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This report summarizes the work of the ASPIN project consortium on ab initio band structure
calculations and symmetry/topology analyses in antiferromagnets. It spans a broad range of works
from the study of the topological metal-insulator transition in Dirac semimetal antiferromagnets, to
anomalous Hall effect in Weyl semimetal antiferromagnets. Apart from references to our comprehen-
sive reviews, covering our as well as world-wide research in the field, the report outlines our original
results in selected specific topics. We give references to the corresponding publications featuring details
of these results and for each topic we also explicitly list the contributing teams from the consortium
comprising: Institute of Physics in Prague (IOP), University of Nottingham (NOT), Max-Planck Insti-
tutes (MPG), IGS Ltd. (IGS), Charles University in Prague (CHU), Johannes Gutenberg University
in Mainz (JGU).
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1 Reviews

1.1 Topological antiferromagnetic spintronics

Contributing teams: JGU, IOP, NOT
The recent demonstrations of electrical manipulation and detection of antiferromagnetic spins

have opened up a new chapter in the story of spintronics. In this work [1], we review the emerging
research field that is exploring the links between antiferromagnetic spintronics and topological struc-
tures in real and momentum space. Active topics include proposals to realize Majorana fermions in
antiferromagnetic topological superconductors, to control topological protection and Dirac points by
manipulating antiferromagnetic order parameters, and to exploit the anomalous and topological Hall
effects of zero-net-moment antiferromagnets. We explain the basic concepts behind these proposals,
and discuss potential applications of topological antiferromagnetic spintronics.
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1.2 Symmetry and Topology in Antiferromagnetic Spintronics

Contributing teams: JGU, IOP, NOT
Antiferromagnetic spintronics focuses on investigating and using antiferromagnets as active ele-

ments in spintronics structures. Last decade advances in relativistic spintronics led to the discovery
of the staggered, current-induced field in antiferromagnets. The corresponding Néel spin-orbit torque
allowed for efficient electrical switching of antiferromagnetic moments and, in combination with elec-
trical readout, for the demonstration of experimental antiferromagnetic memory devices. In parallel,
the anomalous Hall effect was predicted and subsequently observed in antiferromagnets. A new field of
spintronics based on antiferromagnets has emerged. In this review [2] we focus on the introduction into
the most significant discoveries which shaped the field together with a more recent spin-off focusing on
combining antiferromagnetic spintronics with topological effects, such as antiferromagnetic topological
semimetals and insulators, and the interplay of antiferromagnetism, topology, and superconductivity
in heterostructures (see Fig. 1).Symmetry and topology in antiferromagnetic spintronics 9
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Fig. 5 Classical magnetic point groups (MPGs) and exemplar AFs. (I) Colorless MPG exam-
ple of a layered AF MnTe. (II) Grey MPG and zig-zag antiferromagnet FeSe. (III) Black and white
MPG. Three different types (from left): PT AF CuMnAs, centrosymmetric AF with 3Q mag-
netic order and prohibited anomalous Hall effect (AHE) - IrMn[44] or certain pyrochlore AF[42],
and centrosymmetric AF with nonzero AHE, Mn3Ge. The three colors represent overlap of the
antiferromagnetic symmetries allowing for Dirac quasiparticles, superconductivity, and AHE.

Tensor rank Even (scalar, matrix) Odd (vector, 3rd rank)
Time reversal T + - + -
Spatial inversion P + (polar) - (axial) + (polar) - (axial) - (polar) + (axial) - (polar) + (axial)
PT + - - + - + + -

Exemplar tensor AMR sAHE
i j sS

i j b

Table 1 Spatial inversion and time reversal transformations of tensors.

sS
i j analysis, it is sufficient to use the magnetic Laue group [45]. si j and sS

i j do not
change sign under spatial inversion and thus this symmetry can be omitted leading
to only 32 magnetic Laue groups to investigate [46]. In contrast, the SOT torkance
tensor ti j changes sign under spatial inversion and thus non-centrosymmetric lattice
sites are required and all 122 MPGs have to be considered [47, 48]. This procedure
leads to the conclusion that in the MPG from category I, and III there are in total 31
MPGs which allow for uncompensated moments, ferrimagnetism, ferromagnetism
and also a nonzero AHE conductivity sAHE

i j . In Fig. 5(MPG III) - right panel we
show a corresponding example of the non-collinear AF structure of Mn3Ge.

The torkance tensor is defined by t = tE [49], where t is a torque generated by an
applied electric field E. The Onsager reciprocal for SOT is the inverse SOT obtained
by interchanging the perturbation and response and both effects can be desribed by
the torkance tensor [50]. SOT can be decomposed into an even part tFL and an odd
part tAL: t = tFL + tAL. There are 21 non-centrosymmetric point groups which al-

Figure 1: Classical magnetic point groups and exemplar antiferromagnets; the three colors represent
overlap of the antiferromagnetic symmetries allowing for Dirac quasiparticles, superconductivity, and
anomalous Hall effect [2].

1.3 Route towards Dirac and Weyl antiferromagnetic spintronics

Contributing teams: JGU, IOP, NOT
Topological quantum matter and spintronics research have been developed to a large extent in-

dependently. In this review [3], we discuss a new role that the antiferromagnetic order has taken in
combining topological matter and spintronics. This occurs due to the complex microscopic symmetries
present in antiferromagnets that allow for, e.g., topological relativistic quasiparticles and the newly
discovered Néel spin-orbit torques to coexist. We first introduce the concepts of topological semimet-
als and spin?orbitronics. Secondly, we explain the antiferromagnetic symmetries on a minimal Dirac
semimetal model and the guiding role of ab initio calculations in predictions of examples of Dirac and
Weyl antiferromagnets: SrMnBi2, CuMnAs, and Mn3Ge. Lastly, we illustrate the interplay of Dirac
quasiparticles, topology and antiferromagnetism on: (i) the experimentally observed quantum Hall
effect in EuMnBi2; (ii) the large anomalous Hall effect in Mn3Ge; and (iii) the theoretically predicted
topological metal-insulator transition in CuMnAs.
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2 Dirac and Weyl band crossings in antiferromagnets

2.1 Topological metal-insulator transition and anisotropic magnetoresistance in
Dirac semimetal CuMnAs

Contributing teams: JGU, IOP, NOT
In this work [4] we identify a nonsymmorphic crystal symmetry protection of Dirac band crossings

in CuMnAs whose on and off switching is mediated by the Néel vector reorientation. We predict
that this concept, verified by minimal model and density functional calculations in the CuMnAs
semimetal antiferromagnet, can lead to a topological metal-insulator transition driven by the Néel
vector reorientation and to the corresponding topological anisotropic magnetoresistance (see Fig. 2).

by these symmetries. Note that the Gx protection makes our
tetragonal CuMnAs AF distinct from the earlier identified
nonsymmorphic protection in paramagnetic ZrSiS [40].
The fieldlike Néel SOT in the full tetragonal crystal of

CuMnAs has the same symmetry as in the minimal model
and, therefore, allows for the current-induced rotation of the
Néel vector [9,29]. This opens the prospect of electric
control of Dirac crossings in an experimentally relevant AF
material. However, the tetragonal CuMnAs is not optimal
for observing the corresponding topological MIT due to
other non-Dirac bands present around the Fermi level [see
Fig. 3(c)]. These can be removed, e.g., by lowering the
lattice symmetry from tetragonal to orthorhombic [22,24],
as we now discuss in the remaining paragraphs.
The nonsymmorphic Pnma primitive cell of the ortho-

rhombic CuMnAs [41] is shown in Fig. 4(a). It has four Mn
sites consisting of the two inversion-partner pairs A-B and
A0-B0. From the symmetry analysis of the current-induced
spin polarizations [29] generated locally at these four sites,
we obtain that they contain components which are com-
mensurate with the AF order: A and A0 sites with one sign
of the current-induced spin polarizations belong to one AF
spin sublattice, and B and B0 sites with the opposite sign of
the current-induced spin polarizations belong to the oppo-
site AF spin sublattice. This makes the Néel SOT efficient
for reorienting AF moments in orthorhombic CuMnAs.
GGA electronic structure calculations without SOC

are shown in Figs. 4(b) and 4(c). Consistent with earlier

reports [22,24], the density of states vanishes at the Fermi
level, and we now discuss the properties of the three Fermi
level DPs seen in Figs. 4(b) and 4(c). Without SOC, they
are part of an ungapped nodal line in the ky ¼ 0 plane [24].
In the presence of SOC and for n∥½001#, the DPs along the
ΓX and ZX axes become gapped. The gap opening applies
to the entire nodal line, except for the DP along the XU axis
(and also X0U), as shown in Figs. 4(d) and 4(f)–4(h). Using
the same method as in the ab initio calculations for the
tetragonal CuMnAs, we identified that the XU DP pro-
tection is due to the screw-axis symmetry Sz ¼ fC2zj 12 0

1
2g

[24]. The corresponding state at n∥½001# is then a topo-
logical AF Dirac semimetal with the positive topological
charge of the XU DP. For n∥½101#, all DPs (the entire nodal
line) are gapped, and the system becomes an AF semi-
conductor, as seen in Figs. 4(e)–4(h). Finally, for n∥½100#,
the spin-orbit gap is nearly but not fully closed at the ΓX
DP, as shown in Fig. 4(f). This trivial AF Dirac semimetal
phase is reminiscent of graphene. Our calculations predict a
relatively weak magnetic anisotropy with the equilibrium
easy axis along the [100] direction. Note that the easy-axis
determination with E½001# − E½100# ∼ 0.3 meV per unit cell
is at the resolution limit of our computational method.
Since the DPs can appear at the Fermi level [see, also,
the comparison of GGA and GGA þ U calculations in
Fig. 4(b)], orthorhombic CuMnAs represents a realistic
material candidate for observing the topological MIT and
AMR driven by the Néel vector reorientation.

FIG. 3. (a) Crystallographic and magnetic structure of the
tetragonal CuMnAs. Atom-resolved (b) density of states with
semimetallic pseudogap and (c) band structure without SOC
within GGA. GGA þ U shows DPs position shifts. Colors
correspond to the atomic colors in (a). Electric control by the
Néel SOT of the 3D band dispersion around the nodal line along
the kx ¼ π BZ submanifold calculated by GGA þ SOC, which is
(d) protected for nj½100# by the glide mirror plane and (e) gapped
for nj½110#. a ¼ b ≠ c are the lattice constants. (f) Cut along the
XMY line through the nodal lines at different energies.

FIG. 4. (a) Crystallographic and magnetic structure of the
orthorhombic CuMnAs with Néel SOT spin-polarization δs for
the current J∥½100#. Atom-resolved (b) point-semimetal density
of states and (c) band structure without SOC within GGA.
GGA þ U shows DPs position shifts. (d),(e) Topological MIT.
Manipulation of the Dirac fermions along the (f) ΓX, (g) XU, and
(h) ZX axis (units d ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ c2

p
with a ≠ c being the lattice

constants) by the Néel SOT from GGA þ SOC calculations
reveals topological (n∥½001#), “trivial” Dirac semimetal
(n∥½100#), and semiconductor (n∥½101#).
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Figure 2: Ab initio study of the topological metal-insulator transition controlled be the Néel vector
reorientation in a Dirac semimetal orthorhombic CuMnAs [4].

2.2 Ab initio study of spectral function and resistivity anisotropy in Mn2Au

Contributing teams: JGU, IOP, CHU, NOT
In this work [5] we have elucidated the origin of the large anisotropic magnetoresostance observed in

antiferromagnetic Mn2Au by performing ab initio transport calculations and by inspecting anisotropies
in the spectral function (see Fig. 3). A large contribution to the anisotropic magnetoresostance
originates form opening and closing of a Dirac point near the Fermi level, as predicted in our above
earlier theory work [4].
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qualitatively unchanged also for higher degrees of disorder, which
we explicitly verified for 5% Au excess. This together with the k-
space anisotropy of the MΓ band around the Fermi level can
explain the high value of AMR100 experimentally observed for
Au-rich Mn2Au.

Discussion
In-plane switching of the Néel vector in the antiferromagnetic
metal Mn2Au by current pulses was realized using intrinsic spin-
orbit torques. Consistent measurements of the AMR and PHE
showed pulse current direction dependent reversible changes,
providing direct evidence for Néel vector switching. Easy read-out
of the switching is provided by a large amplitude of the AMR of
more than 6%, which is more than an order of magnitude higher
than previously observed for other antiferromagnetic systems and
one of the highest AMR amplitudes found for metallic magnetic
thin films. We can reproduce the magnitude of the effect theo-
retically by including realistic disorder and, in particular, find the
same dependence of the amplitude on the crystallographic
directions in the experiment as in the calculation. With the basic
principles of writing and read-out demonstrated, combined with
a theoretical understanding of the underlying spin-orbit torques,
and the large magnetoresistive effects, the metallic compound
Mn2Au is a prime candidate to enable future AFM spintronics.

Methods
MAE calculation. The MAE of chemically ordered Mn2Au was calculated using
the FLAPW (full potential linearized augmented plane wave)+GGA (Generalized
Gradiend Approximation) method in combination with the magnetic force theo-
rem28. We found the in-plane MAE: E½100" # E½110" ≲ ± 10j j μeV per formula unit.
However, this method is suitable only for fully ordered crystal structures. Thus to
realistically describe our experiments we calculated the MAE within the TB-LMTO
+CPA also for disordered Mn2Au. For all concentrations of the simulated types of
disorder we obtained the out-of-plane MAE E½001" # E½100" ≃ 2.9 meV. The in-plane
MAE calculation gives E[100] − E[110] from −1 to −3 μeV per formula unit at the
resolution limit of our methods. While the out-of-plane MAE is similar to the
reported value for chemically ordered Mn2Au29, the in-plane MAE of the dis-
ordered material has opposite sign. Independent from the sign the tiny value of the
in-plane MAE at the resolution limit of the calculations is consistent with the

experimental observation that by current switching the [100] as well as the [110]
Néel vector orientation could be stabilized in disordered Mn2Au.

AMR calculation. To calculate the AMR of Mn2Au ab initio we employed the
FRD-TB-LMTO+CPA method in combination with the Kubo formula24–26. s-type,
p-type, and d-type orbitals were included in the basis and the LSDA (local spin
density approximation) and the Vosko-Wilk-Nusair exchange-correlation potential
parametrization30 were used. The ground-state magnetization and density of states
was reproduced consistently with a previous report31. In the transport calculations
we used up to 1010 k points in the Brillouin zone and for the CPA residual
resistivity calculations we set the imaginary part of the complex energy to 0.13
meV. In the RTA, the imaginary part of the complex energy Imz in the Bloch
spectral function An,k(z) was approximated by a finite isotropic k-independent
relaxation time. In the CPA, the effective medium was constructed corresponding
to a random averaging of the occupancies of the disordered sites. The CPA Bloch
spectral function is anisotropic and k-dependent and determined by the effective
medium potential.

We compared the RTA and the CPA derived calculated resistivities with the
corresponding experimental values, from which we concluded that the level of
disorder in our samples is at least 0.5%. Resistivity calculations for lower disorder
values around, e.g., 0.1% correspond to 10–20 times smaller residual resistivities
than observed in experiment and are thus not relevant in the framework of our
manuscript. Nevertheless, we also calculated AMR100 for 0.1% of Au excess
resulting in a value of (3.7± 1.5)%. The large error of this calculation is due to the
increased number of iterations and k points needed for calculations with such a
tiny degree of disorder.

Data availability. The relevant data are available within the article or from the
authors on reasonable request.
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Fig. 7 Bloch spectral function calculated within the CPA for 0.5%-Au-rich
Mn2Au for two orientations of the Néel vector: a || [100] and b || [010]. The
white arrows mark the major changes of the spectral function induced by
the Néel vector rotation
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Figure 3: Bloch spectral function calculated in Mn2Au for two orthogonal orientations of the Néel
vector; changes near the Dirac crossing are highlighted by arrows [5].

2.3 Magnetic Weyl semimetal without spin-orbit coupling and strong anomalous
Hall effect in Ti2MnAl

Contributing team: MPG
In this work [6] we predict a magnetic Weyl semimetal in the inverse Heusler Ti2MnAl (see Fig. 4),

a compensated ferrimagnet with a vanishing net magnetic moment and a Curie temperature of over
650 K. Despite the vanishing net magnetic moment, we calculate a large intrinsic anomalous Hall
effect (AHE) of about 300 S/cm. It derives from the Berry curvature distribution of the Weyl points,
which are only 14 meV away from the Fermi level and isolated from trivial bands. Different from
antiferromagnets Mn3X (X = Ge, Sn, Ga, Ir, Rh, and Pt), where the AHE originates from the
non-collinear magnetic structure, the AHE in Ti2MnAl stems directly from the Weyl points and is
topologically protected. The large anomalous Hall conductivity (AHC) together with a low charge
carrier concentration should give rise to a large anomalous Hall angle. In contrast to the Co-based
ferromagnetic Heusler compounds, the Weyl nodes in Ti2MnAl do not derive from nodal lines due to
the lack of mirror symmetries in the inverse Heusler structure. Since the magnetic structure breaks
spin-rotation symmetry, the Weyl nodes are stable without spin-orbit coupling. Moreover, because of
the large separation between Weyl points of opposite topological charge, the Fermi arcs extent up to
75% of the reciprocal lattice vectors in length. This makes Ti2MnAl an excellent candidate for the
comprehensive study of magnetic Weyl semimetals. It is the first example of a material with Weyl
points and large anomalous Hall effect despite a vanishing net magnetic moment.
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PREDICTION OF A MAGNETIC WEYL SEMIMETAL … PHYSICAL REVIEW B 97, 060406(R) (2018)

FIG. 2. (a)–(d) Energy dispersion of one pair of Weyl points for
(a),(b) without and (c),(d) with inclusion of SOC. The red dashed lines
in (a),(c) are the reference lines indicating the breaking of the mirror
symmetries if SOC is considered. (e),(f) Berry curvature distribution
around the Weyl points with positive and negative chirality.

energy dispersions of one pair of Weyl points before and after
the inclusion of SOC is shown in Figs. 2(a)–2(d). Without the
inclusion of SOC, the energy dispersion is mirror symmetric,
as shown by the red dashed line in Fig. 2(a). As long as SOC is
taken into consideration, the mirror symmetry is not preserved.
The bands corresponding to WA cross the reference line (the
red dashed line) two times, while the bands associated with
WB cross it four times. Because of the perturbation from SOC,
the Weyl points are not at the charge neutrality point any more,
which shifts them above the Fermi level by around 14 meV, see
Fig. 2(d). Though the SOC slightly shifts the Weyl points in
both momentum and energy, the chirality remains unchanged,
as shown in Figs. 2(e) and 2(f). We found that the existence of
Weyl points is robust after inclusion of on site U for Ti-3dand
Mn-3dorbitals from 1 to 5 eV.

A typical feature of WSMs is the topological surface Fermi
arc state. To calculate the (001) surface state, we considered an
open boundary condition with the half-infinite surface by using
iterative Green’s function method [51,52]. From the energy
dispersion along the high-symmetry line X-!-M , surface
bands connecting the bulk conduction and valence states can
be seen, which should be related to the Fermi arcs. Actually,
the two projected Weyl points on the (001) surface are very

FIG. 3. Surface states of Ti2MnAl terminated along the (001)
direction. (a) Surface energy dispersion along high symmetry lines
of X-!-M . (b) Surface energy dispersion crossing one pair of Weyl
points. The k path is given in (c). (c),(d) Fermi surface with energy
lying at Weyl points and charge neutral point, respectively.

close to the !-M line [see Figs. 3(c) and 3(d)], and therefore
nearly linear bulk band crossings can be observed along !-M .
Since Fermi arcs begin and end at the Weyl points with opposite
chiralities, we have chosen a special direction along the two
projected Weyl points [see Fig. 3(c)]. For the (001) surface, two
Weyl points of the same chirality project onto each other. The
corresponding energy dispersion, given in Fig. 3(b), clearly
shows see the linear dispersion of the bulk Weyl points (labeled
by the green and blue circles) with the Fermi arc related surface
bands terminating at the two Weyl points. Because of the
dispersion of the Fermi arcs below the Fermi level, they could
be detected by ARPES and STM measurements.

By fixing the energy at the Weyl points, perfect Fermi arcs
with tiny bulk states can clearly be seen in Fig. 3(c). Dependent
on the number of surface projected Weyl points, the number of
Fermi arcs terminated at each Weyl points differs. Moreover,
two long Fermi arcs extend around 75% of the reciprocal lattice
vector, which is amongst the longest Fermi arc to be observed
so far. On shifting the energy down by 14 meV to the charge
neutral point, there is slightly change in the surface state, and
most of the Fermi arcs remain clearly detectable. Therefore,
the Weyl semimetal states in Ti2MnAl lead to the existence
of isolated surface Fermi arcs, and the long Fermi arc around
the charge neutral point should be easy to detect by surface
techniques. Further, owing to the long Fermi arcs and small
bulk charge carrier density, it is also easy to observe the Fermi
arc induced quantum oscillation.

Owing to the large Berry curvature around the Weyl points,
a strong AHE is expected in magnetic Weyl semimetals. To
investigate the AHE we have computed the intrinsic AHC
by the linear-response Kubo formula approach in the clean

060406-3

Figure 4: Surface energy dispersion of Ti2MnAl along high symmetry lines and crossing one pair of
Weyl points [6].

3 Band structure of CuMnAs probed by ab initio calculations and
optical and photoemission spectroscopy

Contributing teams: CHU, IOP, JGU, NOT
The tetragonal phase of CuMnAs progressively appears as one of the key materials for antifer-

romagnetic spintronics due to efficient current-induced spin-torques whose existence can be directly
inferred from crystal symmetry. Theoretical understanding of spintronic phenomena in this material,
however, relies on the detailed knowledge of electronic structure which has so far been tested only to
a limited extent. In this work [8] we show that AC permittivity (obtained from ellipsometry) and UV
photoelectron spectra agree with density functional calculations. Together with the x-ray diffraction
and precession electron diffraction tomography, our analysis confirms recent theoretical claim that
copper atoms occupy lattice positions in the basal plane of the tetragonal unit cell.
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