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Abstract. — A scanning tunneling optical microscope (STOM) operating in total reflexion condition
with variable incident angle and polarization sensitive detection of the evanescent mode has been de-
veloped to study near-field magneto-optical properties of thin magnetic films. The sample is deposited
on the external face of a prism and illuminated in total reflexion conditions with linearly polarized
laser light. The evanescent mode close to the surface is detected with a tip-ending monomode optical
fiber connected at its other end to a photomultiplier tube equipped with a light-polarization analyzer.
The polarization sensitivity of the whole system, which was found to depend on the tip condition, was
characterized on the bare prism with s- and p-polarized excitations. The magneto-optical effect in the
evanescent mode is measured through a lock-in amplifier by modulating the external magnetic field
produced by a coil surrounding the tip. With this set-up we have mainly studied a dielectric garnet
film exhibiting perpendicular magnetization. The images, obtained on this sample by measuring the
magneto-optical effect under very low amplitude of the external magnetic field modulation, show up
submicronic details due to magnetic domain wall motion.

1. Introduction.

The interpretation of near-field images, in particular in terms of surface topography, is generally
far from being obvious and sometimes cumbersome. Nevertheless, very recent developments of
near-field optical microscopy have led to imaging of magnetic domains with high resolution in thin
metallic multi-layer films [1]. It appears that performing the measurement of an externally con-
trolled optical effect, such as Faraday rotation, may be useful for interpreting near-field images.

For that purpose, we have designed a scanning tunneling optical microscope (STOM) operating
in total reflexion condition with variable incident angle and with polarization sensitive detection
of the evanescent mode [2].

We first discuss the results obtained on a bare prism as a function of excitation polarization
and incident angle (beyond the total reflexion limit). These measurements, characteristic of the
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coupling between a quartz tip scanning the illuminated surface and the evanescent mode, are
strongly depending on the tip conditions.

We then show the near-field magneto-optical images of magnetic domains in dielectric gar-
net films that we have obtained in total reflexion geometry. These images evidence submicronic
details related to domain wall motion under magnetic excitation.
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Fig. 1. — Schematics of the scanning tunneling optical microscope set-up.

2. Experimental set-up.

The near-field experiment that we built up basically operates in total reflexion geometry which is
the so-called STOM geometry [3]. This set-up is schematized in figure 1. A linearly polarized light
illuminates the sample, deposited on the external face of a semi-cylindrical prism, at a variable
incident angle 6 beyond the total reflexion limit. The evanescent mode close to the sample surface
is collected by a tip-ending monomode optical fiber which guides the light to a photomultiplier
tube (PMT) equipped with a polarization analyzer. The tip, obtained by chemical etching of the
fiber, is mounted on a piezo-electric tube which allows fine z, y, z motions, while larger scale mo-
tions of the microscope head are insured by micrometric mechanical displacements. A small coil
surrounding the tip produces the external magnetic field perpendicular to the film plane. Under
alternative current operation, the magnetic structure of the sample is periodically changed. The
resulting light-polarization modulation induced by the magneto-optical effect is transformed into
an intensity modulation of the light detected on the PMT through a linear-polarization analyzer,
the axis of which makes an angle of 45° with the incident polarization direction. the d — c compo-
nent of the PMT output signal is used in the feedback loop to maintain a constant average detected
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intensity. The a — c component of the detector output signal at the frequency of the magnetic field
modulation is recorded through a lock-in amplifier and is displayed as the magneto-optical signal
SMmo. At a point where the magnetization is periodically flipped, this signal can be expressed as
follows:

Smo = |Es| |Ep| cos (Adps) (1)
where E; and E, are the amplitude of the two collected components of the evanescent field (one
related to the excitation, the other being magneto-optically induced) and A¢,, is their phase
difference.

3. Resolution and polarization sensitivity of the microscope.

3.1 RESOLUTION. — When a mirror is installed perpendicularly to the totally reflected beam,
interferences are produced in the evanescent mode close to the surface of the prism. A near-
field image of the interference pattern can be obtained by scanning the tip in the z, y plane over
the surface and displaying the z-displacement of the tip when the total collected intensity is kept
constant (Fig. 2a). This image allows an accurate calibration of the tip motion in the plane of
the surface. Moreover by analyzing the amplitude of the intensity modulation along an image
line (Fig. 2b), an estimate of the upper limit of the microscope lateral resolution is obtained and
found to be better than 66 nm.

3.2 POLARIZATION SENSITIVITY. — The characteristics of the electric field of the evanescent
wave at the surface of the bare prism illuminated in total reflexion condition are well known.
Indeed, the three components of the field E., perpendicular to the incident plane, E,, in the
incident plane and parallel to the surface, and E,, in the incident plane and perpendicular to the
surface, are given by [4]:

Eepye = Tapy,z Ap,sp e ?/ %0 g7t hettdons) (2)

where A, , , is the amplitude of the relevant component of the incident field (p-component for
E; and E, and s-component for E,). The “transmission” factor T, , . and the phase of each
component, ¢, ., depend on 6 and on the prism refractive index, n. The wave vector k., which
depends on n, A and 6, evidences that the evanescent wave propagates along the prism surface, in
the O, direction. The evanescent character .of this wave appears in the exponential decrease of
each field component modulus with the distance, z, to the surface. The decay constant, z,, which
is the same for all the components, also depends on n, A and 6.

Each component of the evanescent field exhibits a specific variation with §. Therefore, from
the variation with 8 of the intensities I, and I, measured in near field by the microscope tip,
for s- and p-polarization of the incident light, one should be able to identify the components
actually collected by the tip and guided by the fiber. As only a relative determination of z (i.e.
the displacement of the tip along the direction perpendicular to the surface) can be obtained and
as 2 varies with 0, it is not easy to have an absolute measurement of I, and I, in a wide range
of the 0 values. Therefore, the relevant quantity to be measured is the ratio I, /I, which does
not depend on z. Two limiting cases can be considered. Either all the components of the field
are equivalently collected by the tip or only the components perpendicular to the tip axis, which
correspond to transverse waves in the tip, are actually detected. Considering that the amplitudes
of the incident light electric field are equal in s- and p-polarization (As = A;), the ratio I, /I, is
given, in the former case, by:

I

I T2 +T?
I

I

=Ry (Zn2 sinf — 1) (3)
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Fig. 2. — a) Interference pattern of two evanescent modes propagating along the prism surface in opposit
direction. This near-field image has been obtained by displaying the z-displacement of the tip when the total
collected intensity is kept constant. b) One image line: the large modulation amplitude (more than 85%) of
the collected intensity indicates that the microscope lateral resolution is better than 66 nm.

whereas, in the latter case, the ratio I,/ is given by:

Ip — T3 — 2 2
E—Ff—Rl(n s1n0—1) (4)
where R
R, = w1 (5)

c0s26 + n2 (n"’ sin%@ — 1)

We have measured, with several tips, the ratio I,,/I, for different values of 6. In figure 3, two
typical sets of experimental data are compared with the theoretical variations calculated after
equations (3) and (4). It appears that the coupling of the tip with the evanescent field strongly
depends on the tip condition. In fact, the tip which collected the whole electric field was a damaged
tip while the tip which only collected the components parallel to the surface was a sharp new tip.
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One can explain these two behaviors by considering that the only light waves which may be coupled
in a sharp tip are transverse waves, i.e. electric field components parallel to the surface, while, in
a damaged tip, all the components of the evanescent field may be coupled like in frustrated total
reflexion experiments. Of course with other tips we have observed some intermediate behaviors
between these two extreme cases.
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Fig. 3. — Variation of the ratio Ip/Is as a function of §. The experimental points have been obtained for
two different tips: a sharp new tip (symbols W) and a damaged tip (symbols O0). The full lines represent the
theoretical variation calculated after equations (3) and (4).

These results provide a characterization of the tip condition and of the polarization sensitivity
of the microscope which are particularly important for performing near-field magneto-optical
experiments.

4. Near-field magneto-optics in garnet films.

Garnets, in which magneto-optical effects of large magnitude are currently observed, are trans-
parent to visible light. They can be prepared as thin films (= 1 pm), with large size domains
(in the pm range) of easy-magnetization axis perpendicular to the film plane, and their magnetic
properties are well known [5].

For these reasons we have chosen to study the near-field magneto-optical properties of some of
these thin garnet films with 3 pm-wide domains. The sample on the prism surface is illuminated
in total reflexion condition with s-polarized light of wavelength A = 647 nm. Magneto-optical
images are obtained by scanning the surface at low frequency with the optical fiber tip, while the
magneto-optical effect, in the collected evanescent intensity, is measured as described in para-
graph II, for an external magnetic field sinusoidal modulation of small amplitude (= 0.3 Oe), at
a frequency of 190 Hz.
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When the magnetic field is periodically modulated, the relative sizes of the magnetic domains
are correlatively modulated which is generally seen as a periodic motion of the domain walls. This
induces a periodic variation of the magnetization in the area where the considered wall motion
takes place, while elsewhere the magnetization is not modified. Thus, a variation of the magneto-
optical effect, at the frequency of the field modulation, occurs only in the region corresponding
to the wall motion, which appears as a contrasted region in the image.

This is indeed observed in the magneto-optical image (Fig. 4a). In the grey-level scale of this
image, a black point corresponds to a negative lock-in output signal and a white one to a positive
signal. The full scale represents a few tenth of a percent of the total collected intensity. The grey
parts (zero magneto-optical signal), of about 3 um width, correspond to the major part of the mag-
netic domains where the magnetization does not change under low amplitude field modulation,
while the white lines (with narrow black borders) image the area where the periodic motion of the
domain walls takes place (i.e. where the magnetization changes) under the modulated magnetic
excitation. The detail of the magneto-optical signal shape is not yet completely understood but it
is possibly related either to the fine magnetic structure of the domain walls or to the characteristics
of the evanescent field components and to their coupling with the quartz tip.

The interpretation of the magneto-optical image in terms of visualization of domain wall mo-
tion is supported by the following observation. When a large external magnetic field is applied by
approaching a permanent ferromagnet, the magnetic domain walls move out of the image which
then becomes completely grey (in the whole sample the magnetization is uniform). Then, when
the ferromagnet is withdrawn, wall motion features can be again observed in the image (Fig. 4b)
but in a configuration (position and shape) generally different from the one existing before the
large field was applied. This behavior, which shows that the latter magnetic structure is similarly
organized in domains but is not identical to the former one, can be easily observed in standard
polarization contrast microscopy.

A remarkable feature of this STOM study is that the near-field magneto-optical images are
completely uncorrelated with the near-field topographic image (Fig. 4c) obtained by displaying
the z-motion of the tip under feedback conditions (that is maintaining constant the d — ¢ compo-
nent of the PMT output signal).

5. Conclusion.

The experiments that we have presented show that the measurement of a physical effect, such
as Faraday rotation, by modulating the optical properties of the sample, can indeed be useful
for interpreting near-field measurements. The same experimental set-up has been used to study
magneto-optical effects in a metallic Au/Co/Au sandwich [6]. In this case the interaction of the
light electric field with the gold surface plasmon leads to a resonant enhancement of the magneto-
optical effects in the evanescent mode, which could lead to image submicronic domains with
signal-over-total-intensity ratio as high as a few percent.
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Fig. 4a. — 5 um x5 pm near-field magneto-optical image of a garnet film measured with an external mag-
netic field modulation amplitude of 0.2 Oe and with s-polarized incident light. The structures are related to
the domain wall motion induced by the magnetic field modulation. b) Magneto-optical image of the same
area after applying a large external magnetic field. c) “Topographic” image of the same area obtained by
displaying the z-displacement of the tip when the total collected intensity is kept constant.
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