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Depolarization of evanescent waves scattered by laser-trapped gold particles of 0.1, 0.arand 2

in diameter is experimentally characterized in order to reveal its dependence on the size of particles.
It is found that the degree of polarization of scattered evanescent waves decreases with the size of
gold particles, which is contrary to that previously observed for dielectric particles. This feature
becomes advantageous in particle-trapped near-field microscopy since less depolarized photons
carry more information of a sample. With the help of polarization gating, this property is
demonstrated in images of the evanescent wave interference pattern as well as the surface of a glass
prism. © 2000 American Institute of Physids$S0021-897800)05722-4

I. INTRODUCTION ferent sizes. In Sec. Il, the degree of polarization of scattered
evanescent waves by gold particles is measured to reveal its
Scattering of a plane electromagnetic wave by a smalllependence on the size of particles. In Sec. lll, polarization
particle, usually termed Mie scattering, has been extensivelgating is applied to particle-trapped NSOM for image im-
studied" ™ The scattered wave exhibits depolarization, whichprovement in imaging the evanescent wave interference pat-
depends on the size of particles; the smaller the particle thern and the surface of a glass prism. A final conclusion is
stronger the depolarization. If a particle is scattered by amiven in Sec. IV.
evanescent wave? referred as to near-field Mie scattering,
cross polarization componenisan occur because of the spa-
tially asymmetric distribution of an evanescent wave and!- DEPOLARIZATION OF EVANESCENT WAVES
multiple interaction between a particle and a boundary wher gé-Tr;rCELREESD BY LASER-TRAPPED METALLIC
the evanescent wave generates. It is important to have accu-
rate knowledge regarding the dependence of depolarization The experimental setup and procedure used in this article
on particle size in near-field Mie scattering as it determinesyere the same as those described in Fig. 1 of Refs. 12 and
image quality in near-field scanning optical microscopy13. Gold particles ofp = 0.1, 0.5, and 2um in diameter,
(NSOM) employing a metallic tip® or a laser-trapped suspended in water, were placed on the top surface of an
particle*~** SF10 prism with optical flatness'10, respectively. One gold
Recently, depolarization of near-field Mie scattering hasparticle was trapped by a high numerical aperture objective
been characterizéti***including the use of a laser-trapped at the bottom of the particle, in which case the trapped par-
dielectric particle”*® It has been shown that the degree ofticle was always in touch with the prism surface.
polarization of the scattered evanescent wave collected by a The strength of the evanescent wave scattered by a
trapping objective increases with the size of dielectrictrapped gold particley was measured and is displayed in
particles’ It has also been demonstrated that employing POFig. 1 for gold particles ofp=0.1 um (a), 0.5 um (b), and
larization gating in particle-trapped NSOM leads to an im-2 ,m (c) for the incident angle fromd=56° to 62° of the
provement in image contrast of the evanescent wave intelHe—Ne laser beamlg and |, were measured fos and
ference fringes? Although image quality of particle-trapped p-polarized illumination beams without an analyzky, and
NSOM can be improved appreciably with a metallic particle,| , were measured with an analyzer of the polarization di-
which results in strong scattering and surface plasmomection parallel and perpendicular to the incidemqolarized
resonance! the effect of a trapped metallic particle on the He—Ne beam, respectively, aihg, and|l,s were measured
degree of polarization and the dependence of the degree gfith an analyzer parallel and perpendicular to the incident
polarization on particle size have not been addressed. p-polarized He—Ne beam, respectively. It can be seen from
This article reports on a detailed experimental study ofrig. 1 that the signal strength of the scattered evanescent
evanescent waves scattered by trapped gold particles of difvave decreases with the incident angle of the He—Ne laser
beam, which is similar to the behavior for dielectric
dAuthor to whom correspondence should be addressed; electronic maiparticles:® This feature is understandable because the decay
mgu@swin.edu.au length of an evanescent wave above the surface of a prism is
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FIG. 1. Dependence of the signal strength of scattered evanescent waves EhG 2. Dependgnce of the degree of polarization of scattered evgneSf:ent
the incident angled of the He—Ne laser beam for gold particlds) ¢ waves on the incident angk of the He—Ne laser beam for gold particles:

=0.1um; (b) $=0.5um; (c) =2 pm. (@ $=0.1 um; (b) $=0.5um; (c) p=2 um.

allel or perpendicular to the plane of incidence of the He—Ne

decreased as the incident angle of the illumination He—Ng;yger beam, respectively.
laser is increased. As a result, the interaction between the Tpe degree of polarization for the three types of gold
particle and the evanescent field becomes weak. Further, theyrticles is illustrated in Fig. 2. It is clearly seen that the
signal strength of the scattered evanescent wave increasgsattering between a gold particle and an evanescent wave is
with the size of a particle for a given angle of incidence, asjependent on the incident angle as well as on the polariza-
expected from the previous expenméhﬂ?he dependence of o state of the illumination He—Ne laser beam. To confirm
the averaged signal strength on the size of particles revealsr results, the degree of polarization of scattered evanescent
an approximate linear relation given by=10.64-1.3. waves was measured as a function of the polarization angle

Itis also seen from Fig. 1 that for bogaandp-polarized  of the He—Ne laser beam with respect to its plane of inci-
illumination beams, cross-polarization components appear igence. Figures (@), 3(b), and 3c) correspond to gold par-
the scattered signals, indicating the occurrence of depolarizgis|es of $=0.1 um, 0.5um, and 2um at§=62° , respec-
tion in the scattering of evanescent waves by laser-trappeg\ely. Similar to the situation for dielectric particlé%,a
gold particles. This depolarization process can be quantified,, shaped pattern of the degree of polarization appears in

by the degree of polarizatiory, defined as each case when the polarization angie altered from 0° to
=1, 90°. As expected, depolarization becomes the strongest near
y= , (1) i=45° .
[+

The dependence of the degree of polarization of the scat-
where subscript§ and_L denote the analyzer direction par- tered evanescent wave on the size of particles is summarized
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FIG. 3. Degree of polarization of scattered evanescent waves as a function
of the polarization direction of the He—Ne laser beam relative to the plane P

of incidence for gold particles a=62° : (a) $=0.1 um; (b) $=0.5um,
(c) p=2 pum.

in Fig. 4. Herepl, p2, p3, and p4 represent the results
measured fop-polarized He—Ne beam illumination at inci-
dent angles of§=56° , 58°, 60°, and 62°, respectively,
while s1, s2, s3, ands4 correspond to those farpolarized
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beam illumination at the corresponding incident angles. Fig-
ure 4 clearly shows that the degree of polarization of the
scattered evanescent wave decreases with the size of gold
particles particularly forp-polarized illumination. For an
s-polarized illumination beam, the averaged degree of polar-
ization is y=0.052, 0.04, and 0.028 fap=0.1, 0.5, and 2
pm, respectively, while for @-polarized illumination beam,
the averaged degree of polarizationyis 0.208 , 0.135, and
0.065 for ¢=0.1, 0.5, and 2um, respectively. This result
differs from that observed for dielectric particles in which
case the degree of polarization increases monotonically with
the size of dielectric particle's.

This difference may be related to the generation of sur-
face plasmon resonanté®!’ For a metallic particle illumi-
nated with an evanescent wave, the scattered field may be
enhanced due to the generation of surface charges. The sur-
face charges form an oscillating distribution under the illu-
mination of evanescent waves and show the characteristics of
surface plasmon, which leads to the enhanced scattering for
both p- and s-polarized illumination. However, for
p-polarized illumination, the enhancement of surface plas-
mon resonance may occuand becomes stronger for a
smaller particlé’” These physical processes may lead to the
feature for gold particles observed in Fig. 4 and can be ana-
lyzed according to the radiation pattern of dipoles caused by
surface chargé®or the multiple multipole metho&®1° But
this theoretical study is beyond the scope of this article.

lll. IMAGING OF PARTICLE-TRAPPED NSOM BY
POLARIZATION GATING

In this section, with the aid of polarization gating which
is based on the principle that less depolarized photons carry
more information of a sampf&;**we examine the impact of
depolarization of evanescent waves scattered by trapped gold
articles on particle-trapped NSOM. Using the same ap-
proach as described in Refs. 12 and 13, we obtained images
of evanescent wave interference pattern with I, Ip,
Io, Ipp, andl,s. Figures 5, 6, and 7 give typical images and
the corresponding intensity cross sections with laser-trapped
gold particles of¢=0.1, 0.5, and 2um, respectively. The
scanning speed for imaging was maintained at Am/s in
the x andy directions for three types of gold particles.

According to the intensity cross sections, the averaged
value of image contrast can be defined as

I max I min
I max T I min’ (2)

wherel ,.x andl i, are the maximum and minimum intensity
of the cross sections. The value of the conta$or Figs.
5-7 is summarized in Table I. As expected, the image con-
trast derived with , is the best for a given size of particles.
The improvement in image contrast with, is more pro-
nounced than that with,s except for¢p=0.1 um. This result
is caused by the fact that the degree of polarizationgor
=0.1 um unders-polarized illumination is much smaller
than that undep-polarized illumination. As a result, the use

FIG. 4. Degree of polarization as a function as the size of gold particlef Polarization gating in the former case can lead to a pro-

unders- and p-polarized beam illumination.

nounced effect on image improvement. For a given sensitiv-
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FIG. 5. Imagedtop) and the intensity

cross sectiongbottom of evanescent

wave interference patterns for differ-
ent polarization directions of a polar-
izer and an analyzer fap=0.1 um.

FIG. 6. Imagegtop) and the intensity

cross sectiongbottom) of evanescent

wave interference patterns for differ-
ent polarization directions of a polar-
izer and an analyzer fop=0.5 um.

FIG. 7. Imagedtop) and the intensity

cross sectiongbottom of evanescent

wave interference patterns for differ-
ent polarization directions of a polar-
izer and an analyzer fap=2 um.
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TABLE I. Image contrast of evanescent wave interference patterns obtainedgs

by trapped gold particles of diameter 0.1, 0.5, andi, respectively.

Particle diameter £m) L T T N Y A
2 7% 10% 4% 6% 11% 3%
0.5 9% 12% 5% 7% 13% 3%
0.1 3% 6% 2% 4% 7% 2%

s andl,: scattered signal without using an analyzer urglandp polar-
ized beam illumination.

Bles andl,: scattered signal wits andp analyzers undes-polarized beam
illumination.

“lpsandl,,: scattered signal with andp analyzers undep polarized beam
illumination.

ity in detection, the amount of improvement in image con-
trast depends on signal strength and noise
Consequently, the image contrast fér = 0.5 um is the
optimum under our experimental condition, which is similar
to the case for dielectric particlé3.

The use of polarization gating for improving image con-
trast in NSOM with a trapped gold particle was also con-

level.

FIG. 9. Images of the surface of a BK7 prism with a polystyrene particle of
0.1 um in diameter:(a) no analyzer;(b) the polarization direction of the
analyzer is parallel to that of the polarizer; afalthe polarization direction

of the analyzer is perpendicular to that of the polarizer.

IV. CONCLUSION

The degree of polarization of the scattered evanescent
wave by a trapped gold particle decreases with the size of
particles, in particular, undgr-polarized beam illumination.
This polarization-dependent feature is possibly related to the
enhancement of surface plasmon resonance associated with
small metallic particles. The effect of depolarization on im-

ducted for the surface of a BK7 prism with optical flatness@de quality in particle-trapped NSOM has been examined in
M4. The polarizer was fixed at prpolarized state and the terms of polarization gating. For example, in the case of a
polarization direction of the analyzer was altered from thedold particle of¢=0.1 um, the enhancement factor of im-
parallel direction to the perpendicular direction with respectdd€ contrast of the evanescent wave interference pattern is 2
to that of the polarizer. Images of the surface of the BK7and 1.75 undes- andp-polarized beam illumination, respec-
prism are shown in Fig. 8 for a gold particle ¢f=0.1 um. tively. Such image enhancement has also been observed in
Compared with the image recorded without an analygay.  imaging the surface structure of a prism. These results con-
8 (a)], the image contrast for an analyzer of the polarizationﬁrm that less depolarized photons of the scattered evanescent
direction parallel to that of the polarizfFig. 8 (b)] is obvi- ~ Wave carry more information of an object. In this sense, the
ously sharper. By contrast, the image is degraded when th¢se of a gold particle of small size may prove advantageous
polarization direction of the analyzer is perpendicular to thafecause the scattered evanescent wave is less depolarized.
of the polarizer, as shown in Fig(@. This result is consis-
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