Selective sensitivity in Kerr microscopy

I. V. Soldatov and R. Schéafer

Based on conventional magneto-optical Kerr microscopy technique we have developed a new re-
alization for the contrast separation of the in-plane and out-of-plane components of the surface
magnetization. Utilizing the light from eight ultra-bright LED, guided to the microscope and been
switched synchronously with the camera eposure, the domain images with pure in-plane magnetiza-
tion can obtained. We demonstrate the advantage of this new method various examples including
NdFeB polycrystal and Cobalt single crystal. Moreover, such a technique was shown to strongly
enhance the ultimate sensitivity of the magneto-optical microscopy by eliminating the parasitic con-
trast contribution, occurring in conventional experiments. The extreme accuracy was derived from
optical hysteresis loops measured in NigiFeig film and was shown to be as high as 0.6 mdeg.

I. INTRODUCTION

The wide-field Kerr effect microscopy since its intro-
duction become a widely-used and effective tool for mag-
netic domain imaging’2. It provides the easy and di-
rect access to the basic physical properties in macro-
or nanoscales of magnetic devices of vital need for
spintronic®® and spin caloritronic®®. Particulary, if it
is combined with other complimentary integral measure-
ment techniques, like magnetometry or transport mea-
surements, the knowledge of the magnetic microstructure
gives a consummate insight into the origin of the magne-
tization reversal and the related processes.

All this has promoted the development of the the wide-
field Kerr effect microscopy, and yet mainly in improving
lateral or temporal resolution®!?. The light sources have
also been improved: the high-pressure mercury arc and
xenon-arc lamps, which were in very regular use nowa-
days are ousted by the high-power LEDs, demonstrating
the outstanding stability interchangeably with high lu-
minosity and extremely long lifetime [link?]. Addition-
ally, the great advancement in digital image processing
were done: via the difference-imaging technique all non-
magnetic features are eliminated, promoting the remain-
ing domain contrast'!.

In spite of this improvements, the basic experimental
principles of the Kerr microscopy and -magnetometry re-
mains strait. It utilizes the magneto-optical Kerr effect,
based on the interaction of the linearly polarized light
with a magnetic media, which leads effectively to the ro-
tation of the polarization plane of the incident light clock-
wise or counterclockwise depending on the orientation of
the magnetization in the media. Due to this the reflected
light (Kerr rotation) can be transformed to a domain con-
trast by placing an analyzer in the light path. Depend-
ing on the mutual orientation of the polarization plane,
incident angle and magnetization direction in the spec-
imen polar (the magnetization in media is out-of-plane
), longitudinal (the magnetization is in-plane and at the
same time in in plane of the incidence) and transversal
(the magnetization is in-plane but transversal to the in-
cidence plane) Kerr effects are distinguishable!. And if
polar is strongest when the angle of incidence is ¥Jg = 0°
(the light is falling perpendicular on the surface), lon-
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FIG. 1. The illustration of the contrast in the image of
the magnetic sample: polar contrast (a), longitudinal with
s-polarized light (b), longitudinal in transverse direction with
p-polarized light with direct (c) and inverted contrast (d).
The sketch of the Kerr microscope (e) with displaceable slit
aperture, used for adjustment of the sensitivity.

gitudinal and transversal appear only for the light with
non zero incident angle (9 # 0°).

The most commonly used magneto-optical effects in
Kerr microscopy are the polar and longitudinal Kerr ef-
fects. A sketch of the corresponding geometry is pre-
sented in Fig. 1. For the light coming to the sample sur-
face at 90° only the polar contrast exists, and, thus, only



FIG. 2. a-c: magnetic domains in Nig;Fejg (permalloy) thin
(240 nm) patterned film elements taken in longitudinal sensi-
tivity with p-polarized light. The contrast with the light com-
ing from the left (a) is opposite to that with the light coming
from the right (b). The side length of the element is 120 pm.
d: out-of-plane magnetic domains in YIG (YsFe2(FeOy)s)
film, obtained in polar sensitivity.

out-of-plane domains can be distinguished (Fig. 1 a). For
non-zero angle of incidence two longitudinal Kerr con-
trasts are possible: i) when light polarization is in plane
of incidence (p-polarization) then longitudinal contrast is
observed (Fig. 1 ¢,d); ii) if light is polarized perpendicu-
larly to the plane of incidence (s-polarization) then longi-
tudinal contrast in transverse direction is present (Fig. 1
b). In the letter cases of longitudinal contrasts, the in-
plane domains with magnetization parallel to the plane
of incidence can be distinguished, while the domains with
magnetization in transverse direction occur to be equally
gray. It is clearly seen in Fig. 2, where the contrast oc-
curs only for the domains with in-plane magnetization,
lying in the incidence plane (a-c) or for the domains with
magnetization, pointing out of the sample plane in polar
sensitivity (d). Besides, it should be mentioned, that the
contribution from polar is always abundant in the total
signal.

In the conventional setup (Fig. 1 e) with Kohler illu-
mination path the LED or Xenon arc lamps are widely
used and the angle of incidence, i.e. the sensitivity to
the magnetization direction in the sample, is adjusted by
the displaceable slit aperture, placed in a fully illumi-

nated aperture plane of the microscope, where in case of
the crossed polarizer and analyzer the so called Maltese
cross can be observed (Fig. 1). For the polar sensitivity
the area in the middle of the conoscopic image has to be
chosen (Fig. 1 a) and for longitudinal (plus polar) - one
of the cross’s arms (Fig. 1 b,c,d). When the only in-plane
component of the magnetization is of the interest, those
contribution have to be separated.

The separation is of great importance for the scien-
tific community as such a possibility would extend the
knowledge profit of the Kerr effect microscopy in many
experimental issues: starting with domain observation in
permanent magnets or other materials, where the mag-
netic anisotropy axes can be at a certain angle to the sur-
face and, thus, the overlayed in-plane and out-of-plane
domain structures may present'?13 [some other links?]
ending with the interpreting of the experimental data
itself'* and quantitative domain analysis, where the pres-
ence of both in-plane and polar contributions demand a
careful calibration'®16,

Another important issue is the magneto-optical con-
trast signal-to-nose ratio, that can be improved by a
number of approaches: the use of the optimal analyzer-
polarizer uncrossing angle™*!7; the difference-imaging
technique!! or normalized differential Kerr microscopy'®.
Anyway, for a certain materials with small Kerr rotation
angles like Permalloy (NijgFeg; ) or thin films of diluted
magnetic semiconductors®2° those techniques may be not
sufficient and further improvements are required.

As magnetic image processing requires some electro-
magnet around the sample, the applied magnetic field can
induce the parasitic Faraday effect (analogous to Kerr ef-
fect, but for the transmitted light)?! in lenses. Being or-
ders stronger then Kerr effect it can notably influence the
quality of the domain images®, bring an substantial er-
rors into quantitative Kerr effect microscopy'®'¢ or lead
even to misinterpreting of the experimental data'?.

In this article we report on the development of a new
hardware and software realization of the magneto-optical
technique, which provides the opportunity for the selec-
tive Kerr microscopy i.e. to suppress the unwanted con-
trast contributions, remaining the desired components of
the Kerr contrast: either in-plane or out-of-plane. An
extra advantage of the reported technique is the suppres-
sion of the parasitic Faraday effect in lenses for the ob-
servation of domains in in-plane configuration. Another
profitable outcome is the enhancement of the magneto-
optical contrast signal-to-nose ratio by use of the im-
proved difference-imaging technique. Moreover, the de-
veloped technique can be used as a basis for the new
technical realization of the quantitative Kerr microscopy,
discussed elsewhere link vector Kerr paper.

II. SYSTEM DESIGN

The basic physical principle, which can be used for
separation of the different Kerr contrasts is rather sim-



FIG. 3. The illustration of the contrast in the image of the
magnetic sample, depending on the incident angle. For the
inverted oblique light incidence the in-plane magnetization
contrast is different, while the polar remains the same. Thus,
by takeing the difference between that two images the polar
contrast can be eliminated upper panel. By combining both
oblique light pathes (lower panel) the in-plane contrast can
be suppressed. The arrows indicate the magnetization vec-
tor at the surface and the areal shading represents the Kerr
contrast.

ple. From schematics in Fig. 1 (c,d) it is seen that when
the direction of oblique light incidence is inverted the
in-plane contrast is also inverted while the polar con-
trast remains unaffected. This is demonstrated in Fig. 2,
where the contrast with the light coming from the left
(Fig. 2 a) is opposite to that with the light coming from
the right (Fig. 2 b). Thus, by taking the difference of the
images with inverted light incidence the polar contrast
can be eliminated (Fig. 3 (upper panel)). Such a Kerr
contrast separation is possible only if the intensity of the
light coming from the left and from the right are pre-
cisely equalized, otherwise, the out-of-plane component
would not be completely compensated and undesirable
polar contrast would occur. The bottle neck of the con-
ventional setup for the opposite oblique incidences real-
ization is the displaceable slit aperture, used to adjust the
sensitivity (either longitudinal or polar). The mechanical
adjustment brings a lot of instability to the optical sys-
tem and the equalization of the light intensity is rather
challenging or even hardly realizable at all. In developed
system such a part, together with a common bulk light
source were removed.

As a ground for the development the convectional
Kerr-effect microscopy setup was used. It includes Zeiss
wide-field polarization microscope with combined opti-
cal path (Fig. 1 e), CCD-camera (ORCA R2 by Hama-
matsu), an in-plane or out-of-plane electromagnet and
digital image processing software. For the realization of
the selective Kerr effect microscopy a novel LED light
source and the accomplishing measurement technique
were developed. The light of eight ultra-high power LEDs
is independently guided to the microscope via glass fibers
(each 1 mm diameter) as shown in Fig. 4 e, whose ends
are imaged to the back-focal plane and arranged together
in a cross-like manner (Fig. 4 (c,d)). This corresponds
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FIG. 4. The image of the conoscopic plane in conventional
Kerr effect microscope (a,b) and a new developed one (c,d).
The slit position in a fully illuminated aperture in conven-
tional setup determines the sensitivity: longitudinal plus po-
lar (a) or polar (b). The same sensitivity can be adjusted
by turning on and off the appropriate LEDs, coupled to the
glass fibers with their outputs, placed in aperture plane (c,d).
The principle schema of the light path in a wide-field polar-
ization microscope with combined optical path and fiber glass
attached (e).

to eight virtual light sources directly in the conoscopic
plane. Such an arrangement allows to set the incident
angle for the oblique light only by turning ON and OFF
the appropriate LEDs, without any mechanical action.
Turning ON the LEDs 1&2 or 3&4 (Fig. 4 ¢) corresponds
to the opening of the slit for the longitudinal (plus polar)
sensitivity with p-polorized light in conventional micro-
scope (Fig. 4 a), while 5&6 or 7&8 stand for the longitu-
dinal (plus polar) sensitivity with s-polorized light.
After such an array of LEDs is introduced, the proce-
dure for the suppression of the polar component of the
contrast, based on the principle shown in Fig. 3 (upper
panel) is straightforward: the LEDs have to be synchro-
nized with camera and two sequential images with oppo-
site incidence angle have to be taken and subtracted one
from another as shown in Fig. 5: initially the LEDs 1&2
are switched ON and the first image is with a certain
exposure time taken, then those two LEDs are turned
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FIG. 5. Time diagram of the control sequence for the sup-

pression of the polar contrast. The corresponding LEDs are
switched ON and OFF synchronously with camera exposure
time.

OFF and another pair of LEDs 3&4 is switched ON and
the second image is taken. Afterwards, one image is sub-
tracted from another and in resulting image only pure
in-plane contrast is reserved.

As already mentioned, a special care has to be payed to
the sample surface illumination. The intensity of the light
coming from each of the complimentary groups of LEDs
has to match, otherwise, the polar component would not
be completely compensated leading to undesirable con-
trast in the domain image. For such an equalization, each
of LEDs can be programmatically dimmed and with a
feedback via the integral intensity of the realtime image
they can be equalized.

In the developed light source there is no glass fiber out-
put situated directly in the middle of the aperture plane,
what would be equivalent to the open slit for the polar
contrast as in Fig. 4 b. Alternatively, for the investi-
gation of the out-of-plane magnetization component the
combination of oppositely situated LEDs can be used. If
LEDs 1,2&3,4 are ON, then for the symmetry reasons
(Fig. 3 lower panel) the in-plane component is canceled,
providing the pure polar contrast. As the Kerr rotation
among other parameters is proportional to the overall
light intensity other LEDs 5,6,7,8 can be switched ON to
increase it. Alternatively, the inner circle of LEDs 2,3,6,7
can be used for high magnification objective lens.

III. EXPERIMENTAL RESULTS
A. Complimentary contrasts in Py film

First of all, the ability for the fast (within microsec-
onds) switching of the LEDs provides an opportunity for
the simultaneous observation of the domain structure in
complimentary sensitivities. By synchronous triggering
the LEDs and the camera as shown in Fig 6 (a), two
consequently images of the same area of 40 nm thick Py
film were taken: on in longitudinal sensitivities with the
light coming from the top (b) and another with the light
coming from the side (¢), ensuring the 90° rotated sensi-
tivity direction. As it is seen, if only one image with sen-
sitivity along the cross-tie domain wall was considered,

20 um

FIG. 6.
simultaneous observation of the domain structure in com-

a: time diagram of the control sequence for the

plimentary sensitivities. b,c: domain wall in 40 nm thick
Nigi Feig (permalloy) film in longitudinal sensitivity along the
wall (b) and transverse to the wall (c). The cross-tie wall
would not be observed if only the sensitivity along the wall
was considered.

then the fine structure of the domain wall with transverse
orientation of the magnetization, would be missed.

B. Contrast separation

The opportunity of the contrast selection in Kerr mi-
croscopy with use of the triggerable LED-based light is
illustrated in Fig 7, where it was applied to the domain
imagining in the sintered coarse-grained NdFeB poly-
crystal. The magnetization axes of the different grains
are predominantly aligned in-plane with some small mis-
alignment relative to the observed surface, i.e. each grain
has a different component of the magnetization point-
ing out of the surface as schematically shown in Fig 7.
Due to such an arrangement, in pure polar sensitivity the
contrast between different grains can be observed (Fig 7
a). If the pure in-plane mode is applied, then after sub-
tracting to images with opposite incidence no contrast
between independent grains is observed, but the in-plane
pattern, spreading throughout the whole sample includ-
ing multiple grains, shows up (Fig 7 b).

Figure 8 shows a domain pattern in a cobalt bulk crys-
tal, which has a uniaxial anisotropy at room temperature
so that the easy axis is perpendicular to the observation
surface. Thus, in polar sensitivity the flower pattern with
a high degree of branching is observed (Fig. 8 a). In pure
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FIG. 7. Domains in a coarse-grained NdFeB sintered poly-
crystal, with separately imaged magnetization components
perpendicular to the surface (a) and in-plane (b).
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FIG. 8. Polar (a) and in-plane (b) magnetization compo-
nents o f a cobalt crystal cut parallel to the basal plane.

in-plane sensitivity the texture of the in-plane magne-
tization component, which had been made visible before
only with electron polarization technique!, is seen (Fig. 8
b). Since the polarized secondary electrons, in contrast
to the magneto-optical imaging, see the magnetization
in the very top nanometer of a sample the pure in-plane
pattern in Fig. 8 (b) is strongly influenced by the magne-
tization variation within the material layer close to the
surface.

C. Faraday effect correction and accuracy
enhancement

In a conventional Kerr microscope, adjusted for the
longitudinal Kerr effect, which is obtained at oblique light
incidence by using a displaced shift aperture, there is al-
ways a superposition of in-plane and polar Kerr sensitiv-
ities together with a polar Faraday effect in the objective
lens that is caused by polar magnetic fields in the objec-

(@)

FIG. 9. Magnetic domains in NigiFeig (permalloy) thin (240
nm) patterned film elements taken in longitudinal sensitivity
with p-polarized light in conventional static mode (a) and
pure in-plane (triggered) mode (b). In the latter case the
contrast is doubled without any image post-treatment.

tive lens. In case of pure in-plane measurement in the
triggered regime, also the parasitic out-of-plane Faraday
effect in objective lens can be strongly suppressed. This
parasitic contribution, being mostly linear with respect
to the applied field in small fields, can, in principle, be
eliminated by digital substraction of the linear part but
for a certain price in accuracy and sensitivity of the ex-
periment. In some cases'* when this effect is caused by
stray-fields of the sample itself it is highly non-linear and
cannot be easily subtracted from the Kerr-signal com-
ing from the sample. A hardware separation of Kerr-
and Faraday effects is the only option then. As it is
seen from Fig. 10 the in-plane optical hysteresis loop,
measured in conventional mode (LEDs 1&2 are perma-
nently on) (Fig. 10 b) with digitally subtracted Faraday
effect (Fig. 10 c) is considerably noisy in comparison to
that, measured with help of developed triggering tech-
nique (Fig. 10 f).

Besides this fortunate peculiarity to provide Fara-
day effect free-images, the triggered mode also provides
a strong enhancement of the sensitivity of the instru-
ment in pure in-plane mode, as the contrast for opposite
oblique light is opposite, in difference image (Fig. 3 upper
panel) it is doubled. It is nicely demonstrated in Fig. 9,
where magnetic domain in Py patterned film elements are
shown. The left image (a) is taken in conventional mode
with statically illuminated sample in in longitudinal sen-
sitivity with p-polarized light (LEDs 5&6 in Figure 4).
The image to the right (b) is taken in pure in-plane mode
with LEDs 5&6 and 7&8 been triggered (as shown in in
Figure 5 for LEDs 1&2 and 3&4). It is clearly seen that
the contrast for the latter image is strongly enhanced
under the same experimental conditions (exposure time,
camera gain, light intensity etc.) and without any image
post-treatment.

Such an enhancement of the contrast increases the ul-
timate sensitivity of the measurement system. Figure 10
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FIG. 10. The optical hysteresis loops made in conventional
longitudinal plus polar mode (left panel) and in pure in-plane
mode (right panel) in Nig;Fei9 240 nm film. Loop taken be-
fore digital subtraction of the Faraday effect contribution (a)
and after (b).

shows optical hysteresis loops, measured on a Py film
in the conventional mode (left) and in the pure in-plane
mode (right) without a compensator installed, i.e. ellip-
ticity components in the reflected Kerr light are not com-
pensated. In both cases the magnetic field was swept in-
plane at an angle ¢ to the direction transversal to the
sensitivity (see sketch in Fig. 10). At a field angle of 0°,
no contrast between the saturated states is, thus, present.
At a non-zero angle, the projection of the magnetization
to the sensitivity direction is non-zero and as has differ-
ent signs for positive and negative saturation states, so
that a contrast between the saturated states will arise.
As can be seen in Fig. 10 a, in the conventional mode
the Faraday effect in the lenses overwhelms the whole
magnetic response of the sample, and after digital sub-
tracting (Fig. 10 b-d) the remaining Kerr signal occurs
to be rather noisy. In this conventional Kerr mode a dis-
tinguishable contrast can be obtained only starting from
field angles of 5 — 6° (Fig. 10 ¢,d), while in the pure in-
plane Kerr mode, due to the absence of the Faraday effect

contribution and the enhancement of the signal-to-noise
ratio, a contrast can be observed already at ¢ = 1°.

A quantitative estimation of the sensitivity can be ob-
tained as follows. The longitudinal Kerr rotation angle
as measured for Py in'? is ¢p, ~ 3-107* radians or
30 mdeg = 1.8. Then the detectable Kerr rotation
is 2¢pysin(¢)??. Thus for the conventional mode the
minimal Kerr rotation, that can be clearly detected, is
Gnom. = 23 -107%sin(5°) radian = 5.2 - 1075 radian =
3 mdeg, and in the pure in-plane mode it is almost 5 times
greater being as high as ¢p inp.m. =2-3- 10~*sin(1°) ra-
dian = 1-107° radian = 0.6 mdeg.

IV. CONCLUSIONS

In this paper we have presented a novel hardware and
software realization of the measurement technique for
magneto-optical Kerr microscopy. The developed combi-
nation of the triggerable LED light source synchronized
with the camera imaging provides the opportunity to
separate contrast generated by in-plane and out-of-plane
components of the surface magnetization i.e. selective
Kerr microscopy. This technique was applied to investi-
gation of the domain structure in a coarse-grained NdFeB
sintered polycrystal and Cobalt single crystal and have
demonstrated excellent results. In case of cobalt, pure
in-plane texture of the in-plane magnetization compo-
nent had been made visible for the first time by means of
magneto-optical methods. The presented method also
provides an enhancement of the in-plane contrast by
a factor of 2 due to the extension of the conventional
difference-imaging technique. Moreover, as in pure in-
plane mode polar contrast contribution is suppressed,
parasitic Faraday rotation, usually presented in conven-
tional setup, is absent in this mode. Due to this fact and
doubling of the contrast, the signal-to-noise ratio is dras-
tically enhanced, what in its turn has strongly increased
the sensitivity of the method. Finally, he developed tech-
nique can be used as a basis for the new technical real-
ization of the quantitative Kerr microscopy.
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