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van der Waals interactions between atoms and dielectric surfaces are reinvestigated. To describe the
nonretarded interaction potential between a dispersive dielectric surface and an atom in an arbitrary
internal energy state, we derive a general expression in terms of an integral, over real frequency, of the
combined atom and surface polarizabilities. It is shown that, for excited atoms, the expression is
equivalent to the one obtained by Wylie and Sipe [Phys. Rev. A 32, 2030 (1985)]. We thus demonstrate
how to extend this approach to excited atoms interacting with birefringent dielectrics. For isotropic
dielectrics, a method of integration in closed form allows us to derive an approximate formula for the
van der Waals interaction constant in terms of resonance frequencies and oscillator strengths of both the
atom and the dielectric. Frequency-dependent ‘““dielectric reflection” coefficients are introduced for vir-
tual atomic dipole couplings either in absorption or in emission. In absorption, the reflection coefficient
is always positive and smaller than unity. In emission, it may take arbitrary values, positive or negative
(corresponding to van der Waals repulsion). Such a behavior is shown to be related to resonant excita-
tion exchange between the atomic system and the dielectric medium, when an atomic transition frequen-
cy gets in resonance with a dielectric absorption band. Numerical calculations performed for’ the
cesium-sapphire system are shown to be in good agreement with data obtained by selective-reflection
spectroscopy. Finally, experimental tests of the birefringent character of the sapphire response are dis-

cussed.

PACS number(s): 42.50.—p, 42.25.Gy

I. INTRODUCTION

Since the pioneering work of Lennard-Jones [1], the
theory of van der Waals (vW) interactions between isolat-
ed atoms and solid-state surfaces has been developed by
many authors over the past decades [2—-13]. In the
nonretarded regime, the interaction between an atom and
a perfectly reflecting surface can be viewed as resulting
from the coupling of the atomic dipole with its electro-
static image in the surface. Due to the image correlation,
the dipole—induced-dipole interaction varies like z =3 (z is
the atom-surface distance). Most of the previous theoret-
ical works have dealt with the interaction of ground-state
atoms with metallic or dielectric surfaces, for both nonre-
tarded and retarded vW forces [1-6,11]. Resonance-level
atoms interacting with perfect conductors or metals have
also been investigated, in relation with quantum electro-
dynamic studies in the presence of an interface (cavity
QED) [7-10,12-14]. Of particular interest is the quite
complete study performed by Wylie and Sipe [12], who
derived a general expression of atomic level shifts in
terms of correlation functions from linear-response
theory.

Many experimental studies of the vW interactions be-
tween ground-state atoms and solid-state surfaces have
been performed [15]. On the other hand, recent experi-
mental investigations on selective-reflection spectroscopy
at an interface between a dielectric surface and a dilute
alkali-metal vapor [16—18] have attracted a renewed in-
terest in the problem of excited-state atoms interacting
with dielectric media. The experimental results are well
interpreted by assuming a nonretarded vW potential
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varying in z 3. However, the precise interpretation of

the atomic frequency shift requires that one take into ac-
count the full, complex dielectric response at all the
wavelengths, due to the fact that some excited atomic
transitions may lie inside the absorption bands of the
dielectric medium.

In this article, we consider the nonretarded interaction
potential between an atom in an energy level |a) and a
dielectric surface characterized by a frequency-
dependent, complex, dielectric constant e(w). We derive
a general expression valid for an arbitrary atomic level
(Sec. II). The case of birefringent dielectrics is also con-
sidered. Model calculations are performed in Sec. III to
get an approximate analytical expression of the vW in-
teraction constant C; in terms of resonance frequencies
and oscillator strengths of both the atom and the dielec-
tric. Sections IV and V are thus devoted to the particular
case of the dielectric response of the sapphire and to the
calculation of sapphire-induced energy shifts of cesium
excited states, including a comparison with the experi-
mental results. In Appendix A, the limit case of a dilute
dielectric medium is shown to give the well-known vW
potential between two atoms.

II. POTENTIAL ENERGY OF ATOMS
NEAR A DIELECTRIC SURFACE

A. The electrostatic image model

Let us recall that, in electrostatics, the effect of an arbi-
trary flat dielectric surface (dielectric constant €, > 1) on
a charge ¢q located in vacuum at distance z from the sur-
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face can be modeled by assuming the presence of an im-
age charge —q[(g;,—1)/(g,+1)], located symmetrically
at position —z [19]. Similarly, the effect of the dielectric
surface on an electric dipole u is equivalent to an image
dipole p! with components parallel to the surface

g, —1

I —
Py =— (1)
oy T e ey

and normal to the surface

g, —1
ss+1#z

ul= (2)

This leads to a dipole-image dipole interaction energy of
the form

yo__ &1 s g 2] )
o g, +1 1623 '

The case of a perfect reflector is given by the limit

€,—>00.

The corresponding quantum-mechanical interaction
operator V is given by Eq. (3), where p is now the atom
electric dipole moment operator. At first perturbation or-
der, the energy shift of the atomic level |a ) is given by

g,—1 (alp*+ulla)

(a[Vla)=——r &7
—_ 1 &s I an|2+| an!2+2| an|
- 1623 €, 2[ Hx .u'y |22 ]
4)
in which
“”"(a|,u.x| (5)

is the |a)—|n) transition dipole moment along direc-
tion x; and the summation is performed over all atomic
levels |n ) connected by electric dipole transitions to |a ).
Equation (4) is valid if we assume the dielectric to
respond instantaneously at any atomic transition frequen-
cy. When some of the electric dipole transitions of the
atom lie inside the absorptive or dispersive ranges of the
medium, the dielectric response is characterized by a
frequency-dependent, complex, dielectric permittivity
e(w) and Eq. (4) no longer applies.

B. van der Waals interactions between
ground-state atoms and dispersive dielectric media

The vW interactions between an atom in the ground
state and a dielectric surface has been derived by several
authors [4-6,11,12] on the basis of either QED ap-
proaches or the linear-response theory using quantum-
mechanical perturbation approach. In the nonretarded
regime, the vW interaction may be simply expressed as an
integral, over pure imaginary frequencies (iu), of the op-
tical responses of the atom and the solid:
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aiixi represents the component along x; of the tensorial

polarizability of the ground-state atom. For an isotropic
ground state, af, =af, =a$ =a® and Eq. (6) reduces to
(4-6]

a(zu)
23 u)+1

Vg(z)=— d (7

One may introduce in Eq. (6) the well-known expression
for the polarizability of the ath atomic state

®
ax m——EMﬂZ = ®)
Z —w?
in which o,,=(E,—E,)/# is the a—n transition fre-
quency (positive for E, > E,, negative for E, <E,) and
4" is defined by Eq. (5). We obtain

1
Vo (z)=— 32(|p§"|2+|y§”|2+2|u§”|2)
8mz> <,

ooe(iu)—l wgn
o eliu)+1 a)én +u2

du, 9

which can be also written as

V(z)=— 32(Iu "2 g 2+ 2 | g P)r (o, ) (10)
if we introduce a frequency-dependent ‘dielectric
reflection” coefficient as
2 pogliu)—1 Do
= d 11
rlwo)= fo eliu)+1 w3+u? “ (11)

(in which wy=w,, >0). For long wavelengths (electro-
static limit wy—0), ro=[e(0)—1]/[e(0)+ 1], where £(0)
is the static dielectric constant. It follows, from the prop-
erties of e(w) [20], that €(iu) is real, positive, and falls off
monotonically to one as u increases. Thus 7 (w,) is also
monotonically decreasing from ry(wy=0) to zero
(wg— ). For e(w)=¢g, r(w)=(g;,—1)/(g,+1), and Eq.
(10) reduces to Eq. (4).

The integral of Eq. (11) over the imaginary frequency
axis can be turned into an integral over real frequency
axis by using the integration contour of Fig. 1. For this,
one notes that the function [e(w)—1]/[e(w)+ 1] has no
pole in the upper complex plane. It can be shown indeed
[20] that, because of causality principle, e(w) is not real
in the upper complex plane, except on the imaginary axis,
where € is real and positive. Thus, by integrating
{[e(@)—1]/[e(0)+ 1]} 0o/ (0F— 2)] over the contour
of Fig. 1, one obtains r as

o @q
Fog)=2P [ mE2 "L 20 4, 1 ge=
m 0 €

E(U))+1 a) —a)
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FIG. 1. Integration contour for turning the integral of Eq.
(11) into an integral over the real frequency axis.

In Eq. (12), P stands for the principal value of the integral
and Re and Im denote real and imaginary parts, respec-
tively.

C. Excited-state atom interaction

Equations (10) and (12), yielding the nonretarded vW
interaction for a ground-state atom, are generalizable to
any atomic state since they are expressed in terms of real
atomic and dielectric frequencies. They can be obtained
directly via Fourier-transform methods from quantum-
mechanical perturbation theory applied to any energy
level of the atom-dielectric system. The vW shift for an
excited level |e ) is

1

V,(z)=—
o(2) 1623

S Uud P+ P +20ue” P (oy,)
<

(13)

with r given by Eq. (12). Let us note that, now in the
summation on the right-hand side of Eq. (13), there may
be a state |n’) of lower energy than that of state |e ),
which means ,,, <0 (i.e., virtual dipole coupling in emis-
sion). For o, <0, r(w,, ), as given by Eq. (12), is no
longer equivalent to expression (11). Indeed, when carry-
ing out the reverse transformation by means of the in-
tegration contour of Fig. 1, one easily shows that, for
negative frequency, the dielectric reflection coefficient is
given by

2 roceliu)—1 | ool

r=looD==") i1 adtu?
+oreSeol "L (14
e(lwo))+1 7
where we have wused the well-known relation

e*(®w*)=¢e(—w). It is shown in Appendix A that, in the
limit case of a noninteracting, dilute dielectric medium,
this expression allows us to derive the well-known binary
vW potential between two different atoms [cf. Eq. (A3)
and the following].

Relation (14), when inserted in Eq. (13), with the help
of Eq. (8), yields the following potential energy:

#
16723

V,(z)=— fowdu[aix(iu)+a;y(iu)

eliu)—1
e(iu)+1

1 . , .
— 823 2[|'u§n I2+l‘u;n |2_+_2|‘u;’n |2]
n

+2a;,(iu)]

elw,,)—1

XRe | ——"
®l @, +1

]9(—(09,,') : (15)

where O is the Heaviside function. This expression was
first derived by Wylie and Sipe [12], who gave a very gen-
eral approach (in the retarded and nonretarded regime) of
the interaction between atoms and solid-state surfaces.
They have interpreted this energy shift by associating the
first part of the right-hand side of Eq. (15) with the forces
induced by pure quantum-mechanical fluctuations (which
yield the only shift for ground state or metastable atoms),
while they have shown that the second part, coming from
atomic transitions associated with emission processes, is
the quantum-mechanical analog of the energy shift of a
classical oscillating dipole, interacting with a solid-state
surface. Our approach shows that both Eq. (9) for the
ground-state atom and Eq. (15) for excited state derive
from a unique potential, which can be expressed in terms
of real frequency [Eq. (12)]. The general meaning of Egs.
(10)—(15) will be analyzed in more detail when we will
consider their application to a particular dielectric.

D. Birefringent dielectrics

The interaction between a ground-state atom and an
anisotropic solid has been derived by several authors
[21,22]. They have shown that, for a homogeneous
birefringent dielectric with the symmetry axis normal to
the interface, Eqgs. (6) and (7) still apply if one replaces €
by €, with

€(z‘u)=[s”(iu)el(iu)]l/2 , (16)

where € and ¢, are the dielectric permittivities for elec-
tric fields parallel and normal to the interface, respective-
ly. This leads to a “‘dielectric image” coefficient for the
ground state similar to Eq. (11)

2 reo€lu)—1 @
Flawg) == du . (17)
Fla=", i) +1 odtul

Note that, since €(iu) is real and positive, €(iu) is univo-
cally defined by Eq. (16).

A generalization to the excited state is easily per-
formed via the procedure detailed in Sec. II B to trans-
form Eq. (17) into an integral over real frequencies

Ew)—1 Do

2 o
Flog)=—P  Im o1
U fO o)+ 0f—o® E(wy)+1

In Eq. (18), €(w), now complex, is given by the deter-
mination of [sn(a))sl(w)]l/ 2, which analytically extends
€(iu) over the upper complex plane of Fig. 1. Equation
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(18) leads to a reflection coefficient for negative frequen-
cies (corresponding to dipole coupling in emission) similar
to Eq. (14), with € replaced by E.

In the electrostatic limit_ (wy,—0), 7 is equal to
(8,—1)/(g,+1) with €, =1"¢&/,. This result can be
obtained by extending the image model to birefringent
dielectrics, which is possible if the birefringence axis is
normal to the surface (Fig. 2). Indeed the cylindrical
symmetry around the surface normal and the continuity
conditions on the interface for both the tangential electric
field and the normal displacement field allow one to show
that for a charge g at distance z from the interface (i) the
field inside the birefringent dielectric [23] is equivalent to
that produced by a fictitious charge g, =[2€,/(E,+1)]g
located at distance z,=z(g,,/e;)'/* from the surface
and (ii) the field in the vacuum is equivalent to the one
produced by the charge g and an image charge
q;=—q(€—1)/(§,+1) located at position —z. This
shows that for an electric dipole u, the interaction poten-
tial with birefringent dielectrics is given by Eq. (3), with
g, replaced E;.

III. MODEL CALCULATIONS

In this section we consider an isotropic dielectric in
which ¢, as a function of w, can be modeled by the usual
expression

fa®}
t@)=1+C+3F—5——5"—, (19)
W, @ —IiY,®

where C is a constant and the third term on the right-
hand side describes resonances in the dielectric medium
around frequencies w,, with f, and 7, the strengths and
widths of these resonances, respectively. Let us first con-
sider a model with a single resonance. Then we obtain,
after some elementary algebra,

_ 1 glw)—1
f(w) Im‘_——e(w)-i-l
_ 2f17’1a’% @ 20)
2 2 :
(2+0) fi ?— o2 +y20?
2+C |! !
By introducing the quantities
dp
q TJD
d
0
' vacuum
z

«

I
— &
birefringent dielectric qp

l_‘ E//s
Els

FIG. 2. Equivalent charges in the case of a birefringent
dielectric.

2f 1701 N i
= e 4+ 2 ,
we thus have
flo)=K, @ (22)

Q1= +y20?

We first evaluate the integral in Eq. (12) by using the
identity

P[ f)

1
;T do
Wy @

1
03— w?

= [ "1 @)= f (o)) do. (3

With f(w) defined by Eq. (22) we find

[f (@)= f (log ) ]———

1
Di—o?

_ K,

" D (0)D (o) || +)

X[ —Qt+wlwg/(—2Q2+ 0+ olwy| + 03+,
(24)

where we have set D (0)=(Q?—w?)*+ylo

We now consider the limiting case where the resonance
around £, is extremely narrow, i.e., its width is negligible
compared to all other characteristic frequencies of the
system. In particular, the atomic frequency |w,| is as-
sumed to lie outside the resonance in the dielectric. Then
we may neglect ¥? in the last factor on the right-hand
side of Eq. (24) and, since the relevant values of w are
close to Q,, use the approximation Q}~wQ3 and
—20 1+ 0’ +oloy = — Q2+ Q,|wy|. Hence we write

=K a’(z)_ﬂ% w
o* ! D(wy) D(w)~

1
[f (@)= f (log])]—
wo—
If we further neglect the term y2w3 in the expression for
D(w,) so that we have
03— QF

D(w,) wi—02°

the integral defined by Eq. (23) takes the form

w 1 K
P =
fo S(@) 03— o? do

1 ©
pemr: S Dyt @9

In the limit of vanishing y,, the calculation of the
remaining integral yields the value 7/2y,Q);. Hence we
obtain the expression

1 K, T

P[” do= :
fo f(co)w(z)_w2 ® oi— 0l 27,3,

(26)

It remains to evaluate the second term on the right-hand
side of Eq. (12) for which we use again the approxima-
tion of negligible width of the resonance. We then have
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8(600)'—’1 _
elwy)+1 N

(f;+C?—wiC

QN
2+ C)wd—0%)

Re

By adding the expressions for the two terms we thus ob-
tain the final result

rog)=—2——1
o 24+C -0}
wof 10} . (f1+Col—wiC (28)
2+0)Q, 2 ’

where in Eq. (26) K| has been replaced by its value as
given by Eq. (21). This result with wy=w,, can now be
substituted into Eq. (13) for the van der Waals potential.

In the more realistic case where £(w) possesses several
resonances at values w,, there is no simple expression re-
lating f(w) to the quantities C and w,. However, if the
resonances are sufficiently narrow, we can approximate
f(w) as a sum of Lorentzian-type resonances by writing
it in the form

flw)=3K,

9]

(QZ __(02 )2+F20)2 ’ (29)

in analogy to the single resonance case. Note, however,
that in contrast to this latter case, the damping constants
are different from those of the expression for €(w). For
the integral the result of Eq. (26) can then again be used
so that we have

® f(co K,
— (30)
f 03— o? ? i—Q2)r,Q,
and
?
C+
elwg)—1 %w —w}
Re = . (31)
8(&)0)+1 f”a)zl
CH2+>——
n On — O

Expressions for K, and I', in the case of multiple reso-
nances are derived in Appendix B. Then Egs. (30), (31),
and (12) give

w?

C+
K, %w _wo
6—Q3)T,Q, fah
C+2+2———'—2—

n @Oy W

r(wg)=

a)oz (w

(32)

Note that, for wy— + «, r—C /(C +2). This asymptotic
value comes from the empirical choice made in the mod-
eling of the dielectric constant [in Eq. (19), e— 1+ C for
w— + o]

IV. AN EXAMPLE OF DIELECTRIC RESPONSE:
THE SAPPHIRE SURFACE

In this section, we apply the previous theoretical ap-
proach to predict the dielectric response of a sapphire

1557

TABLE I. Resonances of sapphire dielectric constant (w; and
y; are given in units of 10'2 Hz) (from Ref. [24]).

i ; Yi fi
g)(w) 1 11.55 0.17 0.3
2 13.26 0.13 2.7
C =22 3 17.07 0.34 3.0
4 19.05 0.38 0.3
e(w) 1 12. 0.24 6.8
C,=2.1 2 17.54 0.61 1.7

surface. Sapphire is a birefringent material. The dielec-
tric permittivities of the ordinary mode ¢ (w) and the ex-
traordinary mode €,(w) can be expressed via analytical
equations of the type of Eq. (19), by using data given in
the literature for the visible and infrared ranges (A >0.4
pm) [24].

su(w) has four resonances and €,(w) two resonances,
the characteristic parameters (f;,;,7;) of which are

Re &//, (O)

[

 Im g//
00 (b)
200 +
100 :
|
|
. LJ\J J o,
0.1 0.15 0.2 0.25 0.3

FIG. 3. g|() versus o (in units of 10'* Hz) for the sapphire
(a) real part and (b) imaginary part.
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£/

05

0 h —
0.1 0.15

FIG. 4. Im[g)(w)—1]/[gj(w)+1] versus w (in units of 10"
Hz) for sapphire.

given in Table I. As an example the frequency depen-
dence of g is given in Fig. 3.

The dielectric response of a plane sapphire interface is
characterized by the function F(w)=[e(w)—1]/[e(w®)
+1]. Its imaginary part f(w)=ImF (w) is given in Fig.
4 for an ordinary index f(w). The approximate expres-
sion of f (@) as a sum of Lorentzian-type resonances [Eq.
(29)] yields values that cannot be distinguished in Fig. 4
from the exact representation of f(w) such as that calcu-
lated with (@) [Eq. (19)]. Note that in general f () has
resonances at frequencies (),, which are quite different
from the resonances of the bulk dielectric permittivity
®,. Surface resonances are given by the roots of
e(w)+1=0 (with ¥, =0). The characteristic parameters
of the resonances of f(w) and f,(w) are given in Table
II.

In fact, we have shown in Sec. II that, for a
birefringent dielectric, the important observable is
'€(co)=\/£“(w)sl(co), which we present in Fig. 5. Note
that, for all w, we have chosen the root with a positive
imaginary part. The general shape of these figures results
from the mixing of the six resonances. For example, in
Fig. 5(b) we can notice that w3 and o} are so close that
they give only one resonance and that the wings of the

TABLE II. Resonances of plane sapphire interface [); and
T'; are given in units of 10'2 Hz and X in units of (10'2 Hz)].

J Q; T, K;

1 11.63 0.17 2.73X1072
filw) 2 14.42 0.18 0.5885

3 18.82 0.37 0.4423

4 24.96 0.3 49.85
fi(w) 1 15.25 0.4 3.668

2 24.20 0.45 77.079

resonances ) and o} contribute to the small peak be-
tween them. _

In Fig. 6, we draw the function f(w)=Im[E(w)
—1]/[€(w)+1], which presents seven maxima, the posi-
tion of which coincides with the minima of |&(w)+1].
Note that, for birefringent dielectrics, we cannot get an
approximate expression of the type of Eq. (29) for the
function presented in Fig. 6.

In Figs. 7 and 8, we present the dielectric reflection
coefficient defined in Sec. II by Egs. (11) and (14) for >0
and o <0 with

fa@h
eliu)=1+C+3

BT (33)
0l tulty,u

where we have introduced the parameters given at the be-

——

. S
01 .15 0 0.25 0.3

Imﬂl
Lol
o) W,
"L
60 @ ‘a)z

40

20 -

) o
0.25 0.3

0 1
0.1 0.15

FIG. 5. Vgj(w)e,(w) versus o (in units of 10" Hz) for the
sapphire (a) real part and (b) imaginary part [w! and o} indicate,
respectively, the g)(w) and €,(w) resonances positions].



51 van der WAALS INTERACTIONS BETWEEN EXCITED-STATE. .. 1559

T (0)4

15+

0.5
©]

(0]

»>

<

O 1 — L
0.1 0.15 0.2 0.25 0.3

FIG. 6. Im{[V'g|(w)e(w0)—1]/[Ve|(w)e(w)+1]} for sap-

phire ( in units of 10'* Hz).

ginning of this section, respectively, for the ordinary
mode [r ()] and for the extraordinary mode [r (w)].
We note that r(w>0) is, as predicted, a monotonically
decreasing function starting from the static value
rolw=0)=[e(0)—1]/[(0)+1]; [r,(0)=0.809 and r,(0)

=0.841]. Note that, in absorption (> 0), the influence
of sapphire birefringence is quite small and 7, and r,
have very close values. This is not the case in emission
(w <0), where r presents sharp variations around the as-
sociated surface resonances Q! or Qi: ry(— lw|) varies
from 22.36 to —21.47 for |o|~=Q} and 7 (—|w|) varies
from 15.76 to —15.05 for |w|~Qj. This predicts a giant
attraction or repulsion for an excited atom in front of the
sapphire surface if this atom has a resonant transition for
this o value [25].

In Fig. 9, we compare r|(w), given by Eq. (32) for our
approximate method developed in Sec. III and Appendix
B, to the exact results presented in Fig. 7. We can see
that for the two cases (o >0 or w <0), the approximate
method is excellent and can be used for the vW potential
except if the atom transitions coincide with the dielectric
resonances. The same conclusion can be reached for .

The difference between | and r; shows the need to ful-
ly account for the birefringent behavior. In Fig. 10, we
present the dielectric reflection coefficient for the
birefringent case, where we have used Egs. (11) and (14)
with e(iu)=%(iu) given by Eq. (16). F(w>0) decreases
monotonically from 7(0)=0.826 and is not very different
from 7| and r,. On the other hand, 7(w <0) presents
strong variations particularly around the peaks of f(w)
(Fig. 6). We have noted the corresponding positions in
Figs. 10 and 6 with the same number. On peak (3) at
|w|~0.144 X 10'* Hz (A=20.83 pum), 7(w) reaches 2.318.
On peak (6), 7(w) varies from 18 to —17 (F=0 for
|| =0.2456 X 10'* Hz, A=12.21 pum). From Table II we
can infer that peak (3) mainly originates in resonance Q}
of the ordinary mode, while peak (6) comes from both Q
and Q3.

V. SAPPHIRE-INDUCED ENERGY SHIFT
OF EXCITED CESIUM

It is worth applying the previous results to the cesium
6S,,,-7P;,, transition (A=455 nm), for which detailed
experimental results have been published [18], including
evidence of the effects related to the nature of the dielec-
tric medium. A striking feature is that an important con-
tribution to the vW interaction (7P;,,—6D5,, coupling)
lies in the sapphire absorption range. A detailed list of
the various virtual couplings which contribute to the vW
interaction for an ideal reflecting surface was previously
given in [18]. It is schematically represented in Fig. 11.

Considering the case of a sapphire surface, one finds a

/'y
| T/ (@)0) (a)

0.8
0.7 +

06

0.5 L L . L 1 L Q,’
0

r// ( @{0)
A

20 ¢

10 r

/ ! ‘
'10.1‘ ‘ o ‘ 02 jo|

FIG. 7. ri(w) versus o (in units of 10" Hz) for sapphire: (a)
®»>0and (b) @ <0.
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TABLE III. Theoretical values for the surface vW coefficient
associated to the 6S,,,-7P;,, Cs transition, for different limiting
cases of the birefringent sapphire, compared to the experimental
estimate.

C;
(kHz um?)

Calculated

C! (approximate) 13.81
(exact) 13.81
Calculated

C3 (approximate) 13.81
(exact) 13.80
Calculated

C, (birefringent) 13.81
Measured

[18] 20 (4)

T r1(v)0)

0.9 -

0.5 ' : P
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4 r1(w{0)
(b)
10 +
0 0.2 0.4 0.6 0.8 10!
_‘|0 -

FIG. 8. r,(w) versus  (in units of 10'* Hz) for sapphire: (a)
@>0and (b) w<0.
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vW attraction, quite independent of the window
birefringence and of the various approximate models (see
Table III). The calculated value is on the order of 14
kHzum?, in better agreement with the experimental
determination (20 kHzum3+25%) than the previous
crude theoretical estimation (11 kHzum?® [18]. One
notes that, as all major couplings are the virtual absorp-
tion type, it excludes the possibility of a resonantly
magnified vW interaction. This also explains why the
birefringent nature of sapphire does not sensitively affect
the theoretical predictions.

Conversely, for the 6D level of Cs, which is, as already
mentioned, strongly coupled to the 7P level, the coupling

2 T r// ( ©)0)

|
| - - B B - e e - - | 4
0 0.1 0.2 0.3 0.4 0.5
i
I
i
ol
4 .
|
47/ (0)
20 r (b)
(0]
—»

] pfz < 0.4 0.5
.

FIG. 9. rj(w) versus  (in units of 10'* Hz) for sapphire: (a)
®>0 and (b) @ <0. Thick line, exact values (numerical integra-
tion); thin line, approximate closed-form expressions. Note that
outside the resonances, the closed-form predictions exactly
coincide with the numerical calculations.
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is now turned into an emission coupling. Table IV lists
the main atomic couplings to the 6D level with their
respective vW contribution in the case of a perfect
reflector and in the case of a sapphire window. One no-
tices that the 6D;,,—7P,,, coupling (A=12.15 um),
which accounts only for 20% of the overall vW attrac-
tion in front of an ideal metal, becomes totally dominant
in the case of a sapphire surface and should lead to a
magnified surface interaction whose sign depends on the
model. The theoretical approach, fully taking into ac-
count the birefringent behavior of the sapphire window
(Sec. II D), predicts a resonantly enhanced vW repulsion
for the 6D; /, level (last column of Table IV).

It is also remarkable that the 6Ds,, level, very similar

A
T (@)0)
T (a)
0.9 |
0.8 P
0.7 +
0.6 -
05 ‘ : : SN
0.2 0.4 0.6 0.8 10
3 |
T (@(0) i ® - (b)
A '
10 |
©] ]
L0 012 04 o016 oas 02
a 02|/ 04 06 08 1 1ol
_’]O L
FIG. 10. 7(w) versus o (in units of 10" Hz) for the

birefringent sapphire: (a) @ >0 and (b) @ <O.
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8Ds/

D3

6Dsp

6Dsn2
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6S1n J

FIG. 11. Schematic representation of the Cs energy diagram,
showing the various virtual dipole couplings of the 7P;,, level.
The thickness of the arrows is approximately proportional to
the strength of the coupling contribution to the vW shift for the
perfect reflector.

to the 6D/, level as far as the atomic structure and ener-
gy are concerned, does not feature such a dramatic
model-dependent behavior in the sapphire case, although
the bulk sapphire absorption is much more important
than for the 6D; /,-7P transition. This illustrates how the
dielectric medium resonances are affected by the surface
form factor (e—1)/(e+1).

VI. CONCLUSION

In this article, we have analyzed the nonretarded vW
interactions between an atom in an arbitrary energy level
and a dispersive dielectric surface. We have derived in-
tegral and closed-form expressions directly applicable to
recent selective reflection experiments. As an example,
this approach has been used to analyze the long-range in-
teractions between excited cesium and sapphire.

A major prediction of this study is that atom-surface
interactions may be resonantly enhanced when some of
the atom emission frequencies are resonant with the
dielectric absorption bands. This can lead to giant attrac-
tion or repulsion of the excited atom by the dispersive
dielectric surface. One should note, however, that, simul-
taneously to this enhancement of the surface-induced lev-
el shift, an enhanced line broadening is also predicted,
diverging like 1/z3 at short distances and proportional to
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TABLE IV. List of the main contributions to the surface vW interaction for the 6D Cs levels (in
kHzum?). The ideal reflector and various limiting cases for birefringent sapphire are considered.
Atomic data are taken from [26]. The sign (—) in column 2 is for emission coupling.

Perfect Ordinary Extraordinary Birefringent
Levels a==a’ Ager (um) reflector sapphire sapphire sapphire
6Ds,,= 6P, (—)0.918 0.44 0.22 0.22 0.22
7P, (—)14.59 8.05 16 19 17
8P;,, 3.17 0.47 0.27 0.27 0.27
4F 5.44 12.43 7.6 7.6 7.6
SF 2.30 0.33 0.19 0.19 0.19
6F 1.76 0.18 0.10 0.10 0.10
C; (6Ds,;) 22 24 27 25
6D;,,= 6P, (—)0.876 0.32 0.16 0.16 0.16
7P, (—)12.15 3.87 75 —44 —61
7P; (—)15.58 1.63 2.5 29 2.6
8P, ,, 3.21 0.41 0.24 0.23 0.24
4Fs,, 5.31 11.60 7 7 7
5Fs,, 2.28 0.33 0.19 0.19 0.19
6F;,, 1.74 0.18 0.1 0.1 0.1
C, (6D;))) 19 85 —33 —50

f(o)=Im[(e—1)/(e+1)] [12,27]. Indeed, because of
the imaginary part of the dielectric constant, the image
dipole has a component out of phase with the atomic di-
pole, introducing a dissipation process in the dipole-
dipole interaction. This near-field divergence of the line
broadening, which does not exist for perfect conductors
or transparent dielectrics, may reduce the excited-state
lifetime notably and partly hinder the observation of such
level shift enhancements.

The above situation represents a case study of a strong
interaction between an excited microscopic system and a
macroscopic (“classical”) dielectric body, or, in other
words, an example of resonant coupling between a
discrete quantum level (initial excited-state atom and
ground-state dielectric) and an energy continuum (deex-
cited atom and excited dielectric). Selective-reflection
spectroscopy [16—18] offers a unique means of exploring
this type of resonant interaction, by using an excited
atomic system as a selective detector of the quantum
response of the dielectric-vacuum interface at a set of
discrete atomic frequencies.

It should be quite interesting to check the influence of
birefringence in the dielectric response. As noted for the
case of sapphire, birefringence introduces distinct
features for atomic frequencies inside the dielectric ab-
sorption bands. In this respect, the 6D; ,, Cs level should
represent a stringent test of the birefringent behavior.

An interesting extension of this work lies in the
analysis of the retarded, long-range, interaction between
excited atoms and dispersive dielectrics, with such ques-
tions like the possible existence of an oscillatory behavior
of the atom-surface potential or its interferometric can-
cellation at a given separation. Other extensions include
the excited-atom-dielectric-microsphere interactions
around the absorption bands.

APPENDIX A: THE BINARY INTERACTION LIMIT

It is illuminating from a theoretical point of view to
derive the well-known binary vW potential [28] between
two atoms of different species from our general expres-
sion (13). To do so, we assume that the atoms of the
dielectric do not interact with each other and we only
consider binary interactions of these atoms with the atom
outside the dielectric. This amounts to making, for the
dielectric, the low-density approximation

e—1 1

e+1 ~>5‘(€—1):27TN(1D »

(A1)

where N is the number density of atoms in the dielectric
and ap is the polarizability of one of its atoms. For the
polarizability of an arbitrary atom inside the dielectric we
introduce the expression

2 ,
aplw)=°-3 Sad , (A2)

> 2
m g 0gy— 0" 1Y gg@

where d labels the ground state of the atom and d’ desig-

nates any state connected to the ground state by a virtual

transition with frequency w 4, and damping constant y 4,
With our approximation [Eq. (A1)], we then have

_ . _g—1_ 2wNe? Saa¥ aa®
f(@)=Im = 2 22 .2 2
etl m  (wge—o ) +v5g0
if we restrict ourselves to one single transition

|d)—|d'). This expression can be identified with Eq.
(22) if we set

2
e —_
K, =2"TN_m faaYaa > V1i=Vaar» =0g -

Then, with the result of Eq. (26), we find the expression
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Pf°°

With the same type of approximations, i.e., ¥4 small
compared with all characteristic frequencies, we have, us-
ing Egs. (A1) and (A2),

elwy)—1 e? 1

- =N ffp———r .
PP R L p——"

e” fdd 1

elw)— 1
m @y wf—wgy

_ 2
am+1m—wd N

Hence Eq. (11) yields the expression

2 9]
e 0 1 1
0 m Jaa 03—k | ®ar @ ]
2
e 1
=2aN—fygo—————— .
m fdd wdd'( C()0+Cl)ddl)
By substituting this result into Eq. (13), with wy=w,,, we
find
V=T ENL S g ———— .
6 m 23,, ,d' “ 4 wdd'(wen’+wdd’)

By introducing the oscillator strength f,,. defined by the
relation

2
fen 2

m 2
ﬁ en’|l"en'| ’
we write V' (z) in the form

N—'z fenfdd

23 G Pen@g (@ 0gq)

V(z)= ———ﬁ (A3)
m?

This result can easily be related to the binary vW poten-
|

tial between two atoms at distance R, as given by the ex-
pression

V6(R )_ - F .
Then, by summation over binary interactions between the
atom outside and all the atoms inside the dielectric
one obtains, for the constant Cg, the relation Cg
=(6/mw)(1/N)C;, with C; defined by the relation

V(z)=—C,/z%. By extracting C, from Eq. (A3) we thus
find
C — 1 £4_ fen'fdd’
2 mz n',d’' Do @ Den' + 0ggq')
i 64 h fen fdd

2 m? 2m)* S VenVaa Ven tVaar)

This well-known result [29] has been widely used for cal-
culating vW constants for ground- and excited-state po-
tentials.

APPENDIX B: APPROXIMATE CALCULATION
IN THE CASE OF MULTIPLE RESONANCES

We present a method that allows us to write the quan-
tity f(w)=Im[(e—1)/(e+1)] as a sum of Lorentzian-
type shapes involving N resonances at frequencies {2, and
linewidth parameters I',,, assuming that e(w) is represent-
ed by an expression of the type of Eq. (19). Our method
is valid in the case y, <<w,, i.e., for narrow lines in the
spectrum of the dielectric. Starting from Eq. (19) we can
write

F=(e—1)/(e+1)= [CH(w,, - —1y,,m)+2f,, I (e?—o —w,w)]

i¥*n

i#n

X [(C+2)H(a),, — —tyna))-i-zfnw,,n(a) —o —ty,w)] (B1)

According to the approximation stated above we restrict ourselves in both the numerator and the denominator to

terms linear in the y,,. This yields

F=[CH(wﬁ—w2)+2f,,a),2,H(w%—(oz)—ijzy,,H(m?—wz)_imEanwf,y,- II (0}—ow

i#*n n i#*n

?)
n i¥*n JjFLj=n ]

[(C+2)H(w —w2)+2f,, ol [[(0} =) —i(C+2)o3y, [[(0}—0))—io3 S froly; T (0i—w?)]7'.

i#*n

If we write this expression in the form F =(4 —iwB)/(D

_ w(AE —BD)
SeI=" 2y g

n i#*n n i#n JFEijFEn

(B2)

—iwkE), its imaginary part is given by

Now we introduce the roots of the quantity e(w)+1 for the case ¥, =0 and designate them as {2,. Then we obtain,

after some algebra, the expression

flo)=20 3y, [[(«? —caz)Zf,, X [ (0?—o?

n i%*n i#n

where the denominator

n i#*n

2 Efnwﬁ’}’i

n i¥#n

11 (a»?—co2

J#EiL jFn

)]I;I(mf,—wz)]/i) ,

n i#n

~(c+2)2H<02—m2>2+w (C+2)3 7, [[(@2 =)+ 3 fooiy; [ (0i—w )2]-1. (B3)

JFEi, jFn
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Finally, the numerator of the right-hand side of this expression can be further reduced so that we have

/(@)=20 [S7.f0} (0] —07 | /D (B4)
n i#*n

With the assumption of small y,’s, the damping term in the denominator of Eq. (B4) can be considered to be small com-

pared to the distance between resonances as defined by the different values of ©,. Under this condition we can write

f(w) as the sum of N terms, each one describing a resonance centered at frequency (2,. The shape of each term can be

deduced easily from the structure of Eq. (B4). Hence we can write

Flo)= Ko
DT PR

where the parameters K, and I',, are given by the expressions

ZZYifiw?H(wf—Qi )
i j#i

K, = , B5
(C+H2) ;- 0})? B3
i#*n
(C+)3y: [[(0}—Q)+3fio}Sy; [I (0f—02)
r = i jFE i JFEi kFiLkFE] (B6)
" (C+2)[[(02—02) '
i#*n
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