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REVIEW ARTICLE

Calculating photonic band structure

J B Pendry
The Blackett Laboratory, Imperial College, London SW7 2BZ, UK

Received 20 November 1995

Abstract. Photonic materials structured on the scale of the wavelength of light have become
the subject of an active field of research fed by the hope of creating novel properties. Theory
plays a central role reinforced by the difficulty of manufacturing photonic materials: unusually
we are better able to design a photonic material than to build it. In this review we explore the
application of scattering theory to Maxwell's equations that has enabled theory to make such a
central contribution: implementation of Maxwell's equations on a discrete mesh, development
of the electromagnetic transfer matrix, ordémethods, and adaptive meshes. At the same time
we present applications to a few key problems by way of illustration, and discuss the special
circumstances of metallic photonic structures and their unique properties.

1. Introduction

As optics merges with electronics to fuel a revolution in computing and communication, it
is natural to compare and contrast electrons and photons. The former are for the moment
the more active members of the partnership, but for future progress we look increasingly
to photons. Electrons have enjoyed the advantage in this contest because of the ease
with which they can be controlled: piped down wires, stored in memories, or switched
from one channel to another. Semiconductors are the medium in which they operate, and
semiconductors enjoy their control of electronic properties because of diffraction effects in
the atomic lattice. Structure and function operate harmoniously together in these materials
to deliver the properties we need.

Photons also have a wave-like nature but on too large a scale to be diffracted by
atomic lattices. Therefore to a large extent they have escaped detailed engineering of their
properties. However, there is no reason that we should not artificially structure materials
on the scale of the wavelength of light to produce band gaps, defect states, delay lines
and other novel properties by analogy with the electron case. This agenda of reworking
semiconductor physics for the photon has been seized upon, largely by condensed-matter
theorists well versed in the intricacies of band theory.

It is a field for the moment chiefly populated by theorists as experiment struggles to
develop the complex technology required to give three-dimensional structure to a material
on the micron scale, even though there are some interesting optical structures prepared
by ‘self-assembly’ methods [1]. Theorists have been very active over the past five years
in developing the methodology of photonic band theory, and applying it to a variety of
systems. In this short review we shall scrutinize the new techniques from the standpoint
of a condensed-matter theorist, following an agenda very much inspired by electronic band
theory.
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We begin by discussing the peculiarities of Maxwell's equations viewed from a
computational standpoint, and present some of the early solutions to this problem. Next we
show how to make a consistent adaptation of Maxwell's equations to a discrete mesh and
develop perhaps the most powerful approach to the problem. Finite-difference equations
can be solved in several different ways. Transfer-matrix methods are widely used and
are efficient and accurate. More recently ‘ordér-methods have been developed and
are extremely efficient in some circumstances. One problem for photonic calculations is
that materials can be structured in a wide variety of different configurations, in contrast to
atomic lattices all of which have the same basic geometry. This leads us to considering
adaptive-mesh calculations in which the real-space mesh is adjusted to the geometry of the
material. Finally we discuss the special case of metallic photonic structures which have
some remarkable properties.

2. Maxwell's equations on a computer

We are fortunate in photonic band theory in that the equations governing the photon’s
behaviour are somewhat better defined than for electrons. Maxwell's equations in Sl units
are (see Panofsky and Phillips [2], or Jackson [3])

V-D=p V-B=0

V x E=—-0B/dt V xH=+0D/ot+j
where D is the electric displacement vectad; the electric field vectorB the magnetic
flux density, H the magnetic field intensityy the charge density, angthe electric current
density. Most commonly we work at a fixed frequency, so

D(r,t) = D(r) exp(—iwt) E(r,t) = E(r) exp(—iwt)

B(r,t) = B(r) exp(—iwt) H(r,t) = H(r)exp(—iwt) (2)

p(r, 1) = p(r)exp(—iwt) Jr,t) = j(r) exp(—iwt).
Note the sign in the exponential: a common source of confusion between physicists and
engineers. We adopt the physicists’ notation here, of course. Substituting into Maxwell’s
equations gives

V-D=p V-B=0

V x E =+iwB V xH =—iwD +j.
These equations taken together with the constitutive equations

D =¢5oFE B = upwoH j=oE 4)

define the problem.
All the physics is contained i, 1, o, and for nearly all the problems of interest these
can be taken acal functions; that is to say the most general linear form reduces to

@

)

D(r) = /e(r, eoE(r") &®r' = e(r)eoE(r) etc (5)

Non-locality results from atomic-scale processes and is only important when photonic
materials have relevant structure on an atomic scale. There are exceptions to this rule, for
example when excitonic effects are important, but these specialist topics are beyond the
scope of this review.

For some materials such as metals, the dielectric constadgpends strongly on the
frequency in all frequency ranges. For many insulatois constant in the optical region
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of the spectrum. However, it is an inevitable consequence of the properties of matter that
all materials show dispersion in some range of frequencies: commonly in the ultraviolet.
The first calculations of photonic band structure [4—8] addressed the problem of finding
the dispersion relationship(k) in a periodic structure often with the specific aim of finding
a ‘photonic insulator’ as first proposed in [9] (an excellent summary of some of these early
calculations is to be found in [10, 11]). It is usual to eliminate either the electric or the
magnetic component from Maxwell's equations. For example, on the common assumption
that the permeabilityy, is everywhere unity, we can derive

VXV xE=-V2E+V(V-E)=+w0’c;’¢cE (6)
where
1
Co = (7)
/€00

is the velocity of light in free space.

For condensed-matter theorists the resemblance of (6) to thé@ddcher equation is
illusory. Certainly the familiar ‘del-squared’ term is there, but the additional presence
of V(V - E) transforms the equation into a decidedly awkward customer from the
computational point of view. This second term is responsible for the elimination of the
longitudinal mode from the spectrum and ensures that any wave of the form

E, = Akexp(ik - r) (8)
is always a solution of (6) provided that
wi(k) =0 ©)

which thus removes all longitudinal components from the finite-frequency spectrum.
However, under certain circumstances this longitudinal mode can return to haunt an ill
constructed computation.

The next step was to observe that the solutions for a periodic medium must take the
Bloch wave form, and therefore the electric field can be expanded in a discrete Fourier
series:

E(r) =) {Esges + Epge,}explitk + g) - 7] (10)
g

whereg is a reciprocal-lattice vector and the two unit transverse vectors are defined by

_ [(k+g) xn]
VIk+g) xn]-[(k+g) x]
_ [(k+g) x (k+g) x n]
VIk+g) x (k+g) xn]-[(k+g) x (k+g) xn]
Each of the two components of the field; and ‘p’, is constructed to be transverse to
the relevant wave vector. The Fourier expansion contains an infinite summation but, as for
electronic band structure, is truncated at some finite valug af g) chosen large enough
to ensure convergence. Conventionally the unit veatoris the normal to a surface of the

material, but could be chosen to be any arbitrary vector.
In this basis equation (6) becomes

k+gPEyg = +0°ce% Y _ eigirg Evg (13)
o

(11)

s

12

€p



1088 J B Pendry
where
gy = €(k+g)-er(k+g)Q" / e(r)explig — g’ - r] dr (14)

and the integration is over the volum, of the unit cell.
Provided that does not depend an, equation (13) is a generalized eigenvalue equation

and can be solved fav (k) by conventional techniques.

l
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Figure 1. “Yablonovite’: a slab of material is covered by a mask consisting of a triangular array
of holes. Each hole is drilled through three times, at an anglg63%:way from normal, and
spread out 1200n the azimuth. The resulting criss-cross of holes below the surface of the slab,
suggested by the cross-hatching shown here, produces a fully three-dimensionally periodic fcc

structure.

This technique and closely related ones were used to calculate the first photonic
band structures. For example we see in figure 2 the band structure of the “Yablonovite’
structure (figure 1) calculated by this technique using several thousand plane waves in the
expansion [6].

This was the first structure to show an absolute band gap and gave great impetus to the
subject. So far the structure has not been realized experimentally at visible wavelengths, but
a microwave version has been built and measured. This is already sufficient confirmation
of the validity of the theory because Maxwell's equations obey a scaling law. If a structure

¢(r) sustains a solution of Maxwell’'s equations; (r),

~V2E(r) + V(V - E(r)) = +0?cy?e(r)E(r) (15)
then we can deduce a solution to a different problem by making the substitution

r =r/a (16)
so that

~V2E(ar') + V'(V' - E(ar)) = +d?w?cy’e(ar’) E(ar’). (17)

The transformed equation tells us that a new photonic structure in which all the length
scales have been expandeddbgustains a solution whose frequency is less than the original
by the same factaz. So if an experimental structure has an absolute gap in the GHz band,
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Figure 2. Frequency versus wave-vector dispersion along various directions ik-$pace,
whereco/b is the speed of light divided by the fcc cube length. The ovals and triangles are the
experimental points for s and p polarization respectively. The full and broken curves are the
calculations for s and p polarization respectively. The dark-shaded band is the totally forbidden
band gap. The lighter-shaded stripes above and below the dark band are forbidden only for s
and p polarization respectively.

the frequency of that gap will scale upwards as the lattice spacing of the structure is scaled
down. Our argument assumes tlat not a function of frequency.

This method of solution has a number of advantages.

It gives a stable and reliable algorithm for computingk).

The computer programming required is minimal and can draw extensively on standard
methodologies such as Fourier transformation and matrix diagonalization.

The longitudinal mode causes no numerical problems because it is projected out of the
equations at an early stage.

An arbitrary e(r) can be handled since no assumptions are made about the shape of
objects.

Therefore it was an excellent way to start a serious study of the subject. However, there

are some situations in which the method runs into difficulties. Some examples are given
below.

If ¢ happens to depend an then equation (13) is no longer an eigenvalue equation,
but something much more complicated and difficult to handle. The problem stems from
the methodology of fixinge, then calculating.

Experiments commonly measure quantities such as reflection coefficients at a fixed
frequency and to calculate these we need all the Bloch waves at that frequency, i.e. again
we need to fixo and calculaték, not the other way round.

A plane-wave expansion of the wave field is rather inefficient and renders calculations
for the more complex structures impossibly time consuming. (Matrix diagonalization
scales as the cube of the number of plane waves.)
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e The latter problem is particularly acute in situations where several different length scales
are forced upon us. For example when an electromagnetic wave is incident on a metal
surface the scale of the penetration depth and the wavelength in vacuum can differ by
many orders of magnitude, and yet the Fourier components have to reproduce both to
good accuracy.

These are difficulties which are also encountered in electronic band structure and have
been countered with techniques which can also be applied to the photonic case.

3. Maxwell's equations on a lattice

The two classic models of electronic band structure are the ‘nearly-free-electron
approximation’ and the ‘tight-binding model. They start from completely different
standpoints: the former assumes that plane waves are a good approximation to the electron
wave function, the latter that electrons interact strongly with the atoms and only occasionally
hop across the space between one atom and the next. Both have been developed as the
basis for more accurate and sophisticated models. The plane-wave expansions discussed
above are the obvious counterparts of the nearly-free-electron model. But it is also possible
to find a tight-binding analogy for the photon case. We do this by choosing to represent the
photon wave field on a discrete lattice of points in real space. This has several pitfalls and
has to be done carefully, but when successfully completed it has many rewards in terms of
speed of computation.

The original derivation by MacKinnon and Pendry (see [12, 13]) was made with a view
to extending MacKinnon'’s successful tight-binding models of disordered electronic systems
to the photon case, but has in fact had much wider application to ordered systems. Of course,
the main problem in representing differential equations on a lattice is in approximating the
derivatives. For Maxwell's equations we have another problem: they have the property that
all longitudinal modes are ‘dead modes’, appearing only as zero-frequency solutions. This
fundamental property, which has at its heart the conservation of charge, must be preserved
in a valid scheme of approximations.

We start from equation (3) and Fourier transform to give

kx E =+ouH kx H = —ws / ek, KYEK) &K (18)
where we have assumed that we are inside a dielectric medium where
nw=1 p=j=0. (19)
Note that the ‘dead-mode’ property holds for a more general class of equations:
kp(k) x E = +ouoH kp(k) x H = —weg / ek, KYE(K) &K' (20)
since, from above,
(ku(k) - kp(k)E(k) — kp(k)[ke(k) - E(k)] = +w2052/8(k, K)E(K) &K' (21)

and choosing

Ey(k) = Axp (k) (22)
always gives the result

we(k) = 0. (23)
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The idea is that if we chooseg (k) andk g (k) so that they have simple representations
in real space in terms of difference equations, and so that they approximate the exact
equations, we shall have obtained a real-space approximation that exactly fulfils the ‘dead-
mode’ requirement. lit-space the differential operators transform exactly to

0E(r)

< ik, E(k) etc (24)
However, there is a closely related transformation
a YE(r + a&) — E(r)] < (ia) exp(ik.a) — 1] E(k) etc (25)
So if we choose
ke (k) = (+ia) [exp(+ikca) — 1] ~ k, + O(kZa)
Kz (k) = (—ia) " {exp(—ik.a) — 1] ~ k, + O(k7a)

and substitute into equation (20), and transform back into real space, we have

(26)

HE:(r +b) — E(1)] —[Ey(r + ©) — Ey(r)] = +HawpoHx(r)
HEx(r + ) — Ex(M)] — [E:(r + @) — E.(r)] = +ilawuoH,(r) (272)
+[Ey(r +a) — Ey(r)] — [Ex(r + b) — Ex(r)] = HawpuoH(r)

—[H,(r —b) — H.(r)] + [Hy(r — ¢) — Hy(1)] = —laweoe(r) E(T)
—[Hy(r —c) — Hy(r)] + [H.(r — a) — H.(r)] = —iaweoe(T)E,(r) (27h)
—[Hy(r —a) — Hy(r)] + [H:(r — b) — H(1)] = —laweoe(r) E (1)

and we retrieve a set of finite-difference equations. In these equatiohsc represent
displacements through a distancealong thex, y, z axes respectively. Further inspection
will reveal that the lattice on which we sample the fields is a simple cubic lattice: fields on
each site are coupled to the six neighbouring sites of this lattice.

Equations (27), (28) are the counterparts of the nearest-neighbour tight-binding
approximation familiar in quantum mechanics, but derived from Maxwell's equations. In
fact we can formulate them to resemble a Hamiltonian even more closely:

> Hu(r, ) Fo(r') = oF(r) (28)

where

Ey(r)
E,(r)
E.(r)
Hr) | (29)
Hy(r)
H.(r)

F(r)=

In the limit of very smalla, relative to the wavelength of radiation, they are an exact
representation. Note that the approximations have all to do with the differential operators;
therefore we can get an impression of how accurate the equations are by asking how well
they represent free space, where

e=1 (30)
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In this case equation (21) gives

KEyKHy + KEZKH, —KExKHy —KExKH; E,
a™? [ —KEyK KExKHy + KEKH: —KEyKH: } |:Ev:|
—KEZKHx —KEKHYy KexKHx + KEYKHY E,
E,
:w2c02|:Ey] . (31)
E;

If we calculate the dispersion fd¢ directed along the axis,

kpx (k) = (+ia) " exp(+ik.a) — 1] Kkey(k) =0 ke (k) =0

knx (k) = (—ia) [exp(—ikca) — 1] kny(k) =0 Kkn:(k) =0 42
we get

w? = c(z)a—24 Sinz(%kxa). (33)
Obviously this reduces to the correct limit whens small:

o? = c§k2[1 + 1kZa® + - - 1. (34)

This real-space formulation of the problem as set out in (27), (28) can be used as an
alternative to thek-space version described in the last section when computing the band
structure. However, this is not the best way forward as the real-space formulation offers
some efficient alternatives to straightforward matrix diagonalization. The efficiency of these
new methods is owing to the sparse nature of equations (27), (28).

As we point out above, the accuracy of the real-space formulation is limited by the
mesh size. The situation can be improved, at the expense of simplicity, by devising a more
accurate approximation tb. For example we can improve on (26) as follows:

Ky (k) = (+ia)"[—3 exp(+ikea) + 2 exp(+2ik.a) — 3] ~ k, + O(ka®)

/ P11 ; ; 3 32 (35)
K (B) = (—ia) " [—35 exp(—ik.a) + 2 exp(—2ik,a) — 5] = k. + O(k;a®).

Transformation into real space of the resulting equations gives difference equations
coupling beyond the nearest neighbours to second-nearest neighbours of a simple cubic
lattice. Taking higher orders of the expansionkgfin terms of [exg+ik,a) — 1] gives
more accurate approximations and more complex formulae. Of course the computer has
no objection to complex formulae, but the benefits of a more accurate approximation that
allows us to use fewer sampling points must be balanced against the disadvantage that the
matrix grows less sparse as the number of nearest-neighbour couplings rises.

Finally in this section, a word about the type of lattice on which we sample the fields.
It might be imagined that we could make a more accurate approximation by choosing a
more complex lattice of sampling points: fcc instead of sc perhaps? Although it is true
that we can do better in terms of improved approximationk,td,, k., the more complex
lattices usually have some subtle but fatal disadvantages. A detailed discussion is beyond
the scope of this review, but has to do with introduction of spurious solutions in addition to
the ones we seek. These mix with the desired solutions to introduce numerical instabilities.
In this instance a simple cubic lattice has virtues of stability and robustness. It should not
be abandoned lightly.



Calculating photonic band structure 1093

4. How to solve the discrete Maxwell equations using transfer matrices

Many of the experiments with which we shall be concerned were made at fixed frequency.
This certainly makes life simpler in materials where the dielectric function depends on
e(w) can immediately be specified. And there is a further advantage in that we can employ
one of the efficient ‘on-shell’ methodologies. In this context the term ‘on-shell’ means that
the calculation is confined to a surface or shell in configuration space on which all the states
have the same frequency. On-shell methods have commonly been employed in low-energy
electron diffraction theory [14]. The analogy with LEED has also been used by Stefanou
et al [15], and the transfer-matrix approach has been addressed in a different context by
Russellet al [16].

Figure 3. A plan view of the mesh on which the fields are sampled showing the orientation of
the axes. Two planes of points are marked by dashed lines: at a fixed frequency the fields on
these two sets of planes are related by Maxwell's equations, so if we know the fields on one of
the planes, we can calculate the fields on the other.

Looking back to equations (27), (28): df is fixed the equations specify a relationship
between fields on different sites of the sampling mesh. For example in figure 3 we see a
plan view of the sampling mesh. Two sets of planes are marked by dashed lines and if
we know the fields on one of these planes we can infer the fields on the other by virtue
of equations (27), (28). In fact if we consider a slab of material, then specifying fields on
a single plane on one side of the sample infers the fields at all points within the sample.
At fixed frequency, given the fields on one side of a sample wetamsfer the fields
throughout the whole sample by successively applying Maxwell's equations. This result is
no more that the discrete equivalent of the well know result for differential equations: if we
specify the boundary conditions, then we can integrate the equations throughout the sample.

The detailed derivation of this result from (27), (28) is elementary but tedious and the
reader is referred to [12] for details. The result is

_ : +HH,y(r — a) — Hy(r))
Ex(r+ ) = Ex(r) +iconon(r) Hy(r) + aweoe(r) [ —{H,(r — b) — H.(1)} }

i [ +{H,(r) — Hy(r + a)} ]
—{

T aweos(r £ @) | —{Hi(r+a—b) - Ho(r+a)) (362)
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E,(r+0) = E,(r) — icouou(r) Ho(r) + e —me }

awsos(r) [ _{Hx(r - b) - Hx(r)}

[ +{Hy(r —a+b) — Hy(r + b)}
" awege(r + b) [ —{H,(r) — H.(r + b)} i| (360)
H(r+c) = H.(r) — icwegoe(r + c)E,(r + ©)
n [ HEy(r+c¢)— Ey(r—a+c)}
avpou(r —a+c¢) | —{Ex(r—a+b+c)— E,(r—a+ o)}
. [ |: +{Ey('r+a+c) —Ey(T+C)} i| (36C)
avpou(r +c) | —{Ex(r+b+c)— E;(r+c)}
Hy(r +c) = H,(r) + icwege(r + ) Ex(r + ©)
N i |:+{Ey(r+a—b+c)—Ey(r—b+c)}:|
awuou(r —b+c) —{Ex(r+¢c)—E(r—b+o0)}
i +HEy(r+a+c)— E,(r+o)}
+awuou(r+c) |: —{E;(r+b+c)— E.(r+ )} :| (36d)

Notice that we work with only two components of each of the fields. The third
component is inferred from the ‘dead longitudinal mode’ which we carefully built into
our equations:

—(ia) '[Hy(r — a) — Hy(r)] + (ia) [H(r — b) — H,(r)] = —weoe(r)E, (1)

. _ (37)
+(ia) E,(r + @) — Ey(r)] — (ia) [E((r + b) — E,(r)] = +wpou(r)H.(r).
Equations (36) define the transfer matrix:

E.(r+o0 Tu(r, vy Tr,r) Tis(r,r) Tulr,r) E.(r")
Ey(r+o | _ Z Toa(r,v") Too(r, ") To(r, ') Toa(r,r") E,(r)
H.(r+c¢) — | Ta(r,7) Tsp(r,7') Tsa(r,r’) Taa(r,r’) H. (1)
Hy(r +c) Ty(r,v') Taa(r, ') Taz(r,v") Tas(r,r’) Hy(r")

(38)

where the summation is over all points in a plane.
In the case where we have a periodic structure which repeatdaftalls we can relate
the fields on either side of the unit cell and exploit this to calculate the band structure:

Ei(r+L:c) E (1)
Ey(r+Lc) | _ E,(r")
Hilo | = Z TLO | 5 (39)
Hy(r+L.c) H,(r")
where
L:
T(L., 0 =]]TG.j—D. (40)
j=1
Hence on applying Bloch’s theorem to the periodic structure,
E.(r+L:c) E.(r)
E,(r+L.0) | _ . E,(r)
Hor+Lo |~ NKLD] p ) 1)

H,(r+L.c) H,(r)
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we identify the Bloch waves as eigenvectors of the transfer matrix:

E. () E(r)
E,(r) | _ . E, (1)

;T(Lz, 0|y |=eRiKLa)| 0 (42)
Hy (7‘/) Hy (7‘)

Thus we can find all the Bloch waves at a givieequency Contrast this with equation
(13) which gives all the Bloch waves at a fixaeghve vectar Obviously (42) has the
advantage it depends onw since the eigenvalue equation remains unchanged beaause
has already been specified, so we know what value tof write in the equations.

Transfer-matrix methods have another advantage in that they generally work with smaller
matrices than would otherwise be required. Suppose that we have a periodic system in which
the unit cell is subdivided into a mesh of $Q0x 10 sampling points. We could diagonalize
equations (27), (28) to find the eigenfrequencies of the system. The relevant matrices
would have dimensions 6000 6000 reflecting the 6000 independent field components
of the system. This would be a huge numerical calculation requiring the services of a
supercomputer. Transforming intespace would bring no relief because to give a similar
level of precision (13) would have to employ a similar number of plane waves in the Fourier
expansion. In contrast, transfer matrices for this system have dimensions 400 and
can easily be diagonalized on a workstation or even a highly specified personal computer.

We can calculate the scaling of computing times with size of system. For off-shell
methods

Toss shett ~ (LyLyL;)? (43)
whereas for on-shell methods
Ton shell ™ (LxLy)st (44)

representing a considerable saving of time in systems which require many layers of mesh
points to describe their structure. In our example above the saving is approximately a factor
of 10? = 100.

Because they calculate all the states at a given frequency, transfer-matrix methods are
very well suited to calculating the scattered wave field from a complex object, and it was
transfer-matrix methods which opened up this aspect of the subject. Robettab[l7]
have measured the response of a photonic system in the microwave band. Their structure
consisted of an array of cylinders and is shown in figure 4.

In [13] the unit cell of the system was divided into a %010 x 1 mesh: for each
cell an average was taken over the dielectric constant within that cell. The transfer matrix
was found by multiplying the matrices for each of the ten slices. Its eigenvalues give
K.(w, K., K,). For the transmission coefficient a similar division of the cell was made, but
multiplying transfer matrices for the seven layers of unit cells would have led to numerical
instability, so instead multiplication was halted after integrating through one unit cell at
which point the transmission and reflection coefficients were calculated for a slab one cell
thick. Slabs were then stacked together using the multiple-scattering formula familiar in
the theory of low-energy electron diffraction [14]. Convergence was tested by repeating the
calculation for a 20« 20 x 1 mesh: changes of the order of 1% at 80 GHz were found
in the band structure. The results are shown compared to the experiment in figure 5. The
computer codes used in this calculation have been published [18].
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Figure 4. A schematic version of the microwave experiment performed by Robedtah
Microwaves are incident on a simple cubic array of cylinders, with=- 8.9, seven layers
deep but effectively infinite in the directions perpendicular to the beam. The amplitude of the
transmitted beam is measured.

5. How to solve the discrete Maxwell equations using ‘ordeN’ methods

When handling very large systems, the way in which computing times scale with system
size is the determining factor in their efficiency. Obviously the optimum scaling of a system
with N independent components must be proportionaVtbecause it would take at least
this time to write down the problem. As computers have become more powerful and able
to treat very large systems the importance of achieving an ‘asdenethodology has been
realized.

In the electron band-structure problem such methodologies have been realized for tight-
binding systems in which the Hamiltonian reduces to a sparse matrix. Formally containing
N? elements, the Hamiltonian would appear to lead to computation times at least as large
as N2 but is saved from this fate by only ordaf-components being non-zero. Therefore
any method based on a finite humber of matnbector multiplications, which are now of
order N, gives the desired optimum scaling.

In the context of photonic band structure the formulation of omlemethodologies
awaited construction of a tight-binding formalism. The real-space formulation described in
section 3 gives rise to sparse matrices in exactly the desired manner. Each matrix defined
by (27), (28) contains components whe¥eis the number of mesh points in the system.
These possibilities were first exploited by Chan, Yu, and Ho [19].

The idea is as follows: if we start with a set of fields, arbitrary except in that they obey
the Bloch condition for wave vectaK':

Erg(t=0) Hg(t=0) (45)

and use Maxwell's equations to calculate their time evolution, we can in effect find the band
structure of the system. Since we know that we can expand the arbitrary fields in terms of
the Bloch waves:

Ex(t) = ZbKjE, exp(—iwk ;1) Hyg(t) = ZbK,-Hj exp(—iwg ;1. (46)
J J

Hence Fourier transforming the fields with respect to time picks out a series of delta
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Figure 5. Left: the dispersion relation for propagation of electromagnetic waves along the (10)
direction of a 2D array of dielectric cylinders. (& perpendicular to the cylinders; (Il

parallel to the cylinders. The experimental results are shown as black dots and have a resolution
of 5 GHz. Note that very narrow bands are not resolved experimentally. Right: the transmitted
power for an array of seven rows of dielectric cylinders. The dotted curve shows the instrument
response in the absence of the cylinders. Upper curvesKg)erpendicular to the cylinders;
lower curves (b):E parallel to the cylinders.

functions located at the Bloch wave frequencies. The resolution of these frequencies depends
on the time interval over which integration proceeds. One must be careful that the starting
fields contain a finite component of the desired Bloch wave.

We need to reformulate Maxwell’s equations so as to represent them not only on a mesh
which is discrete in space, but also on one that is discrete in time. To do this we go back
to (27), (28) and further approximate these equations so that when transformed back into
the time domain, they result in finite-difference equations. We use the same tricks that we
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used in the spatial case. The approximation

wg = (—iT) exp(—iwT) — 1] ~ w wy = (HT) Hexp(+ioT) — 1] ~ o (47)
gives a set of equations that conserve energy as before:

+[E(r+b) — E.(r)] - [Ey(r 4+ ¢) — Ey(1)] = +HlawguoH,(r)

HE(r+ ) — Ex(r)] — [E:(r + a) — E.(1)] = +Hiawy oH,(T) (48a)
+Ey(r +a) — Ey(r)] — [Ex(r + b) — Ex(r)] = +iawupoH, (1)

—[H.(r —b) — H.(r)] + [Hy(r — c) — Hy(r)] = —lawgeoe(r) E, (1)
—[Hi(r —c¢) — H,(7)] + [H.(r — a) — H.(1)] = —lawgeoe () E\ (1) (480)
—[H,(r —a) — Hy(r)] + [H:(r — b) — H.(r)] = —iawgeoe(r)E (1)
and in the time domain
+[E,(r+b,t) —E . (r,0)] — [Ey(r+c,t) — Ey(r, 1)]
= +aT YoHc(r,t — T) — Hy(r, 1)
HE(r+c,t)— E.(r,t)] - [E.(r+a,t) — E,(r,1)]
= +aT uolHy(r,t — T) — Hy(r,1)] (49a)
+Ey(r+a,t) — Ey(r,0)] —[Ex(r +b,t) — Ex(r,1)]
= 4+ aT Ypo[H.(r,t — T) — H.(r, 1)]

—[H.(r =b,t) — H,(r,1)] + [Hy(r — c,t) — Hy(r, 1)]

= +aT Yege(N)[Ex(r,t +T) — Ex(r, 1)]
—[H,(r —¢c,t) — H,(r,t)] + [H,(r — a,t) — H,(r, 1)]

= +aT teoe(r)[Ey(r,t + T) — Ey(r,1)] (49b)
—[Hy(r —a,t) — Hy(r,1)] + [H.(r — b, 1) — Hc(r, 1)]

= +aT Yee(N)|E.(r,t + T) — E,(r,1)].

These equations can be used to advance the fields in time st@ps of

Figure 6. The unit cell of the photonic structure consisting of a series of cylinders, with
¢ = 1296, connecting the points of a diamond lattice. The diameter of the cylinders is adjusted
so that they occupy 20% of the volume. To simplify the figure the lattice points are shown as
circles, and the cylinders are not drawn to scale.
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Figure 7. The spectral intensity at the X point of the diamond structure. The frequency is given
in units of co/b whereb is the lattice constant.

Using methods similar to the one described above, Gitaal made calculations for
a structure shown in figure 6: an array of cylinders packed in a diamond lattice with
periodic boundary conditions imposed on the starting wavefunction. The sampling grid was
a 48x 48 x 48 mesh. The time interval used wé&s= 0.003b/co; whereb is the lattice
constant, and the integration continued through dt@ps.
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Figure 8. The photonic band structure of a diamond structure generated with the spectral
method. The frequency is given in units @f/b whereb is the lattice constant.

The time sequence was the Fourier analysed to give the spectrum shown in figure 7
where the boundary conditions are set for the X point in the Brillouin zone. Repeating the
exercise for otheK -points results in the band structure shown in figure 8.
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These results were checked against calculations made using a plane-wave expansion and
agreed very well. The main difference was the length of time taken to make the calculation.

The time evolution method has a further advantage over the plane-wave expansion
methods, one which it shares with transfer-matrix methods: it can be used to calculate
reflection coefficients of objects by choosing the initial condition to be a pulse of radiation
incident on the object in question, allowing the pulse to evolve with time until it has finished
interacting with the object, then Fourier transforming the result to get the response at each
frequency.

The time taken for calculations using the time evolution operator is proportional to

Tiime evor = (NUMber of mesh points< (number of time steps (50)

and hence is ‘ordeN’ if N is taken to be the number of mesh points and the number of
time steps is independent of. The latter condition is fulfilled for a wide class of systems:

e when absorption is finite, so any incident radiation is removed after a finite interval of
time;

e when the system scatters only weakly, so radiation escapes from the system after a finite
length of time.

However, there are situations where the number of time steps does depend on the number
of mesh points. For example in a large system in which no absorption is present, radiation
can scatter to and fro within the system-defining structure on an increasingly fine frequency
scale, and requiring many time steps before it can be resolved. This happens in so-called
‘Anderson localized’ systems where radiation can only escape from a disordered system in
a time which increases exponentially with system size. It also is the case for ‘defect states’
enclosed within a photonic band-gap material—at least if we wish to estimate the lifetime
of the defect which grows exponentially with system size. For this class of system, methods
based on the time evolution operator have a disastrous scaling law:

Tiime evor (IOCAlIzed system= (number of mesh points< exp(hnumber of mesh points
(51)

Not surprisingly these methods are not used to study Anderson localization where
transfer-matrix techniques are the order of the day.

In a system which is not localized, in which there are no photonic band gaps and
radiation diffuses around a complex structure, the time to escape will be determined by the
diffusion equation and be proportional to the square of the linear dimensions:

Trime evor (delOcalizedl

= (number of mesh pointsx (number of mesh pointé*

= (number of mesh point&3. (52)
Although not ‘orderN’, this is still a very favourable scaling law.

6. Maxwell’'s equations on a non-uniform mesh

By and large, electronic structure calculations all deal with the same basic structure: an
assembly of atomic potentials. Although this presents its own difficulties, it sits in contrast
to the very wide variety of structures and of materials with which we work in photonic
band structure. Most of the methods described above work well in situations where there
is only one length scale. For example in the array of dielectric cylinders shown in figure 4,
electric and magnetic fields can be described accurately by sampling on a uniform mesh.
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Figure 9. At a vacuum—metal interface there is a scale change in the wave field. In the vacuum,
the scale is determined by the wavelength, and in the metal by the skin depth.

In contrast, systems which contain metals with finite conductivity have two length scales:
the wavelength of radiation outside the metal, and the skin depth inside, often differing by
many orders of magnitude: see figure 9. Unless the wave field is correctly described inside
the metal, estimates of energy dissipation will be in error. This requires either an impossibly
dense uniform mesh, or a non-uniform mesh adapted to the shape of the metal.

\

N B

/

v i

Figure 10. An adaptation of the simple cubic mesh to the geometry of a fibre.z Tdwmponent
of the mesh can be taken to be uniform.

Another instance where a uniform mesh is inappropriate occurs when the material
has some symmetry which is relevant to its function but which is incompatible with the
symmetry of a uniform simple cubic mesh. For example, in an optical fibre, cylindrical
symmetry is a central concept. Here we may wish to choose a cylindrical mesh adapted to
this symmetry as shown in figure 10.

At first sight it may seem that we have a very tiresome task ahead of us: that of
reworking all our formalism for every different mesh we encounter. In fact we are saved
by a most elegant result: if Maxwell’s equations are rewritten in a new coordinate system
they take exactly the same form as in the old system provided that we renormalize, and
according to a simple prescription [20]. This affords a huge saving in programming effort
because it reduces what appears to be a new problem to an old one: that of solving for the
wave field on a uniform mesh in a non-uniform medium.
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Consider a general coordinate transformation:

q1(x,y,2) q2(x, y, 2) q3(x, y, 2). (53)
After some algebra we can rewrite Maxwell’'s equations in the new system:
3 .
al - OH;
V,x E) =— L 54a
(Vg x E) MO;M o (54a)
3, OE;

V, x H) = +¢ gl =L 54b

(Vg x H) =+ o; 5 (540)
which as promised are identical to the familiar equations written in a Cartesian system of
coordinates. The renormalized quantities are

&7 = eg"u1 - (ug X u3)|010203(Q: Q)" (55a)
AV = pgVlug - (ug x u3)| 010203(Q: Q)" (55)
wherews, uy, uz are three unit vectors pointing along the ¢», g3 axes respectively, and

Uy U] Uy U2 U, U3
-1
g "= uzru1 Uz Uz Uz U3 (56)
Uz - Uy Ug-Uy; Ug-Ug

dx 0x dy oy dz 0z
dg; dq;  0q; dq;  0q; dq;
07 = 0. (58)

This result has great value in calculations based on real-space methods as it enables all
the original computer programs written for a uniform mesh to be exploited without change
when an adaptive mesh is employed. Less obviously it is also of value in the plane-wave
expansion methods too: all that is necessary is to apply the plane-wave expansgion in
space to the new version of Maxwell's equations and all the benefits of the adaptive mesh
accumulate in the enhanced convergence of the Fourier expansion.

We remark in passing that similar transformations can be used in the case of the
Schibdinger equation which also retains its form under a coordinate transformation.
However, in this case one must consider the most general form which includes a vector
potential as well as a scalar potential because curvature of the coordinate system implies an
effective magnetic field.

Equations (54) raise an intriguing possibility. Suppose that we set up a coordinate
system in free space that is non-uniform in some finite region of space, but far away from
this region reverts to a uniform Cartesian system. Obviously the results of any scattering
experiment in which radiation enters the region in question from infinity cannot depend on
the choice of coordinate system. Whatever system we choose, must return the result that
radiation is not scattered by what after all remains free space.

Now let us change our viewpoint. Suppose that the ‘real system’ contains a material
for which

Qij = (57)

&Y = g"ug - (uz x u3)|010203(Q; Q)
i = g |uy - (uz x ug)|010203(0;0) .

Then the electromagnetic influence of the medium can be undone by the reverse coordinate
transformation: we can find a system in whiclandu are everywhere unity and which has

(59)
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no observable influence on electromagnetic radiation. The object in question is therefore
invisible.

In fact the restriction that the coordinate transformation be embedded in a flat 3-space
is a considerable one, and for most objects we cannot completely undo their scattering in
this way even if the other condition we require:

6= (60)

is met. However, there are instances where this is possible: a sheet of material is perfectly
non-reflecting to normally incident radiation provided that condition (60) is true. This
observation is the basis of much stealth technology since only radar signals at normal
incidence have a chance of returning to the transmitter.

0.01

frequency (eV)

1 {
-0.0010 -0.0005 0.0 0.0005  0.0010

wave vector along the fibre

Figure 11. The lowest three modes of a 10m radius cylindrical metal waveguide for angular
momentumn = 0, plotted against wave vector [20]. The full lines are the results of a numerical
calculation using a cylindrical mesh; the dotted lines are the exact results of analytic theory.

Finally we show in figure 11 this scheme in action for a cylindrical waveguide with
perfect metal boundaries. One advantage of the cylindrical mesh is that angular momentum
is now a good quantum number in the computation, and in addition cylindrical symmetry

can be exploited to speed up the calculation. The computations are compared to the analytic
result and show that the distorted mesh shows the same excellent convergence as the original

uniform version.
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7. Metallic photonic structures

Metals are different. Although their properties can be represented by an effective dielectric
function they are unique amongst materials in that this function can be essentially negative.
For example, nearly-free-electron metals such as aluminium can be modelled by

2

@=1-7 (61)
ew)=1— ——F—
o(w+1y)
wherew, is the plasma frequency, andis related to the conductivityy, by
0)280
y = %0 (62)
o

If the conductivity is large, and is below the plasma frequency, thefw) is essentially
negative. This seemingly innocent property of a metal has a profound impact on its electro-
magnetic properties.

Let us work in the electrostatic limit, ignoring retardation for the moment. We have the
requirement that

V- -D(r)=V . [e(r)Veo(r)] =0 (63)

where D is the displacement field anglis the scalar potential. Normally this implies that
there are no localized electrostatic modes in the absence of external charge, and that in
the presence of external charges the fields are unique: see p 42 of [2]. Consider a system
containing no external charges, but which contains a localized region whegngon-unity.
Enclose the region by a surfade which lies arbitrarily far from the region of interest.
Normally we can show that if the potential and its gradient on this surface are zero, then
the fields everywhere are zero. In other words, fields inside the surface have to be induced
by sources outside the surface, whose fields will pass through the surface itself. Consider

/ ¢(g0eVe)-dS =0 (64)
r

which is zero in the limit in which the surface is infinitely far from the region containing
the electrostatic activity. From Gauss’s theorem this implies

0= / PV - (£0eV @) + 606 (V) - (V) dV
Vv

= /¢V-D+808E-EdV=/808E-EdV. (65)
% 1%

If ¢ is everywhere positive, then the implication is that
E=0 everywhere. (66)

However, if the surfac& encloses a photonic metallic structure within whicis alternately
negative and positive in different parts of the structure, then the theorem no longer holds.
Metallic systems may support localized resonances whose fields are entirely confined to the
photonic region, at least in the electrostatic limit. In fact these modes can be thought of as
originating in surface plasmons [21] decorating the surfaces of the photonic structure, often
shifted in frequency by strong interaction between one surface and another. These localized
resonances are a dominant feature of structured metallic systems as discussed Bt Lamb
al [22].

One further general result is of interest. It concerns the frequencies of these localized
resonances. If we have a non-zero solution to equation (63), then by making the substitution

r=ar (67)
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we can find another solution:
0=V -D(r)=V-[e(, Vo] = a7V - [e(0, ar)a V¢ (ar] (68)
and therefore

V - [e(w,ar)Ve(ar)] =0 (69)

so having found a localized resonance for one structure at a frequ&neye know that
all structures with the same shape have a resonance at exactly the same frequency. This is
because Laplace’s equation contains no natural length scale.

If we now generalize away from the electrostatic limit, the localized resonances will
in general couple to externally incident electromagnetic radiation. If the photonic structure
is on a scale much finer than the wavelength, the coupling will be relatively small and
therefore the size of the structure does in fact change the nature of the resonances if we go
beyond the electrostatic limit: it alters the external coupling of the localized modes.
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Figure 12. An ordered simple cubic structure composed offl Giameter aluminium spheres,
with lattice spacing 52.9\.

A good illustration of these effects is seen in an ‘ordered colloid’ as shown in figure 12.
Aluminium has a plasma frequency of 15 eV and in the first instance we shall assume
no dissipation from electrical resistance so that we can substitute into (61)

w, =15 eV y =0. (70)

We are now in a position to calculate the photonic band structure of this object which is
shown in figure 13, taken from [12].

As we predicted, the presence of structured metal introduces a host of resonances into the
system, here manifesting themselves as very flat bands which, again as predicted, hybridize
weakly with the transverse modes which intersect them. A structure with twice the lattice
spacing and twice the sphere diameter would show very similar structure but would have
stronger interaction with the transverse modes.

Reintroducing the electrical resistance of the metal leads to the localized resonances
now being able to dissipate energy and, since there are a great number of resonances,
this will lead to strong absorption of incident light. In fact metallic colloids, such as the
colloidal silver familiar from photographic plates, are extremely black in appearance. We
can show this quantitatively by calculating the reflection and transmission coefficients of a
thin layer of this colloidal structure. The results are shown in figure 14. Clearly the colloid,
in contrast to the metal, neither transmits nor reflects in a wide band of frequencies from the
near infra-red into the ultraviolet. This is a direct consequence of the new resonant modes
introduced by the colloidal structure.
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Figure 13. The electromagnetic band structure of a simple cubic array of aluminium spheres
calculated for loss-free metal with a dielectric constant given by (61). Note the characteristic
structure which consists of a large number of extremely flat bands: these are surface plasma
modes of the metal spheres, found in the rangeviBeV to 15+/2 eV for isolated spheres,

but in this instance spread to a lower range of energies by interaction between spheres. The
free-space dispersion relation is shown as a dashed line, and clearly interacts strongly with the
surface modes.
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Figure 14. Reflectivity and transmissivity of solid aluminium, left, and that of a colloidal array
of 16 A radius alurpinium spheres filling 12% of the sample volume. The thickness of material
considered is 3383.

These resonances are also believed to be responsible for surface-enhanced Raman
scattering observed at rough silver surfaces [23, 24].
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Figure 15. A schematic figure of a solar panel Figure 16. The stopping power, as a function of the

showing how the strong absorption in the visible, an&nergy quantum lost, observed by Howie and Walsh

weak absorption in the infra-red, of a metal colloid is[25] for 50 keV electrons passing through an aluminium

exploited to give an efficient solar panel. colloid, compared to our theoretical estimate based on
the band structure shown in figure 13.

An interesting aside is that this effect has been exploited for some time in solar heating
panels. Coating a layer of polished metal with metal colloid suspended in glass gives a
composite which is strongly absorbing in the visible and near infra-red, but reflecting in
the far infra-red. Hence the panel absorbs solar radiation efficiently, but retains the heat
because it is a bad emitter in the far infra-red. Figure 15 shows a schematic arrangement.

This high density of states means that colloids are very effective at extracting energy
from fast charged patrticles [26, 27]. Essentially this can be regardé@mkov radiation.
Reference to figure 13 shows that the group velocity of the resonant modes, as defined
by dw/dk, is much less than the velocity of light, given by the slope of the dotted lines.
Therefore a moderately fast particle such as a 50 keV electron will stradgtgnkov
radiate. We show in figure 16 some electron energy-loss data obtained by Howie and Walsh
[25] in experiments on aluminium colloids compared to theory given by iMdvtoreno,
and Pendry [28, 29]. There is very strong absorption in the region of the resonant modes.

8. Conclusions

I hope that this review has shown photonic theory to be in good shape, despite its
rapid development. Certainly we have an excellent capability for calculation of band
structure in periodic dielectrics and the main challenge in photonic band-gap materials
is their manufacture and integration with electronic technology. There are many promising
developments in this respect and it cannot be long before the first structures having band
gaps at visible frequencies emerge.

For the moment the microwave region of the spectrum is the most accessible
experimentally and provides a testing ground for theory. However, there are many
potentially valuable applications to microwave technology particularly of complex metallic
structures, and this area of application should be recognized as valuable in its own right.

Another experimental tool which has much to offer is the electron microscope.
Long used to study microstructured materials, electron microscopes have also developed
sophisticated methods for measuring electron energy loss of the order of 10 eV or 20 eV
and provide a valuable tool for studying the density of electromagnetic states in structured
materials. A community of theorists concerned with the impact of radiation on solids [26]
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has for some time been studying what are essentially photonic effects, and have much to
contribute to the debate.

For the future, theory still has many challenges. This is particularly true for metallic
structures, which as we have indicated show unique and complex effects. The computational
methodology for handling such systems has only recently become available through the
adaptive-mesh approach [20] and will be applied in the next few years to probing new
structures, especially those of microwave significance.

Finally there is the link between electromagnetic properties and forces acting within
photonic structures. These vary from the relatively weak Van der Waals forces acting
between dielectric spheres, which may play a role in self-assembly, to the much more
powerful dispersion forces acting between metallic surfaces separated by distances of only
a few angstbms. This electromagnetic analogue of the electronic total energy calculation
remains to be investigated in detail. The computational techniques are all in place and await
application.
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