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) ( ABSTRACT
; The surface-dressed optical Bloch equations for a two-level atom

near a metal surface are solved for the case of a strong driving field.
An analytic form is obtained for the adatomic resonance fluorescence
spectrum. Due to the multiphoton effects of the surface-reflected field
and the surface plasmon resonance, the three-peak spectrum is strongly
influenced by the surface. A unique‘surface-induced asymmetry in the
side peaks is revealed.
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I. Introduction

In a recent paper1 (which is paper 1), we derived a set of surface-dressed
optical Bloch equations, by which we discussed the effects of surface-reflected

photons and a surface plasmon resonance on the weak-field resonance fluorescence
spectrum. Our purpose in studying the surface-dressed optical Bloch equations

is to investigate the basic behavior of the resonance excitation of a laser-
driven quantum system near or adsorbed on a surface.2-8 As a first step,

we calculate the resonance fluorescence spectrum of a two-level atom near

‘or adsorbed on a metal surface. At low laser intensity, if the excitation field
is monochromatic, the atom absorbs a photon at the excitation frequency and the
emitted photon has the same frequency, i.e., single-photon processes are dominant.
The emitted radiation has the same spectral profile as the exciting radiation.

In the present paper, we extend the calculation to the case of a strong driving
field, confining ourselves to the situation of a purely coherent laser field. In
this case, many photons are involved in the adatom-surface resonant interaction,
where nonlinear scattering can occur and multiphoton processes become as important
as single-photon processes. This in turn leads to side bands emerging in the
spectrum of the emitted radiation, and this so-called "dynamic Stark splitting”
has attracted a great deal of interest recently. We are interested in the effects
of the surface-reflected photons and surface plasmon resonance on these nonlinear
multiphoton processes. In Section II the basic equations are presented, numerical
results are shown in Section III, and concluding remarks are given in Section IV.
I1. Basic Equations for a Two-Level Adatom

Consider a laser-driven two-level atom near or adsorbed on a metal

surface. The field emitted by the induced atomic dipole will be reflected

by the metallic surface, providing a surface-damped dynamic behavior of

the adatom; the resonance interaction between the adatom and surface plasmon
will further influence the 1ight scattering spectrum of the adatom. The
reflected field an(t) at the surface can be written asl-3

Eplt) = uyy 3),(t) £(d) + uy; 5p0(t) F*(d), (n
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where d is the distance between the adatom and surface, Mij is the electric-
dipole transition matrix element between the adatomic states |i> and |j>,
aij z |1><j| s the adatomic transition operator, and f(d) is a distance-

dependent function, which has been discussed in detail in 1. Knowing f(d),

we can evaluate the surface-induced phase-decay constant, vy, = (Z/h)lm(f)lulzlz.

For the case of a laser-excited atom emitting near a metallic half-space,

the imaginary part of f(d) has the following form:1-4

k3
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where £ =1 and n
parallel to the surface, ¢ = 2 and n = 1/D3 for the perpendicular case,

€ is the dielectric constant for the gas medfium, k1 = wJEI/c is the wave

number, w is the emission frequency, and D = 2k1d is the reduced distance
which is dimensionless. The Drude model9 has been used for the metal
medium in eq. 2, and the metallic dielectric constant is

2

P
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/03 + 1/D  for the case of the induced dipole oriented




where & is the inverse of the relaxation time and w is the plasma
frequency. Im(f) has a resonance at wep = up(1+e1)'5. which is the surface

plasmon frequency of the interface.

Using eq. 2, we can express the surface-induced phase-decay constant

[in the unit of Einstein's spontaneous decay coefficient A := 4@31//(3ﬂc)|u2]|2]

in the following form:

' vg = ¢ 3 [2)(n sinD - Sggg) + a,(n cosD + s;;D)] (4)
where
% ° i —72 l Y] (5)
(1-8%)° + (ofugy)
8y = (2697 + (2afug)? - 6* (6)
2, = (28)% o/ug, » (7)

B = wL/wsp, a = 6/8, and e = 1 has been assumed so that wsp wp/li.
Accounting for the surface-reflected photons and the surface plasmon

resonance, the surface-dressed optical Bloch equations (SBE) take the form

! (within the rotating-wave approximation and the equilibrium condition

! N(0) = -1)1-3
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i Slz(t) =z alz(t)exp(iNLt), SZl(t) = 621(t)exp(-ith),
(2A1) '“ZIIE’ E is the amplitude of the

the Rabi frequency is Q

electric field strength operator in a coherent statel0 of the laser field

o2 S N

with frequency wps 82wy =@ is the detuning, way is the adatomic transition
frequency, 0 is the population relaxation constant, Yy is the phase relaxation
constant, ?2 = v, * vg and W(t) = Gzz(t) - Gll(t) is the population inversion

of the adatom.

When the intensity of the coherent laser field is very large, 92 + Az >» ?g,

the scattering light spectrum S(w) of the adatom at steady state can be
obtained as the Fourier transform the dipole-dipole correlation function
<§21(t1) §12(t2)> in the following analytical form:
2 a2 4 ?2
Slo) = 7 | Tt
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; The parameter o is defined as

@ = ¥p/2v,
the detuning parameter is defined as

Q'z 4+ As,




where
2.%

8 = alll + (e/8)°1° - 13, (12)

and the widths of the profiles are
aﬂz + a2
- —_— 13
So "’Yz(nzuz) (13a)
(1+u)92 ' 2“2) (13b)
S, *= S, =S_= Y2 92 + A2

There are four components in the emission spectrum given by eq. 9. The
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first two terms are centered at the frequency W of the driving laser. These
terms are identified as the coherent and incoherent parts of the Rayleigh scattering.

The incoherent Rayleigh component is unimportant at low laser intensity but

becomes dominent at high laser intensity. The third and fourth terms are
centered at w, = wL-(A+As) and wp = wL+(A+As). These “side bands" are due
to higher-order photon interactions. The processes leading to the side bands

can be explained by Figure 1. With the laser detuning A=w21-wL*0, two laser

photons are absorbed and a photon is emitted to produce an excited state of

the adatom. This "three-photon” component is given by the third term of eq. 9,

which has a maximum at wge Since an excited state is produced for every photon
generated at w3 there will also be emission at uF=u21+As from the excited

atom (Figure 1a). A single-photon process with the aid of surface damping

oy e e

can also overcome the gap between w, and w,, to give rise to fluorescence

L at we (Figure 1b). Such a process affects the strength of the coherent Rayleigh
scattering, as well as broadening and altering the heights of the spectral components
of the incoherent Rayleigh scattering, "three-photon” scattering and fluorescence.

2 2 2

When @~ + A

» the three peaks can be resolved, whose integrated
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where IR‘ 13 and IF are the intensities for Raman scattering, three-photon
scattering and fluorescence, respectively. From eqs. 14-16, we see that Ip is
unaffected by the surface damping, but 13 and IF can be influenced by the surface
through the parameter a.
We can also see from eq. 9 that the condition of "weak excitation", corres-
ponding to the weak-field 1imit, can be precisely stated as
a @ << 2% . (17)
In this case, where the laser is "weak" and the surface damping rates are low,
the spectrum given by eq. 9 reduces to the low-intensity 1imit given by eq. 19
of paper I(for AW 0).1
II;. Numerical Results
Using the strong-field formula of eq. 9 for the case of a two-level atom
near or adsorbed on a metal surface, we have evaluated numerically the surface-
modified resonance fluorescence spectrum. A sample spectrum is shown in Figure 2,
where we see the Rayleigh (central) peak, the three-photon peak (left) and
the fluorescence peak (right). In this picture we have drawn just the profile
of the incoherent component of the Rayleigh scattering, as the coherent component

is not broadened by the surface. The adatom has a resonant interaction with




the surface plasmon, i.e., B'wL/wsp'l. We have used the value of 3.5 x 10'3
for the ratio G/wsp. which corresponds to a silver surface.

To interpret the spectrum, we first review the surface-free situation,

i.e., when the adatom-surface distance is very large (D+). In this case the
three-peak spectrum is symmetric, where the two side peaks have the same height i
(intensity). The reason for this is the following: Two laser photons of frequency
wL¢m21 are absorbed, a photon is emitted at wqs and an excited state produced

(Figure la); since an excited state is produced for every photon generated

at wgy, there is also emission at we=wyyta from the excited state, and

hence the two side peaks have equal intensity. When the adatom-surface distance
becomes smaller, such as D=2 in Figure 2, the symmetry of the spectrum is destroyed.
This results from an “interference" between the incident laser field and the
reflected field from the surface,l-3 whereby the peaks are altered and broadened
by the surface. This becomes more dramatic as the detuning increases, as shown
in Figure 3 for the large-detuning case A=2=10 (in the unit of Einstein's
A-coefficient). We also note that the spectrum is more influenced by the
surface when the transition dipole is oriented parallel to the surface rather
than perpendicular.

In the case of a gas-phase collision-modified process, the random collision
interruption causes the fluorescence peak to be higher than the "three-photon"
peak (for positive detuning).ll Such asymmetry has been observed experimentally.l?
However, for the surface-damped process this does not always occur, due to the
interference between the coherence incident and reflected fields which leads to
an oscillatory distance dependence of the emission intensity. This is displayed
in Figures 4 and 5. While the height H_ and integrated power P_ of the fluores-
cence component (P+ {s the arez under the curve for the fluorescence comnonent )
are generally larger than those of the three-photon components, H_ and P_, the

reverse occurs for some adatom-surface distances. This is a unique behavior at a

surface which has n * been p~ jicted for the usual gas-phase atomic collisfon case.




We would now Tike to propose an experimental scheme to test our theoretical
results. Figure 6 shows an arrangement for such testing on a metal substrate
(gold, silver or copper), where a number of layers of fatty acid are placed by the

Langmuir-Blodgett dipping techm‘que,13

and a thin layer of sodium atoms is then put
on the top of this assembly. In this way, the sodium atoms are at a known fixed
distance d from the metal. These atoms are then excited by a laser beam propa-
gating parallel to the metal surface, whose polarization can be adjusted to be
parallel or perpendicular to the surface. To avoid interaction among the sodium
atoms, a lTow density (~1012/cm3) of sodium deposited in a thin layer is required.
The laser-induced flurescence from the 3P3/2(F'=3) + 251/2(F=2) transition of Na

is analyzed by a Fabry-Perot interferometer along the normal direction of the

metal surface. This particular atomic transition is chosen because it is a two-
Tevel transition and the atomic population cannot be optically pumped into a

2 of peak intensities at 5890 K.

third 'Ievel.14 The dye laser produces 1 - 100 - cm
The 1ight transmitted through the Fabry-Perot interferometer is detected by a
cooled photomultiplier, followed by photon-counting electronics. A two-peak
spectrum in weak excitation (mlw/cmz) and a three-peak spectrum in strong
excitation (100 w/cmz) should be observable, using different values of laser
intensities, detunings, adatom-surface separations and surface plasmon resonance
conditions.
IV. Concluding Remarks

In this work, we have solved the surface-dressed optical Bloch equations for
the case of a strong driving field. An analytic form is obtained for the two-
level adatomic resonance fluorescence spectrum. It is shown that the surface-
reflected field and surface plasmon resonance will strongly modify the spectrum.

Due to the interference between the incident laser field and the surface-reflected

field, an interesting surface-induced asymmetry occurs in the side bands which is

quite different from the usual gas-phase collision-induced asymmetry.

i

1
i




15,16 and we are

Surface-enhanced photochemistry is an interesting phenomenon,
looking at extensions of our model to other types of spectroscopic and dynamic
problems. These include the cooperative spectroscopy of many interacting atoms
near a surface and the excitation and dissociation processes of polyatomic
molecules adsorbed on a metallic surface, taking into account surface roughness.

Acknowledgements

This work was supported in part by the Air Force Office of Scientific
Research (AFSC), United States Air Force, under Grant AFOSR-82-0046, the
Office of Naval Research and the U.S. Army Research Office. The United States
Government is authorized to reproducé and distribute reprints for governmental
purposes notwithstanding any copyright notation hereon. TFG acknowledges the
Camille and Henry Dreyfus Foundation for a Teacher-Scholar Award (1975-84) and
the John Simon Guggenheim Memorial Foundation for a Fellowship (1983-84). XYH
thanks Prof. M. G. Raymer for a useful discussion.

REFERENCES |
1. X. Y. Huang, J. Lin and T. F. George, J. Chem. Phys., 80, 893 (1984).
2. X. Y. Huang, J. Lin and T. F. George in Coherence and Quantum Optics

ed. by L. Mandel and E. Wolf (Plenum, New York), in press.

3. J. Lin, X. 7. Huang and T. F. George, Solid State Commun., 47, 63 (1983).

4. See the review by R. R. Chance, A. Prock, and R. Silbey,Adv. Chem. Phys.,
37, 1 (1978).

5. See the review article by T. E. Furtak and J. Reyes, Surf. Sci., 93,

351 (1980).

6. A. M. Glass, P. F. Liao, J. G. Bergman and D. H. Olson, Opt. Lett., S,

368 (1980).

7. J. F. Owen, P. W. Barber, P. B. Dorain and R. K. Chang, Phys. Rev. Lett.,

47, 1075 (1981).

8. D. A. Wetz, S. Garoff, J. I. Gersten and A. Nitzan, J. Chem. Phys., 78,

5324 (1983).




10

9. M. Born and W. Wolf, Principles of Optics (Pergamon, New York, 1975),
pp. 624-627.

10. R. J. Glauber in Quantum Optics and Electronics, ed. by C. Dewitt, A.

Blandin and C. Cohen-Tannoudji (Gordon and Breach, New York, 1965), pp.
65-185.
11.
12.

B. R. Mollow, Phys. Rev. A, 15, 1023 (1977).
J. L. Carlisten, A. Szoke and M. G. Raymer, Phys. Rev. A, 15, 1029 (1977).
13. H. Kuhn, J. Chem. Phys. 53, 101 (1970).
14. F. Schuda, C. R. Stroud, Jr. and M. Hercher, J. Phys. B: Atom. Molec. Phys.,
7, L198 (1974).
15. A. Nitzan and L. E. Brus, J. Chem. Phys. 74, 537 (1981); 75, 2205 (1981).

16. C. J. Chen and R. M. Osgood, Phys. Rev. Lett., 50, 1705 (1983).

FIGURE CAPTIONS

Figure 1. Basic processes for the three-photon and fluorescence components

of the spectrum: (a) Three-photon scattering at w3'2mL-(w21+As) and consequent
fluorescence at ubl+As,where the adatomic levels are separated by the transition
frequency w,, plus the laser-induced level shift 4 ; (b) fluorescence at

woytsg induced by surface coupling.

Figure 2. Strong-field surface-modified resonance fluorescence spectrum, including

just the incoherent component of Rayleigh scattering, for (a,,8)=(1,10,1),

where A and o are in the unit of A. Curve 1 corresponds to a very large value
of the reduced distance, 1.e. D=2k ,d+®, which is the surface-free case where

the spectrum is symmetric, while curves 2 (solid) and 2' (dashed) correspond

to the value of the reduced distance D=2, where the symmetry is broken. The
solid curve is for the induced transition dipole oriented perpendicular to

the surface, and the dashed curve is for the parallel case. X denotes (u-uL)IQ'

on the horizontal axis.
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Figure 3. Strong-field surface-modified resonance fluorescence spectrum, including
Just the incoherent component of Rayleigh scattering, for (4,2,8)=(10,10,1).
The labelling is the same as in Figure 2. ’ J

Figure 4. Adatom-surface distance dependence of the heights of the three peaks
in the resonance fluorescence spectrum for (a,2,8) (1,10,1). H_, Ho and H_
correspond to the peak heights of the three-photon, incoherent Rayleigh and
fluorescence components, respectively. The solid curves are for the induced
transition dipole oriented perpendicular to the surface, and the dashed curves

are for the parallel case.

Figure 5. Distance dependence of the integrated power of the three peaks in

the resonance fluorescence spectrum, where P_, P0 and P_ correspond the integrated

IR - T T ey

powers of the three-photon, Rayleigh and flqorescence peaks, respectively.

i The labelling is the same as in Figure 4.

Figure 6. Proposed experiment for testing the theoretical results.
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