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Single-molecule spontaneous emission close to absorbing nanostructures
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The spontaneous emission of a single molecule is substantially modified close to a metallic
nanostructure. We study the spectral behavior of the radiative and nonradiative decay rates and of
the local-field factor in the vicinity of a plasmon resonance. We show that the highest fluorescence
enhancement is obtained for an emission wavelength redshifted from the plasmon resonance, and
that quenching always dominates at plasmon resonance. These results may have experimental
implications in spectroscopy and monitoring of elementary light source200@ American Institute

of Physics[DOI: 10.1063/1.1812592

The spontaneous emission of a single atonmoleculg¢  signal depend so much on the tip quality? It is the purpose of
depends on the local electromagnetic field, and therefore othis letter to address these questions, using a quantitative
the environment.This effect has been extensively studied in study based on numerical simulations.
chemical physics, through the interaction of molecules with  The transition dipole of a fluorescent molecule located at
surfaces. The development of near-field optics has madea distance greater than a few nanometers from interfaces can
possible the detection and spectroscopy of single moleculése treated as a classical harmonic damped dipatscillat-
with a lateral resolution below 100 nif. These results ing at a frequencyw. The normalized decay raté (or the
stimulated theoretical studies of single-molecule emission ifjyorescence lifetimer=1/I") can be calculated from the
nanoscopic environments; and single emitters have been glectric-field susceptibility, which describes the electromag-
used to probe complex structut&s?or to image local elec-  petic response of the environmérit In the presence of ab-
tromagnetic fields at the nanometer scaiéNear-field op- sorption, a key point is to calculate separately the radiative
tics also stimulated the use of sharp metallic tips, produc:ingjecay ratel's (proportional to the radiated poweand the
highly localized and bright fields, to quify the lifetitfe nonradiative decay ratByg (proportional to the power ab-
and to enhance the fluorescence of single molectfs. gorped by the environmentThese quantities enter the ex-
Modifying and/or amplifying in acontrolledway the spon-  ression of the fluorescence signal through the apparent
taneous emission of single atoms or molecules using S'mplauantum yieldy=Tr/ (Tg+Typ) (We shall assume that the

nanost_ructures would be a b(eakthrough n ngno—opncs, ©Sntrinsic guantum yield of the emitter is unity for simplicjty
for in situ spectroscopy and biological applications or for thelndeed far from saturation, th@ne-photop fluorescence

deS|gn of smgle-;)hoton sources based on pulsed eXCItatlosnlgnal in the presence of an absorbing tip or particle whites
of a single atont.

_ 2
Metallic tips or particles are expected to enhance thes_C”(“’f'uo)”abs(“’abs)|K(wab9| lexd Wapd T, Where wgps and

local field at the molecule location. This results in an in- ©fuo ar€ the al:_)sorption and _emission freq_uencies of the_mol-
crease of the exciting intensity and a modification of theeCUIe’ respectivelyyapd wapd is the absorption cross section

spontaneous emission rafurcell effect. Both effects may ~©f the molecule in vacuumedwapd is the exciting(pump-
combine to produce an enhancement of the fluorescence raf89 intensity in vacuumg is a constant factor which de-
Nevertheless, the presence of a metallic object close to tHeends on calibration, and is the integration time of the
emitter creates newonradiativechannels due to light ab- detector. K(wgpd is the local-field factor, defined by
sorption inside the metdf. Understanding and modeling the |Eioc(®abd| =K(@apg |Eexd wandl, With Ejoc the local field at
trade-off between radiative and nonradiative processes is the molecule location in the presence of the tip, &gk the

key issue for both the fundamental and practical aspects d#xciting field in vacuumlgxd wapd =|Eexd wapd|?]. The ex-
fluorescence enhancement using metallic tips or particlegression of the signal shows that the key quantity which
Important progress was achieved with the work reported irgoverns the fluorescence enhancement is the product
Ref. 18. It was shown using an electrostatic model that they(wge)|K(wapd|-

fluorescence enhancement in the presence of absorption is In order to compute the decay rateg andI'yg and the
substantially lower than that in an ideal situation. Nevertheqocal-field factor, we use a numerical approach based on a
less, many important questions remain unanswegdVhat  surface-integral formalism, which has proven to handle near-
is the role of plasmon resonances inside the metallic nandield calculations around resonant particles with great
structure2) What is the influence of the transition dipole accuracy?’ We consider a dipole emitter located at a distance
orientation and the molecule-object distan¢&fDo the il-  7=5 nm from a silver tip of parabolic shape with a height
lumination and detection directions matte#y Why does the =200 nm and a radius of curvatuRe 10 nm. For the sake

of computer time, we have considered a two-dimensional
¥Electronic mail: remi.carminati@em2c.ecp.fr geometry(the system is invariant along tlyedirection. The
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3.0 y T y T 80.0 one always ha¥'g>1, althoughI'yg strongly decreases. In
this spectral region, the quantum yield is maximum.
1600 It has been found experimentally that the measurements
20 ° often depend on the tip used. We have assumed that this
e & behavior could be attributed to surface defects which modify
E‘x 1400 L‘g the tip shape. We see in Fig(cl that the presence of a
0 surface defect strongly modifies the spectral behavidrof
’ 1200 and I'yg. A second redshifted resonance peak is visible. It
leads to an enhancement B on the order of 30, which is
much higher than that obtained with the perfect tip in the
0.0 0.0 same conditions. We have also found that the coupling be-
tween the emitting molecule and this resonance depends on
15.0 | 4 80.0 the orientation of the transition dipolatrong coupling for
Le ° the z orientation, almost no coupling for theorientatior).
D‘ 100l 1 600 & This e_xample shovy§ tha’g thg §pectral beh_avior of atipinreal
: LF experimental conditions is difficult to predict, because a non-
1400 regular tip may exhibit a strong resonance at a wavelength
5o} which is substantially different from the wavelength of the
1200 plasmon resonance of the perfect(ire the spectral shift is
AN=54 nm).
0.0 0.0 The spectral behavior of the apparent quantum yield can
30.0 1 1000 be deduced from that dfg andI'yg (not shown for brevity.
We have observed thgtt) the z orientation always ensures a
800 Lo higher quantum yield2) the quantum yield is always low at
E° 20.0 600 plasmon resonance, and strongly increases for larger wave-
[ ) r_‘ﬁ lengths;(3) for a given emission wavelength, when the tip—
] 400 molecule distance decreases, one always reaches a regime in
100 | which the apparent quantum vyield tends to zero. We have
i 20.0 also observed that the presence of a surface defect on the tip
does not qualitatively change the behavior of the quantum
92100 4100 5100 6100 7100 8108° yield.

In order to discuss the excitation of the molecule, the
key quantity is the intensity of the local-field factét|?. It is
FIG. 1. Normalized decay ratd%; and I'yg vs the emission wavelength. displayed in Fig. 2 versus the molecule absorption wave-
Silver tip with radius of curvature 10 nm and height 200 (tin geometry  |ength, for a transition dipole oriented along théirection.
in the insef. Tip-molecule distance 5 nre) Perfect tip, dipole along the 14 gjrections of the illuminated bearassumed to be a
direction.(b) Perfect tip, dipole along thedirection.(c) Tip with a surface . .
defect (radius of curvature 4 nm, height 10 pmdipole along thez plane Wav? .are considered. We see thd) the |9cal'fle|d
direction. factor exhibits a resonangghe peak value is slightly red-

shifted compared to the plasmon resonance wavelength de-
fined by the peak value ofyg), and(2) the illumination

dipole and the electric field lie in the-z plane (p  direction plays a major role on the local-field enhancement.
polarizatior). This can be understood as follows. In the emission situation,

We show in Fig. 1 the normalized radiative and nonra-a single molecule behaves as a nano-antenna, whose emis-
diative decay rates, versus the emission wavelength of  sion pattern strongly depends on the environniéhtThe
the molecule. Figures(d) and 1b) correspond to a perfect reciprocity theorert states that a direction giving rise to a
tip, with a transition dipole oriented along thkeandz direc-  |obe in the emission situation corresponds to an illumination
tions, respectively. Figure(d) corresponds to a tip with a direction leading to an enhanced local-field factor in the ex-
surface defect, and a transition dipole oriented alongzthe citation situation. Although not shown for brevity, we have
direction. In Fig. 1a), bothI's andI'yr exhibit a peak at the observed that the presence of a surface dggecthat in Fig.
plasmon resonance wavelengiyr 396 nm. Note that except 1(c)] substantially modifies the emission pattern, and thus the
at the plasmon resonande; <1, which shows that the mol- optimal illumination direction for the local-field enhance-
ecule emits less than in free space. The situation is differerment. This is a crucial point for experiments, in which the tip
in Fig. 1(b), for a transition dipole aligned with the tip axis. shape is not always well-controlled. Finally, we note that the
The maximum ofl'y is slightly redshifted from the plasmon intensity of the local-field factor that we obtain is on the
resonance, and the peak enhancement is about five timesder of 40. This value strongly depends on the tip shape,
larger than for arx-oriented dipole. The nonradiative decay and looking for specific shapes producing high field en-
rate I'yg remains essentially the same. This shows that closeancement was beyond the scope of our study. Xie's group
to a plasmon resonance, the maxima @fandI'yg may be has worked along this direction recerﬁfﬂ/.
located at different wavelengths forzaoriented dipole At Finally, we show in Fig. &h) the fluorescence enhance-
the plasmon resonance, bdfly and 'y are enhanced, but ment factors|K|?, for a two-level molecule with a transition
the enhancement is much larger Igr. In terms of quantum  dipole along thez direction. The influence of the resonance
yield, this is a serious drawback. Finally, we observe that forat A =410 nm in the local-field factor is visible. The level of

wavelengths larger than the plasmon resonance wavelengtBnhancement strongly depends on the illumination direction
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is along the direction of the tip axid.e., when it points
toward object (6) The tip shape strongly influences its prop-
erties. This may explain why experiments on single-molecule

| detection are so dependent on the tip quality.

The authors acknowledge A. Débarre, C. Henkel, M.
Nieto-Vesperinas, L. Novotny, V. Sandoghdar, J.J. Saenz,
and P. Tchénio for stimulating discussions. This work sup-
ported by the EU Integrated Project “Molecular Imaging”
under Contact No. LSHG-CT-2003-503259. J.R.A-G. ac-
knowledges a fellowship from the Spanish Secretariat of
State for Education and Universities, co-financed by the Eu-
ropean Social Fund.

200 |

KAl

100 |

0.0
200}

E. M. Purcell, Phys. Rev69, 681 (1946
R. R. Chance, A. Prock, and R. Sylbey, Adv. Chem. PI8/4.1 (1978);
W. L. Barnes, J. Mod. Opt45, 661(1998.
°E. Betzig and R. J. Chichester, Scien2zé2 1422(1993.
4X. S. Xie and R. C. Dunn, Scienc256, 361(1994.
5L. Rogobete, H. Schniepp, V. Sandoghdar, and C. Henkel, Opt. P8tt.
1736(2003.
C. Girard, O. J. F. Martin, and A. Dereux, Phys. Rev. Létb, 3098
(1995.
L. Novotny, Appl. Phys. Lett.69, 3806(1996).
8. V. Klimov, M. Ducloy, and V. S. Letokhov, J. Mod. Opt43, 549
(1996.

A (nm) °A. Rahmani, P. C. Chaumet, and F. de Fornel, Phys. Re63A023819

(2001).

FIG. 2. (a) Intensity of the local-field facto[K|? vs the absorption wave- °C. Ht]-:?nkel and V. Sandoghdar, Opt. Commuis8 250(1998); G. Parent,
length of the molecule, for two illumination directions. Transition dipole D. Van Labeke, and D. Barchiesi, J. Opt. Soc. AmJ14, 896 (1999.
along thez direction. Inset: radiation pattern for an emitting molecule vs the G, Colas des Francs, C. Girard, and A. Dereux, J. Chem. Py’ 4659

15.0 |

100 |

NWIKAE

50

0.0

observation anglgemission wavelength 396 nm(b) Fluorescence en- (2002.
hancement factor|K|?, for a two-level moleculéidentical absorption and 123 Michaelis, C. Hettich, J. Mlynek, and V. Sandoghdar, Natumndon)
emission wavelengths 405, 325(2000.

3. Novotny, M. R. Beversluis, K. S. Youngworth, and T. G. Brown, Phys.
(the emission signal is integrated over all directions in these se\\//\'/i:&et;s;?i 5'32;/15(232;);88' fég?gé(g Trabesinger, B. Hecht, and U.
calculationy, a consequence of the antenna behavior des«q y gian R.C. Dunn, X. S. Xie, and P. T. Leung, Phys. Rev. L@,
scribed previously. We see that the fluorescence enhancea772(1995.
ment line shape is chiefly given by the line shape of the™E. J. Sanchez, L. Novotny, and X. S. Xie, Phys. Rev. L&2, 4014
local-field enhancement factor. In fact, the influence of the (1999. ) _ N _
quantum yleld is substantial at the plasmon Wavelength Only, .(]isgz;ulay, A. Débarre, A. Richard, and P. Tchénio, J. Micrak®4, 486
where the signal vanishgfuorescence quenchipgdue to '

. o e o= YR. Brouri, A. Beveratos, J. P. Poizat, and P. Grangier, Phys. Re§2A
high absorption inside the metallic tip. 063817(2000.

In summary, we have studied single-molecule fluores<8. Azoulay, A. Débarre, A. Richard, and P. Tchénio, Europhys. LElf.
cence close to absorbing nano-objects, and discussed sever&r4(2000. _
key issues(1) Close to a plasmon resonance, the radiative,J- M- Wylie and J. E. Sipe, Phys. Rev. 20, 1185(1984.
and nonradiative rates may have their peak values at differ->: X Arias-Gonzalez and M. Nieto-Vesperinas, Opt. L2§, 11(2000; J.

. Opt. Soc. Am. A 18, 3 (2001).
ent Wavelengths(2) The apparent quantum y'eld tends to Z4We have verified that this dependence on the orientation of the transition

zero at the plasmon-resonance frequency or when the disdipole is a general resulindependent on the tip geomelrysing a simple

tance to the object tends to zer@®) The local-field factor dipole—dipole model.

and the fluorescence enhancement are maximum at a wavet' dGersen, M. F. |Garcri]a Parajo, L.ﬁr\éovostn%/, 2JdoA' Veerman, L. Kuipers,
; i and N. F. van Hulst, Phys. Rev. Let85, 531 .

length slightly redshifted compared to the plasmon Wave_23R. Carminati, M. Nieto—\);esperinas, and J.—J.(Gre(f)fet, J. Opt. Soc. Am. A

!engt_h. (_4) The peak _ valge strongly depends on the 15, 706 (1998,

illumination-detection directions(5) The fluorescence en- 24 T kg, E. J. Sanchez, and X. S. Xie, J. Chem. PHys 10895

hancement factor is much higher when the transition dipole (2002.

Downloaded 17 Aug 2005 to 150.244.120.4. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



