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Abstract. We show that the non-local susceptibility x (r,r’) for a non-
translationally invariant homogenized wire medium is, modulo a constant, given
by a simple Green function related to the material geometry. We also show that
two previous methods for solving wave interaction problems for bounded wire
media (wave expansion method and transport equation) are equivalent to each
other, and to a third method involving particle reflection at the boundary. We
discuss the importance of the dead layer or virtual interface, and find it to be
analogous to the excitonic semiconductor case. Several examples are provided
to clarify the material.
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1. Introduction

The interaction of electromagnetic waves and wire media has been of interest for many
years [1-3], driven by applications utilizing artificial plasma [4, 5], epsilon-near-zero
materials [6, 7], negative refraction [8, 9], wave canalization [10, 11] and other uses. When
the period of the wires is small compared to wavelength, the structure can be considered as a
homogeneous (homogenized) medium. Early models of wire media neglected spatial dispersion
of the homogenized material, but it has more recently been shown that non-local effects are
very strong for wire media and often cannot be ignored [12—15]. However, the incorporation of
spatial dispersion greatly complicates the analysis of wave—object interaction problems. For
material half-space problems and related multi-region problems involving laterally infinite,
finite-thickness material layers, the usual technique is to expand the field in all regions in
terms of the waves that can propagate in each region as if it were infinite, and then enforce
the usual boundary conditions and additional boundary conditions (ABCs) that account for the
extra waves generated in non-local materials [13, 16, 17]. A considerable body of work has
shown that this technique provides solutions that agree well with measurement and full-wave
modeling (i.e. brute-force numerical codes that explicitly consider the individual wires rather
than a homogenized medium) [14, 18-20]. Another technique is based on solving the drift-
diffusion equation [21, 22] resulting in an integro-differential equation that usually requires
numerical solution, but which is easily applied to various two- and three-dimensional (3D)
objects [23-25].

A key property of bounded non-local materials is that polarization and electric field are
related by the susceptibility tensor yx (r, r’), rather than the tensor x (r —r’) which holds for
translationally invariant media (alternatively, electric displacement and field are related by the
tensor & (r,r’), where x (r,r') =& (r,r') — 15 (r —r’) and 1 is the identity dyadic). Whereas
determination of x (r—r’) or & (r —r’) is a relatively straightforward task starting from the
transform-domain permittivity € (q) (the quantity usually known) [25], there have been few
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attempts to determine y (r, r’), which must incorporate information about the boundary. One
aim of this work is to show that, when material response and field are related by a linear
differential equation, a ‘local’ Green function for the same geometric region provides the
quantity x (r, r’) (equivalently, the permittivity); information about the boundary is included
by enforcing the ABC on the Green function. We explicitly show this for the case of an
homogenized wire medium. The other aim of the work is to show that the two previously
described methods for homogenized wire media (the wave expansion and drift-diffusion
methods, both which avoid the need to know x(r,r’)) are, in fact, equivalent, and are also
equivalent to a third method that utilizes x (r, r’) decomposed into a principal and reflection
term that provides insight into the permittivity as well as the required ABCs. Non-local wire
medium material boundaries in the space domain are also discussed in [26]. Some aspects of
boundary conditions for interfaces of homogenized media are discussed in [27, 28]. Although
the material in this work is for homogenized materials, interface conditions and the idea of a
transition layer (discussed below) have also come up for periodic structures [29, 30].

2. Boundary- and geometry-dependent non-local susceptibility x (r, r’)

For a translationally invariant, homogeneous, non-local medium, P (r) =D (r) — gE (r) =
go [ X (r—r')-E(r') dr, such that in the spatial transform domain (r <> q), P(q) = &x (q) -
E(Q =¢(e(q —1)-E(q) and D (q) = o€ (q) - E (q). Of course, for a local material P (r) =
coX E(r)=¢p(e—1)-E(r) and D (r) = gy¢ - E (1).

For a finite material region the above non-local relations will not hold, and more general
relations are required [16, 17]:

D(r):eO/é(r, r)-E(r) dr, (1)

P(r) =¢ / x(r,r)-E’)dr. 2)

In this case, the material response must take into account the material boundary—it cannot be
derived simply from the bulk response. For natural materials, surface effects can be accounted
for using a microscopic model; in a fully quantum mechanical treatment the current—current
or density—density response can be used [16, 31, 32], and the Boltzmann equation is often
used in a semi-classical treatment [33]. However, these methods are often not feasible due to
the complexity of the problem and a lack of knowledge of the true surface conditions present.
Often, it suffices to use a macroscopic, phenomenological method [16, 17]. In the following,
for homogenized wire media we develop the non-local material response that accounts for a
material boundary from a macroscopic perspective.

The first main point of the paper is to show that in many cases x (r, r’) can be determined
by a Green function for the given geometry containing a simple (local) material. In fact, this is
the case when P (r) and E (r) are related by a linear differential equation. Indeed, if

LPr) =E (),
B (P) =0,

where L is a linear differential operator and B (P) are boundary conditions, then one can define
a Green function £g (r,r') =15 (r—r’), B(g) =0 such that P(r) = f g(r,r)-E@) dr'.

3)

New Journal of Physics 15 (2013) 083018 (http://www.njp.org/)


http://www.njp.org/

4 I0P Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

x(rr’)

\ 4
N

o | 1<«—

Figure 1. Non-local half space characterized by susceptibility x (r, r’).

Therefore, since one may consider the electric field to be arbitrary, by (2) we have gox (r, 1) =
g (r,r’). Below we illustrate this for the explicit case of a wire medium half-space and slab,
although the same procedure also holds for natural non-local materials.

For simplicity, we will first consider a material half-space, as depicted in figure 1, and
concentrate on the susceptibility response, from which one trivially obtains the permittivity.
The position vector is r = pp +2z.

The § region, to be discussed later, is called the ‘dead layer’ in natural excitonic
materials [16], and is analogous to a transition layer or virtual interface for wire media
[13, 34, 35]. Noting the translational invariance in the xy plane we write

xx.x)=x(p—p,2,2) =Xz 2)8(p—p), “4)
thus

P(p.2) =80/ X(z.2)-E(p,2)dz" (&)
0

In this section we determine the non-local response x (z,z’) for uniaxial wire media that
accounts for the interface. In section 3 we consider the connected 3D isotropic wire medium.
Consider a uniaxial wire medium consisting of perfect electrically conducting (PEC) wires
immersed in a host medium characterized by relative permittivity &y, as depicted in figure 2.
For the case of an infinite medium, in the spatial Fourier transform (FT) domain z < ¢,
assuming the usual homogenization conditions p/A < 1, the bulk material response is [12, 36]

k2
. =eneo | 1+22—2 , 6
bulk (¢) h€o < qzz kﬁ) (6)
where kn = w,/1ogoen = ko+/én is the wavenumber in the host medium and k, = w,/c is
the plasma wavenumber ((k,p)* = 27/ In( M’; :)) =27 /(In(5%) +0.5275) where p and r are
the wire period and radius, respectively [14, (11)]). It is convenient to separate the local,

bound-charge polarization response of the background (P**') from the non-local conductive
polarization response (P<°"),

P (p,q.) = e0x"u - E (0. q.) = €0 (en — 1 E (p, ¢.) (7)
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Al

Figure 2. Uniaxial wire medium consisting of perfectly conducting wires.

and
P (p, q.) =D (p, g:) — engoE (0, 42) = goXiunr (42) - E (0, q2) (8)
where
Shk2
- cond _an p
Xouk (42) = quzz — kﬁ' )
It is simple to invert (9) to the space domain, resulting in
= con / 1 > - con j -7
Xbull:i (Z —Z ) = E / Xbull;j (qZ) elf]z(Z < )dqz
ek |a=']
= Z7enk’—— 10
ek (10)

using e E /25y < (g7 — ).

In the following we consider several equivalent models for determining the non-local
conductive response for the half-space problem. Since the bound charge is assumed local, its
response is trivial and we assume ™ (z, 7)) = )‘(Eﬁ}k (z — Z) throughout.

2.1. Model I: transport equation model

To determine x (z, '), we need to identify the differential equation that relates polarization and
electric field. In particular, the drift-diffusion equation from semiconductor theory has recently
been applied to model wire media [21-25] and provides the desired description. To adapt this
formulation to wire media we start with the general anisotropic drift-diffusion model for a bulk
medium

Jcond(r) =0, -E(r) — ]_)0 -Vp(r)

=0o-E(r)+ .il_)o LYV JM(), (1)
Jw
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where o= 6, (w) and Dy = Dy (w) are the ‘local’ conductivity and diffusion coefficient
tensors that are assumed independent of position. If we assume conduction and diffusion only
along the wire axis then Dy = zZD, and 6 = ZZo., so that from (11) we have J, = J, =0 and

D, 3* d
l——— | I°°"Yr) = 0,E, (1) . (12)
jw 9z%2) °
Fourier transformation z <> g, leads to
An O -
J (0, q.) = 2z +i > E(p,q))=0(q:) - E(p, q.), (13)
jo 1z

where o (¢,) is now a non-local conductivity tensor that accounts for both conduction and
diffusion [21, 22].

Since the bound-charge polarization response is local and governed by the permittivity
tensor &y, from Ampere’s law

(- 1 _
V. xH(p, q;) = jo (eb —Jo (qz)) ‘E(p,4q.), (14)
where V,. =Xd/dx +y3/3dy +Z (jq.), we obtain the combined permittivity
— - An z
£(q,,w) =&, +22————.
(CIZ a)) b o+ quzz
If we compare this expression to (7)—(10) we see that &, = 1epey and
k2 wle
0, = —jwshs()—‘; = .p—O = Dz8h8ok§, (15)
ki o
1 v2
D, =—jo— =2, 16
;= —jo 2 o (16)

where vy, = 1/ /1t0€0€n 1s the phase velocity in the host medium. Then, with J, = jw P;, (12) we
have the desired differential equation for polarization

142 s P (r) & E.(r) (17)
-— r) = ——é&Le r).
This is the same differential equation for the conductive part of the polarization as would be
obtained starting from the bulk susceptibility (9). That is, PZC"nd (p,q;) =& X;X‘{)‘fﬂkEz P, q.),
and multiplying both sides by the factor g2 —k and inverting to the space domain we
obtain (17).
We assume a generalized boundary condition (discussed in the following)
chond
az—(z)> =0, (18)
dZ z=6
where o = 0 is the correct ABC for a wire medium terminated by an insulator [13], « — o0
is the correct ABC for a wire medium terminated by a perfect conductor [19] and 0< || <00
describes the case of a uniaxial wire medium terminated by a thin, imperfect conductor [3].

From (17) we can form a Green function problem

(chond (Z) +

972
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de(z, 7
(g(z, )+ aM) =0, (20)
dZ z7=68
so that
PE™() = Koy / 8z E(Z) d7. 1)
5

Note that we enforce the same boundary condition on the Green function as on the polarization,
which is based on microscopic conditions at the wire ends. Comparing with (5) adjusted to
account for &, we see that

XMz, 2) = ek 8(2, 2). (22)
Therefore, the usual Green function for local materials forms the boundary-dependent non-local
susceptibility (and obviously the permittivity via & (z, z') = shkf,g (z,7Z)+éend (z—2')). This is

the first main point of the paper.
We see that the susceptibility can be written as the sum of the principal part, which satisfies

i) aee— 1) = ——se - 2) (23)
322 P Ehkg
and provides the z — 7’ dependence, and the scattered part which satisfies
02 ,
(a—zz +k§) Xscond(z, Z ) =0. (24)

Upon enforcing the same boundary conditions as for the polarization, the scattered part, not
surprisingly, provides the dependence that is other than z — 7.
Note that the Green function is usually used to connect electric field and current via

Er) = i [k1+VV]- / g(r,r)-P@)dr +Ei(r). (25)

The relationship between the electric field and current/polarization is non-local via the
superposition integral involving g, albeit in a rather trivial (purely geometric) sense. However,
as seen in (22), a similar Green function provides the non-local combined material-geometric
response ¥ (z, z') that accounts for both the material boundary and the material spatial
dispersion.

Next we will explicitly solve for the Green function assuming several different ABCs. We
ignore the dead layer (restored below) and assume a material slab of thickness L, extending

from z =0 to L surrounded by vacuum regions. We therefore enforce
8(0,2)=g(L,z)=0. (26)
The solution is [37, p 302]

1 : ’ R s s ,
g(z, 7)) = —— (e M= — e TR cos(kyz) + [e 77 cot(ky L) — e T ese(ky L) sin(kpz)).

2jkn
27)
Then, in the limit L — oo and allowing small loss
1 , , o
g(z,7) = 2}.—k(e_ﬂ“"1_Z | —e D), (28)
h
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such that, from (22),

d ghk; ikn |22/ ik (242
() = g (el e ), (29)
h
For the generalized ABC corresponding to (18),’
) dg(z, 7'
(g(z, ) +a&) —0,
dz =0 31)
, dg(z,2)
g(z,7) —a——— =0
dz z=L
as L — oo and using (22) we have
Sl A vajhe)
Xcond(z, Z/) _ Ehkrz, € ( o] h) e*]kh(Z+Z) . (32)

2ikn  2jkn (1 — jky)

Further, we can, for example, impose different generalized ABCs at different boundaries,
eg.aatz=0and Batz=1L,
dg (z,7")

M =g(L,7)—-p ———=| =0. (33)
dz 0 dz L

Regarding the ABC, we note that the condition PZC"Ild = ( is actually just the usual boundary
condition on current from Maxwell’s equations, although in local problems it does not usually
need to be explicitly applied. However, sometimes it does. For example, for a simple thin-wire
antenna the condition J = 0 needs to be enforced at the wire ends (see e.g. [38, 39] for the
Pocklington’s integro-differential treatment). However, one does not think of this as an ABC as
there are no additional waves.

20,7)+«a

2.2. Model II: charge carrier reflection model

In the preceding we have determined how to construct the non-local, boundary-dependent
susceptibility x°" (z, z') from the differential equation for polarization. In this section we
consider a completely different view of this susceptibility based on a physical model for charge
carrier reflection [16] that leads to the same result, and which leads to insight into the assumption
of translational invariance for convolution-based methods.

In a natural material, charge carriers (electrons, holes, excitons, etc) can interact with a
boundary in various ways. If we assume that the most important process is reflection, then
referring to figure 1 the total distance along the z coordinate that the particle travels upon
leaving the position 7/, reflecting off of the boundary with reflection coefficient U, and arriving
at position z, is z+z' — 24. For natural materials, the small region of width § represents the

dead layer, wherein the particle experiences strong repulsive forces associated with the image

5> The negative sign in the second expression is because the general ABC is

chond (I')
dn

i <P°°“d(r) ‘o _o, (30)

where f can be taken, e.g., to point into the medium. Then, at z =0 we have n =Z leading to the expression
involving the positive sign. For z = L we have i = —Z, but the sign of fi - dP*" /dn remains the same, leading to
the expression with the negative sign.

New Journal of Physics 15 (2013) 083018 (http://www.njp.org/)
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charge as the particle tries to leave the material [16, 17]. Impurity atoms at the surface and
other surface states can also contribute to this effect. Thus, the typical procedure is to posit
that the particle will not be found in the dead layer [16]. For a homogenized wire medium, the
transport model [21, 22] indicates that we can consider effective charge carriers interacting with
the boundary in a similar manner. Therefore, in the dead layer

X" ) =0 (34)
for 0 < z, 7/ < §, and in the material half-space outside of the dead layer
XMz ) =X — )+ X (2 +2 —28) - U (35)

for z, z/ > §. That is, in (35) we assume the same form for the bulk and surface-related terms,
but allow for different z dependences and the presence of a (charge-carrier) reflection tensor U;
this method was developed in [16] for natural excitonic materials.
From (10)
Ehkz oA . , . ,
)—(cond(z, Z/) = — pZZ (e—th|z—z | + Uzze_th(Z” —25)) (36)

2jkn '
for z, 7/ > 8, where we assumed that U is diagonal. Therefore, with ¥ defined as (35) and
(36) the non-local conductive polarization response is

P(r) = g / X<z, 7)-E(p, 7)dz. (37)
)

Note that U = 1 corresponds to specular/antispecular particle scattering.

If we ignore the dead layer, this model with U=0 is known as the ‘dielectric
approximation’ (DA), wherein the bulk response is assumed to apply right up to the interface,
and where the interface does not affect the material response (other than terminating the
material). That is, everywhere in the material half-space

Xz, 2) = Xou(@ — 7). (38)

Note that in the local limit (setting x., = (e, — 1) 8 (z — z’)) we recover the usual local result
P& (r) = gy (e, — 1) E, (r), which applies everywhere in the half-space. Although simple, the
DA obviously cannot account for the particulars of the interface. Moreover, compared to the
local material case, it is a much more questionable assumption for the conductive response of
non-local materials since in that case the charge carrier dynamics at z depend on what happened
at 7/, and as the particle travels from z’ to z it may have encountered the material interface.

2.2.1. Boundary condition. An interesting aspect of the charge carrier reflection model is
that it leads directly to the ABC—there is no ambiguity in specification of the correct (self-
consistent) ABC to be prescribed at the point z = 4. Thus, for z =6 and z' > § we have,
from (37),

jkn P = 5 / (1+U,)e DD E () d7,
' (39)

cond
0P;
=X

0z

/ (1 - Uzz)e_jkh(Z/_s)Ez (Z/) dZ/’
$

New Journal of Physics 15 (2013) 083018 (http://www.njp.org/)
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where x = goshkf) /2. Upon adding these expressions we find

a . °
o P o= P = 2l / e M E.(2) d7’ (40)
< B
and subtracting the two expressions (39) and using (40) we obtain the generalized ABC [16, 17]
cond J cond
P +a—P =0, (41)
z 9z °© s
where
1 (1+U
=—— ( ZZ) ) (42)
]kh (1 - Uzz)

Obviously, (41), which applies to several different physical terminations of the wire medium, is
the same as (18).
IfU,, =0 (DA)

10

Zcond _ T chond -0 (43)
ifU, =-—1,
per =0 (44)
and if U,, = +1,
9 pend _ (45)
dz °©
The case U,, = —1 represents the ABC for wire media at the interface with an insulator [13].

In transmission line theory this can be seen to be the usual reflection coefficient for current
at an open circuit (current / = 0). The case U,, = 1 represents the ABC for wire media at the
interface with a perfectly conducting surface [19], and corresponds to the usual transmission
line reflection coefficient for current at a short-circuit (/ is maximum). The DA case U,, =0
corresponds to the case of a matched termination in transmission line theory, where the current
satisfies (43). A transmission line model is presented in appendix A. However, ignoring the
dead layer, note that (43) is in conflict with the known physical boundary condition that the
conductive part of the polarization must vanish at the interface with an insulator, P =0,
which casts further doubt on the DA.

The charge carrier reflection method result (36) with U,, = —1 is the same as the transport
equation result (29) (with the dead layer restored), thus, if U,, = —1 then solving the drift-
diffusion equation and enforcing the ABC chond = (0 is equivalent to the charge carrier reflection
model with U,, = —1. This is the second main point of the paper—that one can assume a
charge-carrier reflection model and, with the proper reflection coefficient, obtain an identical
result to the transport model. The charge carrier reflection model begins with an assumption
about particle reflection from the boundary (requiring specification of a particle reflection
coefficient U) and results in determining x ™ (z, z’) and the self-consistent ABC. The transport
model involves solving the drift-diffusion equation, leading to x " (z, 7') = ahkg g(z,7), and
requires specifying an ABC prescribed from information about the boundary.

New Journal of Physics 15 (2013) 083018 (http://www.njp.org/)
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If o is known we have from (42)

1k 1
_ o+l (46)

“ jkya — 17
In [3] we show that for the intersection of a wire medium and a thin metal (possibly
homogenized) surface (or, e.g. a graphene sheet) characterized by sheet conductivity (S) o2,
then o = 0,q/jwepén, in which case

_ oot — 1

U = (47)

o2+ 1’
where 1, = +/to/€0&n- In appendix B we consider the ABC and susceptibility functions for two
uniaxial wire media connected by an interface.

2.3. Model Ill: the wave expansion method

The usual (classical, macroscopic) method of solving a plane-wave reflection—transmission
problem for a planar interface in the local case is to use the bulk material properties to determine
the wave types that can propagate in each bulk region, and to write the fields on either side of
the interface in terms of those waves types and enforce the usual boundary conditions. This is a
type of wave-expansion method. For a non-local uniaxial wire medium the permittivity dyadic
predicts that there are three different plane waves that can propagate [13], the usual transverse
magnetic (TM) and transverse electric (TE) modes and a transverse electromagnetic (TEM)
mode. The presence of an extra mode necessitates specifying an ABC at the interface, which,
for a wire medium abutting an insulator, is chond = 0113, 22]. This is the most common method
used to solve such problems. For the example shown below this method is equivalent to the
previously described methods. For the planar interface problem this method is also the most
convenient, but it is not easily adaptable to arbitrarily shaped objects.

2.4. Reflection from a uniaxial half-space

Consider a TM-polarized plane wave in vacuum incident on a non-local material interface, as
depicted in figure 3. For simplicity, we assume &, = 1 so that we need to only consider the
conductive response. We at first ignore the dead layer, which will be discussed later. Writing
ki =k (f( sin@; +z cos 91-) for TM polarization we have fields (E,, E,, H,).

Model II (charge carrier reflection model) involves solving (37). Using the lateral transform
form of (25) (p<> q,) we have

RO
Pcond — dz’ p ( —jko|z—7 +U —jko(z+z’))
@ /o “ ko \° €

//|

82 Ooe—plz/—z " 7 /.7
x ([kSJraZ/z} fo g, BT e B )), (48)

where P£"(z) = P{(qy, z) and similarly for EX, U.. = —1, p=/q? —k?, q; = q} +¢; and
ko = w./mo€o. This form is the most time-consuming to compute since it involves a two-fold
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Figure 3. TM wave incident on a uniaxial wire medium—vacuum interface,
generating two transmitted fields (the usual TM field, and a TEM field).

semi-infinite integral (for more general objects such as material spheres or cubes this would be
a six-fold integration over the volume of the object). The DA would involve solving (48) with
U.. =0 (i.e. in the absence of incorporating information about the boundary and simply using
the bulk response (10)), however, the mathematically consistent ABC would be (43), which is
at odds with the known physical ABC (44).

Model I (drift-diffusion model) involves solving (17). This can be done in two ways. One
is by solving (17) directly as an integral-differential equation in the q, transform domain

K2 1 9 927 [ el NP
e (1 ¥ Pa_zz) P (z) = [k§+ a_ZZ} fo 2p P2 e’ + &0 EL(2). (49)
P 0

This form involves a single semi-infinite integral (for more general objects such as material
spheres or cubes this would be a three-fold integration over the object’s volume). The benefits
of this method have been shown in [23, 24] for 3D objects.

The second method of solving (17) from the drift-diffusion model is via Green’s functions
using (21)

PE™(2) = Kleneo / 8z E() 7 (50)
0

With (28) this results in the same equation as Model 1.

Model III involves solving for the bulk plane waves that exist in each region and enforcing
the usual boundary conditions along with the ABC. For g, =0 and assuming TM wave
incidence, the fields for z < O are

H, = (e — Reon)e—jq,\-x,

E. = L W0 ey peneyeian (51)
Jjwey 0z Jweo
_ 1 8Hy — —J4x (7107 — ReVOZ)e_jq"x
¢ jwey 0x jweg ’
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where R is the reflection coefficient and yy = ,/q2 — kZ. For z > 0,

H, = (Arme™ "™ + Brgme "™ %)e 1,

1 .
E. = — (ytmArve "™ + yrpm Breme ™M )e I (52)
Jwéo
_ 2, 2
E. = nO(kp-'-qX)ATMe_”TMZe_jqxx,

kOCIx

where yry = /g2 +k2 — ki and yrem = jko. The ABC equivalent to P =0 is that E. is
continuous at z =0 [13]; enforcing this condition and matching tangential fields results in
q:Brem = k; Aty

_ (Y — ¥0) (YrEm — Vo)

= (53)
(Yo +ymm) (Yo + YrEm)
and
242y
Ay = = . (54)
MR+ gD 0+ 2y + K2yrem
It can be shown that these fields satisfy
V xE = —jouH,
kX e, .
V x H = jogE +2j (eﬂkolm | — g kotex >> E.(z))dZ (55)
0Jo

and therefore this solution is equivalent to the other methods. Numerical plots of internal fields
are shown in [23].

2.4.1. Dead layer. 1In [13] it was shown that the model needs to incorporate a virtual air-layer
(analogous to the dead layer), but that this layer is extremely thin (0 < § < p/2m) and usually
can be ignored. In the preceding example we ignored the dead layer, which we address here.
For convenience with the previous results we assume the dead layer exists from —§ <z <0
and the rest of the material occupies z > 0. Since ¢, = 1 there is no bound-charge polarization
response and P only exists for z > 0. Therefore, the dead layer is simply a small vacuum
region existing for —§ < z < 0, and so this amounts to appending this thin vacuum region to be
part of the material half-space. Thus, for Model I and Model II there is no change in (48) and
(49); the only change is the interpretation of the vacuum dead layer as belonging to the material
(e.g. such as defining the reflection coefficient occurring at z = —4§). In a similar manner, for
Model III the fields for —§ < z < 0 and for z < —4§ are the same as (51), and the rest of the
solution is the same as above as well. In this case, the reflection coefficient including the dead
layer is Rpp = R e The three methods of solution are again equivalent, and, since y; is
imaginary-valued the dead layer only affects the reflection phase in this problem.

Finally, we can comment on the effect of the dead layer. Since 0 < § < p/2m,then §yy K 1
and so the small shift in the reflection coefficient due to the dead layer is negligible. Regarding
the fields, there are only transverse fields for z < —§ and for —6 < z < 0, and so by continuity
of the transverse fields in the dead layer these will closely resemble the fields for z > 0. If
we call the fields determined with the inclusion of the dead layer the ‘exact’ result, and the
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fields computed ignoring the dead layer as the approximate result, then the difference fields
Edff — Eexact _ EapProx are in the dead layer

‘Eﬁiff/EixaCt‘ ~ )/08 (56)

and for z > O,

diff, TM exact, TM| __ diff, TM exact, TM| ~_
|ESTTM /B | = |E™/ES ~ yrmé,

} ESSTEM, E;xact,TEM| ~ Yremd,
where we used |yo v tEM|S < 1 such that (1 — eFromurem®y ~ ) 1 ey, Thus, as expected,
the difference fields are very small (note that in the dead layer E& = (no(k;+
q%)/ koq.) Atye "™e~r™e7ix gince the exact result has E, =0 in the dead layer, and so in
this case EJ" — EPPOX = — [PPIOX),

At this point it is fruitful to discuss a correlation with the natural excitation case discussed
in [33, 40]. In [40] the authors develop a wave expansion method for a non-local (excitonic
semiconductor) half-space, similar in spirit to the wave expansion method discussed here. They
ignore the dead layer and use the Boltzmann equation for the bulk response (i.e. the electron
distribution function f does not depend on position z, and the boundary only enters via the
usual conditions, including the ABC). The non-local response function obtained in [40] from
Boltzmann’s equation is analogous to the non-local wire medium permittivity used here, and so
their wave expansion is analogous to the wave expansion method used here when one ignores the
dead layer. In the second paper, [33], the authors use the Boltzmann equation and a distribution
function f(z) that accounts for the boundary, such that spatially dependent electron distributions
can be obtained. Using this method, the dead layer emerges naturally, and material properties
can vary smoothly over the dead layer into the bulk; the dead layer is implicitly included in
the solution. Comparing these two methods, in [33] the conclusion is that the wave expansion
method ignoring the dead layer (i.e. the solution in [40]) does not agree with the more accurate
method in [33] (which includes the dead layer) over distances near the interface on the order
of the dead layer. This is the same result as we find above for the wire medium problem. Since
all three methods discussed here are equivalent, we can summarize by saying that ignoring the
dead layer leads to one answer and including the dead layer leads to a slightly different answer,
the differences being small and principally occurring within § of the interface.

2.5. Longitudinal example

As another example of the above ideas, we consider a planar slab of material excited by a
purely longitudinal (with respect to the slab normal) impressed field, like what would be found
between the plates of a capacitor for a quasi-static excitation. The slab has width L, and is
immersed in vacuum, as depicted in figure 4. For this excitation, the 3D wire mesh (connected
or non-connected) provides the same response as the uniaxial wire medium. We assume &, = 1
for simplicity so there is no bound-charge polarization contribution.

For Model I (drift-diffusion model), from (17) we have

82 .
(ké + 8_z2> P2M(2) = —k2eo(EX™(2) + EX°(2)), 57)
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Figure 4. Planar slab of wire medium with impressed, purely longitudinal quasi-
static field.

where
1 d2 L o=iko|z=7|
Escat k2 / Pcond / d /. 58
(2) = 80( dz) ok Lk (z)dz (58)
Using Leibnitz’s theorem [41], if z € (0, L) then
) d2 L o=jko|z—2| . .
k +_ —PCOH / d !/ — _PCOH 59
(0 iz )/ T (z)dz (=) (59)

such that F gcat(z) = —PC°nd (z) /&o. Then, from (57),
52
(ﬂ + ) POM () = —k2egE™(2), (60)

where 2 = kj — k.
Since E;“C (z) is constant we can solve (60) as
2

P (z) = C'sin (Bz) + D cos (Bz) — ﬁs oE™ (61)
and P (0, L) = 0 leads to

P (g) = ﬁkSSOE‘“C (% sin (82) + cos (Bz) — 1) . 62)
Alternatively, we can define a Green function

(,8 +8—)g(z 7)=—-8(z—2) (63)
such that

PM(z) = kﬁeo fo ' g(z, Z)E™(7) d7, (64)
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Figure 5. Conductive polarization distribution comparing Model I (transport
model, (62)) and the numerical solution of (66) from Model II (charge carrier
reflection model). Wire period is 4 mm and slab thickness is L = 10p.

where
2

k . , L
k2g(Z, Z/) — Xcond(z’ Z/) — _p (e—J,B|Z—Z | _e—JﬂZ cos (,BZ)
’ 2ip

+ [e—JﬂZ’ cot (BL) — e # ¢sc (ﬂL)] sin (ﬁz)) : (65)

In numerical examples, (62) and (64) give the same answer (and recall this is equivalent to
method II with U,, = —1). However, for this problem one cannot attempt to invoke the DA
equivalent to U,, =0 (such that g (z,7) = e’jﬁ|z’z/|/ 2jB) since there is no way to enforce
P;"“d (0, L)=0.

Alternatively, we can start from Model II,

eok> L, , I : , , ,
ZCOHd — 20kp / <ef_]k()|zfz | + Uzzef_]ko(z+z) + Uzzefjk0(2L7(1+Z )) + UZZZe*]ko(ZLflzfz |)> EZ (Z/) dzl,
' Jko Jo -

(66)

where the additional terms compared to (36) are due to the set of infinite multiple reflections

from the two interfaces summed as a geometric series. Since E**(z) = —P;"“d(z) /&0 we

have (66) with E, (z) = — P (z) /ey + E™, which can be solved subject to a BC on P,
We have solved (66) using a Galerkin solution involving complete set of expansion

functions that automatically satisfy the physical boundary condition chond O,L)=0

N
PE() =Y apsin (Sz). 67)

n=1
Figure 5 shows the polarization distribution comparing Model I, (62), and the numerical solution
of (66) from Model II. Wire period is 4 mm and slab thickness is L = 10p. It can be seen that
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Figure 6. Conductive polarization distribution comparing Model I (transport
model, (62)) and the numerical solution of (66) from Model II (charge carrier
reflection model). Wire period is 4 mm and slab thickness is L = 2p.

when U,, = —1 the numerical solution of (66) is in complete agreement with the analytical
solution from Method I, (62). In figure 5 we also show the solution when U,, = 0, a DA. In this
case we have also enforced the ABC chond = 0 (rather than (43)) since this is the physically
sensible condition. However, as described above this condition is not consistent with the ABC
(43) associated with the U,, = 0 case (which would result in an unphysical solution). The two
solutions for U,, = —1 and 0 differ considerably, but tend to agree away from the edges. In
figure 6 we show the same result but for L = 2 p, where, since the slab is thinner and the edges
are more important, and the DA is considerably worse.

3. Isotropic wire medium
In this section we discuss the case of isotropic wire media consisting of a 3D mesh of

interconnecting wires (see, e.g. [14, figure 1]; other wire media such as double wires [42, 43]
could also be considered. The relative permittivity is [14]

1
Epuk (qQ) = 1&y, —« (1 - WQQ) : (68)

Here, q is the 3D FT variable, q = pg, +2q,, €(q) = €(q,, g;), and

(69)
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where f, = mr?/p?is the volume fraction of the wires (r is the wire radius, p is the wire period),
£m is the wire permittivity, lo = 3/ (1 +2k>/B7), and

2
o 2nr
pea(zy sl

n=

where J is the zeroth-order Bessel function. As discussed in [14], this expression is very
accurate below the effective plasma frequency. The isotropic wire medium permittivity (68)
reduces to the simpler form [44]

k2
_ P 1
Eouk (@) = len — K2 (1 - ﬁqq> (71)
when |e,| — o0, i.e. as the wire conductivity becomes infinite.
The inverse transform of (68) is easily evaluated as

—j¢r
Enun (1) = (&5 — )8 (1)1 — K V'V~
dr
A 1 é’ 2 an e_jéir
=(ep—x)S(r)1 —« (3rr—1) ———|-¢rr . (72)
re jr 4mrr
From
1
= cond _
Xouk (@) = —K (1 — WQQ) (73)
we have
= cond eAjgr
Xoux @) = — k()1 —«kVV -
1 ¢ eI
= — k81—« [(BFF—1) ( = — = | — ¢*¢F : 74
k3 (r) K (( Ir )<r2 jr) e rr) y— (74)

For Model I (transport equation), to form the drift-diffusion equation we note that

1
P(q) =¢ (1(€h—1)—K <1—WQQ>>'E(Q)

= [P* (q) +P*" (@)] - E (@) (75)
such that
1 1
P (@) = —« (1 = WQ(O -gE (q) — (1 - pQQ) P (q) = —kgE (q) (76)
using

1 - 1
(1-50a) =(1- 5 pw).

Therefore, the drift-diffusion equation is
1 cond
1+ ?VV -P"(r) = —kgoE(r) (78)
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subject to P, (0) = 0 (or one could use the more general form (18)). We therefore define a drift-
diffusion Green function that satisfies

(1 + %vv) -gr,r)=-15(r—r) (79)

subjectto z- g (0) =
For the principal Green function we have

1 1
(1 — é_zqq) g () =—1, - g™ (q) = - (1 — ﬁqq> (80)
so that
—cond / eijaR
B (r—r) = —18 (=) -V @81)

where R=r—1r" and R = \/(x —x)?+(y —y)?+(z—2)%. In contrast, the usual free-space
electric Green dyadic that relates current and field is [45]

g r v = g“(r —r, )

lkz_ z /
e (g (82)
(271) k2 q —k2

e —jkR
= |1+
|: k2 ] AT R

Because of the ABC PCond 0 (assuming an interface with vacuum), the scattered Green
function should satisfy a perfect magnetic conductor (PMC) condition. Since

g (pr — ) = —(XX+§y+22)8(r—r) — V xa + 9 Aa - (83)
8 - Yy oVt i) anr

it is easy to see that the scattered Green function is

—cond , An An An , d 9 .9\ eh
g (r—r)=—(Xx+yy—2z)é(r—r;) —V (xa +y5 — 8_z) FRl’ (84)
where
=Xx+yy—17z, 85)
Ri=r—r=X(x—x)+y(y—y)+z(z+2)
which satisfies
(g;ond + g:ond) |z=0 —0. (86)
Thus, we have
g (p, ') = ;ond( ) +8(r—r))
=g =) +E8™(p —p', 2+2). (87)
By superposition ¥ (r, r') and g°™ (r, r') are simply related as in the scalar case,
X, r) = kg®(r, r). (88)
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Comparing to Model 1I,
g, ) =g —r)+g™r—r)) - U, (89)

where U = XX + §§ — 22. This is the isotropic case expression analogous to the uniaxial case (35)
and (36) with U,, = —1. Restoring the dead layer, for Model II (charge carrier reflection
approximation)

Yr,r)=0, 0<zz7 <38 (90)

and for z, 7/ > 6,

- cond = cond

X () = X =)+ X —r)) - U
= X =)+ X (o — p', 2+ —25). (91)
Analogous to the procedure in section 2.2.1, assuming that U =22U,, then the self-
consistent ABC is

1
( + Uzz) Pcond(qp, Z) =0 (92)

d
Pcond , _ _
: (q,O 2 jk. (1 —-U;,) 9z ¢

which is (41) for the isotropic wire media case (ky, in (42) is replaced by k, = . /¢? — qg in (92)).

4. Conclusions

We have shown that when the polarization and electric field are related by a linear differential
equation the non-local susceptibility x (r, r’) for a non-translationally invariant wire medium is
given by a Green function related to the material geometry. Further, we have shown that two
previous methods for solving wave interaction problems for bounded wire media are equivalent
to each other, and to a third method involving particle reflection at the boundary.
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Appendix A. Transmission line analogy

Here we develop a transmission line analogy for both the isotropic wire medium [46] and the
uniaxial wire medium. Starting with the homogeneous form of (78), in the transverse Fourier
transform domain p <> q, we have

1
<1+quvq> -P"(q,, z) =0, (A.1)
where V = —jq, +Zd/dz. Upon defining
) dpP,
V(qp,2) =V, -P(q,.2) =—jq, P, + e (A.2)
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we have, from (A.1),
VV =—¢*P,+2P,). (A.3)

Using V,V = —jq,V +2dV /dz,

_Jqpv = _CZP,O,
v _ ., (A4)
& ¢ P

From (A.2) and using (A.4),

dP, ¢’—gq,
dz ’?

V. (A.5)

Defining /(q,, z) = P,(q,, z), then the desired transmission line equations are, using (A.4),

dv

=01 =—Zl,
dz
y P (A.6)
— =2 V==YV
dz c? P

and we have the propagation wavenumber and characteristic impedance
kz:\/ _Zsszﬂg‘z_qz’ (A7)

Z, ¢?
Zo= |22 =2, (A.8)
Y, Jk.

If we consider a wire medium half-space (z <0) and assuming a current reflection
coefficient U at z = 0, we have an impedance

Z(O)—Zl_U (A.9)
T 1+U ‘
and a boundary condition
V(0)=Z(0)I(0) = (V,-P).—o = Z(0)P,(0). (A.10)
This becomes
P i =Yp ) =0 (A.11)
iz ) e T ‘

which is equivalent to (92) (the difference in sign being because here the material occupies the
half-space z < 0, and for (92) the material occupies the half-space z > 0). For a uniaxial wire
medium the same analysis holds with V =dP,/dz.
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region 1 A X region 2

Figure B.1. Two uniaxial wire mediums intersecting a surface.

Appendix B. Additional boundary condition and Green’s function for the intersection of
two uniaxial wire mediums

Consider two identical uniaxial wire mediums connected by an interface as depicted in
figure B.1. Writing
0

PP (p, 2) = &0 / X1z, 2) - Ei(p, 2) dz’ + ¢ / X315z, 2) - Ea(p, 2) 7,

—00 0

. (B.1)
P (p,2) = £ / X512 2) - Ei(p. 2) 2’ + e / X5z, 2) - Ea(p. ) d2f

o0 0

and using Model II (charge carrier reflection model) the susceptibilities are set to zero in the
dead layer (analogous to (34)) and outside the dead layer we have, similar to (36),

cond

X11 (Z Z ) = ZZShkp (e th|z z | +U, eth(z+z +28))
2_]kh

Xcond(Z 7)) = iigh_kg Ulzeikh(z—z’+25)
12 ’ 2Jk ,

h
) (B.2)
X5z, ) = ZZ—ghk Py e (377 -29)
! 2jkn ,
cond 8hkp thlz z | th(z+z 25)
X5 (2, Z)—lejkh (e + Uxe )
Two ABCs are found as generalizations of (41),
8Pcond aPcond
Pcond} 5 chzond‘(S +a ( z1 + z2 ) — O,
0z |_s 0z |4
apclond 8PC20nd (B3)
Pcond + Pcond + z _ z — O,
z1 LS z2 }5 'B< 9z s 9z 8>
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where
1+UR_UT 1+UR+UT
o= - , =
Jkn (1 = Ugr+Ur) Jkn (1 —Ug — Ur)

(B.4)

and where U, = U, = U7 and U;; = Uy, = Uy. For PEC (Uy = 1, U7y = 0) and PMC (Uy =
—1, Ur =0) terminations these reduce to the previous results, and for a thin conducting
interface characterized by a two-dimensional surface conductivity o,q as considered in [47],
then

Up = O2dMo ’
020 +2./én

Up= — 20 e
020 +2./€n

For Method I (drift-diffusion model), we can form Green’s functions from (17). For
example, if the source is in region 1

82 / /
(8_z2 +kﬁ) gz, 7)) =—-8(z—2),

» (B.6)
(— +kt21) 821(z,Z2)=0

972
and if the source is in region 2
82 2 ’ ’
8_z2+kh 80(z,7)=-8(z—2),
(B.7)
82 2 ’
— +ki ) 812(z, 2) =0.

9z2
Enforcing the conditions (B.3) on the Green functions, analogous to (22) this leads to

cond

XMz 7)) = ek g2, 2) (B.8)

and the same susceptibilities are obtained as in (B.2).
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