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Energy flow and fluorescence near a small metal particle
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We examine the classical energy-balance equation for a fluorescing system consisting of a molecule near a
small, spherical metal particle capable of sustaining electromagnetic resonances and irradiated with laser light.
From the energy-flow distribution in the entire system, we obtain the enhancement factor for the fluorescence
emission of the adsorbed molecule. Numerical results demonstrate that the electromagnetic interactions of the
molecule and the surface can be understood in terms of energy flow through the entire system and applied to
investigate spectroscopic properties of adsorbates in similar systems. Absorption and emission rates of the
adsorbed molecule are determined considering the energy-flow distribution and its dependence on the substrate
as well as molecular parameters. Such understanding is useful in predicting spectroscopic responses of adsor-
bates.
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I. INTRODUCTION theorem to study the dynamics of the electromagnetic pro-
cesses involved.

Surface processes such as surface-enhanced Raman scat!n Sec. Il, a treatment of the energy flow in a coupled
tering (SERS,' second harmonic generatiénsurface  dipole-sphere system is given. Section Il is devoted to un-
photoemissiori, surface fluorescende, and surface derstanding molecular fluorescence in the context of energy
photochemistry have received considerable attention in theflow through the system. The study leads to expressions for
literature since their understanding is important for the defhe fluorescence yield and enhancement ratio and its depen-
velopment of modern surface-spectroscopic technique§leénce on surface parameters. A discussion of the numerical
Modification of photomolecular processes at surfaces is &€Sults is presented in Sec. IV.
well-explored field of research. In this paper we present a
detailed analysis of molecular fluorescence in the presence of !l ENERGY FLOW IN DIPOLE-SPHERE SYSTEM

a small, spherical metal particle, based on energy balance in \ye will briefly review the energy-balance procedure for a

the fluorescing system. _ dipole (Sec. I1A) and for a spherical particléSec. 1IB),
It is widely accepted that the mechanism for surfaceyafore treating the coupled dipole-sphere system. Through-
enhanced processes is predominantly electromagnetic in ngg;t the paper, a near-resonance condition is assumed where

ture. The strong local electromagnetic field ﬁe;xperienced bYhe radiation frequency, the molecular transition frequency
the nearby molecules plays an important rolehe local " 514 the resonance frequeney of the spherical particle
field increases by reflection of the incident radiation and the, o nearly the same.

increase is substantial if, as in the case of a small sphere, the

surface to volume ratio is lar§eand if the incident light

excites surface electromagnetic resonaficeslowever, if

the molecule is very close to the particle surface, nonradia- In the absence of free charges and in a nonmagnetic me-

tive energy transfer from the molecule to the surface may b&ium the energy-balance equation in MKS units is given

significant® In addition, the emitting state of the molecule b 10

may couple strongly to the radiative resonances of the par- d 1

ticle. Therefore, a small metal particle capable of sustainingJ S-fds=— _f —(goE- E+M0H'H)dV—j E-PdV,

electromagnetic resonances can enhance molecular absorp- dt) 2

tion (hence fluorescengdy increasing the local field, lower @

absorption, and emission efficiency of the molecule by stealwhereS is the Poynting vecto andH are the electric- and

ing energy from it, and may increase fluorescence by emitmagnetic-field vectors, arfdis the electric-polarization vec-

ting efficiently the energy transferred from the emitting statetor. go and u, are the electric permittivity and magnetic

of the molecule to a radiative electromagnetic resonance. permeability of free space, respectively. The integrals are
The surface effects discussed above are well founded anglaluated by enclosing the dipole in a large sphere of volume

explained by classical electrodynamics. Staying within thev and surfaces with f representing a radially outward unit

bounds of local electromagnetics, we present a different aprector. Equatior(1) is time-averaged to yield

proach to understanding surface fluorescence and photo-

chemical effects. Our goal is to investigate the energy-flow

distribution in the system and apply the energy-conservation

A. Dipole in external electromagnetic field

— . d— .
WeP= i reiat (E-PdV), )
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where ()" denotes time average. state,— W, can be interpreted as the poversorbed WP
d_ d r1 by the dipole from the incident beam.
_gﬁeld5<_J —(8oE'E+MoH'H)dV> Following Born and Wolf* and noting that the electric
dt dt) 2 field of the dipole may be written &s
is the time-averaged rate of energy storage in the radiation 2
fields andWP=—([S. ds) is the power extinct from the E,(rt)=
radiation field by the dipole(/E-PdV) is the power re-
moved from the radiation field by the dipole and a Drude-one obtains
Lorentz-type calculation, with the dipole &, yields'™

eikr
MT(T

e*iwt,
47eg

_ e2f| w?T|E(rg,0)[2 s (/21 1) ©
< f E. PdV> = (ﬁ)(mé—wz)%wzlﬂ’ (3)  and the power radiated from the dipdle
where,e and m are the electron charge and mass, respec- wip— ol plrg,w)]? (10)
tively, I' is the gas-phase decay rate, dnd the oscillator s¢ 127eoC3
strength of the molecular dipole. This power is either stored
in the dipole or dissipated to frictioff,i.e., Hereﬁrz(r—ff) -, the propagation vectdt= (w/c)fy,
andc is the speed of light in vacuum.
< f E. Pdv> _ Egd + _d!p - I_:rom a quantum point of vieW one may interpret
dt = o W/hw=Tg, as the rate for stimulated absorption,

where WP/ w=T(NR as the rate for nonradiative decégue to

frictional damping, andW2/% w=T"® as the rate for radia-

2 2 2 2
= _f(m/4)(e/m*(wp+ w*)[E(ro, )] (4) tive decay(emission, for a two-level system. Thus, in a

o (wg— 0?)*+ w2 two-level system, the energy-conservation equation may be
written as
and
— 20T — N ng)s:N d:gs+N ng:p (11)
©) “ho Y The -

diss_(wg_l_wz) dip -

Thus, at steady state, the power extinct from the radiatiohlo @nd Ny are the populations of the ground and excited
field by the dipole is fully dissipated in the dipole, states, respectively. As expected, the total decay rate is the
sum of the radiative and nonradiative decay rates.
ngp: d:gs (6)

B. Sphere in external electromagnetic field
Also, an explicit evaluation of the time-averaged Poyting  consider a single spherical particle in an external radia-

integral (with E=E;+E, andH=H,;+H) leads to tion field (E;,H;). The dissipated energy is computed, as
— - . before, by surrounding the particle by a large, imaginary
ngp: _Wi_ngcp_Wim’ () sphere. The fields within this spherical region outside the

where particle are:E=E;+Es and H=H,+H, whereE;=R-E;
andH = R H; are the fields scattered by the particle. The
V_\/i:f 1 Re(E;xH¥)-r ds, (89  reflection tensoR depends on the geometry and the dielec-

tric property of the spherical partictelf WSP" denotes the
o power extinct from the radiation field by the sphere, then the
V\/‘S"Cp=f 3 Re(E, X H¥)-rds, (8b)  energy-balance condition at steady state becoM&s"
=W where
and
_ . WSphE—fdsl REE XH*) 1 +ReEsXHY) 1
W= | $ Re(E;XH*+E,XH})-rds. (80) ¢ ZRE(EXH, s
XCH* .1
(Ei,Hj) and E,,H,) are the incident and dipole fields in FRE(EXHS )+ (BHT)] T (12)
the region.\/\/‘s"cp is the power scattered by the dipole aMg,  and
is interpreted as the power lost to interference between the
incident and the .scattered fields.\{vi represents t_he power V_\/f,FSZE f E.-PdV :8O£|m8(w)f IE;[2dV,
loss from the incident beam and is set to zero since there is sph 2 sph
no loss of incident power at steady state. Therefore, at steady (13
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e(w) is the dielectric function of the material of the particle, o 2¢
E.=E(w,t)e"'“!is the electric field inside the particle, and wo= wy— (F Re Gy(rg,ro; o)1,
the usual time-scale separatimif /dt<wE,, has been ap- 5
plied. ObviouslyWSP! is related to the energy stored in the f=[1+R(w)]f,
sphere, )
- e
. 1 , I'=r+ m)lm[st(w)],
Ean5Ree(w)] [ E[7AV. (19
sph

and the dipole orientation is taken along the direction of the
incident fieldE; . For the dipole, the emitted and the dissi-

Further, since the incident field does not lose power abated energies are derived from themary field At steady

steady state, we writdg*"= — W W', where state, the power “extinct” by the dipole from thegrimary
field, V\/g"; is balanced by the power dissipated to friction in
vv:ghzf 1 ReEsXHY)-rds the dipole,
is the power scattered by the particle and Weh=WeP+WgB=WE,. (19

_ ) i Here, W2 is the power extinct by the dipole from thieci-
* * —_—
Wi'= | Rez[(EixHZ)+(EsxH)]-rds dent fieldand W2® the power extinct by the dipole from the
_ _ o incident field scattered by the sphere
is the power lost to interference between the incident and the |f gne encloses the molecular dipole alone by an imagi-

scattered fields. As in the case of a dipole, interpretinchary spherical volume and evaluates the Poynting integral of

—Wis,ﬁh as the power absorbed by the particle, one may writdeq. (2) over its surface, one can obtain the power extinct by
WP WP WP wheré? the dipole, W3" . As before, we write— Wa=W;ln,, the
- power transferred from the dipole to the particle. This inter-
WSP= (20 /mo) ¥4 27/K)IM[Es(w)-EF (w)] (15  pretation is the consequence of the balance that must exist
for the power tranifer bgtween_the dipole and the particle at
and steady state. Thud/2P=W3l+ W5

trans*
ds The power transferred from the dipole to the particle can
— — . . .
W:gh:%(go/MO)UZRef | Es(w)|2r_2_ (16)  be obtained from the difference between the time-averaged

rate of energy storage in the dipole in the presence of the

particle[ (d&g,/dt) = —T &4,] and that in the absence of the

C. Sphere and dipole in external electromagnetic field particle [(d d?g/dt) = _rgg?g], ie., V_\/tsrggsm ("f_r)aj?p)_

The system now involves both the molecular dipole and~urther, if we enclose the particle alone by an imaginary
the spherical particle in the presence of external figlls SPhere and evaluate the Poynting integral over its surface, we
andH,). One has to look at energy balance in both compo£an also obtain the energy transfer per unit time from the
nents in order to understand the energy flow through thélipole to the particle. At steady state, this is same as the
entire system. The electric field at the dipole of momant power extinct from thelipole fieldby the sphereWsR. With
(at rq relative to the origin at the center of the partigles  fields (EM.,HM) and (E#S,HMS) inside an ir’_nagipary sphgre
given by surrounding the particle only, the Poynting integral gives
WD = W= —WEPR —WER", | where WY is the power
carried by the dipole field scattered by the particle uﬁ,tﬁf‘d
is the energy lost per unit time to interference between the
fields (E,.H,) and E,s,H,s). Interpreting—\/\lisnptf‘d as the
powerabsorbed by the particle from the dipole fielWde may

E|0C(r01t):Ei(r01t)+ES(r01t)+E/.Ls(roat)! (17)

whereE,= ﬁ(ro,w) -E;(w) is the incident field scattered by
the sphere anE#SE(éS(ro,ro;w)-u(w) is the dipole field
scattered by the spherg.and G, are the reflection and im-

age tensors, respectivéf§,*® and the time dependence of write
all fields is assumed harmonic. SinEgg simply broadens Tsph _ vagsph., (agsph
and shifts the excited level of the molecule, the dipole is Wabsa=Welat Weea- (20

driven to a steady state by tipgimary fieldE,=E;+Es. A This means the power absorbed by the particle from the di-
self-consistent expression for theessed dipole momeptat  pole field equals the sum of the powers transferred to the
steady state is given B§-4? particle and carried by the dipole field scattered by the par-
ticle.
P Let us now look at the total situation by enclosing the
mw)=|——|[wg— o —iwl']"E(ro,0), (18  dipole-particle system by a large, imaginary sphere over
whose surface the Poynting integral may be evaluated. The
where net energy flowing into the volume is balanced by the sum of

s

155416-3



PURNA C. DAS AND ASHOK PURI PHYSICAL REVIEW B65 155416

the energies stored in the fields, in the dipole, and dissipateg o power lost to interferenc@l_yim, between the scattered

to friction in both the dipole and the particle. The energysiaids of the two coupled dipoleBnolecule-sphere svstem
stored in the fields includes the energy stored in the particle_i[he various \t,\(/armsuif\/_v Iﬁl—ve( and 3—\/ Eave syec?l‘ic
Esphy Which is computed from Eq14) by replacingE, by abs _Tsc) nt P

E/, that includes the additional contribution due to the po-meanings. The first term iy represents the.power re-
larization of the particle by the near field of the dipole. At MOVed by the particle from the incident beam; the second
steady state, term is the power removed by the dipole from the incident

beam; and the last term is the power removed from the inci-
dent beam by a dipole induced in the particle by the mol-

ecule. Terms inW,, can also be interpreted similarly. The
first term of W, clearly represents the power scattered by the
Wg:gsandgdip are obtained from Eq$4) and(5) by replacing  Molecular dipole, the second term represents the power scat-

] ~ T Qi tered by the sphere polarized by the incident beam, while the
EbyE, fbyf, wgb , andI” by I'. Similarly, from Eq. . . . . .
(10))/ vvle obt};;lin @o DY o y miiarty, i . third term is the power scattered by the dipole induced in the

sphere by the molecule.

— w
WSph—\AISph=so—lms(w)f |E/|2dV.  (21)
2 sph

diss— YVtrans

o 0 12m ol o M TIEL
sc T )
(32— w))2+ T2 lll. STEADY-STATE FLUORESCENCE

_The energy balance condition for the total system can be \\e now apply the energy-balance condition to steady-
written as state fluorescence of molecules adsorbed on a spherical par-
— — ticle and irradiated with an external laser source. We con-
_< j (EXH)-F ds> EV_Ve: _d:gs+ Wf:ipshs+ %Jr dgfield_ sider a three level systéﬁ’? (Fig. 1 for the molecule with
dt dt ground statéG) and excited state#\y and|B). The fluoresc-
(23 ing system can be thought of as consisting of two dipoles

Since the fields in the region surrounding the coupled systerfioupled to the particle. Dipolé (|G)«|A)) absorbs and
are E=E+Eq+E,+E,s andH=H;+H +H,+H,s, the dipole B (|B)~|G)) emits. The interdipolar coupling is
total power extinctW,, from the fields by the coupled sys- through the radiationless transitioA)— |B), characterized
tem is given by by the rate constar, assumed to be unaffected by the pres-
ence of the substrate particle. If staB is a dissociative

_ — = dgdip dgﬁeld continuum then the molecule undergoes photochemical de-
We:Wabs_Wsc_Wint:\A/g:gs+Wzri)ss+T dt composition.
(24) Letfa, wa, I'p, andfg, wg, I'g be the gas-phase natu-
ral parameters for dipole& and B, respectively. The inter-
where play of energy between the dipoles and the particle appears
through the renormalized parametéis Ty, @a, @g, LA,
V_\/abs= —< f {(EiXHg+EgXHj)+ (EjxXH,+E,XH;) andT'g. If the steady state populations of the ground and
excited states are taken to Ng, N, andNg, respectively,
+(Ei><H#S+E#S><Hi)}-fds>, (259
‘ |A)
FA
WSC=< J {(E,xH,)+(EsXHg) + (E,sXH, o)} F ds>, ® K,
25n  ho, |
and IAVAVAVAY. 2 Fse !B>
FB NN
_ r sp ha
W= {(EsXH,+E, XHg)+(EsXH, s+ E, XHy) sa !
G)
(B X Hus T By H )T ds>' (259 FIG. 1. Schematic diagram of a three-level systemand o,

. . . are the incident and emitted light frequencies, respecti{@y.A),
The term involving € X H;) has been set equal to zero Since yy gy are the ground and excited states, respectively, of the mol-
there is no loss of incident flux. Hence, at steady state, th@cule. Solid vertical lines indicate stimulated transitions and the

true extinction by the dipole-sphere system consists of th@ashed vertical lines indicate spontanedtegiative transitions.
absorption powelV,,s minus the scattered pow&V,, and  The radiationless transitiofA)—|B)) is indicated by a wavy line.
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then in the presence of chemical transformations, the energy- As usual, the effect of the substrate is determined by com-
balance equation becomes puting the absorption-enhancement factog=N,Wa/
NOWA® and the fluorescence-enhancement factey

. — d& d& v v v v
_ < f (EXH)-P ds> WA+ WE_ -+ WePhy 2 =NgWe/NE'WE, whereWg(” andWg® are the powers
dt dt scattered by dipoleA andB, respectively, in the absence of
i the substrate.
field +HK(w;— 0r)(Ng/N), ' I_:or dipoleA of moment/u,A, the power absorbed from the
dt incident beam by is given by
(26)

WA 1 * * PN
where the last term represents the loss of power to the radia- Wabs™ ~ 2 Ref LB Hup) = (A7 XEu)] T ds
tionless relaxation procesgA)—|B)) and N is the total (33
number of moleculesw; and w; are the exciting and emit- Using plane waves for the incident fields and spherical
ting frequencies&, and &g are the stored energies in the wWaves for the dipole fields, we obtain
dipolesA andB, respectively. Under steady-state conditions, N
S Wah= Im{pa( @) EF (@)}, (34
We=Wjt WE AW+ 2K (0 — 0f) (Ng/N). (27) o _ o _
where the dipole is assumed oriented along the incident field
The effects of the substrate on fluorescence are obtainedirectionfy, andu, is obtained from Eq(18). The scattered
through the determination of both the lifetime of the mol-[see Eq.(10)] and dissipatedsee Eqs(4) and(5)] powers
ecule(in relaxation experimentsand the intensity of emis- are given by
sion (in steady-state experimentdf £ is the energy gain or

4 2
loss in any process, the probability of that process occurring A _ i |1l ’ (35)
is given by&/h w, wherefiw is the photon energy involved in ¢ 12meqC
the process. Therefore, the time evolution of the level popu-
lations (rate equationsis written as:’ - ( ezwzfA7A> EE 5
_ _ _ diss— _ ~o "
ANy Wh Wi WA 2m (@ w})*+ ofTh

gt N, M, M, KN 28
I | I

The determination ofVZ . and W2, however, does not
. . proceed along the same lines\&4... and W-.. Dipole B is
%=K N, —N W_mss Wose (29 driven by the power gainefK;Na% (w;— w¢)] from dipole

A B hwr  Phog A, and does not separately obey Drude-Lorentz equation. At
steady state, we may Writh{Na/ (w;— w¢)=WE+WE..

dN, WA Wi+ WA, WE +WE We parametrizaV5 . to be a mere fraction oV, which is
T o, A hw, B fh g computed from the spontaneous decay f?ﬁ@ for the tran-
(30)  sition|B)—|G) [see Ref. &)]:
where_,K has been replaced ki, for _fluorescenc_e. These —B z ezﬁwaf’|1+R( )2 37
equations are subject to the constraint tNatemains con- s {3/ mc w1
stant and superscrips and B refer to the dipole\ andB, . . . . .
respectively. At steady state the level populations are oS is well known, the increase in the scattering by oscillator
tained as B is significant througtR(ws), when the emitting frequency

matches that of a radiative surface resonance.

Na —0 — _ — _
WA _ WaAbs(ngss"' WSB()/[(W(B“SS+ WSB() IV. NUMERICAL RESULTS
The fluorescing molecule is positioned at a distaite
from a spherical silver particle of radiws The molecular-
transition dipoles are assumed perpendicular to the sphere
(31 surface and oriented along theélirection. The dielectric con-
stant for the silver sphere is taken from Ref. 12. The param-

eters in the calculation are the widths andI'z, oscillator

X (W2b3+ Wg\iSS_F W§C+ ﬁwi Kf) + ﬁwafWQbs-l y

Ng WA \\/B \\/B
N hrofK Wapd [ (Wisst Wso) strengthsf, and fg [fag=2Mwa s #a sl?/€%h, wheree

and m are the electron charge and mass, respectively, and
WA WA WA 470 K o)+ WA 1. wA,B.:.(EA,B_EG)/ﬁ]a and the rateK; for the radiationless
(Wast Waiss ™ Wee i 01K ) 7 0rK {Wope] transition| A)—|B). We assume throughout that= w, and
(32) W= wpg .
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FIG. 2. The enhancement factor for the rate of absorptign
=WAJWALY as a function of the molecule-surface distaivbéor
various values of the paramet€r. The basic parameter set is used
in computations. For the dotted cur¢e - - ) K;=10° s7, for
the dashed curvé— — —) K;=10° s™%, and for the solid curve
(—) Ky=10%s"1,

FIG. 3. The population enhancement fachy/NY for oscil-
lator B as a function of molecule-surface distaridefor various
incident power level®. The basic parameter set is used. For the
dotted curve(- - - -) P=10* W/m?, for the solid curve——) P
=10° W/m?, and for the dashed cunte- — —) P=10° W/m?.

cessfully with the quenching ofA) at closer molecule-

In most of the computations we use the following basicsurface separations.
parameter seta=200 A, f,=fz=0.1, w,=3.48 €V, wg The population-enhancement ratidg/N%” andNg /N§”
=wi=345¢eV, [,=T'g=10"s!, K;=10s"%, and an are expected to depend on incident power. At higher
incident laser power of TOW/m?. Parameters whose values incident-power levels one expects staB to be heavily -
differ from those given in the basic set are mentioned Sepat_)opulated and_thus give rise to strong fluorescence emission.
rately. The total number of moleculd is obtained by as- At the same time, at large distances from the surface, the
suming monolayer coverage (1bmolecules/&). surfage effects on the rate of emission fr¢h through the

It is well known that, for silverR(w) has a resonance at coupling of qscnlatorB to the particle may not be able to
a frequency of 3.48 eV an@(w) has an infinite number of kegp pace with the high ratg of pqpulatlpn transfer fﬂmp

. . . This would lead to population buildup in staf8). This is

resonances with frequencies given byw)=—(n+1)/n,

whose relative importance depends on the molecule-sphe;sghOWn in Fig. 3, wherlg /N3 is plotted as a function df
separatior@® While absorption by dipole and, conse- r various incident-power levelB. It is seen that for high

uently, fluorescence emission by dip&8eare increased due power levels the rati(NB/N(BO) does not show the usual fall
q Y . oy diptiea off at large distances, rather there is a gradual convergence
to enhanced local field and excitation of surface electromagt—Oward 1 asH increases
netic resonances, both processes are mitigated by energy We show the channeling of energy through the three-level

transfer from the molecule to surface excitations such a§ystem in the presence of the surface by plotting the powers

plasmong electron-hole pairs, or phonofisAdditionally, —\ —n .
the polarization of the substrate by the excited moleculeabsorbed Wang and scatteredW) by oscillatorA and the

. . . \x/B H H H
causes fluorescence enhancement, which is particularower scatteredWs,) by oscillatorB as functions ofH in

strong if the emission frequency matches that of a radiativerig. 4.W4..(——) andWA. (— — —) exhibit familiar behavior.
surface resonancé. Closer to the substrate particle energy transfer from the mol-

The absorption-enhancement factgg,=W4 /WA, as  ecule to the surface excitations dominates and the result is a
a function of the molecule-surface distaniefor various  quenching of absorption near the surface. With increalsing
values ofK;, is shown in Fig. 2. For a typical molecule the fall off is due to negligible radiative-resonance effects.
(basic parameter Sety,,~40 atH~80 A. This is in rea- D_ipole B, however, is not coupled to the incident radiation.
sonable agreement with previous surface—fluorescendﬁ/fc is determined from the spontaneous-emission F&B@f
studies’® The ratio falls off in both directions with varying state|B) and depends oftL+ R(w)|2, which is large when
H, as expected, and converges to 1 at a large distance, whetige emission frequency resonates with a radiative electro-
surface effects become negligible. The peak enhancement imagnetic resonance of the sphere. Evenwif« w;) is much
creases and shifts toward smallérwith increasingK;, an  smaller than the width of the electromagnetic resonance, one

indication that the transitiohA)—|B) competes more suc- would expect significant increase in fluorescence emission
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FIG. 4. The absolute absorbed and scattered powers of oscillator FIG. 6. The fluorescence enhancement factgras a function
A W4 (—) and 16X WA, (— — —)] and the absolute scattered of distanceH for various incident powers. The basic parameter set
power from oscillatoB [WE, (- - - -)] versus distancel from the IS used and the curves are for the same incident powers as in Fig. 3.
surface. The basic parameter set is used for all curves. Notevthat
(— — —) is scaled up by a factor of $0 emission-enhancement factor is about 1200 at about 70 A
from the surface. Also, we note that for greaker the en-
— . hancement ratio is larger. The r is unaffected by the
near the surface. So, close to the surfad&, (- - - -) is g *a y

large and falls off gradually as distance increases. The hig
rate of population transfe; from |A) to [B) also helps in

increasingW®, while keepingW-. low.

The enhancement factor ,=N,W4/NOWA® - for

Rresence of the surface. Thus, even though there is a de-
crease in the population &4 and consequently a4, with
increasingK;, the decrease is even greater in the absence of
the surface. This is why the emission-enhancement factor of
oscillator A is larger for larger values ofK;. The

emission by oscillatoA is plotted in Fig. 5 as a function of ¢,5rescence-enhancement factgy = NBWSBL/N(BO)WSBC(O) is

H for various values of the parametef. The curves refer to
the same situation as in Fig. 2. FE;=10'"s"! the peak

1200.0

1000.0

800.0

;_ft

600.0

400.0

200.0

0.0

FIG. 5. The enhancement factiof for emission by oscillatoA
as a function of molecule-surface distartdefor various values of
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given in Fig. 6 for various incident-power levels. The curves
are for the same situation as in Fig. 3. As expected, this
graph exhibits a peak enhancement factor of about 40 at a
molecule-surface separation of about 70 A for an incident
power of P=10* W/m? (- - - -). Increase in the incident-
power level increases absorption and hence fluorescence, as
shown. The shift in the peak enhancement value with in-
creasing incident power indicates that closer to the surface
the nonradiative energy transfer from the molecule to the
surface cannot be as effective as it would at lower incident-
power levels. However, it should be remembered that higher
power levels may give rise to nonlinear effects and, there-
fore, are not desired for linear spectroscopic investigations.
In conclusion, we have considered energy flow as a means
of gaining insight into the spectroscopic properties of an ir-
radiated molecule-sphere system. Although the effects of a
surface on spectroscopic properties of adsorbed molecules
have been studied extensively, in this paper we present yet
another viewpoint to the local electromagnetic nature of the
problem through a detailed calculation of enhancement fac-
tors using energy balance. Starting from an energy-balance
equation we have derived expressions for the absorbed and
scattered powers of a molecule adsorbed on a small metal
particle. These results are then utilized to determine the en-

the parameteK;. The basic parameter set is used and the curve®iancement factor for fluorescence by considering the time
are for the same values &; as in Fig. 2.

evolution of population in a three-level molecule. Quantities
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not strictly obtainable from the energy-balance equation ar¢he dipole(oscillator A or B is not strictly determined from
determined either by extending the dipole-only results to thenergy balance, there is reasonable agreement between our
coupled dipole-sphere system or are introduced to confirm teesults and those obtained previously from a semiclassical
energy conservation. In spite of the fact that radiation fromdensity-matrix treatment of the probleff.

(@) H. Metiu, Prog. Surf. Scil7, 153(1984); (b) H. Metiu and P. M. Goncher, C. A. Parsons, and C. B. Harris, J. Phys. Cla8m.
Das, Annu. Rev. Phys. Cher85, 507(1984); (c) M. Moskovits, 4200 (1985. (d) S. Garoff, D. A. Weitz, and M. S. Alverez,
Rev. Mod. Phys57, 783 (1989; (d) G. W. Ford and W. H. Chem. Phys. Lett93, 283(1982; (e) J. S. Suh, M. Moskovits,
Weber, Phys. Refl13 195(1984. and J. Shakhesemampour, J. Phys. Ch@m.1678(1993; (f)

?(a) C. K. Chen, A. R. B. de Castro, and Y. R. Shen, Phys. Rev. H. Guo, P. Saalfrank, and T. Seidman, Prog. Surf. 62i.239
Lett. 46, 145(1982); (b) A. Wokaun, J. G. Bergman, J. P. Heri- (1999.
tage, A. M. Glass, P. F. Liao, and D. H. Olson, Phys. Re24B  6(3) j_|. Gersten and A. Nitzan, J. Chem. Phys, 1139(1981);
849 (198Y); (c) G. S. Agarwal and S. S. Jha, Solid State Com- (b) J. I. Gersten and A. Nitzan, Surf. Sdi58 165 (1985.
mun.41, 499(1982; (d) X. M. Hua and J. I Gersten, Phys. Rev. 75 ¢ Wang, M. Kerker, and H. Chew, Appl. Opt9, 2256

B 33, 3756(1986; (e) A. Leitner, Mol. Phys70, 197(1990; (f) (1980: D. S. Wang and M. Kerker, Phys. Rev. B4, 1777
H. G. Bingler, H. Brunner, M. Klenke, A. Leitner, F. R. Auss- (198]), ' '

(AR A T PO TI% B hare . rc ns .S Crem P,
) ‘U ger, L 9 » PIYS. 1 (1978; (b) R. R. Chance, A. Prock, and R. Silbey, J. Chem.

Rev. Lett. 45, 1284 (1980; (b) G. Faraci, A. R. Pennisi, V. ) ! :
Privitera, H. Burtscher, and A. Schmidt-Ott, Phys. Rev3B Phys. 62, 2245 (1975; (c) H. Morawitz and M. R. Philpott,
Phys. Rev. BLO, 4863(1974.

10 542(1988. . _ _
4(a) D. A. Weitz, S. Garoff, C. D. Hanson, T. J. Gramila, and J. . J. A. StrattonElectromagnetic TheorgMcGraw-Hill, New York,

Gersten, Opt. Let7, 89 (1982; J. Lumin.24/25, 83 (1981); (b) 1941, pp. 131 and 435.

P. Das and H. Metiu, J. Phys. Che89, 4680(1985; (c) E. H. 10R. Loudon,The Quantum Theory of Ligli€larendon Press, Lon-

Hellen and D. Axelord, J. Opt. Soc. Am. 8 337(1987; (d) P. don, 1973.

T. Leung and T. F. George, Spectroscajiugene, OF. 4, 35 M. Born and E. Wolf,Principles of Opticssixth ed.(Pergamon,

(1989; (e) M. F. Ahmadi and J. F. Rusling, Langmufy 1529 New York, 1983, pp. 7 and 657.

(1991). 124, J. Hagemann, W. Gudat, and C. Kunz, DESY Report No.
5(@) A. Nitzan and L. E. Brus, J. Chem. Phy&s, 2205(1981); (b) SR-74/7, 1974unpublishegl

G. M. Goncher and C. B. Harrishid. 77, 3767(1982; (c) G. 13p, Avouris and B. N. J. Persson, J. Phys. Ch88).837 (1984.

155416-8



