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Giant anomalous Hall and anomalous Nernst conductivities in antiperovskites
and their tunability via magnetic fields
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The anomalous Hall conductivity (AHC) and anomalous Nernst conductivity (ANC) are two prominent
transport phenomena in ferromagnetic materials of a topological nature. Based on first-principles calculations,
we evaluate the AHC and ANC of 35 cubic ferromagnetic antiperovskites (APVs) and observe giant AHC
and ANC as large as 1128 S/cm and 6.31 AK™'m~' for Co;LiN and CosPtN, respectively. Detailed analysis
reveals that the origin of giant ANC can be attributed to the occurrence of Weyl nodes near the Fermi energy, as
demonstrated for Co;PtN. Interestingly, both the magnitude and sign of AHC and ANC can be tuned by changing
the magnetization (M) directions, which could be applied to realize spin-caloritronics devices.
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I. INTRODUCTION

The anomalous Hall effect (AHE) is one of the emergent
topological properties in ferromagnetic materials [1], driven
by the broken time-reversal symmetry and spin-orbital cou-
pling (SOC) [2]. Plenty of reported ferromagnetic materials
exhibit large anomalous Hall conductivity (AHC), such as
CrPt; (2040 S/cm) [3] and Co,MnAl (1800 S/cm) [4]. More-
over, the quantum anomalous Hall effect is interesting for
spintronic applications such as magnetic sensors, memory
devices, and data processing [5—-8]. Recently, it was demon-
strated that the AHC hinges on the magnetization direction
[9,10]. For example, the AHC of hexagonal close-packed
(hep) Co decreases from 481 to 116 S/cm as the magneti-
zation direction changes from the c-axis (easy axis) to the
ab plane, respectively [9]. Whereas for CoPt, both the AHC
sign and magnitude were altered, the AHC changes from
—119to 107 S/cm, switching magnetization from the [001]
to [110] direction, indicating a change in the AHC sign [10].
From a symmetry point of view, the magnetic space group
of the material is closely related to the magnetic spin direc-
tions, which leads to a change in band topology and hence
likely a change in the magnitude and sign of AHC appear.
In addition to being seen ferromagnetically, finite AHC has
been recently observed in noncollinear antiferromagnets [11],
emerging from their exotic antiferromagnetic (AFM) spin or-
der (I'44/T's,) in cubic antiperovskites Cr3XN (X = Ir and Pt)
and Mn3;XN (X = Ag, Au, Co, Ga, Hg, In, Ir, Ni, Pd, Pt,
Rh, and Zn) [12-18], cubic Mn3X (Z = Ir, Pt, and Rh), and
hexagonal Mn3;X (X = Ga, Ge, and Sn) [11,19-23].

More interestingly, the concomitant anomalous Nernst
effect indicates that an electric current can be generated
perpendicular to both the applied heat gradient and mag-
netization direction [24,25]. Recently, the energized field
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of spin-caloritronics focuseing on the correlation between
spintronics and thermoelectrics in magnetic materials, has
attracted considerable attention due to their potential applica-
tion in thermoelectric devices [26-28]. In this context, Weyl
semimetals are promising to induce a significant anomalous
Nernst effect, owing to the occurrence of Weyl nodes near
the Fermi energy [29-31]. For instance, a large anomalous
Nernst conductivity (ANC) of 10.0 AK™'m~! was reported
for the Weyl semimetal Co3Sn,S,, primarily originating from
the large Berry curvature around the Weyl points near the
Fermi-energy [29,32]. Note that the number of the Weyl nodes
can be tailored by magnetization direction hence has a sizable
impact on the electronic state’s topological character [33,34],
resulting in tuning the material’s topological properties. Fur-
thermore, the kagome lattice is one of the determinants to
induce enhanced ANC [29,35]. From this perspective, antiper-
ovskites are fascinating, hosting a kagome lattice in the (111)
plane, and also the Weyl nodes can be tuned with applied
biaxial strain as observed in noncollinear Mn3;PdN [13].

In this work, we systematically evaluated the AHC and
ANC of 35 cubic APV compounds M3XZ (Table I and Fig. 1),
possessing the ferromagnetic ground state predicted in our
recent study [13] and considered that the magnetic directions
[001], [110], and [111] are appropriately inclusive. These
three directions are the special crystalline axes that define
the magnetocrystalline anisotropy for cubic ferromagnetic
materials. All 35 APVs considered in this study fulfill ther-
modynamical, mechanical, and dynamical stability criteria,
comprising 24 experimentally reported compounds and 11
APVs predicted from our high-throughput screening [36].
The APVs in a ferromagnetic state exhibit a large AHC and
ANC, such as CosLiN attains an absolute AHC as large as
1128 S/cm, and CosPtN displays a giant ANC of
6.31 AK 'm~!, which is nearly the same as in cubic Fe;Pt
ferromagnetic (6.2 AK~'m~") [37]. We investigated the Weyl
points to identify the origin of large AHC and ANC, re-
vealing the Weyl points’ contribution to the total AHC and
ANC. Next, we carried out a comparison of AHC and ANC
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TABLE I. The compilation of MAE, AHC, and ANC of the APV compounds. The MAE is calculated using Eq. (4). The absolute AHC

and ANC values are presented at the Fermi energy and the absolute values of AHC are obtained using equations o1} = 07, 0110) = %

(ox +0y), and oy = %(O’X + o0y + 0;). The absolute values of ANC are obtained using equations a1} = ¢, [110] = % (ay + ay), and
apy = %(ax + oy + o) and the ANC data are provided for 300 K. The AHC and ANC have not yet been measured experimentally for the
ferromagnetic antiperovskites. The list of experimentally known antiperovskites for which the Curie temperature (7.) is reported (last column).
The energy-dependent AHCs and ANCs plots are provided in the Supplementary Material Figs. S3 and S4, respectively [82].

M;XZ MAE (yeV /atom) AHC (S/cm) ANC (A/mK)
S.No. Compounds [001-111] [001-110] [110-111]  [001] [110] [111]  [001]  [110]  [111] T. (K)
1) CosAuN —4.4 —42 -0.2 480.2 534.9 5485 097 —062 —033
2) Co;CdN 0.2 0.8 -1.0 785.9 751.2 6044 —327 —339 —3.90
A3) Co;CuN 6.6 —0.8 74 349.3 570.8 593.1  2.84 331 233 650.0 [43]
) Co;GaN -0.8 —1.4 0.6 559.2 529.2 5362 —131 —131 —127
s) C05GeC -8.0 114 34 72.9 129.0 1528 —0.87 —135 —1.20
(©6) Co3GeN 34 —2.8 —0.6 231.7 331.3 3484 —126 -232 -3.33
(7 Co;InN 3.8 -5.0 1.2 482.6 474.8 4700 -057 —0.08  —0.006
@®) CosLiN 12.0 —42.4 54.4 878.8 1264 11276 —1.72 043  -3.03
©) Co;MgC -1.2 ~1.0 -0.2 283.4 2888  —290.8 —0.57 —0.19 0.05
(10) Co;PdN -1.0 2.6 1.6 158.6 190.6 241.6  0.90 0.46 0.25
(11 Co;PtN —41.6 -33.0 -8.6 710.4 558.4 7554 6.31 4.41 3.81
(12) Co;RhN 6.0 4.8 12 —116.1 243.7 2587 —0.52 0.48 0.49
(13) Co3SnC 1.2 252 —24.0 —51.7 166.3 223 —082 —1.13 —149 3.6 [44]
(14) Co;SnN 3.0 ~19.0 22.0 —0.03 32.3 482 -262 —-277 —239
(15) Co03ZnC -0.8 —0.6 -0.2 209.4  —280.7 2664 —037 —0.002  0.17
(16) CosZnN 0.8 4.6 3.8 9304  1039.7 10684 —324 —4.65 —497
(17 Fe;AgN -3.6 -5.0 14 189.4 364.9 283.1  1.12 2.17 2.38
(18) Fe;AIC 1.0 0.6 04  —1358 —0.94 337 —0.036 —0.021 —0.14  100.0 [45]
(19) Fe;AuN —4.2 -1.0 -32 514.7 603.2 6264  1.19 0.40 1.08
(20) Fe;CuN 3.4 6.8 —34 630.1 852.7 883.0 —0.07 1.35 1.52
1) Fe;GaN -18 12 0.6 262.2 242.1 2154 253 2.65 2.63
(22) Fe;InN 1.0 0.8 0.2 491.1 411.9 3763 034 0.48 092  662.0 [46]
(23) Fe;IrN —-59.8 ~59.2 ~1.6 852.0 719.3 888.1 —0.62 —2.17 —1.64
(24) Fe;NiN 12 0.2 14 286.1 402.9 295 —001 —0.35 0.10
(25) Fe;PdN 52.0 0.6 51.4 361.9 517.0 559.5 —022 —0.51 0.01  601.0 [47]
(26) Fe;PtN 3.8 0.8 —3.0  —401.6 —4451 —5102 128 0.60 0.91
27) Fe;RhN -36 —0.4 -32 170.6 1245 1342 —140 —201 —277  505.0 [48]
(28) Fe;SnN —24 ~1.6 -0.8 1239 161.8 1851 —163 —092 —1.05
(29) Fe;ZnC 0.4 12 1.6 63.5 119.6 1812 —0.81 —143 —077  200.0 [45]
(30) Fe;ZnN -3.6 72 3.8 —942  —750  —144 —143 —050 0.15  762.0 [49]
31) Mn;AIC —04 12 ~1.6 199.4 188.2 199.8 —051 —0.77 —0.84  287.0[50]
(32) Mn;AIN 28 —0.4 —24 51.4 72.0 689 —1.14 —1.06 —1.12 818.0[51]
(33) Mn;InC ~8.6 -1.0 -7.6 4349 287.9 2356  1.97 1.77 152 272.0[52]
(34) Ni;CuC 5.2 4.0 1.2 2544  —251.6 2577 108 —1.82 2.02
(35) Ni;LiC 6.2 52 1.0 265.8 262.1 2450  4.09 5.39 5.81

between ferromagnetic and noncollinear APVs. Thus, we dis-
tinguished that the ferromagnetic APVs have larger AHC and
ANC than the noncollinear APVs. Furthermore, we realized
that the AHC and ANC strongly depend on the magnetiza-
tion directions and can be tuned significantly by switching
the magnetization direction. In this context, we presented a
thermopile structure to explain the comprehensive interplay
between electric current (I), thermal gradient (VT'), and mag-
netization (M) directions.

II. COMPUTATIONAL DETAILS

Our density functional theory (DFT) calculations are con-
ducted using the projector augmented wave (PAW) method
as implemented in the VASP code [38]. A generalized gra-

dient approximation (GGA) is used within the parametrized
form of Perdew-Burke-Ernzerhof (PBE) to treat the exchange-
correlation functional [39]. The energy cutoff of 600 eV is
used for the plane-wave basis set, and the spin-orbit cou-
pling (SOC) is taken into account for each APV system. A
uniform k-mesh of 17 x 17 x 17 is employed for the Bril-
louin zone integrations within the Monkhorst-pack scheme.
The partial occupancies of the electronic states are smeared
by using the Methfessel-Paxton smearing width of 0.06 eV.
The total energy convergence criterion is set to 1077, The
optimized lattice constants are considered from our previous
high-throughput study [36].

We used the WANNIER9O code to obtain the maximally
localized Wannier functions and get the tight-binding model
Hamiltonian [40]. In total, 80 maximally localized Wannier
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functions were constructed for every APV system by pro-
jecting the s, p, and d orbitals of M and X atoms and the s
and p orbitals for the N or C atom. The AHC was computed
using the WANNIERTOOLS code [41]. A uniform k-mesh of
401 x 401 x 401 was used for the Berry curvature integra-
tion [42]. The AHC was determined in conformity with the
following equation:

———f(z )azfe(k) 1ap k), (1)

(Ykn Ve | rem) (Yiem v | ¥kn)
“nap () = —2Im Z ek —amr @

where e is the elementary charge, u is the chemical potential,
Y¥n/m denotes the Bloch wave function with energy eigenvalue
€x/m> Vo 18 the velocity operator along the Cartesian o/f
direction, and f[e(k) — ] is the Fermi-Dirac distribution
function. Here, {«, 8} {x,y,z} denote the Cartesian
coordinates. The AHC and Berry curvature can be classified
as pseudovectors and represented in their vector-form
notations  as On,af = [on,x» On,ys Un,z] = [Un,)’zv On,zxs G}l,xy]
and Qn,aﬂ = [Qn,xv Qn,w Qn,z] = [Qn,yz: Qn,us Qn,xy]’
respectively. The ANC is computed using the in-house
developed PYTHON code. The validation of the code is done
by reproducing the ANC of Mn3NiN a noncollinear APV [16]
(Fig. S1 [82]). The ANC is determined using the following
equation:

1 ad —
Ay = ——/de—faaﬁ(e)e M,
e Il

where T is the temperature, p the Fermi level, and € is the
point of the energy grid.

3

III. RESULTS AND DISCUSSION

A. Magnetocrystalline anisotropy energy

Magnetocrystalline anisotropy energy (MAE) is expressed
as the difference of the total energies for different magnetiza-
tion directions, which yields

MAE = E,, — E.,, “4)

where e; and e, are chosen to be along the [001], [110], and
[111] directions for the cubic APV compounds considered in
this work. The resulting MAEs are shown in Table I. For cubic
materials, it is well known that MAE is mostly about a few
neV/atom, e.g., the MAE of body-centered cubic (bec) Fe is
—0.4 peV/atom favoring the [001] direction as an easy axis
[53]. It is found that the MAESs of 28 out of 35 cubic APVs are
lower than 10 weV /atom (Table I). Nevertheless, considerable
MAE is obtained for CosLiN, CosPtN, CosRhN, Fe;IrN, and
Fe;PdN (Table I). For instance, Fe;IrN exhibits a significant
MAE as large as —59.8 eV with an easy axis in the [001]
direction.

The magnitude of MAEs can be understood based on the
strength of the atomic SOC, as marked by the SOC energy
(Esoc) [54]. Taking FesIrN as an example, (AEsoc) between
the [001] and [111] magnetization directions read

AEsoc = Esoc[001] — Esoc[111], (5)

with the resulting AEsoc as large as —295.1 ueV/atom. This
indicates that the magnetization along the [001] direction
is favored. Further analysis on the atom-resolved contribu-
tions reveals that the Ir atoms have dominant contributions
(—1442 peV /atom) in comparison to that(—12.9 eV /atom)
of Fe atoms. This can be attributed to the enhanced strength
of atomic SOC, i.e., 55151 ~ 457 meV in comparison to Ef; ~
54 meV. The Esoc analysis is consistent for all the APV
systems and equally valid to characterize their preferred mag-
netization direction.

The magnetization direction can be manipulated by apply-
ing an external magnetic field [55,56]. The measurement of
the planar Hall effect demonstrates that the transport proper-
ties can be modified by changing the magnetization directions,
as elucidated for CogyFe,0Bog [56]. Depending on the MAE’s
size, different magnitudes of magnetic fields are required. For
cubic materials, the MAE is small, thus, the magnetization
direction can be easily manipulated by applying external mag-
netic fields. In most APV systems, the MAE is only a few
peV/atom (0.2-10 peV/atom), therefore, the magnetization
direction can be smoothly aligned with the direction of the
external magnetic field.

B. Symmetry analysis

Symmetry plays an essential role in determining the linear
response properties, including AHC and ANC. The shape
of the AHC/ANC tensor elements can be obtained from
the magnetic space group, where the resulting symmetry
operations can lead to a specific distribution of the Berry
curvature in the k-space and hence vanishing/finite values for
AHC/ANC. The resulting symmetry of the Berry curvature
depends on the relative orientation between the Berry cur-
vature component and the rotation axis or the mirror plane.
For instance, the Berry curvature component perpendicular to
the mirror plane remains unchanged when the mirror sym-
metry is applied. On the other hand, the Berry curvature
component parallel to the mirror plane changes its sign after
considering the symmetry. For the magnetization direction
[001], the magnetic space group is 123.345 (P4/mm'm’) [57],
it contains 16 symmetry operations. Half of the symmetry
operations change the sign of the Berry curvature €2, and
Q,, the other half do not change the sign of 2, and £2,,
while €2, is invariant under each symmetry operation. As an
example, discrete symmetry operations such as the mirror
plane My, or the two-fold rotation axis (2¢p;) change the
sign of the Berry curvature Q, and Q,, but &, is invariant,
transforming the Berry curvature according to the following
relations [2]:

Qx(_kx, _kyv kz) = _Qx(kx, ky» kz),
Qy(_k)m _k_va kz) = _Qy(km k_vv kz)»
Qz(_kx’ _kyv kz) = Qz(kxv ky’ kz)

Consequently, the o, and o, components vanish by integrating
the Berry curvatures according to Eq. (1). The o, compo-
nent, on the other hand, is invariant under both symmetry
operations, giving rise to a finite AHC. This is confirmed
by our explicit evaluation of AHC for Fe;IrN as shown in
Fig. S2 [82], with vanishing o, and o, but a o, as large as
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FIG. 1. The crystal structure of antiperovskites with chemical
formula M3;XZ in Pm3m (221) space group, where M atoms are
located at face-centers, whereas the X and Z atoms occupy the corner
and body-centered position, respectively. The spin moments depict
[001], [110], and [111] magnetization directions.

852 S/cm. For the magnetization direction [110], the mag-
netic space group is 65.486(Cmm’'m’), which contains eight
symmetry operations. For example, due to M|,,, symmetry,
Q (—ky, —ky, k) = —Q,(ky, ky, k;) [2] leading to vanishing
o;, while o, = o, with nonzero values (Fig. S2) [82]. Fi-
nally, for the magnetization direction [111], the underlying
symmetries of the magnetic space group R — 3m’ (166.101)
do not enforce a cancellation condition for any of the com-
ponents of the Berry curvature; hence, they exhibit finite
AHC (Fig. S2) [82], where o, = o, = o,. Therefore, consid-
ering AHC as a pseudovector o = o.€; + o,€; + o.€¢; (with
e;/j/x being the unit vectors along the Cartesian directions),
it can be concluded that the AHC is always aligned with the
magnetization direction for high-symmetric [001], [110], and
[111] directions, as observed for tetragonal 3dPt alloys [10].
Hereafter, we adopt oyg01] = 07, Of110] = «/LE (0x + o0y) and
ofi] = %(O’x + oy + 0;), as summarized in Table I, where,
the various components of AHC are defined as o, = o,,,
0y = 0, and o, = 0y,. Such symmetry analysis applies to
ANC as well. For instance, a possible thermopile structure
mechanism summarizing the interplay between thermal gra-
dient (VT), magnetization (M), and electric current (I) is
depicted in Fig. 2. For an applied in-plane thermal gradi-
ent (VTyx) and out-of-plane magnetization M., an electric
current (Iy) will generate along the y-direction [Fig. 2(a)],
and for the out-of-plane thermal gradient (VT,) and in-plane
magnetization (M,) will also result in an electric current (Iy)
in the y-direction [Fig. 2(b)].

Thermal gradientVT,
Electric current |,

Magnetization M,
ANC a,

(a)

T T T T I ' ]
24001 l [111] AHC | o
T | — [110] AHC]
2000 N | —_ [111]ANC
LN [ —- [110] ANC 14
I —~~
I X
| 2
{ 0 <
S
-2<
-4
-6
0.2

FIG. 3. The AHC and ANC of CosLiN for [111] and [110] mag-
netization directions, exhibiting the significant change in AHC and
ANC on switching the magnetization direction from [111] to [110].

C. Large anomalous Hall conductivity

Table I displays the resulting AHC and ANC for the cubic
APV compounds. The ferromagnetic cubic APVs can attain
an AHC as large as 1000 S/cm. For instance, the magni-
tude of AHC for Co3LiN and Cos;ZnN with magnetization
aligned along the [111] direction is 1128 and 1068 S/cm,
respectively. This is larger than that of bcc Fe (750 S/cm)
[58,59] and nearly the same as that of the Weyl semimetal
Co3Sn,S; (1130 S/cm) [29] and Fe3Sn, (1100 S/cm) [60].
Moreover, the magnitude of AHC can be tuned significantly
by changing the magnetization direction. For instance, the
AHC of CosLiN changes from 1128 to 126 S/cm with the
magnetization switched from the the [111] to [110] directions
(Fig. 3). Furthermore, not only can the magnitude of AHC
be tuned, but also its sign can be reversed by switching the
magnetization directions. Taking an example of Co;MgC,
its AHC is 283 S/cm for the magnetization along the [001]
direction, whereas it attains a negative value (—291 S/cm) for
the [111] magnetization direction. The same is observed for
CozRhN, Co3SnC, Co3ZnC, Fe3AIC, and Niz;CuC (Table I).
Note that, for high-symmetry magnetization directions such
as the [001], [110], and [111] directions considered in this
work, both AHC and ANC are aligned along the direction of

Magnetization M,
ANC a,
Electric current I,

Thermal gradient VT,

(b)

FIG. 2. Schematics illustration of thermopile structure for the (a) applied in-plane thermal gradient (V7,) and magnetization (M),
generating an electric current in the y-direction and (b) exerted out-of-plane VT, and M, also lead to an electric current in the y-direction.
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6 | ® noncollinear -
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<.l [111] ], o—\Co,Cu
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FIG. 4. The comparison of AHC and ANC for the ferromag-
netic and noncollinear APV configurations. The solid line adjoins
[001], [110], and [111] magnetization directions for the individual
ferromagnetic APVs. The absolute values of AHC and ANC are
illustrated at the Fermi energy and the ANC data are provided for
300 K. The direction of thermal gradient (VT'), magnetization (M),
and electric current (/) for the plotted compounds are according to
the mechanism explained in Fig. 2.

magnetization where a positive (negative) sign indicates that
they are parallel (antiparallel) to the magnetization direction.

D. Comparison of AHC with noncollinear APVs

It is noted that the magnetic cubic APV compounds exhibit
many interesting magnetic ground states. In our recent study
[13] the total energies of eight magnetic configurations were
evaluated and compared where 14 cubic APVs adopt the non-
collinear configurations of the I'44/I's, types. The AHC/ANC
vanishes for the I's, state, whereas a finite AHC/ANC is
expected for the 'y, state [18]. As shown in Fig. 4, the AHC
of ferromagnetic APVs is, in general, larger than that of those
with noncollinear configurations. As an illustration, the largest
AHC of 1128 S/cm is obtained for Cos;LiN in ferromagnetic
state, which is larger than the maximum AHC of 722 S/cm
reported for noncollinear Cr3IrN. In total, we found that six
ferromagnetic APVs exceed the maximum AHC (722 S/cm)
observed for the noncollinear state [13]. In Fig. 4, we com-
pared the AHC/ANC of antiperovskites in their magnetic
ground state. However, if we compare the AHC/ANC for
the given ferromagnetic antiperovskite with the noncollinear
state. In this case, it is not ensured to possess a higher
AHC/ANC in the ferromagnetic state than the noncollinear
state (Table S1) [82]. For instance, the AHC of Co3PtN is
larger in the noncollinear I'y, state (1465 S/cm) than the
ferromagnetic [001] direction (710 S/cm). Additionally, it is
noted that the APV compounds are closely connected to those
with the Cus Au-type crystal structures [61]. It is observed that
giant AHC can be obtained there as well, such as in MnzIr
(218 S/cm) [11] and Mn3Pt (81 S/cm) [62].

E. Giant anomalous Nernst conductivity

Interestingly, it is observed that such cubic APV com-
pounds exhibit giant ANCs, which obey the same symmetry

arguments as AHC. Following the Mott formula [63], ANC
is proportional to the energy derivative of AHC (the en-
ergy dependence of AHCs and ANCs are summarized in
Figs, S3 and S4, respectively) and can be evaluated us-
ing Eq. (3). For ferromagnetic APVs, Cos;PtN exhibits
ANC as large as 6.31 AK 'm~! at 300 K for the [001]
magnetization direction (Table I). This is quite compa-
rable to that of FesPt (6.2 AK'm~!) [37] and larger
than the experimentally observed ANC in the ferromag-
netic counterpart Co,MnGa (4.0 AK’lm’l), Co,FeGe (3.16
AK 'm™1), and Fe;Ga (3.0 AK'm™1) [30,64,65]. Fur-
thermore, Ni3LiC and Cos3ZnN also show a large ANC
of 5.81 and —4.97 AK"!m~! for the [111] magnetization
direction, respectively. In total, seven APV systems attain
an ANC larger than 3.0 AK'm~! at 300 K (Table I).
Moreover, we found that the ANC of nine antiperovskites
was reported in a recent study [37]. However, these nine
reported antiperovskites excluded the antiperovskites that
have a large ANC in our study (see Table S1 and the
Supplementary Material [82]). In addition, to our knowl-
edge, there is no AHC study reported for the ferromagnetic
antiperovskites. Like AHC, ANC can also be tuned by
switching the magnetization directions (Table I). For in-
stance, the ANC of CosPtN alters from 6.31 AK 'm™!
to 3.81 AK"'!m~! as the magnetization direction changes
from the [001] to [111] directions. Moreover, the sign of
ANC could also change depending on the AHC slope’s
derivative doy,/de. For instance, the derivative of AHC
for CosLiN changes from a positive (5318 S/cm.eV) value
to a negative (—5190 S/cm.eV) one upon switching the
magnetization direction from the [111] to [110] directions
(Fig. 3). Correspondingly, the resulting ANC changes from
—3.03100.43 AK 'm~.

For Fe;ZnN, the sign and magnitude of ANC change
from —1.43 to 0.15 AK~'m~' upon switching out-of-plane
magnetization from [001] to [111]. Therefore, for an ap-
plied magnetization M, || [001]/[111] and thermal gradient
VT, along the x-direction, an electric current will generate
along —y/y direction [Fig. 2(a)]. Similarly, for Co;LiN, the
sign of ANC changes from —1.72 to 0.43 AK~'m~! for
the magnetization M [100] to [110]. When magnetization
M, | [100]/[110] is applied along the x-direction for the
out-of-plane thermal gradient VT, an electric current will
generate along the —y/y-direction [Fig. 2(b)]. Such an aspect
is not only interesting in terms of the anisotropic nature of
ANC, but also the Nernst voltage change in sign could possi-
bly result in the generation of an in-plane thermal gradient
VT caused by the rotation of the magnetization direction.
For the FesN antiperovskite, Isogami er al. showed that the
Nernst voltage could be tuned significantly by altering the
in-plane thermal gradient VT or magnetization M directions
from [100] to [110] [66]. Usually, the anomalous Nernst
effect is studied in the experiment for the out-of-plane ther-
mal gradient VT and in-plane magnetization M [67,68] and
also for the in-plane thermal gradient VT along with out-
of-plane magnetization M [68,69]. However, the functional
devices with the out-of-plane thermal gradient VT, are more
beneficial in the context of practical application for heat har-
vesting, as illustrated for the FePt thermopile with MgO(110)
substrate [24,70,71].
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FIG. 5. For CosPtN, magnetization direction [001], the calculated (a) band structure is shown, where the red circles mark the band crossing
between R-M and X -R and (b) the ANC is calculated at 300 K (magenta). The AHC is shown along with the analysis of the Weyl points. 11 (red)
and 38 (blue) symmetry-related sets of Weyl points are the sum of the AHC of 136 Weyl points (WP1-11) and 450 Weyl points, respectively.

F. Comparison of ANC with noncollinear APVs

In comparison to the APVs with noncollinear magnetic
ground states [13] the ANC of ferromagnetic APVs is more
significant in most cases (Fig. 4). For instance, the largest
ANC obtained in noncollinear Cr;PtN is 4.02 AK 'm~!,
which is less than CosPtN. Overall, 13 ferromagnetic APVs
attain an ANC larger than 2.0 AK~"'m~!. However, if we
compare the ANC for the given ferromagnetic antiperovskite
with the noncollinear state, the ANC of Cr3IrN in the non-
collinear 'y, is (—3.24 A/mK), which is higher than in the
ferromagnetic [110] magnetization direction (1.66 A/mK)
(Table S1) [82]. In terms of applications of such compounds as
transversal thermoelectric materials, one apparent advantage
is that the resulting ANC can be switched by controlling the
magnetization directions, as we discussed above, which is not
so convenient for APVs with noncollinear magnetic ground
states.

G. Weyl point analysis

Turning now to the origin of giant ANC, it has been
recently realized that the occurrence of Weyl nodes in the
neighborhood of the Fermi-energy can contribute signifi-
cantly to AHC and may lead to a singular-like behavior
in AHC, thus a significant ANC [72-74]. This correlation
between the large AHC/ANC and Weyl nodes around the
Fermi energy was demonstrated in several recent studies
[18,29,75,76]. For instance, in Co3Sn2,S,, the Weyl nodes
are located 60 meV above the Fermi energy, so there exists
a large AHC peak at the Fermi energy, reaching a maxi-
mum value of 1100 S/cm [29]. Taking Cos;PtN with a giant
ANC of 6.31 AK 'm~! as an example, we carried out a
detailed analysis of the electronic structure. As shown in

Fig. 5(b), there exists a peak of AHC located about 54 meV
above the Fermi energy. Correspondingly, there are two seem-
ingly linear band crossings on the band structure, one above
(~ 20 meV) the Fermi-energy along R-M and the other below
(~ 50 meV) the Fermi-energy along X-R [Fig. 5(a)]. We
investigated the Weyl points within the [—0.02, 0.1] eV en-
ergy window around the Fermi energy. We found 450 Weyl
points which can be categorized into 38 symmetry-related
Weyl points following the 16 symmetry operations associated
with the P4/mm’m’ (123.345) magnetic space group. For the
symmetry-associated Weyl point WP8 [Fig. 5(b)], the three-
dimensional (3D) band structure is shown in Fig. 6, which
consists of 16 symmetry-associated Weyl points at (0.499
—0.218 —0.492) and equivalent k-points with energy 25 meV

015 T 02

0.15

011 0.1
N 0.05
S 005 | |
g 0
g 0 -0.05
< I 0.1
G .

-0.05 |
do
' k‘20-81 -0.73 .44 0.36 -0.28
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FIG. 6. The characterization of the Weyl points; the plots are in
the (k,, k.) plane for the Weyl points (0.499 —0.218 —0.492) and the
energy dispersion showing the degeneracies of the bands at the Weyl
nodes.
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FIG. 7. The AHC and ANC of Co3ZnN and Co3;CdN for the
[001] magnetization direction. A large AHC and ANC peak is lo-
cated at 70 and 147 meV below the Fermi energy, respectively.

above the Fermi energy. Subsequently, for each Weyl points
(450), we evaluated the AHC by considering a small cube
centering at spatial Weyl point position and with the acme
of 0.08 (in the units of 27 /a). Hence, we identified 11 sets
of symmetry-related Weyl points (136) contributing primarily
to the total AHC and reproducing the AHC peak above the
Fermi energy [Fig. 5(b)]. However, the sum of AHC from
38 sets (450) of symmetry-related Weyl points is larger than
the total AHC, demonstrating the significant contribution of
Weyl points [Fig. 5(b)]. Therefore, it is suspected that the
giant ANC can be attributed to the occurrence of Weyl nodes.
It could be noticed from the Weyl points analysis of the
Co3PtN that not all Weyl points contribute; 136 out of 450
Weyl points contribute primarily to the total AHC [Fig. 5(b)].
Hence, the occurrence of Weyl points does not necessarily
give rise to a singular-like AHC. However, unlike Co3Sn,S,,
where there are three pairs of Weyl nodes located 60 meV
above the Fermi energy, and one pair of Weyl node acts as
a monopole sink and source of Berry curvature [29], whereas
for Co;PtN, there are many of them, which is a general feature
of ferromagnetic materials [77]. Similarly, the AHC peaks for
CosLiN and Co3ZnN (Figs. 3 and 7) are also suspected to be
resulting from the presence of Weyl nodes, but it is challeng-
ing to decompose the contribution because there are too many
Weyl nodes.

H. Tuning AHC/ANC via chemical potential

Such singular behavior of AHC does not occur only in
the proximity to the Fermi energy but also takes place at
other energies. For instance, for the [001] magnetization di-
rection, the AHC of Co3;ZnN can be tuned from 930 to
2249 S/cm by shifting the Fermi energy by 70 meV below
the Fermi level (Fig. 7), with the ANC of 2.33 AK 'm~'.
Similarly, the ANC can be tuned, as for the Co3CdN, an
extremely large ANC 8.62 AK~'m~' could be obtained at
147 meV below the Fermi energy resulting due to the pres-
ence of a sharp AHC peak which reaches to maximum AHC
(2235 S/cm) at 126 meV below the Fermi energy (Fig. 7).
The Fermi level can be tuned by mechanical strain or doping,

an effective method for optimising AHC, demonstrated in
various magnetic materials [13,18,78-80]. For example, the
AHC of Co3Sn;_,In,S; is studied for various indium dopants
[78]. Remarkably, the AHC at 2K increases to &~ 2250 S/cm
when x = 0.15, consisting of an intrinsic contribution plus a
side-jump of ~ 1500 S/cm and &~ 750 S/cm due to skew-
scattering, compared to an AHC value of &~ 850 S/cm in the
pristine Co3Sn,S,. However, doping increases the extrinsic
contribution to total AHC that arises from skew scattering
and side-jump scattering [78,81]. Nevertheless, the intrinsic
contribution plus side jump is twice as large as in the pris-
tine case. In our study, for CosPtN, an AHC peak is located
54 meV above the Fermi energy. Based on the integration of
the density of states, we find that doping of 0.3 electrons (for
example, by Co — Ni doping at 10% as in Co,7Nig;PtN)
may shift the Fermi energy to the AHC peak.

The electronic band structure also changes due to mechan-
ical strain. However, in the case where an AHC peak arises
from the presence of Weyl points and these Weyl points shift
to the Fermi energy under mechanical strain. In this case,
the AHC peak is also shifted along the Weyl points and the
dynamics of the Weyl points play a major role. As shown
in Ref. [13], for the Mn3;PdN antiperovskite in the tetrag-
onal phase, the Weyl points at 1% tensile strain shift from
—31.82 meV to —0.29 meV near the Fermi energy at —1.2%
compressive strain. As a result, the corresponding AHC peak
is shifted, leading to an increase in AHC from —57.14 S/cm
to —120 S/cm. Based on the above discussion, we therefore
believe that the Fermi energy can be tuned up to 100 meV
by doping or mechanical strain to achieve the expected
results.

IV. CONCLUSION

In summary, we carried out a systematic evaluation of
MAE, AHC, and ANC for 35 cubic APVs. As expected for cu-
bic systems, the MAE is a few ueV/atom (0.2-10 eV /atom)
for most APV systems except in a few cases; hence their
magnetization direction can be tuned easily. A giant AHC
as large as 1000 S/cm is obtained in cubic APVs such as
CosLiN and Cos3ZnN. Similarly, a giant ANC is observed
for CosPtN and Ni;LiC. Taking CosPtN as an example, we
demonstrated that a large AHC/ANC is originated due to the
presence of Weyl nodes close to the Fermi level, with domi-
nant contributions to the total AHC/ANC. This indicates that
AHC/ANC can be further tailored by shifting the Fermi en-
ergy via proper doping. In comparison to noncollinear APVs,
the ferromagnetic APVs also exhibit larger AHC and ANC.
Furthermore, we observed that the magnitude and sign of
AHC/ANC could be tuned by switching the magnetization
direction. Accordingly, we can adjust the thermal gradient
(VT) direction assisted by changing the magnetization direc-
tions. Therefore, it is imperative to perceive the importance
of magnitude and sign change of ANC to realize ANC-based
thermoelectric device applications. Moreover, the AHC and
ANC have not yet been measured experimentally for any of
the ferromagnetic antiperovskites. We hope that our work
will incentivize the experimental efforts to corroborate our
observations.
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