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The inhomogeneous magnetization distribution in antiskyrmions helps in nullifying the unwanted
skyrmion Hall effect generally found in the current driven motion of skyrmions. At present, the observa-
tion of room-temperature antiskyrmion phase is limited to only a very few materials. Here, we present
the evidence of a tunable antiskyrmion phase in the D2d-symmetry-based tetragonal Heusler system
Mn2+xNi1−xGa. With the help of dc magnetization, ac susceptibility, and topological Hall effect measure-
ments, we demonstrate that the potential antiskyrmion phase can be tuned over a wide compositional range
with magnetic ordering temperature of above 600 K. In addition, we find the existence of multiple topo-
logical phase transitions for a certain Mn/Ni ratio where the magnetic anisotropy attains its maxima. Our
micromagnetic simulations suggest that the transition from antiskyrmionium and antiskyrmion pockets
to the conventional antiskyrmion phase at the optimal value of magnetic anisotropy might be responsi-
ble for the observed multiple topological transitions in the present materials. The expected small size of
antiskyrmions in the present low magnetic-moment-based ferrimagnetic system gives a great advantage
over other skyrmion and antiskyrmion hosting materials for their potential application in racetrack-based
memory devices.
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I. INTRODUCTION

Skyrmions, which are proposed to be the building blocks
in the next-generation racetrack-based memory devices
owing to their inherent topological stable structure, can be
interpreted as swirling kinds of noncoplanar localized spin
textures with size ranging from few nanometers to microm-
eter [1]. The topological nature of the skyrmions can be
firmly determined by the skyrmion number and/or topolog-
ical charge Nsk = 1/4π

∫ ∫
m · (∂m/∂x × ∂m/∂y) dxdy,

where, m is the unit vector along the local magnetiza-
tion. For skyrmions, the topological charge can take inte-
ger values (±1). In certain noncentrosymmetric magnetic
systems, e.g., B20 compounds [1–7], β-Mn structured
Co-Zn-Mn [8], and GaV4S8 [9], the presence of competing
Dzyaloshinkii-Moriya (DM) interaction and Heisenberg
exchange sets the helical spin modulation as the ground
state. In general, application of magnetic field perpendicu-
lar or with some angle to the helical propagation direction
stabilizes Bloch or Néel-type skyrmions in these systems
[1–12].

The nature of the skyrmions is solely determined by the
crystal symmetry and hence the DM vector. In the case
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of the above discussed materials, the isotropic nature of
the DM vectors, i.e., Dx = Dy , where Dx and Dy are the
DM vectors along x and y directions, respectively, sets
the homogeneous chirality of spin rotation in all direc-
tion. In contrast, an anisotropic DM vector (Dx = −Dy) in
the case of D2d-symmetry-based inverse tetragonal Heusler
materials has led to a special class of skyrmions, named
antiskyrmions, as recently observed in Mn-Pt-Pd-Sn sys-
tem [13–18]. The anisotropic nature of the DM interaction
gives rise to a change in the spin chirality in every π/2
cycle, forcing the spin distribution to undergo Bloch to
Néel-type arrangement in every π/4 rotation. The special
symmetry of these materials ensures the propagation of the
helical phase along the (100) or (010) directions. Hence,
the antiskyrmion lattice can be effectively stabilized by
the application of magnetic field along (001) direction
[10,13,16,17]. The skyrmions and antiskyrmion lattices
can also be stabilized with the application of oblique mag-
netic fields, where the stability largely depends on the
easy-axis anisotropy of the system [10]. In this frame-
work, it is often found that the application of magnetic
field with some angle to the high-symmetry −4 axis in the
D2d-symmetric materials distorts the crystal-symmetry-
governed spin texture, e.g., shifting of the antiskyrmion
core without changing the direction of the antiskyrmion
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axis [10] and transformation of antiskyrmion to skyrmion
via trivial bubble [16,17]. However, this type of defor-
mation of the antiskyrmion can be minimized when the
magnetic field is applied near to the (001) direction [13].

The inhomogeneous type of magnetization distribu-
tion in antiskyrmions makes a difference in their current
driven dynamics. It has been shown that skyrmions devi-
ate from their straight-line motion under the electric field
due to the well-known skyrmion Hall effect, which is an
unwanted quantity in device applications [19,20]. In con-
trast, the anisotropic nature of spin distribution stabilized
by asymmetric DM interaction in antiskyrmions effectively
contributes to their current driven motion. In a normal
situation of current flow, the antiskyrmion is expected
to display the conventional topologocal Hall effect and
skyrmion Hall effect as it carries a topological charge
of −1, which is opposite to that of skyrmion. The anti-
skyrmion Hall effect can be tuned to zero when the current
is passed at a critical direction [21]. Therefore, it is useful
to stabilize and manipulate antiskyrmion phase in suit-
able materials. In this direction, the D2d-symmetry-based
inverse tetragonal Heusler materials are ideal candidates
to host the antiskyrmion lattice [13]. In a recent study,
the signature of room-temperature antiskyrmion phase has
been reported in D2d-symmetric compound Mn2NiGa [22].
In addition, Mn2NiGa exhibits a very high Curie tempera-
ture (TC) of about 650 K and the presence of perpendicular
magnetic anisotropy makes it an ideal candidate for spin-
tronic applications. In addition, the antiskyrmion size in
Mn2NiGa is expected to be in the order of 10 nm. For
any future application of the antiskyrmions, it is worth-
while to study their stabilization in extended magnetic
field and temperature range, along with greater tunabil-
ity of its size. Such control can be achieved by the
appropriate choice of exchange coupling, DM interaction,
and magneto-crystalline anisotropy in the system. The
exchange coupling strength can be manipulated by mod-
ifying the electron filling and the bond lengths, while the
DM interaction and magnetocrystalline anisotropy depend
on the strength of spin-orbit coupling (SOC).

In the present work, we systematically study the effect
of the aforementioned parameters on the potential anti-
skyrmion phase in Mn2+xNi1−xGa (x = 0.0 to 0.28). By
doing so, we demonstrate the evidence of multiple topo-
logical phase transitions for a certain compositional range.
Finally, our experimental results are well supported by
micromagnetic simulation.

II. METHODS

A series of polycrystalline samples of composition
Mn2+xNi1−xGa (x = 0.10, 0.13, 0.16, 0.20, 0.25, and 0.28)
are prepared by arc-melting ultrahigh pure constituent ele-
ments in argon atmosphere. As prepared ingots are sealed
in quartz tubes under argon atmosphere and annealed for

7 days at 1073 K. Room-temperature powder x-ray diffrac-
tion (XRD) measurements are performed using a Rigaku
SmartLab x-ray diffractometer with a Cu-Kα source. The
compositional homogeneity of the samples are studied
by field-emission scanning electron microscope (FESEM)
equipped with energy-dispersive x ray (EDX).

The low-temperature dc magnetization (M ) measure-
ments below T = 400 K are performed using a super-
conducting quantum interference device vibrating sam-
ple magnetometer (SQUID VSM, Quantum Design)
and the high-temperature magnetization studies are per-
formed using a VSM attached to a Physical Prop-
erty Measurement System (PPMS, Quantum Design).
The ac susceptibility measurements are carried out
using PPMS in an ac field, Hac = 10 Oe and fre-
quency f = 7777 Hz in linear-persistent mode. Mag-
netotransport data of Hall bar samples are recorded
at different temperatures by utilizing the PPMS. The
micromagnetic simulation is carried out using the soft-
ware package Object Oriented Micromagnetic Framework
(OOMMF).

III. RESULTS AND DISCUSSION

The room-temperature XRD patterns for the
Mn2+xNi1−xGa samples are plotted in Fig. 1(a). The XRD
pattern systematically evolves from a mixed tetragonal and
cubic phases with space group I -4m2 and F-43m, respec-
tively, for x = 0 to a pure tetragonal phase for x ≥ 0.10.
Since the XRD measurements are performed on the disc-
shaped samples, only certain peaks are observed due to
the preferred orientation of the corresponding grains in the
polycrystalline samples. The unit cell corresponding to the
inverse tetragonal structure (space group I -4m2) for the
present system with extra Mn atoms partially replacing Ni
is shown in the inset of Fig. 1(a). In addition to the XRD
data, we also confirm the phase and compositional purity
of these samples using the EDX facility in FESEM (see the
Supplemental Material [23]).

In order to study the magnetic properties of our well-
characterized samples, a series of temperature-dependent
magnetization measurements [M (T)] are carried out in the
temperature range of 2 to 400 K under field-cooling (FC)
and field-heating (FH) modes, as depicted in Fig. 1(b). The
presence of a pronounced thermal hysteresis between the
FC and FH M (T) curves in the case of the parent Mn2NiGa
sample signifies the structural phase transition from the
low-temperature tetragonal to the high-temperature cubic
phase. The transition shifts to a temperature of about 350 K
for x = 0.1, as marked by an arrow. However, no such tran-
sition anomaly is found in the M (T) curves for samples
with higher Mn concentration (x > 0.10). We also carry
out high-temperature M (T) measurements up to 750 K for
some selected Mn2+xNi1−xGa samples, as shown in the
inset of Fig. 1(b). Interestingly, no transitionlike feature
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(a) (b) (c)

FIG. 1. (a) Room-temperature x-ray diffraction data for Mn2+xNi1−xGa (x = 0.0, 0.10, 0.13, 0.16, 0.20, 0.25, and 0.28) samples. The
peaks for x = 0.0 and 0.28 are indexed, where A and M correspond to austenite and martensite phases, respectively. The inset shows the
tetragonal unit cell of Mn2+xNi1−xGa system, where Mn1, Mn2, Ni, and Ga atoms are represented by magenta, dark cyan, gray, and
orange solid spheres, respectively. The solid arrows indicate the direction of magnetic moment on each site. (b) Temperature-dependent
magnetization, M (T), curves for Mn2+xNi1−xGa measured at H = 0.1 T in field-cooled (FC) and field-heating (FH) modes, as shown
by solid and open circles, respectively. The inset represents M (T) data for different samples at higher temperatures (T > 400 K).
(c) Field dependence of magnetization, M (H), for Mn2+xNi1−xGa taken at T = 3 K. The inset shows the compositional dependence
of the saturation magnetization.

is observed in the high-temperature data above 400 K,
signifying that all samples with x ≥ 0.13 crystallize only
in the tetragonal structure up to the TC.

The field-dependent isothermal magnetization measure-
ment [M (H)] performed at T = 3 K is presented in
Fig. 1(c). The parent compound Mn2NiGa exhibits a small
metamagneticlike transition (marked by arrows) around
0.45 T. This transition becomes more prominent for x =
0.1 around 0.60 T. Interestingly, the sample with x = 0.13
displays two clear metamagnetic-type transitions: one at
about 1 T and the second one at 1.8 T (marked by arrows).
Similar types of transitionlike features are also found for
x = 0.16. However, the sample with x = 0.2 displays only
a single transition, as found for the parent Mn2NiGa com-
pound. Finally, no transition is observed in the M (H)

isotherm for x = 0.25 and 0.28. It can also be seen from
the M (H) curves that the saturation magnetization mono-
tonically decreases from 1.4 μB (f.u.)−1 for Mn2NiGa to
about 0.43 μB (f.u.)−1 for Mn2.28Ni0.72Ga, just by increas-
ing the Mn concentrations [inset of Fig. 1(c)]. It is well
known that in the case of Mn2YZ system [24], where Y
is a transition metal and Z is the main group element, the
Mn atoms occupy two different lattice sites. The Mn atoms
sitting in the Mn-Y plane with a tetrahedral surrounding
carry a lower magnetic moment than the Mn atom in the
Mn-Z plane with octahedral environment. In addition, the
Mn moments at two different lattice planes are arranged
antiferromagnetically to each other. Since the extra Mn
atoms in the present system occupy the Mn-Y plane, it

results in a net decrease in the magnetic moment in the
system.

The finding of multiple field-induced transitions in the
M (H) measurements for x = 0.13 and 0.16, motivated us
to probe the magnetotransport properties of these samples.
Figure 2(a) shows the field-dependent Hall resistivity ρxy
for x = 0.13 measured at room temperature. The ρxy data
display a small dip kind of behavior at a field of about 0.3 T
marked by the down arrow, followed by two more transi-
tions at higher fields: at around 1 T (marked by the star)
and 2 T (marked by the up arrow). We also find a sub-
stantial hysteretic behavior between the field-increasing
and decreasing ρxy curves around the transition region. To
further investigate the observed anomaly in the ρxy data,
the room-temperature M (H) loop and its first derivative
(dM/dH ) are plotted in Figs. 2(b) and 2(c), respectively.
Distinct anomalies in both the M (H) and dM/dH curves
clearly indicate the existence of a low field transition
around 0.3 T as marked by down arrows, along with two
other transitions at higher fields. Furthermore, we also per-
form ac susceptibility measurements, where the real part of
the ac susceptibility, χ ′(H), curve exhibits a distinct peak
around 1 T, accompanied by two additional transitions at
0.3 and 2 T as seen in Fig. 2(d). The sharp transition around
1 T is also clearly seen in the imaginary part of the ac
susceptibility [χ ′′(H)] data, whereas the small humplike
features around 0.3 and 2 T are not visible clearly due to
instrumental resolution limit [Fig. 2(e)]. All these measure-
ments corroborate our findings of field-induced anomalies
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FIG. 2. Field dependence of (a) Hall resistivity ρxy , (b) magne-
tization loop, (c) first derivative of the magnetization (dM/dH ),
(d) the real part of ac susceptibility as a function of field,
χ ′(H), and (e) the imaginary part of ac susceptibility as a
function of field, χ ′′(H), measured at 300 K for the x = 0.13
sample. The magenta and black lines in all plots represent field-
decreasing and field-increasing paths, respectively. The pres-
ence of field-induced transitions are marked by down arrows
at low field (approximately equal to 0.3 T), stars at intermedi-
ate fields (approximately equal to 1 T), and up arrows at high
fields (approximately equal to 2 T). The region between the low
and intermediate field transitions is shown by orange shading,
whereas the region between the intermediate and high fields is
marked by the dark yellow shading.

in the ρxy data. Based on these field-induced transitions,
we could identify two primary phase regimes: the region
between the low and intermediate field transitions, marked
by the orange shading and the region between the inter-
mediate and high field transitions, highlighted by the dark
yellow shading.

The observation of multiple transitions in the Hall
resistivity and magnetic measurements in some of the
Mn2+xNi1−xGa samples motivates us to throw more light
onto the possible existence of topological magnetic phase.
For this purpose, we plot the experimental Hall resistivity
data along with the calculated Hall resistivity (ρA + ρN )
for all the Mn2+xNi1−xGa samples in Fig. 3. It is well
known that the Hall resistivity in ferro- and ferrimagnetic
materials with additional topological Hall component can
be expressed as the sum of three Hall components, ρN ,
ρA, and ρT, where, ρN represents the normal Hall resis-
tivity that varies linearly with external magnetic field, ρA

stands for the anomalous Hall resistivity, which gener-
ally scales with the magnetization of the sample, and ρT

refers to the extra component of Hall resistivity, named as
topological Hall resistivity, which is neither proportional
to the external magnetic field nor to the magnetization
of the samples. The ρT often emerges due to the pres-
ence of noncoplanar spin textures including skyrmions
and antiskyrmions. Hence, the experimental Hall resistiv-
ity can be written as ρxy = R0H + RSM + ρT, where R0
is the normal Hall coefficient and RS is the anomalous
Hall coefficient that is related to the longitudinal resistivity
(ρxx). In our case, ρA mainly originates from the intrin-
sic mechanism, whereas RS is proportional to ρ2

xx (see the
Supplemental Material [23]). The extrinsic contributions
to the Hall resistivity, such as skew-scattering and side-
jump mechanisms, are neglected for the present system as
the longitudinal Hall conductivity falls under the moderate
conductivity regime (104 < σxx [(	 cm)−1] < 106) [25].
Hence, we can rewrite the total Hall resistivity as ρxy =
R0H + bρ2

xxM + ρT. The application of very high mag-
netic fields in general destroys the topological objects as
the sample transforms into the field polarized state, result-
ing in a vanishing ρT. It can also be seen that the anomaly
in the ρxy measurements present only in the small to mod-
erate field regime (≤ 2 T). Therefore, at very high fields the
total Hall resistivity can be written as ρxy = R0H + bρ2

xxM
or ρxy/H = R0 + bρ2

xxM/H . To extract ρT, first the R0 and
b are calculated at the high-field regime from the straight-
line fitting of the ρxy/H vs ρ2

xxM/H plot. Using the R0
and b values, we calculate ρxy for field regime H = ±5
T to ∓5 T, which are shown as red lines on the top of the
experimental Hall resistivity data in Fig. 3.

It can be clearly seen that the calculated Hall resistiv-
ity matches well with the experimental data in the whole
field regime, except the fields where anomalies are seen in
the ρxy data for x = 0 to 0.2. This suggests the existence
of some additional topological phases in these samples.
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(a) (b) (c)

(d) (e) (f)

FIG. 3. (a)–(f) Field-dependent experimental Hall resistivity ρxy (left y axes, scattered solid circles) measured at T = 300 K for
Mn2+xNi1−xGa samples. The fitted lines to the experimental ρxy data represent the calculated Hall resistivity taking into account the
anomalous and the normal Hall resistivity (ρA + ρN ) (red lines). The extracted topological Hall resistivity (ρT, right y axes) is shown
as blue lines.

The experimental and the calculated Hall resistivity curves
fully match in the whole field range for x = 0.28, where
no anomaly is seen in the ρxy curves. To further access
the topological states in the system, we subtract the cal-
culated anomalous and normal Hall components from the
total Hall resistivity. The extracted ρT is plotted as blue
lines (right y axes) in Fig. 3. As can be seen, ρT changes
systematically from one peaklike behavior for x = 0 to a
two-step feature in x = 0.1 − 0.16. Interestingly, the ρT

again changes to a single peaklike behavior with change in
sign for x = 0.2. Finally, no topological Hall effect (THE)
is found for x = 0.28.

To further probe the possible existence of the topolog-
ical phase transition, we perform ac susceptibility mea-
surements on the Mn2+xNi1−xGa samples as depicted in
Fig. 4. It is noteworthy to mention here that the ac suscep-
tibility measurements are widely used as a characterization
tool to identify skyrmions and antiskyrmions in several
systems [8,26–29]. From the χ ′(H) curves it is appar-
ent that samples with x = 0, 0.13, 0.16, and 0.2 show
a very sharp peak at about 1 T (�) with an additional
hump kind of behavior around 2 T for x = 0.13, 0.16,
and 0.2 [marked by

⊕
in Figs. 4(a)–4(d)]. As discussed

earlier, x = 0.16 also exhibits a small transition kind of
anomaly at a very low field indicated by 
. The transi-
tion at 1 T can also be seen clearly in the χ ′′(H) data,
marked by arrows in Figs. 4(f)–4(h). However, the tran-
sition at high fields cannot be seen in the χ ′′(H) plots,

as its magnitude falls in the instrumental resolution limit.
Of note, all the transitions are accompanied by hystere-
sis in the field-increasing and decreasing paths, signifying
the first-order nature of the transitions [30]. It can be
noted here that a similar kind of transition anomaly was
recently observed in the ac susceptibility measurements
in the case of the Heusler tetragonal antiskyrmion host-
ing Mn-Pt-Pd-Sn system [15]. Hence, our ac susceptibility
measurements point towards the presence of antiskyrmion
phase in the present system. The absence of any tran-
sition in both χ ′(H) and χ ′′(H) curves for x = 0.28,
which also does not show any THE, further vindicate our
findings.

In order to further investigate the evolution of possi-
ble antiskyrmion phase in our samples, the role of various
energy parameters such as exchange constant (J ), DM con-
stant (D), and magnetocrystalline anisotropy (K) needs
to be understood, as the size and stability of the anti-
skyrmion phase largely depend on these parameters. It has
been reported [31] that the size of the skyrmion R, can be
expressed as R = πD

√
A/(16AK2 − π2D2K), where A is

the exchange stiffness constant that proportionally varies
with the exchange constant J . In our case, the exchange
stiffness remains almost constant as the magnetic order-
ing temperature for all the samples falls between 600
and 650 K. In the previous study, it has been found that
the magnetic anisotropy plays a decisive role along with
the inhomogeneous DM interaction in the formation of
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(a) (b) (c) (d) (e)

(f) (g) (h) (i) (j)

Mn2.1Ni0.9Ga Mn2.13Ni0.87Ga Mn2.16Ni0.84Ga Mn2.20Ni0.80Ga Mn2.28Ni0.72Ga

Mn2.1Ni0.9Ga Mn2.13Ni0.87Ga Mn2.16Ni0.84Ga Mn2.20Ni0.80Ga Mn2.28Ni0.72Ga

FIG. 4. (a)–(e) Room-temperature real part of ac susceptibility as a function of magnetic field, χ ′(H) for Mn2+xNi1−xGa samples.
The notations “+−” and “−+” indicate the field sweep from +5 to −5 T and −5 to +5 T, respectively. The symbols �,

⊕
, and 
 mark

the transitions in χ ′(H) curves. (f)–(j) Field-dependent imaginary part of ac susceptibility, χ ′′(H) plots at T = 300 K. Transitions in
the curves are marked by arrows.

antiskyrmion phase in the case of Mn2NiGa [22]. To
extract the uniaxial magnetocrystalline anisotropy in the
present samples, we follow the law of approach to satu-
ration (LAS) [23,32]. According to the LAS method, the
magnetization M of highly anisotropic ferromagnetic sam-
ples in the region with M ≥ 0.95Ms can be expressed as
M = Ms(1 − a2/H 2), where Ms is the spontaneous mag-
netization and a2 is a constant for a given system at a
fixed temperature. In the case of uniaxial anisotropic poly-
crystalline systems, a2 = 4K2

eff/15M 2
s , where Keff is the

effective magnetocrystalline anisotropy constant. It is to be
noted here that the above relation between a2 and Ms is
formulated by averaging the contribution of all grains ori-
ented in different directions with respect to the magnetic
field in the polycrystalline sample [32]. Now, if we con-
sider the demagnetization effect, then the internal magnetic
field in the sample (H ′) can be given by H ′ = H − NdM ,
where d is the mass density and N is the demagnetization
factor that lies in between 0 and 1 [33–35]. Since we mea-
sure the magnetization by applying the magnetic field per-
pendicular to the long axis of rectangular cubiod-shaped
samples, N in this configuration is found to be about
0.45–0.65 [33–35]. The inset of Fig. 5 shows the M versus

1/H ′2 (solid symbols) plot for the Mn2.13Ni0.87Ga sam-
ple. In order to evaluate the uniaxial magnetocrystalline
anisotropy of the samples, we fit the experimental data
using the LAS relation M = Ms(1 − a2/H ′2), as shown in
the inset of Fig. 5. From the straight-line fitting, the values
of Ms and a2 are obtained as 163 769.612 ±125.224 A m−1

and 1.843 ± 0.022 T2, respectively. Using these fitting
parameters Keff is calculated as 4.30 (±0.10) ×105 J m−3

for Mn2.13Ni0.87Ga. A similar procedure is followed to cal-
culate the effective uniaxial magnetocrystalline anisotropy
constant for other samples.

The variation of Keff with composition for the
Mn2+xNi1−xGa samples is plotted in Fig. 5 (open square
symbols). As can be seen, Keff first increases monotoni-
cally with x and achieves a maxima for x = 0.13, before
decreasing for the higher x samples. To compare the effect
of anisotropy with the observed THE, the compositional
variation of maximum ρT is also plotted in Fig. 5 (open
circles). As can be seen, ρT exhibits a similar kind of peak
behavior as that of Keff. It is noteworthy to mention here
that the ρT is related to the size of antiskyrmions (ask)
by the relation ρT ≈ (h/e)PR0/ask

2, where R0 is the nor-
mal Hall coefficient and P is the spin polarization of the
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FIG. 5. Variation of magnetic uniaxial anisotropy constant
(Keff) and maximum value of topological Hall resistivity (ρT)
for Mn2+xNi1−xGa samples taken at T = 3 K. The symbols rep-
resent the data points, whereas the dotted lines act as a guide
to eye. The inset shows experimental (solid circles) and the
fitted magnetization curve (solid line) using the LAS relation
M = Ms(1 − a2/H ′2) for Mn2.13Ni0.87Ga when the magnetiza-
tion M ≥ 0.95Ms.

conduction electrons [36]. With the above relation, the
antiskyrmion size ask for x = 0.13 and 0.16 is estimated
to be less than 10 nm. Therefore, it is evident that the
increase in Keff plays a substantial role in the reduction of
antiskyrmion size for x = 0.13 and 0.16 with maximum
THE.

The finding of multiple transitions in the Hall resistiv-
ity and magnetization measurements for x = 0.13, which
also exhibits the highest anisotropy, prompted us to carry
out micromagnetic simulation to understand its origin.
The simulation is carried out with the help of public
domain software package OOMMF [37], added with the
DMI extension module [38]. Here, we take a thin film
with dimensions of 1000 × 1000 × 5 nm3 with a cell size
of 5 × 5 × 5 nm3. We start the simulation from a ran-
domly magnetized state and then the magnetic state is
relaxed in the presence of a magnetic field of 0.55 T
with different values of anisotropies fixing the satura-
tion magnetization to MS = 1.65 × 105 A m−1, the DM
interaction constant to D = 6 mJ m−2, and the exchange
stiffness to A = 3 × 10−11 J m−1. Figure 6 shows the evo-
lution of spin textures with different values of anisotropies
K . A mixed state of different spin textures, e.g., anti-
skyrmions with different helicity, antiskyrmioniums, and
stripe domains, coexist for the lower anisotropy constants
ranging from 1 × 105 J m−3 to 4 × 105 J m−3. Interest-
ingly, the presence of topological magnetic textures, such

as antiskyrmions, antiskyrmioniums [as shown inside the
white dashed boxes in Fig. 6(f)], and antiskyrmion pockets
with opposite helicity [as shown inside the black dashed
boxes in Fig. 6(f)] are found for K = 5 × 105 J m−3.
Further increase in K = 6 × 105 J m−3 mostly stabi-
lizes pure antiskyrmion phase as shown in Figs. 6(g) and
6(h). These simulated results suggest that the magnetic
anisotropy greatly affect the nature of spin textures in our
system.

The observation of multiple transitions in the Hall mea-
surements can be understood from our simulated magnetic
textures presented in Fig. 7 along with the field varia-
tion of ρT. Here, the micromagnetic states represent the
typical field evolution of the system with saturation mag-
netization MS = 1.65 × 105 A m−1, D = 6 mJ m−2, A =
3 × 10−11 J m−1, and K = 5 × 105 J m−3 (the effec-
tive anisotropy for x = 0.13). A possible correlation of
all the simulated magnetic states at different magnetic
fields with the field-dependent experimental topological
Hall resistivity for x = 0.13 are presented in Fig. 7. Dif-
ferent field regions in the field evolution of ρT curves
and the corresponding simulated magnetic spin states are
denoted as R-1, R-2, R-3, and R-4. The following assess-
ments can be made from Fig. 7. (1) For Hz = 0.3 T, a
mixed magnetic state consisting of strip domains, anti-
skyrmions, antiskyrmion pockets with opposite helicity,
and antiskyrmioniums is observed. It can be mentioned
here that antiskyrmioniums consist of a zero topological
charge, whereas the antiskyrmion pockets in the present
case show opposite topological charge to that of the anti-
skyrmions. The small value of ρT in R-1 is due to the net
topological charge coming from the antiskyrmions. (2) By
further increasing the field to Hz = 0.55 T, as indicated
by R-2, the stripe domain states disappear completely and
predominantly a mixture of all topological magnetic states
comprising of antiskyrmions, antiskyrmioniums, and the
antiskyrmion pockets with opposite helicity are found. A
small increase in ρT from R-1 to R-2 can be attributed
to the creation of a larger number of antiskyrmions from
the stripe domain state. (3) A sharp kind of transition
can be noticed between R-2 and R-3. As can be seen
from the simulated pattern at Hz = 1.00 T, all the anti-
skyrmioniums and the antiskyrmion pockets with opposite
helicity, disappear in R-3, instead a dense arrangement
of the regular antiskyrmions is found. This results in the
observation of a sudden rise of ρT in the R-3 region, as
all the antiskyrmionium with zero topological charge and
antiskyrmion pockets with opposite helicity are now con-
verted into regular antiskyrmions. (4) The field-polarized
simulated state, represented by R-4, appears for Hz = 3.0 T.
In this case, all the antiskyrmions annihilate into the field-
polarized state giving rise to the zero value of ρT in region
R-4.

The large THE of over 200 n	 cm in the present
system points towards the existence of very small
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(a) (b) (c) (d)

(e) (f) (g) (h)

K = 1 × 105 J m–3 K = 2 × 105 J m–3 K = 3 × 105 J m–3 K = 3.5 × 105 J m–3

K = 4 × 105 J m–3 K = 5 × 105 J m–3 K = 5.5 × 105 J m–3 K = 6 × 105 J m–3

FIG. 6. Simulated spin textures showing the evolution of magnetic states with changing anisotropy. The simulation is
carried out using the experimental saturation magnetic moment for x = 0.13, MS = 1.65 × 105 A m−1, the DMI constant
D = 6 mJ m−2, and the exchange stiffness A = 3 × 10−11 J m−1. A magnetic field of 0.55 T is applied for all the simulated tex-
tures. In (f) the antiskyrmioniums and antiskyrmion pockets are marked inside the white dashed boxes and black dashed boxes,
respectively.

antiskyrmions of size less than 10 nm. It may be noted
here that in the present polycrystalline samples, the mea-
sured THE originates only from the grains where c axis
is aligned within 15–20◦ with respect to the applied mag-
netic field. Hence, the actual THE and antiskyrmion size
in the present system could be much larger or smaller
than the observed values. The small size of the anti-
skyrmions also restricts us to directly visualize them using
Lorentz transmission electron microscopy. It is worthwhile
to mention here that there are only few materials known
to exhibit skyrmions of size <10 nm and in most of the
cases, they exist at very low temperatures [7,39–43]. A
very low-temperature skyrmion phase along with a nar-
row range of temperature stabilities in these materials are
major shortcomings for room-temperature applications. In
this prospect, the present Mn-Ni-Ga based tetragonal mate-
rials show the potential to host very small antiskyrmions
(<10 nm) over a wide temperature range including the
room temperature. Another aspect of the present system
is that it shows a very small magnetic moment of less than
1 μB (f.u.)−1. It has been observed that the antiskyrmions
in highly magnetic samples can be easily transformed into
skyrmions through the trivial bubble under the application
of the very small in-plane magnetic field [16,17]. In such
cases, the advantages of antiskyrmions over skyrmions

regarding the skyrmion Hall effect are diluted by these
topological phase transformation. Therefore, the present
low magnetic-moment-based Mn2+xNi1−xGa materials
possess a high probability to host robust antiskyrmion
phase unperturbed by the in-plane magnetic field and/or
dipole field.

In a certain range of composition for the present system,
the presence of various topological states with different
topological charges is evident from the multiple topologi-
cal transitions in different experimental data. Based on our
micromagnetic simulation, these topological transitions
are attributed to the possible presence of antiskyrmions
along with antiskyrmioniums and antiskyrmion pockets. It
is to be noted here that the finding of a similar kind of
skyrmionium as well as skyrmion pockets has also been
demonstrated recently in the skyrmion hosting FeGe thin
plates [44]. The possibility of coexistence of the anti-
skyrmion and antiskyrmionium, which can be encoded as
“1” and “0” data bits, respectively, makes the system more
attractive for future spintronic applications. However, we
are unable to directly visualize the proposed multiple topo-
logical states in our samples due to their small size. In
future, other measurement techniques, e.g., small angle
neutron scattering and resonant soft x-ray scattering can
be utilized for their direct observation.

044040-8



MANIPULATION OF ANTISKYRMION PHASE. . . PHYS. REV. APPLIED 17, 044040 (2022)

FIG. 7. Topological Hall resistivity along with field-dependent simulated spin textures for x = 0.13. The simulation is performed at
different magnetic fields with MS = 1.65 × 105 A m−1, D = 6 mJ m−2, A = 3 × 10−11 J m−1, and K = 5 × 105 J m−3. Different field
regions in the ρT data and corresponding simulated magnetic textures are marked as R-1, R-2, R-3, and R-4.

IV. CONCLUSION

In conclusion, we carry out a detailed magnetic and
Hall effect measurements to demonstrate the presence of
potential antiskyrmion phase in the tetragonal Heusler
materials Mn2+xNi1−xGa. Unlike the parent Mn2NiGa, the
antiskyrmion hosting tetragonal phase in the present case
can be stabilized up to the magnetic ordering tempera-
ture of about 600 K. We show the existence of multiple
topological phase transitions for a certain compositional
range in the field evolution of topological Hall effect data
as well as field-dependent ac susceptibility measurements.
Our micromagnetic simulation suggests that the mag-
netic anisotropy of the system greatly contribute towards
the stabilization of multiple topological states, possibly,
antiskyrmionium and antiskyrmion pockets. Finally, the
expected small size (≤10 nm) of antiskyrmions at room
temperature in the present system is extremely useful for
the high-density memory applications.
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