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ABSTRACT. The enhancement of light-matter interactions using the strong fields associ-
ated with surface plasmons in metallic structures is a powerful concept used for example in
surface enhanced Raman scattering and plasmonic sensing. We investigated the coupling
between nanoscale emitters and surface plasmons in sharp metal tips and smooth metal
films by detecting the angular distribution of the emitted radiation. The localized nature
of the interaction is utilized in a scanning-probe approach for high-resolution Raman and
photoluminescence microscopy of one-dimensional nanostructures.

Localized surface plasmons provide a powerful means to concentrate light far below
the diffraction limit and to produce high local field intensities. Compared to conventional
optics based on dielectric lenses the excitation probability of nearby quantum systems can
thus be enhanced substantially and controlled with nanoscale precision. This phenomena is
exploited for example in tip-enhanced near-field optical microscopy [1]. In this approach,
a sharp metal probe acts as an optical antenna converting propagation free space radiation
efficiently to localized currents and vice versa [2]. In the context of quantum systems, these
currents represent excitation and de-excitation. As an example, Figure 1 shows Raman
and photoluminescence images of a single DNA-wrapped single-walled carbon nanotube
(SWNT) obtained after laser excitation at 632.8 nm and simultaneous detection around 703
nm and 950 nm, respectively. The spatial resolution of the image is limited by the size of
the probing metal tip to about 15 nm, far below the limit imposed by diffraction of about
300 nm.

In order to show that coupling to localized surface plasmons in the metal tip indeed
results in both enhanced exciation and emission we detected the angular distribution of
the radiation with and without tip. Semiconducting single-walled carbon nanotubes were
used as one-dimensional model systems. On glass substrates the photoluminescence (PL)
from single SWNTs was found to lead to dipolar emission patterns (Fig. 2(a)) as observed
before for single dye molecules [4]. Approaching a sharp gold tip antenna to within few
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Figure 1. Topography of a DNA-wrapped single-walled carbon nanotube to-
gether with the simultaneously acquired near-field Raman and photolumines-
cence image. The spatial resolution of the optical images is about 15 nm.

 

 

0

50

100

150

200

250

300

350

400

450

500

550 

0

10

20

30

40

50

60

70

80

90

100

(a) (b) (c)

p
tip

p
SWNT

SWNT

Figure 2. Angular photoluminescence radiation pattern detected from a single
SWNT on glass without (a) and with metal tip (b). (c) Radiation pattern detected
for a single SWNT deposited on a thin gold film. The radiation patterns indicate
coupling to localized tip-plasmons in (b) and propagating surface plasmons in
(c).

nanometers enhances the PL intensity and results in a substantial redirection of the emis-
sion as indicated by the observed radiation pattern (Fig. 2(b), [5]). In the presence of
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the tip the pattern corresponds to that of a vertical dipole indicating that nanotube PL is
emitted efficiently via localized tip plasmons. Based on our experimental data the radiative
rate enhancement provided by plasmon coupling and the contribution of excitation rate
enhancement can be distinguished [5].

In further experiments the coupling of PL from single SWNTs to propagating surface
plasmons in a thin gold film was investigated. Surface plasmons are detected through
leakage radiation that is converted into propagating light using an oil immersion objective.
Due to the dipolar radiation characteristics of nanotubes, propagating surface plasmons are
launched in this case predominantly in the direction of the SWNT axis (Fig. 2(c)).

Our results underline the potential of plasmonic enhancement of light-matter interac-
tions. While localization forms the basis of high-resolution microscopy, coupling to prop-
gating plasmons can be used to reshape the angular distribution of emission.

Acknowledgments

This work was funded by NanoScience Europe (NanoSci-E+, E2-Plas) and the Deutsche
Forschungsgemeinschaft (DFG-HA4405/3-1, DFG-HA4405/5-1 and the Nanosystems Ini-
tiative Munich (NIM)).

References
[1] A. Hartschuh, ”Tip-enhanced near-field optical microscopy”, Angew. Chemie (Int. Edition) 47, 8178 (2008).
[2] P. Bharadwaj, B. Deutsch and L. Novotny, “Optical Antennas” Advances in Optics and Photonics 1, 438
(2009).

[3] C. Georgi, A.A. Green, M.C. Hersam and A. Hartschuh, ”Probing Exciton Localization in Single-Walled
Carbon Nanotubes Using High-resolution Near-field Microscopy”, ACS Nano 4, 5914 (2010).

[4] M. A. Lieb, J. M. Zavislan, and L. Novotny, “Single-molecule orientations determined by direct emission
pattern imaging”, J. Opt. Soc. Am. B 21, 1210 (2004).

[5] M. Böhmler, N. Hartmann, C. Georgi, F. Hennrich, A. A. Green, M. C. Hersam and A. Hartschuh, ”Enhanc-
ing and Redirecting Carbon Nanotube Photoluminescence by an Optical Antenna”, Optics Express 18, 16443
(2010).

a Ludwig-Maximilians-Universität München
Department Chemie and CeNS
Butenandtstrasse 5-13 E
81377 München, Germany
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