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Abstract

Magnetic skyrmions, which are topologically protected spin swirling structures, have attracted much
attention as candidates for next-generation magnetic memory applications. Recently, a novel
mechanism for the skyrmion formation has been proposed that overturns the conventional theory based
on the Dzyaloshinskii-Moriya interaction. In particular, the multi-step topological magnetic phase
transitions were discovered in centrosymmetric tetragonal itinerant magnet GdRu,Ge; based on such
a novel mechanism. In this study, we attempted to directly reveal the transition process of the series
of magnetic phases in GdRu>Ge; using the imaging technique of local magnetic fields with scanning

transmission electron microscopy.

Introduction

Magnetic skyrmions, topologically protected spin swirling structures, have attracted attention for
next-generation magnetic memory applications' . Previously, extensive studies have successfully
identified skyrmion-hosting materials with non-centrosymmetric systems®°. These asymmetries
cause the relativistic Dzyaloshinskii-Moriya (DM) interaction, which inherently prefers twisted spin
configurations and plays a crucial role in the formation of magnetic skyrmions. However, the recent
theoretical studies suggest that the novel skyrmions can be formed with the completely different
mechanisms from the conventional one. In particular, nanometric skyrmions with diameters one

order of magnitude smaller than conventional ones can be realized by means of the itinerant-



electron-mediated spin interactions on the highly symmetric lattice system!®!2. Recent intensive
exploration of Gd alloy systems has led to the discovery of such a new-type skyrmions!>!*,
Moreover, in 2020, the smallest skyrmion ever with a diameter of 1.9 nm was reported in a

centrosymmetric tetragonal magnet GdRu>Si, with a new-type formation mechanism!%6,

The research group of author 2 discovered the multiple topological magnetic phases in GdRu>Ge,,
which is related compound to GdRu,Si», using the resonant X-ray scattering experiment'’. In addition,
the successive process of topological magnetic phase transition can be explained by the multi-step
transition of meron/antimeron structures, the topological structures characterized by half-integer
topological numbers.

At this stage, the above magnetic structures were determined based on the measurements in
reciprocal information using the resonant X-ray scattering experiment. However, the local magnetic
structures such as domain walls, which are not measurable with X-ray scattering, are also very
important for the comprehensive understanding of the versatile magnetic phase transitions in
GdRuyGe;. Therefore, characterization techniques that can visualize local magnetic fields at a high
spatial resolution are in high demand.

Recently, real-space magnetic field imaging using scanning transmission electron microscopy
(STEM) has been rapidly developed'®. STEM is a technique for acquiring information about a sample
by scanning a finely focused electron probe over the sample and measuring the transmitted electrons
at each point. Differential phase contrast (DPC) STEM is one of the STEM techniques that measures
the momentum transfer of transmitted electrons and visualizes local electromagnetic fields inside the
specimen. It has been demonstrated that DPC STEM can visualize electromagnetic fields of various

19,20

materials and devices, such as electric fields inside electronic devices ", electric fields of atomic

2122 the atomic magnetic structure of antiferromagnetic materials®®, and magnetic skyrmions>*.

nucleus
Those studies suggested that DPC STEM has the potential to elucidate the complicated magnetic
structures of GdRu,Ge; in real-space. However, magnetic field observation for obtaining various
phases of GdRu»Ge» requires the strict condition of under 1 nm resolution, Helium temperature, and
applying 0-2T magnetic field. Since these conditions are extremely challenging, there have been no
successful experiments acquiring various phases of such samples. One of the striking points is to
achieve both a high-resolution and zero external magnetic fields. In ordinary high-resolution electron
microscopes, a strong magnetic field of a few T is forcibly applied by a magnetic lens for acquiring a
fine convergent electron beam. Therefore, observation of magnetic fields has been realized only for
like skyrmions with a size of about 100 nm due to DM interaction? or under high external magnetic
field conditions'®. The author 1’s group has developed the world’s first electron microscope that
enables sub-angstrom resolution observation in a magnetic field-free environment®. In addition,
author 1 is developing a high-resolution electromagnetic field imaging method. It is expected that the

above changing conditions can be achieved using these methods.



In this study, we performed high-resolution observation of the magnetic structure of GdRu,Ge; by
scanning transmission electron microscopy to clarify the various local structural changes associated

with the various topological phase transitions.



Experimental Procedure/Result

B Synthesis of single crystal * Crystal evaluation

Polycrystalline samples of GdRu.Ge, were prepared by the arc-melting technique from
stoichiometric amount of pure Gd, Ru, and Ge pieces using a water-cooled copper crucible under an
Ar atmosphere. Bulk single crystals were grown in a floating zone furnace under Ar gas flow?’,

The purity of the samples was confirmed by the powder X-ray diffraction, and the crystal orientation

was determined using the Laue X-ray method. The obtained diffraction pattern by the powder X-ray
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Fig. 1: a, Crystal structure of GdRu,Ge, drawn by VESTA. b, Single crystal of GdRu>Ge, synthesized
by Floating-Zone method. The below is seed crystal and the upper is synthesized single crystal. Green
arrow indicates the necking part for the purpose of aligning the domain of the single crystal. ¢, Powder
X-ray diffraction pattern of the polycrystalline. d-g, Experimentally obtained Laue X-ray diffraction

patterns (d,f) and corresponding ones obtained by theoretical calculation (e,g). d,e (f,g) are the

patterns of a-plane (c-plane).



diffraction is shown in Fig. 1¢. Experimentally obtained pattern is in very good agreement with the
theoretical one, which guarantees the cleanness of the single crystal. Next, we show the Laue X-ray
diffraction patterns in Fig. 1d-g. They agree well with the theoretically calculated diffraction patterns,

which suggests the high-quality crystals with aligned domain.

B Magnetization measurement

To confirm the magnetic property of the obtained single crystals, we performed magnetization
measurement with Magnetic Property Measurement System (MPMS, Quantum Design).

Overall magnetization profiles are shown in Fig. 2a-d. The temperature dependence of the magnetic
susceptibility under B || [001] shows Ty = 32.8 K and Oqyw = 39.4 K, which is almost consistent
with the previous report (Ty = 33 K. O¢yw = 40 K) . Next, the magnetic field dependence of the
magnetization is shown in Fig. 2b, which shows the magnetic property with easy-axis magnetic

anisotropy. As shown in Fig. 2¢, the magnetic field dependence under B || [001] shows step-like
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Fig. 2: a, Temperature dependence of magnetic susceptibility of GdRu,Ge; under B || [001], B = 0.1
T. b, Magnetic field dependence of magnetization under B || [100] and B || [001] under T =6 K. ¢,
Magnetic field dependence of magnetization under B || [001], 7= 6 K. Phases Il and IV are highlighted
with the colored shadow. d, Magnetic phase diagram determined by the magnetization measurement

under B || [001].



anomalies, indicating the existence of multiple topological magnetic phases. The overall magnetic

phase diagram is summarized in Fig. 2d, in good agreement with the previous report'’. It is considered

that the topological magnetic phase is realized in phases 11 IV, highlighted with the colored shadow of

blue and yellow. From the above results of sample evaluation and magnetization measurement, it is

concluded that GdRu,Ge; single crystal with good quality was successfully obtained.

B HAADF STEM observation

High angle annular dark field
(HAADF) STEM is an imaging technique
that selectively detects transmitted
electrons that are inelastically scattered at
a high-angle wusing a ring-shaped
detector?’%. Figure 3 shows a schematic
representation of HAADF STEM.
HAADF STEM imaging provides a
contrast proportional to about the square
of the atomic number. Since the image is
robust to experimental conditions such as
aberration, defocus, misalignment, and
sample thickness, HAADF STEM is now

popular for structural observation.
Atomic-resolution HAADF STEM
observation was performed for the
confirmation of local structures of a
GdRu,Ge; sample in real-space. The
sample was thinned on the c-plane using
mechanical and Ar ion polishing. The
newly developed STEM (JEOL Ltd.)
equipped with magnetic field-free lenses®

was used. The accelerating voltage and
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Fig. 3: Schematic of HAADF STEM. The configuration
of HAADF detector respect to the sample is schematically

convergent-semi angle are set to 200 kV and 20 mrad, respectively. Figures 4 a and b show the

HAADF images of the GdRu>Ge; sample

. As mentioned above, HAADF STEM provides a contrast

corresponding to the atomic number, so the bright points are considered to be Gd (Ge) atomic columns

and the relatively dark points are considered to be Ru atomic columns. The model of the crystal

structure is also shown in Fig. 4b. These results confirm that the local structure of the observed sample

is consistent with the structure obtained with X-ray diffraction.
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Fig. 4: a, Low mag and b, high mag HAADF STEM images of the GdRu,Ge; sample. The
model of the crystal structure is also shown in b.

B DPC STEM observation

Figure 5 shows a schematic representation of DPC STEM. DPC STEM is an imaging technique to
detect differential phase (momentum transfer) of the transmitted electrons. The imaging principles of
DPC STEM are shown below. When an incident electron transmits through a sample, only the phase
can be assumed to change, ignoring thermal diffuse scattering and dynamical diffraction effects
(phase-object approximation). In such a case, the deflection of transmitted electrons can be regarded
as a momentum transfer due to the internal magnetic field of the sample. Considering the electron as
a classical particle, the momentum transfer of the transmitted electron is the sample magnetic fields
integrated with the incident direction multiplied by a constant. Based on Ehrenfest’s theorem®’, which
states that even quantum systems can be described classically in terms of their expectation values, the
relationship described above holds for quantum systems if the momentum transfer and the magnetic
field are replaced with their expectation values. In that case, the deflection angle of transmitted
electrons is synonymous with measuring the center of mass of the transmitted electron disk’**!. The
measurement of the center of mass can be performed with specific detectors, which are called
segmented detectors. A segmented detector should be introduced below the sample and can measure
the electron intensity illuminated on each segment. Figure 5b shows a schematic of a 40-segmented
detector and deflected transmitted electron disk. The center of mass of the transmitted electron disk
can be measured by adding the electron intensities weighed by the geometric center of mass of each
segment. Real-space mapping of the magnetic fields inside a sample is obtained by such measurements
at each point on the sample.

The magnetic field observation of GdRu>Ge, was performed using the same sample and STEM as in



the previous section. The accelerating voltage and convergent-semi angle were set as 200 kV and 1
mrad, respectively. The sample applied magnetic field was set to zero. The double-tilt TEM holder
equipped with He cooling system (Gatan Inc.) was adopted for the specimen cooling and the
observation was performed at a display temperature of 5.5 K.

Figures 6 a and b show the results of the DPC STEM observation. Grain-like contrast is observed
in both a, the transverse field image and b, the longitudinal field image. These are also observed at
room temperature, and the low spatial frequency contrast is superimposed on the low magnification
HAADF image shown in Fig. 4a. These suggest that this contrast could be caused by surface damage
during TEM sample preparation.
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Fig. 5: Schematics of a, DPC STEM and b, transmitted electron disk deflected by the

sample magnetic field and a segmented detector.



5 [010]

Field X Field Y

[100]

Fig. 6: DPC images of the GdRu,Ge; sample. Images of the magnetic field in the [010]
and [100] directions are shown in a and b, respectively. The rightward and downward

magnetic fields in a and b are shown as bright contrasts, respectively.

Conclusions and Future prospects

In this study, we synthesized GdRu>Ge, and performed sample evaluation by X-ray diffraction.
After that, the structural and magnetic field observations in real-space were performed by STEM. As
a result, it was confirmed that the target sample had the intended crystal structure. On the other hand,
magnetic structures were not observed in this experiment. The candidate reason for these results could
be the amorphous damage during the process of TEM sample preparation. As future prospects, we are
considering optimizing the method of the TEM sample preparation and conducting high-resolution
observation of the magnetic structure with/without applying magnetic field. If these experiments can
be performed, it is expected that the complex magnetic phases in GdRu,Ge; are visualized in real-

space.
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