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Type-I antiferromagnetic Weyl semimetal InMnTi2
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Topological materials have been a main focus of studies in the past decade due to their protected properties
that can be exploited for the fabrication of new devices. Among them, Weyl semimetals are a class of topological
semimetals with nontrivial linear band crossings close to the Fermi level. The existence of such crossings requires
the breaking of either time-reversal (T ) or inversion (I ) symmetry and is responsible for the exotic physical
properties. In this work we identify the full-Heusler compound InMnTi2, as a promising, easy to synthesize,
T - and I-breaking Weyl semimetal. To correctly capture the nature of the magnetic state, we employed a
novel DFT + U computational setup where all the Hubbard parameters are evaluated from first principles; thus
preserving a genuinely predictive ab initio character of the theory. We demonstrate that this material exhibits
several features that are comparatively more intriguing with respect to other known Weyl semimetals: the
distance between two neighboring nodes is large enough to observe a wide range of linear dispersions in the
bands, and only one kind of such node’s pairs is present in the Brillouin zone. We also show the presence of
Fermi arcs stable across a wide range of chemical potentials. Finally, the lack of contributions from trivial points
to the low-energy properties makes the materials a promising candidate for practical devices.
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I. INTRODUCTION

Topological semimetals [1] constitute a class of materials
where protected band crossings occur. They can be distin-
guished as either Dirac [2] or Weyl semimetals (WSs) [3,4],
when the crossings happens at isolated points in the Brillouin
zone (BZ), or nodal line semimetals [5], when the crossings
span an entire line. For the former case, the crossings, also
called nodes, can be assigned to be Dirac or Weyl with a k · p
framework, which can take the form of either a Dirac or a
Weyl Hamiltonian. The former describes a fourfold degener-
ate crossing with no chirality, while the latter describes a pair
of twofold degenerate crossings with opposite chiralities, as
guaranteed by the fermion doubling theorem [6]. The presence
of these nodes lead to the emergence of quasiparticle excita-
tions with a behavior similar to that of a Dirac or Weyl fermion
[7], respectively. The focus of this paper is on WSs, which
exhibit a wide range of interesting properties such as the
Adler-Bell-Jackiw anomaly [8,9] related to the observation of
negative magnetotransport [10–13], and the presence of atyp-
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ical surface states known as Fermi arcs [3]. WSs have been
proposed for many applications ranging from the realization
of qubits [14], to Veselago lenses [15] and lasing [16].

One of the main requisites for the realization of a WS
is the breaking of either time-reversal (T ) or inversion (I )
symmetry. If both are present at the same time, it can be
shown that two nodes with opposite chirality will always
be degenerate, giving rise to a fourfold crossing with zero
Chern number. A major breakthrough in the study of WSs was
achieved with the experimental realization of the I-breaking
TaAs [17,18] and the other transition-metal monopnictides
[19,20]. Unfortunately, these materials also display a com-
plex band-structure landscape that can obfuscate the Weyl
properties. This can happen due to several features, from the
proximity of two neighboring nodes in the same pair, which
causes a distortion of the expected linear dispersion, to the
presence of trivial points [21]. In the search for possible WSs
also several T -breaking materials have been proposed, such as
the pyrochlore iridates [3], antiferromagnetic (AFM) Mn3Sn
and Mn3Ge [22,23], or a promising family of cobalt-based
Heusler compounds [24,25]. Furthermore Weyl nodes have
also been detected in the ferrimagnetic phase of NdAlSi [26]
and in the AFM RuO2 in coexistence with Weyl nodal loops.
In T -breaking WSs, the restriction of having having Weyl
nodes (WNs) appearing in multiples of 4 is lifted, and the
number of pairs present can range from a single to multiple
ones. Recently, an interesting paradigm in the design of WSs
has been proposed with the introduction of the ferromagnetic
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(FM) ternary compounds RAlX [R = rare-earth metal, X =
Ge, Si] [27], such as CeAlSi [28], where both T and I sym-
metries are broken. In this case the material can be seen as an
I-breaking WS with a Zeeman-like perturbation that causes
a shift in the position of the nodes depending on their Chern
number. These materials have the same crystal structure as the
transition-metal monopnictides, and indeed exhibit the same
4/8 pairs of W1/2 nodes, shifted depending on their Chern
number and, in some cases, depending on the material com-
position, also additional W3 and W4 nodes, always organized
in 4n pairs.

In this work we perform a systematic study of the
properties of InMnTi2, a noncentrosymmetric full-Heusler
compound [29] belonging to space group 216. Among sev-
eral possible spin configurations, we predict that the AFM
phase with magnetic moments along the [001] direction is
the most stable one. As alluded to above, we expect to find
Weyl nodes organized in 4n pairs with a Zeeman-induced
shift in their positions depending on the node’s Chern number.
Indeed, in the present analysis, we find 12 pairs of type-I
nodes [30] throughout the entire BZ of the material, which
are all equivalent, modulus a minor shift in k space induced
by the AFM phase. We show that in InMnTi2 the distance
between a pair of neighboring nodes is greater than that in
I-breaking WSs such as the transition-metal monopnictides,
and greater or comparable to that of T -breaking ones, while
still being very close to the Fermi level. Finally, we also show
that only a trivial pocket of electrons is present at � in addition
to the Fermi pockets given by the WNs, and its contribution
is negligible to the Weyl properties, as shown in the computed
density of states (DOS) and optical properties.

II. METHODS

Density-functional theory (DFT) calculations have been
carried out using the open-source QUANTUM ESPRESSO [31,32]
distribution in combination with the norm-conserving full-
relativistic pseudopotentials from the ONCVPSP library [33],
with the exchange and correlation functional derived within
the Perdew, Burke, and Ernzerhof generalized-gradient ap-
proximation [34]. The parameters and convergence thresholds
set for the calculations are higher than conventional ones,
in order to guarantee an accuracy of the order of 1 meV
for the resulting band eigenvalues. In particular, we use a
plane wave cutoff for the wave functions G vectors of 150
Ry. The initial relaxation and self-consistent calculations are
carried out using a 9 × 9 × 9 Monkhorst-Pack mesh to sample
the BZ. Successively, a non-self-consistent calculation with
a 12 × 12 × 12 grid has been used to perform the Wan-
nierization of the wave functions with WANNIER90 [35]. In
order to determine the magnetic configuration of the mate-
rial, several supercells have been considered with different
starting spin configurations. To account for the localized
nature of 3d electrons in transition metals, we employed the
fully relativistic noncollinear parametrization of Dudarev’s
DFT + U functional [36,37]. The internal consistency and
the predictive character of the method are guaranteed by
directly evaluating the Hubbard parameters for the Ti-3d and
Mn-3d states also including spin-orbit coupling. To do this,
we used the linear response [38] density-functional perturba-

tion theory approach [39,40] that we recently generalized to
the noncollinear fully relativistic case [41]. In this scheme,
the Hubbard U correction is given by U I = (χ−1

0 − χ−1)II ,
where the interacting (noninteracting) response matrix χ (χ0)
is given by the curvature of the total energy with respect to an
external field constraining the 3d orbital occupation: χII ′ =∑occ

i (〈�i|PI |δI ′�i〉 + 〈T �i|T PIT †|T δI ′�i〉). The linearized
perturbed wave functions satisfy two Sternheimer equations;
a standard and a time-reversed one [41]:

(H[B] − εi )|δI�i〉 = −P δIV
[B]

KS |�i〉 (1)

(H[−B] − εi )|T δI�i〉 = −� δIV
[−B]

KS |T �i〉, (2)

where Bxc is the magnetic exchange correlation potential, and
P and � are the standard and the time-reversed projectors on
the conduction manifold. With this method, using a 4×4×4
q-points mesh, we estimated U = 2.45 eV for the Mn-3d and
U = 2.27 eV for the Ti-3d states.

The bands used for the Wannierization have been chosen
so as to include the entire isolated manifold including both
the valence and conduction bands around the Fermi level.
Following the Wannierization, WANNIERTOOLS [42] has been
employed to perform a Wannier interpolation on a denser
151 × 151 × 151 k-point mesh, and to find the position of all
points with a gap smaller than 0.5 meV. The position of the
crossings has then also been verified with direct DFT calcula-
tions. The denser grids from WANNIERTOOLS have been used
for the calculation of the Fermi surface and DOS. The iterative
Green’s function method [43,44] is used in order to compute
the surface states on a tetragonal supercell. The surface is cut
along the [001] direction and the states are computed both for
the Ti/Mn- and Ti/In-terminated surfaces

The Berry curvature � defined as the curl of the Berry
connection (A)

An(k) = i〈unk|∇k|unk〉. (3a)

�n(k) = ∇k × An(k) (3b)

has been computed using WANNIERBERRY [45] (here we ex-
plicated the quasimomentum and band indices i = kn). The
Chern number of the nodes has been computed both by con-
sidering the flux of �n(k) on a sphere surrounding the node
(4), and using Z2PACK [46] to track the evolution of the hybrid
Wannier charge centers (HWCCs) on a sphere surrounding
each node.

C =
∫

BZ
dS · �n(k). (4)

The optical conductivity of the material has been com-
puted within the independent-particle approach [47] using
the Kubo-Greenwood formula as implemented in WANNIER90.
The diagonal elements of the real part of the optical conduc-
tivity are given by [48,49]

σ1, j j (ω) = 2πe2

m2ωV

∑
k

∑
c,v

{ f [εv (k)] − f [εc(k)]}

× |〈ck|p j |vk〉|2δ[εc(k) − εv (k) − h̄ω], (5)

where V is the cell volume and v and c are the valence and
conduction bands indexes respectively. In order to ensure that
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FIG. 1. (a) Band structure along the high-symmetry path. (b) Plot of the Fermi surface obtained from a Wannier interpolation on a 151 ×
151 × 151 k-point grid. The Fermi surface shows pockets surrounding the 12 pairs of WNs. Only one other pocket of trivial points is present
around �. (c) Plot of the BZ including the position of the WNs in the antiferromagnetic ground state. The nodes with chirality +1 are shown in
red, while the one with chirality −1 are shown in blue. The green lines show the high-symmetry path on which the bands have been calculated.

the optical properties are converged within a broadening of
3 meV, we perform the calculation on a set of increasingly
denser k-points meshes up to a 300 × 300 × 300 grid, where
the convergence criteria is satisfied. The imaginary part of the
dielectric tensor can be derived from the optical conductivity
using the formula

Im ε j j (ω) = 4π

ω
Re σ j j (ω). (6)

The entire process has been automated with AIIDA [50,51]
work flows, which let us keep track of the metadata and
provenance for every step of the calculation. The relative
plug-ins for QE and Z2PACK have also been employed. The
data produced in this work has been made available on the
Materials Cloud [52] at Ref. [53].

III. RESULTS AND DISCUSSIONS

InMnTi2 has been selected from a previous high-
throughput screening performed on materials derived from the
ICSD and COD databases [54,55]. Such work was limited
to the use of the PBE functional, which predicted InMnTi2
to be a Weyl semimetal with a nonmagnetic ground state.
However, the presence of transition metals and the results
obtained by Shi et al. [57] for Ti2MnAl call for a more detailed
first-principles investigation of the magnetic properties.

When including Hubbard corrections, we found that the
nonmagnetic state becomes metastable, and the lowest-energy
state becomes the AFM one in the primitive cell, with Ti and
Mn atoms forming two sublattices with opposite spin con-
figuration and the magnetic moments in the [001] direction.
The cell parameter derived from the relaxation is the same as
that of the original screening of 3.134 Å. The details of the
lattice and magnetic moments are reported in the Supplemen-
tal Material [56] (see Table SM1-2). It is worth noting that

the material has also been predicted to be a WS by chemi-
cal substitution and study of the anomalous Nernst effect by
Noky et al. [58], starting from the work of Shi et al. [57], in
which they study an equivalent inverted Heusler compound
Ti2MnAl. It should be stated that for this material they obtain
the antiferromagnetic configuration as the most stable one,
with opposite spin directions on Ti and Mn sublattices, already
at the PBE level.

The band dispersion of the material in the antiferromag-
netic configuration is shown in Fig. 1(a), from which several
features can be observed. Several bands are crossing at the �

point, which results in the presence of a trivial pocket in the
Fermi surface [Fig. 1(b)]. Also, a direct gap can be observed
along the � → K direction, which is a direct consequence
of the presence of a pair of WNs in its proximity. Across
the entire BZ, 12 pairs of WNs can be identified, as shown
in Fig. 1(c). All the nodes can be mapped to a single node
position kW = (0.2361, 0.3712, 0.0000) 96 meV below the
Fermi level, plus a Chern and K-dependent momentum shift,
as expected from an I- and T -breaking Weyl semimetal. The
difference between the band structure and node positions be-
tween the DFT+U AFM results and the nonmagnetic PBE
ones is shown is the Supplemental Material (see Figs. SM2
and SM3 [56]). Notably, the shift for the nodes in the kz = 0
plane is of 0.0047 Å−1 along the kz direction with sign oppo-
site to the Chern number of the node (see Fig. 1). The energy
of the nodes also remains the same within the accuracy of
1 meV.

We then compute the band dispersion along the line con-
necting two adjacent WNs (W → W )x and two direction y
and z perpendicular to it and to each other, with y belonging
to the xy plane (see Fig. 2). This has been performed both in
DFT and with Wannier interpolations, in order to show that the
Wannier functions are able to reproduce the band dispersions
of the nodes with a 1 meV accuracy. When dealing with pair
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FIG. 2. Plot of the DFT (dashed blue) and Wannier (red) band dispersion in proximity of a Weyl node. The W → W x direction is set to
line that joins a pair of adjacent Weyl nodes. The y and z directions are chosen to be perpendicular to x and each other with y lying in the xy
plane.

of nodes, we are interested in the distance between each other
as it is tied to the linear range of the band dispersion and hence
the strength of the Weyl character of the nodes. The separation
between nodes is also directly related to the possible strength
of the quantum Hall effect in the Weyl semimetal [59]. In
the case of the node pairs in InMnTi2 their distance is 0.37
Å−1, which is roughly four times the spacing present in the
W2 nodes of TaAs and ten times that of the W1 ones [60].
This large distance for a pair means that the linear dispersion
of a single node holds for a range of 60 meV, allowing for
the low-energy properties tied to the Weyl fermion picture
to clearly manifest themselves in the material. Another two
parameters that can be derived from the dispersion are the
Fermi velocity tensor and the tilt vector [21]. The latter can
also be used to classify the WN as of type I or II [30]. Using

FIG. 3. Plot of the DOS near the Fermi level computed from
a Wannier interpolation on a 151 × 151 × 151 k-point grid with a
gaussian smearing of 1 meV. The inset shows a zoom in an energy
range closer to the Fermi level; in green is the fit of the DOS near the
WN using a quadratic polynomial for the expected 60 meV range.
The DOS has a minimum at −0.096 meV, which is the expected
position of the WNs with respect to the Fermi level. The fact that
the DOS does not go to zero is the consequence of the presence
of the pocket at �, but the expected quadratic behavior is still
clearly present.

this analysis for InMnTi2 we observe that the nodes are of type
I, given that the tilt of the node is not strong enough. The fact
that the nodes are of type I can also be seen by observing the
plot of the Fermi surface in Fig. 1(b), where closed electron
pockets are clearly visible around each pair of nodes. Also a
trivial hole pocket is present around �, as expected from the
band structure. We show in the later discussion of the DOS
and optical properties that the presence of this trivial pocket
does not give a noticeable contribution to the low-energy

FIG. 4. (a) Plot of the computed imaginary part of the dielectric
function. (b) Plot of the real part of the optical conductivity. In green,
the results of the linear fit starting from the onset energy given by
2Ew . The plots show that the low-energy excitation properties fully
agree with the model for a type-I WS. Indeed, we observe that real
part of the optical conductivity can be fitted with a linear dispersion
starting from an onset of 150 meV in a range wider than the expected
60 meV.
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FIG. 5. Surface states computed with the iterative Green’s function method on top of the Wannierization for both the titanium and indium
terminated surfaces cut along the [001] direction. (a) angular-resolved photoemission spectroscopy plot along the high-symmetry path in
proximity of the Fermi level (b) angular-resolved photoemission spectroscopy plot along the W → W direction. The touching point of the
Weyl nodes from the bulk states is clearly visible, as well as the more pronounced bands related to the Fermi arcs that joins the two nodes.
(c) Fermi surface of the surface states computed at μ = −0.096. The red (blue) dots represent the projection of the Weyl nodes with chirality
+1 (−1). The Fermi arcs going from nodes of opposite chirality can be observed.

properties of the material, in contrast to other WSs such as
the transition-metal monopnictides [21]. We also hypothesize
that band structure engineering such as strain, electric field, or
doping could be used to bring the bands at � below the Fermi
level while not altering the topology of the material [61]. By
analyzing the DOS around the node position EW (see Fig. 3),
we can show that the presence of the trivial pocket at � will
have a negligible contribution to the Weyl properties. Indeed,
given a three-dimensional (3D) WN, the expected behavior
of the DOS should be D(E ) ∼ (E − EW )2 in a region around
EW [21]. We show that it is possible to perform a quadratic fit
around the node position (inset of Fig. 3) in the same range as
the linearity range derived from the node band dispersion with
a p value greater than 0.99. The only deviation from the ideal
behavior is that the DOS does not go exactly to zero at EW , as
a consequence of the presence of the trivial pocket at �. The

fact that the low-energy properties are perfectly compatible
with a Weyl fermion picture can also be observed from the
optical conductivity, shown in Fig. 4(b). For a type-I WN the
real part of the optical conductivity is expected to have a linear
dispersion in the low-energy range (ω → 0), starting from an
onset of 2EW due to the WNs not being exactly aligned with
the Fermi level [60]. In Fig. 4(b) we show that a linear fit
can be performed starting from an onset of 150 meV. This
value is slightly lower than the expected 192 meV due to the
slight anisotropy of the WN dispersion along the k(W →W )y ; still
we observe a linear dispersion of the optical conductivity in a
range wider than the expected 60 meV.

We then proceed to compute the surface states of the
material, for a tetragonal supercell cut along the [001]
direction. The spectral function of both the Ti/Mn- and Ti/In-
terminated surfaces along the high-symmetry lines of the
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surface BZ are shown in Fig. 5(a). A clear distinction between
the bulk and the surface states can be inferred by the intensity
of the plots. In Fig. 5(b) we compute the same quantity along
the direction connecting the projection of two Weyl nodes
with opposite chirality. Here we can observe the projection
of the same bulk states that are also shown in Fig. 2, plus a
surface band leaking from one bulk node into the other, which
is directly related to the Fermi arcs. Finally, in Fig. 5(c) we
show a plot of the 2D Fermi surface at the chemical potential
of μ = −0.96 meV, corresponding to the position of the WNs.
As expected, we observe the presence of open lines commonly
known as Fermi arcs connecting the projections of the pair of
nodes, highlighted in the figure with red/blue dots. The Fermi
arcs are clearly defined, being separated from the bulk states,
and can be longer than 1 Å−1, which should make them easily
detectable experimentally. The presence of seemingly double
arcs in the Ti/In-terminated surface is due to the overlap of
the projections’ two nodes at the ±kz positions. The movies
provided as Supplemental Material [56] also show the evolu-
tion of the arcs shape by varying the chemical potential from
−100 to 0 meV. From this we can see that the arcs remain
stable across a wide range of chemical potentials, even when
the Fermi pockets around the nodes, or other trivial surface
states start to interact/cross with them.

Finally, we compute the Berry curvature by means of Wan-
nier interpolation on a dense regular grid of k points. We can
then interpolate the value of the Berry curvature on a custom
grid, such as a sphere around a WN, which can than be used to
derive the Berry curvature flux, the integral of which (4) will
give the Chern number associated with the node. The analysis
shows that two neighboring nodes belonging to a pair are of
opposite chirality, as we would expect. The results from the
study of the evolution of the HWCCs corroborates the previ-
ous results, showing that the two nodes are of chirality +1 and
−1 respectively. We also show in Fig. 6 the Berry curvature
computed on the kz = 0 plane in proximity of a pair of WNs;
while the general trend shows the Berry curvature going from
the C = +1 node to the C = −1 one, this is not universally
true as one would expect from an ideal pair model [21].

IV. CONCLUSIONS

In conclusion we suggest that InMnTi2 is a type-I antiferro-
magnetic Weyl semimetal with properties that would make it
an excellent candidate for future experimental studies of low-
energy Weyl fermion physics, due to the presence of only one
kind of Weyl point with excellent pair separation and linearity
range. We also show that even if a trivial pocket is present
at �, it does not contribute significantly to the low-energy
properties, and could furthermore be eliminated via material
band engineering. These characteristics reflect on the quality
of the observable surface states. In particular, we predict the
presence of Fermi arcs that are clearly defined, with a length
of over 1 Å−1, and well separated from the bulk states on a
wide range of chemical potentials.

FIG. 6. Plot of the Berry curvature on a kz = 0 plane in proximity
of two neighboring WNs. The red and blue dots represent a node with
chirality +1 and −1, respectively. While the 2D plot highlights only
the in-plane components of the Berry curvature, the magnitude along
the z axis is also taken into account in order to give a more realistic
picture when trying to infer the chirality of a node from the plot.
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APPENDIX: COMPARISON WITH NONMAGNETIC DFT
GROUND STATE

As shown in Ref. [54], InMnTi2 is a Weyl semimetal even
in the nonmagnetic ground state that is obtained if the Hub-
bard correction is not taken into account. It can be seen in
Fig. SM2 [56] that the band structure of the nonmagnetic
configuration shows a quasilinear crossing along the �-K
direction. This happens because the Weyl nodes are close to
the high-symmetry path. In the antiferromagnetic configura-
tion, the Weyl nodes are shifted away from the high-symmetry
path and more toward the K point, leading to the gapped
feature that can be observed in the figure.

In the nonmagnetic configuration, from Ref. [54] the ma-
terial still has 12 pairs of Weyl nodes. As we could assume
from the band structure, Fig. SM3 [56] shows that the nodes
are located closer to the center of the Brillouin Zone and
closer to the �-K high-symmetry line. We can also observe
that four of the pairs in the nonmagnetic configuration lie
on the kz = 0 plane, while in the antiferromagnetic config-
uration as small shift is present due to the residual total
magnetic moment and broken time-reversal symmetry (see
Table SM3 [56]).
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