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Magnetic field visualization in scanning electron microscope
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The fundamental possibility of measuring the stray fields distributions of magnetic objects in a scanning electron
microscope is demonstrated. The main idea of the method is to use a sample holder for operation in the mode of a
scanning transmission microscope, additionally equipped with a square diffraction grating. This grating, formed on
the basis of a metal film, is placed at some distance under the magnetic sample. Reconstruction of the deflections
of transmitted electrons by analyzing the geometric phase from visible distortions of the diffraction grating made it
possible to reconstruct the distribution of the magnetic field created by the sample under study.
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Introduction

There are several microscopic methods for obtaining
images of magnetization and stray fields created by nano-
and micro-objects.  The most informative method of
quantitative measurements of magnetic states is electron
holography, used in the study of nanostructures using
transmission electron microscopy. The method is based
on the fact that initially a electron plane wave acquires
a different phase along its front when passing through a
magnetized sample or an inhomogeneous magnetic field
due to the Aharonov—Bohm effect [1,2]. At the same
time, two main methods are divided: off-axis holography [3]
and axial (inline) holography [4]. In the first method
the phase of the wave function of the electrons passing
through the sample is determined by an interferogram
with a reference coherent plane wave. In the second
method the phase is calculated by solving the inverse
problem using the transfer-of-intensity equation using focal
series of microphotographs. The disadvantages of off-axis
holography include the need for additional equipment of
a transmission electron microscope with an electrostatic
biprism and a small field of view (up to several um?). Axial
holography is devoid of such disadvantages, but requires
the use of advanced mathematical methods and taking into
account the distortion of microphotographs depending on
the degree of defocusing [5]. Holographic methods of
electron microscopy have the best spatial resolution, but
the complexity of their implementation often forces the use
of simpler methods of Lorentz microscopy.

A new modification of the Lorentz microscopy method
has recently been proposed, which can be implemented in
any scanning electron or ion microscope [6]. The idea of
the method is to use a sample holder in a conventional
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scanning microscope, which allows images to be recorded
in a transmission mode, and is additionally equipped with
a diffraction grating located below the sample. In this
case, the visualization of electromagnetic fields consists
in measuring electron deviations by registering distortions
of the diffraction grating image. Note that this is not
the only option for measuring magnetic fields in SEM.
Thus, fitting the SEM with a multi-section detector allows
measuring the distribution of magnetic fields by the method
of differential phase contrast [7] in the transmission mode
of operation. The addition of the SEM with the Mott
detector, which registers the spin polarization of secondary
electrons, makes it possible to study the magnetization
of the surface of magnetic materials by scanning electron
microscopy with polarization analysis (SEMPA) [8,9]. The
disadvantages of both methods include the need to equip a
serial SEM with an appropriate type of expensive detector,
in addition, the SEMPA method sets requirements for the
quality of the vacuum in the microscope chamber during
measurements [10]. It should also be noted that there
is a method of magnetic force microscopy, which, like
the SEMPA method, allows estimating the magnetization
distributions in thin ferromagnetic films [11]. At the same
time, the method of magnetic force microscopy, provides
only qualitative information about the stray fields above the
sample, while quantitative measurements require additional
time-consuming calibrations of each used probe of the
magnetic force microscope pa [12-14].

This paper demonstrates the possibility of determining
the configuration of the magnetic field around a magnetized
needle using the method of raster electronic mapping. As
will be shown, this method is not only easily implemented
on any serial SEM, but also provides quantitative informa-
tion about the distribution of magnetic fields.
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Figure 1. @ — sample holder for scanning electron microscope, which allows working with the sample ,,in the transmission mode*; b —
schematic representation of the change in the trajectory of electrons under the impact of the Lorentz force in a magnetic field.

1. Samples and methods

Supra 50 VP scanning electron microscope (Carl Zeiss,
Jena) for which a sample holder was made was used in this
paper (Fig. 1,a). A diffraction grating with square cells and
a period of 6 um was located under the sample at some
distance on the flat surface of the holder. The width of the
grating bar was 3 um. The diffraction grating was made of a
gold film with a thickness of 30 nm on a silicon substrate by
laser optical lithography using a laser microimage generator
mPG101.

During the passage of an electron beam in an inhomo-
geneous magnetic field created by the sample, under the
influence of the Lorentz force, their deviation from the
linear trajectory occurs, resulting in distortion in the image
of the diffraction grating (Fig. 1, ). These images were
recorded using the Everhart—Thornley secondary electron
detector. A sufficient depth of focus is the main requirement
for observing distortions in the diffraction grating image. It
is necessary that the depth of focus be comparable to the
distance from the object to the diffraction grating. In this
case, both in the region of the stray field of the sample
and in the region of the diffraction grating, the electron
beam remains collimated. The smallest 10 um aperture and
a large working distance (12—20mm) were used to fulfill
this condition in the experiment.

The visible distortion of the diffraction grating was
estimated by the geometric phase analysis method [15,16].
Mathematically, this method consists in the fact that the
distortions of the diffraction grating are calculated from the
peak of the Fourier image of the original image. The phase

in this case is the difference between the grating and the
ideal periodic structure.

Suppose that the Lorentz force acts on an electron from
the side of a homogeneous magnetic field localized in a layer
with a thickness of | (Fig. 1,b). The deflection angle « is
easy to estimate
e
h

where e is the electron charge, h is the Planck constant, 1 is
the length electron waves, By is the magnitude of magnetic
induction. The magnetic induction is determined using this
formula, and the angle « is estimated based on the distortion
of the diffraction grating

a = B”M.,

_h1ldg P(X,y)

elAAf 27

Bj(x,y)

where dg is the step of the diffraction grating, Af is the
amount of defocusing, which here is equal to the distance
between the sample and the diffraction grating. It is easy to
estimate the magnitude of the magnetic field flux between
adjacent lines of constant phase ¢(X,y)=const. It is
enough to multiply B (X, y) by ,elementary* area dgl:

where ®y = h/e is the quantum of magnetic flux. Two
samples such as two uniformly magnetized needles made
of ferromagnetic material were prepared for experiments.
The measurements were carried out at various accelerating
voltages.
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Figure 2. Distortion of the diffraction grating around ferromagnetic needles (a, b). A needle with a small magnetic moment at accelerating
voltages of 2 and 10kV (¢, d). A needle with a large magnetic moment at accelerating voltages of 2 and 10kV. The size of each frame is
250 x 250 ym. The insert shows an example of a Fourier image of an image and marks the reflex used for phase reconstruction.

2. Results and discussion

Figure 2 shows micrographs of a diffraction grating in
secondary electrons during the passage of a primary electron
beam in the vicinity of two ferromagnetic needles with small
and large magnetic moments. Micrographs were acquired at
two values of the accelerating voltage — 2 and 10kV.

The amount of defocusing was determined by the differ-
ence between the two working distances of the SEM, when,
when receiving images, accurate focusing was carried out
either on the tip of the needle or on the diffraction grating.
For both needles, this value was Af = 1.2 mm, which gives
the following flow values ® = 1094®, and 24399, with a
phase difference 27 for accelerating voltages 2 and 10kV,
respectively. Reconstruction of the spatial distribution of
the phase of image distortion was carried out in the Gatan
Microscopy Suite 3.5.0 software package using a special
script [17]. In all cases, Fourier peaks (010) were used
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to analyze the geometric phase (insert in Fig. 2). The
reconstruction results are shown in Fig. 3.

The density of lines with a phase difference should
increase approximately by 2439/1094 ~ 2.2times with a
decrease of the accelerating voltage. It is easy to see
that there is such a correspondence between the pairs of
Fig. 3,a,b and ¢, d. The density of the constant phase lines
can also be used to estimate the difference in magnetic
moments between the two needles. The ratio of magnetic
moments of samples with low and high magnetization is
approximately from 3 to 4 in our experiment.

The registration of units of magnetic flux quanta [18-20]
is required to measure the magnetic stray fields of the tip of
a magnetic force probe or, for example, magnetic skyrmions
or vortices in patterned nanostructures. It is easy to estimate
that if the diffraction grating period is reduced by a factor
of 10, this will give ® = 11®, for an accelerating voltage of
2kV, and will allow quantitative measurements of magnetic
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Figure 3. Phase distribution of the diffraction grating distortions superimposed on the original microphotography. @, b is a sample with
a small magnetic moment at accelerating voltages 2 and 10kV; ¢,d — a sample with a large magnetic moment at accelerating voltages 2

and 10kV. The size of each frame is 250 x 250 um.

fields in nanostructures. In addition, if we consider the
magnetization distributions in patterned nanostructures that
do not have stray fields, it becomes possible to measure the
magnitude of magnetization. For example, the magnetostatic
field of a magnetic vortex in a thin disk is localized
near its core (center). Therefore, we will actually carry
out magnetization measurements by estimating the electron
deflection closer to the edge of the disk using this method.
Indeed, in this case, the thickness of the layer in which the
magnetic field is localized coincides with the thickness of
the magnetic film and it is possible to derive the magnitude
of magnetic induction and magnetization directly from the
magnetic field flux.

Conclusions

The paper demonstrates the fundamental possibility of
reconstruction of the spatial distribution of magnetic stray

fields in ferromagnetic samples using a standard scanning
electron microscope without buying additional expensive
equipment, for example, a multisectoral detector of trans-
mitted electrons. These measurements are based on the
analysis of image distortions of the periodic lattice, which
are caused by deviations of electron beams under the action
of the Lorentz force. It is shown that in such experiments
it is possible to measure fields up to tens of magnetic
flux quanta. Note that this method provides quantitative
estimates of the magnetic field and can be used not only
to visualize the distribution of the magnetic field, but also
to determine the magnetization values of thin films and
nanostructures. Since electron beams can change their
trajectories in electric fields, a similar technique is also
applicable for the diagnosis of these fields created by electric
charges, which was demonstrated in the work [6]. Thus, the
described method can be used as a full-fledged replacement
for expensive standard holographic electron microscopy
methods.
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