
PHYSICAL REVIEW A, VOLUME 63, 033405
Theory of evanescent mode atomic mirrors with a metallic layer
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Dielectric atomic mirrors are considered in which the repulsive force field owes its existence to an evanes-
cent mode in the presence of a metallic capping layer. The theory of such an atomic mirror is constructed,
assuming a finite thickness of the metallic layer with a finite plasma frequency and adopting the field-dipole
orientation picture. The Rabi frequency together with the reflectivity for the light incident from within the
substrate are evaluated, and their variations with the type of metal and layer thickness analyzed as useful
indicators of the effectiveness of the system as an atomic mirror. A number of interesting features are pointed
out, including a desirable enhancement. Solutions of the equation of motion for a given atom, subject to given
initial conditions, lead to trajectories exhibiting reflection. The leading force fields controlling the dynamics
include the average dipole image force plus the average light-induced forces due to the evanescent field. The
parameters used to compute the trajectories are similar to those in recent experiments in which Rb atoms
incident on a silver film deposited on a glass substrate have been shown to experience enhanced mirror action.
The factors controlling the enhancement in general are pointed out and discussed.
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I. INTRODUCTION

It was Cooke and Hill@1# who first put forward the sug
gestion that light-induced forces in the vicinity of a plan
surface can be used to reflect neutral atoms. Their sugge
paved the way towards the realization of an atomic mir
although, to date, the standardization of the atomic mirro
a routine tool is yet to be achieved. Currently the study
atomic mirrors forms an important branch of the main stre
of atom optics@2,3#, with atomic mirrors continuing to re
ceive attention by both theory and experiment dealing w
various mechanisms for mirror action@4–19#.

Particular kinds of atomic mirrors which continue to r
ceive much attention are variants of the evanescent m
atomic mirror @1–3,15,18,19#. The basic principle still ap-
plies, namely that the average repulsive force field resp
sible for the reflection process is set up by an evanes
light field which occurs when light incident from within
dielectric substrate is internally reflected at the surface.
factors which limit the performance of such mirrors ste
mainly from heating effects and also from fluctuations wh
become less severe at low intensities. Provided that the
intensity is not too low and its frequency is suitably blu
detuned from the atomic resonance frequency, the ave
dipole force field set up by this evanescent component m
overcome the attractive van der Waals force between
atom and the mirror surface creating an overall repuls
barrier for the approaching atom. The higher the barrier,
more effective the system is as an atomic mirror. A reduct
of fluctuation effects at low intensities was the main reas
for investigations to construct an atomic mirror operating
low intensities. This requires the modification of the ma
mirror ingredients to achieve an enhancement at low int
sities. Since the van der Waals force is not amenable
modification in the basic kind of evanescent mode atom
mirror, control of the effective barrier to achieve an e
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ion
r
s
f

h

de

n-
nt

e

ht

ge
y
e

e
e
n
n
t

-
to
c
-

hanced mirror action can only be done by controlling t
properties of the evanescent field. A particular method
achieving enhancement is by the addition of a metallic c
ping layer.

That enhancement can indeed be achieved has been
onstrated experimentally by Feronet al. @18# and Esslinger
et al. @19# using a metallic film deposited on the surface o
planar dielectric. However, as far as we know, no primar
analytical theory has been constructed which describes
mirror action and the nature of the enhancement as a d
consequence of the metallic layer and which also facilita
the derivation of atomic trajectories. The purpose of this
per is to construct such a theory. In order to perform a qu
titative analysis of such an atomic mirror, we need to inc
porate a number of ingredients. First, full account should
taken of the finite thickness and finite electron density of
metallic layer together with the metallic conductivity loss,
contained in the imaginary part of the dielectric functio
Second, in order to account for the dependence on the i
dent light intensity, a proper mode normalization in terms
this intensity is needed for the light mode generating
evanscent component. Third, the average attractive pote
due to the interaction between the dipole and its image in
presence of the metallic layer should be included in the
namics. We show here that a theoretical framework incor
rating these ingredients leads to the average atomic traje
ries, predicting either a reflection of the atom off the surfa
or a collision with it, in a manner dependent on the chos
set of parameters.

The outline of this paper is as follows. In Sec. II w
describe the basic elements comprising the atomic mir
including a metallic film of a finite thickness. The procedu
needed for the specification of the light mode bearing
evanescent component is then described, leading to appr
ate field distributions in the three regions of the structure
Sec. III we derive an expression for the reflectivity of th
©2001 The American Physical Society05-1
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C. R. BENNETT, J. B. KIRK, AND M. BABIKER PHYSICAL REVIEW A63 033405
inner substrate surface. We also define the Rabi freque
associated with the evanescent light at the outer film sur
using the field-dipole orientation picture. We explain ho
the variations of these properties with the angle of incide
and layer thickness help to provide insight into the nature
the enhancement. Section IV deals with the dynamics of
atoms and derives trajectories demonstrating the mirror
tion, assuming a typical mirror setup. Section V contains
main conclusions and provides further comments, includ
a brief discussion of the thin film limit of our theory.

II. EVANESCENT FIELD

The basic components of the atomic mirror are shown
Fig. 1. Here a metallic layer of thicknessd is deposited on
the planar surface of a glass prism~forming the dielectric
substrate!. Light of frequencyv is incident at an anglef and
is propagating on the left-hand side of the vertical a
within the glass prism. This light is internally reflected at t
inner interface between the prism and the metallic layer,
partially leaks into the metallic layer. The light within th
metallic layer subsequently generates evanescent light in
vacuum region of the layer system. A neutral atom poss
ing a transition frequencyv0,v moving in the plane of
incidence towards the outer surface of the structure would
subject to an average repulsive dipole force plus an ave
light pressure force, both owing their existence to the pr
ence of the evanescent field. The atom would also be sub

FIG. 1. Schematic arrangement of the elements comprising
evanescent mode atomic mirror with a metallic layer of thicknesd.
The plane of incidence contains the internally reflected light be
as well as a typical atomic trajectory.I is the intensity of the light at
an angle of incidencef; R is the reflectivity of the inner substrat
surface;m is the electric dipole moment vector, ande1 , es , ande2

are the dielectric functions of the different regions. Here both
atom and the light are asumed to be initially propagating on
same side of the vertical.
03340
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to an average dipole image force. It is the combined infl
ence of these average forces that is responsible for the m
action.

In order to determine the average force fields due to
light we must evaluate the amplitude of the evanescent e
tric field. This is done by applying the standard electroma
netic boundary conditions at the interfaces and by norma
ing the incident field. The electric field vector in the mirro
structure can be written in quantized form as follows:

E~ki ,r ,t !5E~ki ,z!ei (ki•r i2vt)a1H.c., ~1!

wherea is a mode annihilation operator, H.c. stands for t
Hermitian conjugate, andE(ki ,z) is the electric field distri-
bution within the three regions of the layer system which c
be written in the following general form involving field am
plitudesA, B, C, D, andG,

E~ki ,z,2d!5AS 1,0,2
ki

kz2
Deikz2z1BS 1,0,

ki

kz2
De2 ikz2z,

~2!

E~ki ,2d,z,0!5CS 1,0,2 i
ki

kzs
Dekzsz

1DS 1,0,i
ki

kzs
De2kzsz, ~3!

E~ki ,z.0!5GS 1,0,i
ki

kz1
De2kz1z. ~4!

Hereki is the wave vector parallel to the surface. Its mag
tudeki is given byc2ki

25v2e2sin2f wheref is the angle of
incidence. The three quantities between the brackets in e
of Eqs. ~2!–~4! stand for the vector components parallel
ki , perpendicular to it on the surface plane and along thz
direction, respectively. The notation is such that parame
associated with the substrate are labeled by subscript 2, t
associated with the metallic layer are labeled by subscrips,
while for the outer region~vacuum! the label is 1. The di-
electric functionse2 andes are, in general, frequency depe
dent, while we assume thate151, as appropriate for
vacuum. The real wave vectorskz1 and kz2 are associated
with field variations normal to the interfaces in regions 1 a
2, respectively, and are defined by

kz1
2 5ki

22
e1v2

c2
.0, kz2

2 5
e2v2

c2
2ki

2.0, ~5!

while kzs, which is in general complex, is associated w
field variations normal to the interface in the metallic lay
and is defined by

kzs
2 5ki

22
esv

2

c2
. ~6!

The dielectric functiones of the metallic layer is given by

n

m

e
e

5-2
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THEORY OF EVANESCET MODE ATOMIC MIRRORS . . . PHYSICAL REVIEW A 63 033405
es512
vp

2

v~v1 ig!
, ~7!

wherevp is the plasma frequency of the metal and is defin
as vp

25n0e2/m* e0, with m* and e the electronic effective
mass and charge, respectively, andn0 is the volume electron
density of the metal. In Eq.~7! we have included an imagi
nary part of the dielectric function in order to account for t
metallic plasma loss effects.

Next we apply the standard electromagnetic bound
conditions, namely the continuity of the tangential comp
nent of the electric field vector and the continuity of t
normal component of the displacement field vector at b
interfacesz50 and z52d. Continuity conditions for the
tangential electric field vector atz50 andz52d yield, re-
spectively,

C1D5G, ~8!

Ae2 ikz2d1Beikz2d5Ce2kzsd1Dekzsd. ~9!

From the continuity ofeEz at z50 and z52d we have,
respectively,

es

kzs
~D2C!5

e1

kz1
G, ~10!

e2

kz2
~Beikz2d2Ae2 ikz2d!5 i

es

kzs
~Dekzsd2Ce2kzsd!. ~11!

Equations~8!–~11! allow a direct, albeit somewhat labor
ous, evaluation of the evanescent field amplitudeG in terms
of the incident field amplitudeA. We find

G5
2Ae2 ikz2d

j
, ~12!

wherej is given by

j5S 12 i
kz2e1

kz1e2
D cosh~kzsd!1S kzse1

kz1es
2 i

kz2es

kzse2
D sinh~kzsd!.

~13!

The amplitudeA of the incident field is conveniently fixed b
canonical methods, treating the incident field as though
in an infinite bulk. The field Hamiltonian is such that

HI5
e0

2 E dr H ]~e2v!

]v
EI

21
1

e0c2
HI

2J
5 1

2 \v~aa†1a†a!, ~14!

where the labelI emphasizes the incident part of the elect
field in the substrate@proportional toA in Eq. ~2!# with HI
the corresponding magnetic field. The canonical condit
Eq. ~14! gives straightforwardly
03340
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A25
\kz2

2 c2

Ve0e2S v
]e2

]v
12e2Dv

, ~15!

whereV is a large volume of material 2.

III. REFLECTIVITY AND RABI FREQUENCY

The reflectivity of the internal surface atz52d within
the substrate is an important property of the atomic mir
that we shall discuss in some detail. This is defined by
modulus square of the ratio between the reflected and i
dent amplitudes in Eq.~2!

R5UBAU
2

. ~16!

The ratioB/A can be evaluated in an analogous manner
that leading to Eq.~12!. We find

B

A
5

e22ikz2d

j F2S cosh~kzsd!1
kzse1

kz1es
sinh~kzsd! D2jG ,

~17!

wherej is given by Eq.~13!. We should note that the ratio
B/A is, in general, complex, not just because of the expon
tial factor in Eq.~17! but also by virtue of the finiteness o
the imaginary part~proportional tog) of the dielectric func-
tion es , as defined in Eq.~7!. Also note that in the limitg
50 the reflectivity becomes identically equal to unity, as c
be easily verified from Eq.~17!!.

The second important property of the atomic mirror is t
Rabi frequencyVR . This characterizes the interaction of
neutral atom of electric dipole momentm approaching the
mirror from the vacuum region (z.0) and, so, interacting
with the evanescent light. The Rabi frequency is defined

VR5Uam•E~ki ,z.0!

\ U, ~18!

wherea is a complex amplitude factor such that in the cla
sical electromagnetic field limit we havea→a . In fact uau is
related to the field intensity by the well-known relation@20#

uau25
IV

\vc
. ~19!

It can be seen from Eq.~4! that the evanescent field pos
sesses two vector components within the plane of inciden
In general, the electric dipole could have an arbitrary orie
tation relative to the electric field vector. However, once t
evanescent field has been set up, the atomic dipole mom
aligns itself parallel to and follows the oscillation of the loc
electric field vector. This field-dipole orientation picture w
also implemented to evaluate trajectories in the contex
atom guides@21#. The appropriate Rabi frequency in th
field-dipole orientation picture is thus given by

\VR~z.0!5uaumE~z.0!, ~20!
5-3
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C. R. BENNETT, J. B. KIRK, AND M. BABIKER PHYSICAL REVIEW A63 033405
wherem and E(z.0) are the magnitudes of these vecto
Using Eqs.~4!, ~12!, and~15!, we have for the square of th
Rabi frequency

VR
2~z.0!5

4uau2m2kz2
2 c2~11ki

2/kz1
2 !e22kz1z

\Ve0e2S v
]e2

]v
12e2Dvuju2

. ~21!

Figure 2~a! displays the variation of the reflectivity, give
by Eqs. ~16! and ~17!, in the case of a silver film, with
varying thicknessd. The parameterg entering the imaginary
part ofes is taken asg58.031023vp

silver @18#. We have also
assumed thate2 does not depend on the frequency and so
set ]e2 /]v50. The different curves in this figure corre
spond to different values of angle of incidencef, as detailed
in the caption to Fig. 2. Figure 2~b! shows the correspondin
variation ofVR

2 @given by Eq.~21!, evaluated atz50] with
metallic layer thickness for the same values off and using
the same parameters.

There are a number of features in Fig. 2 which are wor
of note. For a givenf the variation of the reflectivityR
shown in Fig. 2~a! is initially close to unity, but subsequentl
exhibits a marked minimum at a well-defined layer width.
fact the positions of these minima correspond closely

FIG. 2. Variation with the silver layer thicknessd of ~a! the
reflectivity R of the inner surface within the substrate and~b! VR

2 ,
the squared evanescent mode Rabi frequency~in arbitrary units!,
evaluated atz50. The frequency of the light corresponds to the R
transition wavelengthl05780 nm and the plasma loss parameteg
is taken to beg58.031023vp

silver . In both figures the different
curves correspond to different angles of incidence:f541.80° ~full
curve!; f542.20° ~long dashes!; f543.00° ~short dashes!; f
547.00° ~dash-dots!; andf552.00° ~dash-double dots!.
03340
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those of the maxima ofVR
2 in Fig. 2~b!. Values ofVR

2 at
d50 in Fig. 2~b! are appropriate for the case with no meta
lic layer. As d increases, for a givenf, the squared Rab
frequencyVR

2 shows a gradual increase up to a point whe
it subsequently exhibits an enhancement. It is easy to ch
that the reflectivity minima and the maxima ofVR

2 satisfy the
condition whereuju2 is a minimum. The maximum inVR

2 is
followed by a decrease to diminished values at large la
widths. The latter feature is indicative of screening effe
when the metallic layer becomes too thick to permit an e
nescent field outside. Note the presence of the second
which is proportional toki

2/kz1
2 in the numerator of Eq.~21!.

This is the contribution from thez component of the evanes
cent electric field and sincekz1 can be very small~when the
angle of incidence is close to the total internal reflecti
anglef0), this further contributes to the enhancement.

Figure 3 displays curves forVR
2 againstn0, the metallic

electron density, for a fixed layer thicknessd559 nm and
where we setg50. As n0 increases at a fixedf the squared
Rabi frequencyVR

2 exhibits an initial dip at a value ofn0

corresponding to the plasma resonance atvp'v. This is
followed by a resonance at a characteristic densityn05n0

f

and it is seen that the resonance grows as the anglef gets
closer tof0541.27°. At f0 the Rabi frequency become
very large, with a variation in the form of a delta distributio
In principle, then pronounced repulsion effects would be
pected in conditions corresponding to the peak of the R
frequency, or the minimum of the reflectivity.

IV. TRAJECTORIES AND MIRROR ACTION

The total average radiation force acting on an atom
transition frequencyv0 moving in the vacuum region of the
layer structure shown in Fig. 1 at velocityv is given by
@21,22#

F~r,v !52\H GVR
2ki2

1

2
D“VR

2

D212VR
21G2

J 5Fs1Fd , ~22!

FIG. 3. Variation ofVR
2 with electron densityn0 ~in units of

n0
silver55.5731028 m23). Here we have setg50 and the curves

correspond tof541.80° ~full curve!; f542.20° ~long dashes!;
f543.00° ~short dashes!; f547.00° ~dash-dots!; and f552.00°
~dash-double dots!. The parameters are such thate252.298, corre-
sponding to an angle of total internal reflectionf0541.27°.
5-4
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THEORY OF EVANESCET MODE ATOMIC MIRRORS . . . PHYSICAL REVIEW A 63 033405
whereFs corresponds to the first term within the bracke
identified as the average spontaneous force along the w
propagation directionki and Fd corresponds to the secon
term, identified as the average dipole force.D is the dynamic
detuning given by

D~v!5D02ki•v, ~23!

whereD05v2v0 is the static detuning of the light from th
atomic resonance. It is easy to see thatFd acts as a repulsive
force provided that the detuningD is positive ~blue detun-
ing!. Note also thatv, the atomic velocity vector, is in the
plane of incidence, as in Fig. 1, i.e., it has two compone
a z component and a component parallel toki .

Besides the radiation forces given by Eq.~22!, the atom
experiences an attractive force due to the coupling of
dipole to the vacuum fields which are modified~relative to
free space! by the layered structure comprising the atom
mirror. For atoms located at distances from the mirror s
face smaller than a reduced transition wavelengthl0/2p the
average force between the dipole and the layer struc
takes the form of an image forceFimage given by

Fimage~z!52
]U image

]z
, ~24!

whereU imageis the image potential. It is well-known that th
potential arises as the change in the self-energy due to
presence of the layer structure, but it is also dependent on
average orientation of the electric dipole. It should be bo
in mind that the evanscent field has no role to play in
determination of this potential, except that it is responsi
for dipole orientation. The average dipole aligns itself par
lel to ê, a unit vector in the direction of the local evanesce
electric field vector. This applies at every point along t
trajectory.

The leading contribution to the image potentialU image is
the instantaneous Coulomb interaction between the dip
and its image. We write

U image~z!52
m2

32pe0z3
$3~ ê• ẑ!~ ẽ̂• ẑ!2ê• ẽ̂%, ~25!

whereẽ̂ is in the direction of the dipole image vector. In th
image potential the addition of the metallic film has co
pletely screened the effects of the dielectric substrate. Th
are clearly a number of approximations in adopting this
tential. First the dipole motion would introduce velocit
dependent effects, but these are assumed to be small re
to the leading Coulomb potential given by Eq.~25!. Second
the image potential does not discriminate between the
cited state and the ground state, while, in principle, the a
experiences different potentials in the two states. Third,
form of potential does not take into account fluctuation
fects.

In terms of the average forces the reflection proces
controlled by two separate mechanisms. First the spont
ous forceFs acts to accelerate~or decelerate! the atom in the
direction of ki and, second, the combined forceFd1Fimage
03340
,
ve

s,

e

r-

re

he
he
e
e
e
l-
t

le

-
re
-

tive

x-
m
e
-

is
e-

acts to repel the atom from the surface at a well-defin
turning point in the trajectory. The average dipole poten
Ud is such thatFd52]Ud /]z with Ud having the well
known form

Ud~z,v!5
\D~v!

2
lnF11

2VR
2~z!

D2~v!1G2G . ~26!

The conventional derivation of average dipole force cor
sponding to Eq.~26! makes use of density matrix method
leading to the average forces given by Eq.~22! emerging in
the steady state. However, these forces can also be de
using entirely classical arguments on the basis of a bo
oscillator in external fields@23#. The same expressions we
used in Refs.@18# and @19# in connection with the experi-
mental results. We therefore adopt this form of the aver
dipole potential in our description of the operation of t
atomic mirror with a metallic layer. A fuller description
which allows a wide range of parameters such as detun
and field intensity and which incorporates fluctuations a
spontaneous emission effects can be attained within
Monte Carlo approach, as discussed by Seifertet al. @24#.

The total repulsive potential U(z,v)5U image(z)
1Ud(z,v) is shown in Fig. 4 for a typical set of paramete
@18,19#. It should be noted that the field-dipole orientatio
picture influences the variations of bothU image and Ud .
Since the potential profile depends on the angle of incide
f, Fig. 4 displays potential profiles for a selection of ang
of incidence and it is seen that for silver a resonance occ
aroundf542.20°.

FIG. 4. Variation withz ~in units ofd559 nm! of the combined
static dipole potentialU5Ud1U imageacting on a Rb atom~in units
of \G0/2, with G056.1283106 s21). The static detuning is
D055.03102 G0 and the arrangement is for an atomic mirror wi
a silver film of thicknessd559 nm but different values of angle
of incidencef. They are as follows:f542.10° ~full curve!; f
542.20° ~long dashes!; f542.30° ~short dashes!; andf542.40°
~ dash-dots!. The dash-double dotted curve shows the variat
of the van der Waals potential. In the evaluation of t
potentials, the direction of the dipole moment vector conforms w
the field-dipole orientation picture. The intensity of the incide
light is taken asI 543102 W m22 for Rb at transition wavelength
l05780 nm.
5-5
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C. R. BENNETT, J. B. KIRK, AND M. BABIKER PHYSICAL REVIEW A63 033405
The trajectory of the atom of massM approaching a mir-
ror in a given set up is obtainable by solving the equation
motion

M
d2r

dt2
5Fs1Fd1Fimage2Mgẑ ~27!

subject to given initial conditions. Figure 5 displays typic
trajectories in the plane of incidence. The parameters
such that the spontaneous rateG is taken to be the free spac
value G0. This is in fact a very good approximation in th
trajectory region which is far from the metallic layer. Th
static detuning is taken to beD0553102 G0. Finally the
intensity of the light is assumed to beI 54.03102 W m22.
The low intensity regime is an appropriate regime in t
context of the atomic mirrors considered here. The satura
parameter in this case isS52VR

2/(D21G2) evaluated at the
film surface. It is easy to check using the parameter val
adopted here that the saturation parameterS is such thatS
,1, indicating that there is no need to adopt the dres
atom approach@25# appropriate for the high intensity regim
S.1.

It can be seen in Fig. 5 that the structure operates a
atomic mirror in three of the cases displayed, while for t
fourth case the trajectory of the atom terminates with a c
lision at the surface. An approximate guide to the condit
leading to a collision with the surface is to compare t
maximum heightUmax of the potential in Fig. 4 to the initia
kinetic energyMvz

2(0)/2. For vz(0).A2Umax/M a colli-
sion occurs. This interpretation indeed conforms with
results of the type shown in Fig. 5. Note that the reflec
atom trajectories are, in general, asymmetric with respec
the turning point. This is a consequence of the action ofFs
which in the present example where the light and the a

FIG. 5. Atomic trajectories of a Rb atom in the atomic mirr
arrangement shown in Fig. 1 with a silver layer of widthd559 nm.
The x-z plane is assumed to be the plane of incidence, with
angle of incidence of light fixed atf542.20°. In all cases the
initial position of the atom is at the point (x50, z51000d). The
different trajectories correspond to the same initial condition for
horizontal component of the velocityv i(0)50.054 ms21, but differ
in their initial z component of velocityvz(0). They are as follows:
vz(0)50.2 ms21 ~dash-dots!; vz(0)50.5 ms21 ~short dashes!;
vz(0)50.8 ms21 ~long dashes!; andvz(0)51.1 ms21 ~full curve!.
The parameters are the same as those in Figs. 2 and 4.
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are incident on the same side~left side! of the z axis, accel-
erates the atom to the right along the surface. In principle
optimization of the mirror parameters can be carried out
specific purposes to achieve predetermined trajectories
in such a manner as to avoid surface collisions.

V. COMMENTS AND CONCLUSIONS

Our main aim here was the construction of a theory
evanescent mode atomic mirrors with a metallic layer. W
have shown that this theory has the advantage of being
pable of providing information about the range of lay
widths, metallic electron densities, and the angle of in
dence at which the Rabi frequency and, hence, the repul
potential, exhibits pronounced enhancement effects. Our
sults clearly indicate that enhancement is indeed possible
we have also quantified the operation of the mirror, deriv
the trajectories for typical situations and thus demonstra
the mirror action.

An interesting limit of the theory is obtainable when th
thickness of the metallic film becomes so small that it can
regarded as forming a metallic sheet. This metallic sh
limit is characterized by a finite areal electron densityns
defined by

ns5 lim
d→0

n0d. ~28!

Application of the limitd→0 ~at fixedn0) to the functionj,
as defined in Eq.~13!, gives

j→11 i
kz2e1

kz1e2
S L2kz1L0

v2
21D , ~29!

where we have setg50; L is a scaling frequency

L25
nse

2

m* e0e1L0

~30!

with L0 a scaling length. Note that this limit is not the sam
asd→0 in Fig. 3. Corresponding to the limit ofj are reflec-
tivity and Rabi frequency expressions, as defined in Eqs.~16!
and ~21!, respectively. It can be checked that enhancem
occurs when the Rabi frequency is a maximum, wh
amounts to a minimum ofuju2 in the denominator of Eq.
~21!, with j given by Eq.~29!. In fact maximum enhance
ment occurs whenuju251 such that

v25S nse
2

m* e0e1
D kz1 . ~31!

The wave vector dependence makes this similar to~not the
same as! the dispersion relation of surface modes suppor
by a metallic sheet@26–28#. For a finite film thickness a
rough estimate of the metallic densityn0

f is

e

e
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n0
f5

cvm* e0e1

e2d@e2sin2f2e1#1/2
~32!

provided thate2 sin2 fÞe1. The simple result in Eq.~32!
provides a guide for the metallic densities at which enhan
pt

J.

P
.

M

te

. I

n-

03340
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ment occurs, provided that the metallic film thickness is n
too large.
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