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Scanning near-field optical microscopy (SNOM)
and its application in mineralogy

by Winfried Gutmannsbauer'?, Thomas Huser', Thilo Lacoste', Harry Heinzelmann'
and Hans-JToachim Giintherodt'

Abstract

Scanning near-field optical microscopy (SNOM) is a member of the family of scanning probe microscopes. It com-
bines the high three dimensional resolution of a scanning force microscope with the contrast mechanisms of an op-
tical microscope. An optical resolution beyond the diffraction limit can be achieved. We show the first application
of this technique in the field of mineralogy, and we point out its future potential.

Keywords: Scanning near-field optical microscopy, scanning force microscopy, optical microscopy, diffraction
limit, resolution, shear force image, spectroscopy.

Introduction

Optical microscopy is still the most popular mi-
croscopy technique today. It is fast, inexpensive,
provides a wealth of information and allows to in-
vestigate samples at ambient conditions, There
are many contrast mechanisms, depending on
whether polarization, amplitude or phase of the
light is detected. Also, its applicapability ranges
from imaging of living specimens to spectro-
scopic analysis of mineralogical samples. To ex-
tract more information of a given area, there is a
growing need for higher spatial resolution, lead-
ing automatically into the nanometric regime. Al-
though optical interferometry gives a vertical res-
olution down to the nanometer scale, the lateral
resolution is limited by diffraction. This was de-
rived by Abbe in his work on diffraction and mi-
croscopic imaging (ABBE, 1873). The theoretical
diffraction limit of resolution, also known as the
Raleigh criterion (1), is essentially given by the
wavelength A of the employed radiation and the
numeric aperture n sin@:

A

Ay =061 —
nsin gy

(1)

where n is the refractive index of the medium
between the object and the microscope, and © is
the acceptance angle of the detection system. As
a consequence, the lateral resolution can only be
improved by applying a high numerical aperture
(NA = n sin®) or by decreasing the wavelength,
such as in electron or X-ray microscopy. Success-
ful efforts have been made in this direction by
MANSFIELD and Kino (1990) and by vAN DER
Oo0RD et al. (1992). To get even higher resolution
one has to go to a regime where wavelength is of
no relevance. Studies in this direction resulted in
another relatively new and different class of mi-
croscopes that have a lateral resolution in the na-
nometer range: the scanning probe microscopes
(SPM), of which the most prominent member is
the scanning tunneling microscope (STM) (BIN-
NIG et al., 1986). All of these developments are
very interesting but only a minority has proven
their usefulness to mineralogical or geological
problems. Nevertheless, due to the high lateral
resolution of these techniques, new insights into
mineralogical questions have been gained (Ho-
CHELLA et al., 1989; HocHELLA et al., 1990;
HARTMAN et al., 1990; WEISENHORN et al., 1990;
JOHNSSON et al., 1991; RACHLIN et al., 1992; H1LL-
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NER et al., 1992; OHNESORGE and BmNIG, 1993;
SCANDELLA et al., 1993; Stipp et al., 1994; HEN-
DERSON et al., 1994; NAGY and BLUM, 1994). Tt is
therefore clear that much could be learned by
combining the interaction mechanism of optical
microscopy with the resolution of the scanning
probe methods. The scanning near-field optical
microscope (SNOM) combines the properties of
a scanning force microscope (SFM) operated in
the non-contact mode and an optical microscope.
The result is a simultaneous acquisition of optical
and topographic information with almost the res-
olution of a SFM.

HOW TO OVERCOME THE DIFFRACTION
LIMIT?

The basic idea to overcome the diffraction limit
in microscopy was already discussed by SYNGE
(1928). To understand Synge's proposal we have
to introduce two notions that are not applicable
to conventional optics but to SNOM: the far-field
and the near-field. With respect to a light source,
the observer stays in the far-field when the
distance between him and the light source is
more than the wavelength A of the emitted
light (d >> \). The near-field, consequently, de-
scribes -the range within the wavelength of the
light (d << N). When the observer stays in the
near-field the Raleigh criterion(1) is no more ap-
plicable and the resolution is only determined by
the size of the light source and its separation from
the surface. A resolution beyond the diffraction
limit is therefore possible. Synge's proposal was
based on the following knowledge (see Fig: 1): A
tiny. aperture is illuminated from the back and
acts as a subwavelength sized light source which
is scanned in optical near-field distance to a sam-
ple surface, i.e., at a distance d << \. No diffrac-

light source

sample

Fig. 1 - Generic scanning near-field optical microscope
(SNOM) setup: a subwavelength light source is raster-
scanned across the sample at small distance.

tion limited lens is needed for the image forma-
tion at a resolution functionally dependent on
only the probe size and the probe-to-sample sep-
aration, each of which can be made much smaller
than the wavelength of light. But more than 40
years passed until Synge's ideas were taken up
and realized by Ash and Nicholls, who achieved
a lateral resolution of A60 in the microwave
wavelength regime (A = 3 cm) (AsH and NI-
CHOLLS, 1972).

The realization of the scanning near-field
optical microscope (SNOM), sometimes also
termed NSOM, was only possible after the inven-
tion of the STM, with its ability to actuate probes
in a controlled manner at distances of nanome-
ters over surfaces of interest. Indeed, the SNOM
borrowed many parts from STM and especially
SFM. Shortly after the appearance of the STM,
PoHL et al. (1984) first demonstrated near-field
microscopy in the optical wavelength regime with
a spatial resolution of A/20 (25 nm).

Despite the attractive possibilities, SNOM
was nearly forgotten because of the big rush on
the other scanning probe methods such as STM
and SFM. But now many scientists realize that
certain sample-specific information, especially
chemical identification and spectroscopy is near-
ly impossible to obtain with SFM, or just under
very restrictive circumstances, such as friction
force microscopy (FFM) (FROMMER and MEYER,
1991; MEYER, 1992). SNOM provides most of the
contrast mechanisms known from the conven-

“tional microscopy, such as: absorption, polariza-

tion, fluorescence, and reflectivity. In some cases
the resulting contrast is similar to that observed
in the far-field (conventional microscopy),
whereas in others, near-field specific eflfects are
observed.

Experimental

Figure 2 shows a schematic diagram of a SNOM
as it was used in this study (Topometrix Aurora).
Laser light (Ar 488 nm) is coupled into-a near-
field probe formed from an aluminium (Al)-coat-
ed, tapered optical fiber (see inset in Fig. 2}. The
aperture at the apex of the-fiber, usually around
50 nm in diameter, is the only place that is not
coated with Al. The tapered end is produced by
pulling the fiber while heating with a CO, laser.
This probe is held in near-field distance of the

~sample by a force feedback similar to non-

contact SFM. The fiber is attached to a piezo
tube, that oscillates the fiber end near its reso-
nance frequency. Approaching the probe to the
sample surface causes an interaction that results
in a damping of its oscillation amplitude and in a
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Fig. 2 Schematic of a SNOM in transmission. Inset shows the end of the optical sensor with an aperture of about

50 nm in diameter.

phase shift. This damping is a function of the dis-
tance and is used to keep the probe-to-sample
distance constant (shear force feedback).

After transmission through the aperture and
the sample, the light is collected with an objective
lens of the conventional system. It is also possible
to collect light that was reflected from the sample
surface (BIELEFELDT et al., 1994). This mode of
detection can be very useful for opaque samples
such as ores, and for local reflection-spectros-
copy. In both cases the collected light is
detected by a photomultiplier. The sample is
scanned under the probe with the aid of piezo-
electric transducers, and the SNOM (transmis-
sion or reflection) and shear force signals are col-
lected for every point (for a review and an intro-
duction into the other SNOM types see HEINZEL-
MANN and PoHL, 1994). As a consequence, non-
contact (shear force) and optical images are al-
ways collected simultaneously. Because the oscil-
lation of the probe is parallel to the surface in
SNOM, instead of the perpendicular motion in
non-contact SFM, this mode is called shear force
mode.

Results and discussion

FIRST MINERALOGICAL APPLICATIONS

Figure 3a shows a photomicrograph of a well-pol-
ished thin section (25 pm) of a symplectitic inter-

growth of amphibole, diopside and plagioclase at
the rim of an idiomorphic garnet crystal. The
symplectite appears only as a black area (marked
with a white arrow) at the border of the relatively
idiomorphic garnet. Identification of the phases
forming the symplectite was performed by elec-
tron probe microanalysis. Figure 3b shows a cor-
responding shear force image of a symplectite
from the same thin section. The shear force im-
age gives information on the topography of the
investigated area. [t shows mainly scratches, re-
sulting from the polishing process (arrows 1, 2).
Figure 3c displays the transmission mode SNOM
image which was simultaneously recorded with
the shear force image in figure 3b. One can see
that this imaging mode yields completely differ-
ent information. For example, the grain bound-
ary of garnet is clearly visible (arrow 1), and so is
the symplectitic intergrowth at the edges of the
garnet. This picture reveals, that the symplectite
is a mixture of different phases (arrow 2). It ap-
pears that the symplectite grows into the garnet,
forming pear-like structures or bulges (arrow 3),
which are indicative of grainboundary migration.
It is not that easy to attribute the clear contrasts
to a specific process in this near-field optical im-
age, but it is probably a mixture of absorption
and changes of the polarization.

Figure 4 serves to illustrate that SNOM is also
suitable to image inclusions in minerals. It em-
phasizes the power of gaining information that
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Fig. 3 a) Photomicrograph of a garnet with a symplectite at its border (arrow). b, ¢) Simultaneously acquired to-
pography (b) and SNOM images (c) of a selected area. Note the different contrast in the scanning near-field opti-

cal microscope image. Details are explained in the text.

was not accessible until now. Figure 4a shows the
shear force image of a thin section of a rock con-
taining quartz and feldspar. The grainboundaries
are clearly visible due to the different relief of
quartz and feldspar developed during the polish-
ing process (arrow 1 and bright line). The quartz

crystal is harder and consequently higher than
the feldspar. These structures can be seen in the
shear force (Fig. 4a) as well as in the transmission
mode SNOM image (Fig. 4b). But in transmis-
sion mode, however, there are some additional
features visible: First, one notes that the quartz
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% <|Fig. 4 Topographic (a) and SNOM (b) images of a

thin section containing quartz and feldspar. The solid
inclusion marked on the left is shown in a separate scan
in (c).

crystal is not totally uniform. There are lighter
and darker regions arranged in parallel bands.
This shows local variations of the sample absorp-
tivity, that could be the result from former tec-
tonic stress (deformation-bands). Second, there
are three black spots (circled), that show a differ-
ent absorptivity and probably represent mineral
inclusions. Figure 4c shows a smaller scan of the
upper left cycled spot, which has a diameter of
about 200 nm.

With conventional optical microscopy. it
would be very hard just to see these and other
small structures, such as solid and fluid inclu-
sions, symplectites, myrmecites, exsolution-
lamellas and polysynthetic twins. An optical
identification of these minerals and structures
would be impossible. With SNOM, it is possible
to additionally perform optical spectroscopy with
a spatial resolution in the range of nanometers.
The only prerequisite is a tuneable laser, that is a
laser that can continuously emit different wave-
lengths. Other types of spectroscopy that are at-
tainable, and where different groups are working
on, are fluorescence, cathodoluminescence, Ra-
man and infrared spectroscopy. If one succeeds to
dye the different phases with a dye that is excit-
able by the wavelength of the laser used, an easy
identification with high resolution is possible.
The Al-coating of the fiber can be used to very lo-
cally emit electrons at the apex of the probe,
causing cathodoluminescence effects which can
be subsequently detected with SNOM. In very
similar ways the fiber can be used to perform Ra-
man and infrared spectroscopy (PAESLER et al.,
1990; Tsal et al., 1994).

Conclusions

SNOM is a promising technique for the mineral-
ogical and geological field. It combines the high
spatial resolution of a non-contact SFM with the
well established contrast mechanisms of optical
microscopy. In the near future, it will be useful in
order to perform chemical analysis and point
spectroscopy in the nanometer range. It is also
possible to gain very small scale optical informa-
tion on rock formation and possible former tec-
tonic activities (mineral deformation, mineral re-
: crystallization at the rims due to tectonic stress)
il not accessible until today.




264 W. GUTMANNSBAUER, TH. HUSER, T. LACOSTE, H. HEINZELMANN AND H.-J. GUNTHERODT

Like in conventional microscopy, one is not
restricted to transparent samples: opaque miner-
als also can be investigated with the same appara-
tus. A major advantage of SNOM is that it does
not require new sample preparation techniques.
SNOM can be carried out on the same thin sec-
tions and single crystals used for microprobe
analysis. Attention has to be paid particularly to
a very good polish of the surface of the sample so
that the tip of the SNOM sensor can follow the
surface profile.
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