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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 gap(PBG) crystals have attracted great
attention in recent years, and are still under intense theoret-
ical and experimental investigations. These artificial crystals
usually consist of carefully designed periodic modulation of
dielectric materials in space, and consequently show band
gaps centered on desired frequencies.1,2 This feature makes
the PBG crystal a potentially new material for photonic de-
vices. However, these photonic devices are rarely made of
metal. The obvious reason is that metals are always lossy, for
all frequencies of interest.

There have been many attempts to incorporate metals into
all-dielectric photonic crystals, both in theory3–7 and in
experiments.8–11 All of these investigations concentrate on
two-dimensional or three-dimensional metallodielectric
structures in which the metal components are in the form of
either mesh,10 wire,6 sphere,3 or capacitors,11 and are embed-
ded in a dielectric matrix. These metal components can be
interconnected, as in the mesh case; or disconnected, as in
the wire, sphere, or capacitors cases. In one dimension, an
all-dielectric PBG crystal consists of alternating high and
low dielectric slabs with designed widths.2 A direct analogy
is to replace one kind of the dielectric materials with very
thin metal films,12 but the transmission is small.

Recently, several experiments have shown that the ex-
traordinary optical transmission of light through 2-D perfo-
rated metallic films can be obtained at wavelengths up to 10
times larger than the diameter of the holes.13–17 It has also
been shown theoretically that similar extraordinary optical
transmissions can also be found for metallic gratings with
very narrow slits.18–23These discoveries open up a new way
for light to be transmitted through metal foils.

In this paper, we give an almost analytic solution for the
propagation of light through a periodic structure composed
of metallic gratings with very narrow slits. We show the
existence of a band structure, as well as many other interest-
ing features of this metallic photonic crystal due to the eva-
nescent modes between metal films.

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 the
definition: the period of the gratingsdd, the width of the slit
sad, the thickness of the metal filmsshd, the distance between

two metal filmsssd which determines the degree of coupling
between evanescent modes, and the relative shift between the
slits on adjacent filmssld. Similar periodic multilayer grating
systems consisting of all dielectric materials have been in-
vestigated using a curvilinear coordinate transformation and
truncated transfer matrix.24

Following Refs. 18 and 25, we assume that the tangential
electric field satisfies the surface-impedance boundary
conditions.26 This is true for a realistic metal with a large but
negative dielectric constante. In the slits, we know no matter
how small, there are evanescent modes and a TEM mode
which propagates. It is the TEM mode which dominates
when the film is not too thin. Throughout this paper, we
assume the incident electromagnetic wave is in
P-polarization(i.e., theH field is parallel to the slits), and
retain only TEM mode in the slits. We analyze the structure
consisting of perfect metalsuemetalu=`d embedded in a me-
dium with refraction indexn. Hereaftern is taken to be 1 for
simplicity.

The magnetic fields on the 2j-th film and in the region
2j +1 (between the films) [see Fig. 1(a)] have a Bloch-wave
type expression, respectively. The electric fields in each re-
gion are then obtained from Maxwell’s equations. By match-
ing the fields at each boundary, we can eliminate all the
modes in region 2j +1 and get an analytic form of the trans-
fer matrixT which connects the fields in the slits on adjacent
films 2j and 2j +2:

Sa2j+2

b2j+2
D =1

s1 + Ad2u

4B−
− B+u

s1 − Ads1 + Ad
4B−

+ B+
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u
2
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b2j
D ; TSa2j

b2j
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where a2j and b2j are the amplitudes of the forward and
backward running magnetic fields for the TEM modes in the
slits,
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k is the momentum of incident light in the medium,Gp=kx
+2pp/d is the parallel momentum along the metal surface of
the p-th diffraction order,ap;Îk2−Gp

2 is the momentum in
the z-direction, f ;a/d is the area filling factor of the slits,
wp;eiaps is the phase accumulation across the distances
between metal films,u;eikh is the phase accumulation
across each slit waveguide, andgp;sincsGpa/2d. Whenap

is imaginary, thep-th diffraction mode is evanescent. By
examining the eigenvalues of the transfer matrixT, we can
determine the relation betweenv and kx for which there is
propagation through the slits.

For a finite number of layers, two more equations are
needed in order to compute the transmission and reflection
amplitudes. These two equations are

sa2 + b2ud = 2g0 − fsa2 − b2ud,

sa2nu + b2nd = fsa2nu − b2nd. s3d

Here

f = o
p=−`

`
fkgp

2

ap
. s4d

The transmission and reflection amplitudes for thep-th dif-
fraction order are then given by

tp = f
kgp

ap
sa2nu − b2nde−iGpsn−1dl ,

rp = d0,p − f
kgp

ap
sa2 − b2ud. s5d

The details of the derivation are presented in the Appendix.

Assume the slits are perfectly aligned(i.e., l =0). Consid-
ering an incoming plane wave with momentumkx along the
metal surface, Fig. 2 shows the projected band diagram for a
specific set of dimensionless parameters:a= 1

7, d=1, h= 8
7,

ands= 4
7, whered is adopted as a length unit throughout this

paper. In the diagram, we see a low frequency propagating
band as well as two very flat bands developed at normalized
frequencyv=0.37 and 0.7. For a given frequency, the flat-
ness of these bands means there is propagation of waves for
a wide range of incident angles. It also implies standing
waves along the plane of metal films, since]v /]kx→0.
These flat bands are reminiscent of the flat bands from the
poles of the transmission coefficient for only one grating
metal film.18,27 Figure 3 shows the dispersion relation be-
tween the Bloch wave vectorK in the z-direction and the
frequencyv. At low frequency, the dispersion is linear. Fig-
ures 4(b) and 4(c) show the zeroth-order transmittance for
four metal films with differents. Compared to single layer
case, new peaks emerge at long wavelength and evolve into

FIG. 1. (Color online) Schematics of the geometry. Shown in
each graph is a 3-layer example.(a) The slits are perfectly aligned,
l =0. (b) The slits are displaced by a distancel relative to previous
layers.

FIG. 2. (Color online) Band structure of infinite multilayered
metal gratings with narrow slits perfectly aligned. The shaded area
corresponds to passing bands, and white regions to stop gaps. The
thick line indicates the light cone.a= 1

7, d=1, h= 8
7, ands= 4

7. d, the
lattice constant on the film, is the length unit.

FIG. 3. The dispersion relation betweenK andv whenl =0. The
Bloch wave vectorK is in units ofL;h+s, the frequencyv is in
units of 2pc/d, i.e., K=Block wave vector3L, v=d/l. a=1/7,
d=1, h=8/7, s=4/7, andl =0.
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the lowest propagating bands. The range of these peaks is
widened whens decreases, due to a stronger interaction be-
tween evanescent modes. Changing the value ofs also has a
nontrivial effect on higher bands.

It is easy to show thatua2nu−b2nu is the electric field
strength at the exit of the slits on the last layer of metal film.
For normal incidence,g0=1, a0=k, so the existence of per-
fect transmission impliesua2nu−b2nu=1/ f when the fre-
quency is within the propagating bands. That is, there is
strong field enhancement associated with the perfect trans-
mission, and the degree of amplitude enhancement is exactly
inversely proportional to the area ratio(filling fraction) f of
the slits. This strong field consists of largely evanescent with
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-
quencyv=0.388, and at lowest band with the resonance fre-
quencyv=0.089, respectively. There is a node(i.e., intensity
is zero) 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 frequencyv=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-
tion on adjacent films, as indicated by the arrows in Fig. 5(a);
while for the lowest band in Fig. 5(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 sys-
tems.

When the slits on adjacent films are not alignedsl Þ0d,
the phasewsl ,kxd of the transmission coefficienttp gains an
additional amount from the relative shiftl. This additional
amount has contributions explicitly from the exponentGpl in
Eq. (5) for each layer and implicitly froma2n andb2n. This
change inwsl ,kxd has interesting consequences.

For a light beam with a finite cross section incident on a
thin film, the transmitted beam is displaced along the surface
at the x-direction by an amount ofdx=s]wsl ,kxd /]kxdkx0

, if
the incident beam haskx sharply peaked atkx0. For the sys-
tem in question, when the slits are perfectly alignedsl =0d, dx

is 0 for a normally incident light beamskx0=0d; while when
l Þ0, dx is not 0 for normally incident light beam, i.e., the
transmitted beam is displaced by an amount ofdx. This is
analogous to the extraordinary beam of the birefringence in
crystal optics. In Fig. 6, we showdx as a function ofkx.
When v=0.3785, the displacementdx is roughly 1.68(or
1.683d/2p in dimensional units). dx can accumulate and is
numerically linearly proportional to the number of layers, as

FIG. 4. Zeroth-order transmittance curves for normally incident light.a= 1
7, d=1, andh= 8

7. (a) Single layer.(b), (c), (d) Four layers.(b)
s= 4

7, l =0. (c) s= 2
7, l =0. (d) s= 2

7, l =0.3. Capital letters label the transmittance peaks.

FIG. 5. Contour plot of the intensity of electric fields for nor-
mally incident light for two layers of metal films(shown as gray
shaded regions). The electric field amplitude of the incident light is
1. (a) at the resonance frequencyv=0.388(the first flat band). (b) at
the resonance frequencyv=0.089 (the lowest band). The strong
field enhancement in the proximity of the entrance and exit of the
slits are clearly seen.a= 1

7, d=1, h= 8
7, and s= 4

7. The amplitude
enhancement factor is 1/f =d/a=7. The arrows indicate the orien-
tations of the electric fields at each location.
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shown by the curvessCd and sEd in Fig. 6. dx gets larger
whens is decreased.

A pictorial way of saying this is that the incident light
makes turns in between the metal films and is displaced by
the ladder-type structure, layer by layer, when it comes out
on the other side. This is in contrast to passing through a
simple dielectric layer of the same thickness, where an inci-
dent beam is not laterally shifted at normal incidence, and is
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
frequencies in the slits where the propagating modes domi-
nate, and can be described phenomenologically by the “ef-
fective impedance match” method. Furthermore, the fields at
the openings of the slits can couple to each other, as can be
clearly seen from Figs. 4(c) and 4(d): the peaks belowv
=0.2 [the lowest band, the field profile is pictured at Fig.
5(b)] are insensitive to the misalignment, while the first band
aroundv=0.4 has qualitative changes[the field profile is
pictured in Fig. 5(a)]. The coupling is largely determined by
the profiles of the fields at the openings.

At a frequency range in which the magnitude of the di-
electric constant of the metal is not infinite but complex, the
analytic results for the aligned case still can be obtained via
the corresponding changes in Eqs.(2) and (3):
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g0 − fsa2 − b2ud,

sa2nu + b2nd = fsa2nu − b2nd, s6d

wheref now is

f = o
p=−`

`
fkgp

2

ap + kh
, s7d

andh=«metal
−1/2 is a small complex number. The above formula

is accurate up to the order ofh2. For microwave frequency,
this effect is completely negligible. For visible light, at reso-
nance frequencies, since the fields largely localize around the
slits, the attenuation of the em wave is also not so appre-
ciable. Atl=1.5 mm for five layers metal films of gold, the
maximum transmission can be as large as 90%, this allows
many practical applications.

In conclusion, we have shown the existence of projected
band structure of the multilayer structure of metal gratings,
the possibility to locally enhance the em fields, as well as the
lateral displacement of normally incident beams and the role
played by evanescent modes.
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APPENDIX A: DERIVATION OF THE TRANSFER
MATRIX T

In this appendix, we give the details of the derivation for
the transfer matrixT in Eq. (1), as well as for the case when
loss in the metal is present. The symmetry properties of the
transfer matrix is discussed in Appendix B.

1. Transfer matrix without loss

The magnetic fields on the 2j-th region in the slits(j-th
film) and in the region 2j +1 (between the films) [see Fig.
1(a)] can be written in the following forms: In region 2j :

Hysx,zd = a2j
meikfz−s j−1dss+hdg + b2j

me−ikfz−s j−1dss+hd−hg,

in the m-th slit, sA1d

FIG. 6. Lateral displacementdx as a function ofkx for four
layers of metal films. The capital letter by each curve indicates the
corresponding transmittance peak in Fig. 4. The gray curveE has
the same parameters as curveC but with 8 layers, instead of 4
layers. PeaksA andA8, B andB8, C, andD have similar behaviors,
respectively.
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Exsx,zd = Ha2j
meikfz−s j−1dss+hdg − b2j

me−ikfz−s j−1dss+hd−hg, if in the m-th slit,

0, otherwise.
sA2d

In region 2j +1:

Hysx,zd = o
p=−`

`

sup,2j+1e
iapfz−s j−1dss+hd−hg

+ vp,2j+1e
−iapfz−s j−1dss+hd−hgdeiGpx, sA3d

Exsx,zd = o
p=−`

`
ap

k
sup,2j+1e

iapfz−s j−1dss+hd−hg

− vp,2j+1e
−iapfz−s j−1dss+hd−hgdeiGpx; sA4d

k is the momentum of incident light in the medium,Gp=kx
+2pp/d is the parallel momentum along the metal surface of
the p-th diffraction order,ap;Îk2−Gp

2 is the momentum in
thez-direction,a2j

m andb2j
m are the amplitudes of the forward

and backward going waves in them-th slit on the 2j region
(j-th film), m is an integer ranging from −̀ to ` to label the
slits on thej-th film (not an exponent). When the slits on the
first film are labeled, all the slits on the subsequent films are
also uniquely determined, since for each slit, there is one and
only one slit on the next film which is within ad/2 vertical
distance. The above choice of the relative phases betweena2j

m

and b2j
m, and betweenup,2j+1 and vp,2j+1 simplifies the final

expression and does not change any physics.
The electric fields in each region are obtained from Max-

well’s equation:

= 3 H =
1

c

]E

]t
= − ikE.

In our case,H =s0,Hy,0d so −ikE=s−]zHy,0 ,]xHyd, and we
get

ikEx = ]zHy,

ikEz = − ]xHy,

where the time dependenceeiwtis assumed.
Next is to match the boundary condition. The following

condition issufficientto determine the fields completely: The
continuity of Ex for all x, and the continuity ofHy over the
slits only.

(1) At z=s j −1dss+hd+h (the left boundary of the 2j-th
region, i.e., thej-th film):

(a) From the continuity ofHy over them-th slit (md
+s j −1dl −a/2)øxø (md+s j −1dl +a/2), we get

o
p
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m + b2j

md. sA5d

(b) From the continuity ofEx:
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Integrate both sides of Eq.sA5d over them-th slit, and use

1

a
E

md+s j−1dl−a/2

md+s j−1dl+a/2

eiGpxdx= eiGpsmd+s j−1dldsinsGpa/2d
Gpa/2

; eiGpsmd+s j−1dldgp;

we get

o
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mu + b2j
m . sA7d

Multiply both sides of Eq.sA6d by e−iGp8x amd integrate over
a period:

1

d
E

md+s j−1dl−d/2

md+s j−1dl+d/2

s·ddx, wheres·d denotes either side of Eq.sA6d;

we get

ap

k
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mu − b2j
mdfe−iGpsmd+s j−1dldgp;

sA8d

f ;a/d is the area filling factor of the slits.
(2) At z= jss+hd (the right boundary of the 2j-th region,

i.e., the j-th film):
(a) From Hy:

o
p

sup,2j+1e
iaps + vp,2j+1e

−iapsdeiGpx = sa2j+2
m + b2j+2

m ud.

sA9d

(b) From Ex

o
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m ud
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2
D − xD 3 uSx − Smd+ jl −

a

2
DD .
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Integrate over the corresponding slitsmd+ jl −a/2døx
ø smd+ jl +a/2d and period smd+ jl −d/2døxø smd+ jl
+d/2d, respectively; as previousy, we get
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Therefore, from the Maxwell’s equations and the boundary
conditions, we obtain the following set of equations:

o
p

sup,2j+1 + vp,2j+1dgpe
i„md+s j−1dl… = a2j
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m , sA13d
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The intermediate variablesup,2j+1 and vp,2j+1 can be elimi-
nated from the set of equations to get the transfer matrix
betweena2j

m, b2j
m, a2j+2

m , andb2j+2
m :
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The transmitted fields can be written as

Hy = o
p

tpe
iapfz−sn−1dss+hd−hgeiGpx, sA19d

Ex = o
p

ap

k
tpe

iapfz−sn−1dss+hd−hgeiGpx; sA20d

n is the total number of the metal films. Note the choice of
phase already take into account of the total thickness of the
system.

At z=sn−1dss+hd+h i.e., the right-most boundary, after
integration over the corresponding slit and period, Eq.(A20)
gives

tp = fgp
k

ap
sa2n

m u − b2n
m de−iGp„md+sn−1dl…, sA21d

while Eq. (A19) gives

sa2n
m u + b2n

m d = o
p

tpgpe
iGp„md+sn−1dl…. sA22d

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

e−iGpmd= e−ikxmd−i2pm = e−ikxmd.

When the incident wave comes in at an angle such thatkx
Þ0, them-th slit gets an additional phasee+ikxmd. This phase
cancels the above one so the right hand side of Eq.(A21) is
indeed independent ofm, as it should be.

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

sa2n
m u + b2n

m d = sa2n
m u − b2n

m do
p

fgp
2 k

ap
; sa2n

m u − b2n
m df,

sA23d

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

Hysx,zd = o
p

sd0,pe
iapz + rpe

−iapzdeiGpx, sA24d

Exsx,zd = o
p

ap

k
sd0,pe

iapz − rpe
−iapzdeiGpx. sA25d

Matching the boundary conditions atz=0, we get

o
p

gpsd0,p + rpdeiGpmd= a2
m + b2

mu, sA26d

ap

k
sd0,p − rpd = fgpsa2

m − b2
mude−iGpmd. sA27d

From Eq.(A27),

rp = d0,p −
k

ap
fgpsa2

m − b2
mude−iGpmd. sA28d

Plug into Eq.(A26), we get

a2
m + b2

mu = 2g0 − fsa2
m − b2

mud; sA29d

Eqs.(A29) and(A23) serve as the “boundary counditions” of
the transfer matrix, Eq.(A17), for a2j

m andb2j
m.

From the expression of the fields in the slits, Eq.(A1), at
z=sn−1dss+hd+h, the interface between the last film and the
transmitted region:

Exsx,z= sn − 1dss+ hd + hd = a2n
m u − b2n

m .

From the expression of the transmission coefficient ofp-th
order:
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utpu = U fgp
k

ap
sa2n

m u − b2n
m de−iGpsmd+sn−1dldU

= U fgp
k

ap
sa2n

m u − b2n
m dU . sA30d

At perfect transmission, the absolute value of zeroth-order
transmission coefficient,ut0u, is 1, i.e.,ua2n

m u−b2n
m u=1/ f, since

g0=k/a0=1. This means the amplitude of the electric field is
amplified by factor 1/f (the amplitude of incoming wave is
1), which is larger than theÎ1/ f result given by energy con-
servation consideration at the far field. The field amplifica-
tion relation holds even whenl Þ0.

2. Transfer matrix with loss

For real metals, there is always loss present. When the
magnitude of the dielectric constant of metal,uemetalu, is large,
we can obtain the transfer matrix by perturbation.

At the boundary of a vacuum and a metal, the fields im-
mediatelyexternalto the metal surface obeys the following
“boundary impedance conditions:”26

Et = hn̂ 3 H t, sA31d

where Et and H t are the tangential components of electric
and magnetic fields at the metal surface;n̂ is the unit normal
vector on the boundary pointing in the vacuum direction;h
;emetal

−1/2 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 case,Et=Exx̂, andH t=Hyŷ. Here we outline the
derivation of the case whenl =0. By requiringEx andHy to
be continuous over the slits, andEx to obey the boundary
impedance condition, we obtain the following set of equa-
tions, after the integration:

ap

k
sd0,p − rpd = fgpsa2 − b2ud + hsd0,p + rpd,

o
p

gpsd0,p + rpd = a2 + b2u,

ap

k
sup,3 − vp,3d = fgpsa2u − b2d − hsup,3 + vp,3d,

o
p

gpsup,3 + vp,3d = a2u + b2,

ap

k
sup,3wp − vp,3wp

−1d = fgpsa4 − b4ud + hsup,3wp + vp,3wp
−1d,

o
p

gpsup,3wp + vp,3wp
−1d = a4 + b4u,

A

ap

k
tp = fgpsa2nu − b2nd − htp,

o
p

gptp = a2nu + b2n. sA32d

Eliminating the intermediate variablesup,2j+1 andvp,2j+1, we
obtain

Sa2j+2

b2j+2
D =1

s1 + Ad2u

4B−
− B+u

s1 − Ads1 + Ad
4B−

+ B+

sA − 1dsA + 1d
4B−

− B+
s1 − AdsA − 1d

4B−u
+

B+

u
2

3Sa2j

b2j
D , sA33d

where

A = o
p=−`

` S1 −
k

ap
hDwp + S1 +

k

ap
hDwp

−1

S1 −
k

ap
hD2

wp − S1 +
k

ap
hD2

wp
−1

fkgp
2

ap
,

B+ = B− = o
p=−`

`
1

S1 −
k

ap
hD2

wp − S1 +
k

ap
hD2

wp
−1

fkgp
2

ap
,

with the “boundary conditions”

sa2 + b2ud = 2
a0

a0 + kh
g0 − fsa2 − b2ud,

sa2nu + b2nd = fsa2nu − b2nd, sA34d

wheref now is

f = o
p=−`

`
fkgp

2

ap + kh
. sA35d

The transmission and reflection amplitudes are

tp = f
kgp

ap + kh
sa2nu − b2nd,

rp =
ap − kh

ap + kh
d0,p − f

kgp

ap + kh
sa2 − b2ud.

APPENDIX B: SYMMETRY PROPERTIES OF THE
TRANSFER MATRIX T

The transfer matrixT in Eq. (1) has the following prop-
erties.

(1) A is always pure imaginary for all values of param-
eters, i.e.,A* =−A.

(2) When the slits on all metal films are perfectly aligned,
i.e., l =0, we haveB+=B−; when the slits are displaced by a
distancel relative to previous layers, i.e.,l Þ0, we haveB+

*

=−B−. Let B+=x+ iy; then B−=−x+ iy, i.e., B+=B−eiu and
uB+/B−u=1. Whenkx=0, u is a periodic function with period
d.
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(3) The determinant of the transfer matrix has magnitude
1: detT=B+/B−=eiu⇒ udetTu=1.

(4) The relation between the diagonal elements ofT:

T11
* =

s1 + A * d2u*

4B−
* − B+

* u* =
s1 − Ad2

4s− B+du
+

B−

u

=
s1 − AdsA − 1d

4B+u
+

B−

u
= S s1 − AdsA − 1d

4B−u
+

B+

u
De−iu

= T22e
−iu.

(5) It is also straightforward to show thatT12=T21e
iu.

Therefore, the transfer matrix has the following general
form:

ST11 T21
* eiu

T21 T11
* eiu D ,

which is also as the same form of the transfer matrix of a
system obeying energy conservation but not time reversal
symmetry. Note that this property is not changed for a dif-
ferent choice of the relative phase betweena2j andb2j. It is
clear that the nonzero slit displacementl breaks the parity
symmetry with respect to thez-axis. The time-reversal in-
variance is restored when the transformation is accompanied
by l →−l at the same time.
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