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ABSTRACT

We present a new method for the imaging of single metallic nanoparticles that provides information about their shape and orientation. Using
confocal microscopy in combination with higher order laser modes, scattering images of individual particles are recorded. Gold nanospheres
and nonorods render characteristic patterns reflecting the different particle geometries. In the case of nanorods, the scattering patterns also
reveal the orientation of the particles. This novel technique provides a promising tool for the visualization of nonbleaching labels in the
biosciences.

The optical properties of gold nanoparticles are influenced on a flat surface with random orientation none of these
strongly by particle plasmons (PPs), that is, the collective methods can reveal information of their shape and, in the
oscillations of free electrons in the conduction band. A large case of elongated particles, determine the absolute orientation
number of theoretical and experimental studies were dedi- at the same time.

cated to the understanding of PP physics and revealed Gold nanospheres were purchased from Sigma-Aldrich,
fascinating properties:* For example, PPs in gold particles  \ith a diameter of 204+ 3 nm as specified by the
are linked to broad band photoluminescérmnxj strong Iocal_  manufacturer. Gold nanorods were produced by a seed-
field enhancement, making these nanostructures promisingmediated method described by El-Sayed éb all reagents
candidates for a variety of different applicatichs. were obtained from Sigma-Aldrich and used as received.
In addition, the high biocompatibility of gold nanoparticles - yitrapure deionized water was used in all of the experiments.
has stimulated their widespread use in the biosciences withinTphe samples were prepared by spin-coating diluted suspen-
the last few year$.° Gold particles were used as intramo- - sjons of gold nanospheres and gold nanorods onto cleaned
lecular distance rulefsas non bleaching sensdrsnd as  mjcroscope cover slides. The distribution and the size of the
labels for multiphoton microscopy.Simultaneously, novel  panoparticles were determined by atomic force microscopy
optical microscopic tgchm_ques were de\{eloped in order to (AFM) with a Digital Instruments Nanoscope 1A in tapping
detect and characterize single nanoparti¢les' Confocal mode using standard silicon nitride tips. Extinction spectra

dark-field microscopy was used in conjunction with polariza- \yere recorded on a Lambda 9 UV/vis spectrophotometer
tion-sensitive detection to determine the relative orientation (Perkin-Elmer).

of Au nanorod¥ (i.e., the magnitudes of the projections of
the long axis of a nanorod onto perpendicular polarization
axis). Furthermore, by controlling the orientation of an Au
particle attached on a sharp glass fiber tip and excitation by
a white light beam and by measuring the scattering intensity
and spectra as a function of the incident polarization it was
possible to obtain information about the particle orientation
and degree of elipsticit}? In another study, the light scattered
by individual gold nanoparticles was collected using a sharp
optical fiber tip** However, for isolated particles distributed

For an initial sample characterization, the average size of
the nanoparticles was determined from their extinction
spectra in solution (Figure l1a and b) and from AFM
measurements (Figure 1c and d). Gold nanospheres and gold
nanorods exhibit different characteristic plasmonic properties
because of their different shageslthough nanospheres have
only one plasmon band (see Figure 1a), gold nanorods feature
two plasmon bands: the first is determined by the short axis,
and the second is related to the long axis (see Figuré&®ih).
Practically, the extinction spectra can be fitted by a theoretical
* Corresponding author. E-mail: alfred.meixner@ipc.uni-tuebingen.de. simulation base‘?' O_n the extension O_f Mie thegry[he
T These authors contributed equally to this study. measurements indicated that the diameter of the gold
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Figure 1. (a) UV—vis excitation spectrum of an ensemble of Au nanospheres and (c) AFM images of the respective individual gold
nanospheres with a nominal diameter of 20 nm as specified by the manufacturer. (b) Experimental (black full line) and calculated (dotted
red line) extinction spectra of Au nanorods (125 nm in diameter and aspect ratio of about 2.4) and respective AFM image (d) showing
individual particles.

nanospheres is about 28 3 nm in agreement with the The signal in our configuration results from the superposi-
manufacturer specification. The aspect ratio of the gold tion of the laser field reflected at the interfakg and the
nanorods studied in this work was found to be about2.4  field scattered by the nanopartidi&:

0.1 with widths between 12 and 15 nm and lengths between
30 and 45 nm.

All single-particle optical studies were performed with a
home-built inverted confocal microscope similar to that in ) . .
ref 18. A linearly polarized HeNe laser { = 632.8 nm) Three terms appear on the right-hand side of eq 1. Thg first
served as the excitation light source. Either the fundamental!€'m, proportional to the square of the reflected field,
Gaussian laser mode or higher order doughnut modes werd€presents the background intensity. The second term indi-
used. In this work, azimuthally and radially polarized Cates the pure scattering signal. The interference term is
doughnut modes are generated by a polarization converterdetermined by both fields and their phase relation. For
with four half-wave plates in each quadrant, similar to that hanoparticles, the amplitude of the scattered figg is
used by Leuchs et &.In Figure 2a, the synthesis of radially ~Proportional to the third power of the average particle
and azimuthally polarized doughnut modes is described diameter and will thus be much smaller than the amplitude
schematically. A spatial filter was used to remove higher Of the field reflected at the interfagg,|. This is clearly the
spatial frequencies. Figure 2b shows a photograph of thecase for our configuration where light is focused on a glass/
beam profile while the calculated beam profiles of azimuth- air interface using a high numerical aperture objective leading
ally and radially polarized doughnut modes in the focus of to total internal reflection for light waves coming in at angles
a high NA objective are shown in Figure 2c and d, that are larger than the critical anghe = a sin(1hgiasy ~
respectively. The collimated beam was reflected by a 42°. Hence, the pure scattering signi|> can be neglected
nonpolarizing 50:50 beam splitter and focused by an oil compared to the signal caused by reflectifi|?>. The
immersion microscope objective (N.A= 1.25) onto the  interference term, however, is scaled by the strength of the
sample surface. Both the scattered light from the single reflected field, giving rise to a detectable signal even from
particles and the reflected light from the glass object slide single particles. The sign of this signal and the image contrast
were collected with the same objective, transmitted by the depends sensitively on the phase relatipnthat is deter-
beam splitter and detected by a photon-counting avalanchemined by the plasmon resonance of the particle and by phase
photodiode (APD). terms resulting from total internal reflection.

lget 0 |E, + EJ> = |E|* + |EJ* + 2|E,||[E] cosf) (1)
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Figure 2. (a) Synthesis of an azimuthally/radially polarized , : e
doughnut mode from a collimated linearly polarized Gaussian beam. . .1 -
In short a mode converter plate, C, with four quadrants consisting )
of A/2 plates, which are rotated 9@vith respect to each other, . 2
divides the beam in four parts with opposite polarizations as :
described in ref 19. These four components are superimposed by a
spatial filter consisting of two lenses, &nd %, and a pinhole, p,
giving rise to azimuthally/radially polarized doughnut mode whit

a profile shown in the photograph in Figure 2b. The spatial filter
was used to cut off higher order spatial frequencies. (¢ and d) Figure 3. Scattering images of the same spherical gold nanoparticle
Calculated beam profiles of azimuthally and radially polarized (left) (nominal diameter 20 nm) and the same gold nanorod (right)
doughnut modes in the focus of a high numerical aperture objective (nominal aspect ratio 2.4, and minor axis diameter 15/20 nm) using
(NA = 1.25).EZis the transversaE is the longitudinal (parallel different laser modes: (a and b) for a linearly polarized Gaussian
to the optical axis of the microscope), aid is the total field beam; (c and d) for an azimuthally polarized doughnut mode; and
strength. Note that for azimuthally polarized doughnut mdéés (e and f) for a radially polarized doughnut mode. Note that the
= EtZ_ sphere and the nanorod can be distinguished by their scattering
patterns only in the case of doughnut modes.

A quantitative description of both fields and their phase
relation can be obtained analytically using the field distribu- isotropic polarizability of the particle and the radial symmetry
tion of the laser mode, the numerical aperture of the focusing of the intensity profile of the laser modes. The patterns
lens, the Fresnel coefficients of the glass/air interface, andrendered by the nanorod, however, are clearly different and
the polarizability tensor of the particle. Details of this reflect its nonisotropic polarizability. Consequently, from a
procedure, that is, based on work in refs 20, 21, will be single scattering pattern particles with isotropic and aniso-
published elsewhere. Here, we only show the numerical tropic polarizability can be distinguished.
results adapted to our experimental situation to illustrate the To establish a correlation between the orientation of the
feasibility of such calculations and to further support our nanorods and the resulting scattering patterns, we performed
experimental findings. AFM measurements of the nanoparticles. In Figure 4,

Scattering images generated by raster scanning a goldtopography and both experimental and theoretical scattering
sphere and a gold nanorod through a tightly focused linearly images of two individual nanorods with different orientations
polarized Gaussian beam are shown in Figure 3a and b. Bothare presented. All patterns show a double-lobe structure that
images show a single dark spot corresponding to lower is rotated by 90 when changing from the azimuthally to
intensity and it is obviously impossible to distinguish the radially polarized mode. By comparing the scattering
nanospheres and nanorods by their scattering patterns. Th@atterns with the focal fields of the laser modes shown
reduced intensity indicates destructive interference betweenschematically in Figure 2, it can be seen that the strongest
the light scattered by the particles and the light reflected from signal contribution results from field components in the
the glass/air interface as described in eq 1. In Figuref3c  direction of the long axis of the nanorod. The plasmon
the same particles are imaged using azimuthally (Figure 3cresonance of the main axis of the nanorod is at least 1 order
and d) and radially polarized doughnut modes (Figure 3e of magnitude stronger than the one related to the short axis
and f). The patterns rendered by the sphere show almostat this wavelength, as determined from the extinction spectra
perfect radial symmetry in all cases, as expected from thein Figure 1, in agreement with ref 4. In other words, these
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Figure 4. Topography and scattering images of two gold nanorods (rod 1, 2 as marked) with different orientations. The scattering images
are generated by azimuthally and radially polarized doughnut modes, a and b, respectively. The panels on the left show schematically the
respective field distributions of the transverse components of the two laser modes, see also Figure 2. In the right column in a and b the
simulated pattern of the same rods are depicted. Note that the orientation of the nanorods can be determined from the scattering images (see
arrows).

patterns reflect the orientation of the tensor of anisotropic would be used that provides electric field components both
scatterers. Hence, in the case of the radial mode (azimuthalin longitudinal and transverse directions depending on the
mode) the line connecting the two lobes directly indicates position with respect to the focal center (see Figure 2d). For
the implane orientation of the long (short) axis of the gold nanorods with arbitrary 3D orientation, the two lobed
nanorod. From our optical, AFM, and simulation data, the patterns observed for those particles oriented along the
orientation of gold nanorods can be determined with an sample surface will change gradually into a circular pattern
accuracy better than°5 for those with their long axis perpendicular to the surface,
In general, the orientation of nanorods, that is, their which will be shown in another publication.
projection on a plane perpendicular to the direction of light  In conclusion, a new method for observing individual gold
propagation, can also be partially obtained by using linearly nanoparticles was developed. Our approach is based on far-
polarized laser-light or incoherent white light but at the field confocal microscopy in combination with higher order
cost of a more complicated experimental setup and acquisi-laser modes and allows one to detect and characterize
tion processes. In fact, the virtue of our method is to visualize subwavelength-sized metallic particles in a simple but
the particle orientation directly by one single image. The effective way. By observing the characteristic scattering
method presented here also has the potential to determingoatterns of gold nanoparticles, one can clearly distinguish
the orientation in three dimensions in analogy to the detection the shape of nanospheres and nanorods and directly deter-
of the orientation of single fluorescent molecules described mine the orientation of nanorods. In summary the possibility
in refs 22 and 23. For this purpose, a radially polarized beam for distinguishing and determining the shape of singl5
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sized metal particles by tightly focused higher order laser (10) Yelin, D.; Oron, D.; Thiberge, S.; Moses, E.; Silberberg,Qft

beams can be considered as an important progress of confocal

microscopy.
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