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A magnetic bimeron is a version of skyrmion, which is predicted for the in-plane magnetized thin films with
interfacial Dzyaloshinskii-Moriya interaction. Here we theoretically investigate the possibility to create indi-
vidual bimeron using stray field of magnetic force microscope (MFM) tip. We demonstrate that a local magne-
tization reversal of the film by localized MFM field in combination with an additional uniform perpendicular

magnetic field enables the stable bimeron formation. The possibilities for detection of the bimeron by the
methods of magnetic force microscopy, Lorentz transmission electron microscopy and magnetic resonance force

spectroscopy are discussed.

The existence of topologically charged soliton solutions for the
magnetization in ferromagnetic films was predicted back in the 1970 s
[1,2]. Later they were predicted and found experimentally in non-
centrosymmetric magnetic crystals[3,4] and since then have been
referred to as “magnetic skyrmions”. A new impulse was given to sky-
rmionic studies after it was shown that they could be stable in thin films
of transition metals with perpendicular anisotropy even at room tem-
perature[5]. This stability is due to the strong Dzyaloshinskii-Moriya
interaction (DMI), which arises at the boundary of the ferromagnet
(Co, Ni, Fe) and the metal with strong spin—orbit interaction (Pt, Ir)[6].
Such properties of a skyrmion as small size, topologically protected
stability, and mobility under spin-polarized electric current make it
possible to be exploited in spintronic racetrack memory and information
processing devices[7-9]. Nevertheless, it has its drawbacks, for
example, the transversal lateral drift of the skyrmion under the influence
of the skyrmion Hall effect[10]. This is considered as a main problem
upon utilizing magnetic skyrmions in racetrack devices. This raises the
interest in other topological spin textures such as antiskyrmion, sky-
rmionium, biskyrmion, meron, antimeron, including bimeron[11].

Bimeron is the in-plane magnetized version of a skyrmion[12].
Indeed, it can be obtained from skyrmion by rotating the magnetization
by 90° around the in-plane axis (Fig. 1 a,b). Evidently, such trans-
formation conserves the topological charge of the system. Bimeron
consists of a pair of merons[13] and is predicted for in-plane magnetized
films. The second meron in the pair has the structure of antimeron with
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mutually reversed out-of-plane magnetized core (Fig. 1b). As the topo-
logical charge of the meron is q=+1/2, this gives q= + 1 for bimeron. So
bimeron should demonstrate all the usual skyrmionic features noted
above. Nevertheless, it has the specific difference. The bimeron is not
characterized by an integer polarity of the background magnetization
direction compared to the skyrmion. Bimeron can be rotated freely in
the plane[14] in the case of isotropic film. As bimerons have reduced
symmetry compared to skyrmions there is a specific current direction in
relation to the in-plane magnetization for which bimerons move parallel
to the current[11,15]. This makes bimerons more perspective for race-
track applications. The complexity of the experimental observation of
bimerons is associated with a currently unresolved problem of the in-
dividual bimeron generation. The known unique experimental obser-
vations of a dense bimeron lattice in a chiral crystal CogZngMng [16] or
individual bimerons pinned by magnetic vortex particles[17] are not
suitable solutions for the racetrack applications. The same obstacles
have the highly pinned topologically trivial meron-antimeron pairs
observed in Ta/Co/Pt trilayers[18].

In this work we theoretically investigate the possibility of a magnetic
bimeron generation by an inhomogeneous field of a magnetic force
microscope (MFM) tip. Such methods are well known for creating and
manipulating magnetic skyrmion[19-21]. Previously it was shown that
tip approaching the in-plane magnetized film forms the magnetization
distribution like meron-antimeron pair[22] but with the same core di-
rections. However this state annihilates when tip is moving away. Our
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Fig. 1. (Color online). (a) The calculated magnetization distribution in the
magnetic skyrmion. It can be transformed into magnetic bimeron (b) by
magnetization rotation by 90° around y-axis. The size of the images corre-
sponds to 768 x 768 nm?>.

idea is that the MFM tip approach to the film with strong interfacial DMI
accompanied by application of additional external magnetic field will
change the direction of the antimeron core introducing topological
charge in the system. The appearing bimeron will be topologically sta-
bilized by DMI after removing the MFM tip. The emerging bimeron can
be detected directly with the MFM or with Lorentz transmission electron
microscopy (LTEM). In addition, the presence of a bimeron should lead
to a change in the ferromagnetic resonance

(FMR) spectrum of the system, which can be detected by magnetic
resonance force microscope (MRFM)[23]. For this purpose, we calculate
the expected MFM and LTEM Fresnel contrast distributions from
bimeron and simulate the low frequency range of the FMR spectra
connected with magnetization oscillations in the presence of bimeron.

We verify the suggested approach with micromagnetic simulations
using the GPU-accelerated MuMax3 simulator[24] based on a numerical
solution of the system of Landau-Lifshitz-Gilbert (LLG) equations for the
magnetization of the system. The geometry of the simulated system is
represented in Fig. 2. A square segment of a magnetic film has a size of
768 x 768 nm?. Periodic boundary conditions in the plane of the system
are used in order to simulate large film and avoid the film edge
magnetostatic effects. The thickness of the film is 1 nm. The usual Co
material parameters are used in the calculations[14]: saturation
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magnetization Mg = 1300 kA/m, exchange stiffness J = 1.6 x 10711 J/
m, damping parameter @ = 0.01. Effective anisotropy constant Key = K
—uoMs?/2 is varied in the range-0.2 + 0.0 x 10° J/m®, which corre-
sponds to the easy-plane anisotropy. The interface DMI constant D varies
from 0.0 to 1.4 mJ/m?, which is also typical for Co films on the heavy
metal sublayer. The mesh element size 1.5 x 1.5 x 1.0 nm® is smaller
than the exchange length.

A simple probe model in the form of uniformly magnetized Co sphere
is used to simulate the effects of the interaction between the MFM probe
and the film. The magnetic moment of the probe is

u= ?a3MJ (€D)]

where Mg is the saturation magnetization of Co, a = 20 nm is the
radius of sphere. This size is larger than the size of a superparamagnetic
particle, we also assume the probe is coercive enough to keep it uni-
formly magnetized state.

The simulation of bimeron nucleation is done as follows. The starting
point is the film uniformly magnetized along x-direction. Afterward we
place MFM tip with magnetic moment oriented in z-direction at the
height of 160 nm and apply homogeneous magnetic field of some
magnitude controversial to the tip magnetic moment (Fig. 2). Then we
simulate smooth movement of the MFM tip to the film from height of
160 nm to 20 nm with 20 nm step. The equilibrium magnetization dis-
tribution in the film is calculated at every step. Then we simulate
smoother movement of the tip from 10 nm to 0 nm with 2 nm step. Two
scenarios are possible depending on the influence of uniform external
field magnitude. In the absence of external field or if the field is less than
some critical value H, a meron-antimeron pair is formed by the field of
the tip (Fig. 2a) but annihilate when the tip moves away (see supple-
mental material). However if external field is higher than H, the anti-
meron core is reversed along the field. So it also becomes a meron and
the bimeron pair is formed (see supplemental material). The calculated
H, values are presented in Fig. 2e. They are in the range of 0.01 - 0.20 T
depending on the film material parameters. We do not found noticeable
dependence of H. on the D value, while it depends linearly on the
anisotropy K value. Since H, is in the range of 0.01 =+ 0.20 T it can be
applied in situ without magnetic probe reversal[25,26]. If the values of
K and D correspond to the bimeron stability region (Fig. 2e), the
bimeron stays stable after the tip is moved away and the uniform
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Fig. 2. (Color online) (a) Side view of the schematic distribution of the magnetic field Hy;, created by the magnetic moment y of the MFM probe and the magne-
tization M in the meron-antimeron pair arising in the magnetic film in this situation. (b) The same distributions when an additional external field is applied. One can
see the magnetization reversal of the core of the antimeron and the emergence of a topologically charged meron pair - bimeron. (c) and (d) are the corresponding in-
plane distributions of the magnetization. The size of the images corresponds to 218 x 178 nm?. (e) The diagram indicating the region of bimeron stability. The color
indicates the minimum value of the external magnetic field H. required for the initialization of the bimeron. The crosses correspond to D and K values for the

calculated FMR spectra in (Fig. 4b,c).
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Fig. 3. (Color online). Calculated MFM (a) and LTEM (b) images of the bimeron. The insets demonstrate corresponding MFM and LTEM contrast profiles along the
dashed lines. The size of the images is 768 x 768 nm?.
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Fig. 4. (Color online) a) FMR spectra for magnetic bimeron in magnetic film with K. = —0.06 x 10° J/m® and D = 1.15 mJ/m? (1, red line). D = 1.00 mJ/m? (2,
green line) and D = 0.85 mJ/m? (3, blue line). The dependence of FMR frequencies on K (b) and D (c) for the high frequency (open circles) and low frequency (filled
circles) modes.
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Fig. 5. (Color online). The normalized distributions of the oscillation amplitudes at the bimeron FMR (in arbitrary units): (a) low-frequency mode; (b) high-

frequency mode. The size of the images is 768 x 768 nm>

external field is switched off. Moreover it stays stable if the initializing
uniform external field is not switched off. This enables to successively
nucleate a number of bimerons by the MFM tip touch in the different
places of the same film.

To estimate the possibility of detecting the bimeron by conventional
MFM and LTEM methods we calculate corresponding images (Fig. 3).
For MFM we consider awidely used phase contrast imaging method. In
this regime the MFM signal is registered as the phase shift Ag of canti-
lever oscillations under the magnetostatic interaction between tip and
sample, which is[27,28]:

QR

Ap=—=
¢ k 0z

@

where Q is the cantilever quality factor, k is the cantilever force
constant, and F, is the z-component of magnetic force. In our calcula-
tions we use typical MFM probe parameters Q = 100 and k = 6 (N/m).
The film-probe distance is 50 nm. In the point-dipole probe approxi-
mation, the force value is proportional to the second derivative of the
sample magnetic stray field 9°H,/dz> at the point of the probe. It is
calculated with the model magnetization distribution obtained from
simulations (Fig. 1b). The calculated values Ap ~ 1 (Fig. 3a) are typical
for MFM measurements of magnetic skyrmions[29,30]. Thus, the
localized bimeron can be detected by MFM methods.

A specially developed original Python script for the Gatan Micro-
scopy Suite Software® 3.4.3 is used[31] to simulate LTEM images. The
value of the Fresnel contrast Al is proportional to the projection of
magnetization curl on the optical axis of an electron microscope n
[32,33] and can be calculated as

Al(p) = (n-[V x M(r)]) (3)

where p is a vector in the detector plane and r is a vector in the plane
of the film. The calculated value AI=+0.02 is the same for numerically
simulated skyrmion (Fig. 1a). So this contrast seems to be enough for
bimeron detection[34]. Also recently, it have been reported about the
experimental observation of domain wall bimerons by LTEM methods in
thin CoZnMn films with easy-plane anisotropy[35]. (Domain wall
bimeron is a topologically charged defect of a domain wall in a magnetic
film).

MRFM is another very sensitive method to probe magnetic nano-
objects, which allows realizing FMR spectroscopy of magnetic nano-
structures. We simulate the dynamics of the system using the ringdown
method[36] to understand how bimeron changes FMR spectrum of the
film. At the first stage, bimeron distribution is relaxed to the equilibrium
state in the weak in-plane magnetic field (uH = 5 x 10~*T). This field is
necessary to remove degeneration of the bimeron energy according its
orientation and to prevent the bimeron in-plane rotation during

relaxation. Then a weak exciting field in the form of a rectangular pulse
of 10~* T amplitude and 0.4 ns duration is applied along x-axis (see
geometry in Fig. 2d). Afterward the relaxation oscillations of the vari-
able component of the magnetization are recorded for 800 ns (with
0.01 ns time resolution) and fast Fourier transform is performed to
extract low-frequency resonant spectrum. The chosen orientation of the
exciting field does not lead to oscillations in the uniformly magnetized
film. The appearance of two resonances is observed in the low-frequency
range of FMR spectra in the presence of the bimeron (Fig. 4a). These
modes correspond to oscillations of the magnetization in the area of
bimeron core.

The positions of the resonances depend both on anisotropy and DMI
coefficient as it is presented on Fig. 4b,c. The corresponding values of
the material parameters of the simulated system are denoted by crosses
in Fig. 2Ze.

The typical distributions of amplitudes of resonant oscillations cor-
responding to these modes are presented in Fig. 5. The images are
calculated for the film with Ke5 = —0.05 x 10° J/m® and D = 1.0 mJ/m°
and demonstrate the value of

Ax,y) = < (M(x,y,1) — < M(x,y,1) > )’ > )

where < > denotes the averaging over oscillation period. Evidently,
the main power of oscillations is concentrated in the bimeron area. The
amplitudes of these localized modes of resonance oscillations are high
enough to detect them by MRFM[37,38].

Thus we performed the micromagnetic simulations of magnetic
bimeron initialization by local magnetic field of magnetic force micro-
scope probe in the in-plane magnetized thin Co film with interfacial
Dzyaloshinskii-Moriya interaction. We demonstrate that the MFM probe
approach accompanied by additional external magnetic field leads to the
stable bimeron formation. The magnitude of required external field
mainly depends on the parameter of magnetic anisotropy and is varied
in the range of 0.01-0.20 mT. This is realized easily in commercial
microscopes. In addition, we calculated the specific MFM and LTEM
contrasts based on simulated bimeron magnetization distribution. Also
we calculated the low-frequency FMR spectra indicating the appearance
of two resonances connected with modes localized in the bimeron re-
gion. Performed calculations show that the individual bimeron can be
detected by MFM, LTEM and MRFM methods.
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