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The anomalous Nernst effect (ANE)—the generation of a transverse electric voltage by a longitudinal heat
current in conducting ferromagnets or antiferromagnets—is an appealing approach for thermoelectric power
generation in spin caloritronics. The ANE in antiferromagnets is particularly convenient for the fabrication of
highly efficient and densely integrated thermopiles as lateral configurations of thermoelectric modules increase
the coverage of heat source without suffering from the stray fields that are intrinsic to ferromagnets. In this work,
using first-principles calculations together with a group theory analysis, we systematically investigate the spin-
order-dependent ANE in noncollinear antiferromagnetic Mn-based antiperovskite nitrides Mn; XN (X = Ga,
Zn, Ag, and Ni). The ANE in Mn3XN is forbidden by symmetry in the R1 phase but amounts to its maximum
value in the R3 phase. Among all Mn; XN compounds, Mn;NiN presents the most significant anomalous Nernst
conductivity of 1.80 AK~!m~! at 200 K, which can be further enhanced if strain, electric, or magnetic fields
are applied. The ANE in Mn3NiN, being one order of magnitude larger than that in the famous Mn;Sn, is the
largest one discovered in antiferromagnets so far. The giant ANE in Mn;NiN originates from the sharp slope
of the anomalous Hall conductivity at the Fermi energy, which can be understood well from the Mott relation.
Our findings provide a host material for realizing antiferromagnetic spin caloritronics that promises exciting

applications in energy conversion and information processing.

DOI: 10.1103/PhysRevMaterials.4.024408

I. INTRODUCTION

Spintronics, where the electron’s spin degree of freedom
is used as an information carrier rather than its charge, has
attracted enormous interest because of its promising appli-
cations in the next generation of electronic technologies.
In this context, spin-related transport phenomena arising in
various magnets have been intensively investigated in the past
two decades. In ferromagnetic metals, a transverse voltage
drop can be induced by a longitudinal charge current. This
phenomenon is the so-called anomalous Hall effect (AHE)
[1], which is one of the most competitive pathways for re-
alizing spintronics. Nevertheless, the energy consumption is
inevitable in the AHE since the driving force has to be an
external electric field. In this light, direct coupling between
spin and heat in the field of spin caloritronics [2,3] is more
energy-efficient as spin currents can be generated by harvest-
ing waste heat. Therefore, spin caloritronics, usually known
as “green” spintronics, offers exciting prospects for energy
conversion and information processing.

The anomalous Nernst effect (ANE) [4-8]—the thermo-
electric counterpart of the AHE—is a celebrated effect from
the realm of spin caloritronics. It leads to the generation
of a transverse spin-polarized charge current j, along the y
direction when a temperature gradient V,T is applied along
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the x direction, and therefore the ANE can be expressed as
jy = _OlyxvxTv (D

where oy, is known as anomalous Nernst conductivity (ANC).
Although ferromagnets are commonly considered as the
prime sources of anomalous Nernst currents, in fact their
efficiency is called into question as the density of ther-
moelectric modules based on ferromagnets is severely lim-
ited by the effect of intrinsic stray fields from neighboring
units. Strikingly, the ANE has been recently witnessed in
noncollinear antiferromagnets, such as Mn3Sn [9,10], even
though the net magnetization in many of such compounds
vanishes. The physics behind this is the ultimate source of
the ANE in the Berry curvature of electronic states, which is
promoted by the breaking of proper symmetries, rather than
the net magnetization itself. Since antiferromagnets exhibit
much faster dynamics than ferromagnets, antiferromagnetic
spin caloritronics, in analogy to antiferromagnetic spintronics
[11-14], is becoming an attractive research field. The ANC in
Mnj;Sn is considerably larger than that in 3d transition-metal
ferromagnets (e.g., Fe and Co) [9,10], while it is still one order
of magnitude smaller than that in the full-Heusler ferromagnet
Co,MnGa, which exhibits the largest ANC reported to date
[15,16]. Since the ANC is sensitive to the details of the
electronic structure for a given magnetic material, finding
antiferromagnets that host large ANE is a crucial step to
realize antiferromagnetic spin caloritronics.

©2020 American Physical Society
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FIG. 1. Crystal and magnetic structures of Mn3; X N. (a)—(c) Different spin orders in Mn; XN as classified by the R1, R2, and R3 phases. The
yellow, blue, and purple spheres represent Mn, X, and N atoms, respectively. The red arrows label the directions of the spin magnetic moments
of Mn atoms, which lie on the (111) plane highlighted in green. The azimuthal angle ¢, defined as the spin-order parameter, measures the
rotation of spins away from the face diagonals of the cube. (d)-(f) Top view of the noncollinear spin order in the (111) plane. M;, M,, and
M3 in (d) are three mirror symmetries; 7.M, T M,, and T M3 in (f) are the symmetries combining mirror and time-reversal (7) operations.

The C; rotation with respect to the z axis is always present in (d)—(f).

In addition to Mn3Sn, the antiperovskite Mn; XN (X =
Ga, Zn, Ag, Ni, etc.) presents another important class of
noncollinear antiferromagnets, which has been known since
the 1970s [17,18]. Many unique physical properties have
been found in Mn3 XN, including the magnetovolume effects
[19-26], magnetocaloric effects [27-30], magneto-optical ef-
fect [31], and the AHE [31-34]. However, the ANE, being
a practical scheme for spin caloritronics [2,3], has not been
reported until now in this class of materials. This motivated
us to explore the ANE in Mn3XN in order to find a superior
antiferromagnetic host material that couples spin transport
with heat most efficiently.

In this work, using state-of-the-art first-principles calcu-
lations, we systematically study the ANE in noncollinear
antiferromagnetic antiperovskite Mn3XN (X = Ga, Zn, Ag,
and Ni). We first show that the ANE depends strongly on
the spin order, which characterizes the 120° noncollinear spin
structure (Fig. 1). Using group theory analysis and Berry cur-
vature calculations, we demonstrate that the ANE in Mn3 XN
vanishes in the R1 phase while it assumes its maximal value
in the R3 phase. The system Mn3NiN has an ANC that is
as large as ~2 AK~!'m™', which is nearly one order of
magnitude larger than that in the noncollinear antiferromagnet
Mn;Sn (~0.2 AK~'m™") [9,10] and is close to the reported
largest ANC in the ferromagnet CooMnGa (~4.0 AK~' m™!)
[15,16]. The pronounced ANC in Mn3NiN originates from
the steep slope of the anomalous Hall conductivity (AHC)

at the Fermi energy, and it can be understood from the Mott
relation. Moreover, the ANE in Mn3;NiN can be tuned by
strain, electric, and magnetic fields. This pronounced and
tunable ANE suggests Mn3;NiN as an ideal material platform
for realizing highly efficient spin thermoelectric devices based
on noncollinear antiferromagnets rather than traditional ferro-
magnets, as shown schematically in Fig. 4.

II. RESULT AND DISCUSSION

Mn; XN forms an antiperovskite crystal structure that hosts
a noncollinear antiferromagnetic order, as displayed in Fig. 1.
The nonmagnetic X and N atoms occupy the corners and the
center of the cube, respectively, whereas the three magnetic
Mn atoms are located on the face centers. The spin magnetic
moments of Mn atoms lie on the (111) plane and form a 120°
noncollinear spin structure. Interestingly, all three spins can
simultaneously rotate within the (111) plane, depending on
the temperature 7" [17,18]. To quantitatively describe the non-
collinear spin structure, we introduce the azimuthal angle ¢ as
the spin-order parameter, measuring the rotation of the spins
away from the face diagonals of the cube. Taking Mn;NiN as
an example [18], the three spins align along the face diagonals
of the cube for T < 163 K, which is called R1 phase (¢ = 0°)
[Figs. 1(a) and 1(d)]. When 163 < T < 266 K, the R3 phase
(¢ = 90°) can appear [Figs. 1(c) and 1(f)], for which the three
spins point to the center of the triangle formed by neighboring
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TABLE 1. Magnetic point groups and symmetry-allowed el-
ements of the anomalous Nernst conductivity (ANC) tensor for
Mn;XN as a function of the azimuthal angle ¢ that defines the
noncollinear spin order. The magnetic point groups are calculated
by the ISOTROPY code [36].

Azimuthal angle ¢ 0°  30° 60° 90° 120° 150° 180°

Magnetic point group  31m 3 3 3lm 3 3 3lm
Nonzero ANC element Qyy  Qyy Oy Oy Oy

magnetic atoms. The R1 and R3 phases are also called I'*¢ and
' spin configurations, respectively [17,18]. An intermediate
R2 phase (0° < ¢ < 90°) [Figs. 1(b) and 1(e)] is expected
to emerge during the phase transition between the R1 and
R3 phases [19,20]. Such temperature-dependent noncollinear
spin structure may also be realized in other Mn3 XN (X = Ag,
Ga, Zn) compounds [17-20].

The R3 phase of Mn3XN could have the weak ferro-
magnetism along the crystallographic [111] direction, and
the calculated total spin magnetic moment is only 0.006 wp
(0.002 pp per Mn site). The weak spin ferromagnetism is
not responsible for the emergence of the ANE, while the
noncollinear spin order is the ultimate source as we demon-
strate later by using group theory. In practice, the directions
of spin magnetic moments are constrained within the (111)
plane such that we actually consider a fully compensated an-
tiferromagnet, which has vanishing total spin magnetization.
Our calculations also show that the total orbital magnetic
moment is not vanishing; however, one cannot merely say
that it induces the ANE in Mn3;XN. The orbital magnetization
is very closely related to the AHE and ANE via the Berry
curvature of the electronic states [5,8]. It is the symmetry
properties of the Berry curvature that are perceived as the
main origin of the emergence of the orbital magnetization,
AHE, or ANE in both ferromagnetic and antiferromagnetic
materials. The orbital ferromagnetism arises hand in hand
with the ANE since both are allowed by symmetry, and it
would be improper to argue that orbital magnetism is the
origin of the effects discussed in Mn3 X N. It would be different
from the case of Ref. [35], in which it is the combination
of the antiferromagnetic order with lowered crystal symmetry
and spin-orbit interaction that breaks the necessary symmetry
for the emergence of the orbital magnetization and magneto-
optical effects.

The ANE in Mn3XN can be anticipated to significantly
depend on the spin order. To demonstrate this, we first employ
group theory to analyze the influence of the different spin
orders on the Berry curvature, which is the key quantity in
calculating the ANC [see Egs. (A2) and (A3)]. Since the ANC
is a pseudovector, it can be written in vector notation, & =
[&*, @, @*] = [ay;, 0z, @yy], Where the vector components
correspond one-by-one to the off-diagonal elements of the
Nernst conductivity tensor, i.e., @/*/% = oty;/,/xy. Similarly,
the Berry curvature can be written as €, = [QF, ), Q3] =
[SZ;?Z, Q. Qﬁy], where n is the band index. Both properties are
translationally invariant such that it is sufficient to restrict our
analysis to magnetic point groups. Table I lists the evolution
of the magnetic point group with the spin-order parameter ¢.
One can see that the magnetic point group exhibits a period of

7 and there are three nonrepetitive elements, 31m [¢ = nr],
31m'[p = (n+ )], and 3 [p #£n7w and ¢ # (n+ %_)n]
with n € N, which we shall discuss one by one. First, 31m
contains three mirror planes: M, M,, and M3 [Fig. 1(d)].
M, is parallel to the yz plane, which changes the sign of €2,
and ¢ but preserves Q. This implies that €2, and € are odd
functions of k,, while Q¥ is an even function. By integrating
the Berry curvature over the entire Brillouin zone, we arrive at
o = [@*, 0, 0]. In addition, 31m contains a threefold rotation
symmetry C; around the [111] direction that relates M, to the
other two mirror planes M, and M3. Since any component
of the ANC normal to the C; axis, for example &*, is forced
to be zero, it finally results in & = [0, 0, O] under the group
31m. Therefore, the ANE is forbidden by symmetry in the R1
phase (¢ = n). Second, in contrast to 31, all mirror planes
are absent in the group 3 and only the C; axis is preserved
[Fig. 1(e)]. This leads to vanishing € and €2}, and there exists
a=1[0,0,a°] =[0,0, a,] in the R2 phase [¢p # nm and ¢ #
(n+ %)n]. Third, 31m’ contains operations combining time
and space symmetries: T M, T M,;, and T Mj [Fig. 1(f)].
As mentioned above, Q;, and Q¢ are odd but 2 is even with
respect to M. By considering further that all components €2/
are odd under the time-reversal operation 7, we find that Q)
and % are even under 7. M, whereas Q7 is odd, giving rise
to e = [0, @, &°]. Since @ is forced to be zero due to the C3
operation, only & is nonzero in the R3 phase [¢p = (n + %)7‘(].
The symmetry-allowed ANC elements and the corresponding
magnetic point groups are summarized in Table 1.

Although group theory is particularly powerful to identify
the shape of the ANC tensor, it does not help us to evaluate
the magnitude of the symmetry-allowed elements of the ANC,
which are sensitive to details of the electronic structure. In
the following, first-principles calculations are used as a quan-
titative method to predict the ANE in Mn3;XN. Figure 2(a)
presents the intrinsic ANC as a function of the spin-order
parameter ¢ at a temperature of 200 K. The ANC vanishes
when ¢ = nsr but turns out to be finite if ¢ # nmr, which is in
full accordance with the above symmetry arguments. Never-
theless, the ANC in Mn3 XN displays a curve that has a period
of 21 in ¢ and gives rise to the maxima at ¢ = (n + %)71. To
understand this observation, we evaluate the total Berry curva-
ture as the weighted sum Q,,(k) =), W,l(k)Qﬁy(k) over all
bands with weights W, given by Eq. (AS5). Figures 2(c)-2(f)
show the resulting momentum-space distribution in the k, = 0
plane. One can see that in the R1 phase (¢ = 0°), the symmet-
rically distributed hot spots, which have the same magnitude
but opposite sign, cancel out, leading overall to a vanishing
ANC. In the R2 phase (e.g., ¢ =30° and 60°), however,
the distribution of these hot spots becomes more asymmetric
with increasing ¢. Eventually, in the R3 phase with ¢ = 90°,
the difference between the positive and negative microscopic
contributions reaches a maximum, manifesting in the largest
ANC. Additionally, as the ANC inherits its symmetry proper-
ties from the Berry curvature, the ANC follows the relation
0y (@) = —ayy(@ + ), which discloses that the spin order
at ¢ + m is the time-reversed counterpart of the one at ¢,
and the ANC is odd under time-reversal symmetry. Since the
R3 phases with ¢ = 90° and 270° have the same absolute
value but opposite sign of «,,, they can be naturally chosen
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FIG. 2. Anomalous Nernst conductivity (ANC) and Berry curvature in Mn;XN. (a) ANC as a function of the azimuthal angle ¢ at the
temperature 7 = 200 K. (b) ANC as a function of temperature when ¢ = 90° (R3 phase), where the shaded regions indicate the temperature
regimes in which the R3 phase exists in Mn;NiN and Mn3;AgN. The solid lines in (a) and (b) are the polynomial fittings. (c)—(f) The
Berry curvature (in arbitrary units) of Mn3;NiN on the k&, = 0 plane when 7 = 200 K for the azimuthal angles of ¢ = 0°, 30°, 60°, and

90°, respectively. The dashed black lines mark the first Brillouin zone.

as two neighboring thermoelectric modules, in which the
directions of electric fields reverse, without suffering from
any of the obstructive stray fields known from ferromagnetic
thermopiles [cf. Figs. 4(b) and 4(c)].

The ANE, being a thermal transport phenomenon, should
rely substantially on the actual temperature. Figure 2(b) shows
how temperature influences the ANE in the R3 phase of
Mn3;XN. Mn3;GaN and Mn3;ZnN are not appealing since their
ANC is much smaller than that of Mn3;NiN and Mn3AgN
below 300 K. The ANC in Mn3AgN increases monotoni-
cally with increasing temperature and it exceeds the value in
Mn;NiN for 7 > 150 K, however the Néel temperature of
Mn;AgN of below 55 K is rather low [18]. The R3 phase of
Mn;NiN is realized in a broad range of temperatures from
163 to 266 K [18], in which the ANC varies from 1.98 to
1.47 AK~"m~!. The ANC in Mn3NiN is nearly one order of
magnitude larger than that in noncollinear antiferromagnetic
Mn3;Sn (~0.2AK~"'m~"). The pronounced ANC that we
predict for Mn3NiN is substantially larger than for most of the
typical ferromagnets (0.01—1 A K~! m~"), and the calculated
value is only slightly smaller than for the two ferromagnetic
Weyl semimetals Co,FeGe [38] and Co,MnGa [15,16], as
summarized in Fig. 3(a). Here, we stress that Co,FeGe and
Co,MnGa as intrinsic ferromagnets do not play any role for
antiferromagnetic spin caloritronics as they are not free of
parasitic stray fields.

Next, we demonstrate the underlying physical mechanism
of the large ANC in Mn3NiN by relating the ANC a, to the

anomalous Hall conductivity (AHC) oy, via the generalized
Mott formula [5]:
2

Qyy = Ta
where e is the elementary positive charge, ¢ is the energy,
@ is the chemical potential of the electrons, and f(g) =
1/{exp[(e — u)/kgT]+ 1} is the Fermi-Dirac distribution
function. In the zero-temperature limit, the integral in Egs. (2)
can be carried out by the Sommerfeld expansion to the lowest-
order term [40]. Then, the standard Mott formula, which
relates the ANC to the energy derivative of the AHC, is
obtained:

w2 k3T doy,
de de

Oy = . 3)
e=p
As can be seen from Eq. (3), we can expect a large ANC
in a given system if the corresponding AHC changes rapidly
with energy at the Fermi level for u = ¢p. Figures 3(b) and
3(c) present the variation of oy, and «,, in Mn3NiN as a
function of the energy e, respectively. The AHC amounts
to a moderate value of oy, (er) =291 S/cm, but the slope
of the curve at ¢ is very large. It thus results in a promi-
nent ANC of oy, (er) = 1.80 AK~'m~'. Furthermore, Qyy
can increase up to 2.0 AK"'m~! by slightly moving &
upward by 0.01 eV, which could be easily realized by electron
doping, e.g., in the alloy Mn3Ni;_,Cu,N [33]. If a rela-
tively heavy doping concentration is achieved, the ANC can
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FIG. 3. Origin of the large ANE in Mn3;NiN and its tunability by various fields. (a) The ANC recorded for various ferromagnets and two
antiferromagnets (Mn3;Sn and Mn3;NiN). Part of the data is taken from previous works [15,37-39]. (b),(c) The AHC and ANC of Mn;NiN as
a function of energy. The ANC «,, is calculated at the temperature 7 = 200 K using the formula of Berry curvature [Eq. (A2)] and also the
generalized Mott relation [Eq. (2)]. (d) The ANC «,, of Mn3NiN as a function of canting angle 6 and strain 6 at 7 = 200 K. The positive and
negative values of § indicate the canting of all three spins along the [111] and [111] directions, respectively.

reach up to —4.08 AK~'m~! at —0.30 eV and even up to
—4.87TAK'm~! at 0.34 eV, the latter exceeding the ANC in
ferromagnetic Co,MnGa (~4.0 A K~'m™") [15,16]. Overall,
the origin of the prominent ANC in Mn;3NiN is rooted in
the large energy derivative of the AHC at the Fermi level in
accordance with the Mott relation.

In light of practical applications of antiferromagnetic spin
caloritronics, it is particularly important to understand how
to control and design the ANE in Mn3XN by various ex-
ternal means, including strain, electric, and magnetic fields.
First, a strain field could become active due to the lattice
mismatch between the thin film of the sample and a substrate,
for example in Mn;NiN [41,42] and another noncollinear
antiferromagnet Mn3Pt [43]. Since the AHE can be effectively
tuned by strain fields [42,43], we anticipate that the ANE is
susceptible in a similar way. Here, we consider strain along
the [111] direction, quantified by § = d/d,, where d and d
are the distances between two neighboring (111) planes in the
strained and unstrained cases, respectively. Considering the
Poisson effect, the lattice within the (111) plane should shrink
(expand) when § > 1 (§ < 1) and the constant volume approx-
imation is used. The ANC as a function of § is displayed in
Fig. 3(d), in which one can see that tensile strain suppresses

a,y and even changes its sign, while compressive strain leads
to a larger oy, for 0.98 < § < 1.0. If the thin film grows
epitaxially along the (111) direction, substrates with smaller
lattice constants would be beneficial to generate a larger ANC.
Second, the magnitude of ANC could be altered by an electric
field since the Fermi energy will be shifted if a gate voltage is
applied. Figure 3(c) clearly shows that the ANC depends on
the position of the Fermi energy. The role of gate voltage can
be replaced by alloying (e.g., Mn3Ni;_,Cu,N [33]), which
also introduces electron or hole doping. Third, as proposed
in Mn3Sn [44], an external magnetic field normal to the (111)
plane can induce an out-of-plane spin canting (i.e., pointing
to the [111] direction) to form a noncoplanar spin structure,
which is responsible for the emergence of the topological
Hall effect. Interestingly, hydrostatic pressure plays a similar
role to that of the magnetic field, and even induces a larger
spin canting angle in Mn3Ge [45]. Figure 3(d) shows that
a,y increases with the increasing of the canting angle 6 from
0° to 2°, while a,, reduces rapidly to zero when |6| > 4°.
Following the same rationale as for the tunability of the
AHE in noncollinear antiferromagnets [42-45], we thereby
demonstrated that the prominent ANE in Mn3NiN can be
controlled by various external fields, offering great prospects
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for energy-efficient applications based on antiferromagnetic
spin caloritronics.

Finally, we design a thermopile structure based on non-
collinear antiferromagnets (e.g., Mn3NiN) and compare it
with the conventional ones composed of collinear ferromag-
nets (Fig. 4). Figure 4(a) depicts the basic principle of the
ANE, that is, a transverse charge current is generated by a
longitudinal thermal current, and both of these currents are
perpendicular to the direction of magnetization. Exhibiting
the ANE, collinear ferromagnets are usually made into a
thermopile in which the directions of magnetization in neigh-
boring thermoelectric modules have to be opposite to form
an electrical circuit [Fig. 4(b)]. However, this obstructs the
miniaturization of the devices as the density of thermoelectric
modules is severely limited by the inherent stray fields in
neighboring modules. This issue can be solved if noncollinear
antiferromagnets are used instead, as sketched in Fig. 4(c).
The antiferromagnetic domain walls with inverted spin pat-
terns, in which the charge currents flow into opposite direc-
tions [cf. Fig. 2(a)], can be arranged much closer to maximize
the coverage of the heat source without suffering from a
parasitic stray field. Consequently, the antiferromagnetic ther-
mopile structure is superior to the conventional ferromagnetic
one, uncovering the bright prospects of antiferromagnetic spin
caloritronics for materials science and devices physics.

III. SUMMARY

In conclusion, employing first-principles calculations to-
gether with a group theory analysis, we investigated the
spin-order-dependent ANE in noncollinear antiferromagnets
Mn; XN with X = Ga, Zn, Ag, and Ni. By using group theory,

we uncovered that the ANE can emerge in Mn3XN, except
for the R1 phase characterized by the spin-order parame-
ter ¢ = nm. The first-principles calculations supported the
group theory analysis and further revealed that the R3 phase
[p =n+ %)JT] has the largest ANC o,. The asymmetrical
distribution of the hot spots of Berry curvature explained
well the variation of oy, with ¢. Mn3NiN was identified
to be the most interesting material among all four Mn3XN
compounds because its noncollinear state exists over a broad
range of temperatures (163-266 K), for which «,, amounts
to as much as 1.98 AK~'m~!. The giant ANC in Mn3NiN
originated from a pronounced energy variation of the AHC at
the Fermi level, which can be well understood by the Mott
relation. Moreover, we demonstrated that both the magnitude
and sign of the ANE can be controlled by designing external
perturbations in terms of strain, electric, or magnetic fields.
It should be stressed that the ANC in Mn3NiN is one order
of magnitude larger than that in the famous noncollinear
antiferromagnet Mn3Sn. Thus, our results promote the chiral
magnet Mn3NiN as an ideal material platform for establishing
antiferromagnetic spin caloritronics as an intriguing pathway
for energy conversion and information processing.
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APPENDIX: THE DETAILS OF FIRST-PRINCIPLES
CALCULATIONS

First-principles calculations were performed using the pro-
jector augmented wave method [47] as implemented in the
Vienna ab initio simulation package [48]. The exchange-
correlation functional was treated by the generalized-
gradient approximation with the Perdew-Burke-Ernzerhof
parametrization [49]. The lattice constants of Mn3XN (X =
Ga, Zn, Ag, and Ni) were adopted to the experimental values
of 3.898, 3.890, 4.013, and 3.886 A, respectively [24]. Spin-
orbit coupling was included in all calculations, the energy
cutoff was chosen as 500 eV, the energy criterion was 1076
and a k-mesh of 16 x 16 x 16 points was used. During the
self-consistent-field calculations, a penalty functional was
added into the total-energy expression to constrain the direc-
tion of the spin magnetic moments within the (111) plane.
After obtaining the converged charge density, we constructed
maximally localized Wannier functions by projecting onto
s, p, and d orbitals of Mn and X atoms as well as onto s
and p orbitals of N atoms, using a uniform k-mesh of 10 x
10 x 10 points in conjunction with the WANNIER9O package
[50]. Then, transverse electronic and thermoelectric transport
properties were calculated using the accurate ab initio tight-
binding Hamiltonian on the basis of Wannier functions.

Taking advantage of the Berry phase theory [51] and Kubo
formula [52], the intrinsic AHC and ANC were expressed
as [53]

(A)

a,.,:_—zf(z 52 o ),
“""Z_E;/(znﬁ

Q)W k), (A2)

TABLEII. The calculated anomalous Nernst conductivities, |o,y|
or |ay,| (AK™'m™!), in a traditional ferromagnet (bcc Fe), ferro-
magnetic Weyl semimetals (Co,FeGe and Co,MnGa), compensated
ferrimagnets (Ti,MnAl and Ti,MnlIn), and a noncollinear antiferro-
magnet (Mn3Sn). To compare the experimental value of Co,MnGa,
the Fermi energy has been shifted to the energy ¢ = &7 + 0.07 eV
and ¢ = ¢r +0.08 eV in the present and previous [16] works,
respectively.

Fe Co,FeGe Co,MnGa Ti,MnAl Ti,Mnln Mn3Sn

(300K) (300K) (300K) (300K) (300K) (200K)
loyy|  0.49 3.46 4.01 1.24 0.29 0.25
0.50* 3.16° 4.00° 1.314 0.22¢ 0.28¢

“Reference [46] (theory).

bReference [38] (theory).

“References [15,16] (theory and experiment).
dReference [39] (theory).

¢Reference [9] (experiment).

respectively, in which (k) is the band-resolved Berry
curvature,

n 2Im[<wnk|f)i|wn’k)<¢n’k|f)'|wnk)]
k) =-Y — . (A3
n#n (a)ﬂ/k - a)nk)
Here, {i, j} = {x,y, z} denote the Cartesian coordinates,

D; ; are velocity operators, and ¥, (iw., = &ux) is the eigen-
vector (eigenvalue) at band index n and momentum k. The
weighting factors w, (k) and W, (k) in Egs. (A1) and (A2) were
written as

wy (k) = fu(k), (A4)
W, (k) = T [(enk — 1) fr(k)
+kpTn(1 + e~ Ew—/ksTy] (A5)

where f,(k) = 1/{expl(esx — )/kgT]+ 1} is the Fermi-
Dirac distribution function, 7' is the temperature, u is the
chemical potential, and kg is the Boltzmann constant. The
well-converged AHC and ANC were obtained by integrating
the Berry curvature and weighting factors over the entire
Brillouin zone using a dense k-mesh of 200 x 200 x 200
points.

To check the validity of our first-principles calculations, we
calculated the ANC in several representative magnets, which
are listed in Table II. Our results fit well with the previous
theoretical and experimental data.
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