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Abstract: In this paper, a tightly focused evanescent field produced by a
total internal reflection objective lens under the illumination of a radialy
polarized beam generated using a single liquid crystal phase modulator is
investigated. The field distributions have been directly mapped by a
scanning near-field optical microscope. It is demonstrated both theoretically
and experimentally that the introduction of radially polarized beam
illumination combining with an annular beam illumination exhibits
advantages in two aspects. On one hand, it corrects the focus elongation and
splitting in a focused evanescent field associated with a linearly polarized
beam. On the other hand, it significantly improves the lateral localization to
approximately a quarter of the illumination wavelength, which is less than
half of the size that is achievable under linearly polarized illumination.
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1. Introduction

Near-field imaging, sensing and manipulation techniques have become increasingly important
in the fields of modern physics, chemistry and biology, especialy for studying single
molecule dynamics [1-9]. A highly localized evanescent field can be generated by either
using a nano-aperture or ametallic tip [4,5,10,11]. However, these methods have the common
difficulties, such as a fragile near-field probe, a low throughput and signal-to-noise ratio, and
a slow response of gap controlling between the probe and a sample. Recently, near-field
optical trapping and imaging techniques using a focused evanescent field generated by an
annular beam illuminated total interna reflection (TIR) objective have been proposed and
demonstrated [6-8], in which case the fast decaying nature of an evanescent field can localize
the field axialy to the interface within a 60 nm range. However, a focus elongation or
splitting [6,12] in the latera direction was experienced in this case because a linearly
polarized beam was adopted as the illumination. It is well known that when focused by a high
numerical aperture (NA) objective, the depolarization effect accompanying with a linearly
polarized beam originating from the presence of the longitudinal component in the focal
region always results in the deterioration of the lateral resolution and is undesired for most
applications. Such a deformation of the focal spot becomes more severe in the near-field
region [6,12]. It has been demonstrated in some far-field applications that focus elongation
can be removed by introducing a radialy polarized illumination [13,14], although at the cost
of a poorer axia resolution (a larger depth of focus) due to the dominant portion of the
longitudinal electric field component in the focal region of aradialy polarized beam [9]. In
order to eliminate the focus deformation in the lateral dimension and at the same time axially
confine the focal spot in the close vicinity to the interface, atightly focused evanescent field
combining with aradially polarized beam illumination is proposed in this paper.

Radially polarized beams can be generated by various methods, including inserting
specially designed elements, a mode converter or a conical element, into a laser resonator
[15], or incorporating polarization selective mirrors or a Brewster type window into a high
powered laser [16], or using computer-generated space-variant dielectric or metal strip sub-
wavelength gratings [17]. In this paper, a radially polarized beam is produced by an
interferometric method facilitated by a single liquid crystal phase modulator in order to
achieve better synchronization in the dynamic control of the focal spot.

2. Experiment

The radialy polarized beam can be generated by the interference of two opposite hand
circularly polarized Laguerre-Gaussian (LG) beams of opposite topological charges[18]. The
experiment setup is shown in Fig. 1. A single LCD has been adopted instead of two to
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generate the LG beams. Two helical phase patterns with opposite spiral directions are loaded
simultaneously to a computer controlled spatial light modulator (SLM) (Hamamatsu PPM
X8267 Series) to produce LG beams of opposite topological charges (Fig. 1(a) (b)). This
method possesses the advantages of better synchronization in the dynamic control of the focal
spot and high efficiency. The efficiency of generating the LG beams is approximately 100%,
however it is limited by the beamsplitter used in front of the LCD. The generated beams are
then split into two arms by another beamsplitter. A polarizer and a quarter wave plate are
placed in each arm of the interferometer to convert the linearly polarized LG beams to left-
hand and right-hand circularly polarized beams, respectively. The combined radially polarized
beam (Fig. 1(c)) is focused by a TIR objective (Olympus, NA=1.65, 100X) at a coverglass
(n;=1.78) and air interface. A scanning near-field optical microscope (SNOM, NT-MDT) is
employed to observe the focal spot near the interface by directly scanning over the focal field.
The obstruction arrangement, SNOM head, confocal detecting system, which is not shown in
the diagram, and the aluminium coated fiber probe for SNOM have been reported in our
previous experiment [12].
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Fig. 1. A schematic diagram of the experimental setup for mapping a tightly focused field of a
high NA TIR objective illuminated by a radially polarized beam generated by combining two
opposite hand circularly polarized LG beams with opposite topologica charges
interferometrically under an annular illumination using a SNOM. QWP: quarter wave plate, P:
polarizer, BE: beam expansion system, D: diaphragm, BS: beam splitter, M: mirror, OBJ:
objective, NA=1.65, 100X, OBS: obstruction. (a), (b) Phase patterns loaded to LCD to produce
LG beams with opposite topological charges. (c) The generated radially polarized beam.

3. Results and discussion

To account for the field digtribution in the focal region of a high NA objective illuminated by
a radially polarized beam through an index mismatched dielectric interface, the vectorial-
Debye theory is employed [19,20]. In Fig. 2 the focal field (without any obstruction at the
back aperture of the objective) is mapped and compared with the theoretical simulations. It is
evident in Fig. 2 inset () that for a linearly polarized beam the focal spot elongates along the
incident polarization direction due to the depolarization effect in the focal region of ahigh NA
objective [6,12]. However, by using aradia polarization, as shown in Fig. 2(c), such afocus
elongation is eliminated, and the intensity distribution in the focal region exhibits a higher
lateral resolution due to the strong longitudina field component of the radially polarized
beam, which has a circularly symmetrical distribution. The more accurate analyses have been
carried out by comparing the full width at the half maximum (FWHM) of the intensity
distribution of the measurements with the theoretical ssimulations (Fig. 2(e)). It is noted that
the FWHM along the polarization direction of a linearly polarized beam is approximately 60
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nm broader than the theoretical predication owning to the finite size (60 nm on average) of the
detecting probe [12]. This is not unexpected since the mapped focus distribution given by a
SNOM prabe can be approximated to the convolution of the image with the aperture function
of the probe [12]. However, for a radialy polarized beam, the experimenta result is
approximately equal to the calculated total field even without considering the size of the
detecting probe. This is due to two factors: first, the weighting of the longitudina component
is significant (over 70% of the total field) in the focal region of an objective lens with
NA=1.65 in the case of radially polarized beam illumination. Second, the coupling of the
longitudinal polarization component to the aluminium coated fiber probe is approximately
three times stronger than that for the transverse polarization component [12]. As aresult of the
two factors mentioned above, the mapped intensity distribution is dominated by the

longitudinal component of the radial field (\EZ\Z), which has a narrower distribution
(FWHM=185 nm) than that of thetotal field (FWHM=210 nm) (Fig. 2(€)).
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Fig. 2. Comparison of the theoretical predicted and the measured cross-sections of the field
intensity distribution in the focal region of the objective under the illumination of a linearly
polarized beam and a radially polarized beam. (a) an experimental measurement of a linearly
polarized beam, (b) a theoretical prediction of a linearly polarized beam (c) an experimental
measurement of a radially polarized beam (d) a theoretical prediction of a radialy polarized
beam. The arrow indicates the incident polarization direction for alinearly polarized beam. Theo:
theory, Exp: experiment.
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Fig. 3. Measured intensity distributions (normalized by the maximum intensity value) in the focal
region of an unobstructed TIR objective illuminated by a radially polarized beam at the
horizontal planes of different distances d to the glass-air interface: (a) at interface, (b) d = 20 nm,
(c) d=70 nm, (d) d =100 nm, (€) d = 200 nm, (f) d = 300 nm. Scale bar: 500nm.

It should be pointed out that by using the TIR objective, a big portion (more than 65%) of
the incident beam satisfies the TIR condition even without inserting any obstruction at the
back aperture of the objective. Fig. 3 shows the intensity distributions of the focal field at the
interface (Fig. 3(a)) and aso shows the intensity distributions of the focal field at planes
parale to the interface with distances d of 20 nm, 70 nm, 100 nm, 200 nm and 300 nm,
respectively, away from the interface. It is noticed that the peak intensities of the focus
distributions show a pronounced drop from 6 (Fig. 3(a)) to 0.13 (Fig. 3(e)) as the distance
increases. When measured at the interface, the focal spot shows a FWHM of approximately
205 nm, which is slightly smaller than the theoretical predication of 210 nm of the total field.
As the probe is withdrawn from the surface, the intensity distribution exhibits no change
within a certain distance, i.e. 20 nm (Fig. 3(b)), because the evanescent component is till
dominant. However, when the distance d is further increased, the evanescent field decays fast
and the propagating component becomes dominant. As a result, the field distribution starts to
expand and at the same time the intensity drops, as is shown in Fig. 3(c)-(f). When the probe
is 200 nm away from the interface, a focal spot with a FWHM of approximately 0.45 pum,
which is over twice the size of anear-field focal spot, is observed in the focal region.

The evanescent field is generated in the focal region of the objective using an obstruction
disk with a radius €=0.8 (normalized by the back aperture of the objective), which is much

larger than the critical radius €,=0.56 (corresponding to the critical angl€) to ensure that the

field is purely evanescent. The measured intensity decay curve shows a perfect match with the
theoretical prediction, as is shown in Fig. 4. A decay constant of 48 nm has been obtained
both experimentally and theoretically. Several dlices of the field intensity distribution have
been taken at different distances (d=10 nm, 20 nm, 40 nm, 130 nm) from the interface, as
shown in insets (b)-(€) in Fig. 4. The focus splitting phenomenon presented in the case of
using linear polarization illumination (Fig. 4(a)) has been removed due to the induction of a
radial polarization (Fig. 4(b)). A circularly symmetrical focal spot with a FWVHM of 176 nm
has been observed at the interface. The lateral size of the focal spot is approximately a quarter
of the illumination wavelength, which is only less than half of that under the illumination of a
linearly polarized beam. Apart from the intensity decay, the intensity distributions remain
unchanged over a certain distance. The focal spots preserve their shapes very well within the
near-field region.
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Fig. 4. Experimental and theoretical intensity decay of a purely evanescent focus under the
illumination of aradially polarized beam as a function of the tip-sample distance for €=0.8. Inset
(&) focal intensity distribution of a linearly polarized beam, insets (b)-(e) field intensity
distributions at the horizontal planes of different distances d to the glass-air interface: (b) d = 10
nm, (c) d = 20 nm, (d) d = 40 nm, () d = 130 nm. Scale bar: 500 nm. The arrow in inset (a)
indicates the incident polarization direction for alinearly polarized beam.

In Fig. 5, the measured FWHM of an unobstructed focus (& = 0) and an obstructed focus
(€ =0.8) are compared with the theoretically predicted FWHM, and a good match has been

demonstrated. As mentioned above, when the probe-interface distance is significant compared
to the decay constant of the evanescent field, i.e., d>100 nm, the unobstructed focal spot
exhibits an expansion, for example at d=200 nm, the spot size is more than doubled. This
originates partialy from the defocus effect, which is comparably small (< 10% at d= 200 nm)
in this case. The main factor contributing to the broadening is that the propagating component
becomes dominant. Taking into account the factors that the weighting of the longitudina
component is less and the effective numerica aperture is small, the propagating field exhibits
much broader distribution compared with the near-field component. It is also noted that the
FWHM for the obstructed focal spot remains a constant over a distance of 250 nm in Fig. 5.
This can be attributed to a combination effect of the strong longitudinal component in the
focal region of a radially polarized beam and the non-propagating nature of the evanescent
field.
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Fig. 5. Comparison of the measured FWHM of the focal spot under unobstructed (¢ =0) and
obstructed (e = 0.8) radial polarization illumination to the theoretical FWHM of the total field.

In summary, the direct measurement of a highly localized evanescent focal spot generated
by combining a radialy polarized beam with an annular illumination has been demonstrated
in this paper. A radially polarized beam is generated by an interferometric method using a
single liquid crystal phase modulator, which provides better synchronization in the dynamic
control of the focal spot. A focal spot has been confined axially near the interface within a 50
nm range by the fast decaying nature of the evanescent field thus avoiding the focus extending
in the axial direction associated with a radially polarized beam illumination. The focus
elongation and splitting have been eliminated and the lateral size of the focal spot is
approximately a quarter of the illumination wavelength, which is only less than half of that
under the illumination of a linearly polarized beam. The technique reported in this paper can
find its applications in the field of near-field microscopic imaging and laser trapping, where a
high resolution and a high contrast are required simultaneously [7,21].
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