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By using the reservoir theory and Dekker’s quantization procedure for a dissipation system, a set
of new surface-dressed optical Bloch equations including the surface-induced frequency shift as well
as the decay rate is derived to calculate the resonance fluorescence spectrum of an adatom near a
bulk solid surface. A mediate layer composed of nonabsorbing dielectric is placed to separate the
adatom and the bulk solid. The size and the dielectric effects of this layer are found to be as impor-
tant as those effects from the bulk solid. These effects will be directly exhibited in the decay rates
and the frequency shifts. The resonance fluorescence spectrum is discussed in different cases and is

found to be strongly affected by the surfaces.

I. INTRODUCTION

There has been considerable interest during the past one
or two decades in the interaction of atoms or molecules
absorbed at solid surfaces with radiation fields.!~7 The
effects of the solid surfaces on the optical properties of
the adatoms such as spontaneous emission,"? Raman
scattering,” and weak- or strong-field resonance fluores-
cence*~7 are remarkable. Therefore, the optical properties
of absorbed atoms may be used as a sensitive probe of the
electronic and other structure of their solid substrates.?
Here we shall study the process of resonance fluorescence
of an atom or molecule at a solid surface.

It is well known that the optical Bloch equations® are
very useful and thus widely used in dealing with the in-
teraction of light with atoms in gases or solids. Here we
shall provide surface-dressed optical Bloch equations
(SBE) which are different from those derived by Huang
et al*="1° In our calculation of the scattering spectrum
for the two-level adatom, the following factors have been
considered:

(i) vacuum fluctuations and atomic collision,

(ii) irradiation of external monochromatic field and
surface-reflected field,

(iii) size and dielectric effects of a dielectric layer be-
tween a bulk solid occupying semi-infinite region and the
adatom,

(iv) polariton in the dielectric layer and at the surfaces,
and

(v) dissipation in the interaction between the adatom
and the surface-reflected field.

Meanwhile, we have also considered the case when the
bulk solid is a perfect conductor or a dielectric of which
the transverse frequency coincides with that of the ada-
tomic transition.

In Sec. II we use the reservoir method'"!? and extend
Dekker’s quantization procedure!® for a dissipation sys-
tem to obtain the SBE. In Sec. III we calculate the
surface-reflected field by using Maxwell’s equations and
obtain the decay rates and frequency shifts induced by the
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surfaces and then make some discussions about them. In
Sec. IV we obtain the resonance fluorescence spectrum by
means of the SBE and the regression theorem for correla-
tion functions. The effects of the distance between the
adatom and the bulk solid (or the thickness of the mediate
layer) on the spectrum are discussed in detail. In Sec. V
we give some concluding remarks.

II. DERIVATION OF THE SBE

In this paper we consider a two-level atom adsorbed on
the surface of a layer of nonabsorbing dielectric which is
fixed on the surface of a bulk solid. The geometry of this
problem is shown in Fig. 1 in which the thickness of the
layer can be changed to determine the various distances d
between the atom and the bulk solid.®> The atom is then
excited by the external laser field and thus emits radiation
fields which are reflected by the surfaces. The reflected
field in turn acts on the atom and influences its dynamic
behavior.

To treat this problem we use the reservoir theory'!
shown in Fig. 2 and the self-consistent method.>* In the
former the atom is coupled with dissipation reservoirs
composed of vacuum fluctuations, collisions with foreign
atoms in the gas medium above the layer, and interaction

gas medium
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Q

=

nonabsorbing dielectric d
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metal or dielectric

FIG. 1. Geometry for the present problem.
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FIG. 2. The adatom coupled with its reservoirs and the exter-
nal field.

with surface-reflected fields, while in the latter the dipole
moment of the adatom is first determined by the SBE in
which the reflected field is unknown. Then the dipole
moment is used in Maxwell’s equations to determine the
reflected field which in turn returns to SBE to find the di-
pole moment.

As in the reservoir theory, the density operator for the
adatom obeys the following equation:

p:fjA +PR +p.ext ’ (1)
where p4, pr, and p.,, denote the surface-free part, the
surface part, and that from the external laser field, respec-
tively. p,4 and pe can be determined by [in the rotating-
wave approximation (RWA)]!?
pa=—ion[Sipl—A(STS~p—2S~pS*+pS*ST)  (2)
and

fiext=—i[Hext’P] s 3)

respectively, where w,; is the transition frequency between
two levels |2) and | 1), A is the Einstein’s decay coeffi-
cient,

St=|2)(1| (4)
and

S—=[1){2], (5)

ST=+(]2)(2] — | 1)(1]) (6)

are the atomic dipole operators and the inversion opera-
tor, 2 respectively, and the Hamiltonian for the interaction
between the atom and the external field is

iop —iwyt

Hoy=—|P|(ES—e'“t' L E*S e ), (7)

where | P | is the matrix element of electric dipole opera-
tor, E and w; are the amplitude and frequency of the
driving field, respectively.

As for the contribution from surfaces pg, we have con-
sidered that there is dissipation when the adatom is cou-
pled with its reflected field and introduced a complex in-
teraction Hamiltonian in RWA:!?

Hy=—pEg=—|P|S"Ex=—|P|¥*d)S~S* (8
and its adjoint
Hl=—|P|EgS*t=—|P|*(d)S~S*, ©9)

where the reflected field can be written within the RWA
as

Ex=f(d)|P|S~=pf(d), (10)

p is dipole moment, and Ey is the component of Eg
along the direction of p. d is the distance between the
adatom and the bulk solid and also the thickness of the
supporting layer. Then we use Dekker’s quantization pro-
cedure!® for a dissipative system and take S~ and S+ as
complex conjugate variables'®!'> of this system. There-
fore, the Liouville equation is

pr=—i[S*,[S™,Hglpl+i[p[Hz,S*1.571. (1D
Using (1)—(11), one can easily obtain the SBE
($*+)=[i(wy+Q)—T,{S+) +i2| P | Ee'“*'(57?) ,

(12)
(§%)=—2I'({(S*)+ 1)
i |P|({(STYEH' —(STYE*e L), (13
(8 7)=—[ilwy+0)+T,]{(57)
2| P |E*e “t'(s?) (14)
where T'; =7V 495, T, =y V495, y' 9 =14, and
Q= | P | Ref (d) (15)
and
Y= | P | Imf(d) (16)

are the frequency shift and decay rate caused by solid sur-
faces, respectively. On transforming (12)—(14) to the ro-

tating frame, i.e., replacing S~ and S+ by S—e '“L"and
Ste'®L! we obtain the reduced SBE

(STY=[i(A+Q)—T,]{(S+) +i20(S?) , (17)
(S7)=—2I'({SH+1)—iQ(ST)+iQ*(ST),  (18)
(S )Y=—[i(A4+0)4T,]{(S ) —i2Q(S?) , (19)

where A=w;;—w;, Q= | P | E is half the Rabi frequen-
cy, and we have taken into account the collision effects
and thus I'| and I'; have been rewritten as

(0)

D=y247+3vr, (20)

O+ SV +5VE Q1)

=y
where y; and y are the mean rate of inelastic and elastic
collisions,'® respectively.

Our SBE, Egs. (17)—(19), are apparently different from
those derived by Huang et al.*~7!1° Firstly, here the fre-
quency shift caused by the surfaces is taken into account.
However, the method used by Huang et al. fails to in-
clude the real part of the reflected field leading to the fre-
quency shift. Secondly, from our SBE one can see that
the influence of the surfaces appear not only in the decay
rates of (S+) and (S ) but also in that of (S?), while
in the SBE derived by Huang er al., the presence of the
surface only affected (S*) and (S~). In addition, the
reflected field Eg is also different, which will be shown
later.
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III. THE REFLECTED FIELD

In this section we calculate the surface-reflected field.
As shown in Fig. 1, the adatom can be taken as an emit-
ting dipole located at the interface between the nonabsorb-
ing dielectric layer and the gas medium. The emitted
field is reflected by both the above interface and the one
between the layer and the bulk solid. The reflected elec-
tric field at the dipole position is what we proceed to find.

First, we consider the general case, i.e., there is an emit-
ting dipole located at r=rj in the region — w0 <z< —d
which is called region III and filled with gas medium
(e3=1). The nonabsorbing dielectric layer occupies
volume —d <z <0 called region II and the bulk solid oc-
cupies the region 0 <z < oo called region 1.

From the Maxwell’s equations

c ot
VxB=0,
19
VXH=——(D+472),
¢ at

V(D+472)=0,

and the expression for the dipole moment

Z(r,0)=plw)d(r—ry) , (22)
we obtain the following set of equations:
V2E,+k3e,E,=0, V-E;=0
(23)

Hl ZVXEl/lko
for region I;

|
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V2E,+k3e;E;=0, V-E,=0

H,=V XE,/ik, (24)
for region II; and
V2E;+k3Ey= —4n[k3 P +V(V-2)] ,
(25)

H,=V X E,/ik,

for region III, where ky=w/c. The solution for the elec-
tric field of the above equations can be written as’

E,(r,w):f f?l(u,v,a))eik"rdu dv, k;-&,=0

k,=(u,v,w,), wi=kie;—u?—v? Imw,;>0 (26)
Ez(r,w)zf f[g‘z“w(u,v,w)eikz'r

+ 3(2‘)(u,v,w)eik’2.r]du dv ,
k) &57'=0, k3 &7'=0, k,=(u,v,w,) 27)
Ky=(u,v,—w,), wi=kie,—u?—v?
E;s(r,w)= f f$3(u,v,a))eik""rdu dv+E, ,
ko &3=0, ky=(u,v,—wy), w%:ké—-uz—vz, 28

Imwy>0

i du dv 2
Xexpliu(x —xqg)+iv(y —yq)

+iwo|z—2o|] -
Applying Maxwell boundary conditions at z=0 and
z = —d and using the same procedure as Ref. 3, we obtain

i —ikyTg—i2wyd, ; > _1 | E1W2—€&W  i2w,d EWo—W)
k &3 =—¢ 0 “lktp, —wo(k,-p;)]1D —_—e T4 — 29
3= [kijpL —wolky-p)]D; €107 + €0 €W+ 10, (29)
I —ikyrg—i2wed, 5. _| Wy —Wy j2w,d Wy—Wp
kX &;=——¢ 0 k (kyxp) | —e "+ —— 30
X &y Py oDz (kyXpj Wy +w, W, +wo Lo
where
€Wy —Wy EWr—EW]  2w.d
D1=1+ 220 2 €12 2 le12w2 ) (31)
EWo+Wy €Wy~ EW
Wi —wr Wy—w 1
Dy=1+ 1 2 Wy Oe12w2d, (32)

w)+w; wy;+wy

the subscript || (1) means parallel (perpendicular) to the surface z =0. Using (29)—(32), we obtain the component of re-
flected electric field along the dipole direction at r in region III:

i dudv ikyr—ikyry—i2wyd
E =—— === 0 o
r)(T,0) P f f wo e

+k3D5!

for the case of the dipole oriented parallel to the surface;

2y —1
woD

EWo—Wy €Wy —E&W, ei2w2d
©Wo+w, €W+ 6w,
W —Wp W;—UWy ei2w2d (33)
b
wy+wo wp+tw;
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i du dv ik)r—ikyry—i2wyd _1 | ©QWo—Wy €Wy —€EW j2w,d
Eg (r,0)=—p f f QUaY ikor—ikoTo=i2ody 2y -1 e ?
2T 62LUO+LU2 61U)2+62wl

> (34)

for the perpendicular case.

In this paper we are restricted to the case that the bulk solid is a perfect conductor or a dielectric with its transverse
frequency® coinciding with the resonant frequency of the adatom. So we have the reflected field at the dipole position,
i.e., rp=r=(0,0, —d):

; © kdk €t — i+ (€t +pu2)explip,d ) —pu+(u +,u)exp(ip3)
ER||=—Lk(31Pf0 d 2 o —H2 M+ H2 +l12 2 2 ’ (35)

2 ® a4+t + (€t —po)explipnd)  py+p+ (o —p)explipyd)

© k3dk €t —py+(Expt +r)explipad)
ERlzikép fo k°dk €r—HU> 24 + L2 )CXP .,uzA ’ 36)
B ey + (e —po)explipad)

where 5ol (O )
pl=1—k? pi=e,—k? k=k,/ko, d=20d/c . ‘ _
€,=|5
(37)
QS
From (35) and (36), we obtain —_— Js.
ookl | _Q:
/ o d S
fildy=—2k3 [ Is['qul(s)-{-fz(s)], (38) T Q)
[}
_ i3 [ sds '
Sild)=—kg /, PREAE (39) !
50 o l|!‘
where we have s =k? and 't
‘w
jtan(u,d /2)
fos) = St Imatan(nad /2) 40)
e —ipstan(u,d /2)
i tan(u,d /2)
Fols)= LB /D) (1)
wo—iptan(p,d /2)
Evidently f,(s) and f,(s) contain resonant denominators 150

resulting from the surface polariton.> From (29)—(32) one
can see that the resonant denominator of f; (f;) results
from TM (TE) modes.? It is easy to show that all the
poles at positions s; which satisfy

€xpt =ip,tan(p,d /2) (42) 10.0
and

pa=ip tan(u,d /2) (43)
are of first order. Therefore, we can separate f(s) and 50

f2(s) into two parts of which one is analytic and the other
contains poles, i.e.,

Resfl
(s) anl + _— (44)
Jils 2 s —(s; +10+)
RCSf2
=)+ —, (45)
/2 2 s —(s; +10+) ~
d
where Resf ,(s;) denote the residue of f,(s) at s; and FIG. 3. Frequency shift vs thickness d for different orienta-

are found to be tions of the dipole.
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Resfy(s)=de |u| /l&/ |p| +e |u| /ud+1d(1+6 |2 /uD] s, »

Resf(s)= —duo/[u3  +pa/ | P+ 3d( | /p) 1403/ | 1] D] o=, »

where we have noticed that solutions of (42) or (43) are in
the region 1 <s; <€, and thus |u|?=s —1.

Using (15), (16), (38), (39), and (44)—(47), one can easily
find the frequency shifts and decay rates for both the
parallel and the perpendicular cases:

¢ =29 Omm £ & ds[uf () +f2(s)/n] (48)
== m £ 5 20, 49)

1
vh=—3v9 [ dsluf1(s)+f2(9)/u]
+%77'7’(0) {2 |,u lsiResfl(si)— ZRCSfZ(S,-)/“l 'Si ]

1599

(46)

(47)

|
s _ 3 (0 [!sds 3 (0)
=30 [, oA+ i TsResf i) [u
i

=ré+rz, (51)

where :F & denotes the principal value of the integral and
Fﬂ (r) and I'f) (I')) the contributions from bulk solid and
surface polariton, respectively. However, the contribution
of surface polariton to ° cannot be explicitly separated.
In this paper, what concerns us is the effects of the bulk
solid on the adatom’s optical properties. So we subtract
from the frequency shift the value for d— o0 which has
nothing to do with the bulk solid and then is included in

=Fﬁ+Fﬂ , (50) ;. Namely, we may replace Qf and Qj by
20 20 2.0
L I I
0 d 350 0 3 35.0 0 3 350
(a) (b) (c)
20 2.0 20
l“f Iﬂnb Feb
0 R 35.0 0 p 350 0 d 35.0
(d) (e) (f)
7.0

4
rll

-

R e e et ted

3 350 0 3

(h) (i)

35.0

35.0 0

3 35.0

FIG. 4. Decay rates vs thickness d. (a)—(c) €,=1.5; (d)—(f) e;=4.5; (g)—(1) solid curves for €,=4.5 and dashed curves for €,=1.5.
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Q] —Qj(d — ) and Q] —Q](d — o), respectively. In ad-
dition, for an isotropic distribution of dipole orientation
usually considered, we have the effective frequency shift

Q=50+ Q] (52a)
and decay rate
ve=3vi+3ri, (52b)

respectively.

Equations (48)—(52) can be calculated numerically and
the results are shown in Figs. 3 and 4. From Fig. 3 one
can see that the frequency shifts oscillate around zero as d
increases, die out when d becomes very large, and for
small d Qs become very large. Meanwhile, large €, will
cause higher frequency of the oscillation but smaller Q%s
for small 3, and the quantities for different orientations
of the dipole are apparently different. This means that
the influence of the bulk solid becomes weaker when the
adatom is located far from it, stronger when near it, and
oscillatory for mediate distance; and that the orientation
of the dipole and the dielectric property of the layer play
an important role. The following reason is evident: the
amplitude and the phase of the reflected field of which
the vertical (parallel) component interacts only with the
dipole oriented vertically (parallel) are affected not only
by the distance d but also by the dielectric constant of the
layer €,. This is also true for the decay rates. From Fig.
4 we can see the oscillatory behavior of decay rate in vari-
ous cases. Generally speaking, the oscillations decay as d
increases. However, as shown in Figs. 4(b) and 4(e), the
oscillations for I'?’s exhibit revival resulting from the fact
that there is coherence between the field reflected by the
surface of the bulk solid and that of the dielectric layer.
As the adatom is located just on the surface of the layer,
the influence of the surface polariton is remarkable. Evi-
dently, the contribution from the surface polariton is
greater than that from the bulk solid. In addition, the in-
fluence of the dielectric properties of the layer is also very
remarkable, i.e., the larger the €, is, the higher the fre-
quency of the oscillations and the larger the total decay
rates ¥¥s will be. We must notice that d is not only the
distance between the adatom and the bulk solid but also
the size factor of the mediate layer of which the dielectric
property is very important and, subsequently, the effects
discussed can be called size and dielectric effects.

IV. RESONANCE FLUORESCENCE SPECTRUM

Now we proceed to find the spectrum of resonance
fluorescence which is known to be given by the Fourier
transformation of the field correlation function
(a%(t'+1a(t")) which is proportional to the atomic
correlation function (S+(¢t'4+2)S(¢')).'217~1  Since
what we are interested in is the steady-state case, we can
use the usual procedure*~719=1% to find the spectrum. In
steady state we have lim,_ (SH(t'+8)S(¢'))
=(S*T(#)S™). By defining the set of correlation func-
tions

XIAO-SHEN LI AND CHANG-DE GONG 35

v =(ST()S™),
Y,=(S~()S™), (53)
P3=(SH)S ™)

and using the regression theorem,?® Egs. (17)—(19) lead to
the following set of equations

by =[i(Q° +A) =T, J¢, +i2Q95 , (54)
U= —[I(Q+A)+ T, ], —i2Q*Y; , (55)
Uy=i Q%Y —iQ, 2T (Y3 ++(S 7)), (56)

of which the initial conditions are given by
(0 =a | Q|/[Ti+(A+Q2+2a| QY] , (57)
¥,(0)=0, (58)
P3(0)= — T Q*[iD, + (X +A)]/[T3+(A+Q5)?
+2a|Q1%], (59

where a=T,/I';. With expressions (57)—(59), the Egs.
(54)—(56) can be solved by Laplace transformation:

Gi(Y)= [ e Tyndr (1=1,2,3). (60)
The solution related to the spectrum is
O(Y)=[aY?+ (2T +aX +X*)Y + | X |?

+2a | Q|24+ X*+T,X)

420 | X |2/ Y]¢y(0) /aF(Y) , 61)
where
F(Y)=Y 42T +T)Y?+ (4T, +4 | Q|2+ | X | )Y
+2INQ2a | Q%+ |X D), (62)
X=T,+iA", A'=Q°+A. (63)

Through the usual procedure as in Refs. 17—19, the re-
quired spectrum is given by

A%)ncso
(@—wp ) +sd
A_o
(w—w; —Q'P+0°

for Q' >> FI’FZ 5 (64)

§w0)=274"8(w—wy )+

Ao

+
(w—w; +Q' ) +0°

where

A= Q2| X |2/YT, (65)
A =81Q|4a? | Q| +(a—1A?]/Y], (66)
As= Q| AQ+A)[+a(Q +A)FA]/Q?Y,

(67)
so=2(I"A?+2I | Q2)/Q7, (68)
o=[4T | Q|24 T2 Q|2+A7)]/Q?, (69)
Q?=A?4+4|Q|% Y,=2a|Q|2+A"?. (70)

For the case of weak incident field (| Q| <<T"|,T"; or A")
we find?!
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FIG. 5. Resonance fluorescence spectrum vs D =w—w; for various choices of thickness d when ve=1. (a) e,=4.5, |Q| =6,
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2(a—1)T,
(@—wp —A")?+T3

2
g(w)zJ&lF 278(0—01 )+

(71)

By considering the isotropic orientation distribution for
the dipole and using the unit of 34 to rescale the |Q |,
A, and all the decay rates and frequency shifts, Figs.
5(a)—5(c) and 5(e)—5(g) are numerically obtained from Eq.
(64) while Figs. 5(d) and 5(h) are obtained from Eq. (71).
Since the coherent component of the spectrum is not
shifted or broadened by the surfaces, Figs. 5(a)—5(h) only
show the incoherent components. From these figures we
can easily see the effects of the surfaces on the resonance
fluorescence spectrum of the adatom. When the adatom
is located very near the bulk solid, some peaks are
suppressed, the existing peaks are broadened and shifted
away from the center (w —w; =0), and for strong excita-
tion, as in Figs. 5(a)—5(c) and 5(e)—5(g), the asymmetry of
the two sidebands become remarkable. Comparing Figs.
5(a)—5(d) with Figs. 5(e)—5(h), it is clear that the effects
of broadening are stronger for large €,. This is because
the decay rate ¥} increases as €, increases (see Fig. 4).

As shown in Figs. 5(a)—5(c) and 5(e)—5(g), in the case
of strong excitation, there may appear three peaks includ-
ing the central one resulting from Rayleigh scattering, the
left sideband from three-photon process, and the right
sideband from fluorescence.” From Figs. 5(f) and 5(g) we
can see that as d increases gradually, the two sidebands
will approach to the positions where D =+2|Q |, respec-
tively. Meanwhile, the three peaks will become narrower
and the asymmetry will gradually disappear. The above
phenomena appear more or less in the other related fig-
ures, where more interesting features are presented. In
Fig. 5(e), where €, is smaller and the field is weaker than

in Figs. 5(f) and 5(g), as d increases from 0.4, the profile

will change from one sideband to three peaks, then in turn
change to two peaks, finally the third peak will gradually
emerge. While in Fig. 5(a), where €, is large, the profile
begins with three peaks, it gradually changes into one cen-
tral peak, and finally returns to three peaks. The above
phenomenon also appears in Fig. S5(b) but less pro-
nouncedly. However, in Fig. 5(c) where detuning A is
large, all the initial three peaks gradually disappear and
then recover.

As for the weak field case shown in Figs. 5(d) and 5(h),
there exists only one incoherent peak. In Fig. 5(d) we can
see that the peak will shift and disappear then reappear
periodically, corresponding to the periodical dependence
of ¥ and Q) on d. However, this interesting
phenomenon is not appear clearly in Fig. 5(h). This is be-
cause the oscillatory dependence of y$ and ) on d for
smaller ¢, is less pronounced (see Figs. 3 and 4).

In addition, it is evident from Egs. (64) and (71) that
the elastic collision by the gas atoms plays a crucial role
in the existence of the asymmetry for the two sidebands
and of the incoherent component for weak field.

V. SUMMARY

In this article we have derived a set of new surface-
dressed Bloch equations including surface-induced decay
rates and frequency shifts, the former are different from
those in Refs. 4—7 and the latter are absent in them. By
solving the SBE, analytic expressions for resonance
fluorescence spectrum of a adatom at solid surface are ob-
tained and the influences of the surfaces on the spectrum
are discussed. Under certain circumstances, the existence
of the bulk solid and the layer will cause some peaks of
the spectrum to disappear or reappear, or to shift and be-
come wider.
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