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Applying strain to epitaxial thin films has proven to be an effective approach for controlling
material properties, paving the way for “materials by design”. In this study, we explore this concept
in the context of topological Kagome antiferromagnets, which can exhibit a range of exotic magnetic
states. One such material, Mn3Sn, features a non-collinear yet coplanar inverse triangular spin order
that lacks scalar spin chirality. By applying anisotropic strain to reduce the point group symmetry
of the Kagome triangles from 𝐶3𝑣 to 𝐶1, and utilizing the Dzyaloshinskii-Moriya interaction in
epitaxial Mn3Sn heterostructures, we achieve a canting of the manganese spins out of the Kagome
plane. This newly induced magnetic state introduces a finite scalar spin chirality and results in a
significant Berry phase in momentum space. Consequently, a large anomalous Hall effect emerges in
the Kagome plane at room temperature, which can be fully controlled by charge current, enabling
the realization of multiple-stable antiferromagnetic memory states.

I. INTRODUCTION

A Kagome lattice consists of corner sharing trian-
gles, where a delicate interplay between geometrical frus-
tration, magneto-crystalline anisotropies, and compet-
ing interactions can give rise to unconventional mag-
netic ground states [1, 2]. It can also host a non-trivial
band structure in the momentum space, which is of-
ten intertwined with the magnetic order [3–5]. One
such compound is Mn3Sn that has been reported to
have time-reversal symmetry breaking Weyl points [6–
9]. Mn3Sn has a hexagonal Ni3Sn-type crystal structure
(space group P63/mmc) that can be viewed as a bi-layer
stacking of the Kagome planes along the 𝑐-axis/[0001]
direction, as shown in Fig. 1a. The manganese (Mn)
atoms form a two-dimensional Kagome lattice in the
(0001)/𝑎-𝑏 plane with the tin (Sn) atoms at the cen-
tre of the hexagon. In the bulk, Mn3Sn has a non-
collinear inverse triangular spin structure over a wide
temperature range between 50K and the Neel temper-
ature of 𝑇𝑁 = 420K [10]. The Mn spins lie within the
Kagome plane and rotate 120° anti-clockwise along a
clockwise circulation of the Kagome triangle formed by
the Mn atoms (see Fig. 1(a)) [11–13]. Magnetocrystalline
anisotropy in Mn3Sn cants the Mn spins slightly towards
the Mn-Sn easy axis within the Kagome plane resulting
in a small uncompensated moment [11, 12, 14, 15]. Al-
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though magnetization is tiny, it shows a large anomalous
Hall effect (AHE) at room temperature when the mag-
netic field is applied within the Kagome plane, which
stems from intrinsic Berry curvature in the momentum
space [16]. However, such a coplanar spin configuration
preserves the combined symmetry 𝑇𝑀𝑧, where 𝑇 is the
time reversal and 𝑀𝑧 is the mirror symmetry with the
(0001)/𝑎-𝑏 plane being the mirror plane, and the ver-
tical glide symmetry 𝑀𝑥 = {𝑀𝑥 | 𝑐2 }, where 𝑀𝑥 is the
mirror symmetry with the (112̄0)/a-c plane being the
mirror plane. This constrains Berry curvature (Ω𝑥𝑦) to
be Ω𝑥𝑦 (𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧) = −Ω𝑥𝑦 (−𝑘𝑥 ,−𝑘𝑦 , 𝑘𝑧). Accordingly,
intrinsic Berry curvature contribution to the anomalous
Hall conductivity (AHC) (𝜎𝑧𝑥𝑦) in the Kagome (𝑥-𝑦) plane
is identically zero, in accordance with experimental ob-
servation, both in single crystals and thin films [16–19].

Here, we show that anisotropic strain in combination
with an in-plane Dzyaloshinskii-Moriya (DM) interaction
arising from inversion symmetry breaking at thin film
hetero-interfaces cants the Mn spins out of the Kagome
plane resulting in a non-zero scalar spin chirality (𝜒 =
𝑆𝑖 .(𝑆 𝑗 × 𝑆𝑘) ≠ 0) at room temperature. The out-of-plane

spin canting also explicitly breaks the 𝑇𝑀𝑧 and 𝑀𝑥 sym-
metries resulting in the appearance of finite Berry curva-
ture in the Kagome plane (𝜎𝑧𝑥𝑦). This gives rise to the ob-

servation of a large AHC (𝜎𝑧𝑥𝑦) in the Kagome plane with

the magnetic field applied along the 𝑐-axis [0001]. We
further show that this anomalous Hall response can be
completely switched at room temperature by the applica-
tion of an electrical current pulse that induces a thermal
assisted switching. Moreover, different domain configura-
tions can be stabilized during the switching process that
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allows realization of multiple-stable, non-volatile, anoma-
lous Hall resistance (AHR) memory states.

II. RESULTS AND DISCUSSION

A. Anisotropic strain in epitaxial Mn3Sn (0001)
thin films

Epitaxial, (0001) out-of-plane oriented thin films of
Mn3Sn were fabricated by magnetron sputtering on 𝑐-
plane sapphire substrates using tantalum (Ta), hav-
ing the alpha (𝛼) phase, as a buffer layer. Ta
grows epitaxially on 𝑐-plane sapphire with Ta(110)
planes oriented along the out-of-plane direction and
having three domains in the in-plane direction that
are rotated at 120 degrees from each other [20,
21]. This provides a quasi-six-fold symmetric tem-
plate for epitaxial integration of Mn3Sn(0001) thin
films [22]. Epitaxial relationship in our thin films
is Mn3Sn (101̄0)[0001]| |Ta(100)[110]| |Al2O3(112̄0)[0001],
determined from x-ray diffraction measurements. How-
ever, lattice mismatch between Ta and Mn3Sn imparts
an anisotropic tensile strain on Mn3Sn atomic layers
that we calculate by measuring the reciprocal lattice vec-
tors (𝑞 ∥ , 𝑞𝑧) of Mn3Sn{202̄1} family of diffraction spots,
shown in Fig. 1(d) and Supplementary Information [22].
The anisotropic strain results in a reduction of the 𝐶3𝑣

point group symmetry of the Kagome triangles to 𝐶1.
The inter-atomic distances between the nearest neigh-
boring Mn atoms in the Kagome triangle are now dif-
ferent, having the values of 2.845, 2.856, and 2.860Å,
respectively, as shown in Fig. 1(a), in contrast to the
uniform value of 2.838Å in the bulk [23]. The out-of-
plane lattice parameter, 𝑐 = 4.538Å in our thin films is
similar to the reported value of 4.536Å in the bulk [23].
High-resolution transmission electron microscopy (HR-
TEM) on these thin films also show similar lattice pa-
rameters [22]. The Mn3Sn/Ta epitaxial heterostructures
were capped with either AlO𝑥 or Ta/AlO𝑥 protective lay-
ers before exposing them to the ambient atmosphere.

Atomic layers of Ta has a strong spin-orbit coupling
and breaks the inversion symmetry along the 𝑐-axis at
the Mn3Sn/Ta heterointerface. It, therefore, can stabi-
lize a strong in-plane interfacial DM interaction [24–26] in
the Mn3Sn/Ta thin film heterostructures. The reduction
of point group symmetry in Mn3Sn due to anisotropic
strain (see Fig. 1(a)) and in-plane DM interaction aris-
ing out of hetero-epitaxial interface plays an important
role in stabilizing non-trivial magnetic ground state in
these thin films, which will be discussed in the following
sections. Ta also serves as an ideal buffer layer because it
is stable against both Mn and Sn. This stability enables
high-temperature annealing (≥ 450° C) of Mn3Sn, which
is crucial for achieving epitaxial thin films with superior
structural and electrical properties. This is in contrast to
platinum (Pt), where interfacial reactions occur between
Mn3Sn and Pt at temperatures above 350°C [27]. Addi-

tional characterization of the thin film heterostructures
can be found in the Supplementary Information [22].

B. Anomalous Hall effect in Mn3Sn thin films with
anisotropic strain

Having established the structural properties of the
thin film heterostructures, we present their electrical and
magnetic properties in Fig. 2. We observe a large AHC
at room temperature when the measurements are done in
the Kagome plane with the magnetic field applied per-
pendicular to it. This is in sharp contrast to the ear-
lier reports on both bulk single crystals [16, 17] as well
as epitaxial Mn3Sn(0001) thin films [18, 19], where no
AHC (𝜎𝑧𝑥𝑦) is observed in the Kagome plane at room
temperature. In those studies, no evidence for sponta-
neous magnetic moment was found when the magnetic
field was applied perpendicular to the Kagome plane.
This confirms that the co-planar spin configuration of
Mn3Sn, which preserves 𝑇𝑀𝑧 and 𝑀𝑥 symmetries en-
forced 𝜎𝑧𝑥𝑦 to be zero in those experiments. In our case,
we observe a tiny magnetic moment, indicative of a finite
canting of the Mn spins out of the Kagome plane. This
induces finite scalar spin chirality and explicitly breaks
the 𝑇𝑀𝑧 and 𝑀𝑥 symmetries allowing the emergence of
AHC (𝜎𝑧𝑥𝑦), as observed in our measurements. The mag-
netic moment was found to be ≈ 9.3 and 16.5𝑚𝜇𝐵 per
Mn for 90nm thick Mn3Sn films when capped with AlO𝑥

(Ta(11nm)/ Mn3Sn(90nm)/ AlO𝑥(8nm)) and Ta/AlO𝑥

(Ta(11nm)/ Mn3Sn(90nm)/ Ta(11nm)/ AlO𝑥(8nm)), re-
spectively, as shown in Fig. 2(c),(d). The corresponding
AHCs are 𝜎𝑧𝑥𝑦(H=0) ≈ 27.7 and 33.7(Ω-cm)−1, respec-
tively (see Fig. 2(a),(b)). The carrier concentration in
Mn3Sn is estimated from the ordinary Hall effect, which
is found to be similar in both kinds of heterostructures,
5.9 × 1021/cc and 6.1 × 1021/cc for the thin films capped
with AlO𝑥 and Ta/AlO𝑥 , respectively. We note that the
magnitudes of the AHC(𝜎𝑧𝑥𝑦) in the Kagome plane of
our thin films heterostructures are large, similar to what
has been observed in bulk single crystals and thin films.
However, in those cases AHC has only been observed in
planes perpendicular to the Kagome plane. This, there-
fore, indicates a different magnetic ground state in our
thin films compared to what has been reported before.
Such a large AHC cannot be explained by the tiny mag-
netization (𝑀𝑧), shown in Figs. 2(c),(d),[16] but points
to a prominent role of scalar spin chirality and induced
Berry curvature in the momentum space.

C. Anisotropic strain and in-plane
Dzyaloshinskii-Moriya interaction induces scalar

spin chirality in Mn3Sn

To understand how out-of-plane spin canting is stabi-
lized in Mn3Sn/Ta heterostructures, we evaluate the or-
dered magnetic ground state of the Kagome lattice, which
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respects all the relevant symmetries. The spin configura-
tion in Mn3Sn can be described by a Hamiltonian, which
can be written as a sum over all Kagome triangles

𝐻 =
∑︁
△
𝐻△ (1)

where

𝐻△ = (𝐽S0.S1 +D01.(S0 ×S1)) + (𝐽S1.S2 +D12.(S1 ×S2))+

(𝐽S2.S0 +D20.(S2 × S0)) +
1

2

∑︁
𝑖

𝐾 (n̂i.Si)2 (2)

where 𝐽, Dij, and 𝐾 are the Heisenberg exchange, DM
interaction, and easy-axis single ion anisotropy, respec-
tively, where the local easy axis n̂i is oriented from site
𝑖 to the center of the Kagome hexagons. The factor 1

2
on the single-ion term is included to account for double
counting when the total energy of the lattice is calcu-
lated by summing over all Kagome triangles. There is
a hierarchy in the energy scale: 𝐽 > 𝐷 > 𝐾, which is
typical for 3𝑑 transition metal ions such as Mn [28]. 𝑆𝑖,
𝑖 ∈ 0, 1, 2 denotes the Mn spins on three Mn sublattices
in Mn3Sn, as shown in Fig. 3(b). In the absence of strain
all Mn-Mn bonds in the Kagome triangles are of same
length and related to each other by 𝐶3 rotation symmetry
(Fig. 1(a)). Therefore, the Heisenberg exchange interac-
tion is expected to be of identical strength for each of the
three bonds, 𝐽𝑖 𝑗 = 𝐽∀⟨𝑖, 𝑗⟩, as used in eqn. 2. The sym-
metry allowed DM interaction, Dij, can be written as Dij

= D𝑧 ẑ + D∥(ẑ × êij), where êij is the unit vector oriented
from site 𝑖 to site 𝑗 . In the bulk, reflection symmetry of
the Kagome planes forces 𝐷 ∥ to be identically zero. How-
ever, in Mn3Sn/Ta heterostructures, the hetero-epitaxial
interface breaks the inversion symmetry along (0001) and
hence, interfacial DM interaction can have a non-zero 𝐷 ∥
component. Following ref. [28] we set 𝐷𝑧

𝐽
and 𝐾

𝐽
as 0.1

and -0.03, respectively (note the different sign conven-

tion for 𝐾
𝐽
). For experimentally feasible values of

𝐷∥
𝐽

(
𝐷∥
𝐽

≤ ±0.2), the most stable spin structure is found to be
the coplanar inverse triangular spin structure, which is
six-fold degenerate (labelled E-coplanar6, following the
notation in ref. [29]) and does not possess scalar spin
chirality (𝜒 = 0, see Fig. 3(a)). Our theoretical results,
therefore, are in accordance with prior experimental re-
ports on bulk single crystals and epitaxial (0001) thin
films [16–19, 23, 30]. Hence, the presence of in-plane DM
interaction alone is not sufficient to induce scalar spin
chirality in Mn3Sn/Ta heterostructures.

Next, we incorporate anisotropic strain, as observed
in Mn3Sn/Ta heterostructures, where all three Mn-Mn
bonds alter their lengths and become inequivalent reduc-
ing the symmetry of the Kagome triangles to 𝐶1 (see
Fig. 1(a)). To account for this we introduce factors 𝛼𝑖 𝑗 ,
which renormalize the strength of interactions on each of
the three bonds. Therefore, under anisotropic strain the

Hamiltonian can be written as:

𝐻△ = 𝛼01 (𝐽S0.S1+D01.(S0×S1))+𝛼12 (𝐽S1.S2+D12.(S1×S2))+

𝛼20(𝐽S2.S0 +D20.(S2 × S0)) +
1

2

∑︁
𝑖

𝐾 (n̂i.Si)2 (3)

The factors 𝛼𝑖 𝑗 are a priori unknown, which we will re-
late to the change in bond lengths, which are known. We
assume here for simplicity that the Heisenberg and DM
interactions are modified by the same factor. We do this
by assuming that the exchange interactions are purely
a function of the bond distance, i.e. for Heisenberg ex-
change 𝐽 = 𝐽 (𝑙) and

𝛼𝑖 𝑗 =
𝐽 (𝑙𝑖 𝑗 )
𝐽 (𝑙0)

(4)

We then Taylor expand the function 𝐽 (𝑙) around the un-
strained bond length 𝑙0:

𝛼𝑖 𝑗 ≈
𝐽 (𝑙0) + (𝑙𝑖 𝑗 − 𝑙0) ( 𝑑𝐽𝑑𝑙 )𝑙=𝑙0

𝐽 (𝑙0)
= 1+ 𝑙0

𝐽 (𝑙0)

(
𝑑𝐽

𝑑𝑙

)
𝑙=𝑙0

(
𝑙𝑖 𝑗 − 𝑙0
𝑙0

)
= 1 − 𝜆

(
𝑙𝑖 𝑗 − 𝑙0
𝑙0

)
(5)

where the dimensionless parameter 𝜆 ≡ − 𝑙0
𝐽 (𝑙0 )

(
𝑑𝐽
𝑑𝑙

)
𝑙=𝑙0

expresses the sensitivity of the exchange interactions to
small changes in bond length. A minus sign is included
in the definition of 𝜆 because of the intuitive expecta-
tion that exchange interactions decrease with increas-
ing 𝑙. Our calculations predict that anisotropic strain,
parametrized by 𝜆 (𝜆 = 0 corresponds to the unstrained
case), stabilizes a non-coplanar ground state (𝜒 ≠ 0) un-
der any finite in-plane DM interaction, as shown in the
phase diagram in Fig. 3(a). In such cases the ground state
is two-fold degenerate and is denoted as E-noncoplanar2.
Following a recent neutron scattering experiment [30],
which experimentally parametrized the exchange inter-
actions in Mn3Sn with small differences in bond length
in the Kagome plane, we estimate 𝜆 ≈ −39. This sug-
gests that exchange interactions in Mn3Sn can not only
become stronger with increasing bond length (𝜆 < 0) but
the change can be quite large in magnitude. Representa-
tive non-coplanar magnetic ground states corresponding
to both 𝜆 = +39 and 𝜆 = −39 with a net out-of-plane
magnetic moment (𝑀𝑧 ≈ 9.3 𝑚𝜇𝐵/Mn) similar to what
is measured in our thin films, are shown in Fig. 3(b). For
both the cases, the value of 𝐷 ∥/𝐽 was tuned to reproduce
the same out-of-plane magnetization, giving 𝐷 ∥/𝐽 = 0.14
for 𝜆 = 39 and 𝐷 ∥/𝐽 = 0.19 for 𝜆 = −39. We wish to
emphasize that any non-zero 𝜆, i.e. anisotropic strain in
the Kagome lattice in presence of a finite in-plane DM
interaction will stabilize a non-coplanar ground state, as
is evident from the phase diagram presented in Fig. 3(a).
We do not attempt a precise fit of the Hamiltonian pa-
rameters here, as it would be under-constrained, but the
parameter sets used for calculations are illustrative of
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the behavior across parameter space. Further details
can be found in the Methods and in the Supplementary
Information[22].

We incorporated the E-noncoplanar2 magnetic struc-
ture shown in Fig. 3(b) in our first-principles calcula-
tions and calculated the resulting band structure. In
Fig. 3(c), we present the band structure for the coplanar
spin structure showing a nearly gapless nodal line along
the 𝐾 −𝐻 line without any Berry curvature. Considering
the non-coplanar spin configurations (E-noncoplanar2),
corresponding to 𝜆 = +39 and 𝜆 = −39, the nodal
line becomes fully gapped (Fig. 3(d)). Importantly, E-
noncoplanar2 ground state breaks both the combined
𝑇𝑀𝑧 and the vertical glide mirror 𝑀𝑥 = {𝑀𝑥 | 𝑐2 }, which
opens a large gap at nodal-band crossings. This results
in a large Berry curvature Ω𝑥𝑦, which is smeared out in
energy and has a finite contribution at the Fermi energy,
in agreement with our experimental observation of large
AHC. The calculated value of 𝜎𝑧𝑥𝑦 is 1.37 (𝜆 = +39) and
-0.71 (𝜆 = −39) S/cm at the Fermi level, which goes up to
30 (𝜆 = +39) and 31 (𝜆 = −39) S/cm at 40 and 38meV be-
low the Fermi level, respectively (see Fig. 3(e)). Notably,
relaxing the magnetic structure in our DFT calculations,
where substrate is not included, always chooses a copla-
nar magnetic configuration (𝜒 = 0) as the ground state,
with a large difference in energy with any non-coplanar
spin configuration (𝜒 ≠ 0). This is in agreement with our
theory calculations, which predicts a coplanar inverse tri-
angular spin structure (E-coplanar6) for all 𝜆 values when
in-plane DM interaction (𝐷 ∥ ), which is induced by the in-
version symmetry breaking at the heterointerface, is zero.
Our work, therefore, underscores the importance of both
in-plane DM interaction and anisotropic strain in stabi-
lizing a non-coplanar ground state in the Kagome lat-
tice. Moreover, for any finite anisotropic strain (𝜆 ≠ 0),
a stronger DM interaction leads to an enhanced out-of-
plane spin canting (see Fig. 3(a)), which is expected to
result in a larger Berry curvature contribution. This is
also borne out in our experiments. Samples which are
capped with Ta shows a larger out-of-plane spin cant-
ing and AHC (see Fig. 2(b),(d)), where DM interaction
strength is expected to be stronger due to an additional
Mn3Sn/Ta hetero-interface.

D. Thermal assisted electrical switching of
anomalous Hall effect and realization of

multiple-stable memory states

Having understood the origin of anomalous Hall effect
in Mn3Sn(0001)/Ta heterostrcutures, we now investigate
the possibility of switching the non-coplanar magnetic
order with electric current. Electrical switching of the
coplanar inverse triangular spin structure leading to a
reversal of sign of the AHE in Mn3Sn has already been
reported, where the Mn spins rotates within the Kagome
plane [31–33]. The non-collinear inverse triangular spin
configuration of Mn3Sn has been shown to have clus-

ter magnetic octupole as the order parameter [34]. It
has been claimed that spin-orbit torque (SOT) from an
adjacent heavy-metal layer under the application of an
in-plane magnetic field can deterministically switch the
direction of the octupole moment, similar to spin-orbit
torque switching of magnetization in a ferromagnet [35–
37], which in turn results in the switching of the AHE
[31, 32]. However, recent reports suggest a possible role
of thermally driven demagnetization on application of
charge current in seeding the antiferromagnetic order at
the interface under a spin-orbit field [38, 39].

In our thin films not only the magnetic ground state
is different, as already discussed, so is its switching be-
havior under the application of electric pulse. Although
Ta layer in Mn3Sn/Ta can generate appreciable spin cur-
rent, we did not observe any evidence of spin-orbit torque
driven switching behavior in our thin films. In contrast
to expectation from switching by a spin-orbit field, the
electrically induced switching in our case depends only
on the magnitude, but not on the sign of the applied
current. Furthermore, in our case, deterministic switch-
ing of anomalous Hall effect was observed under a tiny
bias magnetic field applied perpendicular to the Kagome
plane. Dependence of the observed switching behavior on
both current pulse amplitude and pulse width is shown
in Fig. 4. In both the cases, switching was observed only
when the transient temperature of the device went above
the Neel temperature of Mn3Sn (𝑇𝑁 ≈ 420K), which
clearly establishes that it is driven by thermal effects.
Under an applied electric pulse, the sample undergoes
demagnetization as the temperature rises above the Neel
temperature. A small but a finite cooling field lifts the
two-fold degeneracy of E-noncoplanar2 magnetic ground
state and sets the net magnetization of the nucleated do-
mains along the direction of the field. This in turn results
in a switching of the sign of AHE on reversing the direc-
tion of the cooling field. Due to the two-fold degeneracy
of the E-noncoplanar2 ground state, applying an elec-
tric pulse in zero magnetic field leads to the formation
of magnetic domains with equal net magnetization along
the +z and -z directions after demagnetization. In such
cases, the net anomalous Hall effect in the sample cancels
out to zero, as observed in our experiment (see Fig. 4(a)).
Further details are provided in the Methods and in the
Supplementary Information [22]. The unique magnetic
ground state and thermally driven switching behavior in
anisotropic strained Mn3Sn/Ta thin film heterostructures
allows access to a number of different non-volatile anoma-
lous Hall resistance(AHR) states, which correspond to
different domain configurations. Such AHR states can
be accessed by the application of electrical pulse under
different bias fields, as shown in Fig. 5. A symmetry-
breaking bias field of ≈ 0.13 Tesla is found to be sufficient
for Ta/Mn3Sn/Ta/AlO𝑥 heterostructures to completely
saturate the domain structure. At saturation the out-of-
plane magnetization (𝑀𝑧) of all the domains are aligned
along the applied bias field that results in a full switching
of the AHE on application of current. Similar behavior is
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also observed in Ta/Mn3Sn/AlO𝑥 heterostructures [22].
Application of different bias fields, which are less than the
saturation field, stabilizes unique domain structure post
electric pulse driven demagnetization in Mn3Sn. Under
those conditions the proportion of domains aligned along
+𝑧 and −𝑧 directions depends on the applied bias field
during the switching process and results in the observa-
tion of different anomalous Hall resistances. This allows
us to achieve multiple AHRmemory states in Mn3Sn that
are tunable by electric current. Moreover, the change in
AHR is linear over a wide magnetic bias field range of
±200 Oe as shown in Fig. 5(b). The switching behavior
is symmetric with respect to the polarity of the bias field,
as evidenced from the resistance loops shown in Fig. 5(c).
The resistance loops at different bias fields are obtained
as follows: (i) At first, an electric pulse is applied at a
positive bias field. (ii) Then, the bias field is reversed
(iii) The same electric pulse is applied at a reversed bias
field, which reverses the sign of AHR (R𝑥𝑦). (iv) The ap-
plied field is reversed again bringing it back to its original
value. (v) Application of electric pulse brings the AHR to
its starting point. The AHR retraces the same resistance
loop on repetition of these five steps indicating the sta-
bility of the switching process. The AHR memory states
are also fairly stable against magnetic field fluctuations.
Once a particular memory state is achieved, we show the
evolution of such a state under the application of mag-
netic field in Fig. 5(d). We choose the criterion for field
stability as the field range over which the resistance stays
within 2% of the full range (Δ R𝑥𝑦 = 0.21×2/100 = 0.0042
Ω), which allows us to define 50 unique AHR memory
states. We find that all such states are stable within
a field range of at least ≈ 1769 Oe, indicative of good
resilience against field fluctuations. The estimated cur-
rent density required for switching the AHE in Mn3Sn
in both Ta/Mn3Sn/AlO𝑥 and Ta/Mn3Sn/Ta/AlO𝑥 het-
erostructures is ≈ 1.5 × 1010 A/m2, which is an order of
magnitude lower than spin-orbit torque switching of mag-
netic octupole in Mn3Sn thin films [32] and spin-orbit
torque driven switching in typical ferromagnets. Dis-
tinct switching behavior in Mn3Sn/Ta heterostructures
provides additional evidence for the stabilization of non-
coplanar magnetic ground state in this system.

III. CONCLUSION

In summary, we demonstrated that anisotropic strain
and in-plane interfacial DM interaction enable the im-
printing of scalar spin chirality in the magnetic ground
state of a Kagome lattice. This leads to significant
Berry curvature effects from gapped nodal lines in mo-
mentum space, resulting in a pronounced AHE in the
Kagome plane at room temperature. Furthermore, we
have showed that applying an electric pulse can induce
thermally assisted switching of the AHE, allowing access
to multiple non-volatile, field-stable AHR memory states
- an uncommon feature in antiferromagnets. Coupled

with the large AHE at room temperature, this new func-
tionality positions Kagome antiferromagnets as promis-
ing candidates for spintronic and neuromorphic comput-
ing applications. Additionally, finite scalar spin chirality
may stabilize non-trivial chiral ground states, including
skyrmion phases, which will be explored in future re-
search. While our results were demonstrated in the pro-
totypical system of Mn3Sn, these concepts should be ap-
plicable to other Kagome lattice systems where thin film
engineering techniques such as anisotropic strain and in-
version symmetry breaking can be employed to stabilize
non-trivial magnetic ground states.
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Materials and Methods

A. Thin film preparation and characterization

High purity targets of Mn (99.99%) & Sn (99.99%)
were co-sputtered using RF magnetron sputtering to syn-
thesize epitaxial thin film of Mn3Sn. Before deposition of
Mn3Sn, Ta was sputtered at 600°C on epitaxial grade c-
plane sapphire substrates using RF magnetron sputtering
in the same chamber at a 10 mTorr pressure followed by
an annealing period of 10 mins at the same temperature.
The sample was subsequently cooled to 300°C tempera-
ture to synthesize Mn3Sn films at a growth rate of ≈ 1.25
Å/s. Following which either an AlO𝑥 or Ta(11 nm)/AlO𝑥

protective capping layer was deposited on the sample at
room temperature to prevent it from oxidation. Lastly,
an in situ post-annealing treatment of one-hour duration
was performed at 450°C with a slow cooling rate of ≈
1.5°C per minute. The high-temperature post-annealing
step was found to be essential for the realization Mn3Sn
thin films of good structural and phase quality. Ruther-
ford backscattering spectrometry (RBS) was used to
examine the stoichiometry of Mn3Sn in thin film het-
erostructures. The measurements were done using 2MeV
alpha particles at the RBS beamline (Pelletron Acceler-
ator RBS-AMS Systems (PARAS)) at Inter-University
Accelerator Centre (IUAC), Delhi. The fits to the ob-
tained data were performed using RUMP software.

The crystal structure of thin film heterostructures
was evaluated using x-ray diffraction (XRD) and high-
resolution transmission electron microscopy (HR-TEM).
XRD data was collected using a Rigaku SmartLab X-ray
diffractometer with a 9 kW rotating anode with Cu K𝛼
radiation. Cross-sectional TEM samples were prepared
using conventional mechanical thinning followed by Ar
ion milling using precision ion polishing system (PIPS,
GATAN Inc.) at an energy of 4.0 keV and cleaning at
1.5 keV. HR-TEM images were taken using a FEI Tecnai
G2 F30-ST microscope operated at 300 keV.

B. Magnetotransport and electrical switching
measurements

For magnetotransport and electrical switching mea-
surements, Hall bars of width 50𝜇m were fabricated us-

ing standard optical photolithography techniques. The
Hall resistivity and the magnetoresistance were mea-
sured in a commercial PPMS (Quantum Design) using
low-frequency a.c. lock-in technique. For the switching
measurements, the electrical pulses were applied using a
Keithley 6221 current source, where the Hall voltage be-
fore and after the application of the pulse was measured
using a Keithley 2182A nanovoltmeter. The transient
longitudinal voltage was collected using a fast NI-DAQ-
6210 with a sampling rate 250KS/s, from where tran-
sient temperature during the application of pulse was
estimated [22]. The magnetometry measurements were
performed in a commercial SQUID-VSM magnetometer
(Quantum Design).

C. Theory calculations

The effect of strain and DM interaction on the spin
configuration of Mn3Sn was calculated in a classical ap-
proximation, where the 𝑆 = 3/2 moments are treated as
classical vectors of fixed length. The Hamiltonian is given
as a sum over kagome triangles as described in eqns. 1 and
2. For such a Hamiltonian, the classical energy is known
to be minimized by translationally invariant states [29],
so it is sufficient to minimize the energy on a single tri-
angle and then tile the resulting configuration over the
whole system. Optimal configurations on a single triangle
were found by numerically minimizing 𝐻△ with respect
to the spin directions S0,1,2, shown in Fig. 3(b).

First-principles calculations were performed within the
framework of density functional theory using the projec-
tor augmented wave potential with the Vienna Ab initio
Simulation Package (VASP) [40, 41]. Generalized gra-
dient approximation with the Perdew-Burke-Ernzerhof
parametrization [42] was used to include exchange-
correlation effects. The self-consistent relativistic calcu-
lations were performed with a plane wave cutoff energy of
400 eV and a Γ centered 10×10×12 k-mesh for Brillouin
zone sampling. Material-specific tight-binding Hamil-
tonian was constructed by generating Wannier func-
tions derived from Mn-s, d, and Sn-p states [43]. The
anomalous Hall conductivities were calculated using a
dense 350× 350× 350 points grid with the WannierBerry
code [44].
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Figure 1: Anisotropic strain in Mn3Sn/Ta heterostructures. (a) Three-dimensional crystal structure of Mn3Sn, which
consists of bilayer (AB) stacking of Kagome planes. Top view of the Kagome plane without and with anisotropic strain that
has 𝐶3𝑣 and 𝐶1 point group symmetry of the Kagome triangles, respectively. (b) Out-of-plane 𝜃-2𝜃 XRD scan of Mn3Sn/Ta
heterostructures (c) Pole figure plot of Mn3Sn {202̄1} family of diffraction peaks showing a six-fold symmetry, establishing the
epitaxial nature of Mn3Sn. (d) RSM plots of (0002) and (202̄1) Bragg peaks. The in-plane lattice parameters are estimated
by measuring the 𝑞 vectors of the {202̄1} family of Bragg peaks[22].



10

Figure 2: Anomalous Hall effect in Mn3Sn/Ta het-
erostructures. Anomalous Hall conductivity at 300K of (a)
Ta(11nm)/ Mn3Sn(90nm)/ AlO𝑥(8nm) and (b) Ta(11nm)/
Mn3Sn(90nm)/ Ta(11nm)/ AlO𝑥(8nm) thin film heterostruc-
tures synthesized on c-plane sapphire substrates. The ar-
rows indicate the direction of magnetic field sweeps, which
is applied perpendicular to the Kagome plane (along [0001])
and the current is applied along [1̄100]. Insets show corre-
sponding Hall conductivity as a function of magnetic field.
Magnetization as a function of magnetic field at 300K for (c)
Ta(11nm)/ Mn3Sn(90nm)/ AlO𝑥(8nm) and (d) Ta(11nm)/
Mn3Sn(90nm)/ Ta(11nm)/ AlO𝑥(8nm) thin film heterostruc-
tures with the magnetic field applied perpendicular to the
Kagome plane. A linear diamagnetic background has been
subtracted in both the cases.
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Figure 3: Non-coplanar spin structure in Mn3Sn/Ta heterostructures. (a) Phase diagram of the magnetic ground
state as a function of anisotropic strain and in-plane DM interaction. Scalar spin chirality(𝜒) of the magnetic ground state as
a function of 𝜆 and 𝐷 ∥/𝐽 (all parameters defined in the text). Phase diagram as a function of 𝐷 ∥/𝐽 is shown for two specific
𝜆 values viz. 𝜆 = 0, and 𝜆 = +39. (b) Illustration of non-coplanar magnetic ground states (E-noncolpanar2) having an out-of-
plane magnetic moment of 𝑀𝑧 ≈ 9.3 𝑚𝜇𝐵/Mn corresponding to 𝜆 = +39 and 𝜆 = -39, as described in the text. Band structure
obtained with (c) coplanar inverse triangular spin structure (E-coplanar6, 𝜆 = 0) and (d) non-coplanar (E-noncoplanar2) spin
configurations corresponding to 𝜆 = +39 and 𝜆 = -39, as shown in (b). The bottom panels show the spin-configurations and
the color bar represents the Berry curvature Ω𝑥𝑦 . (e) Calculated anomalous Hall conductivities as a function of binding energy
for 𝜆 = 0, +39, and -39.
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Figure 4: Thermal assisted switching of anomalous Hall effect in Mn3Sn. Switching of anomalous Hall resistance
(a) under zero magnetic field. (b) under a finite magnetic field of +0.2 T in Ta(11nm)/ Mn3Sn(90nm)/ Ta(11nm)/ AlO𝑥(8nm)
heterostructures. Under a zero magnetic field, post demagnetization due to the current pulse, domains with both “𝑢𝑝” and
“𝑑𝑜𝑤𝑛” magnetization nucleate in equal proportions, resulting in zero anomalous Hall resistance. In contrast, when a finite
cooling field of +0.2T is applied, all domains align in the “𝑢𝑝” direction, leading to a significant anomalous Hall resistance.
Switching behavior as a function of (c) pulse amplitude with the pulse width fixed at 12ms and (d) pulse width with the pulse
amplitude fixed at 100mA. The transient temperature during the application of pulse is estimated by measuring the longitudinal
resistance (R𝑥𝑥) [22]. R𝑥𝑥 is measured directly by an NI-DAQ device for low voltages, shown in green, and through a divider
circuit for higher voltages, shown in blue. Switching measurements are performed under a bias field of +0.2T.
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Figure 5: Multiple-stable anomalous Hall resistance
memory states in Mn3Sn. (a) Anomalous Hall resistance
(𝑅𝑥𝑦) states after application of electrical pulse under dif-
ferent bias fields in Ta(11nm)/ Mn3Sn(90nm)/ Ta(11nm)/
AlO𝑥(8nm) heterostructures. Results with positive and neg-
ative bias fields are shown in green and orange, respectively.
The hysteresis curve of the AHE as a function of magnetic
field is shown in blue for reference. (b) The change in 𝑅𝑥𝑦
due to electrical switching under a bias field w.r.t the initial
state. The initial state is obtained by applying an electric
pulse with zero bias field that brings 𝑅𝑥𝑦 to zero (see discus-
sion in the text). The black dashed lines are linear fits. The
red dashed line in (b) shows saturation behavior for fields
above 1300 Oe. (c) Symmetrical switching behavior for pos-
itive and negative bias fields shown for different magnitudes
of the bias field. (d) Evolution of the AHR memory states
with magnetic field. The field range over which the AHR
remains within ±0.0021Ω of its value at zero field (see text)
is shown with a black dot-dash line. The estimated stability
field ranges as a function of bias fields is shown at the bottom.
The dashed line in black corresponds to 1769 Oe, the mini-
mum value obtained for the field range. In all cases, a single
pulse of 100mA and of duration 12ms is applied for electrical
switching.
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