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Intrinsic origin and enhancement of topological responses in ferrimagnetic antiperovskite Mn4N
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Using first-principles calculations we investigate the intrinsic origins of the anomalous Hall effect (AHE) and
the anomalous Nernst effect (ANE) in antiperovskite ferrimagnet Mn4N. We predict that the AHE is significantly
enhanced under both compressive and tensile strain; however, the ANE generally decreases under epitaxial strain,
except for 1% compressive strain. We connect this behavior to the evolution of the Berry curvature with strain,
suggesting similar strategies for achieving large AHE and ANE changes with modest amounts of strain. Finally,
we find that the nonmonotonic characteristics of the AHE and ANE stem from the formation and movement of
new Weyl points at the periphery of the Brillouin zone under compressive and tensile strains.
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I. INTRODUCTION

The application of topology in condensed matter physics
has become widely embraced and has renewed our under-
standing of electronic band structures of materials [1–3]. This
framework enables the understanding of symmetry-protected
features in reciprocal space found in topological insulators
and semimetals. Combining nontrivial topology with time-
reversal symmetry breaking can lead to large Berry curvatures
that enable sizable macroscopic responses such as the anoma-
lous Hall effect (AHE) and the related anomalous Nernst
effect (ANE) with great potential applications ranging from
thermoelectrics to spin-based storage [4,5]. In fact, the key
step to understanding the intrinsic origins of the AHE was in
identifying the relationship between the AHE and the Berry
curvature of the occupied electronic bands in a crystal [6].

Antiperovskite transition-metal nitrides, especially Mn4N,
have a diverse range of magnetic properties and emergent
phases, which make them interesting for both understanding
fundamental physics and for spin-based applications. Mn4N
has a high Néel temperature (TN = 745 K), small saturation
magnetization, and high uniaxial magnetic anisotropy, making
it particularly appealing for thermoelectric applications based
on the ANE [7–24]. Mn4N is also predicted to host a wealth
of real-space magnetic topological features including spin
textures, hedgehog-antihedgehog pairs and skyrmion tubes
[18,25,26]. These nontrivial spin structures were found to be
mainly stabilized by the frustration induced by the magnetic
exchange interaction between fourth-nearest neighbors [27].
More recently, measurements of the AHE and ANE were
reported for Mn4N [17,18,21–24,28]; however, they do not
agree on the origin of the AHE in Mn4N, and importantly, do
not address how it can be enhanced through experimentally
viable routes such as strain. In particular, the microscopic
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origins of the AHE can either be extrinsic (e.g., due to spin-
orbit induced scattering) or intrinsic (related to the Berry
curvature). Recent experimental work studied transport sig-
natures of the AHE in epitaxial Mn4N films of different
thickness, and concluded that the AHE has competing contri-
butions from skew scattering, side jump, and intrinsic mech-
anisms [21]. According to the conventional scaling law ρAHE

∝ ρ
γ
xx [6], where ρAHE is anomalous Hall resistivity and ρ

γ
xx is

longitudinal resistivity, γ was found to be larger than 2 for all
Mn4N films, indicating that the side jump and intrinsic mech-
anisms are dominant in these films [29,30]. On the other hand,
Isogami et al. [17] report a dominant intrinsic contribution to
AHE and ANE based on transport and ab initio calculations.

Surprisingly, we are not aware of a comprehensive study
of the electronic origins of the AHE and ANE from the
perspective of first-principles-based calculations, or nor a dis-
cussion of how these properties can be enhanced. Moreover,
the range of competing, frustrated magnetic states in ferrimag-
netic Mn4N motivates us to explore the range of tunability of
the topological responses in this system.

The antiperovskite structure of Mn4N can be viewed as
Mn3MnN with Mn ions on three inequivalent cation sublat-
tices and N taking the anion site [Fig. 1(a)]. These three dif-
ferent Mn sublattices have unequal magnetic moments leading
to its ferrimagnetic nature and small saturation magnetization.
Neutron diffraction experiments identified two different mag-
netic configurations in Mn4N [31]. In the “type-A” structure,
the spins of Mn II and Mn III are aligned parallel to each other
but antiparallel to those of Mn I, whereas in the “type-B”
structure, the spins of Mn I and Mn II are aligned parallel
to each other while being antiparallel to the spins of Mn III
[see Fig. 1(a)] [11,17,27]. Previous theoretical works found
the type-B to be the ground state, although both have been
observed in experiment [17]. We find the type-B configuration
to have 272 meV/f.u. lower in energy than the type-A config-
uration, motivating our focus on type-B for the main analysis
of the paper (see the Supplemental Material [32] for the com-
parison between type-A and type-B configurations). Note that
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FIG. 1. The crystal structure of Mn4N with type-B magnetic structure indicated with arrows (a), and the calculated Berry curvature �z

distribution in the BZ (b). Black dots represent the high-symmetry points in the BZ and only most robust Berry curvature distributions are
shown. Calculated band structure with and without spin-orbit coupling (c), calculated anomalous Hall conductivity σ A

xy (d), and anomalous
Nernst conductivity αA

xy (e), as a function of a total energy with respect to the Fermi energy. Note that green circles show the possible band
crossings that corresponds to the peaks in anomalous Hall effect. The Fermi level is marked by the dashed line. The inset shows a zoomed-in
region of the band crossings where one can see SOC inducing band openings.

noncollinear spin configurations were also observed in the
Mn4N system [33,34]; however, they were found to be ener-
getically less favorable than the collinear spin configurations.

II. COMPUTATIONAL DETAILS

All first-principles calculations were carried out within
the framework of density functional theory (DFT) as imple-
mented in Vienna Ab Initio Software Package (VASP) [35] us-
ing the projector augmented-wave potentials [36]. We used the
generalized gradient approximation, with the Perdew-Burke-
Ernzerhof exchange-correlation functional [37,38], and an
effective Hubbard U parameter of 0.54 eV for the localized
3d electrons of the Mn ions (see Supplemental Material [32]
for more info). We selected this Hubbard U value so that the
lattice parameters were close to those reported in experiment
for the type-B magnetic structure. In particular, we calculated
the in-plane lattice constant, aip = 3.897 Å (aip = 3.89 Å in
experiment [31]) and the c/a axial ratio = 0.98 (≈0.99 in
experiment [31]). All calculations were performed with the
type-B magnetic structure for which we found the calculated
magnetic moments to be 3.6 µB, 1.16 µB, and −3.01 µB for
Mn I, Mn II, and Mn III, respectively. We used an energy
cutoff of 800 eV and a Monkhorst-Pack k-point mesh density
of 13 × 13 × 13 for Brillouin zone (BZ) sampling. All struc-
tural relaxations were performed until the Hellmann-Feynman
force on each atom is less than 0.001 eV/Å. For the bulk
case, we allowed all structural degrees of freedom to opti-
mize (lattice parameters and internal coordinates); however,
for the epitaxial strain calculations, we fixed the in-plane
(001) lattice vectors and allowed the out-of-plane lattice vec-
tor and atomic positions to relax. All calculations included
spin-orbit coupling (SOC) self consistently as implemented in
VASP.

From the Bloch states obtained in the DFT calculation de-
scribed above, we constructed a Wannier-based tight-binding

model [39], which we then used to calculate the intrinsic AHC
(σ A

i j ) and ANE (αA
i j) as proposed by Xiao et al. [40],

σ A
i j = −e2

h̄

∑
n

∫
dk

(2π )3
�n,i j fn(T ), (1)

αA
i j = − e

T h̄

∑
n

∫
dk

(2π )3
�n,i j

{
(En − EF ) fn(T )

+ kBT ln
(
1 + e

En−EF
−kBT

)}
, (2)

where e is the elementary charge, h̄ the reduced Planck
constant, �n,i j the Berry curvature, fn the Fermi-Dirac dis-
tribution function with the band index n and the wave vector
k, kB the Boltzmann constant, En the band energy, and EF the
Fermi level. We used a 501 × 501 × 501 mesh for integrations
over BZ to calculate the AHE and ANE in Wannier tools
[41]. Note that this mesh was carefully checked to ensure
convergence.

III. BULK TOPOLOGICAL RESPONSES

We first focus on the calculated electronic topological
properties of bulk Mn4N. Figure 1(c) shows the calculated
band structure with and without SOC between the high-
symmetry points in the BZ. Note that the magnetic space
group of Mn4N is P4/mm′m′ with its magnetic easy axis
along the out-of-plane z direction [42]. We find multiple band
crossings without SOC that are gapped out with the inclusion
of SOC, for instance along the R-M line. We identify these
as the source of Berry curvature � by explicit calculation of
the Berry curvature where we plot its dominant component
�Z in Fig. 1(b). While there can be many different sources
of �, a strong contribution can originate from Weyl points
(WP) that act as like a monopoles for �, or from nodal lines
that are gapped out when a mirror symmetry is broken via
magnetization. We identify the WPs that contribute most to
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the Berry curvature using Wannier tools [41], and show them
in the Supplemental Material [32].

Since such peaks in Berry curvature are an intrinsic
source of the AHE (and ANE), we next report the calculated
anomalous Hall conductivity (AHC) and anomalous Nernst
conductivity (ANC) as functions of energy with respect to
the Fermi level at temperatures ranging from 0 K to 700 K
[Figs. 1(d) and 1(e)]. (Note that the Néel temperature of bulk
Mn4N is 745 K [12]. Since only the �Z component of the
Berry curvature is nonzero due to symmetry, we show the
transverse (xy) component of the AHC (σ A

xy) and the ANE
(αA

xy), focusing on an energy range surrounding the Fermi level
as this will determine the measured transport responses. We
find that the band structure has several crossings above and
below Fermi level that result in large Berry curvatures, leading
to multiple peaks in the AHE shown in Fig. 1(d). Here, we
focus on the dominant peak at E ∼ +0.3 eV, which corre-
sponds to the band crossings shown in Fig. 1(c). The AHE
peak at E ∼ +0.3 eV becomes sharper as the system cools
down and eventually splits into two peaks at E ∼ +0.28 eV
and +0.32 eV at T = 0 K, corresponding to the band crossings
identified in the 0 K band structure in Fig. 1(c). On the other
hand, we find that at high temperatures the ANE [Fig. 1(e)]
is peaked at E ∼ +0.2 eV and ∼+0.4 eV but with opposite
signs in this energy range close to the Fermi level. This is
consistent with our calculated AHE peak at E ∼ +0.3 eV
since the thermoelectric conductivity αA

i j is proportional to
the energy derivative of the AHE at low temperatures, which
is known as the Mott relation. We note that the ANE signal
at the Fermi level and the peak at E ∼ +0.2 eV both reach
their maximum values around 400 K, dropping for higher
temperatures. This is in contrast to the overall increase in
thermoelectric conductivity with temperature, which reaches
its maximum at 700 K for other energy ranges. This feature
may be explained by considering the previous prediction of
the magnetization compensation temperature (∼500 K) in this
system [27]. However, we also note a sign reversal in the
thermoelectric conductivity with increasing temperature at E
∼ +0.4 eV. While this is far enough away from the Fermi level
in stoichiometric films to not influence transport, it could play
a role in doped or alloyed systems [43–46].

We calculate the AHC, σ A
xy, to be −323 S/cm at the Fermi

level and at 0 K, which is three times larger than the ex-
perimental result of −100 S/cm at 4 K [17]. We note that
our result is much closer to the experimental value than the
previously reported calculated value of 573 S/cm [17], which
may be due to different calculation methods. These include
the choice of exchange-correlation functional, as well as the
size of the k-mesh grid used to calculate AHE and ANE, as
we found that particularly large mesh is required to reach
a satisfactory convergence. Moreover, AHE and ANE are
strongly dependent on the Fermi level—a small discrepancy in
the position of the Fermi level between the theory and exper-
iment (e.g., through strain, doping, finite size etc.), can result
in large changes to the measured/calculated AHE and ANE.
The previous authors suggested the discrepancy between the
calculated and measured σ A

xy was due to their samples be-
ing contaminated by a type-A magnetic structure (which has
negative σ A

xy according to their calculation results), resulting
in an overall decrease. This same study also examined the

FIG. 2. Calculated anomalous Hall coefficient σ A
xy (a) and

anomalous Nernst coefficient αA
xy (b), as a function of a total energy

with respect to the Fermi energy under different epitaxial strain at
300 K. Panels (c) and (d) shows the corresponding σ A

xy and αA
xy at the

Fermi level as a function of the applied epitaxial strain.

possibility of an extrinsic mechanism accounting for the
measured AHE response, leading to the conclusion that the
observed AHE is mainly of intrinsic origin.

We next turn to the discussion of the ANE, where we
find the calculated ANC, αA

xy, to be 0.65 Am−1 K−1 at the
Fermi level for 300 K where experiments report a value of
0.21 Am−1 K−1 at 300 K [17]. Similar to the calculated AHC,
we find our calculated ANC value to be three times greater in
magnitude than that measured in experiments. We find that the
ANC takes its maximum of 0.7 Am−1 K−1 at around 400 K,
which is comparable to other promising high-temperature
ANE materials such as UCo0.8Ru0.2Al (15 Am−1 K−1) [47],
Co3Sn2S2 (10 Am−1 K−1) [48], Co2MnGa (4 Am−1 K−1)
[49], Fe3Sn (2.5 Am−1 K−1) [20], SrRuO3 (0.6 Am−1 K−1)
[50], and Mn3Sn (0.3 Am−1 K−1) [51]. Thus, Mn4N can be a
promising candidate for thermoelectric applications with its
high Néel temperature, small saturation magnetization, and
perpendicular magnetic anisotropy.

IV. ENHANCING THE TOPOLOGICAL RESPONSES

To explore routes to enhance the AHC and ANE, and to
shed light on measurements of thin films, we calculate how
epitaxial strain affects the AHE and ANE in Mn4N [52]. We
first report the calculated σ A

xy and αA
xy for both tensile and

compressive strain in Figs. 2(a) and 2(b) at 300 K, respec-
tively. We find that the calculated values of the AHC and
ANC at the Fermi level change significantly under epitaxial
strain. We predict that both compressive and tensile strains
increase the AHC almost linearly away from its turning point,
with compressive strain having a much stronger effect [see
Fig. 2(c)]. For example, compressive strain increases σ A

xy from
−302 S/cm (bulk) to −594 S/cm at −3%, but tensile strain
increases σ A

xy to only −369 S/cm at +3%. However, we notice
a change in the linear dependence of AHE with strain for
−3%, which shows a leveling off compared to smaller strains.
Such results hint toward a change in Berry curvature distribu-
tion as the AHE is directly related to the Berry curvature as
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FIG. 3. Calculated band structures with Mn-d orbitals projected
as fat bands for epitaxial strains of −1% (a), −2% (b), −3% (c),
+1% (d), +2% (e), and +3% (f), respectively. Spin-orbit coupling is
included in all calculations with the Fermi level (dotted line) set to
0 eV. Black circles indicate the band-crossings that are the source of
Berry curvature.

shown in Eq. (1), which we explore further below. In contrast
to the enhancement of AHE with strain, we find the ANE
decreases except for a compressive strain of 1%, where we
predict αA

xy to be enhanced to a value of 0.9 Am−1 K−1 from
its bulk value of 0.65 Am−1 K−1 [see Fig. 2(d)]. This is rea-
sonable since αA

xy is approximately proportional to −dσ A
xy/dE

at low temperatures [see Eqs. (1) and (2)].
To understand the intrinsic origins of the enhancement

of AHE, and to explain the effect of epitaxial strain on the
AHE and ANE, we next inspect our calculated electronic band
structure for sources of Berry curvature and how they evolve
with strain (Figs. 3 and 4). On plotting the orbital-projected
bands for the dominant Mn-d orbitals in Fig. 3, we find that
the changes in AHE and ANE can be explained by the creation
and movement of Weyl points near BZ edges. Firstly, in the
compressive strain region, we find that the band crossings that
were responsible for the largest contribution to the AHE in the
bulk case are systematically shifted closer to the Fermi level,
from ∼+0.3 eV in the unstrained case (Fig. 1) to ∼+0.15 eV

FIG. 4. Berry curvature �z distribution in the BZ for epitaxial
strain values of −1% (a), −2% (b), −3% (c), +1% (d), +2% (e), and
+3% (f), respectively. Note that only intense Berry curvature distri-
butions are shown and black circles represent the high-symmetry k
points in the BZ.

(–1% strain), ∼+0.05 eV (–2% strain), and at the Fermi
level (–3% strain). This shift in the band crossings is due to
both the shift of the Fermi level, and the change in orbital
overlap with strain, primarily the relative downwards shift of
the dx2−y2 orbitals, and upwards shifts of the dxy and dxz/dyz

orbitals. Closer inspection of the atom- and orbital-projections
of these bands reveals that these overlapping bands are com-
prised mainly of the dx2−y2 , dxy, dxz and dyz orbitals of Mn
III (see Fig. S2 within the Supplemental Material [32] for
atom-projected bands). The Mn III atoms form a square lattice
in the Mn4N structure: compressive strain greatly increases
the orbital overlap of the in-plane orbitals (dx2−y2 and dxy),
resulting in additional crossings in the M-A direction. We
also find a slight increase in the overlap between those or-
bitals with an out-of-plane component (dxz and dyz) due to
the competition between the in-plane compression and out-
of-plane expansion of those orbitals with compressive strain.
Illustrations depicting these changes are shown in Fig. S3
within the Supplemental Material [32]. We find the movement
of our band crossings towards the Fermi level with strain to
be consistent with our calculated Berry curvature �z, which
intensifies with increasing strain, as expected. Crucially, we
also find new regions of high �z, which appear at −3% strain
[Figs. 3(c) and 4(c)], corresponding to the additional band
crossings resulting from the increased overlap of the in-plane
orbitals. At −3%, �z has both positive and negative values,
which hints toward the formation/creation of a new WP in
addition to the WPs at lower compressive strains. The new WP
is identified to originate from a new band crossing along the
M-A line (see Fig. S1 within the Supplemental Material [32]),
which is indicated in Fig. 3(c) and a negative �z distribution
can be seen along the M-A line in Fig. 4(c). Thus, with the
formation of this new WP, the linear enhancement of AHE
gets disrupted when going from −2% to −3% as seen in
Fig. 2(c).

On the other hand, in the tensile strain region, we also find
band crossings shifting due to both the change in the Fermi
level and orbital overlap under the tensile strain. In contrast
to compressive strain, bands with dx2−y2 orbital character shift
upwards and bands with the dz2 and dxz/dyz orbital character
shift downwards. However, this downward shift of bands with
dxz/dyz orbital character is reversed near the high-symmetry
point Z, which can be understood from the increased overlap
of dxz and dyz orbitals with tensile strain. As a result, another
band crossing that was below the Fermi level for the bulk case
gets pushed up to the Fermi level, leading to the enhancement
of AHE seen in Fig. 2(c). This can also be seen from our cal-
culated Berry curvature �z plots in Figs. 4(d)–4(f) where one
can find new regions with high �z between high-symmetry
points A and Z that intensifies as more strain is applied.

V. SUMMARY

In summary, we investigated the connection between the
Berry curvature and the anomalous Hall and Nernst effects
in the antiperovskite ferrimagnet Mn4N with ab-initio-based
calculations for bulk and strained cases. A significant Berry
curvature originating from WPs was found at the edge of
the BZ. Epitaxial strain, both compressive and tensile, is
predicted to enhance AHE; however, it is found to generally
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decrease ANE, except for the −1%, for all studied strains.
At a compressive strain of −3%, new WPs are predicted
to form originating from new band crossings induced by
orbital overlap. Overall, our results show that enhancement
of AHE is due to two factors (i) shifting of the relative
Fermi level closer to band crossings, and (ii) the creation of
new band crossings with changes of orbital overlap under
strain. When taken in conjunction with previous papers on
real-space topology [27], such predictions thus indicate that
Mn4N is topological in both real and reciprocal spaces, and
could provide an interesting system to explore the interplay
of robust topological features in such doubly topological
magnetic systems [53]. Furthermore, a large enhancement of
AHE with compressive strain may improve the stability of
the metastable phases in real space since the topological Hall
effect relation to AHE is reported to increase as temperature
lowers [18] and topological metastable phases were predicted
at low temperatures [27]. We hope our prediction will
motivate experimental studies on Mn4N thin films and

confirm our findings of epitaxial strain effect on AHE and
ANE, and will be put to use to design novel devices.
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