
AD-A219 692
OFFICE OF NAVAL RESEARCH

Grant NOO014-90-J-1193

TECHNICAL REPORT No. 7

Decay Rate and Resonance Fluorescence Spectrum of a Molecule

Near a Composite Material Surface

by

X.-S. Li, D. L. Lin, Thomas F. George, Y. Liu and Q.-Q. Gou

Ac

Prepared for Publication
D:

in

Physics Letters A

Departments of Chemistry and Physics -

State University of New York at Buffalo 
d e

Buffalo, New York 14260 :'or

March 1990

Reproduction in whole or in part is permitted for any purpose of the

United States Government.

This document has been approved for public release and sale;

its distribution is unlimited.

)o0 03 19 07;



UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE
Form ApoDroved

REPORT DOCUMENTATION PAGE OMBNo. 0704-0188

la. REPORT SECURITY CLASSIFICATION lb. RESTRICTIVE MARKINGS
Unclassified

2a. SECURITY CLASSIFICATION AUTHORITY 3. DISTRIBUTION/AVAILABILITY OF REPORT

Approved for public release; distribution
2b. DECLASSIFICATION /DOWNGRADING SCHEDULEuniie

unlimited
4. PERFORMING ORGANIZATION REPORT NUMBER(S) S. MONITORING ORGANIZATION REPORT NUMBER(S)

U:BUFFALO/DC/90/TR-7

6.. NAME OF PERFORMING ORGANIZATION T 6b. OFFICE SYMBOL 7a. NAME OF MONITORING ORGANIZATION

Depts. Chemistry & Physics (If applicable)

State University of New York I

6c. ADDRESS (City, State, and ZIPCode) 7b. ADDRESS (City, State, and ZIP Code)

Fronczak Hall, Amherst Campus Chemistry Program

Buffalo, New York 14260 800 N. Quincy Street
Arlington, Virginia 22217

8a. NAME OF FUNDING/SPONSORING 8b. OFFICE SYMBOL 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORGANIZATION (If applicable)

Office of Naval Research Grant N00014-90-J-1193

8c. ADDRESS (City, State, and ZIP Code) 10. SOURCE OF FUNDING NUMBERS
Chemistry Program PROGRAM IPROJECT TASK WORK UNIT300 N. Quincy Street ELEMENT NO. NO. NO ACCESSION NO.

Arlington, Virginia 22217
11. TITLE (Include Security Classification)

Decay Rate and Resonance Fluorescence Spectrum of a Molecule Near a Composite Material Surfac

12. PERSONAL AUTHOR(S)
X.S. Li, D.L. Lin, Thomas F. George, Y. Liu, and Q.Q. Gou

13a. TYPE OF REPORT 13b. TIME COVERED 14. DATE OF REPORT (Year, Month, Day) 15. PAGE COUNT1 FROM TO _ March 1990 14

16. SUPPLEMENTARY NOTATION

Prepared for publication in Physics Letters A

17. COSATI CODES 18. SUBJECT TERMS (Continue on reverse if necessary and idermiy by block number)

'IELD GROUP SUB-GROUP DECAY RATE', -1COMPOSITE SUBSTRATES;
RESONANCE FLUORESCENCE- SEMICONDUCTOR/DIELECTRIC PARTICLES;

MOLECULE NEAR SURFACE. DIELECTRIC/METALLIC PARTICLES.

19. ABSTRACT (Continue on reverse if necessary and identify by block number)
The spontaneous decay rate and resonance fluorescence spectrum of a molecule

near the surface of composite materials are calculated in the effective medium approximation.

Two substrates are considered: One is a semiconductor containing randomly distributed

small dielectric particles and the other a dielectric with metallic particles. Results

are analyzed in terms of energy transfer from the molecule to the substrate as functions

of the volume fraction of impurity particles.

20. OISTRIBUTION /AVAILABILITY OF ABSTRACT 21. ABSTRACr SECURITY CLASSIFICATION

0 UNCLASSIFIED/UNLIMITED 0 SAME AS RPT C3 DTIC USERS Unclassified

22a. NAME OF RESPONSIBLE INDIVIDUAL 27'"' 'LEPHONE (include Area Code) OFFICE SYMBOL

Dr. David L. Nelson (202) 696-4410

DO Form 1473, JUN 86 Previous editions are obsolete. SECURITY CLASSIFICATION OF THIS PAGE

UNCLASSIFIED



Physics Letters A, in press

DECAY RATE AND RESONANCE FLUORESCENCE SPECTRUM OF A MOLECULE NEAR
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Abstract

The spontaneous decay rate and resonance fluorescence spectrum of a

molecule adapted near the surface of composite materials are calculated in the

effective medium approximation. Two substrates are considered: One is a

semiconductor containing randomly distributed small dielectric particles and

the other a dielectric with metallic particles. Results are analyzed in terms

of energy transfer from the molecule to the substrate as functions of the

volume fraction of impurity particles.

* On leave from Chengdu University of Science and Technology, Chengdu, China.



I. Introduction

Optical properties, both linear and nonlinear, of composite materials

with small solid particles distributed randomly in an otherwise homogeneous

1-5
medium have been a subject of extensive research in recent years. e

consider in this Letter the situation in which a molecule is located near the

surface of a composite material. The material can be a semiconductor with

small dielectric particles randomly distributed throughout its volume, or a

dielectric containing small metallic particles. Our primary aim is to study

how the volume fraction of the,'small particles affect the frequency dependence

of optical properties of the adsorbed molecule, in particular, its spontaneous

decay rate and light scattering spectrum. As a matter of fact, problems of

this sort of adapted molecule have attracted much attention after the fatty-

6
acid monolayer assembly technique was developed to measure the luminescent

lifetime of excited molecules near bulk solid surfaces. As has been shown in

7-10
previous works on various materials, optical properties of adapted

molecules are greatly affected by the structure of the substrate. Therefore,

the adapted molecule serves as a probe to explore the structure of the

substrate near its surface.

II. Model

Consider a molecule with two levels 1+> and I-> separated by a distance

Wo and adsorbed near the surface of a composite material. The molecule is

driven by a monochromatic laser field with

iw t -ia L
I LL

E(t) - (Ee + E*e ) 
()
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We can apply the surface-dressed optical Bloch equations (SBE) 8 9 to describe

the interaction process, which 
are given by

9

SS<S> o - s ) - -Y i<S+ -  0

d < Sz> - */2 -27y -i Q)/2 -sz (2)[< . in* 0i+ 1 [<S->

The notation is as follows. The admolecule with a transition frequency w is

located at a distance d away from the surface of a composite solid. The

matrix element of the electric dipole moment opertaor is denoted by IPl, and E

and w L are the amplitude and frequency of the external laser field,

respectively. The detuning is A -w - wL' and the Rabi frequency is Q - jpjE.

The transition probability is proportional to the projection operators defined

by

s- (+><+ -1><I 3

S - 1-><+

The total decay rate of the admolecule can be written as

- (4)

where 0 is the decay rate in the absence of the substrate,
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o - 2 23/3"3 fi 1PI C(a

with fI denoting the dielectric constant of the medium containing the

molecule, and

s - 2
Y - IP Im f(d) (4b)

is the decay rate induced by the surface. The frequency shift of the

spontaneous radiation due to the surface is

Q - I p 2 Re f(d) (5)

and the function f(d) is determined by
9

ER - Ipjf(d)S" - pf(d) , (6)

where ER is the component of the reflected field ER in the direction of p.

It is evident that the reflected electric field ER depends on the

structure and other information of the substrate. However complicated the

dependence may be, it is contained in the function f(d) which can be

determined by usual procedures as described in Refs. 7 and 9. For

definiteness, we limit ourselves to the case in which the dipole moment of the

admolecule is perpendicular to the substrate surface. The decay rate and

frequency shift of the molecule at a ds-ance d from the surface expressed in

the unit 70 are given by
7



s 3 3d d
'Y --- Re 1 e (7)

2 j 0 41 E IA f 
6
2 A410o 1 i2 2

03 Ei2 A 2igid

a s 3m d e (8)
2 F " '2 + '2"1

where 2 is the effective dielectric constant of the composite substrate, -ul

2 2
- ' A2 - 2/cl - 2 and d - c41 wd/c.

In the composite substrate, we assume that small particles of spherical

shape are randomly distributed throughout its volume. Thus, we can employ the

effective-medium approximation ' 5',1 as used in the study of linear dielectric

properties of composites. In this approximation the effective dielectric

constant c2 is determined by the equation

f -6 f-

(-p) fa 2 b 2 - (9)
S+ 2 2 b +  22

where P stands for the volume fraction of the particles with dielectric

constant cb embedded in the substrate characterized by the dielectric constant

a In general, the solution to (9) is complex and we are only looking for

continuous e2 with positive imaginary part.

III. Numerical results

Two types of composite substrates in a medium of dielectric constant cl

- 1.5 are considered below:

A. Insulator/semiconductor substrate

The composite in this case is a semiconductor of dielectric function
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o0 (10)a 2 _ 2r

containing small insulator particles with frequency independent dielectric

3
constant 3ob - 25. In our numerical calculation, we have adopted the unit

-d - 1. Other parameters are wI " 0.5, r - 0.08, e - 9 and d - 0.5 w. The

dependence of the rate 7 of spontaneous decay on the frequency can be

calculated from Zqs. (4), (7), (9) and (10). The results for various

concentrations of small particles are plotted in Fig. 1.

It has been found that the curve peaks at a frequency corresponding to

.he minimum of the denominator of the integrand in Eq. (7). It may be of some

interest to note from our numerical search that the denominator has only one

minimum for each P value. It is known that such a resonant condition of the
12

denominator determines the dispersion relation of the surface polariton. If

the polaritons do not decay, then the denominator vanishes, namely

f 2 ' '2"l - 0 for polaritons with infinite lifetime. That the minimum

denominator remains finite in the present case is because the surface

polariton decays. The origin of this damping is the absorption of the

composite medium reflected in the imaginary part of the dielectric constant.

Therefore the peak of the spontaneous decay rate is a consequence of the

energy transfer from the excited admolecule to surface polaritons of the

substrate. The curves in Fig. 1 clearly show that a larger concentration of

insulator particles in the medium leads to less energy transfer or stronger

damping of the surface polariton.



B. Metal/insulator substrate

We now consider an insulator with dielectric constant E - 25 and
a

metallic particles distributed randomly throughout its volume. The dielectric

function of the metal is

2

bw(+ip) '(ii)

where w is the plasma frequency and p the damping constant. We employ units
P p

such that w p - I and take F 0.01 and d - 0.5w in the following calculation.p P

Numerical computations similar to the above case have been performed, with the

results plotted in Fig. 2. It is observed here that the surface plasmon does

not appear until the metallic concentration reaches a certain size. Thus

there is no evident energy transfer for small P. According to our

calculation, the surface plasmon starts to cause energy transfer when P > 0.6,

as can be seen from the peaks in Fig. 2.

We now turn our attention to the resonance fluorescence spectrum in this

13
case. By making use of the regression theorem for correlation functions, we

find from the SBE the well-known results of the incoherent resonance

9,14
fluorescence spectrum,

4~~ ~ 2 11 Y][.jj z2(2 + 2)

g(V)- 22 +r I TJ
2 +4 2 1( I + 2)(2 + y )] (12)

where D - v - 7 x .-12( 1 2 + Iz12 - 2D2 ), y - D(I012 2 + 4- 2 _ D2

L(I2 + IZI+ -D)

and z - Y + i(A+,s). The effects of the substrate are reflected through 7 and

Qs. We have found from our numeriral study that both the .tight of the peaks

and the position of the sidebands are sensitive to any change of the particle



concentration P when the transition frequency of the admolecuie is close to

the surface plasmon frequency. The peaks in the spectrum diminish as P

increases and eventually disappear when P becomes sufficientiv Large. Part of

our numerical results is shown in Fig. 3. it is seen that the presence of the

composite substrate does not change the nature of the spectrum. The ac Stark

effect still splits each of the two molecular states equally into four levels,

such that the resulting three-peak spectrum is symmetric with respect to the

main transition frequency. The spacing between lines is affected by Qs while

s
the line widths are influenced by y . Of course, both 2s and s depend on the

nature of the substrate material.
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Figure Captions

1. Decay rate 7 vs frequency for dielectric particles embedded in a

semiconductor. The volume fraction is P - 0 for the solid line, ? - 0.1

for the dashed line. 2 - 0.4 for the dotted line, and P = 1.0 for the dot-

dashed line.

2. Decay rate vs frequency for metal particles distributed in a dielectric

medium. The volume fraction is P - 1.0 for the solid line, P - 0.8 for

the dotted line, P - 0.7 for the dot-dashed line, and P - 0.4 for the

dashed line.

3. Resonance fluorescence spectrum for a molecule near the surface of a bulk

solid which is composed of a dielectric medium in which metal particles

are randomly distributed, with 101 - 45.0, A - -5.0 and w - 0.82. The

solid line is for P - 0.4, and the dot-dashed line is for P - 0.7.
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