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Skyrmions are localized swirling noncoplanar spin textures offering a promising revolution in future spintronic
applications. These topologically nontrivial spin textures lead to an additional contribution to the Hall effect,
called the topological Hall effect. Here, we investigate the origin of the topological Hall effect—a trademark
of skyrmions—in a centrosymmetric shape memory Heusler alloy (SMHA) Mn,NiGa. The magnetization
measurement unveils the presence of austenite to martensite transition in the studied system. The topological
Hall effect (THE) in the present system is examined experimentally and theoretically. The presence of a large
THE in the austenite (cubic) phase of the system strongly suggests that the observed THE in Mn,NiGa cannot
be attributed to the antiskyrmions stabilized by D,, symmetry as reported earlier. To comprehend the underlying
mechanism behind the origin of THE, we have performed micromagnetic simulations for a range of magnetic
field with a small value of DMI (local DMI) to consider the possible impact of earlier reported atomic disorder
in the centrosymmetric SMHA Mn;NiGa. The results showed the stabilization of Néel-type skyrmions, which
can be assigned to the expected local symmetry breaking at the interface of disorder originated ferromagnetic
nanoclusters and ferrimagnetic lattice of the system. A theoretical calculation of topological Hall resistivity by
utilizing micromagnetic simulations is performed, which is of the same order as the experimentally obtained

values in the both martensite and austenite phases.

DOI: 10.1103/PhysRevB.108.224108

I. INTRODUCTION

Skyrmion, a topologically protected local whirl of spin
configuration has revolutionized the spintronics field [1-5].
Skyrmions are potential candidates for information carriers in
high-density racetrack memory and other spintronic devices
as their topological nature helps them to decouple from crystal
lattice and assures skyrmions motion via ultralow-current den-
sity [6-8]. The topologically protected skyrmion is quantified
by an integer called topological number [9,10]:

0= i/m - (0ym x d,m)dxdy, ()
4 ’

where m is the unit vector in the direction of the magnetiza-
tion. The topological charge Q associated with the skyrmions
can be any integer [11-13]. The Dzyaloshinskii-Moriya
interaction (DMI) [14,15] found in noncentrosymmetric mag-
netic materials is assigned for stabilizing skyrmionic textures
[16-19]. The energy associated with this interaction is ex-
pressed as D;; - S; x §;, where, D;;, S;, and S; are DMI vector
and spins at ith and jth sites, respectively [14,15]. In general,
skyrmions are classified into Bloch, Néel and antiskyrmion
[20]. In a Bloch-type skyrmion, spins swirl in the tangen-
tial planes, that is, perpendicular to the radial directions on
moving from core to periphery, while in the case of Néel-
type skyrmion, the spin swirls in radial directions from core
to periphery [20-22]. The antiskyrmion, on the other hand,
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has alternating Bloch and Néel-type moment rotations [23].
Depending on the crystal symmetry of the material, distinct
types of skyrmions can be stabilized, viz. C,, symmetry and
D, symmetry with homogeneous DMI (D, = D,) stabilizes
Néel and Bloch skyrmions, respectively [24,25], while D,
symmetry with inhomogeneous DMI (D, = —D,) stabilizes
antiskyrmions [24,26,27].

At first, these swirling-like spin configuration was ob-
served in noncentrosymmetric systems hosting bulk DMI
(MnSi [16], Fe;_,Co,Si [17], Cu,OSeOs [18], MnGe [19]),
where the competition between exchange interaction and DMI
plays a vital role in the stabilization of these textures [14,15].
This was followed by their exciting emergence in the mul-
tilayer thin films with interfacial DMI offering the benefit
of material compatibility for direct application in the current
spintronic devices [28,29]. In 1963, Arrott theoretically pro-
posed that the imperfections in the ferro/antiferromagnetic
materials may cause the breaking of local inversion symmetry
at lattice defect sites and result in microstructural-defect-
induced DMI (local DMI) in the system, which may give
stability to some magnetization states [30]. This was followed
by the experimental realization of local DMI in centrosym-
metric nanocrystalline terbium (Tb) and holmium (Ho), where
vorticity in the magnetization states is reported due to the
breaking of local symmetry by intrinsic inhomogeneity [31].
Recently, the stabilization of Néel skyrmions in centrosym-
metric Fe;GeTe, due to local symmetry breaking induced by
an imbalance of Fe occupancy in the lattice is also reported
[32]. The topological Hall effect is considered as a bench-
mark of skyrmions [33,34]. The interaction of skyrmions
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with the conduction electrons leads to the generation of a
fictitious magnetic field in the real space [34], which is
experienced by conduction electrons on passing across a
skyrmion. This results in an additional contribution to the
measured Hall effect called the topological Hall effect (THE)
[34,35]. This exotic phenomenon has been reported in var-
ious systems like MnSi [34], Fe;GeTe, [36], MnsSis [37],
EuAgAs [38], MnBisTe; [39], etc. Besides these, Heusler
alloys have emerged as potential candidates for realizing both
real-space and momentum-space Berry curvature mediated
THE [40]. Heusler alloys are ternary intermetallic compounds
offering high electronic and magnetic tunability by interplay
with constituent elements [41,42]. The observation of THE
associated with the skyrmions has been reported in various
Heusler systems like Ni;MnGa [43], Mn3Ga [44], Mn,PtSn
[45], Mn,RhSn [46], etc.

Among above mentioned Heuslers, shape memory Heusler
alloy (SMHA) Mn;NiGa exhibiting ferrimagnetism [47,48],
high Curie temperature (T ~ 588K) [49], room temperature
martensitic transformation [49,50], high magnetic field in-
duced strain (MFIS) [49], large magnetocaloric effect (MCE)
[51], and spin-valve-like magnetoresistance [52], has gained
tremendous attention due to its potential application in
magnetic actuators/sensors and spintronic devices [49,52].
Recently, THE was observed in Mn,NiGa SMHA [53]. The
system was reported to be noncentrosymmetric tetragonal
Heusler (I4m2), along with the small cubic phase (F 43m)
at room temperature. The origin of THE in the system was
theoretically determined using micromagnetic simulation and
attributed to the stabilization of antiskyrmions due to the
presence of D,; crystal symmetry in the system [53]. On
the other hand, a different study based on neutron diffrac-
tion of Mn,NiGa by Brown et al. reported the system to be
centrosymmetric (/4/mmm) [50]. This study was further sup-
ported by another neutron diffraction study where the same
system was again reported to be centrosymmetric (I4/mmm)
with the presence of antisite disorder (13% of Ga sites oc-
cupied by Mny; atoms) [52]. The antisite disorder resulted
in the formation of ferromagnetic (FM) nanoclusters in the
ferrimagnetic (FI) lattice where spins are aligned antiparallel
to each other [52]. Here, we consider FI as antiferromagnet
(AFM). In a recent study, the interfacial DMI is quantitatively
measured across an AFM/FM interface [54]. Surprisingly, the
calculated interfacial DMI values varying with the antiferro-
magnetic layer thickness are very small (<150 uJ/m?) [54]
and close to the earlier reported value of defect-induced DMI
(~450 £ 70 uJ/m?) [31]. Thus the ongoing discussion sug-
gests that the observed THE in the centrosymmetric Mn,NiGa
SMHA requires a detailed investigation to understand its
origin.

The present manuscript reports a combined experimen-
tal and theoretical study of THE in Mn,NiGa SMHA. The
magnetization measurement reveals the structural transition
from austenite to the martensite phase. The topological Hall
resistivity (THR) measurement shows a relatively larger value
in the austenite phase than the martensite phase. The presence
of large THE in the austenite (cubic) phase of the system
strongly suggests that the observed THE in Mn,;NiGa cannot
be assigned to the antiskyrmions stabilized by D,; symmetry
as reported earlier [53]. The origin of THE in the present

system is then further probed by performing micromagnetic
simulations with the small value of DMI (local DMI) to
take the earlier reported atomic disorder for the same system
into consideration, which resulted in the stabilization of Néel
skyrmions. Our findings suggest that the antisite disorder may
break the local inversion symmetry at AFM (FI)/FM interface
in Mn,;NiGa, which may give rise to interfacial DMI in the
local range and thus, Néel skyrmions in the system. Therefore
the origin of THE in the SMHA Mn;NiGa can be accredited
to the Néel skyrmions-induced real-space Berry curvature
emerged due to atomic disorder present in the system. The
theoretical calculation of THE using micromagnetic simula-
tions at distinct magnetic fields, is also performed in the both
martensite and austenite phases. The obtained theoretical val-
ues are found to be in well-agreement with the experimental
THR values.

II. RESULTS AND DISCUSSION

A. Structure, magnetization and resistivity

The ingot of polycrystalline Mn;NiGa was prepared un-
der an argon atmosphere using the standard arc-melting
method [52,55]. The details of sample preparation is pro-
vided in Ref. [56]. The profile fitting of room-temperature
x-ray diffraction (RT-XRD) pattern of the synthesized sample,
exhibiting cubic (Fm3m) structure, is shown in Fig. S1 of
Ref. [56].

The temperature-dependent magnetization (M(T)) curve at
100 Oe measured for the temperature range of 10 to 380 K is
shown in Fig. 1(a). The structural transition temperatures for
SMHA Mn;,NiGa is obtained by tangent method [55,57], the
zoomed view is shown in the inset of Fig. 1(a). The present
sample shows the martensite transition with characteristic
temperature (Tp;,) ~ 284 K, martensite finish temperature
(Tu ) ~ 201 K, austenite start temperature (T4,) ~ 250 K and
austenite finish temperature (T4y) ~ 327 K, which are close
to the values reported earlier in the literature [49,51]. Interest-
ingly, the presence of antiferromagnetic exchange interaction
in Mn;NiGa is indicated by the splitting of zero-field-cooling-
warming (ZFCW) and field-cooling (FC) curves as shown in
Fig. 1(a) [51,58,59]. The inset of Fig. 1(a) shows the varia-
tion of longitudinal resistivity (p,,) with temperature during
the cooling cycle, which depicts monotonic metallic behavior
with a sharp rise around martensitic temperature due to the
creation of twins along distinct crystallographic orientations
separated by twin boundaries [60].

B. Topological Hall

The Hall resistivity (poy,) data taken for a temperature range
of 5 to 360 K for the investigation of magneto-transport is
shown in Fig. 1(b). The total p,y is generally divided into three
contributions [40,44]:

Py = PO + P + P )

where 09, pf\, and p] denote ordinary, anomalous, and
topological Hall resistivity contributions, respectively. The
ordinary Hall resistivity is given by ,oxoy = RoH, where Ry is
the ordinary Hall coefficient. The anomalous Hall resistivity
can be written in terms of magnetization (M) and p,, as ,o;‘y
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FIG. 1. (a) Temperature-dependent magnetization [M (7 )] curve
at 100 Oe. Inset shows the zoomed view of tangents drawn to deter-
mine transition temperatures and zero-field longitudinal resistivity
(pxy) vs temperature (7') plot for Mn,NiGa. (b) Field-dependent Hall
resistivity (ox,) measured at various temperatures.

= bp2 M, where b is constant [37,44]. It is well known that
topological Hall contribution in the Hall resistivity is only
found at lower magnetic fields. Therefore the p,, data at
higher magnetic fields can be simply written as o, = RoH +
b,o)%xM [44]. This equation is valid for weak magnetic field if
wct K 1, where, o, =eH/m is the cyclotron frequency and
T = m/ne’ py, is the relaxation time [37]. The values of Ry
and b can be obtained as intercept and slope, respectively,
from the linear fitting of % and p-%#M in high field region,
which can be further used for 9, and pf) calculations [61,62].
The p| can then be extracted by subtracting the calculated ,OXOV
and ,o;‘y contributions from the total p,, [53] (see Ref. [56] for
detailed description). The calculated ,o)?v and ,o;‘y contributions
(RoH + bp2, M) and extracted p! from total experimental
Hall resistivity (oyy) at 5 K (martensite) and 340 K (austenite)
are shown in Figs. 2(a) and 2(b), respectively.

The field-dependent ,oxTy curves for a wide temperature
range of 5 to 360 K are shown in Fig. 2(c). The obtained pry
curve shows the maximum values at ~0.45 £ 0.157T for the
entire temperature range. It is worth mentioning here that sign

of ,oxTy changes in the martensite phase. This sign reversal is
probably associated with the change in net spin polarization
of electron states in the martensite phase in comparison to the
austenite phase of Mn,NiGa [48,63,64]. A similar behavior
in the ,oxTy sign, attributed to the change in spin polarization
in the martensite phase is also reported in another SMHA
Ni,MnGa [43,65]. It can also be observed from Fig. 2(c) that
as the temperature approaches the martensite phase, the value
of ,oxTy decreases drastically. This can be related to the change
in structure at the martensite transition [43]. The contour
mapping of the magnitude of ,oxTy with respect to temperature
(T) and applied magnetic field (uoH) is shown in Fig. 2(d).
The inset of Fig. 2(d) shows the variation of p!, with temper-
ature where a sharp rise in ,OXTy value is clearly visible as the
temperature approaches the austenite phase.

The unambiguous presence of THE in the austenite (cubic)
phase of the centrosymmetric SMHA Mn,NiGa clearly indi-
cates that the THE in the present system cannot be assigned
to the D,,; symmetry as reported earlier in the literature [53].
Also, it raises an intriguing question on the type of non-
coplanar structures (type of skyrmions/bubbles, etc.) present
in the centrosymmetric Mn,NiGa SMHA. Thus the origin
of THE in Mn,;NiGa needs further investigation considering
its centrosymmetric structure with the reported antisite disor-
der, which may cause an emergence of local DMI at AFM
(FI)/FM interface. Therefore we have performed micromag-
netic simulations at 5 and 300 K considering DMI values
expected for local symmetry breaking as earlier reported in
the literature [31].

C. Micromagnetic simulation

The details of micromagnetic theory and simulation is
provided in Ref. [56] (see also references [4,6,7,12] therein).
The energy parameters required to perform micromagnetic
simulations such as exchange coefficient (A.,) and anisotropy
constant (K), are calculated from experimental M (H ) data.

At temperatures much below the transition temperature,
demagnetization of ferro- or ferrimagnetic materials often
results through the excitation of long-wavelength spin waves,
whose energy is quantified by the spin-wave stiffness coeffi-
cient (D) [66]. The amplitude of the spin waves is small at
low temperatures, and thus, noninteracting spin waves can
be used to approximate the excitations close to the ground
state. This theory gave rise to Bloch T'3/? law, which describes
low-temperature magnetization [66,67]. The value of A, is
calculated by first deducing D through fitting the 7%/ de-
pendent Mg(T)/Ms(0) data in low-temperature region to the
following equation [67,68]:

Mg(T
s _ g 3)
M;s(0)
and
32
B=2612-548 (ke \7 @)
Mg(0)\ 47D

where Ms(T), Ms(0), ug, g, and kg are spontaneous mag-
netization at temperature 7, spontaneous magnetization at
0 K, Bohr magneton, Lande’s splitting factor, and Boltzmann
constant, respectively. The fitting shown in Fig. 3(a) gives
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FIG. 2. (a) The Hall resistivity (o) vs applied magnetic field (uoH (T)) curve (black line), calculated RyH + bprM curve (red line) and
extracted topological Hall resistivity (pXT),) curve (blue) measured at 5 K (martensite). (b) The p., vs uoH(T) curve (black line), calculated
RyH + bp_fo curve (red line) and extracted p” curve (blue) measured at 340 K (austenite). (c) Field-dependent ,oxTv curves at various
temperatures. (d) Contour mapping of the magriitude of ,oxTy as a function of temperature (T') and oH(T). Inset shows the variation of

ol with temperature.

the value of B and, thus, the value of D is calculated using
Eq. (4). The value of A,, can then be determined by using the
following relation [69]:

2Aexg/‘LB
_— 5
M (%)

The values of A, for 5 and 300 K are calculated to
be 3.38 x 107!2 and 2.61 x 107'2 J/m, respectively. The
anisotropy constant (K) values to be used in the micromag-
netic simulations are deduced from fitting the experimental
M (H) data to the Law of approach to saturation [70]:

D =

A
and
4K o
1sM

where M, x, and A are the spontaneous magnetization, high-
field susceptibility and a constant which is the function of
magnetic anisotropy (K) and My [Eq. (7)], respectively. The
anisotropy constant (K) values for 5 and 300 K are calculated
to be 6.08 x 10* and 3.79 x 10* J/rn3, respectively, from
the fitting of high-field region of M(H) curves [Fig. 3(b)]
recorded at respective temperatures. The values of Ms are
taken from the experimental M(H) loop (1.74 x 103 A/m at
5K and 1.34 x 10° A/m at 300 K).

The values of DMI to be used in micromagnetic simula-
tions are taken to be 0.55 mJ/m? (300 K) and 0.66 mJ/m?>
(5 K), which is close to the earlier reported local DMI value
[31]. The results of micromagnetic simulations obtained at
300 and 5 K for different magnetic fields are shown in Figs. S5
and S6 of Ref. [56], respectively. Initially, the random magne-
tization state is relaxed for a range of out-of-plane magnetic
fields (—3 to 3 T), and the Néel skyrmions are found to be
stabilized for the present reported system at lower magnetic
fields (< — 0.4 t0 0.4 T) at both 5 and 300 K. Thus our micro-
magnetic simulation results suggest that the local symmetry
breaking at atomic-disorder induced AFM (FI)/FM interface
leads to the origin of interfacial DMI and, thus, stabilizes Néel
skyrmions in the system. This gives rise to real-space Berry
curvature induced THE in the system.

D. Theoretical calculation of topological Hall

To further ensure the skyrmionic origin of THE, we have
calculated the ,oxTy by first calculating the topological number
(Q) of stabilized Néel skyrmionic lattice using a python li-
brary [71]. The obtained value of Q for simulated results at
various magnetic fields is tabulated in Table I (Ref. [56]).
The higher value of Q obtained for 300 K compared to 5 K
supports the enhanced experimental p;;, value as the tem-
perature approaches austenite phase. This is followed by the
calculation of theoretical ,OXTv from obtained Q of simulated
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FIG. 3. (a) Fitting of temperature dependence (T*?) of magne-
tization [Mgs(T)/Ms(0)] measured at 3 T for Mn,NiGa. (b) Fitting
of the high-field region of [M(H )] curve measured at 5 K to Law of
approach to saturation. The inset shows the same fitting at 300 K.

skyrmionic lattice at respective magnetic fields by using the
following relations [72]:

ol =0 f n- (dn x oyn)dxdy, (®)
S
where
et
U)?y = Gx;c(M)(bo 9

with n, a)g,, S, oy, T, and @ being the magnetization vec-
tor, topological Hall conductivity, surface area of simulation,
longitudinal conductivity, scattering time (o,,m/ne?), and flux
quantum (h/e), respectively. The term f g (0yn x dyn)dxdy
in Eq. (8) is the total flux which is —47 times the topological
number (Q) [73,74]. After getting the value of axTy using above
Egs. (8) and (9), the value of ,oxTy at various magnetic fields can
be simply calculated using the following equation [75]:

T _  “xy
pxy - 0_2 . (10)

1
W

1
\9]

1
()
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FIG. 4. (a) Experimental topological Hall resistivity (pXT),) curves
obtained for 5 and 300 K measured at —3 to 3 T. (b) Theoretical pXTy
curves calculated from micromagnetic simulation results obtained
for 5 and 300 K. The inset shows the Néel skyrmions obtained at
0.4 and —0.4T.

The obtained theoretical pry values at 5 and 300 K at dif-
ferent magnetic fields (—3 to 3 T) calculated using the above
relations are tabulated in Table I (Ref. [56]). A comparison
between experimentally and theoretically obtained pry values
at 5 and 300 K are shown in Figs. 4(a) and 4(b), respectively.
The inset of Fig. 4(b) shows the simulated Néel skyrmions
at 0.4 and —0.4 T. The maximum theoretically obtained ,0;;,
values are found to be 27.74 and 108.38 nQ2 cm for 5 and
300 K, respectively, which are in the same order as the ex-
perimentally obtained values of ,oxTy (74.74 nQ2 cm at 5 K and
119.23 n2 cm at 300 K). Similarly, the theoretical THE is
also calculated at 340 K (austenite phase). The theoretical ,01;,
value is obtained to be ~242 n2 cm, which is comparable
to the experimental one (285 n2 cm). The micromagnetic
simulation results obtained for 340 K and a comparison of
experimental and theoretical THE at 5, 300, and 340 K is
shown in Figs. S7 and S8, respectively, of Ref. [56]. The
obtained theoretical THE results were found to remarkably
follow the similar trend in magnitude as the experimental THE
(see Fig. S8 of Ref. [56]). The comparable theoretical and
experimental ,oxTv values ensure that the origin of THE in the
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present system is attributed to the local symmetry breaking
at AFM (FI)/FM interface due to atomic disorder present
in the system, which resulted in the emergence of interfa-
cial local DMI and, thus, Néel skyrmions in the Mn,;NiGa
SMHA.

III. CONCLUSIONS

In summary, the origin of THE in centrosymmetric
Mn;NiGa SMHA is investigated. The magnetization mea-
surement reveals the presence of austenite to martensite
transition in the present system. The observation of large THE
in the austenite (cubic) phase of the system strongly suggests
that the present THE in Mn,;NiGa cannot be accredited to
the antiskyrmions stabilized by D,; symmetry as reported
earlier [53]. The micromagnetic simulations considering the
local DMI resulted in the stabilization of Néel skyrmions,
which can be assigned to the local symmetry breaking due
to intrinsic disorder present in the SMHA Mn;NiGa. Thus
our work suggests that the Néel skyrmion-induced Real-space

Berry curvature is the origin of THE in the present system.
This is further validated by calculating the theoretical THE
using simulated skyrmionic lattice at 5, 300, and 340 K. The
comparable theoretical (27.74 nQ2 cm at 5 K, 108.38 nQ2 cm
at 300 K, and ~242 n2 cm at 340 K, respectively) and ex-
perimental (74.74 n2 cm at 5 K, 119.23 n2 cm at 300 K, and
285 n€2 cm at 340 K) THR values further support our findings.
Thus the present study unfolds the ambiguous aspects about
the origin of THE in Mn;,NiGa.
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