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Local-Field Effects on Spontaneous Emission in a Dense Supercritical Gas
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(Received 9 January 1998)

We present results of experiments on the spontaneous emission rate of a europium complex in dense
supercritical CO2. The refractive index of the supercritical gas is varied from 1.00 to 1.27 by increasing
the pressure up to a 1000 bars. Accordingly, the spontaneous emission rate changes. Local-field effects
on spontaneous emission are clearly observed in these experiments. The empty-cavity model for the
spontaneous emission rate inside dielectrics is confirmed. [S0031-9007(98)06249-8]

PACS numbers: 32.80.– t, 42.50.–p, 78.55.–m
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In 1917, Einstein demonstrated that spontaneous em
sion must occur if matter and radiation are to achiev
thermal equilibrium [1]. This picture is so fundamenta
that spontaneous emission rates are often believed to
an inherent property of the atom. However, the spont
neous emission rate can be modified by changing the e
vironment, as was noticed by Purcell [2]. In the earl
1970s, Drexhage carried out pioneering experiments on
modification of the luminescence decay rate of europiu
complexes in front of a metallic mirror [3]. Later, many
theoretical [4] and experimental [5] investigations hav
been devoted to the enhancement and inhibition of spon
neous emission of atoms in resonant cavities, in which ca
larger modifications are possible. Modifications of th
spontaneous emission rate can also be induced by plac
the radiator inside a spatially inhomogeneous dielectr
For example, the case of emission near a dielectric int
face has been studied both experimentally [3,6] and the
retically [7]. Complete inhibition of spontaneous emissio
is predicted to occur in photonic band gap materials [8
In all these approaches the rate of spontaneous emissio
modified because the radiation density of states is alter

Strikingly, the modification of spontaneous emissio
rate insidesimple dielectrics has not been so extensive
studied. The radiative lifetime of an atom or molecul
embedded in a dielectric has been predicted by Nienh
and Alkemade [9]

tRsnd ­
t

vac
R

n
. (1)

Here tRsnd and t
vac
R are the radiative lifetimes in the

dielectric with refractive indexn and in vacuum, re-
spectively. However, Eq. (1) arises from quantizing th
macroscopicMaxwell’s equations, while in principal the
atom couples to themicroscopicvacuum fluctuations. To
arrive from a microscopic at a macroscopic description
in Eq. (1) involves complex spatial or temporal averagin
procedures. Especially the question how to treat the
electric at and nearby the radiating atom is far from triv
ial. In Eq. (1) the dielectric is taken to be homogeneou
over the entire space, also at the position of the radiati
atom, assuming the atom is not at all present. Althoug
the dimension of the radiating atom is much smaller tha
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the wavelength involved, sizable deviations from Eq. (1
are expected, since dipole radiation has a1

r3 divergence at
the origin. To incorporate these microscopic interaction
local-field corrections are introduced. The approach is st
macroscopic in nature, but the electric field at the radia
ing dipole, thelocal field,is different from the macroscopic
field to incorporate local interactions. Macroscopic deriva
tions of the local-field correction often imply the use of a
cavity around the radiating dipole. The specific choice o
the cavity is subtle matter [10], greatly complicating th
interpretation of these models. Two limiting cases for
local-field model have been proposed. Theempty-cavity
model [11], in which the atom is inside a real empty spher
cal cavity in the dielectric, leads to

tRsnd ­

µ
3n2

2n2 1 1

∂22 t
vac
R

n
. (2)

In contrast, thefull or virtual-cavity model [12] describes a
cavity filled with a medium having the same average pola
izability density as the surrounding dielectric. Howeve
the dipolesinsidethe cavity do not contribute to the local
field, resulting in

tRsnd ­

µ
n2 1 2

3

∂22 t
vac
R

n
. (3)

The empty and full cavity models are distinct because th
boundary conditions of the cavity are different.

A decisive experiment on the radiative lifetime of an
atom in a dielectric, with varying refractive index, could
settle the discussion on which local-field correction applie
to spontaneous emission. In the few previous experimen
[13], the refractive index was changed by dissolving th
radiating molecule in chemically different liquids. An un-
fortunate aspect of this procedure is that varying the r
fractive index in this manner could lead to uncontrollabl
side effects. For example, the vacuum radiative lifetim
or the quantum efficiency of the radiating molecule coul
well depend on the type of liquid. Experiments performe
in our group on the luminescence lifetime of one molecu
dissolved in 15 different liquids indeed confirm these prob
lems. Thus we decided on a new type of experiment,
© 1998 The American Physical Society 5077
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which the refractive index is varied in a more controllab
manner, circumventing these side effects.

In this Letter we present measurements on the rad
tive lifetime of a Eu31-complex dissolved in a supercritica
gas as a function of pressure. Then, the refractive ind
changes because the density of the molecules in the
electric changes. Thetypeof molecule, CO2, remains the
same for all refractive indices, improving on previous e
periments [13]. Our experiments confirm the empty-cavi
model [Eq. (2)]. It will be argued that the experimental re
sults can be explained by a molecular cavity model bas
on density of state arguments.

The surrounding dielectric is supercritical CO2 at pres-
sures between 1 and 1000 bars. The refractive ind
ranges from 1.00 to 1.27. To suppress critical density flu
tuations of the dielectric, the gas is kept a few degre
above the critical temperature, at35.00 6 0.05 ±C. The
experiments are performed in a pressure cell with optic
access [14]. The refractive index is determinedin situ,
using a time-resolved interferometric technique [15]; s
Fig. 1. A 70 fs pulse from a Ti:sapphire laser (Spect
Physics, Tsunami) with a central wavelength of 780 nm
passed through the supercritical gas in the pressure cell.
compare the transmitted pulse through the dense gas w
an undistorted reference pulse, the pressure cell is pla
in one of the arms of a Mach-Zehnder interferometer. Th
pulse pair is autocorrelated using a Fourier-transform (F
spectrometer (BioRad FTS-60A). The high stability of F
spectrometer enables us to measure the pulse delay thro
the dense gas with 10 fs resolution. The optical path leng
of the pulse through the gas in the cylindrical pressure c
is 6.285 6 0.005 mm, as determined by a three-point mea
surement. Combining the pulse delay and the optical p
length readily gives the refractive index. Using this tec
nique, we are able to determine the refractive index with
accuracy of1023. Although the refractive index is deter-
mined at 780 nm it also applies, within the experiment

BS

D

FT-S

Ti:Sa

M

M

BS

BS

PCRC

FIG. 1. A schematic overview of the interferometric time
resolved pulse transmission setup. BS: beam splitter;
detector; FT-S: Fourier-transform spectrometer; M: mirror; RC
reference cell; PC: pressure cell; Ti:Sa: titanium sapphire las
The 70 fs pulse train from a Ti:sapphire laser is sent throu
a fixed Mach-Zehnder interferometer with the pressure cell
one of the paths. The cross correlate of the transmitted a
reference pulses is recorded with a scanning Fourier-transfo
spectrometer. In this way the refractive index change can
determinedin situ with an accuracy of1023.
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error, at the wavelengths of Eu31 luminescence (around
600 nm), since CO2 has a low dispersion in this wave-
length region.

The radiating molecule is Eusfodd3 [16], a b-diketone
ligand complex. Eu31 complexes are well suited for this
experiment, as was pointed out by Rikkenet al. [13].
The molecule is optically excited with a pulsed, tripled
Nd:YAG laser at 354.7 nm. The luminescence is dis
persed by a Spex 1401 double spectrometer (resoluti
2 cm21) and detected with a Hamamatsu R943-02 coun
ing photomultiplier. The radiative decay times are in th
millisecond range and are recorded with a multichann
scaler (EG&G-Ortec, T914). All luminescence lifetime
measurements presented are taken at16 360 cm21, which
corresponds to the maximum of the strongest luminescen
peak of Eu31, the5D0 to 7F2 transition. The found decay
times hold for all Eu31 transitions from the5D0 level to7Fi
manifold, as the upper level is nondegenerate. A typic
luminescence decay measurement is depicted in Fig. 2.
can be seen, the luminescence decay consists of two co
ponents. Both are attributed to Eu31, as is concluded from
time-resolved luminescence spectra. The spectrum of t
fast decaying component is much broader than the spe
trum of the slowly decaying component. For the5D0 to
7F0 transition the linewidths are50 6 5 and17 6 2 cm21,
respectively. From this we conclude that the fast deca
ing component stems from the luminescence of a disso
ating Eu complex and is therefore disregarded. The dec
times are determined from the slowly decaying contribu
tion. Furthermore, the Eusfodd3 luminescence spectra are
identical for all pressures. This indicates that the symm
try of the complex is independent of pressure, which mea
that the transition dipole moments involved are uneffecte
by the varying refractive index.

In these experiments the quantum efficiency of the lu
minescence plays an important role. The nonradiative d
cay rate of rare-earth ions via multiphonon relaxation [17

FIG. 2. Typical luminescence decay of Eusfodd3 dissolved in
supercritical CO2 at 99 bars. Two different decay channels
are observed, both attributed to Eu31. The fast decaying
component comes from a dissociated Eu complex and
disregarded. The decay times are subtracted from the slo
decay.
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strongly depends on the type of host material. In th
process the most energetic vibrations contribute, since
nonradiative decay rate decreases exponentially with
number of phonons involved in the transition. For supe
critical CO2, mainly the fundamental around1388 cm21

[18] contributes to the nonradiative decay. However, th
multiphonon decay process of Eu31 involves approxi-
mately 12 “phonons,” making it an unlikely process. Ge
erally, experiments [17] have shown that when six phono
are involved, the nonradiative decay rate approximate
equals the radiative decay rate. For CO2, the ratio of the
radiative to the nonradiative decay rate is estimated to
at least 200, independent of the refractive index. In o
experiments, long luminescence lifetimes (,1.5 ms) for
Eusfodd3 in supercritical CO2 indeed indicate a high quan
tum efficiency. Given the estimate and the long lumine
cence lifetimes, we conclude that the efficiency is close
unity (within 0.5%). The luminescence lifetimes obtaine
are also the radiative lifetimes.

The measured variation of radiative lifetime with refrac
tive index is shown in Fig. 3. Comparison is made to th
empty-cavity [Eq. (2)], full-cavity [Eq. (3)], and no-cavity
[Eq. (1)] models. Clearly, the empty-cavity model applie
Furthermore, it is observed that the extrapolated vacu
lifetimes slightly depend on the excitation energy. A 10
decrease in the lifetime is found when the pumping e
ergy is increased from4 6 1 to 70 6 20 mJycm2; similar
dependences have been observed previously [19]. This
fect is probably due to the cooperative decay of europiu
molecules via stimulated emission at higher pump inte
sities. Nonetheless, the empty-cavity model is confirm
for all pumping powers, giving confidence that this is in
deed the right model.
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FIG. 3. The scaled radiative decay times as a function
refractive index. The decay timestR are scaled by the
extrapolated vacuum lifetimestvac

R . The vacuum lifetime
slightly depends on the excitation energy per shotP. For
P ­ 4 6 1 mJycm2: t0 ­ 2.04 6 0.01 ms (squares);P ­
17 6 3 mJycm2: t0 ­ 1.97 6 0.01 ms (circles); P ­ 70 6
20 mJycm2: t0 ­ 1.85 6 0.01 ms (triangles). For compari-
son, the results from the empty-cavity (full line), full-cavity
(dashed line), and no-cavity models (dotted line) are plotte
The error bars for both the decay times and the refractive ind
are of the order of the symbol size.
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Microscopically, the Eu complex is embedded in a dens
gas of CO2 molecules. These molecules sample many p
sitions in the dielectric, except for the position of the com
plex. As a result, the microscopic electric field to which
the radiating atom couples heavily fluctuates. Effectivel
the radiating atom couples to the time-averaged micr
scopic field, which is equivalent to the macroscopic electr
field [20], allowing for a description in terms of refractive
indices. Note that the electric field at the position of th
radiating atomEatom is not the macroscopic fieldEmacro,
because the complex forms an excluded volume for t
CO2 molecules. In general, the connection between the
two fields is complicated, as the dipole moment of the ra
diating molecule acts back on the polarizable surroun
ing molecules. However, the polarizability of Eu31 is too
small and the size of the complex too large (,1 nm) to
polarize the CO2 molecules, resulting in a simple relation
betweenEatom andEmacro:

Eatom ­
3n2

2n2 1 1
Emacro . (4)

The complex is taken to be a real empty cavity [21], sinc
it is an inpenetrable region of low polarizability. For the
vacuum fluctuations, which govern the radiative lifetime
a relation analogous to Eq. (4) holds. Thus the radi
tive lifetime of the Eu complex obeys the empty-cavity
model, Eq. (2). In the case of larger transition dipole mo
ments, deviations from Eq. (2) are expected, tending t
wards the full-cavity model, Eq. (3). In fact, for radiating
molecules with a low polarizability density, the modifica
tion of the spontaneous emission rate can be conside
due to a change in the electromagnetic mode structure,
in previous accounts [3–8]. These molecules simply for
their own molecular microcavities.

The interpretation given above is still macroscopic i
nature. The dielectric is not treated as a set of random
positioned microscopic dipoles, but as a continuum u
to molecular dimensions. In a microscopic derivation o
the local-field effect, particle correlations in the spatia
averaging procedure [22] are expected to lead to simil
results. However, such a microscopic derivation for a
inhomogeneous system consisting of two types of speci
the radiating dipole and the dipoles of the dielectric, ha
not yet been done.

It would be of interest to studystrippedrare-earth ions
in dielectrics, since then the “cavity” is smaller leading to
larger modification due to dipolar interactions. Howeve
chemical shielding by the complex is then absent, whic
might blur the entire effect. Another system to study loca
field effects on spontaneous emission is a dense atomic
consisting of two species, for example Na (probe atom)
Rb (dielectric). In this case, the polarizabilities involved
are much larger enhancing dipole-dipole coupling, poss
bly leading to corrections to the empty-cavity model.

In conclusion, this Letter presents measurements on t
radiative lifetime of Eusfodd3 in supercritical CO2 under
5079
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varying pressure. The empty-cavity model for the mod
fication of the spontaneous emission rate in a dielectric
confirmed in our experiments. The Eu complex is a re
empty cavity in the dielectric, since its polarizability is low
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