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Abstract

We show that a radiating atom, or molecule, localised at sub-wavelength distances from a corner arising from the
intersection of three planar material surfaces, exhibits novel quantum interference effects. The simplest case arises for a
corner formed by the intersection of three perfect conductors, all at right angles. This situation is shown here to give rise
to super-radiance and sub-radiance effects that are highly sensitive to the dipole moment orientation and position of the

radiating atom or molecule in the vicinity of the corner.
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Recent years have seen remarkable develop-
ments, firstly in the ability to create material
structures of almost any desired shape and
composition by means of modern deposition
techniques and lithography at the micrometer
scale and below. Secondly, there have been
impressive developments in the ability to perform
delicate experiments in which the positions of
single atoms and molecular centres can now be
detected with nanometre accuracy [1].
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Furthermore, the physics of quantum systems in
a restricted space has acquired a new significance
recently with the advent of investigations con-
cerned with quantum information processing [2].
Recent experiments by Grangier and co-workers
[3] employed a nitrogen colour centre in a
diamond nano-crystal to perform the first quan-
tum cryptography experiment with a single-
photon source. Zoller and co-workers [4], on the
other hand, envisage dipole—dipole interactions
between quantum systems as the essential interac-
tion for the realisation of two-bit quantum gate—
an important element in a quantum computing
architecture. However, in the sub-wavelength
scale, quantum systems can be sufficiently close
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to material boundaries to be significantly influ-
enced by the spatial restrictions they impose.
Recent theoretical work has explored the influence
of the proximity of quantum systems to a single
planar surface and a thin film. The effects on level
widths and shifts, as well as pair correlation
phenomena have been clarified [5].

In this article, we put forward and explore a
significant variant of the geometry involving
material interfaces which, remarkably, has not
been focused on before. The structure in question
is one in which the main feature is a corner due to
the intersection of three materials. The fact that
such a structure can be formed from arbitrary
material combinations and with their surfaces
intersecting at an arbitrary angle, provides for a
greater generality. For clarity, we focus here on a
case in which the physics is particularly transpar-
ent, namely a corner formed due to a right angle
intersection of three perfect conductors. Quantum
systems localised within sub-wavelength distances
from the corner experience effects that, to the best
of our knowledge, are novel and could be
exploited in the design of scalable architectures
for quantum information processing.

Consider three planar surfaces of perfect con-
ductors, xy, yz and xz intersecting at right angles
to form a corner at x=y=z=0, as shown
schematically in Fig. 1. The rate of spontancous
emission by an atom positioned at the point ry =
(x0, 9, z0) in the vicinity of the corner is generally
given by

2
I(r) = hz—fézﬁj 11 0ID(xo) B Py — wp), (1)

where u is the transition dipole moment vector of
the emitter, wq is the emission frequency and D(r)
is the operator for the transverse electric displace-
ment field. The state-vector |0) represents the
photon vacuum and |f) belongs to a set of one-
photon states obeying the boundary condition at
the conducting boundary S:

(Olz.DI)|p) =0 (@)

for r € S, where t = 7(r) is a vector tangential to
the surface S. Using the identity d(wy — wp) =
7 "m(wy — wp — in)~", with y—> 0+, the emission
rate in Eq. (1) can be rewritten as

Zz

Fig. 1. Schematic arrangement of the region of space contain-
ing the corner created by three perfectly conducting planes yz
and xz and xy intersecting at right angles. The emitter dipole
moment vector is shown here pointing in the z-direction.

I'(ry) = Im{* O(xo)p}, 3)

where the tensor

Hoga )7
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describes the quantised electromagnetic field in the
presence of the edge. Here H,q is the Hamiltonian
of the free radiation field, and Ps = Z/3|ﬁ) (Pl is a
unit projection operator mapping the entire
space of one-photon states onto the subspace
obeying Eq. (2). The operator Pg takes care of
the boundary condition in Eq. (4). Once the
form of the projection operator Pg has been
determined, one can evaluate the emission rate
I'(rp) without expanding the electric displacement
field operator D(rj) in terms of appropriate normal
modes.

Our primary task is thus to find the correct
projection operator Pg for the three orthogonal
planar conducting surfaces yz, xz and xy. The first
plane (to be denoted Sy) is orthogonal to the
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x-axis, the second one (Sy) is orthogonal to the
y-axis and the third one (S;) is orthogonal to the z-
axis. We refer to these generically as S, (where
n =X, Yy, z), and we shall determine first the single-
plane projection operator Py,.

The one-photon states obeying the boundary
condition Eq. (2) at a plane Sh  are given by: |,) =
|k,},n) = |K, ek in) =+ | — nk, n ek, n), Where the
tensor n = 2ff — I when acting on a 3-d vector,
performs a reflection of that vector in the plane .Sy,
I is a unit second rank (3 x 3) tensor and carets
denote unit vectors. The ket |k, ek ;) represents a
plane-wave one-photon state characterised by a
wave vector k and a polarisation unit vector ey
(with 4 =1,2). The unit vectors ey, are chosen
such that the boundary condition, Eq. (2), is
satisfied at the plane S,. A single-plane projection
operator P, is then given by

1
Po= 5> Ik 2n)(K, Zn)

K/

=1-> |- nk 1 ek el ()
Kk,

where the factor % prevents from the double

counting. The full projection operator Pg is the
product of three one-plane projection operators:
Pg = PPyP,, so the tensor @ can be written as
the sum of eight terms. Hence one arrives at the
following decay rate:

F=FV30+FX0+FYO+FZO+FX0)’0+FXOZO
+ FYOZO +FX0Y010‘ (6)

The first term in Eq. (6) represents the emission
rate in vacuum, namely ['y,c = u2k(3) /3meph, with
1? = |u|* and ko = wo/c. The remaining terms are
due to the quantum interference introduced by the
presence of the conductors:

Iy, = Im{u g ©2uo)pl, (7
Fupy = Im[u ¥ p* ©Quy + 2vo)u), (8)
Ty = Im[a* ©(2x0 + 2y, + 220)l, ©)

(u and v are x, y or z, such that u and V become
the reflection operators in the x, y or z planes, and

up, Vo become Xy, y, Or zy), where

mi{uf OR)u}
3 : sin(kogR)
2 Vac 1 k()R
cos(kgR) sin(kyR)

_I_ —_
= I R? I R?

} (10)

is the imaginary part of the retarded dielectric
tensor. The dipole orientation factors ¢, = {,(R)
in Eq. (10) are defined by

&, = gt — plig DR (p=1,3) (11)
with gy, =W gy, =u Ve and
ﬂ2x0+2y0+220 =XYyzpu

The results given by Egs. (6)—(11) can be
interpreted in terms of quantum interference
between the dipole emitter and its seven images
in three conducting planes. The seven images
consist of a set of three first-order images,
positioned  at X X Iy = —(—X0, Y0, 20)s ‘§ Iy =

—(x0, —¢» 20), and 7 ro = —(x0, ¥y, —20); a second
set of three second-order 1mages positioned at
X yl‘o —(=X0,—Y0,20), ¥ Z to = (X0, =Y, —Z0),
and X Z ro = (—X0, ¥y, —20); and, finally, a single
third-order image positioned at X ; Zr=
—(—x0, =Yy, —20). The distances between the dipo-
lar emitter and these images are 2xy, 2y,, 2zo,
21x0 + Yol 2lyo + Zol, 2o + 20|, and 2[x¢ +y, +
Zy|, respectively.

Fig. 2 displays the spatial distribution of the
emission rate when the dipole moment vector of
the emitter near the corner is oriented along the z-
axis: u = (0,0, ). This figure is a set of brightness
coded contour plots presenting the variation of
I'/T s at emitter positions (xo, ¥y, zo), Where zg is
the value of z defining the plane. The planes are
separated by distance of A/4x, with A the dipole
transition wavelength. Within a given plane z = z,
the rate is seen to be strongly suppressed near the
x = 0 and y = 0 planes (represented by the darkest
grey regions) and there are regions of super-
radiance (represented by the lighter grey regions).
The top plane is at zg = 31 /4n. An emitter situated
on this plane is essentially far from the corner and
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Fig. 2. Brightness coded spatial distributions of the relative
emission rate I'/I'y,c When the emitter dipole moment vector is
parallel to the z-axis, g = (0, 0, ). This figure consists of a set of
a contour plots, each plot showing the variation of the relative
emission rate on a plane defined by a certain value of zy =
0, 4/4m, //2m, 37 /4n. The white regions represent highest values
and darkest grey regions lowest values of the relative emission
rate. The tick marks on the plane edges are spaced at units of
A/2m.

can be regarded as being near an edge, formed
from two orthogonally perfect conductors. It can
be shown that for small distances from the edge,
satisfying kxo <1 and ky, <1, we have

1
——~ k22, (12)

We also note that within this plane the emitters
positioned on the symmetry line x = y, experience
the highest maxima and the lowest minima of the
emission rate for that plane. The analysis of the
asymptotic behaviour for small x, y as well as z,
i.e. for dipoles close to the corner, is too involved
to be presented here. This, together with details of
analysis for a general dipole orientation will be
presented elsewhere.

In conclusion, we have considered quantum
interference effects for a quantum system situated
near a corner arising from the right angle
intersection of three perfect conductors. Our
analysis shows that there are distinct regions
where the emitter is positioned, displaying sup-
pression and enhancement of the emission process.

This property is envisaged to depend on the dipole
orientation (beyond the trivial orientation align-
ments with the coordinate axes), an investigation
now in progress. Our predictions should be
experimentally verifiable for transitions in the
optical region of the spectrum. At first, as proof
of principle, an experiment could be conducted in
the microwave region of the spectrum using a
radiowave antenna as the dipolar emitter and large
aluminium sheets for the material planes, along the
lines of the experiment between parallel plates [6].

We suggest that this situation could be exploited
as a basis for the design of a scalable architecture
for quantum information processing. Suitable
emitters, such as atoms, molecules, or quantum
dots, could be positioned at well-defined distances
in the vicinity of the edge and the direction of their
dipole moment vectors can be optically controlled.
Our results suggest that the emission could be
switched on and off, simply by a change of the
dipole orientation. In the present situation, the
emission process arises as a transition from a
definite entangled symmetric excited state of the
emitter and its images. For two identical emitters
near the corner, the expected two-body entangle-
ment should be modified significantly by the
quantum interference when the emitters are
situated near the corner. The two-body entangle-
ment need not be for emitters on a single plane
parallel to one of the conductors, but the emitters
could be on different planes and their dipole
moment vectors could be oriented in arbitrary
directions. Work on this relatively more compli-
cated situation is now in progress.
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