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Interaction of light with an atom near the surface of a superlattice. II. Quasiperiodic case
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Spontaneous-emission properties and resonance Auorescence for a two-level adatom near the sur-
face of a semi-infinite superlattice with quasiperiodic structure are studied by use of surface-dressed
optical Bloch equations and Maxwell's equations. Effects of dielectric properties and the geometric
structure of this superlattice on spontaneous-decay rate and frequency shift, resonance-fluorescence
spectrum, time evolution of adatomic inversion, and Auctuations of the dipole moment for this ada-
tom are discussed and some novel phenomena are discovered.

I. INTRODUCTION

In a recent paper' we obtained a set of new surface-
dressed optical Bloch equations (SBE) by using Dekker's
quantization procedure for dissipation systems ' and the
reservoir theory and discussed resonance fluorescence of
an adatom adsorbed at a surface of an ideal conducting
metal or a dielectric with its transverse frequency coin-
ciding with that of the adatomic transition. These SBE
can be used to deal with the interactions of adatoms with
light field. Very recently, we applied the above theory to
luminescence and resonance fluorescence for an adatom
adsorbed near a surface of a small metal particle or a
multilayer thin film or a semi-in6nite periodic superlat-
tice. Recently, there has been also considerable interest
in optical properties of adatoms and interactions of light
with adatoms. " In a recent publication, ' Arnoldus
and George discussed surface-enhanced correlations be-
tween polarized photons undergoing resonance Auores-
cence in the case of an atom near an ideal conducting
metal surface. In another recent article" they studied
spontaneous decay and adatomic Auorescence near a met-
al or an adsorbing dielectric.

In this paper we apply the theory described in Ref. 1 to
the spontaneous-emission properties and resonance
fluorescence of an adatom near a semi-infinite superlat-
tice with quasiperiodic structure. The spectral properties
of one-dimensional quasiperiodic Schrodinger operators'
have attracted more interest' ' since the discovery of
quasicrystals. ' In Ref. 13 Lu et a1. studied the proper-
ties of general one-dimensional quasilattices which can be
generated from a 6nite set of basic cells by a generalized
induction procedure and showed that quasiperiodicity is
not necessarily related to irrationality of some physical
parameters. Here we consider that the semi-infinite mul-
tilayer substrate having two constituents is uniform in the

X and Y directions but in the Z direction the layers are
arranged according to the generalized induction pro-
cedure' to form a semi-infinite quasiperiodic superlat-
tice. The adatom is taken as an emitting dipole from
which the electromagnetic field is emitted. This field is
reAected by the surface and interfaces of the superlattice
and coupled back with the dipole of which the dynamic
behavior is thus influenced. We are interested in the
effects of dielectric properties and quasiperiodic struc-
tures on the optical properties of the adatom. In what
follows we use Maxwell's equations to calculate the
rejected electric field for the quasiperiodic substrate.
The rejected field at the dipole position is inserted into
the SBE to find the luminescence and resonance Auores-
cence properties of this adatom.

II. BASIC EQUATIONS FOR THE ADATOM

In this section we calculate the surface-rejected field
which can be inserted into the SBE (Ref. l) to be solved
to discuss optical properties of the adatom near a quasi-
periodic superlattice surface. First, we may consider a
general case, as shown in Fig. 1, there is an atom as an
emitting dipole located at r=ro in the region O~z ~ —~
containing a medium with dielectric constant e near a
surface of a solid composed of N layers.

To find the rejected electric 6eld at the dipole position
we use Maxwell's equations

VXE= —— B,1

c Bt

QXB=O,

V X H =— (D+4mP),1 i3

c Bi

V.(D+4mP) =0,
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and the expression for the dipole moment

P(r, co) =p(co)5(r —ro), (2.2)

E (r, co)= f f [C'+'(u, u, co)exp(ik .r)

+4' '(u, u, co)exp(ik' r)]du du,

and obtain the following equations for the 6eld

V E+ekoE= —4m[k02P+e 'V(V 'P)],
H =V X E/iko for —DD & z & 0;

El+ElkOE1 0 ~ ~1

H, =V X E, /iko for 0 & z & d, ;

V E2+e2k0E2=0, V.E2=0,
H2=VXE2/iko for d, &z &d, +12,
V'E +~ k0'S =0, V a =O,
H =VXE /ikv

(2.3)

(2.4)

(2.5)

for g d, &z& g d; and 2&m &X; (2.6}

V E, +e,k0E, =O, V-E, =O,
N

H, =VXE, /iko for g d; &z& ~ . (2.7)

The solutions for the electric field of the above equations
can be written as ' '

E(r, co)= f f exp(ik'. r)C( uv, co)du du+E (r, co},

k' 8=0, k'=(kl, —w), w2=ek02 k—
for Imw ~0 and z &0, (2.8}

k. @'"'=0, k' C'-'=0, k =(k~~, w ),
k' =(kii, —w ), w =e kti —

kii

m —1

for g d; &z & g d;; (2.12)

E,(r, co)= f fC, (u, u, co)exp(ik-r)du du,

k.@,=0, k=(k~~, w) for g d, &z & 00 . (2.13)

R j- il =
0

R~ ll=
1

+R'll

With (2.8)—(2.13), applying Maxwell boundary conditions
at N + 1 interfaces and using the same procedure as Refs.
1, 7, and 16, we obtain the component of the reAected
electric Geld along the dipole direction at r0,

Eg =(i/2)&ekop f kpo '(R(~+p, )0dk, (2.14)

Eri = i&ok—op f k3po 'Rodk, (2.15)

where the superscript II (l) of Ea stands for parallel (per-
pendicular) to the interfaces, and we have defined

,

exp(i2}M,od ), (2.16)1+R,'~R', ~~

R', ~+R
exp(i2pid i ), (2.17)1+R,' R 2'

where k
~~

= u +u 2, the subscript II means parallel to the
interfaces, and

Ep(r, co)= (2vri) —' f f w '[kop+e 'V(p V)]

X exp[iu(x —xo)+iu(y —yo)

+iw lz —z l]du dv;

R0' =R~k+iexp(i2i ~d~»
where

~m —1Pm ~m Pm —1R
&m —1Pm +&mPm —1

(2.18)

(2.19)

(2.20a)

E (r co)= f f [8'+'(u u co)exp(ik r)

+8', '(u, v, co)exp(ik', r)]du dv. ,

k, 8',+'=0, k', 8', '=0, k, =(k„, , ),

for O~z ~dl,'

E2(r, co}=f f [@2'+'(u, u, co)exp(ik2. r)

+@2' '(u, u, co)exp(ikz. r)]du du,

(2.9)

(2.10)

~NPN+1 &sPN
RN, N+1

~NPN +1+~sPN

P —1 P
m —l, m

Pm —1+Pm

PN PN+1
Ra, N+1

PN+PN+1
k2)i/2

—(~ /~ k2)i/2 p (~ /~ k2)i/2

d~ =e' cod~ /c

(2.20b)

(2.21a)

(2.21b)

(2.22)

(2.23)

(2.24)

k, e'+'=0,2' 2 k2 @2' '=0, k2=(k~~, w2),

kz=(k~~, —w2, , w2=e2ko —
k~~

for d, &z &d, +d2; (2.11)

For semi-infinite substrate occupying the half-space
z ~0, we can just take N~~. In general, we found
through numerical analysis that when N is large enough,
the reAected field Ez is nearly independent of N, especial-
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ly when the constructing layers contain absorbing materi-
als.

In Ref. 1 we have derived a set of new SHE and in
Refs. 5 —7 we have used them to study the interaction of
light with an atom near a small rneta11ic particle or a
multilayer thin film or a semi-infinite periodic superlat-
tice surface. The SBE in the rotating frame are

'&s+
& (a+n') y— n 0

& S'& = i 0'/2 —2y i 0—/2
dt

&s-&. 0 i 0—,* i(b,—+0') y—
'&s+

&

x &s'& — y (2.25a)

, &s-&

where the total decay rate y =y +y', y is the decay rate
without the presence of the solid surface, ' ' detuning
b, =aiz, —coL, and Rabi frequency 0= lp IEI.,

FIG. l. An adatom with electric moment p is located at a
distance d from a surface of a semi-in6nite superlattice occupy-
ing region z )0. This adatom is in the region z &0 occupied by
a medium with dielectric constant e.

and

y'= Ipl'Imf (d)

&'= lpl'Ref (d)

(2.25b)

(2.25c)

Ea = Iplf(d)S =pf(d), (2.26)

where Ez is the component of Ez in the direction of p.
With the SHE (2.25) and the expression for the

rejected field Ez we can study the interaction between
radiation fields and the adatom.

are the surface-induced spontaneous decay rate and fre-
quency shift, respectively; m2& ss the adatomic transition
frequency, lpl is the matrix element of electric dipole
operator, ~L and EL are the frequency and amplitude of
the external laser field, respectively; f (d) is a function of
the distance d and determined by

140.00
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III. I.UMINKSCENCK PROPERTIES
0.00

0.10 0.55 1.00

As shown in Fig. 1, we consider the fact that the solid
substrate is uniform in the X and Y directions, but in the
Z direction its structure is something like a one-
dimensional lattice. According to Ref. 13, a one-
dimensional quasiperiodic lattice structure can be ob-
tained by using the (concurrent) substitution rule

a Ma,
where a is a column vector a=(a„az, . . . ,a~) and M is
a g Xg transform matrix with non-negative integer en-
tries. As in Refs. 6 and 7, we still consider the typical
case that the semi-infinite quasiperiodic superlattice has
two constituents of which one is a metal called medium
A with thickness d z and dielectric function

100.00

50.00

0.00

e„=1 —co /(co +ical ), 1 ~
=0.0jco (3.2) —50.00

0.10 1.00
where mz is the plasmon frequency, while the other is a
insulator called medium B with dz and ez =3.0. There-
fore, we have' g =2, a& =A, a2=B. We may consider
three typical cases with the transform matrices:

FIG. 2. (a) Spontaneous-decay rate y and (b) frequency shift
0' vs x for various choices of structures: curve 1, structure 1;
curve 2, structure 2; curve 3, structure 3; curve 4, structure 4.
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1 1 1 2 1 2
0 & M2 1 0 ~ M3 1 1 ~ (3,3)

I

y=1 —,'—Ref dkI o 'k'Rol~
O

(3.7)

respectively, and the corresponding quasiperiodic struc-
tures

O'=
23™f dk po 'k 3R l ~~

0
(3.8)

M, =AB (e, =e„,ez=e~ )~ABA (e& 3 Eg E2 'Eg )

~ ABA AB ~ ABA ABAB A ~ (structure 1 ),
(3.4)

M~ =AB ~ ABBA ~ ABBA A ABB~ .

( structure 2 ), (3.5)

M3 =AB ~ ABBAB ~ ABBAB AB A ABBAB ~
(structure 3 ) . (3.6)

To compare the results for the present cases with those
for periodic case as in Ref. 7, we define the periodic struc-
ture as "structure 4."

For simplicity, in the present paper we only consider
the vertical orientation of the dipole. With Eqs. (2.15),
(2.25), and (2.26) we obtain the spontaneous-decay rate
and frequency shift in the unit ' of y for the adatom
near this superlattice,

respectively. Through numerical evaluation of Eqs. (3.7)
and (3.8) we have found that up to 200 layers are enough
for the convergence when the order of magnitude of d; is
10, due to the dissipation in medium A . In addition,
we numerically calculated Eqs. (3.7) and (3.8) with
X=200 for the same semi-infinite periodic structure as in
Ref. 7 and compared the results with those obtained in
Ref. 7. We found that they are in good agreement with
each other, although they are obtained from different for-
mulas. Therefore the present calculations are reliable.

In the present paper we are interested in the structure
effects and dielectric effects of the metal layers when the
adatom is located very near the surface. So we take
d =0.3, e= 1.2, dz =0.1, and d& =0. 15. By integrating
numerically Eqs. (3.7) and (3.8), Figs. 2(a) and 2(b) show
the dependence of y and 0' on the ratio of frequency
co /co~ for the above four different structures. With these
figures one can easily compare with one another the re-
sults for these four structures. Evidently, difFerent struc-
ture of the substrate will lead to different number, posi-

50.00

85.00 as On

0.00 0.00

—85.00
0.Sa 1.00

—85.Oo
n. 10 0.55 1.00

50.00 SO.O0

85.OO 85.00

0.00 0.00

—86.0O
0.io 0.55 1.00

—85.00
0.10 0.55 1..00

FICx. 3. Decay rate y (curves 1 ) and frequency shift 0,' (curves 2) vs x ( = cu /cop ) for structure 1, e ~ = 1 —~p /( co +i coI p ),2 2

F p 0 0 1 Alp 6'p 3.0, (a) 1V =5, (b) N = 8, (c) N = 13, (d) N =2 1, (e) N =34, (f) N =55, (g) N =89, and (h) N = ~ .
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FIG. 3. (Continued).

tion, and height of the peaks. In Fig. 2(a), for each struc-
ture the right peak may be resulted from multibeam in-
terference of the nonplane electromagnetic waves refract-
ed at and reffected from each interface of the superlattice.
In the periodic case the interference is much stronger, so
the right peak is much higher. The other peaks resulted
from the energy transfer of the adatom to the surface
plasmons. The processes of the interference and the ener-
gy transfer strongly depend on the structures and the
dielectric properties of the superlattice substrate. Com-
paring Fig. 2(b) with 2(a), we can easily see that each
peak in y-versus-x (=co/co~) curves is accompanied by
negative dQ'/dx in 0'-versus-x curves. Therefore the
present situation is something like that of a beam of light
transmitting through a medium, with the energy transfer
of the adatom corresponding to the light absorption pro-
cess and the frequency shift of the adatomic transition to
the light dispersion.

Figures 3(a)—3(h) show the transition eff'ect of the sub-
strate from a finite thin film to a semi-infinite superlattice
for the dependence of y and 0' on x. Evidently, for
smaller layer number N, the eftects of increasing layers
become stronger. However, when N ~ 34 (i.e., successive-
ly using M, for more than six times), the left and the

right peaks in the y-versus-x curves are rarely changed
by increasing the layer number N. When N becomes very
large (N~ 134), the smaller peaks between these two
peaks tend to disappear. We also have found that this
phenomenon appears when we take other thicknesses for
medium A and 8.

IV. KXCITATIQN BY AN EXTERNAL LASER FIELD

In this section we consider the behavior of the adatom
driven by an incident laser field with frequency coL and
constant amplitude EL. As in Ref. 8, when the intensity
of the laser is weak, it is more probable for the adatom to
stay in the lower state than in the upper state. In this
case we approximately have

(4.1)

So, we can linearize the SBE (2.25) to obtain the equa-
tions for (S (t) ) and (S+(t) ), e.g.,

(4.2)

Inserting (4.2) and its conjugation into the equation of
(S'(t)) in the SBE and considering the adatom initially
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(~~, )'=[1—(~+~')'I~l'i(lnl'~2+ Izl ) ]/4,
(~~2)'= [1—y'I & I'~(

I
& I'&2+ Izl')'] &4,

& ~, &
= —Izl'y2( inl'+ Izl') .

Defining

g, =(Z~, )' —I(~, ) I y2, t =1,2

(4.11)

(4.12)

(4.13)

(4.14)

structures. The above phenomena are due to the non-
linear interaction of the adatom with the surface-reAected
field and the exciting laser field. Through this interaction
the dielectric efFect and the structure efFect are revealed.

V. SUMMARY

we may rewrite condition (4.9) as

Q, &0 (4.15)

for squeezing in the dispersive component or in the ab-
sorptive component.

We know that fluctuations of the adatomic dipole mo-
ment strongly depend on the optical properties and the
geometric structure of the substrate. Here we study
these Auctuations under strong excitation of the external
laser field. Figure 6 shows some numerical results. We
found that the two components of the dipole moment ex-
hibit squeezing nearly in the whole ratio region (x =0. 1

to x =1.0) and they are squeezed alternatively. This al-
ternatively squeezing effect is stronger for structures 2
and 3. We also found that for some special values of x
the adatom is in the coherent state, i.e., Eq. (4.10) is
satisfied. These values are not the same for different

So far we have studied fluorescence and light near-
resonance scattering of an adatom near a quasiperiodic
superlattice surface, and compared the results for quasi-
periodic structures with those for periodic one, and com-
pared with one another the results for difFerent kinds of
quasiperiodic structure. The fluorescence decay rate and
frequency shift as well as the scattered spectrum carry in-
formation of the properties and structures of the super-
lattice. A lot of novel phenomena, such as absorptionlike
and dispersionlike behavior and transition behavior when
the number of the quasiperiod gradually approaches
infinity for the decay rate and frequency shift, are re-
vealed and they are absent in Ref. 6, in which we con-
sidered a substrate of a thin film with limited alternative-
ly arranged layers and frequency-independent real dielec-
tric constants. In addition, the present results are also
different from those obtained in Ref. 7 and reAects the
efFects of the structure.
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