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ABSTRACT

Magnetic skyrmions, a kind of localized spin texture topologically protected in magnetic materials, characterized by smaller size and much
lower manipulating current density in comparison with ferromagnetic domain walls, are highlighted as potential information carriers for
high-density magnetic storage devices. For technological applications, the stabilization of skyrmions in a temperature range around room
temperature under a low magnetic field is essential. Here, we demonstrate the formation of magnetic biskyrmions in a low magnetic field at
room temperature in a centrosymmetric hexagonal MnPdGa magnet via Lorentz transmission electron microscopy in combination
with transport and magnetic measurements. High-density biskyrmions are generated at 300K in a magnetic field of 0.15T. In addition,
biskyrmions can be generated from ferromagnetic domains and partly remained at zero field when the magnetic field is decreased. A large
topological Hall resistivity is observed near room temperature. Furthermore, a wide temperature and magnetic-field window for biskyrmions
is deduced from transport and magnetic properties. The simultaneous features of high-density and low magnetic field near room temperature

in a single-component material make MnPdGa a promising candidate for future skyrmion-based topological spintronic applications.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5089609

The demand for ever-increasing qualities and quantities of
information carriers leads to the exploration of new technologies and
materials. Magnetic skyrmions are promising because of their advan-
tages such as high stability protected by topology, ultralow current
density to manipulate, and small size."” A magnetic skyrmion is a
local whirl of the spin configuration, where the direction of spins
wraps a unit sphere in not less than one time which is described
by the topological skyrmion number.” The formation of magnetic
skyrmions originates from the competition between ferromagnetic
exchange interactions and noncollinear interactions, such as dipolar
interactions, Dzyaloshinskii-Moriya interactions (DMIs), frustrated
exchange interactions, and four-spin exchange interactions.” In the
last decade, magnetic skyrmions were experimentally discovered or
tailored in various materials or systems, for example, chiral magnets
(MnSi,4 FeGe,’ GaV,Sg,” and Co-Zn-Mn alloys7), magnetic thin
films with broken inversion symmetry (Fe/Ir,” Pt/Co/Ta’), frustrated

magnets (Pe;Sn,'"), artificial skyrmion systems (Co/Ni/Cu'"), anti-
skyrmion materials (Mn, ,PtSn'?), and biskyrmion materials
(Lay_5,Sry 4 2,Mn,05,"" MnNiGa,"* and Cry;Ge;o'). Among them,
the magnetic biskyrmions, composed of two skyrmions with oppo-
site spin helicities, are well-known for their tunable size and topolog-
ical charges via the thickness, magnetic field, and electrical current."”
Biskyrmions are induced by the competition between dipolar inter-
action (demagnetization field energy) and magnetocrystalline anisot-
ropy in the uniaxial ferromagnets with sufficiently strong easy-axis
anisotropy.'”

Lorentz transmission electron microscopy (LTEM) is favorable to
observe skyrmions in real space because of its high resolution and rapid
photography in recording magnetic domain structures.''” The topo-
logical Hall effect (THE), obtained by transport measurements, is
regarded as additional experimental evidence for the existence of sky-
rmions. In metallic compounds, the topological spin arrangements of
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skyrmions give rise to a fictitious emergent magnetic field, which rotates
the conduction charges by Lorentz force, thus generating the THE.

For low-energy-consumption applications of skyrmions in spin-
tronics, the existence of high-density skyrmions in a wider range of
temperatures and magnetic fields, in particular for the operating tem-
perature of room temperature or higher and the formation field of a
lower field or even zero, is highly demanded. In earlier studies, most of
the skyrmions were found to exist either at low temperatures in chiral
magnets”™'® or in higher magnetic fields with low density at room
temperature in Mn-based compounds.””'>'* Although one can obtain
high-density and nonvolatile zero-field room temperature biskyrmions
in MnNiGa after electric current and field-cooling manipulations,'”*’
the spontaneously high-density biskyrmions with a low formation field
are demanded, which are demonstrated to exist in the NiIn-type
hexagonal MnPdGa magnet.

A polycrystalline MnPdGa ingot was prepared by arc-melting in
high-purity argon. Excess Mn (2 mol. %) over the stoichiometric com-
position was added to compensate for Mn losses during melting. The
ingot was sealed in an evacuated quartz tube with argon gas, annealed
at 1073 K for three days for homogeneity, and then quenched in ice
water. The evolutionary behavior of biskyrmions was observed by
using a JEOL JEM-2100F in the LTEM mode and a JEOL dedicated
LTEM with an ultralow out-of-plane magnetic field. The magnetic
field applied normal to the thin plate is induced by the magnetic objec-
tive lens of the microscope. The quantitative in-plane magnetization
was analyzed by using the transport-of-intensity equation (TIE)
method”’ in the software package QPt with the defocus value of about
500 um and a high pass of 3. For magnetization and transport mea-
surements, a bar-shape sample was polished to a size of about 6 x 2
x 0.4 mm?’, The transport and magnetic properties of this sample were
measured using a Physical Property Measurement System (PPMS,
Quantum Design Inc.) and a Magnetic Property Measurement System
(MPMS, Quantum Design Inc.), respectively. The Hall and the longi-
tudinal resistivity were almost simultaneously measured using a stan-
dard four-probe method. The field dependence of the Hall resistivity
was obtained after subtracting the longitudinal-resistivity component.
The amplitude and frequency in the alternating-current (AC) suscepti-
bility measurements are 0.0003 T and 10 Hz, respectively.

Powder X-ray diffraction patterns show that the as-prepared
sample crystallizes in the Ni,In-type hexagonal structure (space group
P6s/mmc) (see Fig. S1 of the supplementary material), which is consis-
tent with Ref. 22. Here, we focus on MnPdGa because it exhibits
the lowest Néel temperature (Ty) and almost the highest Curie tem-
perature (T¢) in (Mn;_,Pd,),Ga (with 0.3 <x<0.6) compounds.22
According to neutron-diffraction results,”” all 2(a) sites are occupied
by Mn atoms, the 2(d) sites by Pd and residual Mn atoms, and the 2(c)
sites by Ga atoms in off-stoichiometric Mn-Pd-Ga compounds. At
temperatures below Ty, an antiferromagnetic (AFM) component lying
in the basal plane originates from the canted spin structure of Mn at
the 2(a) sites, while the ferromagnetic component is parallel to the ¢
axis. The temperature dependence of the AC susceptibility is shown in
Fig. S2 of the supplementary material. The real part of the susceptibil-
ity increases with increasing temperature until Tyy=138K and
abruptly drops at Tc =308 K. The values of Ty and T are in good
agreement with published data.””

Figure 1 shows the under-focused LTEM images at 300K of a
MnPdGa thin plate. The evolution of skyrmions from stripe domains

scitation.org/journal/apl

FIG. 1. Under-focused LTEM images of the skyrmion evolution at different magnetic
fields at 300K for a MnPdGa grain along the [001] zone axis. The perpendicular
magnetic field increased to saturate the domains to the ferromagnetic state and
then decreased back to zero. (a) At zero field, some skyrmions exist besides the
majority stripes. (b) A lot of stripes transform to skyrmions at 0.13 T. (c) Complete
skyrmion lattice at 0.15 T. As shown in the inset, the corresponding in-plane magne-
tization-distribution map of a selected skyrmion is confirmed to be a biskyrmion.
The color map and white arrows represent the magnetization direction at each
point. (d) Saturated ferromagnetic state at 0.26 T. (e) Reformation of skyrmions
when the field is decreased to 0.16 T. (f) Some skyrmions remain upon the majority
stripes at zero field.

is common except for the relatively low critical magnetic field and the
appearance of residual skyrmions after removing the magnetic field.
The magnetic domains in the grain along the [001] zone axis are found
to be stripes with a periodicity of about 100 nm at zero field [Fig. 1(a)].
The existence of some skyrmions at the remnant magnetic field of the
common objective lens indicates that the formation field of skyrmions
in MnPdGa is low. Upon increasing the magnetic field up to 0.13 T, a
lot of skyrmions are generated from the stripes [Fig. 1(b)]. Almost all
stripes transform to the skyrmion lattice when the field increases to
0.15'T, and the skyrmion density is estimated to be about 60/um? [Fig.
1(c)]. The skyrmions vanish when the magnetic field increases up to
0.26 T, as shown in Fig. 1(d). The LTEM image without significant
contrast indicates a field-induced spin-collinear ferromagnetic (FM)
state. When the magnetic field is decreased, skyrmions reappear at
about 0.16 T [Fig. 1(e)]. The reversible skyrmion formation from the
FM state in the decreasing field is rarely observed and is in contrast to
the abrupt appearance of stripes from the FM state in previously inves-
tigated skyrmion materials.”’ Some skyrmions remain upon the
majority stripes due to the remnant magnetic field of about 0.03 T after
switching off the objective-lens current [Fig. 1(f)]. The skyrmions
observed here have biskyrmionic spin configurations, as shown in the
inset of Fig. 1(c). Compared to the previous studies on classic sky-
rmions in chiral magnets’ or biskyrmions in other Mn-based materi-
als,”™"* MnPdGa presents simultaneous advantages of both the high
density and the lower formation field at room temperature. The high
density may be associated with the proper competition of different
interactions and energies near T, which is commonly observed in
previously skyrmion-hosting materials such as Co-Zn-Mn alloy and
MnNiGa.””’ The lower formation field may be ascribed to the appro-
priate easy-axis anisotropy in the hexagonal structure."” The required
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lower magnetic field to stabilize skyrmions in the MnPdGa magnet
saves energy and indicates potential for skyrmion-device applications.

LTEM images (Fig. 2) show similar stripe domains at different
temperatures below T, indicating that biskyrmions will be generated
from the stripe state under the magnetic field at low temperatures.
The wide temperature range of skyrmions formation is further con-
firmed by the measurements of transport and magnetic properties.
Figure 3(a) illustrates the perpendicular longitudinal magnetoresis-
tance (MR), (p,.(H) — p,.(0))/py(0), over the temperature range
of 10-310K. It is interesting to note that MR shows different
dependences on the magnetic field at different temperatures. MR
increases at first and then decreases with the increasing magnetic
field at temperatures below Ty, whereas it decreases monotonously
above Ty. The former may be induced by the AFM component of
the canted spins, and the latter is common in metallic ferromagnets
which is attributed to the damping of spin waves by the magnetic
field, leading to a decrease in the scattering of electrons by spin
waves.”! There is no clear kink in the MR curves, which differs from
many other skyrmion-hosting materials.' ">

The Hall resistivity (p,,) shows a positive and linear proportion-
ality to the magnetic field at high fields, but a complex relation at low
fields [Fig. 3(b)]. In metallic skyrmion-hosting materials, the THE
exists in a magnetic field range where skyrmions are supported. The
Hall resistivity can usually be separated into three parts: the linear-
field-dependent normal Hall effect (p ), the magnetization-induced
anomalous Hall effect (ny) and the THE (ny)» Wthh has the relation
of p,, = N+ p +p = RopoH + Sap2 M + px , where Ry is the
normal Halfvcoefﬁqent 1oH the perpendicular magnet1c field, Sap2,
the anomalous Hall coefficient, and M the magnetization. Generally,
Sa is supposed to be field independent when p,, < Pro’”* and this
condition is fulfilled in the present measurements because p,, is two
orders of magnitude larger than p,,. When the magnetic field exceeds

FIG. 2. Stripe domains of MnPdGa at temperatures from 300K to 117K at zero
magnetic field.
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FIG. 3. Topological Hall resistivity (px ) of a polycrystaline MnPdGa bar at
10-310K. The applied magnetic field varies from 5T to —5T and back {o 5T, but
only half of the data are shown because of the symmetry. (a) Magnetoresistivity
(MR) vs applied magnetic field (shifted vertically by a step of —0.25% for clarity).
(b) Hall resistivity (p,,). The representative calculation of pIy at 300K is shown in
the inset, where the black solid dots are the experimental data, the red line is the fit-
ted curve of RoppH + Sap? M, and the blue open circles represent the derived
pIy. (c) Magnetization (M). (d) ply. The inset shows the temperature dependence

of the maximum amplitude of ply and the corresponding field.

a critical value (Hc), all skyrmions transform to FM and the THE dis-
appears. Therefore, Ry and S5 can be determined as the slope and
intercept of the linear-fitting curve of p,,/ueH vs p7, M/ugH above
Hg, respectively. The M(H) curves show a hard-axis behavior without
hysteresis due to the strong shape anisotropy of the bar-shape sample
[Fig. 3(c)]. The saturation behavior at low temperatures indicates that
the moment of the AFM component lying in the basal plane is much
smaller than that of the FM along the ¢ axis. The saturation magnetiza-
tion (Ms) and magnetocrystalline anisotropy energy (Ky) were
calculated by using the law of approach to saturation.”” Both the Mg
and the Ky values decrease with increasing temperature, and the ratio
of the anisotropy energy and the demagnetization field energy
[Ku/(1gMs*/2)] comes to 1.29-1.45. This ratio value, which is
required to be greater than 1 to form magnetic bubbles and sky-
rmions,” is sufficient to support biskyrmions in MnPdGa. We obtain
the topological Hall resistivity by subtracting the normal Hall effect
and the anomalous Hall effect from the measured Hall resistivity with
the parameters R, and S, obtained from a good fit in the high fields
[Fig. 3(d)]. A representative calculation at 300 K is shown in the inset
of Fig. 3(b), and calculations at more temperatures are shown in Fig.
S3 of the supplementary material. The fitted parameters Ry and Sy
change abruptly with temperature around Ty (see Fig. $4 of the sup-
plementary material). With decreasing temperature, R, increases sig-
nificantly below Ty, suggesting a decreasing effective carrier density.
The positive R, indicates hole-like conduction. The almost constant S,
at T > Ty is consistent with conventional theories which consider S,
to be proportional to the spin-orbit interaction and independent of
temperature in ferromagnets.”’ The strong variation of both Ry and S
below Ty is possibly due to the variation of the magnetic structure,
similar to the situation of antiferromagnetic MnsSi;, which shows a
large THE at low temperatures.”'
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As shown in Fig. 3(d), the topological Hall resistivity significantly
changes with temperatures. At 100 K, no sharp THE peak but a broad
one is found, whereas clear peaks show positive values below 100K
and negative values above this temperature. The magnetic field where
the maximum amplitude of the THE locates has a maximum at about
Ty and the maximum amplitude of the THE exhibits a large value (of
about —0.09 puQ cm) around room temperature [inset of Fig. 3(d)].
The large THE, which indicates the existence of skyrmions with high-
density, is beneficial for the potential method of electrical detection of
skyrmions. That the THE exists even at zero field can be attributed to
the partly remaining of biskyrmions at zero field, as observed in
LTEM.

It is interesting to note that the THE changes its sign at about
100K. According to previous reports, the sign of the THE can be
affected by the shape of materials and variation of the magnetic field
and temperature. For instance, the THE is positive in MnNiGa bulk,
but negative in the film.'** Besides, the change in the THE sign in
MnGe with the increasing field may possibly originate from the short-
period skyrmion-antiskyrmion cubsic lattice.'”” In MnSi film, the sign
of the THE changes below 5K, which is attributed to the variation of
the spin polarization by tensile strain or temperature fluctuation.” In
the present MnPdGa sample, the spin textures at low temperatures are
different from that at room temperature because of the AFM compo-
nent in the basal plane below 138 K.”* Similar to the THE in a noncol-
linear antiferromagnet,”’ the AFM of canted spins can give rise to a
THE (THE o pn), which may have an opposite sign to the THE induced
by biskyrmions (THEgg), and thus, the total THE (THE,,) will be
cancelled out partially. The decrease in (the absolute value of) THEgg
with temperature decreasing from 250 K to 150 K can be ascribed to a
reduction of biskyrmion density, similar to that in MnNiGa.'* As the
temperature decreases to Ty (138 K), THE zp\; arises besides THEs.
Upon further decreasing temperature, THE gy increases and THEgg
(absolute value) decreases, and thus, THE, crosses zero and changes
its sign. The spin textures at lower temperatures need to be confirmed
by further experiments.

To determine the critical fields of transformation between differ-
ent spin textures, the AC susceptibility has been measured as a func-
tion of the direct-current (DC) magnetic field in the temperature
range of 10-300 K. The normalized AC susceptibility, ' (H)/y' (0),
decreases monotonically with the increasing magnetic field and shows
a hump (Fig. 4). As shown in the inset, there are three kinks in the
derivative of susceptibility over the field dy’/dH curve, corresponding
to the critical fields: Hc,, biskyrmion lattice (SkX) beginning to gener-
ate from the stripe-domain (S) or spin-canted (C) state; Hc,, pure SkX
without S or C; Hcs, transformation from SkX to FM. This transfor-
mation process is consistent with that observed at 300 K by means of
LTEM. Due to the different ground states, the trends of the critical
fields with temperatures show a turning point around Ty. Combining
the THE results with the critical fields, a magnetic phase diagram has
been derived as plotted in Fig. S5 of the supplementary material.
The THE shows maximum absolute values in the field range where
SkX is stable. To investigate the MnPdGa magnet further, a large
monocrystalline MnPdGa is needed, which we will attempt to grow in
the future.

In summary, high-density biskyrmions in a low magnetic field
are identified at room temperature in MnPdGa by direct observation
using LTEM and by a large THE derived from transport and magnetic
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FIG. 4. Temperature dependence of the normalized AC susceptibility. The data at
different temperatures were shifted vertically by a step of 0.1 for clarity. The dotted
lines indicate the three critical fields, which is determined as the kinks of the first
derivative of the susceptibility, as shown in the inset.

measurements. It is found that biskyrmions can be generated from fer-
romagnetic domains and partly remained at zero field when the mag-
netic field is decreased. In polycrystalline MnPdGa, biskyrmions can
be stabilized in a temperature range of 10-308 K at different magnetic
fields, as deduced from transport and magnetic measurements. Below
Tn, the THE changes its sign because of the coexistence of canted
spins and biskyrmions. The simultaneous features of high skyrmion
density and low magnetic field near room temperature in a single-
component material make MnPdGa a promising candidate for future
skyrmion-based topological spintronic applications. Recently, it was
reported that the LTEM images of biskyrmions can be explained as
conventional type-II bubbles with topological charge 0 (no THE
exists),” besides the topological nontrivial biskyrmions. Based on the
large THE observed in our MnPdGa magnet, the LTEM images were
induced by biskyrmions with topological charge 2.

See supplementary material for the figure of XRD pattern, tem-
perature dependence of the AC susceptibility, calculation of topologi-
cal Hall resistivity at different temperatures, temperature dependence
of the fitted parameters Ry and S,, and magnetic phase diagram of a
bulk polycrystalline MnPdGa.
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