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Interaction of light with an atom near the surface of a superlattice. I. Periodic case
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Luminescence properties and resonance fluorescence for an adatom near the surface of a semi-
infinite periodic superlattice are investigated by means of surface-dressed optical Bloch equations
and Maxwell’s equations. The effects of dielectric properties and thicknesses of the layers compos-
ing this superlattice are discussed and some novel phenomena are discovered.

I. INTRODUCTION

Interesting phenomena related to the interaction of
electromagnetic field with atoms or molecules absorbed
near solid surfaces include surface-enhanced Raman
scattering,! 71> coherence and energy transfer in spon-
taneous emission,'*” 3 and surface-induced resonance
fluorescence spectrum.>* "4 These luminescence and
scattering properties for adsorbed species on solid sur-
face, which provide a sensitive probe of the electronic
and other structure of the solid substrates, prompted a
careful reexamination of the optics of surfaces. Once the
mechanisms of these optical processes are fully under-
stood and brought under experimental control, they will
become a powerful tool for the analysis of surface pro-
cess.

Nearly two decades ago, the perfection of the fatty-
acid monolayer assembly technique*"'#? led to a series of
successful measurements on the luminescent lifetime of
excited molecules near gold, silver, and copper sur-
faces.!#*»* It was found that for large distances from
the metal surface the luminescent lifetime of the mole-
cules oscillates as a function of distance, while for short
distances it tends monotonically to zero.?? Kuhn provid-
ed explanations for these experimental results by using a
modified image theory.!® Within the framework of this
theory, the molecule as an oscillating dipole located near
a partially reflecting mirror was coupled with its image.
The interference between the electric field emitted by the
image dipole and the initial field gives rise to the observed
oscillations in the lifetime. The decrease of the lifetime in
short distances is due to nonradiative energy transfer
from the molecule to the surface. Many papers focusing
on the energy-transfer problem for various surfaces pro-
vided theoretical results!'” 18292228 anq experimental ob-
servations,!+2%30,32,33,43,44 with the former in good agree-
ment with the latter. Many quantum-mechanical treat-
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ments of this problem have also appeared.!'>1%21:24

Morawitz!” used the image method to obtain the spon-
taneous decay rate and frequency shift for a two-level
atom near a perfect-conductor surface, from both a
quantum-mechanical viewpoint and a classical one. This
quantum-mechanical approach was later generalized by
Milonni and Knight?! to discuss luminescence of an atom
between two infinite-plane mirrors parallel to each other.
Agarwal and co-workers'>?* developed a linear-response
theory to discuss the coherence in spontaneous emission
of an atom located in the vicinity of a solid surface. Very
recently, Liu and George’' proposed a quantum-
mechanical version of the image method to study the
spontaneous emission by two atoms with different reso-
nant frequencies near a perfectly conducting metal sur-
face.

On the other hand, when an atom is driven by a strong
driving coherent field with frequency nearly on resonance
with the adatomic transition frequency, the external field
puts the atom in an environment where the probability of
stimulated emission may exceed that of spontaneous
emission. In this case, ac Stark splitting and Rabi oscilla-
tions of probability amplitudes of the atomic levels and
nutational oscillations of the emitted-field intensity be-
come pronounced, so that resonance fluorescence,* 4’
squeezing,*® and other nonlinear-optical phenomena can
occur.*>° 1In these light-driving processes, multiphoton
processes>! become as important as single-photon ones,
so the low-order perturbation method is no longer reli-
able. In the surface-free case, these processes can be
effectively dealt with by using the well-known optical
Bloch equations (OBE) for atoms in gases*®*”>2 or in
low-temperature solids.”»>* Very recently, a set of
surface-dressed optical Bloch equations (SBE) for an ada-
tom near a solid surface were derived by Huang, George,
and co-workers®* 3% to discuss the effects of the
surface-reflected photons, the resonance interaction be-
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tween the adatom and surface plasmons, the collision de-
phasing of the adatom produced by gas atoms in the
medium, and the random-phase fluctuation of the intense
laser field. In their discussions they studied the reso-
nance fluorescence for an adatom at a flat metal surface
in the case of weak excitation* or strong excitation® and
for an adatom at a rough metal surface®®3 which was
modeled as a hemispheroid protrusion on a perfectly con-
ducting surface. On the other hand, Li and Gong* pro-
vided another set of SBE through a different procedure
including Dekker’s quantization procedure for a dissipa-
tive system.’®>” They discussed the resonance fluores-
cence for an adatom near a surface of a perfect conductor
or a dielectric with transverse frequency coinciding with
that of the adatomic transition, taking into account the
size and dielectric effects of a supporting dielectric layer.

In this paper we study the luminescence properties and
resonance fluorescence for an adatom near a surface of a
semi-infinite superlattice through using the SBE (Ref. 40)
and Maxwell’s equations. This superlattice is composed
of two constituents. The adatom is taken as an emitting
dipole from which the electromagnetic field is emitted.
This field is reflected by the surface and interfaces of the
superlattice and coupled back with the dipole of which
the dynamic behavior is thus influenced. We are interest-
ed in the effects of the dielectric properties and the thick-
ness of each layer on the optical properties of this ada-
tom. The outline of this paper is as follows. In Sec. IT we
use Maxwell’s equations to calculate the reflected field
determining the SBE. In Sec. III we study the spontane-
ous decay rate and frequency shift through numerical cal-
culations. In Secs. IV, V, and VI, we consider that the
adatom is irradiated by an external laser field and discuss
resonance fluorescence spectrum, time evolution of the
population inversion, and fluctuations of the dipole mo-
ment, respectively. In Sec. VII we give some concluding
remarks.

II. REFLECTED FIELD AND SBE
FOR A SUPERLATTICE SURFACE

There is considerable interest in the properties of su-
perlattices®® %2 composed generally of alternating layers
of different materials. Here we consider the typical case®!
that a semi-infinite superlattice has two constituents, of
which one is called material A4 with thickness d , and
dielectric constant € 4, and the other called material B
with d and €, as shown in Fig. 1. There is an atom or a
dipole with moment p located at a distance d from the
surface of this superlattice. Similar to Ref. 40, first we
may use Maxwell’s equations and corresponding bound-
ary conditions to find the reflected electric field at the di-
pole position.

First, as in Refs. 19 and 40, we consider the general
case that there is an emitting dipole located at r=r, in
the semi-infinite region z <0 with dielectric constant e.
The other half-space is composed of the alternating layers
of two materials 4 and B.

From Maxwell’s equations
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FIG. 1. An adatom with electric moment p is located at a
distance d from a surface of a semi-infinite superlattice occupy-
ing region z > 0.

vxe=12p,
c ot
VXB=0,
w (2.1)
VXH=——(D+47P),
¢ ot
V- (D+47P)=0,
and the expression for the dipole moment
P(r,0)=p(w)8(r—ry) , (2.2)
we obtain the following set of equations:'*40
VE  +e€ k3E, =0, V-E,=0
H,=VXE, /iky for nL <z<nL +d, ; (2.3)
V2Ep+epkiEp=0, V-Ez=0
Hz;=VXEy/iky, for nL+d;<z<(n+1)L ; (2.4)
VE+ekiE=—4n[k3P+e 'V(V-P)],
H=VXE/ik, for z<0. (2.5)

Noticing the periodic structure of the semi-infinite super-
lattice, similar to Ref. 61, the electric field in this super-
lattice may have a Bloch-wave-like form with an envelope
function decaying exponentially as one goes into the su-
perlattice. Thus we have the solution for the electric field
of Egs. (2.3)-(2.5)!%40:61

E,(r,0)= [ [exp(ik, r—pnL)
X {6 (u,v,0)expliw 4(z —nL)]
+ 6 (u,v,0)
Xexp[ —iw,(z —nL)]}du dv ,
k- 6=0, k-6, =0, k,=(kpw,),
Ky =(kj,~w,), wi=eki—kj,

k,=(u,v,0) for nL <z<nL +d, ; (2.6)
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EB(r,w)=ffexp(ik”-r—BnL)
X {65 (u,v,0)expliwg(z —nL —d,)]
+ 6% (u,v,0)

Xexp[ —iwg(z —nL —d,)]}du dv ,
kp-65=0, k3-65=0, kz=(k,wp),
kp=(k;,~wp), wj=ezky—k?

for nL +d,<z<(n+1)L ;
(2.7)
E(r,a))=ffexp(ik"-r—iwz)é(u,v,w)du dv+E,(r,0),

k'-6=0, k'=(k", —w), w2=ek%*kﬁ

for Imw=0and z<0, (2.8)

where Re32 0, the subscript || means parallel to the inter-
faces, and

l’ip(r,w)=—(27ri)_1
X [ [w'lk3p+e 'V(p-V)]
Xexpliu(x —xg)+iv(y —yq)

+iwl|z —z¢|)du dv . 2.9)

For simplicity, in what follows we shall consider the
vertical orientation of the dipole.*® Using (2.6) and (2.8)
and applying the Maxwell boundary conditions at z =0,

we obtain!®*°
_ (+) (—) 2
ky-6, =k 64 k65 +vwkip | 2.10)

J

szowdk k3exp(2iUd){ —2(1—V 4 Jexp(BL)
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—(ew/ew , )k 6')—k -6 ) —vwkip ,

(2.11)

k-6,=

where
v=—2miew) 'exp(—ik-rg) . (2.12)

In the same way, with (2.6) and (2.7) and the boundary
conditions at z =nL and z =nL +d,, we obtain

(+)__ .po(—)
k&) — k&,
=(epw 4 /€ 4wp)

X [k, -€5} 'expliwgdy)

—k &%, exp( —iwpdp)]exp(BL) , (2.13)
k-6 +k 6y
=[k, 6%} expliwpdy)
+k;- 6%, exp( —iwpdy)lexp(BL) , (2.14)
and
expliw 4d 4 )klré’(;]‘)——exp( —iw4d 4 )k“~6'(A_“)
=(egw 4 /€ 4wp) k- 65—k -65,"), (215
expliw 4d 4 )k"-é'(Aﬁ[’—i-exp( —iw,d 4 )k“-(S’(A‘“)
=k, 65 +k 65, (2.16)

respectively. Through similar procedure to Refs. 61 and
19, with Egs. (2.10)-(2.16) we find the reflected electric
field at the dipole position (0,0,—d),

XU 2014V 42 )exp(BL)—[(1+ Vg Y1+ V 4 )exp(iUgdy)

+(1=Vp)(1—V 4p5)exp(—iUgdy)lexpiU (d 4)}

and exp(BL) is determined by the equation

Ep=i2e *%y%I /Ip|?, (2.17)
where
(1= V)14V 4p)exp(iUpdp)+ (14 Vg X 1—V 45 )exp( —iUpdy) lexpliU ,d )}
(2.18)
(2.19)

ePL—L(1+V ;5)1+Vp)cos(U 4d , +Updp)+(1—V 45 )(1—Vp . )cos(U 4d 4 — Ugdy)]ePE+1=0 ;

¥° (=2Ve|p|%w®/c?) is the decay rate in the absence of
the surface!®?2% and we have defined

VAE=€AU/€UA’ VBE=63U/6UB N

) (2.20)
Vap=€4Up/€gUy, Vpa=Vap >
where
U=(€_k2)1/2, UA‘:(GA—kz)l/Z ,
Ug=(eg—k)'V?, k,=w/c, k=k,/ky, (2.21)

d=wd/c, d,=wd,/c, dg=wdy/c .

r

From Egs. (2.6) and (2.7) one may define a penetration
depth

d,=nL=(ReB)". (2.22)

We have found that the dependence of 3\,7 on k is not
very pronounced. So, we numerically calculated Egs.
(2.19) and (2.22) and some results are presented in Figs. 2
and 3. From these figures one can see the dependence of
penetration depth on dielectric properties and thicknesses
of the layers in the superlattice. Larger E,, means that
the reflected field carries more informations about the
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FIG. 2. Penetration depth d » of electric field vs thickness of
medium A: (a) d3=0.2; curve 1, € ,=1.96+1.06i (arachidic
acid), €3 =3.0 (Al,0,); curve 2, € , =1.74 (Na;AlF,), e =17.05i
(Fe); (b) €,=—10.5+0.5i (Ag), €5=3.0 (ALO;); curve 1,
a,, =0.2; curve 2, 33 =0.3; curve 3, fi,, =0.5.

deep layers and vice versa.

In Ref. 40 we have derived a set of new SBE by using
Dekker’s quantization procedure for a dissipation sys-
tem>%%” and the reservoir theory.** These new SBE are
different from those in Refs. 34—-39. The difference lies in
the fact that in new SBE, the presence of the solid surface
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FIG. 3. Penetration depth d 5 Vs ratio of the adatomic transi-
tion frequency o to the plasmon frequency w, of medium A4
contammg a metal with dielectric function € A(w)——l—w‘,/
(w +iol,), [,=0.010,, x =w/w,, €=3.0,d ,=0.1; curve 1,
dB—O 5; curve2 z? =0.2.
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affects not only the phase decay rate but also the spon-
taneous decay rate and frequency shift. In the rotating
frame the new SBE are*

(1) i(A+Q)—y  iQ 0
% (8%) | = iQ*/2 -2y —iQ/2
(™) 0 —iQ* —i(A+Q%)—y
(8) 0
X (8 |— v, (2.23)
($7) 0
where the total decay rate y=y’+y°, detuning
A=w, —w;, Rabi frequency Q=|p|E; y°=|p|*Imf(d)

and Q°=|p|?Ref (d) are the surface-induced spontaneous
decay rate and frequency shift, respectively; w,; is the
adatomic transition frequency, |p| the matrix element of
electric dipole operator, w; and E the frequency and am-
plitude of the external laser field, respectively; f(d) is a
function of the distance d and determined by

Ex=lplf(d)S™=pf(d), (2.24)

where Ej is the component of Ey in the direction of p.

With the SBE (2.23) and the expression for the
reflected field En, we can study the interaction between
radiation fields and the adatom.

III. SPONTANEOUS DECAY RATE
AND FREQUENCY SHIFT

With Egs. (2.17), (2.18), and (2.24), we can obtain the
spontaneous decay rate and frequency shift in the unit of
¥° for an adatom near this superlattice surface,

y=1+2e " Rel , (3.1)

Qf=—21e3ImlI . (3.2)
With numerical methods we have analyzed the effects of
dielectric properties and the size of the layers composing
this superlattice on y and {°. Some of the results are
shown in Figs. 4-6, where €é=1.2 and d=0.3. From
these figures one can see that the spontaneous emission
properties of the adatom carry information about the
properties and structure of the superlattice substrate.
Figure 4 shows that when medium 4 is a metal and Bis a
nonabsorbing dielectric, the y-d 4 curve may have a peak
resulting from the presence of the surface plasmon, and
at the appearance of this peak the Q°-d 4 curve has a
steep slope. Figure 5 shows that the position, height, and
half-width of this peak and the slope of the Q°-d 4 curve
strongly depend on the thickness of medium B. In addi-
tion, Fig. 4 also shows that when both 4 and B are
dielectrics, the above phenomenon may disappear. Fig-
ure 6 shows that when medium A4 is a metal and B is a
nonabsorbing dielectric, the y-((o/wp) curve has two
peaks of which the height, position, and half-width de-
pend on the thickness of each kind of layers, and at the
appearance of these peaks dQ°/dx always takes negative
values. This phenomenon is very similar to the absorp-
tion and dispersion phenomenon occurring in light
transmitting through a medium. Of the above peaks, the
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left one resulted from the presence of the surface plasmon
absorbing energy from the excited adatom, while the
right peak may result from the multibeam interference,

since for larger ratio w/w, the electric field can go very
deep into the superlattice (see Fig. 3).

IV. RESONANCE FLUORESCENCE SPECTRUM

Here we consider that the two-level adatom near the
superlattice surface is excited by an external laser field
with amplitude E and frequency w;. Using the SBE
(2.23), through the well-known procedure,“’sz’40 we can
easily obtain the incoherent part of the resonance fluores-
cence spectrum related to the inelastic scattering between
the laser and the adatom

e Lol (D + 1> +4y?)
(X24+ )Ll +121?)

g( 4.1)

where
. D=v—ow;, z=y+i(A+Q%),
X =2y(|Q]*+]z|>*~2D?) ,
Y=D(|Q|*+|z]>*+4y2—D?) .
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We know that both y and QF° are determined by the
dielectric properties and geometry of the solid substrate.
Therefore the incoherent part of the resonance fluores-
cence spectrum for an adatom near a surface of a super-
lattice is also determined by the properties and geometry
of this film via both ¥ and Q°. Some of the results calcu-
lated numerically from Egs. (3.1), (3/.\2), and (4.1) are
shown in Figs. 7 and 8, where €e=1.2, d =0.3, and all pa-
rameters with dimension ¢ ~! are in the unit of ¥°. These
figures show how the shape of the spectrum depends on
the structure and dielectric properties of the superlattice
substrate. From Fig. 7 one can see that different
thicknesses of each layer of medium A lead to different
number of peaks, positions of sidebands, and heights and
half-width of the peaks. In the one-peak case (see curve
2) the effects of nonradiative energy transfer to the sur-
face plasmon become very strong so that more energy of
the incident field is absorbed by the surface via the ada-
tom and subsequently the scattered field intensity is too
weak to create the sidebands of the spectrum.

Figure 8 shows the dependence of the spectrum on the
ratio x of adatomic transition frequency to plasmon fre-
quency of the metal medium A when B is a dielectric.
The energy transfer from the excited adatom to the su-

perlattice is strongly dependent on the ratio x. This pro-

cess can be an effective decay channel for this adatom.
For certain x, this process becomes very strong, causing
the peaks in the spectrum to merge into the central peak
or even disappear. While in other circumstances the
above process is weak, there appear three peaks which
are higher and narrower.

V. TIME EVOLUTION
OF THE ADATOMIC INVERSION

In the interaction of laser with the adatom, 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

(s41)y=—1. 5.1
So, as in Ref. 34, we can linearize the SBE (2.23) to obtain
the equations for (S (¢)) and (S *(1)), e.g.,
d ;.- s s — i
E(s (0))=—[i(A+Q)+y (S (t))zﬂ‘. (5.2)
Inserting (5.2) and its conjugation into the equation of
(S%(t)) in the SBE and considering the adatom initially

in the lower state, i.e., {(S%0))= —+, one can easily ob-
tain

(S4))=|Q][1+e "2
—2e " "'cos(A+Q5)t]/4]z]>— 1L . (5.3)

With Eq. (5.3) we numerically analyzed time evolution of
mean value of the inversion operator and some results are
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shown in Iiigs. 9 and 10, where time ¢ is in the unit of
1/7/0 and d =0.3. We have found, in general, two life-
times of a surface-free atom after switching on the excit-
ing laser field, the interaction between the adatom and
the field reaches its steady state, and that in the case of
stronger energy-transfer process between the adatom and
the surface plasmon this interaction goes faster into the
steady state and the population of the upper adatomic
level decreases. These figures reflect the dielectric effect
and size or structure effect of the superlattice substrate.
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x=0.1; curve 2, x=0.2; curve 3, x=0.3; curve 4, x=0.4. (b)
Curve 1, x=0.5; curve 2, x=0.7; curve 3, x=0.9; curve 4,
x=1.0.
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VI. FLUCTUATIONS OF THE ADATOMIC
DIPOLE MOMENT

Very recently, more and more interest has been cen-
tered around the generation of squeezed states, due to
their potential applications to gravity-wave detection and
improved signal-to-noise ratio in light-wave communica-
tions.*”*%9~73 1In this section we study squeezing effects
in the adatomic operators for the adatom driven by exter-
nal laser field.

It is known that the dispersive and the absorptive com-
ponents of the adatomic dipole moment are*®

o, =(ST+57)/2, 6.1)

o,=(8T—87)/2i, (6.2)

respectively. Letting o 3=3S7 we have the commutation
relation

[o1,0,]=io; (6.3)
and the corresponding uncertaihty relation
(Ao )M AG,)?=(03)2/4 . (6.4)

Hence, the adatomic state is said to be squeezed when
one of the operators o, and o, satisfies the relation*®

(Ao )< |{a3)|/2, i=1,2 (6.5

and the adatom is said to be in the coherent state when
both o and o, satisfy

(Ac;)*=[{a3)|/2 . (6.6)

It is known that the statistical properties of the radiation
field are directly related to those of the atomic dipole mo-
ment operator. Therefore the occurrence of squeezing
may be studied by examining the reduced fluctuations in
the adatomic dipole moment.

With Egs. (2.23), (6.1), and (6.2) we have the steady-
state results:

(Ag?=[1—(A+ Q)% Ql> /(]2 /2+]21*)*]/4, (6.7
(Ao =[1—y2lQl/(|Q?12+]21?)*1/4 (6.8)
(o3)=—lz|?72(11Q]2+|z]?) . (6.9)
Putting

Q;=(Ac;—{o3)]/2, i=1,2 (6.10)

we may rewrite the condition (6.5) as
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FIG. 11. A=5.0, |Q|=10.0,d=0.3, €;=3.0. (a) Q, and Q,
vs d,, dz=02; curve 1 (Q,) and curve 1 (Q)),
€,=1.96+1.06i; curve 2 (Q,) and curve 2' (Q),
€,=10.5+0.5i. (b) Q, and Q; vs x, € ,=1—0w}/(*+iwl,),
I',=0.0lw,, d,=0.1. Curve 1 (Qz)Aand curve 1’ (Q;),
dp=0.2; curve 2 (Q,) and curve 2’ (Q,), d3=0.5.

Q,<0 (6.11)

for squeezing in the dispersive component of the dipole
moment and

0,<0 (6.12)

for squeezing in the absorptive component.

Figure 11 shows some numerical results calculated
from Egs. (6.7)-(6.10) in the case of strong excitation. It
is evident that the fluctuations in the adatomic dipole
moment strongly depend on the structure and properties
of the substrate. When medium A is a metal, there ex-
hibits alternative squeezing in o; or o,. For certain
values of w/w,, the Q, curve and Q, curve intersect
simultaneously with the x axis. This means that the ada-
tom is in the coherent state. These interesting phenome-
na result from the complicated nonlinear coupling of the
adatom with the surface-reflected field and the exciting
laser field. We know that in the surface-free case® there
are only two factors, i.e., A and (2, to be properly chosen
to create squeezing. However, in the present problem the
adatom near a solid surface emits radiation field, which is
partially reflected by the surface, accompanied by nonra-
diative energy transfer to the surface. The reflected field
in turn acts back on this adatom and influences its dy-
namic behavior and statistical properties. The energy-
transfer process and the phase and amplitude of the
reflected field depend on the structure and properties of
the substrate. Therefore, it is doubtless that besides A
and (), fluctuations of the dipole moment of this adatom
strongly depend on the dielectric properties, modulation
length, etc. of this superlattice.

VII. SUMMARY

In this paper we have solved Maxwell equations and
the surface-dressed optical Bloch equations for the in-
teraction of light with an adatom near a surface of a
semi-infinite superlattice with periodic structure. Many
novel phenomena have been revealed for the first time.
In the existing relevant literature, attention is usually
paid to the effects of the distance between the adatom and
the solid surface. However, here we are particuarly in-
terested in the effects of structures and dielectric proper-
ties of the superlattice substrate. Studies on the quasi-
periodic structure of the superlattice substrate are now
underway and will be reported on in the near future.
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