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Properties of a one-dimensional metallophotonic crystal
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We analyze the structure of a periodic arrangement of optically thick metallic gratings that have very narrow
slits. This structure permits perfect transmission of light in some frequency range and is analogous to a
one-dimensional all-dielectric photonic crystal. Our study shows this structure has many unusual features due
to evanescent modes. One of these is that its band diagram has flat bands at long wavelengths. Another feature
is that this structure can enhance the fields locally. More significantly, we show that a manipulation of the
positions of the slits on adjacent metal films produces lateral displacement along the grating surface for a
transmitted beam of finite cross section. This shift is similar to the birefringence in crystal optics.
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Photonic band gagPBG) crystals have attracted great two metal films(s) which determines the degree of coupling
attention in recent years, and are still under intense theorebetween evanescent modes, and the relative shift between the
ical and experimental investigations. These artificial crystalslits on adjacent film$l). Similar periodic multilayer grating
usually consist of carefully designed periodic modulation ofsystems consisting of all dielectric materials have been in-

dielectric materials in space, and consequently show bangstigated using a curvilinear coordinate transformation and
gaps centered on desired frequendiéThis feature makes truncated transfer matré.

the PBG crystal a potentially new material for photonic de- Following Refs. 18 and 25, we assume that the tangential

vices. However, these photonic devices are rarely made Cglectric field satisfies the surface-impedance boundary

metal. The qbwou_s reason is that metals are always lossy, f%ronditionsz.s This is true for a realistic metal with a large but
all frequencies of interest.

There have been many attempts to incorporate metals in egative dielectric constast In the slits, we know no matter
all-dielectric photonic crystals, both in thedry and in ow small, there are evanescent modes and a TEM mode

experiment$1* All of these investigations concentrate on which propagates. It is the TEM mode which dominates
two-dimensional or three-dimensional metallodielectricVhen the film is not too thin. Throughout this paper, we
structures in which the metal components are in the form ofiSSume  the incident electromagnetic wave is in
either mesh? wire 6 spheré or capacitor! and are embed- P-p(_)lanzatlon(l.e., theH field is parallel to the slits and
ded in a dielectric matrix. These metal components can bgetain only TEM mode in the slits. We analyze the structure
interconnected, as in the mesh case; or disconnected, as Gansisting of perfect metalenes| =) embedded in a me-
the wire, sphere, or capacitors cases. In one dimension, ahkum with refraction indexn. Hereaftem is taken to be 1 for
all-dielectric PBG crystal consists of alternating high andsimplicity.

low dielectric slabs with designed widtAg\ direct analogy The magnetic fields on thej2h film and in the region
is to replace one kind of the dielectric materials with very2j+1 (between the films[see Fig. 1a)] have a Bloch-wave
thin metal films}? but the transmission is small. type expression, respectively. The electric fields in each re-

Recently, several experiments have shown that the exgion are then obtained from Maxwell’'s equations. By match-
traordinary optical transmission of light through 2-D perfo-ing the fields at each boundary, we can eliminate all the
rated metallic films can be obtained at wavelengths up to 1@hodes in region P+ 1 and get an analytic form of the trans-
times larger than the diameter of the hotés’ It has also  fer matrix T which connects the fields in the slits on adjacent
been shown theoretically that similar extraordinary opticalfiims 2j and 3 +2:
transmissions can also be found for metallic gratings with
very narrow slits2-?3These discoveries open up a new way

for light to be transmitted through metal foils. (1+Au B.U A-AA+A B

In this paper, we give an almost analytic solution for the (a2j+2> _ 4B_ ’ 4B_ ’
propagation of I_|ght th_rough a periodic structure composed b2 (A-D(A+1) (1-A)(A-1) B,
of metallic gratings with very narrow slits. We show the — B, ———+—
existence of a band structure, as well as many other interest- 4B. 4B.u u
ing features of this metallic photonic crystal due to the eva- ay ay
nescent modes between metal films. X b, =T by ) 1)

Consider a stack of multilayer metal films in the vacuum
with gratings, composed of slits, on each layer. In Fig. 1 we
show a schematic view of the structures under study with thevhere a,; and b,; are the amplitudes of the forward and
definition: the period of the grating), the width of the slit  backward running magnetic fields for the TEM modes in the
(a), the thickness of the metal filnth), the distance between slits,
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FIG. 1. (Qolor onling Schematics of_the geometry. Sh_own n FIG. 2. (Color onling Band structure of infinite multilayered
each graph is a 3-Iayef exampl@) The S lits are pgrfectly ahgned, metal gratings with narrow slits perfectly aligned. The shaded area
1=0. (b) The slits are displaced by a distarlceelative to previous corresponds to passing bands, and white regions to stop gaps. The
layers. thick line indicates the light cone=2, d=1,h=2, ands=2. d, the

lattice constant on the film, is the length unit.
o W+ W' kgl SoeGd fkg?
A= 2 2 B.= 2 S Assume the slits are perfectly alignéce., 1=0). Consid
e Wy = W3 @ oo Wp = Wb _ _ : per ecty.a ignéck., 1 =0). Consid-
ering an incoming plane wave with momentdgnalong the
metal surface, Fig. 2 shows the projected band diagram for a

e"Gol  fkef o - - 1 41 p_B
B, = E = " ™% 2) specific set of dimensionless parameteas:;, d=1, h=7,
p=—o Wp—W,_)1 ap ands=‘7‘, whered is adopted as a length unit throughout this

. o o . : paper. In the diagram, we see a low frequency propagating
k|zs th/% mo;nentun:l cif incident l'ghtl in thﬁ med'ul'@p‘ka é)and as well as two very flat bands developed at normalized
+h P h ('jSﬁ:[ € para ed momfnﬁ(lgn%opga e metal sur aceo requencyw=0.37 and 0.7. For a given frequency, the flat-
the p-th diffraction order,a,= Vk“=G; Is the momentum in - a5 of these bands means there is propagation of waves for
the z-direction, f=a/d is the area filling factor of the slits, 5 \ide range of incident angles. It also implies standing
wp=€" is the phase _ac;;,(Hmulatlon across the dista®ice \ayes along the plane of metal films, sinée/dk,— 0.
between metal filmsu=e'" is the phase accumulation These flat bands are reminiscent of the flat bands from the
across each slit waveguide, agg=sindGpa/2). When e,

att - ; ¢ X poles of the transmission coefficient for only one grating
is imaginary, thep-th diffraction mode is evanescent. By metal film1827 Figure 3 shows the dispersion relation be-

examining the eigenvalues of the transfer malffixwe can  tyeen the Bloch wave vectdf in the z-direction and the
determine the relation between andk, for which there is  frequencyw. At low frequency, the dispersion is linear. Fig-

propagation through the slits. _ ures 4b) and 4c) show the zeroth-order transmittance for
For a finite number of layers, two more equations arefqyr metal films with differents. Compared to single layer

needed in order to compute the transmission and reflectiopase new peaks emerge at long wavelength and evolve into
amplitudes. These two equations are

(a2 + byu) = 29y — ¢(a, — bou), 4
(AgnU + bap) = Pz — byy). ©) 1.2}
e ]
Here e
w Q
fk - 0.8} ]
=2 —L. (GO R
p=— dp &
The transmission and reflection amplitudes for fath dif- = 04
fraction order are then given by 0.2
k . I
tp = f_gE(aZnu - b2n)e_|Gp<n_l)I ’ 0 T
@p Bloch wave vector K (1/A)

FIG. 3. The dispersion relation betwekrandw whenl=0. The
Bloch wave vectoK is in units of A=h+s, the frequencyw is in

units of 2mc/d, i.e., K=Block wave vectox A, w=d/\. a=1/7,
The details of the derivation are presented in the Appendixd=1, h=8/7,s=4/7, andl=0.

K
o= dop - f;gf(az— byu). (5)

035101-2



THE PROPERTIES OF ONE DIMENSIONAL METALLQ-. PHYSICAL REVIEW B 70, 035101(2004)

1 1
0.8 0.8
0.6 0.6
0.4 0.4
0.2 0.2
0.4 0.6

(a) 0.2 04 0.6 0.8 (b) 02 0.8

3 A B CDA'B'

s 1 1

€ 08 08

g

E 06 0.6

5

2 04 0.4

g

R 0.2 0.2 k
02 04 0.6 0.8 02 0.4 0.6 0.8

(c) Frequency {2nc/d) (d)

FIG. 4. Zeroth-order transmittance curves for normally incident Iight:—L, d=1, andhzg. (a) Single layer(b), (c), (d) Four layers(b)
s=2,1=0.(c) s=3, 1=0. (d) s=3, 1=0.3. Capital letters label the transmittance peaks.

the lowest propagating bands. The range of these peaks is For a light beam with a finite cross section incident on a
widened whers decreases, due to a stronger interaction bethin film, the transmitted beam is displaced along the surface
tween evanescent modes. Changing the valueat$o has a  at thex-direction by an amount ofi,=(de(l, Ko/ Koy, if
nontrivial effect on higher bands. the incident beam has, sharply peaked dt,,. For the sys-

It is easy to show thafa,u—b,,| is the electric field tem in question, when the slits are perfectly aliggiec0), d,
strength at the exit of the slits on the last layer of metal film.ijs 0 for a normally incident light beartk,,=0); while when
For normal incidencegy=1, ap=k, so the existence of per- |0, d, is not 0 for normally incident light beam, i.e., the
fect transmission impliegayu—by|=1/f when the fre- transmitted beam is displaced by an amountipfThis is
quency is within the propagating bands. That is, there isinalogous to the extraordinary beam of the birefringence in
strong field enhancement associated with the perfect trangrystal optics. In Fig. 6, we show, as a function ofk,.
mission, and the degree of amplitude enhancement is exact{y/hen »=0.3785, the displacement, is roughly 1.68(or
inversely proportional to the area rafifilling fraction) f of 1 68x d/27 in dimensional units d, can accumulate and is

the slits. This strong field consists of largely evanescent witthumerically linearly proportional to the number of layers, as
a small amount of propagating waves. The feature of strong

field enhancement is desired in nonlinear optics. In Fig. 5 we

show the contour plot for the intensity of electric field for

two metal films at the first band with the resonance fre- el

quencyw=0.388, and at lowest band with the resonance fre-

quencyw=0.089, respectively. There is a node., intensity t— } —

is zerg in the slits when the frequency is in the first flat
band; while the slits are all lit up when the frequency is in
the lowest band. As to the phase of the electric field, at the

first band with the resonance frequenoy 0.388, the elec-

tric fields on both sides of the same metal film are pointing in

the opposite directions, and are pointing in the same direc- 20

tion on adjacent films, as indicated by the arrows in F{@);5 4 4 \

-

while for the lowest band in Fig.(b), the electric fields are

pointing in the same direction on both sides of the same film,
and are pointing in the opposite directions on adjacent films.
This phase relation is closely connected with the number of
nodes in the slits, and is common for one-dimensional Sysr'naIIy incident light for two layers of metal filméshown as gray

tems. . _ . . shaded regionsThe electric field amplitude of the incident light is

When the slits on adjacent films are not aligriéeét 0), 1 (g at the resonance frequenay0.388(the first flat bang (b) at
the phasep(l,k,) of the transmission coefficietf gains an  the resonance frequenay=0.089 (the lowest bangd The strong
additional amount from the relative shift This additional field enhancement in the proximity of the entrance and exit of the
amount has contributions explicitly from the expon@nptin  slits are clearly seera=2, d=1, h=%, ands=3. The amplitude
Eq. (5) for each layer and implicitly froma,, andb,,. This  enhancement factor is 1#d/a=7. The arrows indicate the orien-
change ine(l, k) has interesting consequences. tations of the electric fields at each location.

FIG. 5. Contour plot of the intensity of electric fields for nor-
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dx
E @0
4l (ap+byu) =2 go — ¢(az — byu),
agtky
[ C
O S b
B ~ T
ol L L L L
3 @ S0, _
z S SN (80l + bzy) = (gl = D), (6)
o 2 ~.
£ ~
2 4 AN A
& S where ¢ now is
[a) S~
6L -
AB:is=210=0  ~_ T/ — B
8l ALB,C,D:is=2/7,1=03 -
fkg?
B ¢p= 22—, (7)
Parallel wave vector ky (2m/d) p=—o Xp +kn

FIG. 6. Lateral displacemerd, as a function ofk, for four

layers of metal films. The capital letter by each curve indicates theand =¢712 is a small complex number. The above formula
corresponding transmittance peak in Fig. 4. The gray ctneas 7= Emetal P )

the same parameters as cu@ebut with 8 layers, instead of 4 |s_accurate_ up to the order 0)2 For m|cr<_)v_vave_frequency,
layers. Peak#é andA’, B andB’, C, andD have similar behaviors, this effect is completely negligible. For visible light, at reso-
respectively. nance frequencies, since the fields largely localize around the
slits, the attenuation of the em wave is also not so appre-
shown by the curve$C) and (E) in Fig. 6. d, gets larger ciable. AtA=1.5 um for five layers metal films of gold, the
whens is decreased. maximum transmission can be as large as 90%, this allows
A pictorial way of saying this is that the incident light many practical applications.
makes turns in between the metal films and is 'displaced bY In conclusion, we have shown the existence of projected
the ladder-type structure, layer by layer, when it comes oupand structure of the multilayer structure of metal gratings,
on the other side. This is in contrast to passing through ge possibility to locally enhance the em fields, as well as the

simple dielectric layer of the same thickness, where an inCiryterg) displacement of normally incident beams and the role
dent beam is not laterally shifted at normal incidence, and '%Iayed by evanescent modes.

shifted negatively only when the beam is incident at an

angle. The physics is governed by both the propagating

modes as well as the evanescent modes. In between the metal

films, although the fields at the openings of the slits consist

of both modes, most contributions are from the evanescent . . . .

modes. This has the effect of changing the quasi-resonant J.T. S_hen wishes to acknowledge the interesting discus-

frequencies in the slits where the propagating modes dom@!ns ywth Professor Joannopoulos, Professor Schultz, E.

nate, and can be described phenomenologically by the “ef-idorikis, D. Roundy, Ho-Bun Chan, M. Ibanescu, and C.

fective impedance match” method. Furthermore, the fields ayuo-

the openings of the slits can couple to each other, as can be

clearly seen from Figs.(4) and 4d): the peaks beloww

=0.2 [the lowest band, the field profile is pictured at Fig. APPENDIX A: DERIVATION OF THE TRANSFER

5(b)] are insensitive to the misalignment, while the first band MATRIX T

around w=0.4 has qualitative changgthe field profile is

pictured in Fig. 5a)]. The coupling is largely determined by  In this appendix, we give the details of the derivation for

the profiles of the fields at the openings. the transfer matrid in Eq. (1), as well as for the case when
At a frequency range in which the magnitude of the di-loss in the metal is present. The symmetry properties of the

electric constant of the metal is not infinite but complex, thetransfer matrix is discussed in Appendix B.

analytic results for the aligned case still can be obtained via

the corresponding changes in E¢®) and(3):

Kk Kk 1. Transfer matrix without loss
o 1-—nwy+{1+—7n|w
Clp (6%

ACKNOWLEDGMENTS

-1

g

A— > 5 B 5 , The magnetic fields on thej2h region in the slitgj-th
p=—o (1_£7]) W — <1+£7]> Wl ®p film) and in the region p+1 (between the films[see Fig.
ap P ap P 1(a)] can be written in the following forms: In regionj:2
- 1 fk
B.B.— X 2 2 —gz‘-’ H,(x,2) = allegklz(-D(s)] 4 pMeriklz=(i-1)(s+h)-h]
ap ) P ap) P in the m-th slit, (A1)
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E(x2) = {ag}ék[z—<i—l><s+h>1—b;“je—ik[z—<i-l><s+h>—h1, if in the mth slit,
X\ E) T

i (A2)
0, otherwise.
[
In region 3 +1: N .
E _kE(up,Zj“'l - Up‘21'+1)e|GpX = 2 (ag}u - bg})
o p —
Hy(X,2) = 2 (Upjsp€ P2 07D | R
" X0 md+(J—1)|+E -x
U € (DS G  (A3)
a
><0<x— (md+ (G-DI- 5))
Edx2)= > ng(Up,Ziﬂei ap[z=(j-1)(s+h)-h] 26)
p=—o

Integrate both sides of EgA5) over them-th slit, and use

o erlagz (= D)) h)) G, A4

Up,2j+1 ), (A4) L Rz | G2

k is the momentum of incident light in the mediu@,=k, —f eCdx= e'Gp(md*“‘l)')—p—a/z
aJ ma(j-1)1-a/2 Gp

+2mp/dis the parallel momentum along the metal surface of
the p-th diffraction order,a,= Vk?-G is the momentum in = eCp(mdi-Lig -
the z-direction,ay; andbY; are the amplitudes of the forward
and backward going waves in timeth slit on the 2 region
(j-th film), mis an integer ranging frome= to <« to label the _ _ i(ma+(j-1)I) — 4M m
slits on thej-th film (not an exponent When the slits on the 2, (Upgea+ Up 2y Gy =authy. (A7)
first film are labeled, all the slits on the subsequent films are ) , .
also uniquely determined, since for each slit, there is one aniultiply both sides of Eq(A6) by e'®»* amd integrate over
only one slit on the next film which is within d/2 vertical @ period:
distance. The above choice of the relative phases betaken ma+(j-1)1+d/2
and bg}, and betweenu, 5.1 and vy, 5,1 simplifies the final —f
expression and does not change any physics.

The electric fields in each region are obtained from Max- e get
well's equation:

we get

(-)dx, where(-) denotes either side of EGA6);
ma+(j-1)1-d/2

Gp Y =(aM — hM)faiGp(Mmat(-D)y -
10E (Up 2j+1 — Up 2j+1) = (85U — b)) fe™™p Oy,
x =5m=-ikE. ko Par P2t i j p

(A8)
In our caseH =(0,H,,0) so HkE=(-dH,,0,4Hy), and we  f=a/d is the area filling factor of the slits.
get (2) At z=j(s+h) (the right boundary of thej2th region,
L i.e., thej-th film):
KB, = dHy, (8 FromH,:
iKE,= - ,Hy, 2 (Up 5j1€ 5+ v 4187 )P = (@], + b3, 5U).
P
where the time dependene®'is assumed. (A9)
Next is to match the boundary condition. The following
(b) FromE,

condition issufficientto determine the fields completely: The

continuity of E, for all x, and the continuity oH, over the o _ o

slits only. > —P(Up j+167° = v 5j41€7 )P = > (CUIPE AIRT)
(1) At z=(j—1)(s+h)+h (the left boundary of the j2th b K m

region, i.e., thg-th film): a a
(8) From the continuity ofH, over themth slit (md X 0<<md+jl + 5) —X> X 9(X— (md+j| - 5))
+(j—-Dl-a/2)sx<(md+(j—1)I+a/2), we get
(A10)
> (Up 241+ Up2j+1) EP* = (a + b7)). (A5) Integrate over the corresponding slind+jl —a/2) <x
P <(md+jl+a/2) and period (md+jl-d/2)<x<(md+jl

(b) From the continuity ofg,: +d/2), respectively; as previousy, we get
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—1 i(mdtijl) —
2 (Up,2j+1Wp + Up,2j+1Wp )gpe( =

p

m m
aj+2 * Dyl

(A11)

O, . .
1\ — M m —IG ,(md+jl
_kE(up,2j+le ~Up2j+1Wp )= (a2j+2 - sz+2u)fe p(mek] )gp-

(A12)

Therefore, from the Maxwell's equations and the boundary

conditions, we obtain the following set of equations:

> (Up 2j41 + Up,2j+1)gpei(md+(j_l)l) =aju+by, (A13)
P

j(majl) —

-1 i m m
> (Up,2j+2Wp + Up,2j+1Wp ) 9p€ 42+ Dji0U,
p

(A14)

(up21+1 Up2]+1) (a2]u b )fe 1Gp(met(i= 1)|)g

(A15)
a _ . .
_kE(up,Zj+1Wp ~Vp W) = (al),, = b3, ou) fe Gt g

(A16)

The intermediate variables, 5., and v, .1 can be elimi-
nated from the set of equations to get the transfer matrix

m m m m .
betweenay;, by, a.,, andby,,:

(1 +A)2u_ (1-A)(1+A) B
(a’g}+2> _ 4B_ ’ 4B_ N
B2/ | A-DA+D  (L-AA-D B,
4B_ * 4B_u u
X (ag} ) (A17)
n )
where

© —1 ®© -
A= E_LP_W fk_ng, B—EE e fk_ng

Wl
b Wp = W' p=—r Wp = Wp~ p

p

e+iGpI fk
B, = _1—929. (A18)
p=—s Wp = Wp~ ap
The transmitted fields can be written as
Hy — E tpeiap[z—(n—l)(s+h)—h]eipr (A19)
p
E = s Zketpei apfz-(n-D)(sth)~h]iGpx. (A20)
p

n is the total number of the metal films. Note the choice of

PHYSICAL REVIEW B70, 035101(2004)

At z=(n-1)(s+h)+h i.e., the right-most boundary, after
integration over the corresponding slit and period, @20)
gives

k
tp= fgp (aghu — b)) g Cpme+ =1 (A21)
@p
while Eq.(A19) gives
(@ru+bly= Et gpe/Cpmarn=h), (A22)

In Eq. (A21), on the left hand sidd,, is independent of the
slit label m; we now show the expression on the right hand
side is also independent af too:

e—iGpmd_ e —ikymd-i2m — e |kxmd

When the incident wave comes in at an angle such khat
# 0, them-th slit gets an additional phag&*™d. This phase
cancels the above one so the right hand side of(E&1) is
indeed independent ah, as it should be.

Substitute Eq(A21) into Eq.(A22), we get

(aZnU+b2n) (aZnu b Efgp__(aZnu b n P,
p

(A23)

which is one of Eq(3).
The total fields on the incident side can be written as

Hy(X,2) = 2 (8% +1,e7 99, (A24)
P
E(x2) =2, %(504)6%2 —r,e ). (A25)
p
Matching the boundary conditions at0, we get
E 9p(50,p + rp)eiGpmd: ag] + bg]u- (AZG)
p
«,
_kE(‘SO,p - rp) = fgp(az b2 U) ~iGpm (A27)
From Eq.(A27),
k _
rp=60p~ —fgy(a — bJu)e o™ (A28)
ap
Plug into Eq.(A26), we get
ay + byu= 29, - ¢(a5' - b3u); (A29)

Egs.(A29) and(A23) serve as the “boundary counditions” of
the transfer matrix, EqQA17), for a5 andbj;.

From the expression of the f|elds in the slits, E4L), at
z=(n-1)(s+h)+h, the interface between the last film and the
transmitted region:

E«(x,z=(n-1)(s+h) +h) =azu-bj.

phase already take into account of the total thickness of thErom the expression of the transmission coefficienp-th

system.

order:
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—iGp(md+(n—l)I)

K t, = ay U+ by, A32
|tp| = ‘ fgpa/_p(azmnl'l - bzmn)e Ep: Oplp 2n 2n ( )

Eliminating the intermediate variables ., andv, 51, we
(A30) obtain

k
= ‘ fgpa_(ag'nu - bg]n
P 2

At perfect transmission, the absolute value of zeroth-order A+A B,u A-AQ+A +B,
transmission coefficientty|, is 1, i.e.,|aju—b3|=1/f, since (a2j+2> _ 4B- 4B-
go=k/ap=1. This means the amplitude of the electric field is  \by;., (A-1)(A+1) (1-A(A-1) B,
amplified by factor 1f (the amplitude of incoming wave is B, B.  WBu + u
1), which is larger than the1/f result given by energy con-

servation consideration at the far field. The field amplifica- X<32j)

tion relation holds even when# 0. by; (A33)

2. Transfer matrix with loss where

For real metals, there is always loss present. When the k k 4
magnitude of the dielectric constant of metal,/, is large, = \1- 2 We W
we can obtain the transfer matrix by perturbation. A= K . > K \2 ;
«,
(l ——77) W, — <1+—77> wit P
% p

At the boundary of a vacuum and a metal, the fields im- p===
mediatelyexternalto the metal surface obeys the following
“boundary impedance conditiong®”

E,= A X H,, (A31) B.=B.= S _ 1 > ”<_929,
where E; and H, are the tangential components of electric = (1 ——7;> Wy = (1 +—71> W,_)1 *
and magnetic fields at the metal surfadds the unit normal “p “p
vector on the boundary pointing in the vacuum directign;  with the “boundary conditions”
= e;lefé,is the surface impedance, its real and imaginary parts
define the dissipated energy and the phase shift of the re-
flected electromagnetic wave, respectively.

For our caseE;=E,X, andH;=H,y. Here we outline the
derivation of the case wher0. By requiringE, andH, to (AgU + byy) = d(agu — by, (A34)
be continuous over the slits, ari} to obey the boundary ]
impedance condition, we obtain the following set of equa-Where# now is
tions, after the integration:

@
+kng

(@ +bou) = Za go — ¢(az — byu),

o fkd?
. =2 ot 39
_kE(fso,p - rp) = fgp(az - b2u) + 77(50,p + rp)y p=—= =P K
The transmission and reflection amplitudes are
+r)=a,+ kgp
2 gp(50,p rp) a bzuy tp =f 9 (aan _ b2n)1
P apt k7

o
_kE(Up,s ~Up;3) = fgp(@U = bp) = 7(Up 3+ vpy3), rp= 27 kné %

7 op fa + kn(az‘ bou).

2 gp(up,B + Up,S) =au+by,
P APPENDIX B: SYMMETRY PROPERTIES OF THE

TRANSFER MATRIX T

I _ -1y — _ -1 I ,
K (Up,gWp = 0, aW,™) = fgp(ay = baut) + 7(Up, aWp + vp W, ), The transfer matrixT in Eq. (1) has the following prop-
erties.
_ (1) Ais always pure imaginary for all values of param-
2 G(Up Wy + 0,05 Y) = a4+ by, eters, i.e. A*=—A,

P (2) When the slits on all metal films are perfectly aligned,

i.e.,1=0, we haveB,=B_; when the slits are displaced by a
distancel relative to previous layers, i.€.# 0, we haveB:
=-B_. Let B,=x+iy; then B_=-x+iy, i.e., B,=B_¢Y and
o _ _ : ) ; ; .
_kgtp: gzl ~ by - 7t |dB+/B_| 1. Whenk,=0, 6 is a periodic function with period
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(3) The determinant of the transfer matrix has magnitudeTherefore, the transfer matrix has the following general

1: detT=B,/B_=€?0 |detT|=1. form:
(4) The relation between the diagonal element§ of T Tod?
11 121
; , (Tzl T*llé@)’
* * —_
TL: M -Biu*= M + B which is also as the same form of the transfer matrix of a
4B_ 4-Bju u system obeying energy conservation but not time reversal
_ _ _ _ symmetry. Note that this property is not changed for a dif-
= aA-AA-1 + B = (w + E) 10 ferent choice of the relative phase betwegpandb,;. It is
4B.u u 4B_u u clear that the nonzero slit displaceméritreaks the parity
=Ty i?. symmetry with respect to the-axis. The ti_me-_reversal in- _
_ variance is restored when the transformation is accompanied
(5) It is also straightforward to show that,=T,,e'’. by | —-I at the same time.
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