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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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AHHOTAIUA

IIpencraBneHo ucciae0BaHUE ONTUYECKUX XUPATbHBIX [IMIMHIPUYECKUX BOJTHOBOJOB C TOUKH 3PEHUS MX IIPUMEHEHUS
B ONTHYECKON CIIUHTpOHUKE. [Ipe/iokeHo UCIoap30BaHIe XUPAIBHOTO ONTHYECKOTO LMINHIPUYECKOTO BOJTHOBOAA
B POJIM ONTHYECKOTO CIIMHOBOTO AMoAa. PaccunTaHa MOIOBasi CTPYKTYpa paccMaTpUBaeMOro BOIHOBOAA M YHCICHHO
peIIeHO TUCTIEPCHOHHOE YpaBHEHHE IS (PyHIaMEHTATBHBIX MO BOJHOBOJA C a3MMYTaJIbHBIM YHCIOM m = +1 s
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Optical spin currents in chiral optical fibers

pa3/IMuHBIX 3HAYEHUM MapaMeTpa XUpalbHOCTH MaTepHaja BOJIHOBOJA. I1omyyeHbl BbIpaXeHUsl AJs IOTOKA SHEPTUU
U ONTHYECKOTO CIIMHOBOTO TOKa BHYTPH BoJHOBoAA. Iloka3aHo, 4TO B OJHOMOZOBOM pexHMe paboThl BOJIHOBOAA,
HalpaBlIeHHe MPOTEeKaHNsI ONTHYECKUX CITHHOBBIX TOKOB B BOJTHOBOJIE ONIPE/IEAETCS HCKIFOUUTENTBHO 3HAKOM NTapaMeTpa
XHMPaTbHOCTH MaTepHaia BOJTHOBOAA, BHE 3aBUCHMOCTH OT a3MMYTAJIbHOTO YHCIIAa M HATPABIEHHS PACTIPOCTPAHCHUS
Mozpl. CrietoBaTensHoO, Cyneprno3umys m = 1 u m = —1 Moj, pacnpoCTPaHSIONINXCS B PA3HBIX HANIPABICHUSX, OyaeT
HMETh HYJIEBOU MOTOK SHEPTUH, HO HEHYIEBON ONTHUCCKUH CITMHOBOH TOK. [lomyueHHBIE pe3yabTaThl pacIIupsIOT
SNIEMEHTHYIO 6a3y ONTUUECKOH CIIMHTPOHNKH M OTKPHIBAIOT HOBBIE ITyTH JUIS CO3AHMS SHEProd(G(HEKTHBHBIX ONTHISCKUX
BBIUUCIIUTENIBHBIX CUCTEM.

KaioueBrnle c1oBa
ONTHYCCKUHN CITHH, ONTUYCCKAs CIUHTPOHKKA, XUPATbHOCTD, ONITHYUCCKIE METO/IbI IIEPeHOCA HH(POPMAIINH, ONTHYCCKUEC
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Introduction

Photonics has rapidly advanced as a transformative
technology providing 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 «
whose axis is directed along the z-axis (Fig. 1, ). The
waveguide under consideration is made of an isotropic
chiral material with permittivity €, permeability p = 1,
and chirality parameter x. 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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Fig. 1. Isotropic chiral waveguide. Geometry of the waveguide (@). Dispersion of the fundamental mode with azimuthal number
m =1 for the value of the refractive index »n = 2, and different values of y (b). Variables k; and  encode freespace wavenumber and
propagation constant accordingly

In an arbitrary homogeneous chiral medium with
material parameters €, y, and ¥, in the basis of Riemann-
Silberstein vectors (see section “Supplementary
Materials”), Maxwell’s equations can be written as

L(r), n.=nxy, (1

where F.(r) = E(r) £ i\/EH r) are the Riemann-
Silberstein vectors [25, 26]; n =V €y is the refractive index
of the media; ky = w/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]

Fi(r) = Fi,m(ps B)eim(eriBz’ (2)

where m is the angular momentum number; 3 is the
propagation constant; p and ¢ 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 3 for the sake of brevity)

VxF,(r) = +kyn . F

%Fi,z(p)—im,@(p) = n.koF (), 3)
g :tp(p) - apF 1 Ap) = EnikF :t,(p(p)’ “)

1
E [ar(pF:t(p(p)) - lmF:k,p(p)] = in:kkOF‘:t,z(p)ﬂ (5)

from which it is possible to derive the following relations,

[i”"”*k%zﬁa Fo(p) = <2F. (p),
©)
[m_B + nik()ap F:t,z(p) = 'gthi,(p(p)s

where «? = nikg — B2, and the equation for F,,
PO [P Fu(p)] + [p2KE —m2]F, (p)=0.  (7)

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

the solution at the origin p = 0, and to satisfy the outgoing
boundary conditions, we choose a Bessel function of the
first kind J,,(x"p) for the fields inside the waveguide, and
a Hankel function of the first kind A, ([)( k%) for the fields
outside of the waveguide

F"(p) = a,x"J,,(<"p),

F2U(p) = b pH, (2"p), ®
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

Fi"(a) + F"(a) =
Fil(a)~F"(a) F(a) - F%(a)

where T encodes tangential component of the vector
field; pinfout ¢inout gre 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 Egs. (6), and (8)

FP3(a) + F(a),

(€)]

F2(p) = 0,,.(x"p) =

mB 11’1
*?m(@p)?n K e (2t p)l

=a,

F25(p) =P, u(xp) =

=p [ Ly ¢ ( Outp)q:nom OutkOHr( Outp)l. (10)

Combining Eqs. (8)—(10),
dimensionless parameters

K, =axih =+ n’k2 — P2, k= ax®™

= 5 (11)

and introducing
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and recalling that
€in=¢, gout =1, uin:uout: 1, xout=0, (12)

boundary conditions become
aRE,(Ry) + a_K2J,(K) = (by + b)R2H,,(X),
akind,,(K,) — a_k2nJ, (k) = (by — b )R2H,,(¥), (13)
a0y, +() +a_0, () =b.P, () +b_P, (K),
anQ,, +«(Ky) —a_nQ,, (k) =b.P, .(K)=b_P, (K),
where n = Vein. 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,+('~<) + b—Pm,—(f() =
= b, [-mPH,(K) — kkH},(K)] +

N . (14)
£ b_[-mPH,,(K) + kkH}(K)] =
=—(b; = b )mPH,,(R) — (b, F b)kRH,(X).
Introducing
¢y = (by + b )H, (), (15)

we rewrite the boundary conditions in a matrix form as

iz%—']m(ﬁ+) IN(EJ m(]z—) e m(fé) 0
nkA,(Ky)  —nKkAT,(K.) 0 —H,,,(K)
O+ 0, (&)  mPH,®) kRH;(K)|x
nQ,, (&) —nQ, (k) kRHL&) mpH,(K)
N —’
D
ay
a_
x =0. (16)
Cy
C

It is possible to show that

(mﬂﬁ)ﬁ(fmsfﬁ):(Fj:paFi(paFz)_)
17
- (_l)m(_F:t,p _F:t X0Y F:t,z)s ( )
which follows from Egs. (6), (8), and expressions for the

Bessel and Hankel functions of the negative order J_,,(z) =
= (1)), (2), H_,(z) = (-1)"H,(z). In addition,

(m7 X) - (—m, _X) = (_l)m(F:t P’ F:t X0L) F z) -
F) (18)

( F, p’ q: (P)
And, from Egs. (17), and (18) it follows that

(B X)_)(B X):>(:tp, :t(p’F:t,z)_>
F.). (19)

( P :F(P’

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

20k 2R2H2 (R, (R (R F ke, By 1y ) =0, (20)

where
F ook, B, n, y) = RIRFH LK) +
Re2+1) e
g Ak By KR (n, K J, ()] +
2
nid (f<_>+ln+f<f<+<7m (m_kﬁ(m )l Q1)
K
x [nf(f(ﬂm(fc) $KBeE—1) l)l,
K
where
n(X) J(X)
= = 2
Fnl) = m<) I =7 =

We note that for waveguide modes, k2 < 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 { as

E=Jp-ReRr k=i (23)

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

2 = 2 ~
H,(Kk) = K6, H,,(K) = — SKa(©),  (24)
Kn© _ >
=— —i¥,,(0). 25
Hp() = i K0 m(©) (25)

Eq. (20) is a quadratic equation for H,,, 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

(Xa B) - (_Xa _B)7 (m> B) - (_m7 _B)’
(m, %) — (=m, ). (26)

Dispersion in terms of the effective refractlve index
negr = Plky and size parameter V = akyVn?—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 y.
The dispersion is plotted only for m =1 and B > 0, however
all other cases can be obtained from the symmetrical
considerations. One can see that the dispersion of the
fundamental mode for y # 0 is similar to the dispersion
of a dielectric waveguide with dielectric permittivity
€ = n?. 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
Negp € [ng, ny], where ny = 1 is the refractive index of
the waveguide cladding. This fact suggests that one can
treat K, as the transversal quasi-wavevector component
of the mode, similar to the VnikZ — B2 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 —. In particular,
the effective refractive index of the mode with m = -1
will lie in the range nqy € [ng, n_], and the transversal
quasi-wavevector component will be «_. 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 (akyVe—1=1.01, Fig. 2, a), the effective
refractive index shows nonlinear dependence on the
chirality parameter, however the difference An g = ngg(y) —
— ng(—) 1s negligible. Far from cut-off, as expected, the
behaviour of the effective refractive index is close to a
straight line ngg= n..

(Piny= :F—Jlm{ o EF™ (ipdp,  (28)

and

(o) =+ [I PR+ PP~

32k0 o

(29)
F ()] dp.

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

aJZ a ,
I=cf (p 50D 4o+ ey [ T p)(p) dp +
0 0

p a (30)
+c3 [ J,2(kp)p dp + ¢4 [ U2 (kp)p dp.
0 0

We note that all the integrals above are calculated for
the case of m > 0, however, since J_, (x) = (—=1)"J,,(x)
and H_,(x) = (-1)"H,(x), all quadratic forms of
Bessel functions of same m will be invariant under the

transformation m — —m. The integral

a 2
:JJ,%<Kp)pdp:% Jyr@ (@] (1)

0

[V (ax) -

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

L= I Jn(Kp)J,(kp) dp =

J L R O R ) B
Power and SAM Flow " K ’
Energy flow and optical SAM flow inside is straightforward. Integrals
the waveguide can be calculated as (see section a J2(kp)
“Supplementary Materials™) I =] T dp=
A A ‘ . . 0 33
(P = (PR + (PR, UV = UR) + U2 ). @ (e | &)
F(2m)2F3(m +m; 1 +m, 1+m, 1+ 2m;—a?<2),
where
a b c
Blko Blko Blko
ako N> —1=1.01 r akoNn? —1=2

1.002 r 14+t

-0.2 0 0.2 —O 2

— m=1

Fig. 2. Dependence of the effective refractive index n.g = p/k, of the fundamental eigenmodes of the waveguide (m = +1)
vs. the normalized chirality parameter y/n for different values of the dimensionless size parameter V' =akyVe—1 = 1.01 (a);
V=2 (b); V=28(c)
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where I'(x) is the Gamma function, and

a 1 a
=[J2(kp)pdp =—[[J2 (kp) + 2, (xp) —
0 4 0
1 (kp)]p dp =

(@) (ax)] +

2J, m—1 (KP)
2

:E[

- (ax) -

(34

2
—[J2, (ak) — J,, (ak)J,,o(ax)] +

2 2m ! -1
) VB~ 1 m, 1+
22m+1 2

m,2+m,2+m, 1+2m;—a%2),

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

(PIy) =7 |a:t|2 Y Im{:FlmZnikOBI 1~ im (B2 nZ ko)L T

FiPnkoeilyy = — [n:tkOB(mzl (tZ) = (35)

£(p2+ niz kg ).yl

(Jm+> + |ai|2 [mz(”i2 kz + [32)11 + dmn kP d, +

0

+k2(ng kg + AL — ki) = (36)

cn
=+ ——[(n2 kg + B + k1) + Amn ko, — ).
0

For the fundamental mode with m + 1,

1 —Jg(ax) — JE(ax)

]1 = 5 B KIZ :le(aK)>

-1+ 22+1J2 + 22_1]2
Ly = (a’x )o(a;) (ax )1(aK)’ 37)

2K2

2y = 5 @) — Jyax @),

and
2 2J2 + 2_2 J2
w2l + 21, = D) ;K LALCL S

Thus, for the fundamental mode

ik
Py =la s B ) + (2 - 22 +
(39)
+ (B2 +n2ky )Jﬁ@],
0 , cn n2kg+ B2 22 1a0m
( zz, +) + |ai‘ 3202k0|: 2 [K:EJ() ('Q_t) +
+ (k2 - 2)JARY)] * dnk BIRAR) — (40)

=2

_[J (i) — Jo(k) (k]|

Optical spin diode regime

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

K3 2K
2 T 0
- a
: S e XY
—'~<+n+k +B 1~<Jq,lc -B B ZL[} sz Z+
2 2 K K -
Cnk+B .nk-p 20k 2ip
_nK+n+k § —nK,n’k B sz B i?
2 2 T[]N( K
with two solutions
2i 2i
L =——=,a_ =——=,¢c,=1,c_=0, (42)
nmf nm
and
2i 2i
a,=——=,a =——=,¢c,.=0,c_=1. (43)
mtB nm

In addition, expressions for the energy and SAM flow
became

cnnlgﬁ
(P) = a2 = *4°,
44
(Jm) PR cn I’lil;oz-‘rBZ (44)
a _—
* T 00k, 4

Using Eqs. (42), and (43), and noting the fact that near
the cutoff, B = nk, n =<1, one can write that

(Pr) = 2+ 32 = 1),
s

() = (n? +%). (45)

4k,

Egs. (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
eimo and e 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, 3) — (—m, —f3) leads to a transformation
D — (—1)"D since only ¢ 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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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 0 (b)

that both the eigenfrequencies and the eigenvectors of
coefficients are identical for m = 1 and m =—1 eigenmodes.

This 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, F. (e P+ a | F, _(r)e’oP= (46)

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

(Pzin) = (|Cl+1|2 - |a,1|2)

C
pyE (n2+ 332 1),
a

X
4(127[2](0

(2 = (@ = lay ) (2 +x3).  (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 . Moreover, its direction and intensity
is governed by the value of 3, which means that optical
spin current is strictly positive for positive y and strictly
negative otherwise. And, the higher the value of y, 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.y =cosf and a_; = sinf is shown in Fig. 3, . One can see
that when amplitudes of both modes are equal, they form
a standing wave. However, optical spin current is nonzero
for any 6. 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

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

VXE = iko[pH — iyE],
VxH = —iky[€E + ixH],
V:[€E + ixH] = 0,
V- [uH - ixE] = 0.

(43)

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

V-[epE + ixuH — ixpH — ?E] = (ep — y)V-E =0,

and
(en—x2)V-H=0.

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

VxF = ik,BG, VXG = —ikyoF. (49)
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Using Egs. (48), and (49), we calculate
VxF = Vx[aE + bH] = iko[a(uH — ixE) + b(—€E — iyH)] =
= iko[(—aiy, — be)E + (ap — biy)H), (50)

VxG =VX[cE + dH] = —iky[c(—nH + iyE) + d(eE + ixH)] =
= —iky[(ciy + de)E + (—cp + diy)H). (62))

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

—iy € B 0 a
p =iy 0 B || b —o.
-0 0 iy € c
0 —o —u iy d

Solvability condition gives
oaf = (Ven )2,
and coefficients are

b=xiaZ,c=FiaV,d=aZV,

e fE
€ B

6=l 2Ll

One can see that

Therefore

G.=-ilF,.
Transition back to electric and magnetic fields is
possible by the following transformation
_F.+F_ F,-F_
2 2iZ

In such a basis, Maxwell equations become

VXF, =+kp, F., n,=nxy. (52)
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