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A quantum-mechanical linear-response formalism is used to calculate the frequency shift and life-
time of an excited atom near an arbitrary flat interface. The results depend on the frequency-
dependent atom and field susceptibilities, and in the vicinity of an interface can be expressed in
terms of the appropriate Fresnel reflection coefficients; the contributions from surface excitations
are easily identified. As examples, we consider an atom above a metal and a dielectric waveguide.

I. INTRODUCTION

Recent work on the behavior of atoms and molecules at
surfaces has led to a renewed interest in quantum electro-
dynamics in the presence of an interface.!=® Two stan-
dard problems, the lifetime and frequency shift of an
atom in an excited state near a perfectly conducting sur-
face, have a long history which we will not review here.
The usual solution’* involves quantizing the radiation
field through mode expansions appropriate to a half-space
of vacuum bounded by a perfect conductor. Although
showing in detail the effect of the conductor on the radia-
tion field, this approach is algebraically complicated and
does not clearly exhibit the similarity of this problem
with, for example, that of an atom in the presence of
another atom, rather than a surface. Further, the general-
ization to a dielectric or even a waveguide surface is not
straightforward.

An alternate approach, presented by McLachlan,>® in-
volves casting expressions for the lifetimes and frequency
shifts in forms involving correlation functions that appear
in linear-response theory. These results have a transpar-
ent physical interpretation and in principle can be used
with any model for the neighboring surface (or neighbor-
ing atom). A related approach by Agarwal”® was applied
to an atom in the vicinity of a surface, but his results were
shown to have quantum-mechanical inconsistencies. As
well, Agarwal’s results are not of a form that can be easily
generalized to, say, an atom in the presence of a mul-
tilayer geometry.

The difficulty in using a linear-response formalism lies
in calculating the field susceptibility functions for surface
geometries. Mehl and Schaich? described the effects of
the surface by introducing complex impedances. In this
paper we show that the surface effects of interest depend
only on the appropriate Fresnel coefficients and that, in
particular, the contribution of any surface excitations can
easily be investigated since they are signaled by poles in
those coefficients. By constructing expressions for level
shifts and lifetimes in terms of Fresnel coefficients, we
obtain a more general formalism than those of earlier au-
thors; we can treat multilayer geometries using, if re-
quired and desired, results from microscopic theory for
the response of the surface to electromagnetic fields. We
demonstrate our methods by calculating the lifetimes and
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frequency shifts of atoms near a metallic surface and near
a dielectric waveguide. We also recover the now well-
known expressions for the lifetimes and frequency shifts
of an atom above a perfect conductor,”* in a manner that
is simpler than most other derivations and that displays
the relation of this ideal model to more realistic problems.

The organization of the paper is as follows. In Sec. II
we briefly show how lifetimes and frequency shifts may
be written in terms of frequency-dependent atom and field
susceptibilities. As have most earlier workers,! ~% we re-
strict ourselves to cases where charge overlap between the
atom and the surface can be neglected. Since this part of
the formalism has been developed earlier, we refer freely
to results in the literature and only outline the derivation,
casting the final expressions in a form that is suitable for
our further use. We work with the multipolar form of the
interaction Hamiltonian"® and keep only terms due to di-
pole transitions, although this restriction could be easily
removed. In Sec. III we outline the Fresnel coefficient
method of calculating the field susceptibilities for surface
geometries. Our final results for lifetimes and level shifts,
which are applicable to an arbitrary interface, constitute a
significant generalization and simplification of earlier ex-
pressions. In Sec. IV we recover the well-known expres-
sions*? for a single atom above a perfectly conducting
surface. In Secs. V and VI we calculate the lifetimes and
level shifts for a single atom above a metal and a dielec-
tric waveguide, respectively. Specifically, we consider a
sodium surface, a glass surface, and a ZnO/sapphire
waveguide. Our conclusions and the nature of our contri-
bution are reviewed in Sec. VIL

II. TRANSITION RATES AND FREQUENCY
SHIFTS IN THE DIPOLE APPROXIMATION

We consider an atom interacting with the radiation
field through the interaction Hamiltonian®®10

H, = — jI-D(%,) @2.1)

wherE [ is the dipole operator of an atom at position T,
and D(Y) is the transverse displacement field. In writing
Eq. (2.1) we neglect multipole moments of the charge dis-
tribution higher than the electric dipole; we have also o-
mitted a term involving the transverse part of the micro-
scopic polarization field,! which only leads, in the low or-
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ders of perturbation theory we consider, to a contribution
to the nonrelativistic free space Lamb shift.”!! In first
order, the transition rate from an initial atomic state | i)
to a final state | /) is given by Fermi’s golden rule,

Rp=2T 3 p(D|(F| (f | BB 1) D2
LF

X8(Ep+E;—E;—E;) 2.2)

where capital letters denote eigenstates of the rest of the
total system under consideration, neglecting its interaction
with the atom of interest. Such eigenstates might involve,
and depend on the coupling between, the radiation field,
other atoms, surface excitations, and the like. For con-
venience, we refer to these as “field states.” For simplici-
ty we assume here that the field is in thermal equilibrium
at a temperature T; p(I)=exp(—BE;)/ Y, xexp(—BEg),
with B=(kpT)™}, is then the probability that the field is
in state 1.

Expressing the 8 function in (2.2) in integral form, we
find

=+ o0 ..
R,,:%l; S dt{ Dol 7o, 0D 470, 0 Yustipfexpliont)

(2.3)

where wo=(Ey—E;)/#, the Greek subscripts denote
Cartesian components and are to be summed over when
repeated, and pff=(f | uq | i), etc. In Egs. (2.3) and (2.4),
D, (T,t) is an interaction picture operator, evolving as if
(2.1) were not present, and the angular brackets indicate
an ensemble average. Defining a correlation function

(2.4)
|

Gaﬁ(?,?';t)=%([Da(rit),pﬁ(?',m]>e(t) ,

DFEN(E)D B (F0) + D7 BV (F)D FVE(Fy)]

where O(¢) is the usual unit-step function, we may use the
fluctuation-dissipation theorem” !? to rewrite Eq. (2.3) as

ZuéiugImGag( ?0, ?o;a)o)

. — , (2.5)
Ry #[ 1 --exp( — Bhiwg)]
where
- = +oo — —
Gap(T,T50)= [ " dt Gop(F,¥s00explion) . (2.6)

The temperature dependence, which appears in the form
of an occupation number, will be important only for
kpT >#iwy. Since we are here interested primarily in
atomic transition energies on the order of a Rydberg, we
can set =0 K in Eq. (2.5).

Turning now to energy-level shifts, we start with the
usual second-order perturbation expression for the energy
shift of the ath atomic level due to the interaction (2.1),

DN (To)D B (o) uge

(oy —wp)+(®,, —ay,)

8Ea=—§ > p(B)

B,N,m

» (2.7

where P denotes the principal part. The reduction of Eq.
(2.7) is greatly simplified by introducing positive- and
negative-frequency parts of the field D(T,z),’

+,— 1 ® — .
Da(r,t):?;fo do Dy T, +w)exp( Fiot) (2.8)

and where, as before, the time evolution is in the interac-
tion picture. Going back to the Schriodinger picture in
Eq. (2.7), it is easy to see that terms of the form
(D:;')BN(DE)NB will not contribute (cf. Ref. 7), and we
may introduce a 8 function to write

P +eo |
SE‘,:—% > p(B) f_w do

B,N,m

Restricting ourselves to 7'=0 K as above, a further sim-
plification is possible using the identity’

S pBDIPV(EDFVE (T )80 —wy +wp)
N,B

(2.10)

3 |

ImG ,4(7, T;0)0(Fw) ,

which follows immediately from the definitions of G,g
and DZ. Introducing a molecular correlation function,

azﬁ(t)=%<a | [l D), 15(0)] | @ YO(0) 2.11)

and writing down the identity analogous to (2.10) for
a,olﬁ(w), we find that for the atom also at T =0 K (ground
state) Eq. (2.9) can be written as

5E0=—~—g fow fow dodo'

w+o'

(2.12)

O+ (@, —w,)

ImG o5( Ty, To;0)Imaggle’)

e g 8o —oy +op) . (2.9)

Two final simplifications are possible, which are due to
the fact that G,g and a,p can be identified as susceptibili-
ties for the field and atom, respectively, using linear-

4,5 . . .
response theory.”> First applying the Kramers-Kronig re-
lations'* for a generalized susceptibility to G.p, Eq. (2.12)
reduces to

A
27

Second, we apply the following transformation. We as-
sume that lim,_, ,G,g(¢)—0, which, in frequency space
can be guaranteed by the addition of a small negative ima-
ginary part to w. This serves to lower any poles that sit
on the real axis as well as to bind the integrand of (2.13)
as || —o0. Since Gup(To,To;0) and a,g(w) are analytic
in the upper-half plane, we may convert the integral along
the positive real w axis in (2.13) to one along the positive
imaginary axis, giving

ﬁ © — - . >
SEO_—"_; fo dggaﬂ(ro,ro;l§)a23(l§) ’

8Eg=—>-Im [~ do Gap(ipTwladsiw) . (2.13)

(2.14)
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where we have used the fact that susceptibilities evaluated
at imaginary frequencies are purely real.’ Finally, note
that we are only interested in the part of the energy shift
due to the presence of the surface (and/or other atoms,
etc.). Setting

Gop=Gop+G% , (2.15)

where Ggﬂ is the vacuum susceptibility, we can identify
the energy shift of interest as
# o - s ,
8Eg=—-— fo dE& GRy(T0, To3i E)adgliE) . (2.16)
Returning now to the transition rate given by Eq. (2.5),
it is useful to normalize Ry; to the value it would take if
the atom were in vacuum at 7 =0,
2 A TN
qui = ;ui’ub’lmGﬂn( T0, T0;00) -
At T =0 K, Egs. (2.5), (2.14), and (2.16) then combine to
give
Ry 2 i .
L 1+ S5 ImGRy(Fo, Ty o) -
Ry fi

(2.17)

(2.18)

Equations (2.16) and (2.18) form the basis of our calcula-
tions in the following sections.

III. SUSCEPTIBILITIES ABOVE
AN ARBITRARY INTERFACE

To proceed we must evaluate the field susceptibility
G,p near an interface. Mehl and Schaich,? in their study
of level shifts near a metal interface, made this calculation
using complex surface impedances. Instead, we keep the
problem in terms of the Fresnel coefficients for the inter-
face. This approach is more direct, since these coeffi-
cients are the ratios of only incident and reflected electric
fields. It also generalizes more readily to complex
geometries. The atomic polarizabilities agglw) do not
present insurmountable problems, there being many ana-
lytic theories for their calculation.!®

From linear-response theory,'*!* G,g(T,T’;w) can be
identified with the expectation value of the displacement
field at T generated by a classical dipole, oscillating at fre-
quency o, located at T'. Consider such a dipole above an
interface [Fig. 1(a)]. The electric field at position T (above
the interface) consists of direct and reflected contribu-
tions, with the direct contribution given by

EUT,0)=F%T,th0) I 3.1)

where [ is the amplitude of the oscillating dipole, and
FOR,0)=[3BRR —T)(R 3—i&R~2)+(1—RR)»*R !

4

- —3—5(1’iﬁ Jexp(i@R) (3.2)

with R=7— Ty and @=w/c. We use the recent work of
Sipe!® to write the reflected field as
EA(T,0)=FX(T,Ty0) @ (3.3)

where

(a)

Fr
z
4 T
777777 z=0
(b)
z
€= |
z=0 4
€m ?
€

FIG. 1. Interface geometries: (a) arbitrary interface; (b)
waveguide structure, with €, > €; > €.

- 52 s
FR(-ﬁ—vo;w)__li_fdhK(g\Ams+ﬁ0+ﬁ0_Rp)

- 2T WO
X expli (2Wod + Vo, ‘R)] (3.4)
with
To=po+do?,
§S=KXZ,
ﬁot 25 —l(K2$ Wok\) ) (3-5)

— — 2o

Vor=K+Woyz,
Wo:_(a-j 2_K2)1/2 .

Here R® and R? are, respectively, the Fresnel reflection
coefficients for the interface for s- and p-polarized light.
The decomposition (3.4) expresses the field as a superposi-
tion of plane waves with real wave-vector components in
the plane of the interface; they are propagating or evanes-
cent in the z direction as k <@ or k>®. The vectors §
and po+ specify, respectively, the direction of the electric
vector in s- and p-polarized waves. In the case of p-
polarization the vectors are different for upward (+) or
downward (—) propagating or evanescent waves; the
product po,Po_ thus appears in (3.4) because the down-
ward propagating wave is reflected back upward, with a
final upward wave vector Vy,. The phase factor
exp(2iWyd,) also appears because of this reflection from
the surface.

Since the displacement field is given, in the dipole ap-
proximation, by

D(T,0)=E(T,) +47Z()8(R) (3.6)
above the interface, we have
Gp(T, To;0) =Fog(T, To;0) +478,48(R) ,
3.7

Gap(T,To0)=Fig(T,Tp0) .

Usi1117g the first of Egs. (3.7) in (2.16), we find the usual re-
sult
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for the decay rate of an atom in free space. In the rest of
our work we shall only need Gg,g, for which we require
expressions for the appropriate Fresnel coefficients. As
simple examples, we will assume below that macroscopic
electromagnetic theory can be used to yield good approxi-
mations for those coefficients, but this is not necessary:
Fresnel coefficients have been derived which incorporate
microscopic surface structure. 18,19

Consider first an interface between vacuum (€,=1) and
a material with dielectric constant €,(w). Then R® and
R? are given simply by

(3.8)

R¥P=rgf , (3.9)
where
1 VV,—Q—I’VI 2
(3.10)
,;J,:M
Y eWiteW;

are the surface reflection Fresnel coefficients for s- and

p-polarized light, respectively, and
W, =(;a>—k*'? (3.11)

generalizing the last of Eqs. (3.5). Here, as well as there,
the square root is to be chosen such that ImW; >0,
ReW;>0if ImW =0.

For a perfect conductor, 7y =—1 and r§; =+1, and
the integral in Eq. (3.4) may be done immediately. We
find

G (Fo, Tii€) = G (T T3 8)
=(1+0+0%)e~7/(8dy)*,
G (T, To;i&)=(1+0)e =9 /(4d,)? ,

Gaglro,ro;i€)=0, a#pB

(3.12)

1 —n02 . o
SEy=—-— i —n+ | Sin)——
0 81Td3§“t” |*] =+ |nSitn)——7
A= .
+7 [cos(n)— . sin(n)
1 102 . T
Si(n)——
+4ng§'”l' 7 8i(n)— 27
1 .
+7 cos(n)——;sm(n)

J. M. WYLIE AND J. E. SIPE

2
sin(n)-—(l—_nn—)cos(n)

sin(n)+ %cos(n)

Ci(n)
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where 0=2§d,/c. Note that each of the physical limits
¢— w0, §—0, and dy—0 correspond to the dimensionless
variable o—0.

For a more realistic model of a surface, we simply need
use the appropriate expression for €(w) in Egs. (3.10) and
(3.11). For example, in the following section we shall use
the Drude model for a metal,
@

PP G.13)

elw)=1—
where o), is the plasma frequency and 7 a phenomenologi-
cal collision time. The integration in (3.4) is still straight-
forward in principle, but must be done numerically.

In the more complicated situation of a multilayer
geometry, the Fresnel coefficients may still be easily writ-
ten down, in terms of the single surface coefficients (3.10).
For example, in the waveguide geometry of Fig. 1(b), we
have?

rob +rahexp(2iW,,8)

1 —r3BroPexp(2iW,,8)

Ry (3.14)
where 8 is the thickness of the waveguide and e, its
dielectric constant; €, is now the dielectric constant of the
substrate. Generalizations to even more complicated
structures follow similarly.

IV. ENERGY SHIFTS AND TRANSITION
RATES: PERFECT CONDUCTOR

As a simple example of our formalism, we first recover
the well-known results for a single atom above a perfect
conductor. Using

On, n0
. 2 Dnolba LB
glif)== 2 — 27 P 4.
e lg) # n wt210'+€2 ( 1)

for the polarizability of the ground state,® where
Wpo=, —q, from Eqs. (2.16) and (3.12), we immediately
find

Ci(n)

(4.2)
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for the correction to the Lamb shift of the ground state
due to the presence of the conductor. Here 7 =2w,¢d,/c,
78 |”|° and [z 1° refer, respectively, to the components of the
matrix elements parallel and perpendicular to the surface,
and Si(x) and Ci(x) are the standard sine and cosine in-
tegral functions

Si(x)= fox S‘yﬂdy ,

Ci)=— [~ Sy

The result (4.2) agrees with Barton.*
From (4.2) we can easily recover the London electro-
static limit by letting —0; this gives

1
SEN= — —n0 2 -»nO .

The short-range limit here varies not as dg , as in the van
der Waals energy shift of two nearby atoms,?! but as d ~*:
whereas in the two-atom problem the dipole induced in
the second atom due to the fluctuating dipole in the first
is proportional to dg >z, here the induced-image dipole
moment in the metal is given by +u’; the back interaction
of the induced i image or polarized atom introduces an ad-
ditional factor of dg °.

The long-range limit of (4.2) can be found by an asymp-
totic expansion following Barton,* or, more simply, using
a method of McLachlan’s based on the form of (2.16).
The exponential decay in foﬁ(f'o, To;i€) [Eq. (3.12)] allows
us to set £=0 in the polarizability appearing in Eq. (2.16),
as dy— oo; an immediate integration then gives
(4.5)

8E0= — aﬂﬂ(O)

#ic
8dy
the Casimir-Polder expression for this geometry.??

The transition rate is also easily obtained. Using the
imaginary part of Gs,g(f’o, To;0,0 [Eq. (3.12) at real fre-
quency] we find a transition rate from an excited state to
the ground state given by one of

Rl 143 1n(:rl __cos(1)
7’ U
(4.6)
R! 3 | cos(n) 1 .
R 2 n? * n sintn)
depending on whether the matrix element & "° is perpen-

dicular or parallel to the surface. The short-range (n—0)
result gives R*=2R? and R!'=0, as expected from image
theory. The image of a dipole perpendicular to the sur-
face points in the same direction as the dipole, leading to
a radiation reaction field at the dipole equal to twice its
usual value, and thus to emission at twice the usual rate.
The image of a dipole parallel to the surface points in the
direction opposite to the dipole, leading to a reaction field
which cancels that of the dipole, preventing any radiation.
The result (4.6) agrees with Power and Thirunamachan-

dran' and Agarwal;® it, as well as the more general expres-
sions for decay rates in the following sections, may also be
derived from a purely classical calculation.??

V. ENERGY SHIFTS AND TRANSITION RATES:
METAL SURFACE

We now turn to the more realistic problem of an atom
above a metal surface. Here, for simplicity, we study the
energy shift of an oscillator atom,*! where the polarizabil-
ity in the ground state is given by

(#ic)ac @o
(me)fiwy) 0f—o*

, (5.1)

ao(w):

where o, is the 1s-2p transition frequency, mc? is the rest
energy of an electron, and a the fine-structure constant.
Since the leading term in the shift, as dy—0, varies as
d; 3, we consider the dimensionless shift 7°8E /%, as a
function of 7, here defined as 171=2w¢dy/c. Combining
(2.16) and (5.1) we find

78E, —4fwia

i mme?

x [ de

[2GR (Fo, T3i8) + GR(To, T03i€)1d
E+op

s

(5.2)

where Gﬁﬂ(f’o,f’o;ig) is obtained by combining (3.7),
(3.9)—(3.11), and (3.13). The short-range limit, 7 << 1, is
given by

[ agSie=1on ey, (5.3)

SEy=
0= (iE)+1 PP

12 d3
while for the long-range limit, 7 >> 1, we take the polari-
zation and dielectric constant at zero frequency (cf. Sec.
1V), giving

8Eg=——L0 (5.4)

The limiting results (5.3) and (5.4) agree with those of
McLachlan® and Mehl and Schaich.? From Eq. (5.3) we
see that the level shift for an atom near a metal is less in
magnitude than that for an atom above a perfect conduc-
tor (where €é— ). In Fig. 2(a) we compare the shift for
an oscillator atom above a perfect conductor with that for
the atom above a sodium surface [taking 7w, =5.89 eV,
#/7=0.13 eV (Ref. 19)]; the long- and short-range re-
gimes are apparent.

To now consider the decay rates from an excited state
of an atom above a metal surface, we write Egs. (2.18) and
(3.8) in the form

1 12d}
%: + OImG (To, To;000) »
(5.5)
R” 12d0
—_— 14— ImG (To, To;00) »
R® UN

where 7w, is the (unperturbed) energy difference between
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FIG. 2. Energy-level shifts: (a) correction to the level shift of
the ground state of an oscillator atom, with a 2p-1s transition
energy fiwo,=2 eV, due to the presence of a surface. For Na we
let #iw, =5.89 eV and #/7=0.13 eV. For a perfect conductor we
let #iw,=10" eV and #/7=0. Here =2wod /c where d is the
distance between the atom and the surface. (b) Same as in (a)
but for a 10.2 eV transition above a glass (e=1.69) surface and a
ZnO/sapphire waveguide (€, =4.08, €;=3.13, €,=1.00).

the initial and final states. In evaluating (5.5) numerical-

"ly, care must be taken in dealing with the pole that ap-
pears in the Fresnel coefficient 7§; [Eq. (3.10)] for a metal
surface.’ The pole appears at

172
€

5.6
e+1 5.6

K=o

and signals the presence of the surface-plasmon excita-
tion; the well-known dispersion relation for surface
plasmons in the 7— oo limit is shown in Fig. 3(a). A sim-
ple method is to remove the pole in the integrand of Eq.
(3.4) and evaluate its contribution analytically; the rest of
the integrand is a slowly varying function of x and its nu-
merical integration is straightforward.

In Figs. 4(a) and 4(b) we compare the decay rates for an
atom above a perfect conductor with those for an atom
above a sodium surface. In the latter case we have fixed
the transition frequency at «o/w,=0.7, which is just
below wy/w, = 1/v2 [see Fig. 3(a)], and guarantees near
resonance with large-x surface plasmons. However, re-
gardless of the value of @, chosen, the rates over a metal
show a divergence as n—0 which is not present for the
perfect conductor. We can understand this classically by
noting that the dissipation in the metal—manifested by an
imaginary part in the dielectric constant—will cause the
image dipole to have a component out of phase with the
real dipole, and therefore out of phase with the near field
of the dipole. The near field, therefore, does work on the
image dipole in this simple picture, which physically de-
scribes the dissipation occurring near the surface, and pro-

I >

(a) / w=cKk
/
/s
Vg
A
a
V4
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/ /
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w/c 1/
!/ /
/ 7
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’
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/
7
/4
(¢}
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FIG. 3. Dispersion relations: (a) surface-plasmon dispersion
relation in the collisionless Drude model; w, is the bulk plasmon
frequency. (b) Waveguide dispersion relation. The upper
asymptote is the bulk light line w=ck/V € the lower is the
waveguide light line o =ck/V €.

vides a decay mechanism for the atom. Since the near
field diverges as »—0, so does the rate at which the ener-
gy can leave the atom. We note that this divergence is not
directly connected with the surface-plasmon excitations; it
would exist for any surface with dissipation and therefore
a complex dielectric constant, even if the material were an
essentially dispersionless dielectric. The shoulder in Fig.
4(b) at p ~3 arises as the finite, image theory result for a
perfect conductor is surpassed by this divergence. If the
dissipation is removed (7— ), the shoulder becomes
more pronounced and [except for wy/w,= 1/v2] the
rates remain finite at all 7.

However, there is a divergent effect due specifically to
the surface plasmons. Even in the absence of dissipation,
if »—0 the rates diverge for the special transition fre-
quency wg/w, = 1/v2. This occurs because of the infin-
ite density of states of surface plasmons in this model at
that frequency [see Fig. 3(a)]l. As 7—O0, the evanescent
part of the field [Eq. (3.3)] from the dipole at values of
K>@& can couple the atom into more and more of these
decay channels. This divergence was noted years ago by
Morawitz and Philpott.”> We emphasize here that it
occurs only if wo/w,=1/V2 although, of course, if
@o/@, is near 1/V2 the coupling with surface plasmons
will lead to an increase in the decay rates over their values
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FIG. 4. Rates of decay: (a) dipole transition rates, normal-
ized to the free-space rate Ry, for dipoles oriented parallel and
perpendicular to the plane of a perfectly conducting surface. (b)
Same as for (a) but a 4.123 eV transition above a Na surface.
The transition frequency was chosen so that wo<w, /V2. (0
Same as for (a) but for an arbitrary dipole transition above a
glass surface. (d) Same as for (a) but for an arbitrary dipole
transition above a ZnO/sapphire waveguide. The waveguide
thickness 8 [Fig. 1(b)] was chosen so that only one s and one p
mode could exist for a transition energy of #iw,.
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for a perfect conductor. In the absence of dissipation,
as coo/wp—>1/\/§, the rates at 7n=0 diverge as
[e(wo)+1]7%7%

Thus, we can identify two physical contributions to the
decay rate divergences as 7—0. The first is due to dissi-
pation; the second is due to coupling into surface
plasmons and occurs as wo/a)p—>1/\/%. From Eq. (3.13)
we see that if the transition frequency wq is well above
@p /V2 and there is finite dissipation, the rates behave
essentially like free-space rates, but with a dissipation
divergence for 7 << 1. For transition frequencies o, well
below @, / V2, the rates behave very much like those for a
perfect conductor but again, with a dissipation divergence
for n << 1.

Of course, both the dissipation and surface-plasmon
divergences discussed here will in reality be ameliorated
by microscopic effects: First, as 7—0 the charge distri-
bution of the atom will begin to overlap with that of the
surface, and our model of a point dipole above a sharp in-
terface will break down.?* Second, more microscopic cal-
culations of the surface-plasmon dispersion relation indi-
cate a finite density of states at all frequencies, as o devi-
ates from @,/V2 and as k increases.”” Nonetheless, the
calculations presented in Fig. 4(b), and similar ones for
other values of the important parameters, indicate that
there are distances above the surface where the presence
of the surface will modify the energy shifts and transition
rates, and yet where our simple model should constitute at
least a good first approximation.

VI. ENERGY SHIFTS AND TRANSITION
RATES: WAVEGUIDE INTERFACE

Now let us turn to a different but related problem: an
atom over a dielectric waveguide [Fig. 1(b)] with dielectric
constants taken to be real, greater than one, and frequency
independent. We use Egs. (3.4), (3.7), (3.14), and (5.2) to
calculate the correction to the ground-state energy-level
shift of an oscillator atom due to the presence of a
ZnO/sapphire waveguide. In Fig. 2(b) we compare this
shift to that for an atom above a glass (e=1.69) surface;
once again we see the long- and short-range regimes expli-
citly, as in the metal calculation. Qualitatively, there is
not much difference between the single surface and the
waveguide.

For the decay rates we use Egs. (3.4), (3.7), (3.14), and
(5.5). In the integrands of (3.4) there are poles, here in
general in both of R§; and RY;; these signal the presence
of the waveguide modes, and the number of “s” and “p”
modes depends on the thickness of the guide. To con-
veniently evaluate the expressions (5.5) we proceed as in
the surface-plasmon example: the pole contributions are
evaluated analytically, leaving a slowly varying function
of k which can easily be evaluated numerically. In the an-
alytic evaluation we add a positive infinitesimal imaginary
part to the waveguide mode wavenumbers, which ensures
the boundary condition at | R | — oo of waveguide modes
carrying energy away from the atom.

In Figs. 4(c) and 4(d) we show, respectively, the decay
rates for an atom above a glass surface, and above a
ZnO/sapphire waveguide, with a thickness chosen to al-
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low one s and one p mode to exist. In neither case is there
a “dissipation divergence,” since we have taken all dielec-
tric constants to be real. For glass, the rates remain small,
as there are no surface excitations. The presence of
waveguide modes as surface excitation decay channels
enhances the decay rates for the waveguide geometry, as
did surface plasmons in the metal-surface example. The
magnitude of the rates are smaller here than in the sodi-
um calculation, partly because of our choice of the
waveguide material: the pole strengths for the waveguide
modes are proportional to (€,, —1)~!, and ZnO gives a
fairly large €,, =4.08. Further, though, it is important to
note that there is nothing analogous to the “surface-
plasmon divergence” in the example of a waveguide: the
dispersion relation for the waveguide modes [Fig. 3(b)]
does not yield an infinite density of states of surface exci-
tations at any frequency. Thus, although surface
plasmons and waveguide modes can affect certain
attenuated-total-reflection experiments in a similar way,?
since they can lead to similar pole strengths in the respec-
tive Fresnel coefficients, they affect the decay of excited
states of atoms above the surface in quite different
manners.

Additional calculations show that, although increasing
the thickness of the guide allows more decay channels to
exist in the form of more waveguide modes, there is little
effect on the transition rates. This occurs partly because
the wave number of a given mode increases as the
waveguide thickness is increased; the component of the
field which couples into that mode is thus more evanes-
cent and, for a given atom-surface distance and a given
mode, the coupling will be less as the waveguide thickness
increases. Further, the pole strength of a given mode de-
creases as the waveguide thickness gets well beyond the
cut-off thickness for that mode, decreasing the intrinsic
strength of the coupling.?® Finally, from Eq. (3.14), we
see that for large k, the magnitude of the image dipole in
the waveguide decreases with an increase in the waveguide
thickness.

VII. CONCLUSION

We have presented a general formalism for calculating
level shifts and decay rates for atoms and molecules in the
presence of, but not with charge distributions that overlap
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with, an arbitrary interface. The essential point is to con-
struct expressions for the level shifts and decay rates in
terms of the appropriate response functions of the inter-
face, which here involve the Fresnel coefficients. This
separates the intrinsic physics of the decay rate and level
shift from the physics of the particular interface under
consideration. The first of these is embodied in our gen-
eral expressions; the second, insofar as it is important for
our results, resides in the Fresnel coefficients, the poles of
which signal and describe the contributions of any surface
excitations of relevance. For any new surface or general
interface of interest, only the new Fresnel coefficients
need now be supplied. The decay rates and level shifts
immediately follow; the general calculation need not be
undertaken again.

As specific examples, we have considered atoms above a
metal surface, using the simple, but not totally unrealistic
Drude model, and atoms above a glass surface and a
waveguide in the dissipation-free limit. We have shown
that, because of their qualitatively different dispersion re-
lations, surface plasmons and waveguide modes have
qualitatively different effects on the decay rates of nearby
atoms. )

In this paper we have treated only the problem of one
atom or molecule above an interface, but McLachlan® has
shown that the linear-response formalism (Sec. II) can be
simply extended to treat two or more bodies. Combining
this with the field decomposition of Sec. III, it is easy to
recover the Lamb shift of two atoms above a perfect con-
ductor, as calculated in a more direct but algebraically
more  complicated approach by Power and
Thirunamachandran.” The details of such matters we
here defer, as we plan to discuss the physics of many
atoms above arbitrary interfaces in future publications.
We here merely note that recent experimental® and
theoretical>? interest in problems of this sort suggests that
general formalisms of the type we have developed here
will be of some use. In particular, the extension of this
formalism to treat level shifts of excited states is an out-
standing problem?’ which we plan to address.
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