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Suppression of Molecular Interactions in Periodic Dielectric Structures

G. Kurizki

Department of Chemical Physics, Wiezmann Institute of Science, Rehovot, 76100 Israel

A. Z. Genack
Department of Physics, Queens College of the City University of New York, Flushing, New York 11367

(Received 15 August 1988)

We show that resonant dipole-dipole interactions are suppressed at all interatomic or intermolecular

separations in periodic dielectric structures in which spontaneous emission is inhibited at the resonant

optical transitions. This profoundly modifies molecular properties including donor-acceptor energy
transfer, collisional dynamics, molecular spectra, and dissociation energies.

PACS numbers: 77.30.+d, 34.20.—b, 34.30.+h, 42.50.—p

Radiative decay is inhibited when boundary conditions
impose destructive interference on spontaneously emitted
radiation at the location of the emitter. This has been
demonstrated for molecules near a reflecting surface'
and for Rydberg atoms in a resonant microwave cavity.
Recently, it has been proposed that spontaneous emission
is inhibited at optical frequencies which lie within spec-
tral bands of forbidden light propagation (photonic band

gap) created in structures with sufficiently strong period-
ic modulation of the dielectric index. A three-
dimensional photonic band gap in a periodic dielectric
structure has recently been observed experimentally at
microwave frequencies. The construction of appropri-
ate structures for optical band gaps is facilitated by the
recognition that deviations from periodicity still allow

the existence of a pseudogap, in which the density of
photon states can be strongly suppressed.

In this Letter we show that a wide class of radiative,
reactive, and dynamical processes is profoundly modified
in molecular, quasimolecular, and excitonic systems hav-

ing strong resonant optical transitions within a photonic
band gap in a periodic structure. These effects are asso-
ciated with the inhibition of the resonant dipole-dipole
interaction (RDDI) due to the suppression of the pho-

tonic density of states. We show that RDDI is inhibited
for any interatomic or intermolecular separation, includ-

ing separations much shorter than the structure period
and the transition wavelength. When there is an allowed
mode in the gap, the RDDI spectral shift is shown to be
comparable to the rate of spontaneous emission via this
mode. The radiative width of this mode is determined by
the effective quantization volume of the mode and its
quality factor. All the aforementioned features can only
be explained if RDDI is described in terms of quantum
electrodynamics, namely, as photon exchange, even at
separations that are normally held to be the domain of
electrostatics. The effects considered are independent of
the spatial distribution of molecular or excitonic systems
in the periodic structure, because the gap suppresses the
density of photonic momentum states. This should be
contrasted with the sensitivity of inhibited spontaneous
emission to the location of emitters and their polariza-
tions in Fabry-Perot resonators.

The RDDI matrix element is obtainable froin the
multipolar Hamiltonian for a pair of two-level systems A
and 8 having a common resonance frequency co„and
separated by R, when they share a single electronic exci-
tation:

n" (to„,R) -—g(g~)g(g~)tie'" "((cot,—co„) '+ (cog+to„) ']
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Here (g~)„=(2ttc0~„.e+hV)'I expresses the coupling of the dipole moment It„ to a field mode having frequency
co~, wave vector k, and polarization vector e~, and V is the quantization volume. The summation over all possible k and
X becomes an integral for large V, with i,j denoting Cartesian components. As for electronic band gaps, the density-
of-states factor dQi, k /(dhoiutdk) in Eq. (1) vanishes on the energy surface cot, tu„within a gap, as a result of the
discontinuity of co& for k at the allowed zone boundary. Contour integration about the pole then shows that the integral
in Eq. (1) vanishes independently of R.

More insight into the suppression of RDDI for transitions within a gap may be gained by use of the alternative
minimal coupling Hamiltonian (involving the vector potential), instead of the multipolar Hamiltonian. We then ob-
tain

0 "~(co„,R) = —g (g~)g(gio )tie'" ~(co„/cog)'[(cog —co„) '+ (tot, + co„) ']+V"~(R) .
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Here the purely electrostatic (R dependent) interaction V (R) can be shown to be canceled by the co|,=0 (k=0)
unretarded pole of the sum over modes, whereas the contribution of the cog =co„pole in this sum, which is radiative in

origin, vanishes as in Eq. (1) independently of the value of R for co„ in a gap.
It is surprising that the vanishing of RDDI in a gap occurs even in the electrostatic limit k„R«1, although this van-

ishing originates from index modulations on the scale —k„. This comes about because RDDI is mediated by photon
emission from an excited atom into the structure and its reabsorption by another atom. Destructive interference of the
emission, which occurs throughout the structure, eliminates the interaction in a gap, irrespective of the separation be-
tween the atoms and their location within the structure.

The dipole-dipole interaction matrix associated with an allowed mode within the gap with spectral width 6, wave vec-
tor k„, and frequency up= m„ is

II, (k„R)= —V 'g '
(8;, —k;ki)cosk„R[(col, —co„)co)/[(cog co„—) +a ]] .

I,J
(3)

The factor in the curly brackets tends to co/25=Q/2,
where Q is the quality factor of the mode, for

! col,
—co„!=h. For diatoms excited to a definite (Z* or

II*) molecular state, the commonly valid averaging of
Eq. (3) over random orientations of the internuclear axis
yields the following relationship between Q„and the
rate of spontaneous emission via the allowed mode y„:

(II„"a)= (3y„/2n) [jo(k„R)

+( —', cos 8 —
—,
' )j2(k„R)], (4)

where,

y„= lim &!glo. ! ')
(co„cog) +6

53h'

The angle 8 between the dipoles and R in Eq. (4) is 8=0
for Z* and 8=n/2 for II . For k„R«1 we obtain the
upper bound (0„" )=3y„/2n, whereas for k„R»1 the
interaction exhibits an oscillatory decrease with k„R
(same as of the cooperative radiative decay of diatoms in

vacuum ). Thus, whereas for transitions outside the gap
RDDI at small separations is much larger than the radi-
ative width in vacuum, y„, (Einstein A coefficient),
within the gap it is seen to be suppressed to a value
smaller than the rate of radiative decay via a single al-
lowed mode y„. The latter is related to y„„by

y„/y„, = —,
' nQ(c/co„) '/V.

This ratio becomes small whenever the effective mode
volume is much larger than the cubic wavelength multi-

plied by its quality factor Q. Along with the vanishing of
RDDI in the absence of allowed modes, the dependence
of RDDI suppression on the rate of spontaneous emission
via a single mode in the gap is a salient manifestation of
field quantization effects on this interaction at all separa-
tions.

A clear and readily accessible signature of RDDI inhi-
bition is the suppression of the Forster energy transfer
from an excited donor to a spectrally overlapping accep-
tor. This rate is proportional to (!0„" ! ) and will

therefore be practically eliminated if the overlapping
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V" ( ' II~ ) = —V" ( II~ ) = —w /R 3

V~ ('Z*) = —V" ('Z') =2w /R'

(7a)

(7b)

where w =+ (—) stands for g (u) parity. The four dis-
tinct states in Eqs. (7a) or (7b) will then converge ener-
getically to a common II* or Z* curve, respectively, at
the aforementioned separations, where exchange split-
tings become exponentially small. These two curves will

approach the atomic limit as R because of the van der
Waals Z*-H* splitting. This can significantly change
the dissociation thresholds in many systems. For exam-
ple, the threshold of 'II„states will be lowered by 2000
cm ' in Mgz and Znz and by 900 cm ' in Liz. In gen-
eral, reduced binding (due to barrier elimination) will in-

crease the spacing between bound vibrational levels of an
excited state and decrease the number of levels, while
augmented binding (due to dip elimination) will produce
the opposite trend. These changes will be reflected in the
appropriate emission, absorption, and Raman spectra.
Biexcitonic splitting in solids" and the strong quasistatic
broadening of atomic absorption lines' in gases, which
are caused by RDDI, will be eliminated.

The dynamics of gas-phase co11isions or dissociation
proceeding through excited states of homonuclear dia-
toms will also be affected profoundly by changes in the
potentials of these states: (1) Collisional excitation
transfer between resonant spin-singlet atoms A*('P)
+8('S) will be strongly suppressed, since its probability
is —sin (fQ„dt). ' (2) Excitation transfer between
finite-structure states, e.g. , the doublet states J= 2 and

! portion of the donor emission band and the acceptor ab-
sorption band is within the gap. The resulting disappear-
ance of the acceptor fluorescence in a spectral region
outside the gap would convincingly demonstrate the pre-
dicted effect.

As a consequence of the inhibition of RDDI, potential
curves of excited homonuclear diatoms will change. At
internuclear separations R) 5 A RDDI accounts for
most of the splitting between electronically excited states
of homonuclear diatoms which correspond to the atomic
S+P* states. The suppression of this interaction will

eliminate the potential barriers or dips, '
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J=
2 in a collision between identical alkali atoms

A*( PJ)+A( S) proceeds, like the dissociation of A2

diatoms, via dynamical mixing of two or more adiabatic
quasimolecular states near their crossing or pseudocross-

ing points. ' These points will now be determined only

by van der %aals and exchange interactions, as in col-
lisions between dissimilar atoms, and will therefore be
confined to short separations, R & 3-5 A, instead of
R -20-50 A as with RDDI. Consequently, ' the
suppression of RDDI will result in a much stronger
nonadiabatic character of the collisions, for a given inter-
nuclear velocity.

A brief discussion of the possible realization of the
effects considered is in order. RDDI suppression can be
demonstrated in colloidal three-dimensionally (3D)
periodic structures. The modulation of the dielectric in-

dex required for the existence of a band gap in 3D
periodic structures ' can be achieved, for example, with

use of titania spheres in water. Sufficiently wide gaps
can be produced to suppress completely typical rovibron-

ic Franck-Condon bands or inhomogeneously broadened
atomic and excitonic bands in solids or liquids. Other
structures, to be described in detail elsewhere, are 1D
periodic structures enclosed in 2D resonators or 2D
periodic structures in 1D Fabry-Perot resonators. In
these systems it is possible to have several high-quality
allowed resonator modes, while the emission into all oth-
er modes is forbidden by the band gaps of the 1D or 2D
periodic structures. Such structures may consist of regu-
larly spaced pores to allow gas-phase collisions or mol-

ecular-beam propagation.
In conclusion, we have demonstrated that RDDI

would be suppressed in structures possessing photonic
band gaps. This would be manifested in the suppression
of the Forster energy transfer, the modifications of dia-

tomic and biexcitonic spectra, and dissociation energies
due to changes in their potentials. as well as the in-

creased nonadiabaticity of diatomic collisional and disso-
ciative processes involving fine-structure states.
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