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Local Field Effects and Electric and Magnetic Dipole Transitions in Dielectrics
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We report measurements of the refractive index dependence of the spontaneous emission rate of

electric and magnetic dipole transitions in dielectrics.

Local field effects are clearly observed in

the electric dipole results and discrimination between different theoretical descriptions is made. The
magnetic dipole results are well described by quantum electrodynamical considerations without local

field effects.
PACS numbers: 32.80.-t, 42.50.—p, 78.55.Hx

The spontaneous emission rate of an atom is deter-
mined not only by the electronic wave functions of the
atomic states involved, but also by the optical density of
states and the electromagnetic field strength of the opti-
cal modes at the position of the atom. The first to notice
this was Purcell [1] and quantum electrodynamics (QED)
now provides an elegant framework to describe such ef-
fects [2]. The basic physics is that spontaneous emission
can be regarded as being stimulated by the vacuum fluc-
tuations of the electromagnetic field. So even if the op-
tical modes of the system are not populated in a classical
sense, the local mode amplitudes affect the spontaneous
emission rate. Modification of this rate has been experi-
mentally shown for free atoms [3—5], organic molecules
[6] and Eu** complexes [7] in solution, III-V semicon-
ductor quantum wells [8], and Er**-doped SiO, [9] in-
side resonant cavities. An alternative approach towards
influencing the spontaneous emission rate is placing the
emitter in a spatially inhomogeneous dielectric; sponta-
neous emission near a dielectric interface has been studied
experimentally [10—13] and theoretically [14,15]. The di-
electric slab bounded by two dielectrics of lower refrac-
tive index was studied experimentally by Yablonovich
et al. [16] and theoretically for the symmetrical case by
Khosravi and Loudon [17].

Surprisingly, the most elementary case of spontaneous
emission inside a bulk dielectric has received much less
attention. The photon density of states there shows a cu-
bic refractive index dependence [2], and the electromag-
netic field at the position of the emitter is changed because
of the dielectric and local field effects. Neglecting these
local field effects, Nienhuis and Alkemade [18] (NA) first
predicted for the electric dipole transition rate AP and the
magnetic dipole transition rate AMP:

A"P(n) = nAg®,  AMP(n) = n7AY", (1)

where n is the refractive index of the host dielectric.
Local field effects always play an important role in the
interaction of light with condensed matter [19] and con-
stitute a critical test of our understanding of the relation
between microscopic and macroscopic electromagnetic
phenomena. The classical calculation of local field ef-
fects is described in many textbooks [20,21], and is based
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on assuming a spherical cavity inside the dielectric around
the emitter. The size of the cavity is always assumed large
with respect to molecular dimensions but small with re-
spect to the wavelength involved, and the material outside
the cavity is treated as a homogeneous dielectric. Agra-
novich and Galanin [22] have shown that the choice of
the inside of such a cavity is a subtle matter; the value for
the local field at the position of the emitter depending on
whether the cavity is chosen to be real or virtual (Lorentz
model). This difference and the case of nonspherical but
still ellipsoidal cavities have been elaborated for the elec-
trostatic case by Bottcher [23]. In the case of an empty,
real spherical cavity, the result for the electric dipole tran-
sition rate AED is given by [24]
9n>

(2n% + 1)
In the case of a virtual spherical cavity, AEP is given by
[25]

AFP(n) = AFP. )

2 2
AED () = n(ﬁ%z) AED, 3)
Recent calculations starting from a microscopic model
for a homogeneous, high-symmetry dielectric also predict
Eq. (3) [26,27]. Local field effects are not expected
for magnetic dipole transitions in dielectrics, where the
magnetic susceptibility equals the vacuum value. As
the microscopic magnetic field operator has no refractive
index dependence [27], the only effect of a surrounding
dielectric on a magnetic dipole transition is through the
cubic photon density of states and we therefore expect

AMP(n) = n3AYP, 4

which agrees with the NA result [Eq. (1)] as it should on
the basis of the correspondence principle [28].

The large difference between the results for a real or
virtual cavity should allow for an experimental test. How-
ever, only very few experimental data are available; Birks
[29] has reviewed some results on organic molecules but
no systematic dependence on the solvent refractive in-
dex was observed. In this Letter we report on measure-
ments of the electric and magnetic dipole transition rates
of Eu?* complexes in bulk dielectrics of varying refrac-
tive indices in order to discriminate between the real and
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virtual cavity models. Eu’* was chosen for several rea-
sons. Under certain conditions it can have a radiative
quantum yield close to unity; this enables determination
of the absolute radiative transition rates by radiative life-
time measurements, which can be performed in the ex-
perimentally convenient us—ms range. By embedding
the Eu?* ion in appropriate organic ligand cages, it can
be largely isolated from the vibrational excitations of the
host in which it is dissolved, thereby restricting the in-
fluence of this host to its optical properties. The inset
of Fig. 1 shows the relevant levels of the Eu** complex.
The Dy — ’F, transition has been identified as a mag-
netic dipole transition if the ligands do not perturb the ion
very strongly [30], the Dy — "Fy transition is dipole for-
bidden, whereas the other°Dy — "F;(i = 2,3,...,6) tran-
sitions are electric dipole transitions. We have studied
two different Eu?*-ligand complexes: One complex con-
sists of a Eu®' ion with three hexafluoroacetylacetonate
ligands and two trioctylphosphine oxide molecules as syn-
ergistic agents (Eu®*-hfa-topo) [31]. The ligand can be
optically excited around 300 nm wavelength, after which
energy is transferred to the Eu?* ion in the Dy level,
followed by radiative decay to the ’F; levels. The other
complex consists of a Eu?* ion with three dipicolinic
acid ligands (Eu®*-dpa) [32]. This ligand can be excited
around 270 nm.

Spectra of the hfa complex and lifetimes were mea-
sured on a Perkin-Elmer LS-50 spectrofluorometer
(resolution 2 nm); spectra of the dpa complex were mea-
sured using a 0.85 m double monochromator (resolution
0.1 nm). Absolute quantum yield measurements were
performed using a calibrated integrating sphere. The two
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FIG. 1. Normalized luminescence from the D, level of 0.01
molar Eu**-hfa-topo in toluene (n = 1.495, dashed line, exci-
tation 300 nm) and Eu®*-dpa in deuterated dimethyl sulfoxide
(DMSO-dg, n = 1.4775, solid line, excitation 270 nm). Peaks
are labeled with the J subscript of the final 'F, level. Inset
shows the relevant energy levels and excitation, transfer, and
luminescence processes of Eu’*complexes.

complexes yield different luminescence spectra, as can
be seen in Fig. 1. The hfa complex has a°Dy lifetime
of 0.730 ms and a quantum yield ¢ of 0.95 * 0.05 in
toluene (n = 1.495), whereas the dpa complex has a’Dj
lifetime of 3.16 ms and a quantum yield of 0.45 = 0.05
in heavy water (n = 1.328). Clearly, the dpa ligand
only weakly perturbs the ion and provides only partial
shielding, whereas the hfa ligand strongly enhances the
electric dipole transitions and gives good shielding. A
small enhancement of the 5Dy — ’F; rate by this latter
ligand results from the admixture of some electric dipole
character, as reported by Freed and Weissman [30] and
Kunz and Lukosz [33]. Therefore the°Dy lifetime of the
Eu’"-hfa-topo complex is almost completely determined
by electric dipole transitions, whereas for the Eu**-dpa
complex a significant fraction of the D, decay goes
through the magnetic dipole transition Dy — ’F, and
through nonradiative decay. The hfa complex can be
integrally dissolved in apolar hydro- and fluorocarbon
solvents. The dpa complex, which is accompanied by
three tetrabutylammonium ions, requires polar solvents,
which may lead to partial dissociation of the complex
and therefore nonradiative decay through vibrational
interaction with solvent molecules, especially as the
radiative rates are much lower than in the hfa case. This
nonradiative decay can be reduced by using fluorinated or
deuterated solvents. For both complexes, but especially
for the dpa case, the presence of heavy atoms (third
row to the periodic system, or heavier) in the solvent
molecules may lead to a decrease of quantum yield.

Figure 2 shows the 3Dy radiative lifetime of the Eu®*-
hfa-topo complex as a function of the refractive indices
of the solvents, all apolar hydro- and fluorocarbons. The
experimental data were fitted to

7(n) = [A®P(n) + ANR], (5)

FIG. 2. Radiative lifetime of Eu3*-hfa-topo in apolar hydro-
and fluorocarbons, as a function of the solvent refractive index.
Lines are fits to Eq. (5), using AEP(n) from Eq. (1) (dashed
line), AEP(n) from Eq. (2) (solid line), and AEP(n) from Eq. (3)
(dotted line). Open symbol comes from Ref. [30].

881



VOLUME 74, NUMBER 6

PHYSICAL REVIEW LETTERS

6 FEBRUARY 1995

where ANR is the nonradiative decay rate, assumed to
be independent of n. Using Eq. (2) for AEP(n) gives
the solid line as fit, which shows good agreement.
It yields AG® = 620 = 20 s™! and ANR =30 + 30 57!
This implies a quantum yield [which equals AEP /(AEP +
ANR)] in toluene (n = 1.495) of 0.98 + 0.02, in agreement
with the direct measurement. Using Eq. (3) for AEP(n)
(dotted line) clearly gives a poor fit when the parameters
are restricted to comply with the experimental quantum
yield. Also shown is a fit to the NA result for AEP
[Eq. (1)] which shows very poor agreement with the
data. This clearly proves that local field effects play an
important role in determining the spontaneous emission
rate, and that they can be adequately described in a local
field approximation using a real cavity.

RMD(n)

MD —
AT = TR ()

AMP(n) is now determined apart from the multiplicative
constant AED. This constant can be obtained from the
lifetime and quantum yield measurements in D,0, using
771 = AED 4 AMD 4 ANR apnd ¢ = (AFP + AMD)/(AFDP +
AMD 1 ANR) " yielding AF® =64 + 6 s! and ANR(D,0) =
180 = 20 s™!. The lower radiative and higher nonra-
diative rates as compared to the hfa results agree with
the weaker complexing and shielding properties of the
dpa ligands. Figure 3 shows RMP (inset) and AMP as a
function of refractive index of the hosts. The lowest re-
fractive index (n = 1.05) measurement was obtained by
absorbing a Eu3*-dpa solution in a SiO,. xerogel and
evaporating the solvent. The other hosts are common
deuterated solvents. RMP clearly increases with n, which
means that AMP increases more rapidly with n than AEP.
Using Eq. (7), we find a refractive index dependence
of AMP (Fig. 3, closed symbols) that is well described
by AMP(n) = AY'Pn4, with ¢ = 3.1 + 0.2, which agrees
very well with Eq. (4), and A)'® = 10 = 1s~!. Perform-
ing the same analysis, but now using Eq. (3) (virtual cav-
ity model) again yields AMP(n) = A)'°n? (Fig. 3, open
symbols), but now with ¢ = 3.9 = 0.25. As this value
has no theoretical justification, we conclude also from
these magnetic dipole results that the real cavity model
gives the proper description of our experiment.

The good fits in Figs. 2 and 3 clearly prove that an
accurate and consistent description of the refractive index
dependences of electric and magnetic dipole transition
rates of Eu3* complexes in dielectrics is given by the
real cavity model, as expressed by Egs. (2) and (4). A
microscopic explanation as to why this model applies
here instead of the more generally accepted virtual cavity
(Lorentz) model is not straightforward. Some insight can
be gained from considering the more appropriate case of a
cavity of radius a inside a dielectric with refractive index
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Having established the refractive index dependence
of the electric dipole transition rate, it is now possible
to determine the refractive index dependence of the
magnetic dipole transition rate for the Eu**-dpa complex
by determining the fraction of the Dy population that
decays radiatively into the 7F; level as a function of
the refractive index of the host, from the areas under
the luminescence peaks. This magnetic dipole branching
ratio RMP is defined as

RMD _ A(SDO —_ 7Fl) B AMD 6
- S A(SDy — R;) " AMD 4 AED’ 6)

and does not depend on nonradiative decay. Rearrange-
ment, using Eq. (2), gives

RMD (1) 9nSAED
1 — RMD(n) (2n2 + 1)2°

(7

n, and inside that cavity an emitter with polarizability «,
as described by Bottcher [23]. Fer this more general case
it can be shown that
AP (n) = on ®
[2n2 + 1 — Qa/a®)(n2 — 1P
One immediately sees that for an empty cavity (o =
0) or a very large radius, Eq. (2) (real cavity model)
follows. For the virtual cavity case, the polarizability
density inside the cavity, given by «a/(4wa’/3), has
to equal that in the dielectric, given by NpigLapieL
(where Npjgr and apjgp are the number density and
polarizability of the constituents of the dielectric) in order
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FIG. 3. Calculated normalized magnetic dipole transition rate
AMP /AED of Eu3*-dpa as a function of host refractive index.
Use of Eq. (2) (real cavity) yields closed symbols; Eq. (3)
(virtual cavity) yields open symbols. Straight lines are least
squares fits to the data. Inset shows the magnetic dipole
branching ratio RMP.
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for an externally applied electric field not to be affected
by the presence of the cavity. Npjgr and appgr are
related to the refractive index of the dielectric through
the well-known Clausius-Mossotti relation, valid for the
virtual cavity case 47 NpgLapieL/3 = (n? — 1)/(n? +
2). Substituting these two relations into Eq. (8) yields
Eq. (3), the virtual cavity result.

In view of the very different character of the Eu®*
complexes and the host constituents in this experiment,
it should not be surprising that the condition for the
derivation of Eq. (3) from Eq. (8) of homogenous po-
larizability density is not fulfilled. One should expect
that the relatively large and rigid Eu’" complexes rep-
resent a region in which the polarizability density is much
lower than in the surrounding dielectric. In that case, i.e.,
a/(47ra3/3) < NDIELaD[ELs the predictions of Eq (8)
will, at least numerically, be close to those of Eq. (2).
Therefore Eq. (2) could be expected to give a good de-
scription, as observed in our experiment.

In conclusion, we have reported for the first time the
refractive index dependences of electric and magnetic
dipole transition rates of Eu3* complexes in dielectrics.
The electric dipole results are well described in a local
field approximation using a real cavity, whereas the
magnetic dipole results are well described by elementary
quantum electrodynamical considerations without local
field effects.
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