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Antiferromagnetic antiperovskites, where magnetically active 3d metal cations are placed in
the octahedral corners of a perovskite structure, are in the spotlight due to their intertwined
magnetic structure and topological properties. Especially their anomalous Hall conductivity,
which can be controlled by applied strain and/or electric field, makes them highly attractive in
different electronic applications. Here, we present the study and theoretical understanding of a
new antiperovskite compound that can offer enormous opportunities in a broad set of applications.
Using first-principles calculations, we investigated the structure, lattice dynamics, noncollinear
magnetic ordering, and electronic behavior in the Vanadium-based antiperovskite V3AuN. We
found an antiperovskite structure centered on N similar to the Mn3z AN family as the structural
ground state. In such a phase, a Pm3m ground state was found in contrast to the Cmcm
post-antiperovskite layered structure, as in the V3AN, A = Ga, Ge, As, and P. We studied the
lattice dynamics and electronic properties, demonstrating its vibrational stability in the cubic
structure and a chiral antiferromagnetic noncollinear ordering as a magnetic ground state. Finally,
we found that the anomalous Hall conductivity, associated with the topologically features induced
by the magnetic symmetry, is o4y = —291 S-em™! (o111 = —504 S~cm71). The latter is the largest

reported in the antiferromagnetic antiperovskite family of compounds.
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I. INTRODUCTION

The antiperovskite structure exhibits a broad and di-
verse set of unconventional physical and chemical prop-
erties generated by the comprehensive structural fea-
tures inherited from their counterparts perovskites [1-3].
Among them, the Mng AN family (A4 = Ni, Cu, Zn, Ga,
Ge, Pd, In, Sn, Ir, and Pt) has shown remarkable prop-
erties that cover temperature-dependent magnetic and
structural transitions [4], frustrated noncollinear ordering
[5], large spin-phonon coupling [6], barocaloric response
[7], strain tunability of the magnetic response [§8], giant
piezomagnetism and magnetostriction [8-11] and electri-
cal control of their topological properties [12, 13]. All the
latter features are strongly intertwined with the magnetic
structure and related symmetry operations. Regarding
the magnetic response, most of the theoretical and ex-
perimentally focused efforts have been dedicated to the
Mn3 AN family, leaving aside novel and unexplored ma-
terials with possible enhanced properties but with differ-
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ent magnetic cations. Recently, some efforts have been
dedicated to the CrgAN family, showing strong mag-
netostructural coupling, noncollinear magnetic ordering,
and tangible topologically related properties [14]. Along
these lines, the vanadium-based antiperovskite family,
V3 AN, has also been studied and some examples reported
(A = Ga, Ge, As, and P). In particular, the cases with
A = P and As have been experimentally analyzed and
superconducting behavior was observed [15]. Neverthe-
less, unlike in the Mn3 AN and Cr3 AN cases, the reported
V3 AN materials belong to the layered orthorhombic anti-
postperovskite structure Cmem (SG. 63) [16-19]. This
anti-postperovskite is far from the cubic symmetry shown
by its Mn-based counterparts, where the crystal symme-
try and magnetic ordering couple to give rise to the topo-
logical properties. Therefore, to expand the candidates
of cubic antiperovskites, where the formation of Kagome
lattices is crucial to the emergence of magnetic ordering
and topological properties [12, 20], more efforts and stud-
ies are needed to discover novel antiperovskite candidates
among other families of compounds. For instance, it is
expected that similar cubic antiperovskite compounds ex-
ist among this family in which, topological properties as-
sociated with intertwined magnetic structure and their
symmetry can be present. Moreover, the V3AN family
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offers an additional advantage based on its large vana-
dium radius (ry = 171 pm [21]) at the octahedral corner
site, compared to Mn (ras, = 161 pm [21]) potentially al-
lowing the incorporation of larger and heavier elements as
cell corner sites and maintaining the noncollinear mag-
netic response. The latter is highly desirable consider-
ing that strong spin-orbit coupling is a key ingredient to
enlarged topologically related properties, as in the case
of the anomalous Hall conductivity [14]. Furthermore,
to make this type of compounds even more attractive,
large topological properties and possible electrical tun-
ing are expected for noncollinear spintronics applications
[22, 23]. As such, in this study, we theoretically propose,
based on the perovskites structural criteria, a novel can-
didate among the antiperovskites V3AN family. Here-
with, we explain the atomic size relationship and toler-
ance conditions for an antiperovskite to hold the cubic
Pm3m (SG. 221) symmetry. Furthermore, this structure
can allocate a heavy metallic element as a cell corner site,
providing a robust spin-orbit coupling to the Kagome lat-
tice and enhancing the electronic properties. Thus, we
demonstrate and explain the ground state structure by
showing the structural stability from the phonon spectra,
considering the antiferromagnetic noncollinear ordering.
Consequently, we explored its allowed noncollinear mag-
netic orderings that result in nonzero magnetic vector
chirality and found that in terms of the magnetocrys-
talline anisotropy energy, the magnetic structure of the
ground state symmetry shows a I'y, chiral magnetic or-
dering. The latter is allowed by symmetry, and the pres-
ence of tangible Berry curvature is also demonstrated in
our work. Finally, such a magnetic noncollinear order-
ing coupled to a robust spin-orbit coupling provided by
the Au-sites, embedded into the Kagome lattice, induces
one of the most considerable anomalous Hall conductiv-
ity obtained in the antiperovskite family of materials.

II. COMPUTATIONAL AND THEORETICAL
DETAILS

We used density functional theory (DFT) [25, 26] cal-
culations to compute all properties reported here by using
the VASP code (version 5.4.4) [27, 28]. The projected-
augmented waves approach, PAW [29], was used to rep-
resent the valence and core electrons. The electronic con-
figurations considered in the pseudo-potentials as valence
electrons are V: (3p®3d*4s!, version 07Sep2000), Au:
(5d'96s!, version 040ct2007), and N: (2s22p?, version
08Apr2002). The exchange-correlation was represented
within the generalized gradient approximation (GGA-
PBEsol) parametrization [30] and the V:3d electrons were
corrected through the DFT+U approximation within the
Liechtenstein formalism [31]. We used a Coulomb repul-
sion parameter U = 1.2 eV that was optimized to re-
produce the electronic structure, and lattice parameter
reported by W. Rieger et. al. [32]. The observables to
compare with were also obtained within the meta-GGA

exchange-correlation formalism [33] calculation in the
SCAN representation [34], see Fig. S1 in the Supplement
Material [35]. Moreover, the magnetic moment was also
compared with the obtained by means of HSE06 hybrid
functional-based calculation [36]. It is worth mentioning
that the hybrid functional-based calculations, as well as
the metaGGA results, show a rather large magnetic mo-
ment per V atom in the V3AuN (m > 1.2 ug-atom™!).
Nonetheless, in absence of Coulomb U correction, the
magnetic moment per V atom is in the range of weak
magnetism (m = 0.024 pp-atom™!). A tangible mag-
netic moment can be obtained in the PBEsol+U for U
values above 0.4 eV, see Fig. S1 in Supplemental Mate-
rial [35]. The periodic solution of the crystal was repre-
sented by using Bloch states with a Monkhorst-Pack [37]
k-point mesh of 13x13%x13 and 600 eV energy cut-off to
give forces convergence of less than 0.001 éV-A~! and en-
ergy less than 0.1 meV. Spin-orbit coupling (SOC) was
included to describe the noncollinear magnetic configu-
rations correctly [38]. The thermal stability of the com-
pound under different noncollinear magnetic orderings
was tested by computing the phonon-dispersion curves,
which were obtained using the finite-displacement ap-
proach [39, 40]. Phonon dispersions were post-processed
with the PHONOPY code [41]. To obtain the anomalous
Hall conductivity and Berry curvature, we used the Wan-
nier functions methodology for which the wannierization
was performed with the WANNIERIO code [42, 43] and
post-processed with the WANNIERBERRI package [44].
Here, s, p, and d orbitals were considered in the V and Au
cases, while s and p were considered at the N site. Ad-
ditionally, a 6.0 eV window was used around the Fermi
level for the wannierization. Finally, the atomic structure
figures were elaborated with the VESTA code [45].

III. RESULTS AND DISCUSSION

As a result of a structural search over novel antiper-
ovskite compounds within the M3AN family, we found
as a potential candidate the V3AuN compound [32, 46].
This structural search was performed within the Ma-
terials Project database [47], and the ICSD database
[48, 49]. The performed constrain search imposed a fixed
cubic Pm3m symmetry and magnetically active 3d metal
cations in the octahedral M-site added to nitrogen and
4d/5d heavy metal cations expected to occupy the oc-
tahedral center and corner cell A-sites. Fig. 1(a) de-
picts the Au- and N-centered Pm3m V3AuN antiper-
ovskite structures where the octahedra are formed by
the V-atoms. Here, in the Au-centered case, reported
in Ref. [46], the total energy for the spin-polarized FM
ordering is £ = —26.907 eV-f.u.~! whereas, in the for-
mer N-centered antiperovskite, the total energy in the
FM ordering is £ = —40.917 eV-fu.~! representing a
difference in energy of AE = —14.010 eV-f.u.~! in favor
of the N-centered structure. This considerable difference
in the total energy suggests the regular N-centered an-
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FIG. 1. (Color online) (a) V3AuN Pm3m structure for Au- and N-centered octahedra. (b) 'ag, I'sg, Isg,y, and T'eg,» noncollinear
magnetic orderings allowed in the antiperovskite with the crystallographic Pm3m symmetry and labeled in agreement with
Bertaut’s notation [5, 24]. (c¢) Full phonon-dispersion curves were computed at the N-centered antiperovskite considering I'sq
noncollinear ordering along the I'=X —M —I'—R—X path in the Brillouin zone. (d) Projected phonon-DOS for the V, Au, and
N sites. Here, a fully stable structure can be appreciated for this magnetic solution.

tiperovskite is potentially the ground state of this mate-
rials, also observed in the Mng AN family [50, 51]. Such
a result is in apparent contradiction with the literature
reported structure [46], which claims a Au-centered type
perovskite-like structure belonging to the Pm3m struc-
ture. However, this N-centered structure agrees with W.
Rieger et al. [32] that reported the existence of V3AuN
belonging to the cubic perovskite symmetry with lattice
parameters of a = 3.962 A within the Pm3m space group
[32]. For instance, the latter structure follows the same
crystalline arrangement observed in antiperovskite-like
materials such as Mn3 AN, with A = Ni, Sn, Ge, Ga, and
Pt. Moreover, our results show that in the Au-centered
antiperovskite the relaxed lattice parameter is a = 5.029
A, far from the experimentally reported value of a =
3.962 A. Thus, as indicated by our results and by W.
Rieger et al. [32], such an Au-centered structure is con-
siderably higher in energy, and the N-centered structure
is potentially the crystallographic ground state. As ob-
served in the Mn3NiN antiperovskite, it is recommended
to correct the electronic exchange-correlation by includ-
ing the Coulomb U repulsion parameter in the magnet-
ically active cation to adequately reproduce the vibra-
tional, structural, and electronic degrees of freedom in
the V3AuN [6, 52]. Along these lines, we have fully re-
laxed the electronic and atomic structure of the V3AulN
compound within the metaGGA SCAN-based exchange-
correlation [34] and we obtained a relaxed lattice param-
eter of 3.961 A in good agreement with the experimen-
tally reported value of a = 3.962 A [32]. An U value
within the PBEsol+U scheme was selected to reasonably
reproduce the compound’s lattice parameter and elec-
tronic features, as shown in Fig. 1S in the Supplement
Material [35]. Based on this criterion, we selected an U
= 1.2 €V in the magnetically active 3d:V orbitals, which
has been used in our calculations. Regarding the mag-
netic moment per vanadium atom, we obtained values of

m = 1.134 pp-atom™! and m = 1.256 pp-atom~! for
the PBEsol+U and SCAN exchange-correlation repre-
sentations, respectively. We have also compared with
calculations obtained by using hybrid-functionals within
the HSE06 scheme and found that, at the experimen-
tally observed lattice parameter, the magnetic moment
was m = 1.824 pp-atom™!. Despite the latter magnetic
moment being larger than the computed with the SCAN
and PBEsol+U schemes, all of this confirms the mag-
netically active behavior of the V3AuN antiperovskite,
and further experimentally focused efforts are needed to
confirm this observable.

Now, we describe the relationship between the ionic
radius and the appearance of the antiperovskite and anti-
postperovskites structures in the Vanadium-based family.
In the V3AN group of compounds, most of the reported

TABLE 1. Total energy per formula unit, in eV-f.u.7!,

computed for the antiperovskite Pm3m and the anti-
postperovskite Cmem structures within the V3 AN family,
with A = P, As, Sb, and Au. Here, a U = 1.2 €V is consid-
ered for the V-site. Total energy values are organized follow-
ing the atomic radius of the A-site, 74 in pm, also presented.
The energy difference is taken as AE = Ep,.5m — Ecmem,
also in eV-f.u.”!. Goldschmidt’s tolerance factor ¢, [53] was
calculated considering the atomic radius as reported by E.
Clementi et al. with rv = 171 pm and ry = 56 pm [21].

Comp. Cmem Pm3m AE
V3PN —44.237 —42.660 +1.576 98  0.84
V3AsN —42.578 —41.729 4+0.849 114 0.89
V3SbN®* —40.917 —40.816 +0.100 133  0.95
VsAuN —40.728 —40.917 —0.189 174 1.07

ra t-factor

2 A = Sb compound is included for comparison.



materials are found to crystallize in the layered anti-
postperovskite Cmem structure that was also observed
in the perovskite fluoride [17-19] and oxide [54-56] com-
pounds. We also explored the possibility for the V3AuN
compound to crystallize in the Cmem symmetry group.
In Table I we show the calculated total energy values, per
formula unit in eV-f.u.7!, as well as the relative energy
differences in the V3AN with A = P, As, Sb, and Au.
The total energies were obtained after full electronic and
atomic relaxation at the cubic antiperovskite Pm3m and
the anti-postperovskite Cmem symmetries. As it can be
observed, the energy difference is quite significant, close
to AEF = 1.576 eV, for A = P. Thus, as soon as the
corner site’s atomic radius is increased, the energy dif-
ference is reduced when going from P to Sb, suggesting
a possible condensation of the antiperovskite into cubic
symmetry. Once we reach the A = Au, the energy dif-
ference is AE = —0.189 eV confirming the existence of
the Pm3m phase as the ground state over the layered
Cmcem. Then, the lowest-energy structure of the com-
pounds, except for A = Au, belongs to the Cmem anti-
postperovskite. In perovskites, this phase is a result, in
most cases, of an increase in octahedral rotations and tilts
induced by isotropic pressure applied to the orthorhom-
bic Pnma phase. Consequently, when the rotations over-
pass a limit, close to 26°, the corner-shared octahedral
lattice is broken and, to minimize the enthalpy, it con-
verges to an edge-shared octahedra structure in which
the octahedral layers are separated by A-site layers [57].
In other compounds, such as CalrOz where the A-site
radius is small when compared to the octahedra formed
by IrOg, the structure crystallizes at atmospheric pres-
sure in the Cmem postperovskite symmetry [58, 59|, as
in the V3PN and V3AsN cases. Therefore, in the anti-
postperovskite structure, these results can be correlated
with the corner site size, also presented in Table I, for
which more significant is the A-site, more minor is the
octahedral free space, and smaller is the tendency to ob-
serve octahedral rotations and tiltings in the antiper-
ovskite structure. The latter explains the cubic Pm3m
phase ground state rather than the Cmcm layered struc-
ture in the V3AuN antiperovskite. In conclusion, the
anti-postperovskite phase existence in the V3AN, A = P,
As, and Sb is explained in terms of the tolerance factor
in the perovskite structure (see Table I). Then, as soon
as the A-site becomes smaller, more significant octahe-
dral NVjg rotations are expected up to the point where
the crystal cannot hold the corner-shared structure, and
then, a reorganization into the layered structure is ex-
pected. Consequently, large A-sites in the V3 AN should
be explored to stabilize and favor the cubic corner-shared
structure. Table I includes the ¢t Goldschmidt’s toler-
ance factor [53] computed by considering the atomic ra-
dius as reported by E. Clementi et al. [21]. Here, the
t = (ra+rv)/(V2(rny + rv)) where ry, ry, and 74
are the atomic radius of the vanadium, nitrogen, and
the considered A-sites, respectively. This parameter has
been useful in the characterization and identification of

the possible distortive, group—to—subgroup, phase tran-
sitions expected in perovskite-like compounds based on
geometrical considerations. When ¢ < 0.7, large octa-
hedral rotations are expected to break the corner-shared
structure and, for example, trigonal structures are ob-
served. For t values between 0.7 to 0.9, orthorhombic
and/or rhombohedral symmetries can be expected. For
values between 0.9 to 1.0, a complete removal of the octa-
hedral distortions and tiltings can be observed and conse-
quently, cubic symmetries are foreseen. Finally, at values
t > 1, hexagonal phases have been demonstrated where
the corner-share octahedral lattice is broken again. As it
can be noted from the t values across the entire V3 AN
family, for A = P, As, and Sb, the ¢ value is smaller than
1 in agreement with the expected rotations and post-
antiperovskite phase transition. As such, for the A = Au,
the cubic symmetry is observed as the ¢ value is close to
1.

Once we have understood the crystallographic degrees
of freedom, we explore the electronic, and the allowed
noncollinear magnetic structures. To do so, we exam-
ined the symmetry-allowed magnetic orderings, with a
propagation vector g = (0,0,0), in the V3AuN antiper-
ovskite. This structure allows four different noncollinear
magnetic orderings, resulting from the relaxation of mag-
netic frustration expected in the Kagome lattices. The
latter are formed by vanadium sites in the (111) family
of planes. In Fig. 1(b) are shown the I'yy, I'sg, I'gg y, and
L64,2, magnetic orderings that reduce the Pm3m crystal-
lographic symmetry group to the R3m’ (MSG 166.101),
R3m (MSG 166.97), C2°/m’ (MSG 12.62), and C2/m
(MSG 12.58) magnetic symmetry groups, respectively.
In the (111)-plane, these orderings hold a magnetic mo-
ment vector chirality of +1 in the I'y, and I's, whereas
is —1 in the I'sq,, and T'gy 4 [60, 61]. It is worth men-
tioning that the magnetic vector chirality is defined as k
= % Zi,j(sixsj) = 32%(81 XSQ+SQ><S;>,+83X81) for
the kagome lattice where the ¢ and j index run over the
magnetic moments in the unit cell [62]. The latter mo-
ments per V-site are shown in Table SI in the Supp. Mat.
for each of the noncollinear antiferromagnetic orderings
[35]. Thus, the +1 and —1 refer to the magnetic chi-
ral vector pointing along the [111] and [111], respectively
and with a magnitude close to 1. After a complete elec-
tronic and atomic relaxation within the four noncollinear
antiferromagnetic states, we obtained a total energy per
formula unit of —41.4020 eV-f.u.~ !, —41.4011 eV-fu.~ !,
—41.4012 eV-fu.7!, and —41.4015 eV-fu.”! for the I'y,
I'sg, I'sg,y, and I'gq , orderings, respectively. For compar-
ison, we also relaxed the FM state, R3m’ (MSG 166.101),
with the magnetic moments pointing towards the (111)-
axis. We obtained a total energy of —41.3066 eV-f.u.~!
in this magnetic state. Thus, we estimated the energies
differences with reference to the FM ordering and ob-
tained that AE = —95.4 meV-fu."!, —94.5 meV-fu. 7!,
—94.6 meV-f.u.7!, and —94.9 meV-f.u. 7! for the Ty, 'y,
I6g.y, and I'g4 , orderings, respectively. As such, in terms
of the magnetocrystalline anisotropic energy, the V3AulN



prefers a noncollinear antiferromagnetic solution as ex-
pected from the triangular coordination in the kagome
lattice and magnetic frustration of the V-sites. The mi-
nor differences in the energy, less than 1 meV between
antiferromagnetic orderings, suggest that these magnetic
states barely degenerate, and they might be observed ex-
perimentally with a preference for the I'y4 order.

Aiming to explore the lattice dynamics and to confirm
the vibrational stability of the V3AuN compound in the
cubic antiperovskite symmetry within the noncollinear
magnetic orderings, we computed the phonon-dispersion
curves by considering the four chiral noncollinear anti-
ferromagnetic states. These calculations were performed
following the procedure based on the finite displacements
method [39, 40]. Here, it is used a 2x2x2 supercell in
which the noncollinear chiral antiferromagnetic ordering
is preserved, and the displacements are considered within
the R3m crystallographic symmetry. Later, the dynam-
ical matrix is reconstructed and the phonon-dispersion
curves are extracted. This methodology was also used
for the Mn3gNiN antiperovskite in which a large magne-
tostructural coupling is observed [6]. In Fig. 1(c), we
present the full phonon-dispersion curves for the ground
state I'44, along the cubic symmetry path reference for
simplicity. The vibrational landscape demonstrates that
the N-centered cubic antiperovskite is fully stable with
no negative phonons (i.e. unstable modes) in the I'yy
ground state. Regarding the other three antiferromag-
netic orderings, the phonon dispersion curves also show
fully dynamically stable structures as shown in Fig. S2,
in the Supp. Mat., with no major difference for those an-
tiferromagnetic orderings [35]. In Fig. 1(d) is presented
the projected phonon-DOS extracted for the I'y, order.
As it can be observed, the phonons around 100 cm ™! are
strongly dominated by Au sites with a slight overlap with
the V sites because of the small contribution to Au-driven
eigen-displacements. For frequencies between 140 cm ™!
to 400 cm™!, we observe the vibrational modes domi-
nated by the V-sites eigen-displacements. Such atomic
vibrations are associated with octahedral rotations and
tiltings related to the Kagome lattice. Finally, the N-
site’s phonons are located between 600 cm~! to 700
cm~! well above at large frequency values. We found
a band gap in the phonon dispersion between acoustic
and optical modes, located close to 120 cm~!. The latter
phononic band gap prevents the propagation of mechan-
ical waves at a defined frequency range. This is impor-
tantly observed in phononic crystals [63, 64], 2D [65], and
3D monochalcogenides [66]. As such, the phononic band
gap suggests the prohibited propagation frequencies be-
tween 113 cm™! and 140 cm ™!, taken at the X-point in
the BZ and potentially affecting the thermal properties,
such as thermal conductivity, among others. This band
gap can be potentially attributed to the significantly dif-
ferent eigendisplacements below the band gap, driven by
antipolar displacements of the Au-site along the z-axis
and above, dominated by the motion of the NVg octahe-
dral in the zy-plane. The latter is enhanced by the large

mass difference between the Au sites, w4, = 196.9665
amu, and the V and N sites with wy = 50.9415 amu
and wy = 14.0067 amu, respectively, as suggested by U.
Argaman et al. [66]. Nonetheless, the specific details of
the physical source of the phononic band gap, and its
potential influence on the thermodynamical observables,
are to be studied in further work.

Moving forward, in Fig. 2(a), we present the computed
electronic band structure across the high-symmetry
points of the cubic reference for the I'y, state with and
without the effect of the spin-orbit coupling, SOC. Here,
we observe the expected metallic behavior with a pre-
dominant contribution from the V-sites close to the Fermi
energy. In the path along X—M’'—T high-symmetry
points, we observed linear bands’ crossings associated
to nodal points in proximity to the Fermi level without
SOC. After the spin-orbit coupling is considered, most of
nodes are gapped, as marked in the black ovals. The lat-
ter has been also observed, for example, in CsyLiMngFo
[67], TaAs [68], and FezSny [69] and explained in terms
the strongly correlated magnetism, topological features,
and symmetry considerations entanglement that induces
massive fermions. In Fig. 2(a) we observed a fully
protected Weyl point between the I'-M' path at the
(0.36,0.00,—0.36) k-point and F = —0.872 ¢V, marked by
the red oval. It is worth mentioning that the M’ point is
located at the (0.5,0.0,—0.5) instead of the (0.5,0.5,0.0)
regular M-point. This choice is taken due to the mag-
netic symmetries that are strongly entangled to the topo-
logical properties in the V3AuN [70, 71]. The M’ is lo-
cated within the magnetic kagome lattice, at the (111)
plane, and it is conserved by the {110} mirror plane. To
better portray the importance of the crystallographic and
magnetic symmetry conditions, in Fig. 3S we included
the band structure for the '-M and I'-M' paths. As
commented before, the Weyl crossing appears gapped due
to the symmetry conditions considering that the M-point
is out of the (111) magnetic kagome lattice plane and not
protected by the {110}, in contrast to the path running
towards M’. Afterward, and considering the magnetic
symmetry groups, we observe that the ground state an-
tiferromagnetic 'y, ordering allows for the appearance
of non-zero Berry curvature and, therefore, net compo-
nents of the anomalous Hall conductivity, AHC, tensor
[72]. The latter is also allowed in the I'gy, and T'gg,
magnetic orderings with different tensors [73]. As such,
in Fig. 2(b) and in Fig. 2(c) are presented the Berry cur-
vature, Qg (k) and €411 (k), and the anomalous Hall con-
ductivity, o,y and o111 components, respectively. These
were computed at the I'y; magnetic ordering ground
state, also included in Fig. 2(d). The Berry curvature
and AHC components within the [111]-plane were com-

puted such as Q111 (k) = % [Qzy (k) + Q2 (k) + Q.2 (k)]

and o111 = % (Opy + Oyz + 022), respectively. We ob-
served that the 111 (k) component, as well as the Q,,,(k),
have considerable net values along the I'-X, X—M,
and I'=M’ paths with divergent behavior in the I'—X,
X—M'. Importantly, although the Weyl points are al-
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FIG. 2. (Color online) (a) Electronic bands computed for the I's, ordering in the V3AuN along the '—X —M'~TI'—R—X path
in the Brillouin zone, with and without spin-orbit coupling. In the dashed black ovals are marked the band’s crossing nodes that
are gapped once the SOC is included. In the red oval is marked the symmetry protected Weyl crossing along the M’'—TI" path.
In (b) it is presented the computed Berry curvature, Qzy(k) and 2111(k), along the same k-path selected for the electronic
bands. (c) Anomalous Hall conductivity, o4y and o111, components were computed for the I'y4 ordering (d) I'sy magnetic state
in which, the magnetic moments at the Vanadium atoms are denoted by blue arrows.

lowed by symmetry in the antiferromagnetic antiper-
ovskites [50], our results suggest that the major contri-
bution to the Q.,(k), and consequently to o4y, is re-
lated with the presence of prevented bands’ crossing and
bands’ decoherence induced by the spin-orbit coupling ef-
fect, close to the Fermi energy. This, as it can be observed
by correlating the band structure and the Q,,(k), in Fig.
2(a) and 2(b), along the shown k-path. The latter obser-
vation is in agreement with recent findings in the MngNiN
antiperovskite compound [52] where the strain tuning of
the AHC reveal that the Weyl nodes contribution is can-
celed out over the entire BZ [74]. After calculating the
Oy (0111) component at the Fermi energy, we obtained a
value of 0,y = —291 S-em™! (0111 = —504 S-em™1). This
AHC value obtained in the V3AuN is, to date, among the
largest observed in the antiferromagnetic antiperovskites
family. This considerable value is explained in terms of
the large spin-orbit coupling of the Au sites transferred
to the Kagome lattice through hybridization with V-sites
[20]. Here, it is important to mention that according
to Huyen et al. [50], the largest theoretically reported
AHC value has been calculated in the MngPtN antiper-
ovskite with o, = 462 S-cm™! (0711 = 800 S-em™1) [50],
nevertheless, in our calculations we obtained an Fyag
= Er,, — Er;,, = 19 meV for the MngPtN compound.
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This suggests the I's, as the magnetic ground state in
which the AHC is forbidden by symmetry. This find-
ing also agrees with the results of H. K. Singh et al.
[14]. Furthermore, at this point, it is worth comment-
ing that in most of the reported literature, the calcu-
lations have been performed within the PBE approach,
and no Hubbard term has been considered; and there-
fore, no electronic correction has been explored, aiming
to remove the computational chemical pressure and to
obtain fully relaxed lattice parameters [50, 51, 75, 76].
Thus, the exchange-correlation energy, which strongly in-
fluences the magnetic and electronic structure, has not
been included considering the Coulomb repulsion value
U, which, based on our analysis, tends to considerably re-
duce the bands spreading and, therefore, affects the elec-
tronic structure close to the Fermi level and reduces the
computed AHC values [6, 52]. Moreover, this exchange-
correlation correction affects the structural parameters
where the experimentally observed lattice parameter can
be obtained after carefully introducing the PBEsol+U
methodology, as discussed above. After including the
value of U = 2.0 €V in the 3d:Mn orbitals for the Mn3PtN
compound, fitted to reproduce the experimentally ob-
tained lattice parameter within the PBEsol+U scheme,
we found that o, = 144 S-em™! (0117 = 249 S-cm™1)



in the I'yy higher in energy and metastable magnetic
ordering. Evidently, this value is considerably smaller
than the reported one. For example, in the Mn3zNiN
case, D. Torres-Amaris et al. [52] showed that under
the PBEsol+U scheme, as shown here, the AHC is o,
= 68 S-cm™!, in better agreement with the experimen-
tally reported value of o,, = 22 S-cm™! in thin-films
[75], and considerably smaller than the calculated value
of 05y = 130-170 S-em™' in Refs. [75, 76] where no
correction was considered.In the V3AuN antiperovskite
case, 05y = —361 Scem™! (0111 = —623 S:em™!) with
the smallest U value (i.e. U = 0.4 €V) that reproduce
the magnetic response and symmetry operations, see Fig.
1S. These variations in the AHC components suggest the
importance of the U value in the electronic properties
in this type of antiperovskite compounds. Furthermore,
the PBEsol failure to reproduce the experimental lattice
parameter is solved by including U to correctly produce
the spin-phonon coupling in these antiperovskites. The
validation with the metaGGA SCAN calculations indi-
cates that the exchange-correlation needs to be treated
carefully in this type of material. As such, we have also
computed the AHC component within the SCAN formal-
ism in the V3AuN antiperovskite and we found that o,
= =347 S-em™! (0111 = —600 S-:cm 1), in fair agreement
with the values obtained by the PBEsol+U approach.
Furthermore, it is worth commenting that SCAN-based
calculations have also shown a considerable improvement
in describing the electronic and structural behavior in
Mn-rich compounds [77], Heusler alloys [78], metal ox-
ides [79], and in the Mn3NiN antiperovskite [6]. Even
though several reports suggest an overestimation of the
magnetic moment when the exchange-correlation SCAN
is used. In the case of antiperovskites, the total magnetic
moment is zero due to the antiferromagnetic ordering
ground state. Moreover, there is no suggested connection
between the magnetic moment per atom and the AHC,
which here only depends on the symmetry operations as-
sociated with the overall antiferromagnetic noncollinear
ordering. Therefore, a future detailed work dedicated
to exploring the dependence of the electronic and mag-
netic structure on the exchange-correlation approach in
these and other magnetically-driven topological materi-
als is highly desirable. Notably, although the antiferro-
magnetic chiral structure is responsible for the symme-
try conditions that allow the appearance of net Berry
curvature and topological features, the allocation of 5d
heavy atoms in the lattice, such as Au in this case, con-
siderably enhances the AHC values due to their sizeable
spin-orbit coupling when compared to 4d and 3d met-
als [14, 20, 50]. Finally, we believe that our work opens
the possibility for the existence of other antiperovskites
compounds, such as V3AgN and V3BiN, where the Bi’s
and Ag’s large atomic size could induce an N-centered
cubic antiperovskite structure. In addition to the ex-
pected sizeable spin-orbit coupling interaction that can
give rise to large AHC and unexpected properties asso-
ciated with their topological features. Our results show

that closed shell elements, such as A = Ag and Bi, retain
the magnetism in the V3 AN compounds, whereas open
shell cations, such as A = Pt and Ir, induce a nonmag-
netic state. This observation calls attention to further
studies aiming to investigate in more detail the effect of
the A-site on the electronic properties among all the an-
tiperovskite compounds.

IV. CONCLUSIONS

We have investigated, for the first time and using first-
principles calculations, the novel Vanadium-based an-
tiperovskite nitride V3AuN. Despite the reported Au-
centered octahedral antiperovskite structure, the N-
centered structure is potentially the ground state energy
structure. It is supported by the fact that it is also
dynamically stable, as demonstrated by the computed
phonon-dispersion curves. Additionally, the V3AuN is
the first reported vanadium-based antiperovkite that be-
longs to cubic symmetry rather than the layered post-
antiperovskite materials reported among the V3 AN fam-
ily. The cubic structure entirely agrees with other Mn-
and Cr-based antiperovskites compounds. As observed,
four different noncollinear magnetic orderings are allowed
resulting from the magnetic frustration in the kagome
lattices formed by the vanadium sites in the (111) fam-
ily of planes. Here, we observed that the chiral I'y,
is the lowest energy magnetic ground state in which a
non-zero Berry curvature and, consequently, a tangible
anomalous Hall conductivity is present. Interestingly,
when the exchange-correlation correction is considered,
and the correct magnetic ground state is taken into ac-
count in the MnzPtN compound, the computed o, and
o111 values in the V3AuN are among the largest reported
in the antiperovskite family of materials, of course, wait-
ing for experimental confirmation. Finally, we hope our
results will motivate more studies in these novel antifer-
romagnetic antiperovskite families of materials. Those
with several topological signatures that couple to the fas-
cinating magnetic response can be explored and possibly
controlled for future antiperovskite spin-based devices.
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