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} Abstract

The polarization effect is reported using a bent optical fiber probe for a scanning near-field optic/atomic-force
microscope (SNOM/AFM). We have demonstrated that the SNOM/AFM could be applied to the observation of
magnetic domains by imaging polarization contrast in transmission mode. An optical fiber probe with a subwavelength
aperture is bent and vibrated vertically as a cantilever for an atomic-force microscope (AFM) for atomic-force regulation.
Plane polarized light with an extinction ratio of better than 70: 1 was emitted by the aperture of the bent probe by
controlling the polarization properties of incident light to the probe. By detecting a particular transverse polarization
component of light transmitting a sample selected by a polarization analyzer, we obtained clear polarization contrast
images of 0.7 pm length bits written on a bismuth-substituted dysprosium-iron-garnet film. © 1998 Elsevier Science

B.V. All rights reserved.
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1. Introduction

There is an ever increasing necessity for tools to
investigate the optical properties of materials at the
nanometoric level. In scanning near-field optical
microscopy (SNOM) [ 1-6], high resolution beyond
the diffraction limit has been realized by placing
a subwavelength aperture in the proximity of the
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sample. This SNOM technique mainly uses the
shear-force feedback of vibrating the straight-probe
laterally on the sample surface to control the
tip—sample separation. In another study, a bent
micropipette was proposed as a cantilever in the
contact mode [7]. We have already developed
a SNOM/AFM [8-11] in which the dynamic AFM ~
mode was used to control the tip—sample separ-
ation. By this technique, we have realized a high
resolution of 50 nm or even less in illumination
mode. However, as the aperture of the probe be-
comes smaller, the intensity of the emitted light by
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the aperture decreases. The contrast of this kind of
near-field microscopy is not good. The utilization
of the polarization effect is one of several methods
for enhancing the contrast of imaging in optical
microscopy despite the low light intensity emitted
by the aperture.

Optical microscopy with controlled polarization
is an important tool for magneto-optics, liquid
crystal and photo-luminescence. In magneto-op-
tics, particularly, there is a need to increase the
capacity of erasable data storage media by increas-
ing bit density. The read—write system and media
for magneto-optical data storage has been techno-
logically attractive and has been eagerly developed.
Higher resolution and sensitivity is required to
examine the magnetic domains and walls of fer-
romagnetic materials for microscopy.

Many methods to observe the magnetic domains
have been proposed such as polarizing microscopy,
Lorentz transmission electron microscopy [12],
magnetic-force microscopy (MFM) [13], and spin-
polarized scanning electron microscopy [14]. How-
ever, each of them has some disadvantages such as
resolution, sensitivity, sample preparation, costly
instruments, and quantitative results. For example,
MFM has good resolution, but it is difficult to
quantify the magnetic properties from the MFM
signal. Lorentz microscopy has high resolution but
requires a thin-film sample.

Through SNOM with controlled polarization of
subwavelength source and/or detector of light, po-
larization contrast is obtained with high resolution
and sensitivity for imaging. This technique has been
used to observe the magnetic domains using the
magneto-optical effect [5,6,15]. In this paper, we
describe the properties of plane polarization light
emitted by the aperture and demonstrate polariza-
tion contrast imaging of the magnetic domains with
the Faraday effect by the SNOM/AFM.

2. Experimental setup

Fig. 1 shows a schematic diagram of the
SNOM/AFM system for near-field imaging of po-
larization contrast in transmission mode. An op-
tical-probe mounted on a bimorph is vibrated
vertically against the sample at the resonant
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Fig. 1. Schematic diagram of the SNOM/AFM system for
near-field imaging of polarization contrast in transmission mode.

Fig. 2. SEM image of optical fiber probe used in the
SNOM/AFM system. The bending angle of the probe is about
80°.

frequency (typically 10-40 kHz). A laser beam re-
flected on a polished surface of the probe is detected
and the change of the vibration amplitude of the
probe is monitored. The vibration amplitude de-
creases as the tip of the probe approaches the
sample surface, so that the tip—sample separation is
controlled by maintaining the amplitude at a con-
stant value in typical imaging. The vibration ampli-
tude is in the range of 80-98% of the free vibration
amplitude which is varied at 10-100 nm by the
voltage applied to the bimorph. This makes it pos-
sible to change the interaction force between the
probe and the sample.

Fig. 2 shows the SEM image of the optical fiber
probe. To control the distance between the tip of
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Fig. 3. SNOM/AFM images of 20 nm-thick chromium patterns on the quartz substrate: Topographical (a) and optical images (b). The

scanned area is 5x 5 pm.

the probe and the sample surface a single-mode
optical fiber is sharpened and bent, so that it can be
used as an AFM cantilever in the dynamic mode.
The single-mode optical fiber whose core and clad-
ding is 3.2 and 125 pm in diameter, respectively, is
pulled to form the tip, and bent by the irradiation of
a CO, laser. The bent angle is about 80°, and the
point is 0.5 mm away from the apex of the tip. By
coating the side of the tapered probe with
100-150 nm thick aluminum film, an aperture is
fabricated at the apex of the probe. A 488 nm air-
cooled argon ion laser with an out power
20-80 mW is used as the light source. The beam of
the argon ion laser is modulated by an acousto-
optic (AO) modulator to improve the S/N ratio of
the optical signal, and coupled to a fiber at the
other end of the probe. Half- and quarter-wave
plates or polarizer are placed before the input fiber
coupler. Because the optical fiber probe has retar-
dation or perturbation properties, the desired po-
larization state of the input beam is produced by
changing the orientation of the wave plates, and it
makes it possible to control the polarization char-

acteristics of the light emitted by the aperture of the
probe. After the light emitted by the probe trans-
mits the sample, it is detected by a photomultiplier
through a collimation lens, a dichroic mirror, an
analyzer and an optical filter. The dichroic mirror is
used to reduce the difference of the reflectance in
the polarization direction of the incident light to
the mirror. A particular transverse polarization
component selected by the analyzer is measured in
the far-field. The detected signal is amplified by
a lock-in amplifier to reduce noise in the signal.

3. Results and discussion
3.1. Basic performance of SNOM/AFM

Fig. 3 shows topographic and near-field optical
images of a 20nm thick chromium film of
2 x2 um? test sample on a quartz substrate. The
scanned area is 5 x 5 um?. The elevated parts in the
topographic image (Fig. 3a) are the chromium pat-
terns, which correspond to the dark areas in the
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near-field optical image (Fig. 3b) because of the
lower transmittance of the chromium film. Fig. 3c
shows the optical profile which corresponds to the
line in Fig. 3b. The width of the slope between the
dark and bright part is about 50 nm on the 20-80%
threshold. Because of the artifacts occurring in the
near-field imaging, it is difficult to estimate the
optical resolution and the aperture size by scanning
across the topographical edge. However, the thick-
ness of the chromium film is smaller than the slope
width, and the enhancement of the optical intensity
at the edge is small. Therefore, the aperture of the
probe is roughly estimated to be 50 nm in diameter.

3.2. Polarization properties for the bending probe
of an optical fiber

The polarization properties of the light emitted
by the aperture was measured in the far-field. The
relation between the rotation angle of the polarizer
and the extinction ratio for the bent fiber with
a cleaved end is shown in Fig. 4. When plane polar-
ized light is coupled at the input end of the optical
fiber, the light emitted by the core is normally
elliptically polarized light because retardation
caused by the anisotropy of the bent fiber, such as
stress and deformation of the core, makes the fiber
a quarter-wave plate. When the optical fiber is bent
to about 80° of the bending angle, the light output
from the optical fiber is normally elliptically polar-
ized light. We can see that the plane polarized light
which has a polarization extinction ratio of better
than 100:1 is obtained from the optical fiber in
Fig. 4. It is presumed that the extinction ratio of the
bending fiber is improved by using an optical fiber
with a small photo-elastic constant and inserting
the compensation plate.

Fig. 5is the relation between the extinction ratio
of the light emitted by an aperture of the bent probe
and rotation angle of a 4/4 plate. For examining
polarization properties, we prepared a probe with
aperture of 150 nm in diameter by the above-men-
tioned estimation method of the aperture size.
When the retardation of the input light to the probe
are adjusted adequately by rotating the 1/4 plates,
the light emitted by an aperture of the tapered
probe was observed to have a polarization extinc-
tion of better than 70:1 in Fig. 5. It was also
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Fig. 4. Extinction ratio of light illuminated from the core of the
bent optical fiber vs. the rotation angle of the polarizer.
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Fig. 5. Extinction ratio of light emitted by the aperture of the
probe vs. the rotation angle of 1/4 plate.

observed that both the tapered and metal-coated
probes exhibited depolarizing effects indicating we
need to improve the quality of the tapered probe.

3.3. Polarization contrast of magneto-optical film
with the Faraday effect

We confirmed the adaptability of SNOM/AFM
for observing small magnetic domains of magneto-
optical film with the Faraday effect. The sample
was a 100 nm thick bismuth-substituted dyspro-
sium-iron-garnet film on a glass substrate. The
Faraday rotation angle of the sample was about
1.7° at the wavelength of 488 nm by means of the
far-field optics. In the garnet film, bits with a size of
about 3x 1 and 0.7 x 1 um were written by a con-
ventional magneto-optical read—write system using
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Fig. 6. Topographic (a) and polarization contrast images (b) of bits with a length of 0.7 and 3 um in bismuth-substituted dysprosium-
iron-garnet film with a thickness of 100 nm,. which is observed by a SNOM/AFM.

a focused laser beam. The irradiation pulse width of
the writing laser beam varies the bit length.

The small magnetic domains of the garnet film
were observed by the SNOM/AFM system with
plane polarized light emitted by the aperture. Fig. 6
shows the topographic (a) and the polarization
contrast images (b) of bits written in the garnet film.
The scanned area was 15 x 15 um?. The polariza-
tion contrast images have good contrast and the
written bits can be clearly distinguished. We con-
firmed that the polarization contrast is lost and
inverted by the change of the rotation angle of the
analyzer. The different directions of rotation (clock-
wise or counterclockwise) which depend on the
magnetization (up or down) of the garnet film,
create the polarization contrast by detecting a par-
ticular polarization component in the light trans-
mitted by the garnet film. Small bits with a length of
0.7 um in the garnet film are clearly observed, and
the resolution of the polarization contrast images is
estimated to be beyond the diffraction limit of
a conventional optical polarizing microscope.

4. Conclusions

We have demonstrated the applicability of the
SNOM/AFM to image polarization contrast. The

bent probe used as the AFM cantilever shows re-
tardation properties similar to a quarter-wave
plate. However, control of the polarization proper-
ties of input light to the probe by wave plates allows
the irradiated light from the aperture to have a po-
larization extinction ratio of better than 70: 1. By
detecting a selected polarization component in the
transmitted light of the garnet film, we have in-
dicated that SNOM/AFM imaging of perpendicu-
larly magnetized domains is possible by using the
polarization contrast caused by the Faraday effect.
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