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Quantum correlations across a metallic screen
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We show that an optical multilayer system comprising a thin metallic film sandwiched between two different
half-space dielectrics generates remarkable quantum correlations for dipole emitters embedded in the structure,
both in the far zone and in the near zone. For a pair of such dipole emitters localized in the same region of the
structure, the correlations display super-radiance and subradiance phenomena, but the system allows for an
unusual and seldom considered scenario in which the emitters are located on different sides and so they are
separated by the metallic screen. We explore the quantum correlations in this situation and find that they are
sensitive to the type of metallic screen as well as dipole orientation and dielectric mismatch across the screen.
We point out the high-symmetry features and attribute the underlying physics to a subtle interplay between
image and screening effects in the presence of dielectric mismatch.
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[. INTRODUCTION films immersed in a dielectri¢23]. The case of a single
metallic film deposited on a thick dielectric slab and so sepa-

There has recently been much effort devoted to seekingating it from another similar dielectric sldi24] was also
means for controlling the properties of the electromagneticonsidered. One of the applications of such a structure is in
field and matter and, hence, harnessing their interactions iatomic mirrors[25], but the presence of the metallic film
the context of dielectric cavities, particularly in the nanoscalemakes the structure capable of supporting surface modes,
regime[1]. One of the main goals of studies in this area iswhich leads to a strong coupling to quantum systems in the
achieving a desirable improvement in the performance ofiear zone. It turns out that the more general scenario in
optoelectronic devices. Other important goals that are curwhich the two half spaces have different dielectric constants
rently being vigorously pursued, in terms of modifications ofpresents a much richer set of physical phenomena which are
field-matter interactions due to confinemefg], are the subject of this paper. In particular, the participation of the
guantum-information processing and, ultimately, the realizafull set of allowed modes is essential for a general descrip-
tion of quantum computing3—5]. The physics of quantum tion, including evanescent and propagating modes as well as
systems in situations where the electromagnetic-field propeinterface modes. This enables consideration of both the near
ties have been modified due to the presence of boundarieg®ne that is dominated by the interface modes and the far-
now goes under the generic name of cavity quantum electrazone that is dominated by the remaining set of modes. The
dynamicg 6—17]. When the typical cavity dimensions are in treatment also permits a number of useful limits to be taken
the nanometer to micrometer scale and so are smaller @nd so allowing known results to be recovered. This provides
comparable to an optical dipole transition wavelength, mostiseful checks of the correctness of the results in the general
of the familiar quantum phenomena are liable to change. Fotase.
instance, spontaneous emission can be drastically reduced or The paper is organized as follows. In Sec. Il, we consider
enhanced and it can even be completely suppredssdd energy relaxation of excited states for a single dipole emitter

The simplest system exhibiting cavity effects is the one inand for a system of two such emitters in unbounded dielec-
which real space is divided into two half spaces, one haltric space. In Sec. I, we discuss the situation in the vicinity
space is occupied by a perfect conductor, which excludes atif a perfect mirror in the form of a perfect conductor half
electromagnetic fields of all frequencies, however high, fronspace. The results of these two sections enable useful com-
its interior; while the other half space is occupied by vacuoparisons to be made with the results of the more general
[18]. An excited electric dipole emitter on the vacuum side indielectric system considered in the subsequent sections. In
the vicinity of the surface shows evidence of correlation be-Sec. IV, we describe the asymmetric dielectric structure com-
tween the dipole and its image in the condudtt®]. Two-  prising two semi-infinite dielectric layers separated by a thin
dipole correlations have also been investigated in the presnetallic sheet of finite conductivitthenceforth, and for rea-
ence of a perfect conductor half spd@8| and the problem sons which will become clear, to be referred to as the metal-
can be generalized to an ensemble of electric dipoles coopic screen. We describe the procedure for quantizing the
eratively participating in the emission procdgd]. Image electromagnetic modes supported by this structure conform-
effects feature prominently under these circumstances. ing with the electromagnetic boundary conditions at the me-

Recent work on the dielectric aspects of cavity quantuntallic screen, which include the effects of the finite conduc-
electrodynamics highlighted the effects of periodicity in tivity. The procedure for determining the modes turns out to
semiconductor layered structuf?] and in a set of metallic be quite cumbersome, despite the apparent simplicity of the
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system. In Sec. V, we consider the coupling of the modes ta mode Q is such that the electromagnetic-field energy
a single dipole emitter localized on either side of the metallic(which is twice the electric-field energgatisfies the normal-
screen and investigate the variations of the relaxation rateation condition

with the dielectric constants, the metallic areal electron den-
sity, the dipole orientation, and the dipole position relative to
the metallic screen. Correlations between the dipole and its
image are pointed out and discussed. In Sec. VI, we discuss

pair correlations involving cooperative effects exhibited byin unbounded space the mode functi(k(g,t,Q) are trans-
two such dipole emitters embedded in the structure angerse plane waves characterized by two orthogonal polariza-
which can bg located on the same side or on different S'de_'t?ons ég, £¢=1,2. The mode labeQ in this case stands for
of the metallic screen. Here too the dependence on the varj; . ~

ous parameters mentioned above reveals interesting featurtz@g)’ wherek is the wave vectoforthogonal to botfe, and
and the theory permits various useful limits to be recovered€2). such thak?= w?e/c?. We have

In particular, we explore the results of the theory in the large

electron-density limit, corresponding to the perfect conductor E(r,tk,&=i (
film case, and the pure half-space dielectric layer structure,

corresponding to where the electron density is low. Anothe
limit of interest emerging from the result is that of large

f” ox 3 1
€08 V8(r,t,Q)-£ (r,t,Q)d r=§ﬁwQ. (4)

1/2’\ .
egel(kw’*a)t). (5)

2e0eV

Ii:or a single dipole emitter, the final state is the ground state,

distance from the interface which corresponds to unboundeff® [f)=Ig) and the initial state is the excited state, ie.,

dielectric space. Section VII contains our comments and finalI>E |.e.>. The dipole '.“a"'x element (q;)z<e|u|g>_anq thg
conclusions. transition frequency i®;;= wy= we— wy . ON substitution in

Eq. (1), we obtain

1. CORRELATIONS IN UNBOUNDED DIELECTRIC <M>2wg

A. Isolated dipole emitter F0:37-rﬁsoc3

ve(wo) (6

In unbounded space occupied by a homogeneous Iosslessd he d d f th h
dielectric with a given dielectric constan{w) an excited and We note the dependence of the spontaneous rate on the

electric dipole active quantum systeifor example, a local- square root of the dielectric constant. Thi_s dependeqce, how-
ized atom or molecule, or a quantum dot; henceforth referre§Ve" mf’t be Zuglz);ﬂenéelntel;j by adlolf;al—fleld %%”;Ct'on' Fol-
to as a dipole emittgispontaneously discharges its excitation '©Ving the model by Glauber and Lewinstei@6,27, we
energy by decaying to a lower-energy state. Assuming tha?2Ve
the excited “initial” state, denoted b)), has energyiw;,

the rate at which energy is discharged to the lower state of Fo=T'oR(wo), @
energyfw;, denoted by|f), to lowest order, is given by where
Fermi’'s golden rule
3e(w) \?
~ _27T . > :(m (8)
To=_7 2 Ki{0HHinf{QNPo(wi—we). (V) s(w

In free space we havE =1 and the result is the sameBg.
where wj; = w;— w; is the transition frequency an@®@} is a  An alternative treatment of the local-field corrections makes
shorthand for a single-mode electromagnetic-field state ofise of the virtual cavity model. For details the reader is re-
energyh wq , while {0} denotes the electromagnetic vacuumferred to the articles by de Vries and Lagendip8] and
state.H;, is the interaction of the dipole emitter with the Juzeleunas and AndreW&9]. The local-field correction can

quantized electromagnetic field, conveniently be incorporated in the mode function simply by
defining the effective electric-field functior&(r,t,k,&) as
Hint=—m-E(r,1), (2)  follows:
where u is the emitter electric dipole moment vector afd E(rtK.£)=] wR 1/2é gilk-r—at) 9)
is the quantized electric field which can be written as 1 2e0eV 3 :

- Clearly, use of these mode functions leads directly to the
E(r,t)=% [E(r,t.Q)ag+H.C], 3 resultin Eq.(7).

where &(r,t,Q) is the electromagnetic-field distribution B. Pair correlations

function of modeQ anday, is its boson annihilation operator. Pair correlations in an unbounded dielectric involve two
H.c. stands for “Hermitian conjugate.” The quantization pro- identical dipole emitters, labeled 1 and 2 and localized at the
cedure in a dielectric of volum¥ is straightforward and space points; andr, [30,31]. The lowest excited-state en-
amounts to the requirement that the electric-field function forergy of the pair isi(w.+ wgy) corresponding to the state in
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>

which one of the emitters is in stafte) and the other in state

|g). Quantum mechanics stipulates that this level is doubly (a)
degenerate and is spanned by two independent states, z, Z,
namely, the symmetric state,) and the antisymmeteric | A
state|e_) in the form Y = [
R A
1 y A #
e.)=—(le *101€2)). 10
lex) \/§(| 192) £[91€5)) (10 o i (b)
u
The final(ground state, on the other hand, is singlet and has
energy Ziwg. Itis Jv——z_z_ z
1f)=19192)- (11) Image
Both emitters interact with the same quantized field at their PC
locationsr, andr,. The interaction Hamiltonian i32—34 X (C)
Hine=—m1-E(ry,t) —pp- E(r2,1). 12
The rates of deexcitation corresponding to the pair states “ 4 z
|e..) are functions of; andr, and are given by ﬁ@) & ﬁ<1>

[5(ry,rp)= 2 [(e+ {0} Hinf, {Q}>|25(w|f Q).
(13

The transition frequency in both casesds which is, as
before, equal tawy=w.— wy. The quantised electric field is
as given in Sec. Il A, with the mode functions given by Eq.
(9). The evaluation is straightforward and leads to a result for
arbitrary dipole orientation

FIG. 1. Schematic figures showing two real dipole emitters in

R free spaceg(a@) and (c) and one dipole and its image in a perfect

F+(r1,r2)=F0r 2 (1) 2)jj rl-rZ)] (14 conductor(b) and(c). The perfect conductor is referred to as PC in
N the figure. The orientation of the real dipole(@ and(c) have been

~ 1 ~ (2 . ) ] chosen to coincide with those of the single dipole and its image in
where &) and ,u]( ) are theith and jth Cartesian vector (b) and (d), respectively.

components of unit vectors in the direction of the dipole
moments of emitters 1 and 2, respectively. The functigins

are in fact functions of the separation between the emltteréa
and can be explicitly written in the following form:

The general result in Eq414) has some interesting special
ses and limits. In particular, consider the case in which the
dipoles are parallel to each other and are both perpendicular
. . to the separation vect®t. Without loss of generality we take
sinfkoR} + 8. coskoR} _ sinfkoR} _ R along thez axis, dipole 1 along the positive axis, and
koR (koR)? (koR)® dipole 2 along the negative axis. This corresponds to the
(19 choiceR=(0,0,1); xV=(1,0,0), andu®=(—1,0,0), as
shown schematically in Fig.(4). We then have

Jij(R) = ajj

Hereko=wq/c, R=|r;—r,| is the separation vector ang;
and g;; are in the form

A A AWA@) = (1) 2)
aij=5ij—RiR]—, ,8”:5”_3R|RJ, (16) ; M /'LJ ' - 1 E Mi BI -1 (18)

whereR,; is theith Cartesian component of the unit vector )
R=R/R. We obtain

It is interesting to note at this stage that is the small sepa-

ration limit in whichkyR<1, i.e.,R<\/27, where\ is the sinfkoR}  cogkoR}
dipole transition wavelength, the set of functiaffs become x-x2(R =T 1+— + 5
as follows: 2\ koR (koR)
1 S|n{k0R}
Jij—aij= 3 Bij - 17 (kO—R)3 : (19
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where the subscripts —x,z in T'* indicate the directions of E4(r,1)=C(k;x 2)sin(k,z)e ki 'T1= ) (25)
orientation of dipole 1 and 2, respectively, and that of the S s z '
separation vectoR. Consider next the case in which both Wherew:(kﬁJr k32 and

dipoles are parallel t®. Once again we can sB along the

positive z axis and now assume that both dipoles are also L [ikg| ~[ K| i (K- — wt)
along the positivez axis. This corresponds t8=(0,0,1);  Ep(ID=Cp k(?) sin(k,z) —z| | cogk,z) €T T4Y,
pH=(0,0,1) =u®?, as in Fig. 1c). We then have (26)

Z SR @, o E S @ . 20 yvhe_re carets denote unit vectors dbgl, are mode .normal—

< M Tpyai =Y, 5 M Bip == 2, (200 jzation factors such that the mode functions satisfy the re-
’ ’ quirement in Eq(4). Explicitly, we have

and we obtain for this case

ﬁCZ 1/2
[ Cq(ky k )=(—) ,
codkoR}  sinfkgR s\B Rz 2
FZZ,Z(R)=FO[113 : 02} - 3} ] (21) 2(2m)% e okfw
(koR) (koR) y 27
Ep€
Using the result in Eq(17) it is easy to show that in the Co(K 'kZ):(ﬁ) Cs(Kj ko).

small distance limit we have

Direct evaluations for a dipole emitter situated at a distance
from the surface yield the following results for a dipole par-
indicating that it is the antisymmetric pair state that is super&llél to the surfacél’|(z)) and perpendicular to i, (2)):

radiant and the symmetric rate is subradiant. The situation is ] )
exactly the same for the second case we considered. We find F(Z)IFO[ 1— 3 ( sin2koz cosXpz sin 2koz> ]

+
1-‘)(,*X,Z

~0; Ty _y,~2T (22)

= +
in the small distance limit, 2\ 2kyz (2koz)2  (2koz)®
[72AR)=00; T, (R)~2T (23
indicating that it is the antisymmetric pair state that is super- T (2)=T, 1_3( cos Koz _ sin 2k02) (29
radiant and the symmetric state is subradiant for this case. (2koz)?2  (2kg2)3

The reason for singling out the above set of antiparallel
dipole orientations and separation vectors for detailed evaluvhere, as beforey= wg/c.
ations will become clear in the following section when we  The results in Eqg28) and(29) can clearly be interpreted
discuss the case of the dipole emitter in the presence of @s arising from a correlated state between the real dipole

perfect mirror. emitter and its mirror image. Since a perfect mirror inverts
the signs of the charges, the orientation are as shown in Figs.
IIl. THE EFFECTS OF A PERFECT MIRROR 1(b) and ](d), we should be able to ascertain this piCture by

direct comparison of these results with those in Sec. Il of

The simplest cavity effects arise in the situation where ajipoles in unbounded space. It is straightforward to deduce
perfect conductor occupies the half spaee0 and the sec- in view of Egs.(19) and(28) that
ond half space>0 is a dielectric of dielectric constamst
The perfect conductor is assumed to exclude all electromag- I'y(2) =F;_X,Z(R=22) (subradiant (30
netic fields from its interior so that the interfacezt0 is
effectively a perfect mirror to all electromagnetic fields onand in view of Eqs(21) and(29)
the dielectric side. A dipole emitter localized in the dielectric

can only interact with and via electromagnetic fields satisfy- I, (2)=T,,,(R=2z) (subradiant (31
ing mirror boundary conditions. The quantized electric fields o )
in this case are given bji8] These results indicate that in both parallel and perpen-

dicular orientations a real dipole selects the symmetric pair

] state in correlations with its image in the mirror. The other

E(f,t)=j d’k JO dkfas(ky k) Es(r,t) possibility, namely, an antisymmetric correlation state of the
dipole with its image does not exist.

+ap(kj k) Ey(r,t) +H.c}, (24) In the following two sections, we consider a single dipole

emitter and a pair of emitters localized within dielectric re-
wherek is an in-plane wave vector ang is a wave vector gions, either on the same side or on opposite sides of a thin
perpendicular to the interface plane, i.e., alongzlgis and  metallic screen separating two different dielectrics. It should
we have written r=(r;,z). agp are the spolarized be interesting to find out how the image-type correlations
(p-polarized mode annihilation operators adti ,)(r,t) are  described above for the case of a perfect mirror will manifest
the corresponding electric-field functions which are explic-themselves in the new context and how the correlations
itly given by evolve with the changing parameters of the structure.

043820-4



QUANTUM CORRELATIONS ACROSS A METALLIC SCREEN

(a)
Metallic Sheet (n, )
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where 0.=lim,_,(* #). The magnetic-field function fol-
lows from the electric field using Maxwell's equation:

Dielectric € | Dielectric € , VXe

H=" .
M, T b, fo
Z i In order to determine the mode functions we need the bound-

ary condition in Eq(33), together with the continuity of the
tangential component of the electric fieldzat 0, namely,

(34)

N}

£(z=0.)=£(2=0). (35
(b)

The appropriate field functions are best evaluated using a
standard procedure in which a plane wave, which can either
be transverse magneti@M) or transverse electri€TE) is
) incident within one of the regions. This is reflected and trans-
® mitted at the interface, generating linear combinations of TE
and TM solutions in a manner satisfying the above boundary
conditions and the procedure is repeated with a plane wave
incident within the second region. There are three types of
modes emerging from this proceduf®: propagating modes,
. which have sinusoidal dependence in both regions of the
(i) structure;(ii) evanescent modes, which propagate in one re-
gion, but exponentially decay away from the interface in the
other region, andiii) interface modes, which decay expo-
nentially away from the interface in both regions of the
structure. Figure @) schematically shows the variations of
(iii) the three types of mode in the region of the metallic film.
The quantized electric field appropriate for the system can be
written as follows. For the propagating and evanescent
FIG. 2. () A schematic figure showing the asymmetric dielec- modes, we write
tric multilayer cavity comprising two dielectric half spaces of di-

electric constants; ande, separated by a thin metallic sheet with w

a finite areal electron densitgis. (b) The figure schematically E(r,t)= >, dzkuf dkyy
shows the three types of solutions allowed by the asymmetric struc- n=p.€ 0

ture (i) propagating(ii) evanescent, angii) surface modegsche-

X{&( 7,K) Ka1 .1,z a, (K k) + H.c},
(36)

matic).

IV. ASYMMETRIC DIELECTRIC STRUCTURE .
where 7 labels the type of mode as either propagatfipgor

The planar microcavity we now use is shown schematievanescente). k| is the wave-vector component parallel to
cally in Fig. 2a), wheree; and ¢, are different dielectric the interface and,; is a component perpendicular to the
constants of the homogeneous dielectrics occupying the haijiiterface in region. The corresponding comporiestin re-
spaceg<0 andz>0, sandwiching a thin metallic film that gjon 2 is not an independent variable since it is easy to show
is characterized by its finite electron density. The film  that we have
occupies the plang=0 and has a finite conductivity at

frequencyw, which is given by kZ,= akZ + (a—1)kF, (37)
insez where« is the ratio of the dielectric constants,
o= (32
m*(w+ivy) €2
a=—. (38
€1

wherem* and e are the electronic mass and charge in the

metallic film and the small imaginary teriy ir_1 t_he denomi-_ _ Note thatk,, andk,, are, in general complex, depending on
nator accounts for the plasma loss. The finite conductivity,e type of mode, its in-plane wave-vector componient

induces an in-plane electric current denslfy o£ and this  ang jts frequencyw(k; ,k,;). For the interface modes, we
affects one of the electromagnetic boundary conditions inyite

volving the tangential magnetic-field vector. We have

2X{H(Z=O+)—H(Z=0_)}=0'8”(220), (33) E(r,t)=f dzkH{gs(kH,I’H,Z,t)bs(k”)-l-H.C.}. (39
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The vector functions in Eq¥36) and (39) are obtained
analytically, but are unfortunately too complex to display  2ox10*
here, which is somewhat surprising in view of the apparent
simplicity of the planar structure, albeit asymmetric. The full
expressions will be displayed elsewhd&5]. Finally, the
operatorsa, (K| ,k,;) andbg(k|) and their Hermitian conju-
gates are the mode annihilation and creation opertors satls:~10x1o

1.5x10°

fying boson commutation relations s
[a,(Ky ko) @), (K ki) T= 8, 8K =K' 8k —K}y) soxio 1<
(40)
and 0.04
[by(Kp), by (K'|)]= 5y (kj—k')). (41) 0.0 20x10°  40x10®  6.0x10°  80x10°  1.0x10”

n, (m?®)

The deexcitation of quantum states occurs by emission
into the three types of modes. Calculations are typically done
by evaluating contributions from an individual type of mode
and the result for a given situation is the sum of all contri-

FIG. 3. Variations of the dipole relaxation rate with the electron
denS|ty ng for a single dipole emitter of frequenay, such that
hwy=2.0 eV. The emitter is situated at a distarce 50 nm in
dielectric 2(taken to be vacuum whers,=1) in front of the me-

butions. tallic sheet as an overlayer on three different types of dielectric 1,
for which ;,=1, 2, and 3. See the text for a description of these
V. DEEXCITATION OF A SINGLE DIPOLE EMITTER results.

Consider a single dipole emitter localized in the vicinity
of the interface that is occupied by the metallic screen. Notgliminishing to small values. This is consistent with screening
that the difference in this system stems partly from the facexpected at much higher electron densities. The large density
that dipole emitters can be localized on either side of thdimit is formally identified as equivalent to a perfect conduc-

screen. The interaction Hamiltonian is tor film limit where the metallic film completely screens
electromagnetic fields sampled by dipole emitters located on
Hine=—p-E(r,1), (42)  either side of the film.

Figures 4a) and 4b) show the variations of the relaxation
where u is the electric dipole moment vector operator andrate for a dipole emitter oriented parallel to the film plane
E(r,t) is the full quantized electric-field operator that incor- with the position for(a) a relatively low electron density and
porates local-field corrections in the manner described eafb) a much higher electron density. In Fig(a4 the rate
lier. The deexcitation rate is given by the Fermi golden ruleyariation in the near zonéhe region close to the film on

both sides is such that the relaxation process is dominated
by emission into the interface mode channel. In the interme-

2
I'(r)= 2 2 K(e:{0}[Hind :{Q. 7} [* (o diate and far zones, the role of the interface modes is negli-
gible and the dominant role is taken up by emission into the
-w(Q, 7)), (43) propagating and evanescent mode channels. In Rig. 4

where the density is higher than(a), the contributions from

where Q represents appropriate mode variables, wh@¢  the surface modes are negligible and the rate diminishes to
designates a vacuum state of the given type of mode angery small values for dipoles located at or near the film on
{Q, n} a single-mode state. The evaluations are done analytboth sides. The continuity of the emission rate at the screen
cally, but the results for a given set of parameters proceethdicates that at this high density the film is practically per-
using numerical methods. In particular, we can explore variafectly conducting. There is perfect screening, but the situa-
tions with the electron densitys of the metallic sheet and tion close to the film is not the same as that of a dipole in
for varying emitter position, both in the near zone and in thefront of a perfectly conducting half space. The variations in
far zone of the structure. the far zone for this high density suggest that image effects

Figure 3 displays the variations of the emission rate withare dominant for dipole positions further away from the
the electron density for an emitter fixed at the pomt screen on both sides. At dipole positions far removed from
=50 nm. The parameters are such thkat=1, while ¢4 the screen on either side we recover the reBy(k) that is
takes three diffferent values; =1, 2, and 3. The results of appropriate for the unbounded dielectric in which the dipole
this figure show that the relaxation rate exhibits a minimumis located.
at low density which can be explained as due to screening Figure 5 shows the changes in the emission rate with po-
arising from the propagating modes. As the density in-sition for a dipole oriented parallel to the film plane and for
creases, the relaxation rate increases and exhibits a maxdifferent values of, illustrating the influence of dielectric
mum at a density that is characteristic of that emitter posimismatch. For a fixed,=1, we see how the emission rate
tion. The rate then decreases as the density further increasés,modified for an emitter localized on a given side of the

043820-6



QUANTUM CORRELATIONS ACROSS A METALLIC SCREEN PHYSICAL REVIEW A&7, 043820 (2003

%’

25x10°{ ¢ ; i

2.0x10°] f
— ' F'm
T 1.5%10° . -
K ! ~
=~ :
1.0x10° ;
5.0x10’-

50 40 -30 20 -0 0 10 20 30 40 50
z/d (d=10 nm)

.50 40 306 20 40 0 10 20 30 40 50
z/d (d=10 nm)
FIG. 5. Variations of the emission rate with position for a dipole
3.0x10° g : . of frequencywg such thati wy=2.0 eV. The dipole moment vector
] ' : I is oriented parallel to the film plane and the electron density,is
2.5x10°] : : : =1.7x107° m~2, £,=1, and for different values aof, illustrating
the influence of dielectric mismatch.

2.0x10°
wherel'y(rq) andI'y(r,) are the individual emission rates at

the points where the dipole emitter 1 and dipole emitter 2 are

localized, respectively.(") and {?) are theith and thejth
Cartesian vector components of unit vectors in the direction
of the dipole moments of emitters 1 and 2, respectiviEly.
are simultaneous functions of the the emitter positions. Un-
fortunately, even for the simplest cases, these analytical func-
tions are too complicated to be displayed here. Meaningful
M T o H 0 v 6 20 30 40 50 results are obtained with the help of numerical techniques. It
z/d (d=10 nm) is useful to select a few special cases for illustration purposes
and, as we shall see, this is reasonably effective in uncover-
FIG. 4. Variations of the emission rate with dipole position for a ing interesting trends.
dipole of frequencyw, such thatfiw,=2.0 eV. The film electron Figure 6 shows the variations of the emission rates for
density is(a) ng=1.7X10°m~? and (b) ny=6.5x 10> m™% The g pair of emitters with dipole vectors oriented parallel to the
dielectric constants are taken to bg=4 ande,=1 in both cases. metallic sheet plane. In Fig(# dipole 1 is fixed, in the near
See text for a discussion on the results. zone atz;=—20 nm, while the position of dipole 2 varies
across the sheet from left to right. The parameters are such
film as e, is increased. The effects of the filtalbeit, at a that £,=2.0; ¢,=1; and metallic sheet densitys=1.7
low density in Fig. 5 manifest themselves partly in the lack x 10°° m~2. The dipole oscillation frequency is such that
of symmetry with respect to the screen. On the right-handi w,=2.0 eV. There are three interesting observations here.
side, we see that the rate changes very little with increasingirst, we note the strong enhancement in the near zone when
g, and this can be attributed to screening at low densities dudipole 2 is close to the surface on both sides of the screen.
to the presence of the film. Second, when the position of dipole 2 coincides with that of
dipole 1, on the left of the screen, we get the expected super-
radiance fol'* and subradiance fdf ~. However, identical
behaviors can be seen when the position of dipole 2 is at the
The investigation of pair correlations follows the steps inimage positionz,~ +20 nm, i.e., to the right of the screen.
Sec. Ill. Once again Eq13) is the starting point, but with \We deduce from this that there are super-radiance and sub-
the modes appropriate for the asymmetric structure. The prdadiance phenomena displayed by image-type effects. At the
cedure is largely analytical, albeit quite complicated on acPoint z,=20 nm, dipole 2 and the image of dipole 1 coin-
count of the complicated forms of the mode functions. Thecide in position. The real dipoles are parallel, but at the im-

results can be written in a form analogous to Fif): age position dipole 2 and the image of dipole 1 they are
antiparallel and we get super-radiance fof and subradi-

1 ance forl'™ at this position in this near-zone situation.
TE(ry 1) = ={To(ry)+To(r)}+ 2D @T (r py Figure &b) shows the corresponding near-zone variation
(r.r2) 2{ o(r)+To(r2)} |§J: e p () for antiparallel dipoles, both perpendicular to the film plane,
(44)  as shown by the two insets to Fig(bp. At the image posi-

)

1.5x10%

I'(s

1.0x10°%

5.0x10’

VI. PAIR CORRELATIONS
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FIG. 6. () Cooperative rateE* in the near zone. Here dipole 1 G- 7- (@ The cooperative ratelS™ in the far zone for the case
is fixed atz,= — 20 nm in region 1, where,=2. Dipole 2 changes g,=1 and el=_4. _The two dipoles are both parallel to the film
position from the left of the screen in region 1 to the right of the P'ane and oscillation fgeqklgnc% such thatiwo=2.0 eV and the
screen in region 2, where,=1. Here the dipoles are both parallel density isns=1.7x 10° m™2. Dipole 1 is fixed atz;=—200 nm

to interface as shown in the insets of the figure. The density of th@nd dipole 1 changes position across the scrémriere the dipoles
film is ng=1.7x 102 m~2 (b) the corresponding situation for an- are antiparallel and both are perpendicular to the film plane with

tiparallel dipoles. See the text for further discussions on the results?e'zﬂllfsl fixed aiz,=—500 nm. See text for a discussion on these
tions, the situation is a super-radiance For and a subradi-
ance for['*. This behavior is opposite to that in Fig(@  correlation between dipole 2 and the image of dipole 1 at
and is consistent with the manner in which a real dipolez,=+200 nm. Note, however, th&t" is not exactly zero at
selects the appropriate correlation pair symmetry with an imz,=+200 nm. This can be traced to the effects of a finite
age, discussed in the perfect conductor half-space case @lectron density. We have checked that as the density in-
Sec. lll. creases, the super-radiance beha¥iolz,=200 nm) van-
Figure 7a) shows the situation in the far zone. Here, di- ishes for the case in Fig.(d.
pole 1 is fixed at the positior;=—200 nm and dipole 2 Figure 1b) shows the situation as in Fig(&, but for
varies in position across the screen. When dipole 2 is far tantiparallel dipoles that are both perpendicular to the film
the left or far to the right, the dipole system displays oscil-plane, as shown in the two insets of the figure. In this case,
lations with distance, which are consistent with a dipole pairthere is complete reversal in behavior due to image and di-
in free space. This interpretation can be confirmed by compole orientation effects. In the left region where dipole 1 is
paring a period of these oscillations with a transition wave<fixed, we see super-radiance fbir and subradiance from
length\ o=2m/k,. In the region where dipole 1 is fixed, we I'* when the two dipoles coincide in position. When dipole
see that super-radiance and subradiance effects are exhibit2arosses the film to the right-hand side, we fihdis super-
by I'* and ', respectively. However, on the right-hand radiant there too anfi ™ is subradiant. Note that the image
side, the situation is reversel: shows super-radiance and position is not exactly at-500 nm due to the finiteness of
I'* subradiance. This behavior can be explained in terms dhe densityng and the fact that; =4 in this case.
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1x10°

1x10°

1 position(at z,= +500 nm), whileI'* is exactly subradi-
ant. This figure should be compared with Figa)Avhere the
density is smaller.

1x10°

9x10’

8x107

7]

VIl. COMMENTS AND CONCLUSIONS

o~ X101 In this paper, we have considered quantum correlations in
£ 6x10' dielectric cavity QED and presented analytical accounts and
= sx10’] corresponding results for a number of situations, including
4107 _ : pair correlations in unbounded space and single-dipole cor-
3x107 relations with its image inside a perfect mirror in the form of
22107 ; ; a perfect conductor half space.
1x107] . ST We have also demonstrated that different forms of quan-
o P ' tum correlation occur in the context of a planar asymmetric
-100 -50 0 50 100 dielectric cavity involving a metallic screen, separating two
z,/d (d=10 nm) different dielectrics. We have seen that correlations arise for
a single dipole with its quasiimage on either side of the me-
1.4x10° _ : , tallic screen and the correlations are influenced significantly
: : : by the magnitude of the electron density of the metallic film,
1.2x10%4 together with dielectric mismatch and dipole orientation. We
have seen that the situation in the case of our thin metallic
1.0x10°1 film is quite different from that in the case of a half space
O [36,37. The results for correlations in front of a half-space
X 1

metal of finite conductivity, such as that considered by
Morawitz and Philpot{36], can in fact emerge from a sys-
tem similar to ours, but with a finite-thickness metallic layer
replacing our thin metallic screen. In the limit of large me-
tallic layer thickness one should then recover results for a
half-space system.

We have seen that quantum correlations can arise for a
dipole pair when both are localized on the same side of the
screen or on different sides across the screen. Correlations
z,/d (d=10 nm) across the screen are particularly intriguing as the dipoles
influence each other to an extent depending on the param-
eters of the system. Image-type effects of a complicated na-
ture are exhibited, depending on the magnitude of the density
of the metallic screen, dipole orientation, and dielectric mis-
match. At low densities, the two dipoles on different sides of
the screen exhibit direct correlations in the near zone as well
as the far zone. At sufficiently high densities, screening ef-
fects dominate, but the situation for the two-dipole system
too is quite distinct from the parallel case of a perfect con-
from our general theory in the limit,—0 ande, =&, with ductor half space. The super-radiance and subradiance effects

the dipoles oriented parallel to the film plane. With the film which are normally the preserves of symmetric) and and

essentially absent due to diminished electron density and gr@ntisymmetric () quantum states are partially reverseq for
two half spaces filled by the same material, #1€0 plane is parallel dipoles and completely reversed for perpendicular

. . i : ipole correlations across the screen.
now simply an arbitrary coordinate plane. The result is seelq P

o X : . .~ The results of this paper should be amenable to experi-
to coincide with that emerging from the case of a dipole pair e . "
. . . . mental verification using the monolayer assembly technique
immersed in a homogeneous dielectric.

Figure 8b) shows the result of the same situation as in[32] that has been used in recent g)gperiments on s.u_rface
Fig. 8@a), but this time corresponds to the large density Iimitphenomen$38-40]. The technique facilitates the depositing

. N . of molecular dipole active layers at precisely adjustable dis-
(the perfect conductor film limit is formally given asg f llic il ith well-defined el d
—). Note the apparent symmetry of the situation gives risetf.inc?l_sh rom a metallic II m wit ﬁwe -ae 'CT.e g_ectrr(])_n en-
to unusual image-type effects in this far zone. With dipole 1S'ty' € quantum correlation efiects predicted in this paper

fixed atz,=—500 nm, the usual super-radiance and subra§homd be evident in measured fluorescence of the system.
diance effects are seen to arise when dipole 2 is in the same
region as dipole 1. When dipole 2 crosses the film and enters
the region on the right, it exhibits the reverse effects. At M. Al-Amri is grateful to King Khalid University, Abha,

image positions we see thBEt is super-radiant at the image Saudi Arabia for financial support.

1"’ 6.0x10"4
— LUX
4.0x10"

2.0x107

FIG. 8. The case of a homogeneous dielectrie ¢,. Here we
have two dipoles, both parallel to the film plane, with dipole 1 fixed
at z;=—500 nm and the positior, of dipole 2 varies across the
z=0 plane:(a) the limit of very low densityns="7.3x 10 m~?2;

(b) a much higher densitps=6.5x 10?* m~2. See text for a dis-
cussion on these results.

Figure 8a) displays the two-dipole emission rates arising
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