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INFLUENCE OF A DIELECTRIC INTERFACE

ON FLUORESCENCE DECAY TIME

K. H. DREXHAGE*

IBM ResearchLaboratory,SanJose,California, USA

When a mirror is placedneara fluorescingmolecule,not only the angulardistribution
of the fluorescenceis affected,but also the decay time. This effect is consideredfor the
caseof the reflecting interfacebetweentwo dielectricsof different refractiveindices.The
fluorescencedecaytime variesmarkedly due to thepresenceof suchan interface.In case
of fluorescingmoleculesplaceddirectly at the interfacebetweena medium of refractive
index 1.54 and air, the decay time is lengthenedby a factor of 1.08 if their transition
moment is orientedparallel to the interface,and by a factor of 3.61 if the transition
moment is oriented perpendicularto the interface.Theseconsiderationsare compared
with measurementson monomolecularlayersof aneuropiumdibenzoylmethanecomplex
which wereheld at a variable,but well defineddistancefrom the interface.

if oneplacesan excitedmolecule(or atom) in front of a mirror, then the
emission of radiation (fluorescence,phosphorescence)is influenced by the
mirror. Thiscomesaboutbecausepartoftheemitted light waveisreflectedby
the mirror and interfereswith the non-reflectedpart. Let us considerthe
radiation of an oscillating electric dipole, which is emitted at a certain
angle to the mirror normal (fig. I, left). There the path differencebetween
thedirectandreflectedbeamis suchthatconstructiveinterferenceoccursand
thereforethe moleculewill radiatestronglyin this direction.However, at a
somewhatlargerangle (fig. 1, right) thepathdifferenceis half a wavelength
smallerso that the direct and reflectedbeaminterferedestructively.If the
reflectivity of the mirror equalslOO~,the amplitudeof the reflectedwave

is as large as the amplitude of the direct wave and thereforeboth cancel
in this particulardirection. The moleculewill not radiate in this direction
at all.

The angular distribution P(O) of the fluorescenceintensity, polarized
perpendicularto the planeof incidenceon the mirror is given’ _3) by:

P(O) = I + p~(O)+ 2p~(O)cos [(4mnd/2)cos 0 — ö
1(0)], (I)

0 = angle betweenthe direction of light emission and mirror normal;
d = distancebetweenexcitedmoleculeandmirror; n = refractiveindex of
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Fig. I. Electric dipole radiation interactingwith plane mirror.

the mediumin front of the mirror; ). = vacuum wave length of the emitted
light.
The reflection coefficientp~andthe phaseshift O1 are in generaldependent

on the angleof incidence0 and canbe calculatedfrom Fresnel’sformulae.
As is seenfrom eq.(I) thefluorescenceintensityin front of the mirror should
exhibit a patternwell known from theemissionof radiowavesby antennas.
The larger the distanced the moremaximaand minima will occur.

We have investigatedthis effect on a europium-dibenzoylmethanecom-
plex, the moleculesof which were placedat a well defineddistancefroni the
mirror

3). The ligands of this complex absorbstrongly in the ultraviolet.
After intramolecularenergytransferto the central Eu3~-ionthis fluoresces
with high quantumyield at about612 nm. Fig. 2 showsthe fluorescenceof
this compound placed at a distanceof 6770 A from a gold mirror. The
measuredangulardistribution (full line) agreesverywell with thecalculation
accordingto eq. (I) (dashedline).

O~234 90’

Fig. 2. Angular distribution of fluorescence of eLlropium-dibenzoylmcthanecomplex
6770 A from gold mirror.
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Themirror not only influencesthe angulardistribution of the fluorescence
intensity,but also the fluorescencedecay time. To understandthis effect
let us consideran excitedmoleculein the very centerof a sphericalmirror
(fig. 3). If the radiusof the mirror is for instance1.75 ,~ (fig. 3, uppercase),

Amplification by interference:
/1 dipole radiates twice the power

as without the mirror (TM=~t)

Radius 1.75X

/ Quenching by interference:
dipole cannot radiate (TM=)

~L)
Radius 2X

Fig. 3. Radiationfrom excitedmoleculein centerof sphericalmirror.

constructiveinterferenceof the direct andreflectedbeam will occur in all
directionsof the upperhalfspace.Sincethe radiatedintensityis proportional
to thesquareof the amplitude,the probabilityfor radiation is four times as
largeas without the mirror. Into the lower half spacethereis no radiation
due to the mirror. Thereforethe integratedprobability for radiation will be
twiceaslargeaswithoutthemirror.Thismeansthedecaytimeof themolecule
in the centerof the mirror will behalf the decaytime of themoleculein free
space(assumingthereareno competingradiationlessdeactivationprocesses).
On the otherhand, if the radius of the sphericalmirror is for instance2A

(fig. 3, lower case),the direct and reflectedbeaminterferedestructivelyand
thusthe excitedmoleculecannotradiateat all. Underthe sameassumptions
as aboveit will stayhigh forever (decaytime infinite).

In the sameway as shownfor a sphericalmirror the fluorescencedecay
time is affected by a planemirror. We againintegratethe intensityabove
the mirror and find for the decaytime ~ of anexcitedmolecule1):

a. axis of electric dipole oscillatorperpendicularto the mirror

= [i — Jp
11(u) (1 — u

2) cos (xu — oll(u))du] ; (2)
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b. axis of electricdipole oscillatorparallel to the mirror

= [I + ~ ~ p
11(u)u

2cos(xu —

+ ~ J p
1(u)cos (xu — b~(u))du . (3)

= 4rrnd/i,; u = cos 0: P11(a), p1(u) reflection coefficientsof the mirror,

~11(u),à1(u) phaseshiftson reflection by the mirror.
In the caseof an idealized mirror with = p1 = I and = = ir.

independentof angle0, the integralsin eqs. (2) and(3) canbe easily solved

and onegets:
Casea.

r. 3cosx 3sinxi
1

~ 1— 2 + 3 I ; (4)
- X X j

Caseb.

- - 3 sin x 3 cos x 3 sin x1 1I— — + . (5)
2x 2x2 2x3

However, in all practical cases the reflection coefficients and phaseshifts
dependin a complicated manneron the angle of incidenceand on the
polarizationof the light.

We have measuredthe influence of a mirror on the fluorescencedecay
timefor the first time usingthe abovementionedeuropiumcomplexwhose
fluorescencedecaytime is roughly I msecI)~Theenvironmentof theemitting

Eu3~-ioncan be consideredisotropic. Thus neither one of the particular
orientationsconsideredabove is applicable to this case.The probability
of light emissionis ratherfoLind by averagingover the probabilityof casea.
plus twice the probabilityof caseb. In this way the fluorescencedecaytime
in front of a silver mirror was calculated(fig. 4, full line). As can be seen
from this figurethefluorescencedecaytimeshouldbe lengthenedor shortened
dependenton the distanced from the mirror.

In the aboveconsiderationwe omitted possibleradiationlessdeactivation
processes,which arenot affectedby the mirror. If we taketheminto account,
we find for the true decaytime t’~

(6)

T’, I + ij~,,(i~ /t~ — I)

where ij~, is thequantum yield of the emittingstate,which we mtist carefully
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Fig. 4. Fluorescentdecaytime of Eu
3~in front of silver mirror.

distinguishfrom the quantumyield c~defined as the ratio betweenthe
amountsof emitted andabsorbedquanta.A quantumyield i~ < 1 leads
to a less pronouncedvariation of the fluorescencedecay time in front of
the mirror, becausein this case the radiationlessdeactivationprocesses
which are not affectedby the mirror, havean influence on the decaytime.
Thisis shownin fig. 4 for a quantumyield i~ = 0.7 (dashedline).

By comparingthe curves t~/i~, calculatedwith differentvaluesi~, with
the experimentaldataone is able to determinedirectly the quantumyield
of the emitting state ij~, an otherwisehardly accessiblequantity. In case
of theeuropiumcomplexit wasfound: ,j~= 0.7 (fig. 5). The experimental
valuesof t~, measuredby varying the distanced stepwise 52.8 A 1), agree

very well with the theory outlined above.The disagreementat very small
distancesis due to energytransferfrom the excitedmoleculesto the silver
mirror, whichshall not be consideredhere.

As themirror influencesselectivelythelight emission,butnotthecompeting
radiationlessdeactivationprocesses,the quantumyield ,j~varies with the
distancefrom the mirror too. It follows quantitatively:

= [I + .i~(~L— —1• (7)
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Fig. 5. Comparisonof theory and experimentfor decaytime of Eu
2 in front of siker

mirror.

Whereasa silver mirror hasa high reflectivity at all anglesof incidence,the
reflectivity of the interfacebetweentwo media with different refractive index

varies strongly with the angle of incidence0, beingvery high only at large
angles 0. However, by substituting the reflection coefficients and phase

shifts of suchan interface into eqs.(2) and (3) a pronouncedinfluenceon the
fluorescencedecaytime is expected(fig. 6). Particularly in caseof an electric

dipole oscillator whose axis is oriented perpendicular to the interface the

decay time is lengthened remarkably. If the ratio of the refractive indices
is for instance 1.54, the decaytime of an excited molecule nearthe interface

will be lengthenedby a factor of 3.61. If the ratio of the refractive indices

is 2.00. the lengtheningfactor amountsto a value as largeas 9.31.
The consideredphenomenonis dependenton the natureof thefluorescent

transition. The influence of a dielectric interface on a magnetic dipole
oscillator is shown in fig. 7. It turns outthat in this casethe decaytime near
the mirror is also lengthened.

Experimentaldataon the europium complex are in fair agreementwith

theexpectedcurvewhich wascalculatedusingthevalue ij~ = 0.7and taking
the averagedescribedabove(fig. 8).

Finally, we want to mention that a reflector will affect the probability
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Fig. 6. Decaytime of electricdipole oscillator in front of a dielectricinterface.
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Fig. 7. Decaytime of magneticdipole oscillatorin front of a dielectricinterface.
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Fig. 8. Fluorescentdecaytime of Eu
2 in front of a dielectric interface.

of any emissionprocess.It haslong beenknown that the impedanceof a
radio antennais changedby a reflector. In this paper it is shown that the
probabilityof light emissionis influencedby a mirror, which may be merely
a dielectric interface.If we are allowedto extendour considerationsto even
shorterwavelengths,i.e. the emissionof y-quantaby nuclei, an interesting
conclusioncanbe drawn:if we had a mirror for y-rays.we would be ableto

influence the lifetime of radio-activenuclei.

References

I) K. H. Drexhagc, Optische Lintersuchungenan neuartigenmonomolekularenFarh-
stoffschichten(Habilitations-Schrift),Marhurg t 1966).

2) H. Bucher, K. H. Drexhage,M. Fleck, H. Kuhn, D. Möbius, F. P. Schafer,J. Sonder-
mann,W. Sperling, P. Tillmann and J. Wiegand,Mol. Cryst. 2(1967)199.

3) M. Fleck, Weitwinkelinterferenzund Multipolcharakterder Lumineszenzorganischer
Farbstoffe(Dissertation).Marhurg (1969).

Discussionon paper 12

Que.vtion 1: W. Gebhardt

I wonder how you preparethe mirror and how you establish a distinct
distance between thesurfaceand theorganicmolecules?
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Answer: K. H. Drexhage
The metal mirror is evaporatedin vacuum.On top of the mirror a certain

numberof fatty acid layersare depositedusingthe techniquefoundedby
LangmuirandBlodgett.Finally a monomolecularlayerof a fluorescentdye

is depositedby meansof the sametechnique.

Question2. G. F. J. Garlick
I wonderif you are awareof some much earlierwork by Selenyi, andI

think, some later work by Freedand Weissmanin which your effect was
studiedin thin acetatefilms containingdispersedfluorescentmolecules.The
study of angular dependenceof polarizationof the emission was used to
distinguishthe natureof the oscillatorsinvolved.

Answer: K. H. Drexhage
I am grateful for your comment. In fact, Selenyi’s work hasstimulated

us to investigatethe angulardistribution of fluorescencewith the much
moresensitivemonolayertechnique.

Question3: W. B. Fowler
For simplesystemstheabsorptioncrosssectionsandthe reciprocaldecay

time are relatedby the Einsteinrelation. Doesan infinite decaytime imply
a zero absorptioncrosssection?

Answer.’ K. H. Drexhage

The Einsteinrelation holdsfor moleculesin free space.One can derive
a correspondingrelationshipfor moleculesin front of a mirror.


