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Noncollinear antiferromagnets with a D019 (space group = 194, P63/mmc) hexagonal structure have garnered
much attention for their potential applications in topological spintronics. Here, we report the deposition of
continuous epitaxial thin films of such a material, Mn3Sn, and characterize their crystal structure using a
combination of x-ray diffraction and transmission electron microscopy. Growth of Mn3Sn films with both (0001)
c-axis orientation and (404̄3) texture is achieved. In the latter case, the thin films exhibit a small uncompensated
Mn moment in the basal plane, quantified via magnetometry and x-ray magnetic circular dichroism experiments.
This cannot account for the large anomalous Hall effect simultaneously observed in these films, even at room
temperature, with magnitude σxy(μ0H = 0 T) = 21 �−1 cm−1 and coercive field μ0Hc = 1.3 T. We attribute the
origin of this anomalous Hall effect to momentum-space Berry curvature arising from the symmetry-breaking
inverse triangular spin structure of Mn3Sn. Upon cooling through the transition to a glassy ferromagnetic state
at around 50 K, a peak in the Hall resistivity close to the coercive field emerges. This indicates the onset of
a topological Hall effect contribution, arising from a nonzero scalar spin chirality that generates a real-space
Berry phase. We demonstrate that the polarity of this topological Hall effect, and hence the chiral nature of the
noncoplanar magnetic structure driving it, can be controlled using different field-cooling conditions.

DOI: 10.1103/PhysRevB.101.094404

I. INTRODUCTION

Antiferromagnets (AF) are of interest for spintronic appli-
cations [1]; however, they struggle to produce readout signals
of the size required for devices. Large magnetotransport sig-
natures, such as the intrinsic anomalous Hall effect (AHE) [2],
generated by topological materials may offer the solution [3].
In particular, topological noncollinear AFs of the form Mn3X
are of interest.

Mn3Sn is a noncollinear AF with Mn moments arranged
in hexagonal crystal planes [4], which exhibits an inverse
triangular spin structure resulting from a combination of
exchange and Dzyaloshinskii-Moriya (DM) interactions [5].
The inverse triangular AF order breaks time-reversal sym-
metry, thus introducing momentum-space Berry curvature.
In turn, this induces a fictitious magnetic field, which has
been theoretically predicted [6] to drive a highly anisotropic
AHE [7]. This was subsequently experimentally measured in
single crystals of hexagonal Mn3Sn [8] and Mn3Ge [9].
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The emergence of Berry curvature is connected with Weyl
points arising in Mn3Sn [10–12]. The presence of such
Weyl quasiparticles close to the Fermi level also induces an
anomalous Nernst effect [13–15]. Further enhancement of the
attractiveness of Mn3Sn for spintronics stems from its hosting
of a Berry curvature-driven intrinsic spin Hall effect [16–18],
which was originally discovered in the cubic noncollinear AF
Mn3Ir [19].

The symmetry-breaking inverse triangular spin texture also
gives rise to a magneto-optical Kerr effect [20–22]. Kerr
microscopy imaging of this effect reveals that Mn3Sn con-
tains AF domains possessing opposite chiralities of the non-
collinear spin structure. These reversed chiralities correspond
to opposite signs of a cluster octupole order parameter [23]
and, hence, reversed polarities of magnetotransport properties
across different AF domains [24].

An external magnetic field can be used to propagate AF
domains of a particular chirality [22], in order to generate a net
magnetotransport output. The applied magnetic field couples
to the small uncompensated magnetic moment [25] that is
created in the hexagonal crystal planes of Mn3Sn by spins
spontaneously canting slightly towards magnetocrystalline
easy axes [26]. This weak magnetization can freely rotate
within the basal plane [5], in turn acting to orient the entire
inverse triangular spin texture, and, when saturated, achieving
a single chiral domain state.

As Mn3Sn is cooled, its magnetic order changes depend-
ing on microstructure [27]. At 275 K, Mn-deficient samples
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FIG. 1. (a) 2θ -θ x-ray diffraction scans measured for a 70-nm Mn3Sn (0001) film grown on a SrTiO3 (111) substrate, and for a 60-nm
Mn3Sn (404̄3) film grown on a MgO (001) substrate. Inset shows azimuthal φ scans of the SrTiO3 {202}, Ru {101̄1}, and Mn3Sn {202̄1}
reflections for a 70-nm Mn3Sn (0001) sample. The corresponding positions of in-plane crystallographic directions are indicated. (b) Cross-
section scanning-TEM micrograph of a 70-nm Mn3Sn (0001) film, viewed along the [1̄10] zone axis of the SrTiO3 (111) substrate. Inset shows
a wide-view image over an extended region of the same lamella. (c) Representative crystal structure of Mn3Sn (0001) films grown on SrTiO3

(111) substrates using a Ru buffer layer. (d) χ -φ x-ray pole figures measured for a 60-nm Mn3Sn (404̄3) sample. The MgO [100] crystalline
axis was aligned with φ = 0◦. Inset shows an atomic force microscopy topographic map for a similar 50-nm Mn3Sn (404̄3) film, capped with
2-nm Ru. (e) Cross-section high-resolution TEM micrograph of a 60-nm Mn3Sn (404̄3) film, viewed along the [010] zone axis of the MgO
(001) substrate. Inset shows an overview TEM image measured for the same sample. (f) Representative crystal structure of Mn3Sn (404̄3)
films grown on MgO (001) substrates using a Ru buffer layer.

transition to a helical magnetic phase [28]. Around 50 K, the
magnetic structure changes to a “glassy” ferromagnetic (FM)
(or spin-glass) state [29], regardless of composition, in which
Mn moments are frustrated to cant out of the basal planes [30].
Studies in bulk samples [31] show this is accompanied by the
onset of a topological Hall effect (THE) [32], attributed to a
possible magnetic skyrmion phase [33], or to chiral domain
walls [34].

Recently, AHE has been measured in polycrystalline
Mn3Sn films [35–37]. In addition, a planar Hall effect has
been observed in epitaxial films [38]. In this paper, we extend
these previous results by studying the structural and magnetic
properties of epitaxial Mn3Sn thin films, and demonstrating
the presence of both AHE and THE.

II. RESULTS AND DISCUSSION

A. Film growth and structural characterization

We previously grew Mn3Sn films that were epitaxial but
discontinuous [39]. By changing substrate and optimizing
postannealing temperature, we succeeded in fabricating

continuous Mn3Sn films (details in the Supplemental
Material [40]). Figure 1(a) shows 2θ -θ x-ray diffraction
(XRD) patterns measured for films deposited on SrTiO3 (111)
and MgO (001) substrates. In both cases, a 5-nm Ru buffer
layer was used [39]. The presence of {0002} diffraction
peaks indicates the growth of c-axis oriented films on SrTiO3

(111) substrates. Lattice parameters calculated from these
XRD measurements establish that these hexagonal Mn3Sn
(0001) films grow fully relaxed (analysis in the Supplemental
Material [40]). Azimuthal XRD φ scans of partially in-plane
(IP) peaks, shown in the inset of Fig. 1(a), demonstrate the
same epitaxial relationship as in Ref. [39]: SrTiO3(111)[112̄]
[11̄0]‖Ru(0001)[011̄0][2110]‖Mn3Sn(0001)[011̄0][2110],
depicted schematically in Fig. 1(c).

We studied film structure at the nanoscale using trans-
mission electron microscopy (TEM). Figure 1(b) shows a
cross-section scanning-TEM micrograph from a 70-nm film
deposited on SrTiO3 (111), which demonstrates explicitly the
epitaxial growth of (0001)-oriented Mn3Sn on a Ru (0001)
buffer. The inset of Fig. 1(b) displays a wide-view scanning-
TEM image of the same lamella, confirming the preparation
of continuous films.
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Figure 1(a) also shows a single peak in the 2θ -θ XRD scan
for a 60-nm film deposited on MgO (001); this corresponds
to the growth of single-phase hexagonal Mn3Sn with (404̄3)
orientation. We analyzed this crystal texture by recording χ -φ
XRD pole-figure maps around the expected positions of the
{111} reflections of MgO, {0002} reflections of Ru, and
{0002} reflections of Mn3Sn, as presented in Fig. 1(d). The
{0002} reflections of Ru follow the cubic {111} MgO peaks,
indicating that the hexagonal planes of Ru are tilted to lie
at the same angle as the (111) planes of the substrate. The
{0002} reflections of Mn3Sn in turn follow the Ru diffraction
peaks, confirming that the basal planes of Mn3Sn are seeded to
grow at the same angle as those in the buffer layer. This results
in a structure for Mn3Sn (404̄3) with the [0001] crystalline
direction at almost 55° to the film normal, the [2110] magnetic
easy axis [26] at approximately 35° to the film normal, and
the [011̄0] crystallographic axis lying completely IP. This
epitaxial relationship is illustrated in Fig. 1(f).

The Mn3Sn {0002} reflections are fourfold symmetric.
This indicates four distinct crystallite orientations in which the
c axis, and in turn the orthogonal [011̄0] direction, follows one
of the possible IP 〈110〉 MgO axes. Therefore, for a chosen
macroscopic measurement direction, there will be equivalent
numbers of Mn3Sn crystal grains with either the [0001] or
[011̄0] axes parallel to this.

Nevertheless, high-resolution TEM of an individual
Mn3Sn (404̄3) crystallite, as depicted in Fig. 1(e), confirms
single-crystalline growth. The [011̄0] crystallographic axis is
directed at 45° into the plane of the image. The basal planes
of Mn3Sn are clearly visible, while the [2110] magnetic easy
axis is aligned almost out of plane (OP). That these crystal
grains coherently coalesce to form a continuous thin film
is ascertained from wide-view TEM images, an example of
which is shown in the inset of Fig. 1(e).

Finally, we used atomic force microscopy to quantify the
roughness of Mn3Sn. An example topographic map is shown
in the inset of Fig. 1(d), which yields an average roughness of
≈0.5 nm over a 1-μm2 region of a 50-nm Mn3Sn (404̄3) film
capped with 2-nm Ru.

B. Magnetic properties

Figure 2(a) shows the magnetization (M) of a 60-nm
Mn3Sn (404̄3) film measured using superconducting quantum
interference device vibrating sample magnetometry (SQUID-
VSM, Quantum Design MPMS3), after subtracting the back-
ground contribution from a MgO substrate/5-nm Ru reference
sample. When magnetic field (μ0H) is applied OP, with a
component along the [2110] easy axis, an opening of the
loop in the region ±1.5 T is attributed to the reversal of the
small uncompensated moment expected in the basal plane of
Mn3Sn.

With magnetic field applied along one of two orthogonal
IP directions, a similar hysteretic behavior is observed, but
with a smaller magnitude and an isotropic response. This
is because magnetization is averaged over many crystallites,
which can be fourfold symmetrically oriented with either
[011̄0] (in the plane where uncompensated moment freely
rotates) or partially IP [0001] (hard axis) directions parallel
to the magnetic field.

FIG. 2. (a) Magnetization measured as a function of magnetic
field for a 60-nm Mn3Sn (404̄3) film at 300 K. Magnetic field
was applied either out of plane or along one of two orthogonal
in-plane directions (closed and open symbols represent down and up
field sweeps, respectively). Inset shows magnetization as a function
of out-of-plane magnetic field, measured at different temperatures.
(b) X-ray absorption spectroscopy and XMCD spectra for a 70-nm
Mn3Sn (404̄3) film, recorded using σ− polarized x-rays in
μ0H± = ±8 T magnetic fields applied out of plane, at 100 K.
Inset shows XMCD, calculated as the difference between spectra
recorded with σ± polarized x-rays, measured in different out-of-
plane magnetic fields at 100 K, as well as that measured in −8 T
at 300 and 5 K.

The inset of Fig. 2(a) plots magnetization response to mag-
netic field at different temperatures (T ). At 5 K, a significant
enhancement of magnetization demonstrates the appearance
of the glassy FM phase [29].

X-ray magnetic circular dichroism (XMCD) was measured
at the BESSY synchrotron facility [41], using negative, σ−,
polarized x rays in an OP magnetic field of μ0H± = ±8 T.
Nonzero XMCD around the Mn L2,3 edges at 100 K, displayed
in Fig. 2(b), confirms the presence of a net Mn moment
that is reversible by external magnetic field. Using XMCD
sum-rule analysis [42], an uncompensated magnetic moment
of ms+l = 0.279 μB/f.u. was calculated, comprising spin,
ms = 0.273 μB/f.u., and orbital, ml = 0.006 μB/f.u. mo-
ments respectively. Measured ml is of the same order of
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magnitude as that simulated [25], while ms is found to be
substantially larger than the theoretically predicted value for
zero-field weak magnetization.

We explain this by considering the inset of Fig. 2(b), show-
ing the magnetic-field dependence of XMCD, measured as in
Ref. [43]. XMCD increases approximately linearly, because
of Mn spins tilting out of the film plane in response to strong
applied magnetic fields [43]. This therefore enhances ms,
whose magnitude is in agreement with that determined from
SQUID-VSM, which indicates similar paramagnetic behavior
after the closing of the hysteresis loop.

Nevertheless, both measurements reveal that the uncom-
pensated moment overall is enhanced compared with bulk
crystals, including the remnant weak magnetization within
the basal plane measured at zero-applied magnetic field using
SQUID-VSM. This uncompensated moment is exacerbated
because of structural defects and chemical disorder present in
the thin films, which may act to modify the balance of AF ex-
change, DM interactions, and magnetocrystalline anisotropy,
thus increasing the spontaneous canting of Mn spins [39].

The inset of Fig. 2(b) also presents XMCD measured in
a −8-T magnetic field at different temperatures. XMCD is
reduced at 300 K, while its enhancement at 5 K evidences an
increased net moment after transition to the spin-glass state.

C. Magnetotransport measurements

We now report magnetotransport measurements in Mn3Sn
thin films lithographically patterned into 75 × 25-μm2 Hall
bar devices. Figure 3(a) shows the variation in longitudinal
resistivity (ρxx) for a 70-nm-thick Mn3Sn (0001) film as
a function of temperature, during either zero-field cooling
(ZFC) or cooling in a 7-T OP magnetic field (FC), followed in
both cases by zero-field warming (ZFW). A background con-
tribution from the 5-nm Ru buffer layer has been subtracted
(see Supplemental Fig. S2 [40]). On cooling, a deviation from
metallic behavior below 100 K, down to a bump in resistivity
close to 50 K, provides evidence for the transition to the
glassy FM phase. No change is observed between ZFC and
FC protocols, as expected with cooling field parallel to the
[0001] hard axis.

During subsequent ZFW, a thermal hysteresis is seen.
Resistivity first drops between 50 and 100 K. The resulting
difference in resistivity is maintained, as above 100 K re-
sistivity rises at the same rate compared to ZFC but with a
smaller absolute value, until the film is warmed above room
temperature. This may indicate that the transition from the
inverse triangular to glassy FM state that occurs on cooling
is not fully reversible until the thin film reaches close to
the Néel temperature of Mn3Sn (TN = 420 K [4]). This can
be explained if regions of the spin-glass structure become
pinned at defects via their chiral domain walls (discussed
below).

Figure 3(b) plots the variation in transverse resistivity (ρxy)
as a function of OP magnetic field for the same 70-nm Mn3Sn
(0001) film. At room temperature, we observe a linear Hall
effect. This is because external field is applied along the
c axis, which is a magnetic hard axis. Therefore, applied
field is unable to manipulate the weak magnetization, which
occurs within the basal plane, and is thus unable to drive the

FIG. 3. Magnetotransport for a 70-nm Mn3Sn (0001) film pat-
terned into 75 × 25-μm2 Hall bars, with 500-μA current parallel
to the [011̄0] in-plane crystallographic direction. (a) Longitudinal
resistivity measured as a function of temperature during either zero-
field cooling, or cooling in a 7-T magnetic field applied out of
plane (closed symbols), and subsequent zero-field warming (open
symbols). Diagram illustrates measurement geometry in relation
to different crystallographic directions in the Mn3Sn (0001) film.
(b) Hall resistivity measured as a function of magnetic field applied
out of plane at different temperatures. Transverse resistivity was
measured along the [2̄110] crystalline axis (closed and open symbols
represent down and up field sweeps, respectively).

thin film into a dominant chiral domain state (which would
yield a net contribution to Berry curvature-induced AHE).
Between 100 and 50 K, this ordinary Hall effect changes to
an AHE as Mn3Sn transitions into the glassy FM phase. Here,
moments are frustrated to cant along the [0001] axis [30],
with the resulting FM-like component of magnetization pro-
ducing a conventional AHE in response to an OP magnetic
field.

Moving onto the Mn3Sn (404̄3) films, we sourced current
(Ic) along the [011̄0] direction and measured a component
of Hall resistivity partially orthogonal to the (0001) crystal
planes. Magnetic field was applied parallel to the [404̄3]
direction, thus with a significant component along the [2110]
easy axis. A schematic of this measurement configuration is
inset in Fig. 4(b). These crystalline directions are as defined in
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FIG. 4. Magnetotransport for a 60-nm Mn3Sn (404̄3) film pat-
terned into 75 × 25-μm2 Hall bars. Transverse resistivity was mea-
sured normal to the (0001) crystal plane, with 500-μA current
parallel to the [011̄0] in-plane crystallographic direction (closed and
open symbols represent down and up field sweeps, respectively).
Isothermal Hall resistivity measured as a function of magnetic
field applied out of plane in the (a) higher-temperature regime and
(b) lower-temperature regime. Diagram illustrates measurement ge-
ometry in relation to different crystallographic directions in the
Mn3Sn (404̄3) film. Inset shows the Hall effect measured for a
30-nm Mn3Sn (404̄3) film at 5 K, after cooling under different field
conditions.

one of the four equivalent structural grains (see Supplemental
Fig. S5 [40]).

Figures 4(a) and 4(b) show isothermal measurements of
Hall effect for a 60-nm Mn3Sn (404̄3) film, in two temperature
regimes. At room temperature, we measure a large AHE
driven by momentum-space Berry curvature [8]. A tiny longi-
tudinal magnetoresistance (<0.02% at 8 T) is simultaneously
observed (see Supplemental Material [40]), ruling out FM
contributions to magnetotransport.

Consistent AHE is measured across a series of Mn3Sn
(404̄3) samples of different thicknesses, as discussed in the
Supplemental Material [40]. We extract a remnant anomalous
Hall conductivity, σxy(μ0H = 0 T) = 21 �−1 cm−1, compa-
rable to previous reports [35].

Figure 4(a) shows that as temperature is increased towards
TN, coercive field decreases because of a softening of the mag-
netic structure. However, as temperature is decreased below
100 K, the magnitude of the Berry curvature-generated AHE
drops concomitantly, as Mn3Sn begins to leave the inverse
triangular AF phase.

Below 50 K, Mn3Sn transitions into the glassy FM state,
where momentum-space Berry curvature-driven and (in this
measurement configuration) conventional AHE are no longer
detected. Instead, as shown in Fig. 4(b), the hysteresis loop
becomes prominently asymmetric; a signature of the THE,
caused when electrons acquire a real-space Berry phase upon
encountering a magnetic structure with nonzero scalar spin
chirality [32].

The inset of Fig. 4(b) explores this THE in a 30-nm Mn3Sn
(404̄3) film undergoing different field-cooling protocols. In
the first case, the sample is saturated in a 9-T OP magnetic
field, setting a particular chirality of the inverse triangular
spin texture, which is maintained as the field is decreased to
zero. The film is then cooled (ZFC). Here a downward bump
arising close to the point of magnetization reversal (when
external field is swept from positive to negative) indicates a
negative THE. A bump with the same negative polarity is
seen at coercivity on the reverse (negative to positive) field
sweep. This demonstrates the formation of a noncollinear,
noncoplanar spin texture close to the coercive field, at which
point magnetic order is reversing through a mechanism of
domain nucleation and propagation.

Therefore, we attribute the THE to the nucleation of chiral
domain walls. Mn moments forming the domain walls will
rotate within the basal plane, in order to invert magnetic
structure between one domain and the next [31]. A domain
wall with such arrangement will appear as a noncollinear,
noncoplanar spin texture possessing finite scalar spin chirality
to electrons propagating within the plane of these Mn3Sn
(404̄3) films. The even sign of THE suggests that the sense
of rotation of spins in the domain walls is opposite during for-
ward and reverse magnetization processes, while the internal
moment configuration within the domain walls remains the
same.

These results are in agreement with Li et al. [34], who
measure a symmetric planar Hall effect in Mn3Sn single
crystals. This is attributed to chiral domain walls with a
fixed internal moment configuration, which is maintained
during both positive to negative, and negative to positive, field
sweeps. The sense of rotation of spins within the domain walls
must therefore be inverted between forward and reverse field
sweeps. They also observe a dependence of the planar Hall
effect polarity on applied field history.

We measure a similar magnetic state history in Mn3Sn
(404̄3) films. The inset of Fig. 4(b) shows that in the sec-
ond case, when the thin film is ZFC after saturation in a
−9-T OP magnetic field, the polarities of both symmetric
THE peaks invert. This represents a sign change of real-
space Berry phase, corresponding to an opposite sign of
the finite scalar spin chirality generating it. We propose,
therefore, that the handedness of the inverse triangular spin
texture set at room temperature favors a certain chirality of
domain wall formed during low-temperature magnetization
reversal.
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Furthermore, the THE bumps with either negative or pos-
itive polarity are enhanced after cooling in a +9-T or −9-T
OP magnetic field, respectively. This may be explained by
the external field further stabilizing the preferred domain-
wall moment configuration during cooling. We thus demon-
strate a memory effect in noncollinear AF thin films, that
can be controlled by setting the orientation of the inverse
triangular spin texture from which the chirality of domain
walls evolves, which may find applications in neuromorphic
computing.

III. CONCLUSION

In conclusion, we have grown epitaxial thin films of Mn3Sn
with both (0001) c-axis orientation and (404̄3) crystallo-
graphic structure. In the latter case, Berry curvature-driven
AHE is observed at room temperature. Upon cooling through
the magnetic phase transition at 50 K, a peak in the Hall
resistivity indicates the appearance of a THE. The sign of
this THE signal, and hence the chirality of the noncoplanar

spin texture generating it, can be manipulated through field-
cooling conditions, thus furthering the potential of Mn3Sn in
chiralitronic devices.
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