ϵ – 1 = 1.01 (a);  

V = 2 (b); V = 8 (c)



Optical spin currents in chiral optical fibers

Научно-технический вестник информационных технологий, механики и оптики, 2025, том 25, № 5 
812 Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2025, vol. 25, no 5

where Γ(x) is the Gamma function, and

	 I3 = ∫
a

0
 Jḿ

2 (κρ)ρ dρ = 
1
4

 ∫
a

0
 [Jm–1

2 (κρ) + Jm+1
2 (κρ) –

	 – 2Jm–1(κρ)Jm+1(κρ)]ρ dρ = 

	 = 
a2

8
[Jm–1

2 (aκ) – Jm–2(aκ)Jm(aκ)] +

	 + 
a2

8
[Jm+1

2 (aκ) – Jm(aκ)Jm+2(aκ)] + 	
(34)

	 + 
a2(aκ)2mm m!

22m+1
Γ(2m)3F4( 

1
2

 + m, 1 + m, 1 + m;

	 m, 2 + m, 2 + m, 1 + 2m; –a2κ2),

can be evaluated with the help of the regularized 
hypergeometric function pFq [28]. Finally,

	〈Pz,± 
in 〉 =  |a±|2 

cn
8

 Im{ im2n±k0βI1 – imκ±(β2 + n±
2
 k0

2
 )I2 

	  iβn±k0κ±
2I3} = 

cn
8

 [n±k0β(m2I1 + κ±
2I3) ±	 (35)

	 ± (β2 + n±
2
 k0

2
 )κ±I2],

	 〈Jzz,+ 
in 〉 = ± |a±|2 

cn
32k0

[m2(n±
2
 k0

2 + β2)I1 ± 4mn±k0βκ±I2 +

	 + κ±
2(n±

2
 k0

2 + β2)I3 – κ±
4I4] = 	 (36)

= ± |a±|2 
cn

32k0
[(n±

2
 k0

2 + β2)(m2I1 + κ±
2I3) ± 4mn±k0βκ±I2 – κ±

4I4]. 

For the fundamental mode with m ± 1,

	 I1 = 
1 – J0 (aκ) – J1 (aκ)

2

2 2 

, κI2 = J1
2(aκ),

	 κ2I3 = 
–1 + (a2κ2 + 1)J0 (aκ) + (a2κ2 – 1)J1 (aκ)

2

2 2 

,	 (37)

	 κ2I4 = 
a2κ2

2
 [J1

2(aκ) – J0(aκ)J2(aκ)],

and

	 m2I1 + κ2I3 = 
a2κ2J0 (aκ) + (κ2 – 2)J1 (aκ)

2

2 2 

. 	 (38)

Thus, for the fundamental mode

	 〈Pz,± 
in 〉 = |a±|2 

cn
8a2 �

n±k0β
2

˜ ˜
[κ±

2J0
2(κ±) + (κ±

2 – 2)J1
2(κ±)] ±

	 ± (β2 + n±
2
 k 0

2
 )J1

2(κ±)�,	
(39)

	 〈Jzz,+ 
in 〉 = ± |a±|2 

cn
32a2k0

�n±k0 + β2

2

˜ ˜22
[κ±

2J0
2(κ±) +

	 + (κ±
2 – 2)J1

2(κ±)] ± 4n±k 0βJ1
2(κ±) –	 (40)

	 – 
κ±

2

˜ 2

[J1
2(κ±) – J0(κ±)J2(κ±)]�.

 Optical spin diode regime

 I    n the nanofiber regime, when ak0 << 1, by doing a 
series expansion in ak and leaving only the leading terms, 
the eigenmode equation for m = 1 mode becomes

 

	
κ+

2

˜ 3

	
κ–

2

˜ 3

	
2κ
�

˜
	 0

	
nκ+

2

˜ 3

	 – 
nκ–

2

˜ 3

	 0	
2κ
�

˜

	–κ+
n+k + β

2

˜ ˜
	 κ–

n–k – β
2

˜ ˜
	 – 

2iβ
�κ

˜

˜
	 2ik

�κ

˜

˜

	–nκ+
n+k + β

2

˜ ˜
	 –nκ–

n–k – β
2

˜ ˜
	 2ik

�κ

˜

˜
	 – 

2iβ
�κ

˜

˜

 

a+
a–
c+
c–

 = 0,	(41)

with two solutions

	 a+ = 
2i

n�β̃
, a– = 

2i
n�β̃

, c+ = 1, c– = 0, 	 (42)

and

	 a+ = 
2i

n�β̃
, a– = – 

2i
n�β̃

, c+ = 0, c– = 1. 	 (43)

In addition, expressions for the energy and SAM flow 
became

	 〈Pz,± 
in 〉 = |a±|2 κ±

2
 
cn
8a2 

n±k0β
4

˜ ˜
, 

	 〈Jzz,± 
in 〉 = ± |a±|2 κ±

2
 

cn
32a2k0

 
n±k0 + β2

4

˜ ˜22

.	

(44)

Using Eqs. (42), and (43), and noting the fact that near 
the cutoff, β ≈ ηk, η = ±1, one can write that

	 〈Pz 
in〉 = 

cη
4a2�2

(n2 + 3χ2 – 1),

	 〈Jzz〉 = 
cχ

4a2�2k0
(n2 + χ2).	 (45)

Eqs. (45) are the key result of the paper. They show 
that the direction of the energy flow in the waveguide 
is governed by the direction of the propagation of the 
waveguide mode as in the traditional dielectric nanofibers. 
However, the direction of an optical spin current is 
governed by the sign of the chirality parameter.

From the orthogonality of the complex exponents 
eimφ and eiβz it follows that contribution of the different 
waveguide modes into the total energy and SAM flow 
is additive. In addition, it follows from Eq. (17) that 
transformation (m, β) → (–m, –β) leads to a transformation 
𝒟 → (–1)m𝒟 since only φ and z components of the fields 
participate in the boundary conditions. Therefore, the 
eigenmode equation 𝒟v = 0 is unchanged, which means 
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that both the eigenfrequencies and the eigenvectors of 
coefficients are identical for m = 1 and m = –1 eigenmodes.

T his suggests that combination of two modes with 
opposite SAM (i.e. modes with m = 1 and m = –1) 
propagating in the opposite directions (Fig. 3, a) will lead 
to the emergence of the standing wave with zero energy 
transfer but nonzero optical spin current. Indeed, for a 
following configuration of fields

	 F±(r) = a+1F±,+1(r)eiφ+iβz + a–1F±,–1(r)e–iφ–iβz,	 (46)

total Poynting vector and total optical spin current in the 
waveguide are given by the expressions

	 〈Pz 
in〉 = (|a+1|2 – |a–1|2) 

c
4a2�2

 (n2 + 3χ2 –1),

	 〈Jzz〉 = (|a+1|2 – |a–1|2) 
cχ

4a2�2k0
 (n2 + χ2).	 (47)

One can see that when amplitudes of both waves 
are equal, there is no energy flux. This happens because 
two counter-propagating modes create a standing wave 
in the waveguide. However, optical spin current is non-
zero for non-zero χ. Moreover, its direction and intensity 
is governed by the value of χ, which means that optical 
spin current is strictly positive for positive χ and strictly 
negative otherwise. And, the higher the value of χ, the 
higher the intensity of the optical spin current.

Indeed, both energy and optical spin current for such 
a superposition of an m = 1 and m = –1 modes with 
a+1 = cosθ and a–1 = sinθ is shown in Fig. 3, b. One can see 
that when amplitudes of both modes are equal, they form 
a standing wave. However, optical spin current is nonzero 
for any θ. Thus, it is possible to find such a regime, when 
energy flux is zero inside the waveguide, while optical spin 
current is not.

 Conclusions

In this paper, we have shown that optical circular 
waveguide made of isotropic chiral material is a 
promising candidate for creating optical spin diodes and 

other opto spintronic devices with an asymmetric transfer 
characteristic. We have solved the eigenmode problem 
for such a waveguide and have shown that, by analogy 
with a circular dielectric waveguide, the fundamental 
mode of a circular chiral waveguide is the mode with an 
azimuthal number m = ± 1. The main result of the paper 
are you the equations showing that the direction of the 
optical spin current in such waveguides is determined 
exclusively by the sign of the chirality parameter of the 
material from which the waveguide is made. Moreover, 
due to the symmetry of the system and the orthogonality of 
the waveguide modes, the chiral optical nanofiber supports 
configurations of standing electromagnetic waves with a 
non-zero optical spin current. We believe that our findings 
open new avenues for creating new energy efficient 
opto-spintronic devices for processing and transmitting 
information, which can serve as a good platform for further 
development of optical computing systems.

 Supplementary Materials

W    e consider electromagnetic field in isotropic 
homogeneous chiral media. We start from Maxwell’s 
equations

	 ×E = ik0[μH – iχE],
	 ×H = –ik0[ϵE + iχH],
	 ∙[ϵE + iχH] = 0,	 (48)

	 ∙[μH – iχE] = 0.	

It is easy to show that the transversality of E and H 
fields still hold. From Eq. (48) it is possible to show that

	 ∙[ϵμE + iχμH – iχμH – χ2E] = (ϵμ – χ2) ∙E = 0,

and
	 (ϵμ – χ2) ∙H = 0.

I     n chiral media, the basis of E and H fields is much less 
convenient than in usual dielectrics. We are looking for 
fields F = aE + bH, and G = cE + dH, such that

	 ×F = ik0βG, ×G = –ik0αF. 	 (49)

0 0.2 0.4
min

max

θ/�

a

ba

min

max

P z
in

J z
zin

F±(r) = cos(θ)F±,+1(r)eiφ+iβz + sin(θ)F±,–1(r)e–iφ–iβz

m = –1 m = +1
|m = –1

θ = �/2

θ = �/4

θ = 0
|m = +1

Fig. 3. Spin currents in an isotropic chiral nanofiber. Schematical representation of the propagation of the superposition of m = 1 and 
m = –1 modes in the optical spin diode regime (a). Spin Angular Momentum flux (spin current) and energy flux as a function of the 

parameter θ (b)
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Using Eqs. (48), and (49), we calculate

	 ×F = ×[aE + bH] = ik0[a(μH – iχE) + b(–ϵE – iχH)] =

	 = ik0[(–aiχ – bϵ)E + (aμ – biχ)H),	 (50)

×G = ×[cE + dH] = –ik0[c(–μH + iχE) + d(ϵE + iχH)] =
	 = –ik0[(ciχ + dϵ)E + (–cμ + diχ)H).	 (51)

Comparing Eqs. (50), and (51) equations with Eq. (49) 
results in the following system of equations.

	  

	–iχ	 –ϵ	 –β	 0
	 μ	 –iχ	 0	 –β
	–α	 0	 iχ	 ϵ
	 0	 –α	 –μ	 iχ

   

a
b
c
d

  = 0.

Solvability condition gives

	 αβ = ( ϵμ ± χ)2,

and coefficients are

	 b = ±iaZ, c = iaV, d = aZV,

	 Z = 
μ
ϵ

, V = 
α
β

.

Therefore

	 �F
G� = �	 1	 ±iZ

	 iV	 ZV ��
E
H�.

One can see that
	 G± = –iVF±.

Transition back to electric and magnetic fields is 
possible by the following transformation

	 E = 
F+ + F–

2
, H = 

F+ – F–

2iZ
.

In such a basis, Maxwell equations become

	 ×F± = ±k0n±F±, n± = n ± χ.	 (52)

Such vectors are called Riemann-Silberstein vectors 
[25, 26]. We also note that from Eq. (52), ×F± = 0 
automatically if n± ≠ 0.

B oundary conditions for electric and magnetic fields 
at the interface are Eτ

in = Eτ
out, Hτ

in = Hτ
out where τ encodes 

tangential w.r.t interface component. One can derive 
boundary conditions for F±,

	 F+,τ
in  + F–,τ

in  = F+,τ
out + F–,τ

out, 
F+,τ – F–,τ

Zin

in in

 = 
F+,τ  – F–,τ

Zout

out out

.

Time-averaged energy density in chiral media, in terms 
of Riemann-Silberstein vectors is

	 �W� = 
Re{E∙D*} + Re{H∙B*}

8�
 = 

	 = 
Re{ϵ|E|2 + iχE∙H*} + Re{µ|H|2 + iχH∙E*}

8�
 = 

	 = 
ϵ|E|2 + μ|H|2 – χIm{E∙H*} – χIm{H∙E*}

8�
 = 

	 = 
ϵ|E|2 + μ|H|2

8�
 = 

ϵ
32�

 [|F+|2 + |F–|2].

Similarly, one can derive the time-averaged Poynting 
vector and the time-averaged optical spin current as

	�S� = 
c

8�
 Re{E×H*} = 

c
32�Z

 Re�
(F+ + F–)×(F+  + F– )

–i
* *

� =

	 = 
c

32�Z
 Im{F–×F–* – F+×F+*}

and

	 �Ĵs� = 
c

16�ω
Im{𝟙E∙H* – E⊗H* – H*⊗E} = 

	 = 
c

64�ωZ
Re{𝟙(|F+|2 – |F–|2) – 2[F+⊗F+* – F–⊗F–*].
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