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Intermolecular energy transfer in the presence of dispersing and absorbing media
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By making use of the Green-function concept of quantization of the electromagnetic field in Kramers-Kronig
consistent media, a rigorous quantum-mechanical derivation of the rate of intermolecular energy transfer in the
presence of arbitrarily shaped, dispersing, and absorbing material bodies is given. Applications to bulk mate-
rial, multislab planar structures, and microspheres are studied. It is shown that when the two molecules are near
a planar interface, then surface-guided waves can strongly affect the energy transfer and essentially modify
both the(Forstep short-rangeR~® dependence of the transfer rate and the long-r&igedependence, which
are typically observed in free space. In particular, enhanceftid@nbition) of energy transfer can be accom-
panied by inhibition(enhancementof donor decay. Results for four- and five-layered planar structures are
given and compared with experimental results. Finally, the energy transfer between two molecules located at
diametrically opposite positions outside a microsphere is briefly discussed.
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I. INTRODUCTION Calculations of the energy-transfer rate have been per-
formed in order to include the effect of bulk mater[&l],
Intermolecular energy transfer as a fundamental processicrosphere$§10—-13, and planar microcavitigd4,15. The
in many biochemical and solid-state systems has been agfuantum theory given in Ref9] is based on a microscopic
increasing interedtl]. It is often distinguished between two model that allows for both dispersing and absorbing bulk
cases, namely,radiationless short-range transferalso  material. In Refs[10,1] the classical field generated by a
called Faster transfef2]) and (radiative long-range trans-  donor dipole and felt by an acceptor dipole in the presence of
fer. In the former the distande between donor and acceptor a microsphere is substituted into the free-space Fermi’s
is small compared with the electronic-energy-transfer wavegolden rule expression. A strictly quantum-mechanical treat-
lengthh o, RIApa<1. The free-space transfer rate behaves agnent that starts from a mode decomposition of the electro-
R™®, which can be explained by the instantanedosgitu- magnetic field according to the Helmholtz equation of the
dinal) Coulomb interaction between the two molecules. Inmacroscopic Maxwell equations is given in Refs2,14,15.
the latter the intermolecular distance substantially exceedgnfortunately, the microscopic theory developed for bulk
the transition wavelengttR/\,>1. The observe®R 2 de-  material[9] becomes quite cumbersome when boundaries are
pendence of the transfer rate can be regarded as being theesent, and studies based on the standard mode expansion
result of emission and reabsorption of ré@hnsversgpho-  [12,14,15 cannot incorporate material absorption.
tons. It is worth noting that in a rigorous approach to the In the present paper we give a rigorous derivation of the
problem (e.g., within the framework of the multipolar for- rate of intermolecular energy transfer in the presence of ar-
malism of QED[3,4]) the R™® and R™2 distance depen- bitrarily shaped, dispersing, and absorbing material bodies,
dences are limiting cases of a unified thefsy. starting from the quantized version of the macroscopic elec-
When the two molecules are near material bodies, thefromagnetic field. The quantization is based on the introduc-
the electromagnetic field “felt” by them can be quite differ- tion of Langevin noise current and charge densities into the
ent from that in free space and the intermolecular energylassical Maxwell equations, which can then be transferred
transfer can change accordingly. The effect has attracted aie quantum theory, with the electromagnetic-field operators
tention, because it offers the possibility of controlling the being expressed in terms of a continuous set of fundamental
energy transfer, with regard to potential applications, e.g., irbosonic fields via the classical Green ten@me[16,17 and
high-efficiency light-harvesting systems, optical networks,references therejnin particular, we show that the minimal-
and quantum computing. Enhanced energy transfer betweawupling scheme and the multipolar-coupling scheme yield
molecules randomly distributed within a single glycerol exactly the same form of the rate formula. It is worth noting
droplet(of about 10um diametey [6] and within a polymer  that the formalism includes material absorption and disper-
Fabry-Peot microcavity[ 7] has been observed. Using mono- sion in a consistent way, without restriction to a particular
molecular layers of donor and acceptor moleceparated frequency domain, and applies to an arbitraiyhomoge-
by distances of 10—20 nimin planar microstructures, the neoug medium configuration.
dependence of short-range energy transfer on the local Here, we apply the theory to bulk material, multislab pla-
photon-mode density has been demonstrffgd nar structures, and microspheres, with special emphasis on
media of Drude-Lorentz type. In particular, we show that the
energy transfer can be strongly modified, if the two mol-
*On leave from the Institute of Physics, National Center for Sci-ecules are sufficiently near an interface and surface-guided
ences and Technology, 1 Mac Dinh Chi Street, District 1, Ho Chiwaves at the energy-transfer wavelength exist. Four- and
Minh City, Vietnam. five-layered planar structures are studied, and the results are
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compared with recent measuremef@$ Finally, the effect . ©
of surface-guided waves and whispering-gallery waves in the =Vo(r)= f dw El(r,0)+H.c., (6)
case of the molecules being near a microsphere is briefly 0 -
discussed.
The paper is organized as follows. In Sec. Il the basic- A(r)= fxdw(iw)—lﬁl(r’w)+H.C., @)
theoretical concept of electromagnetic-field quantization is 0 —
outlined and the energy-transfer rate is derived. Section Il is
devoted to applications, with special emphasis on multislaliwvhere
planar structures, and concluding remarks are made in Sec.

IV. Some explanatory calculations are given in the Appendix. . ~
p y g pp El(“)(r,a)):jdarlﬁL(H)(r_r’)E(r,,w), (8)

Il. BASIC EQUATIONS
with 8 (r) and 8(r) being the transverse and longitudinal
dyadic é functions, respectively, and
Let us consider an ensemble of point charges, interacting
with the quantized electromagnetic field in the presence of

absorbing media. The minimal-coupling Hamiltonian in the E(r,0) VE_ &' Ve (', w)G(r. 1", w)i(r',0).
Coulomb gauge read47,1§ 9

fd?’ f dofwfi(r,

- “ A 1 “~
X[pa_qu(ra)]2+ EJ' d3rp(r)¢(r)

A. The Hamiltonian

Here, G(r,r’,w) is the classical Green tensor, which obeys

2My the inhomogeneous, partial differential equation

2

Y ()~ VXVX|G(r, ", @)=—8(r—1") (10
C

+J d*rp(re(r), D _ o _
together with the boundary condition at infinjtg(r) is the

R R dyadic § function], with e(r,w)=¢eg(r,w)+ig (r,w) being
wherer, is the position operator and, is the canonical the complex, space- and frequency-dependent permittivity.
momentum operator of theth (nonrelativistig particle of Let us consider the case where the particles are constitu-
chargeq, and massn,,. The first term of the Hamiltonian is  ents of neutral moleculést positions ) that are well sepa-
the energy of the medium-assisted electromagnetic field, exated from each other. The Hamiltoni&h) can then be de-

pressed in terms of bosonic vector fieligs, ) with com-  composed into an unperturbed p#f and an interaction
mutation relations partH;., as follows:

[F(r,0),fL (1 0)]= 8 8r—1") 8(w—o'), (2 A=Fo+HA, (11)
[hlr, @), fe (', 0")1=0. @ A :fd3 f dotiof'(r,0)i(re)+> Ay, 12

The second term is the kinetic energy of the charged particles
and the third term is their Coulomb energy, where the corre-

sponding scalar potentiah(r) is given by Hin=> E VMM/+E F ine- (13
M;&M’
- o(r’
¢(r)=J d%fL’ (4) Here,
4areolr—r’|
. 1.
with Hu=2> paM VM M (14
ap a
p(H)=2, q,0(r—r,) (5) is the Hamiltonian of thevith molecule,
. : . . Uy, Yay,
being the charge density of the particles asgl is the VMM,_E 2 U (15)
vacuum dielectric permittivity. The last term is the Coulomb ay ay’ 47'rso|r raM,I

energy of interaction of the particles with the medium.

The scalar potentiap(r) and the vector potenti@(r) of  is the Coulomb interaction energy between Mé& and the
the medium-assisted electromagnetic field are given by ~ M’th molecule, and
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Uy i pansion[19] up to the second order in perturbation theory,
Ay in= 2 ( __m f)aM A(FQMHE (2 M AZ(F“M) the (total) rate of energy transfer can be given by
m m
am ay apm ay
+ [ @ punpm) 1) W= P 2

is the interaction energy between thith molecule[charge wherep; is the occupation probability of the stdi¢ and

density py(r)] and the medium-assisted electromagnetic 2

field. _ _ Wfi:7|<f|T|i>|25(Ef—Ei), (24)
In what follows we shall restrict our attention to the

(electricy dipole approximation, so that E¢L5) simplifies

o with
~ _ " n 1 N
Vi =20 Mdw 811y =) dy 17 T=Hjn+tHpn——=—"Hinx, s—+0. (25
where
Applying the decompositiofil3), we may write
dMZ% an(raM_rM) (18) <f|-’l‘—|i>:<a,b/|-’|‘—|a/,b>:<a,br|\"/AB|a/,b>
is the dipole operator of thilth molecule. Disregarding the +(a,b’|T]a’,b), (26)

A? term in Eq.(16), which does not give rise to off-diagonal
molecular matrix elements, making use of E@~—(8), and

applying the dipole approximatiot,, i, takes the form

where

(a,b’|Tla’,by=(a,b’[[Haim+Hgind[Ei—Ho+is] *

A mt=—f d“’f r fuy(r, @) E(r, @)+ H.c., (19 X[Hainct Ha ][’ .b). @0
0
Let us first consider the Coulomb terfa,b’|Vag|a’,b).
where From Eq.(17) it is not difficult to see that

- 1 . . N A -

p(r,@)=— [ dy Hy16t(r—ry)+dydl(r—ry). (a,b'|Vagla’ by =g [dppd(rg—ra)daar],  (28)
200 where

B. The transfer rate daa,(bb,):<a(b)|aA(B)|a’(b’)>. (29

Let us consider the resonant energy transfer between two R
moleculesA andB at positions, andrg . The initial (final) ~ In order to calculatga,b’|7]a’,b), we make use of Egs.
state|i) (|f)) describes the excited molecudg(B), the mol-  (19) and(20), perform the summation and integrations over
ecule B (A) being in the ground state and the medium-the possible intermediate stat¢a’,b’>f;r(s,w)|{0}> and

assisted field in the vacuum state, |a,b)/(s,)|{0}). After some calculation we derive, on ap-
liy=|a’,b)o[{0}), E=E. +E, 21) plying Eq. (9) and the relationship16,17
3 1] i a’ 3
2
[f)=la,b")®|{0}), Ef=Ea+Ey (22) ImGk|(r,r’,w)=J' d33%8|(3w)6km(r,3,w)Grm(r'130)),
(cf. [2]). Note that imposing this initial condition requires (30)

that the time of state preparation is sufficiently short com-
pared with the time of energy transfer. Using the Born ex-the following expression:

2 ! !
(a.b'|Tla’ b>=%f @ [ o [ “do [y pAg(r, — @) IM G171, @) An(T, ~ @) daa ]
' ’ meoC? 0 —hwya—ho+is

) [dypAp(r’,@)Im G(r',r,w)AA(r,w)daa,]}

, (31
hwga—ho+is
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where

Ea)/ﬁ:(Eb’_Eb)/ﬁ:wb’b (32)

waa=(Eq
and

@5l
—0'(r—rag@)

Ap)(rw)=8"(r—rpag)+
Wa’a(b'b)

PHYSICAL REVIEW A 65 043813

<a,b'|ﬂa’,b>

g [ oo
7780C

X[db'bAB(rI!w)lm G(rlrrvw)AA(rvw)daa']
hwya—ho+issgnw)

(33 (34)
[note thatAA(B)(r,a)a/a(b/b)):6(r_rA(B))]. Reca”ing that
ImG(r',r,—w)=—ImG(r',r,w), we may rewrite Eq(31)
as or, equivalently,
|
. dp/pAp(r’,w)G(r',r,w)Ax(r,w)d
wsoc hwga—ho+issgnw)
[ [dopr Ap(r7,@)G(r 1 @) Ap(r, @) daral |* -
hwg a—ho—issgnw) '
|
The w integral in Eq.(35 may now be evaluated by w2,
means of contour-integral techniques, by taking into account (a,b’|‘T’|a’,b>= a Fa,®ar2)0aar].
the fact that the Green tensor is a holomorphic functiow of €oC 39
39

in the upper complex half plane, which asymptotically be-

haves a$17]

w2
lim —G(r row)=—

|| C?

ar—r’). (36)

We therefore close the path of integration by an infinitely

large semicircle in the upper complex half plahe]— <,

and subsequently subtract the semicircle integral. It is easily

seen that only the terms i4(r,w) andAg(r, ) [Eq. (33)],
which are proportional taw, contribute to the integral over
the semicircle,

(a,b’|AT|a’ ’b>|semicircle: Sal[db’bﬁu(rB_ ra)daar ] @7
3

It is further seen that only the first term in the curly bracke
contributes to the integral over the closed path. We thus ar?

rive at

(a,b’'|7]a’,by=—eq [dppd(rg—ra)daa']

2
Wara
- Cz[db’bG(rBvrAawa’a)daa’]-

€0

(39)

Substitution of the expressiof28) and(38) into Eq.(26)
yields the transition amplitude

Note that the first term in Eq.38) and the Coulomb term
(28) exactly cancel out. We eventually combine E¢&4)
and(39) and find that the rate of energy transfer between the

chosen stateg’,b) and|a,b’) reads aswﬂ=wglf,’)

’ 277
b
Wzb’:hZ( ) |db’bG(rBirAawaa aa'|2
SOC
X 5(wara— wbrb). (40)

It can be provedAppendix A) that the use of the multipolar
Hamiltonian [17] instead of the minimal-coupling Hamil-
tonian(1) exactly leads to the same expression of the energy-
transfer rate.

Let us now consider the total energy-transfer rate accord-
ting to Eq.(23), by taking into account the vibronic structure
f the molecular energy levels. Restricting our attention to
the Born-Oppenheimer approximation and neglecting the
weak dependence of the electronic-dipole-transition matrix
element on the nuclear coordinaisge, e.g.[20]), we may
factorize the dipole-transition matrix elements according to

daar (bby = dag)Vaar (bb') » (41

whered,(dg) is the purely electronic transition-dipole ma-
trix element of the transition between the lower and the up-
per electronic state of the molecude(B), andv .,/ by are
the overlap integrals between the vibrational quantum states
in the two electronic states of the respective molecule. Note
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that the vibrational overlap integrals take account of bothwhen the two molecules are near a resonatorlike equipment,
displaced and distorted energy surfaces. Combining Eqso that the molecule can “feel” sharply peaked field reso-

(23) and (40) yields

2 2
277 w_,
W= F 2 2 pa’pb( z a) |Ub’bvaa’|2

a,a’ b,b’ 80('32
X|dEG(rg . a,®ara)dal?S(wara— wprp),  (42)
which can be rewritten as
WZJ dw\Tv(w)Ui"](w)UaBbs(w), (43
where
2 2
w<w>=?(—2 |d5Glrg ra,@)dal? (44
SOC
and
O'im )= 2 pa’|Uaa’|25(‘Ua'a_ w) (45)
a,a’
and
(46)

B @)= 2 Polvpp28(wprn— o),
b.b’

respectively, are proportional to tligingle-photon emission
spectrum of moleculé and the(single-photoh absorption
spectrum of molecul®, both infree spacdq20]. Thus, the

nances, themw(w) cannot be assumed to be a slowly varying
function of frequency, in generésee Sec. Il ¢

It may be interesting to compare the rate of energy trans-
fer with the donor decay rate. Straightforward generalization
of the well-known formula for a two-level transition yields,
on applying the Born-Oppenheimer approximation,

Tp= f doTa(0) o w), (49)
where
- 2w?
FA(H)):W[dzlmG(rA:rA,W)dA] (50

ando"(w) is given by Eq.(45). Whereas the decay rate is
determined by the imaginary part of the Green ter{saken

at equal positions the transfer rate is determined by the full
Green tensoftaken at different positionsThus, decay rate
and transfer rate can quite differently respond to a change of
the environment.

I1l. APPLICATIONS
A. Bulk material

Let us first consider the case when the two molecules are
embedded in bulk material of arbitrary complex permittivity
e(w). Using the well-known expression of the bulk-material
Green tensoG™(r,r’,w) (see, e.g.[17]), application of
Eq. (44) yields

rate of energy transfer is proportional to the overlap of the

the actual Green tensor. It is worth mentioning that Egs.
(40)—(46) apply to the resonant energy transfer between two

|05 GPYK(rg,ra,w)dal?, (5

two spectra weighted by the square of the absolute value of 5 20 ( 2
2

SOC

molecules in the presence of an arbitrary configuration of

dispersing and absorbing macroscopic bodies. All the relWhere

evant parameters of the bodies are contained in the Green

tensor. Note that the emissiof@bsorption spectrum ob-

served in this case is not proportional d§™{(w)[ c3{ w)],

in general, as it can be seen from a comparison of(E&S).

with Eq. (B7). %

In particular when the Green tensor slowly varies with

frequency on a scale given by tielevanj vibrational fre- 1 i

quencies of the molecules, ther{w) is also a slowly vary- X( ()R o )Rz)

ing function of frequency and caf@pproximately be taken e e

at the electronic-energy-transfer frequeney(~ wg) and diR dAR) 1
R R /g(wR

g(w)
4

dEGbUIk(rB T, 0)da= exdiq(w)R]

diR dAR)

dada=3p" R

dtda—

put in front of the integral in Eq(43); thus +

(47 (52

W:VV(CUA)O',

where with

O'ZJ’ dwoﬁm(w)(rgbiw). (48) J(w)=e(w) %, R=rg—rj. (53

In this case, the influence of matter environment on(tbe
tal) energy-transfer rate is fully containedw(w,). Clearly,

The energy-transfer rate is then obtained according to Eq.
(43). Obviously, the Green tensor of bulk material can be
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regarded as being a slowly varying function of frequency, so
that approximation(47) applies.

From Eqgs.(51) and(52) it is seen that the energy-transfer
rate includes both the small-distance céBerster transfer, j-2
with the rate being proportional t&® 6, and the large-
distance(radiative case, where the rate becomes propor-
tional to R™2. Note that the exponentialexdiq(w)R]?
=exd —2wn(w)R/c], which typically arises from material Ao © J
absorption, drastically diminishes the large-distance energy .
transfer Je(w) = n(w) =ng(w) +in,(»)]. In Eq.(51) local- L
field corrections are ignored. They may be taken into account
by applying, e.g., the scheme used in R&8] for correcting gt
the rate of spontaneous decay.

It is worth noting that the result given above, which is j+3
based on the quantization of the macroscopic Maxwell field
for given complex permittivity, exactly corresponds to the
result obtained in Refl9] within the framework of a fully
microscopic approach on the basis of some model medium
coupled to the radiation field and a heat bath. Already from

FIG. 1. Geometry of the multislab planar structure problem.

the study of the spontaneous decay of an excited atom near 2
an interfacd21] it is clear that in the case of inhomogeneous Grefl ﬁcp [Jo(KiR) — (+)Jo(KiRY]
media (of complicated atomic structurea microscopic ap- ) ke ORI X 20X
proach would be rather involved and closed solutions would
hardly be found. +CL[Jo(kiR) +(—)Ja(k R, (56)
~refl k
B. Multislab planar structures Gz = —(+)2I S‘i( 1J1(KIRy), (57)

Let us consider a planar multislab structure and assume
that the two molecules are in the same slab. The relevant
Green tensoffor the energy transfer between the two mol- Grl=2—
ecules of an inhomogeneous system of this type can always
be written in the form

k2

2 Cl (kR (58)
[Jn(X) is a Bessel functiol where

G(rg,ra,w)=G" rg,ra,w)+G®(rg,ra,w), (54

+( )= [I’ |ﬁj(zA+zB—dj)+rtjre—iﬁj(zA+zB—dj)
whereG”"K(rg ,rx,w) is the Green tensor according to Eq. +(—)2rirfcog BjR,)e %D, (59
(52), with £(w) being the permittivity of the slab in which
the two molecules are located, and the reflection term ST y=[riefilatze=d) e 1hjlzatze—d)
G*®'(rg,ra,») ensures the correct boundary conditions at ] ) B a1
the surfaces of discontinuity. Clearly, a decomposition of the +(—)2irrisin(gR)eF%ID T, (60)
type of Eq.(54) is also valid for other than planar systems, _
provided that the two molecules are located in a region of qul—rir‘lez'ﬁjdi. (61

space-independent permittivity.

To be more specific, let thedirection be the direction of Here, g=p () means TM(TE) polarized waves andq
variation of the permittivity of the multislab system and as- are the total reflection coefficients at the upflewer stack
sume that , andrg are in thejth slab of thicknessl; (Fig.  of slabs[j’<j(j’>])] of the waves in theith slab (for
1). The reflection term in Eq54) can then be given bj22]  details, see Ref22]). Note that wherr, andrg are in the

(see also Ref23]) top (bottom slab, then Eqs(55)—(61) (formally) apply pro-
vided thatr? _)=0 andd;=0 are set.
. If the frequencies of the vibronic transitions that are in-
Gelirg,ra )= Lfm%eiﬁjdjérefl(rB T a,@,K)) volved in the energy transfer are sufficiently far from a me-
dium resonance, so that material absorptionthe jth slabh

(55  may be disregarded, then the permittivity may be considered
as being real and positive. In this case, it may be useful to
decompose the integral in E(5) into two parts,

[kj=Ve;(w)w/c,B;= (ki —kf)?]. Choosing the coordinate
system such thaR,=0, the nonvanishing components of G®(rg,ra,0)=GFrg,ra,0)+ G (rg,ra, o),
Grefl read (62)
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i Jejwlc dkﬂkH Al [ !
Grefl o, la,0)=— _ellﬁj\dJGrefI |
1 (Fg.fa,@) 4, 25, 7L
X(rB,rA,w,kH), (63) §
R F
i dkk g
i (= ~
Gelrg,ra, o =—f T 1Bl w0 k). 1F
2 (IB.TA,0)= 7— Folc 26, (rg,ra,w,kj) F
(64) i
Obviously, Grlef' results from waves that have a propagating 16°L L
component in the direction, whereas the waves that con- 0.9 1 1.4

tribute toGX" are purely evanescent in tiadirection. /0y

FIG. 2. The electronic part of the rate of energy tran$teg.
(44)] between two molecules near a planar dielectric half space is
Let the two molecules be embedded in a half-space meshown as a function of the transition frequency feoriented
dium (medium 1) and assume that in the relevant frequencglipole-transition moments and a single-resonance Drude-Lorentz-
interval the permittivity of the mediunz;(w) can be re- Wpe dielectric [R,=0.013\y, 2,=23=00Ar, ©p=050r,
garded as being real and positive. When the molecules afd@r=10"" (solid line), 10°° (dashed ling and 10° (dotted
near the interface between the two half-space media sudie)]l. The inset shows the electronic part of the corresponding
that ky(za+2g)<1, it can be proved that Eq¢55)—(58)  donor-decay ratéeq. (50)].
reduce to k;R,<1)

1. Interface

vacuum [e4(w)=1] above a half-space medium of the
Drude-Lorentz type and have restricted our attention to a
_ 2_ 2
1 , g2~ &1 (Za+28)"~ (1)2R; single-resonance medium,
4mki eate1 [(za+12p)2+ RG]

(65 3

G;&f(lyy)(rB Ta,@)=

go(w)=¢e(0)=1+ ———— (68)
w0 —loy
Gl (g fas@)=+(—)——p 22
XAz B A 477"% g2t e Here,wp corresponds to the coupling constant angdand y
are, respectively, the medium-oscillation frequency and the
3(za+2g)Ry (66  linewidth. Recall that the Drude-Lorentz model covers both
[(za+2g)2+ R)2(]5/2’ metallic (wt=0) and dielectric 1# 0) matter and features
a band gap between; and o = \/sz+ w2p. We have per-
1 eo—s 1 formed the calculations using the exact Green tefEgs.
G¥M(rg rp,0)=— —— (54)—(61)]. Comparing the results with those obtained by
4m et 81 \[(za+25)2+R2 using the approximately valid Green tenddq. (54) to-
5 o2 gether with Eqs(65)—(67)], we have found good agreement.
2(zpt+zg)°— R . ~ o - .
5 ——>>+1f (67 The behavior ofw(w) is illustrated in Fig. 2. It is seen
kil (za+2zp)"+ RY] that outside the band gamK wt), whereeg>0, the modi-

) o ) fication of\7v(w) due to the presence of the interface is small
[£2(w) is the complex permittivity of medium2Note that  ayen for small distances of the molecules from the interface.
forra=rg, EQs.(65—(67) just give the Green tensor whose . : . ~
) . : . ; Since in this frequency domaw(w) may be regarded as
imaginary part determines the mfluen_ce of the interface O%eing slowly varying on a frequency scale defined by the
the rate of spontaneous decay of a single molef2de24. vibrational frequencies of the molecules, Eg7) applies.

(For some special cases, see also Re§].) Under the as- Thus, the energy-transfer rate is simply proportional to
sumptions made, the main contribution " comes from . " oy Py prop

GE". Hence surface-guided waveéncluding decaying W(wa). _ o
waves play an important role and can noticeably influence MSide the band gap, however, the interface can signifi-
the resonant energy transfer. In particular, when medium 2 i§antly affectw(w) if, according to Eqs(65—-(67), er(w)

a metal or a dielectric withe, r<0 (and typically e,, =1 (0=1.06wy in Fig. 2, that is to say, if the energy-

<l|e, ), then a strong effect is observed fep r(w)= transfer transition under consideration is tuned to a surface-
—&,(w), which is nothing but the condition for best excita- guided wave. Note that a negative real part of the medium
tion of surface-guided wave@5). permittivity can easily be realized by metals. Careful inspec-

_ H H H vac refl
In the numerical calculation of(w) [Eq. (44)], which tion of the contributionsz'? and G'™" to G reveals that the

. ; : . = f
contains the relevant information about the influence of the€nhancement of(w) results fromG™, whereas the reduc-
interface on the rate of energy trans[eee Eqs(43)_(46)], tion reflects some destructive interferenceG¥f¢ and Greﬂ.
we have assumed that the two molecules are situated iAnother interesting feature is that the reductiongfs) can
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FIG. 3. The electronic part of the rate of energy trangfen. FIG. 4. The electronic part of the rate of energy trangtes.
(44), in units of [|dadg| 0%/ (hiegc®)]1%/(87)) between two mol-  (44)] between two molecules near a planar dielectric half space is
ecules near a planar dielectric half space is shown as a function shown as a function of the distance of the molecules from the sur-
the intermolecular distance faroriented dipole-transition moments face @,=zg) for z-oriented dipole-transition moments and a
and a single-resonance Drude-Lorentz-type dielectfi® single-resonance Drude-Lorentz-type dielect(iR,=0.85\1;wp
=1.062w7, Zo=25=0.021, wp=0.507, v/wr=10"* (solid line) =0.5w7;y/0r=10*). For comparison, the results that are ob-
and 10°2 (dashed lingl. The dependence & on the molecule- tained by taking into account in E¢62) only G (dashed lingor
interface distance is illustrated in the ingetw;=10"%, z,=z; G5 (dotted ling are shown.
=0.02\1 (curve 1, 0.03\ (curve 2, and 0.0% (curve 3]. For
comparison, the free-space result is shadetted lines. =1.062w+) on the molecule-surface distance is plotted, and

the contributions tow(w) from ordinary waves having a

8ropagating component in thedirection (Grf") and surface-
refl

go hand in hand with an enhancement of the correspondin

quantity I'a(w) [Eq. (50)] for the donor-decay ratE, [Eq. guided waves G5") are shown. It is clearly seen that when

(49|):]u(rfr$:rﬂ::?gmzeﬁé?/ezg)t%lat with increasing material ab—the two molecules are very near the surface, t_hen energy
I ) ~ } transfer between them is mediated by surface-guided waves,

sorption(i.e., with increasing value of) w(w) varies less  whereas for larger distances ordinary waves play the domi-

rapidly inside the band-gap region, and enhancement anghnt role. Note that the oscillatory behavior is typical of the

reductlog are thus less pronounced. Clearly, the strong influztter case. Clearly, for very large distances zg>\1) the

ence onw(w) of the interface, which is observed for small free-space behavior is observed.

material absorption, must not necessarily lead to a corre-

sponding strong change of the energy-transfer rate, because 2. Comparison with experiments

of the integration in Eq(43). Nevertheless, the results show

;Tjerfgg:_sézlilgg dO:(N(;?/I;tSFO”II’Ig the resonant energy transfer bytran_sfer of excitat_ion energy be_t\_/veen dye molecule_s confined
i ' - within planar optical microcavitieg8]. In the experiments,
Figure 3 illustrates the dependencevefw) on the inter-  gonors (E§* compley and acceptors
molecular distance for the case whencorresponds to a (1 1'-dioctadecyl-3,3,33 -tetramethylindodicarbocyanine)
surface-guided wave frequency and a noticeable change @impedded within a transparent matet22-tricosenoic acid
w(w) is observed ¢=1.062w+ in the figurg. It is seen that bounded by no(weak-cavity structune mirror, one (half-
theR, ® dependence, which is typical of théBter transfer ~ cavity structurg silver mirror, or two(full-cavity structuré
in free space, is observed for much shorter intermoleculasilver mirrors are considered. To compare the experimental

distances. The relative minimaﬁff(w) below the free-space results with the theoretical ones, we have modeled the half-
level, which are observed for somewhat larger intermoleculaf@Vity structure by a planar four-layered system and the full-
distances, again result from destructive interference betweefVvity structure by a five-layered system. The former con-
G2 and G, Eventually, the large-distance reduction of sists of vacuum, dielectric mattgR2-tricosenoic acidg
w(w) below the free-space level results from material ab-_ 249 [26], thicknessd), metal (silver, &=—16.0+ 0.6

. . o~ - [26], thickness 25 nim and vacuum, and the latter consists of
sorption. As already mentioned, the behaviomgi) in Fig. . acyum, metal(silver, thickness 20 nin dielectric matter

3 is dominated by surface-guided waves that decay eXPOnefihe same as above thicknajs metal(silver, thickness 25
tially along the*z directions. With increasing material ab- 1) and vacuum. In each system, the donor is situated in the
sorption the penetration depths decrease, so that on averaggiqie of the dielectric layer, while the position of the ac-
w(w) becomes closer to the free-space level. The possibilitgeptor is shifted towards the silver mirror of 25 nm thick-
of controlling the ultrashort-range energy transfer by varyingness. The Green tensors of the two systems can be calculated
the distance of the molecule from the surface is illustrated imccording to Eqs(54)—(61). Assigning to silver a Drude-
the inset. Lorentz-type permittivity[27], it can be proven that in the

In Fig. 4 the dependence oW(w) (again for w relevant frequency intervdf overlapping donor emission

Recently, experiments have been carried out to study the
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FIG. 6. The electronic part of the donor-acceptor energy-transfer
1.04 rate (averaged over the dipole orientatipnzf molecules in the
five-layered cavitylike system considered in Sec. Ill B 2 is shown as
~ a function of the cavity length for various values of the intermo-
2 lecular distancé\ =614 nm,R,= —24 nm,R,=0 (solid ling), 10
EE nm (dashed ling and 20 nm(dotted ling].
course not the case. Since the energy-transfer rate is deter-
mined by the full (two-poiny Green tensor, whereas the
donor-decay rate is only determined by the imaginary part of
0.96 the (one-poinj Green tensor, the two rates can behave quite
0 02 0.6 1 1.4 1.8 differently, as it is demonstrated in Fig. 5. In particular, the
d/ha increase of the donor-decay rate at the cavity resonances can

be accompanied with a decrease of the energy-transfer rate,
because of destructive interferences.
In the experiments in Ref8], the measurements are per-

FIG. 5. The electronic parts of the donor-decay f@eand the
donor-acceptor energy-transfer rdt® (averaged over the dipole

orientation$ of molecules in cavitylike systems are shown as func-]c d ble of d d i h di
tions of the cavity length for the four-layered systédashed ling ormed on an ensemblé of donors and acceptors whose dis-

and the five-layered systeffull line) considered in Sec. Il B 2 ta_mce_ is fixed in thez direction b_m are Var'_able in the
(A a=614 nm;R=—R, =24 nm). direction AR,~1 nm). The quest|0_n thus arises of v_vhethe_r
the measured data refer to a single nearest-neighboring
and acceptor absorption spedtve ») [Eq. (44)] andT A(w) donor-acceptor pairszg) or not. In Fig. 6 we have plotted
[Eq. (50)] vary sufficiently slowly withw, so that[cf. Eq. the dependence od of w(w,) (averaged over the dipole
(47)] w~w(w,) and, similarly,I' s~T s(wa). Thus,W(w,) orientation$ for the five-layered system and various values
and T'5(w,) can be viewed as measures of the energy-Of R,, with R, being fixed. We see th_at the rates of energy
transfer rate and the donor-decay rate, respectively. transfer between m_oleculgs whose distances are _Iarger than
. ~ those of nearest-neighboring molecules can be quite compa-
- Figure 5 shows the depe.ndence_dnof.FA(wA) arld rable with those of the latter. Moreover, there are also cases
W(wp) (averaged over the dipole orientatiogn§rom Fig.  here the energy-transfer rate increases with the donor-
5(@@) it is seen that atl/A\x~0.21 (i.e., d~130 nm forhy  acceptor distance. The experimentally determined energy-
=614 nm) the ratio of the donor-decay rates for the five- andransfer rates are thus averaged rates, which do not necessar-
four-layered systems i a(wa)|s/T a(wa)|s~1.3, which ily show the characteristic features of single-pair transfer

(within the measurement accuracig in sufficiently good rates. Averaging in Fig. &/(w,) over all values oR,, the

agreement with experimental res(dee Fig. 2D in Refl8]).  resulting curve is expected to be substantially flatter than the
Note that in the vicinity Ofd/)\ANO.Zl the ratio of the two solid-line curve szo), particu|ar|y when d sweeps

rates sensitively responds to a changelbt, . throughX » .

ComparingT s(w,) [Fig. 5a)] with w(w,) [Fig. 5b)], An analysis of the contributions o&y" [Eq. (63)] and
we see that for the four-layered system amtixy, GF" [Eq. (64)] to G [Eq. (62)] reveals that for cavity
~0.16-0.33(i.e., d~100-200 nm forA,=614 nm) both |engths of d/\,<0.16 (i.e., d=100 nm for \y=614 nm)
T a(ws) andw(w,) decrease with increasingand an ap- evanescent waves dominate the influence of the cavity sys-
proximately valid linear relation between the energy-transfeitem on both the rate of intermolecular energy transfer and the
rate and the donor-decay rate can be established, in agredenor-decay rate and lead to a strong increase in their values.
ment with experimental results in Rei8]. From the data Whereas for cavity lengths af/x,=0.81 (i.e., d=500 nm
reported in Ref[8] it could be expected that the linear rela- for Ay=614 nm) evanescent waves only weakly affect the
tion between the two rates is generally valid. This is ofdonor-decay rate, they can strongly affect the intermolecular
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energy transfer up to cavity lengths of a few micrometers. ik, & (21+1)

Note that the resonance lengths seen in Fig. 5 originate from G§§¢A(r3 JSp,0)= ypup (+1)
=1

propagating waves.

Bthl(l)(ker)hl(l)

X (kqrg)[1(1+1)P;(cosbg)

C. Microsphere —CosfgP| (cosbg)]
Microspheres have been of increasing interest because of ML hfl)(ker)]’
the whispering-gallery (WG) and surface-guided(SG +B; Kyl a
waves, which may be employed, e.g., for reducing the
thresholds of nonlinear optical procesg$és,29. Intermo- [kirg hP(karg)]"
lecular energy transfer in the presence of microspheres has X Kilg P/ (cosfg)

been considered for molecules near a small metallic spheroid
(spheroid’s linear extensior€\,) in the nonretardation (69)

I|m|t, for molecules embedded within a dielectric micro- (for the Green tensor of a Sphere, see, di@])' and for

spherg 11,13, and for the case where one molecule is insideradially oriented dipoles the relevant components afg (
a dielectric microsphere and the other is outsidé 3. Here = ¢,=0, 9,=0)
we restrict our attention to the influence of WG and SG .
waves on the energy transfer between two molecules outside_ ik; o 1(1+1)(21+1)
a microsphere, taking fully into account retardation effects. Crarall8:TA: @)= 7— ] I
Let e,(w) ande,(w) be, respectively, the permittivities AR
outside and inside the sphere. If the dipole-transition mo- X BNV (kqr ) hM(kerg) P/ (cOSHg),
ments are parallel to each other and tangentially oriented

with respect to the sphere, the relevésyherical-coordinaje (70
components o5"®" are (o= pg=0, 6,=0) where
|
[azji(ax)]'ji(ar) —[adji(ay) ] ji(az)
B (w)=—— : : (72)
T Tasii(a 1 W@y — i (ap)[ash(M(ay) T
B,N(w)=— e1(w)ji(a)[aiji(an)] —ex(w)ji(anfazj(az)]’ 72)

e1(w)j(axlah{P(a))]’ —ex(w)[azj ()1 h{P(ay)

[a; =K -, ais the microsphere radiugy(z) is the spheri- energy-transfgr frequency and put in front of the integral in
cal Bessel functioml(l)(z) is the spherical Hankel function, Eqg. (43). In this case, the change of the energy-transfer rate

P"(x) is the associated Legendre funcfjon

In Fig. 7 the dependence on frequencywffw) is illus-
trated for the case where vacuum is outside the sphere and sf
the two molecules are placed at diametrically opposite posi-
tions (ra=—rg), with the dipole-transition moments being
radially oriented. It is clearly seen that the energy transfer g Jf
can greatly be facilitated at the positions of the sphere- 10

assisted field resonances, the enhancement(af) at the
positions of SG resonancésside the band gabeing larger

/ I’I')V ac

than those at the positions of WG resonantastside the 1 .
band gajp Maximum values ofv(w) are observed where the 0.9 1' 14
SG resonances overlap. The energy-transfer rate for tangen- o/OT

tially oriented dipolegnot shown is, in general, smaller than )
FIG. 7. The electronic part of the rate of energy tran$teg.

that for radially oriented dipoles. Note that wher{w) IS (44)] petween two moleculeat diametrically opposite positions
sharply peaked at the sphere-assisted field resonances, syr a microsphere is shown as a function of frequency for radially
that it is not slowly varying in the frequency interval where oriented dipole-transiton moments and a single-resonance
the (free-spacke donor-emission and acceptor-absorptionDrude-Lorentz-type  dielectric (a=2\t,ra=rg=2.02\1,wp
spectra overlap, then it cannot be taken at the electronic=0.50+,y/w;=10"%).
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will be less pronounced than what might be expected from APPENDIX A: DERIVATION OF THE TRANSFER RATE
the frequency response of the electronic part, because of the IN THE MULTIPOLAR-COUPLING SCHEME

frequency integration. The multipolar-coupling Hamiltonian can be obtained

from the minimal-coupling Hamiltonian by means of the

IV. CONCLUSIONS Power-Zienau transformatids3, 4],

We have given a rigorous, strictly quantum-mechanical H=U0THU, (A1)
derivation of the rate of intermolecular energy transfer in the
presence of dispersing and absorbing material bodies of alhere
bitrary shapes, showing that both the minimal-coupling i
scheme and the multipolar-coupling scheme lead to rate for- Uzexp{z _J d3r|5M(r)A(r)} (A2)
mulas of exactly the same form. The dependence on the ma- M h
terial bodies of the energy-transfer rate is fully expressed in |
terms of the Green tensor of the macroscopic Maxwell equa‘l‘”t
tions for the medium-assisted electromagnetic field. In the 1
macroscopic app_roach, the dispersing ar_1d abso_rbmg materlarDM(r): E an(raM_ r’\")j ANS(r—ry, —)\(raM— rv))
bodies are described, from the very beginning, in terms of a am 0
spatially varying permittivity, which is a complex function of (A3)
frequency. The macroscopic approach has—similar to classj- . o . .
cal optics—the benefit of being universally valid, without the bemg the polarization assgmated with Meh.molecule. Us-
need of involvedab initio microscopic calculations. In sofar iNg H from Eq. (1), we derive(see, for details[17])
as such calculations for simple model systems have been
pe_rformed_, the results agree with those pbtained from t_he ﬂ:j d3rfmdwﬁwf*(r,w)f(r,w)+2 E 1
microscopic approach. Clearly, macroscopic electrodynamics 0 M ay ZmaM
is valid only to some approximately fixed length scale, which

exceeds the average interatomic distance in the material ~ f ! - A
; X + —ry) X +
bodies. paM an Od)\)\(raM rM) B[rM A
Whereas the spontaneous donor- decay rate is determined
by the imaginary part of the Green tensor in the coincidence - 2 2 f 4 1 b 5
limit, the donor-acceptor energy-transfer rate depends on the X (Fay =Tl + 3 26, m(1)Pu(r)

full two-point Green tensor. Hence, the decay rate and the

energy-transfer rate can be affected by the presence of mate- 3B e

rial bodies quite differently. Our calculations for planar _% f d*r[Pu(r)E(N)],

multilayer structures have shown that enhancentiefibi-

tion) of spontaneous decay and inhibitiggnhancementof  \whereB(r)=V xA(r) [with A(r) from Eq.(7)] and

energy transfer can appear simultaneously. They have further

shown that surface-guided waves can strongly affect the en- . ©

ergy transfer, thus being very suitable for controlling it. E(r)= fo dwE(r,0)+H.c., (A5)
In free space it is often distinguished between two limit-

ing cases, namely, the short-distance nonradiai@ste)  and neutral molecules with nonoverlapping charge distribu-
energy transfer and the long-distance radiative energy trangiyns are again assumed. Note that in the multipolar-coupling

fer. The former is characterized 8 ° distance dependence scheme the operator of the electric-field strength is defined
of the transfer rate, and the latter & > dependence. In according to

particular, in the short-distance limit the energy-transfer rate

rapidly decreases with increasing distance between the mol- . 1 . . . .

ecules. This must not necessarily be the case in the presence &) == AN H]=Ve()=Ve(r), (A6
of material bodies, because of the possibly drastic change of
the dependence on the distance of the energy-transfer rate
So, our calculations for planar multilayer structures have
shown that the energy-transfer rate can also increase with the R ~ R
distance. 20B(r) =eof(r)+ 2 Pu(n). (A7)

(A4)

hich implies the following relation betwed#(r) and&(r):

Hence,aOE(r) has the meaning of the displacement field
with respect to the molecular polarization.

We thank S. Scheel and A. Tip for discussions. H.T.D. is From Eq.(A4) it is seen that the molecules now interact
grateful to the Alexander von Humboldt Stiftung for finan- only via the medium-assisted electromagnetic field. In par-
cial support. This work was supported by the Deutsche Forticular, in the(electric) dipole approximation Eq.A4) sim-
schungsgemeinschatft. plifies to
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H="Ho+ Hine (A8)  mentsd,, of the vibronic transitions are given, in the Born-
Oppenheimer approximation, by E@.1). Let us assume that
where the molecule is initially(at timet=0) prepared in a statisti-
cal mixture of vibrational states in the upper electronic state
ﬂo:j d3rfxdwﬁwa(r,w)f(r,w)+z 7:{M (A9) and the medil_Jm—assisted electromagnetic field is in the
0 Y vacuum state, i.e.,

i pt=0=3 pala)@/|slon(o}. (B4

IHMZE

am

1
~ s 12 .
paM+J’ d rZSOPM(r)PM(r) (AL0) The time-dependent spectrum of light observed at position
(in free spack by means of a spectral apparatus of suffi-
is the unperturbed Hamiltonian of the medium-assisted elecsiently small passband width can be given(bge, e.9.,31])

tromagnetic field and the molecules, and

2maM

T T
R . o S(r,ws,T)zf dtzf dt;[exp{ —iws(t,—t1)}
7'(int:% Hi(r:\:l):_% dmE(rw) (A1l) 0 0
X(EC(r,t) E(r,11))], (B5)
is the interaction energy between them. ) _

Comparing the multipolar-coupling energy given by Eq.Wherews andT are, respectively, the setting frequency and
(A11) with the minimal-coupling energy,, given by Eq. the operating time c_)f the spectr_al apparatus. In orlder to gal-
(13) together with Eqs(17)—(20), we see tlfqtat the two ener- culate the electric-field correlation function associated with
gies (formally) become equal to7 each other, if we remove inthe light emitted by the molecule during the spontaneous

AR decay of the upper electronic state, we may restrict our at-
the latter the Coulomb term and replae€ dy . Hul/fi®w  (ention to the perturbative expansion of the time-evolution
with dy, . Having these changes in mind, we now follow stepoperator up to the first order i, [19]
by step the derivation of Eq40) in Sec. Il B. Starting from R

the corresponding eigenstates of the unperturbed multipolar- P S T L A ,
coupling Hamiltonian(instead of those of the unperturbed e =e 70 +EJ dt’exg —iHo(t—t")/%]
- . AN - 0
minimal-coupling Hamiltoniay) it is not difficult to see that
the result is again Eq40). It should b? pointed EJut that the % ﬂime—il:iot’/ﬁ_ (B6)
above-mentioned difference betweéifr) and &(r) [Eqg. .
(A7)] does not affect the energy-transfer rate. We make use of Eq¥B3), (A5) [together with Eq(9)],
(B4), and(B6), apply Eq.(B5), and derive after some calcu-
APPENDIX B: SINGLE-MOLECULE EMISSION lation, on recalling the relatiof80) (see alsd32]),
SPECTRUM

. o . limT~ ! T)=2 Jvaral)lF 2)|?
In the electric-dipole approximation and the rotating-wave T[nw S(r,ws,T) Tra’Ea, Par[varal IF(r.r 4, @ara)|

approximation, the Hamiltonian for a single molec(g¢ po-

sition r,) that (with regard to the vibronic transitions X o ws— wgara), (B7)
|a’)«|a)) resonantly interacts with the medium-assisted

electromagnetic field reads, by appropriately specifying Eqs\.Nhere
(11)-(20) [18], 2

1 (»
F(ryrAawa’a): 7T_80f0 dw?lm G(rervw)dAg(wa’a_ (1))

H=Hg+Hin, (B1)
.2
A o A A oy,
H0=f d3rf dwhe f(r,w)i(r,e)+> fie,)a) = C2G(rarAywa’a)dA (B8)
0 a 0
[{(X)=78(x)+iP(1k); P is the principal valug In the
x(a +Z hogla’)a'l, (B2)  derivation of Eq.(B7), retardation has been ignored and the
a relation
i ' - T T ) i
A= — > [la'WalEF)(ra)dy ot H.cl, (B3) Iimi dtzf dtye et = |imsmz(—“ﬂ/22):2775(w)
a,a’ TﬂocT 0 0 T T(w/2)
(B9)

whereE()(r) is the positive-frequency part &f(r) defined
by Eq. (A5), and the vibronic-dipole-transition matrix ele- has been used.
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