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Recently, Heusler ferromagnets have been found to exhibit unconventional anomalous electric, thermal,
and thermoelectric transport properties. In this study, we employed first-principles density functional theory
calculations to systematically investigate both intrinsic and extrinsic contributions to the anomalous Hall
effect (AHE), anomalous Nernst effect (ANE), and anomalous thermal Hall effect (ATHE) in two Heusler
ferromagnets: Fe2CoAl and Fe2NiAl. Our analysis reveals that the extrinsic mechanism originating from disorder
dominates the AHE and ATHE in Fe2CoAl, primarily due to the steep band dispersions across the Fermi energy
and corresponding high longitudinal electronic conductivity. Conversely, the intrinsic Berry phase mechanism,
physically linked to nearly flat bands around the Fermi energy and gapped by spin-orbit interaction band
crossings, governs the AHE and ATHE in Fe2NiAl. With respect to ANE, both intrinsic and extrinsic mechanisms
are competing in Fe2CoAl as well as in Fe2NiAl. Furthermore, Fe2CoAl and Fe2NiAl exhibit tunable and
remarkably pronounced anomalous transport properties. For instance, the anomalous Nernst and anomalous
thermal Hall conductivities in Fe2NiAl attain giant values of 8.29 A/Km and 1.19 W/Km, respectively, at room
temperature. To provide a useful comparison, we also thoroughly investigated the anomalous transport properties
of Co2MnGa. Our findings suggest that Heusler ferromagnets Fe2CoAl and Fe2NiAl are promising candidates
for spintronics and spin caloritronics applications.
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I. INTRODUCTION

The anomalous Hall effect (AHE), a transverse voltage
drop induced by a longitudinal charge current in the absence
of an external magnetic field, is one of the most fundamental
manifestations of magnetism and it has been exploited exten-
sively for various applications in spintronics [1]. In addition,
the anomalous Nernst effect (ANE) [2] and anomalous ther-
mal Hall effect (ATHE) [3]—the thermoelectric and thermal
analogues of the AHE—are two other important anomalous
transport phenomena with particularly exciting prospects in
spin caloritronics [4,5]. It is well known that the origin of
anomalous transport phenomena in diverse magnetic materi-
als is fairly complicated but can be generally separated into
intrinsic and extrinsic mechanisms. The intrinsic part can
be described well in terms of Berry phase theory in perfect
crystals, which is independent of disorder details rooting in
geometry of the electronic structure [6–9]. A large number
of experimental and theoretical works have reported that the
intrinsic mechanism dominates in many ferromagnetic and
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antiferromagnetic materials, in which large intrinsic anoma-
lous Hall, anomalous Nernst, and anomalous thermal Hall
conductivities (AHC, ANC, and ATHC) are expected ow-
ing to the emergence of large Berry curvature in momentum
space [10–22]. For example, Heusler ferromagnets Co2MnGa
[19,20] and Co2MnAl [21,22] show the large AHC on the
order of 103 S/cm, which is recognized to be of an intrinsic
origin.

On the other hand, the extrinsic mechanism includes the
side jump [23] and skew scattering [24,25] contributions,
both of which come from spin-orbit mediated electron scatter-
ing off disorder. Recent experiments reveal that the extrinsic
mechanism often cannot be ignored: for example, the AHC
dominated by the extrinsic mechanism has been found in
relatively “dirty” kagome magnets [26,27] and magnetic van
der Waals materials [28], with AHC values reaching up to the
order of 104 ∼ 105 S/cm, overwhelming the intrinsic contri-
butions by far. Most of previous theoretical works focusing on
the extrinsic mechanism adopt the effective models which are
applicable in simple Weyl and Dirac semimetals [29–33], but
which are not able to match the complexity of band structures
in real materials. At the level of first-principles calculations,
the extrinsic mechanism was paid much less attention as op-
posed to intrinsic mechanism addressed in numerous works.
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This is quite surprising, since a unified treatment of both the
intrinsic and extrinsic contributions to the anomalous trans-
port in realistic magnetic materials is the key to practical
implementations of various concepts in spintronics and spin
caloritronics.

The family of Heusler compounds is considerably large,
comprising more than 1,000 members, which can reside in
paramagnetic, ferromagnetic, and antiferromagnetic state, and
display fascinating anomalous electric, thermal, and thermo-
electric transport properties. The AHE has been reported to
be intrinsic in a number of Heusler compounds [19–22],
but can also show a transition from the intrinsic to extrin-
sic mechanism, e.g., in PrAlGe1−xSix with increasing the
alloy ratio x [34]. Currently, a systematic investigation of
the intrinsic and extrinsic anomalous transport properties in
Heusler compounds is lacking. Among Heusler compounds,
Fe2CoAl and Fe2NiAl [35–43] share the same crystal and
magnetic structure with Co2MnGa and Co2MnAl, but their
Curie temperatures (830 ∼ 1010 K) [40,41] are higher (690 K
for Co2MnGa [19,20] and 726 K for Co2MnAl [44]).

In this work, utilizing first-principles density functional
theory calculations, we systematically investigate the intrinsic
and extrinsic contributions to the AHE, ANE, and ATHE
in ferromagnetic Heusler compounds Fe2CoAl and Fe2NiAl.
First, the structure of the conductivity tensor is determined
from the symmetry group analysis. Then, different sources
of anomalous transport properties, including intrinsic, side
jump, and skew scattering contributions, are calculated indi-
vidually and their competition are clearly explored. In the case
of AHE and ATHE, we show that the extrinsic mechanism
dominates in Fe2CoAl, while the intrinsic contributions play
a crucial role in Fe2NiAl. For the ANE, the intrinsic and
extrinsic mechanisms are highly competitive in both Fe2CoAl
and Fe2NiAl. By analyzing longitudinal electronic conductiv-
ity, electronic structure and Berry curvature distribution, the
underlying physics of the extrinsic and intrinsic mechanism-
dominated anomalous transport properties in Fe2CoAl and
Fe2NiAl is elucidated. We contrast our findings to the case
of famous Heusler ferromagnet Co2MnGa. We also find that
the ratio of intrinsic and extrinsic contributions can be ef-
ficiently tuned, and total AHC, ANC, and ATHC can be
significantly enhanced by doping. For example, the total ANC
and ATHC in Fe2NiAl can be brought to reach gigantic values
of 8.29 A/Km and 1.19 W/Km at room temperature, respec-
tively. Our findings promote two outstanding host materials
for realizing exciting spintronics- and spincaloritronics-based
applications in information processing and energy conversion.

II. THEORY AND COMPUTATIONAL DETAILS

The anomalous transport coefficients can be assessed from
expressions derived within the Landauer-Büttiker formalism
[45–47]:

R(n)
i j =

∫ ∞

−∞
(E − μ)n

(
− ∂ f

∂E

)
σi j (E )dE , (1)

where μ is chemical potential, f = 1/[exp((E − μ)/kBT ) +
1] is Fermi-Dirac distribution function, and σi j is the AHC.

Then, the temperature-dependent ANC (αi j) and ATHC (κi j)
respectively read

αi j = −R(1)
i j /eT, (2)

κi j = R(2)
i j /e2T . (3)

It is clear that the AHC is the key ingredient to capture other
anomalous transport properties in target magnetic materials.

According to Kubo linear-response formalism [48], the
AHC can be separated into the Fermi surface (σ I

i j) and Fermi
sea (σ II

i j ) terms [49]

σ I
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2π
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and
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π
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]}
, (5)

where vi, j are the velocity operators along the directions
{i, j} ∈ {x, y, z} with x, y, z as Cartesian coordinates, Enk is
the energy eigenvalue of band n and Bloch momentum k, E f

is the Fermi energy, and � is a constant smearing parameter
(0 ∼ 0.05 eV), respectively. The sum of Eqs. (4) and (5) is
the intrinsic AHC (σ int

i j ), which converges to the well-known
Berry curvature expression in the clean limit (� → 0) [11]:

σ int
i j = e2h̄

∫
d3k

(2π )3

occ∑
n,m �=n

2Im
[
vi

mn(k)v j
nm(k)

]
(Emk − Enk )2 . (6)

While physically a constant � parameter mimics the effect
of constant smearing (CS) in the sense that all electronic
states acquire the same finite lifetime, more intricate scattering
mechanisms can be taken care of by going beyond the CS
model. For example, the scattering-originated contributions
(side jump and skew scattering) to the AHE can be taken
into account by incorporating a short-range Gaussian disorder
potential [49].

In the Gaussian disorder (GD) model, the impurity poten-
tial is represented by a set of delta functions located at random
positions Ri:

V = U
N∑
i

δ(r̂ − Ri ). (7)

Here, U is a measure for the scattering strength, and N is the
number of impurities (ni = N/V is the impurity concentration,
where V is the volume of the cell). Since the exact distribution
of impurities over the crystal can never be known, it is there-
fore feasible to calculate the actual Green function by taking
the configurational average over all possible distributions of
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N impurities, implying G ≡ 〈G〉c. The full Green’s functions
in the retarded (R) and advanced (A) forms are expressed as

GR(E , k) = [E − H (k) − 	(E , k)]−1, (8)

GA(E , k) = GR(E , k)†. (9)

Here, H (k) is the Hamiltonian in the basis of Wannier func-
tions. The self-energy 	(E , k), accounting for the effect of
electron scattering off disorder, can be written as follows,
truncated to the lowest order [49]

	(E , k) = V
∫

d3k′

(2π )3
Okk′G0(E , k′)Ok′k, (10)

where V = U 2ni stands for the disorder parameter, Okk′ is the
overlap matrix for the eigenstates at different wavevectors,
and G0(E , k′) = [E − H (k′)]−1 is the unperturbed Green’s
functions.

The total AHC can be expressed in terms of the retarded
and advanced full Green functions (GR/A) that incorporate the
effect of disorder [49]

σ I
i j = e2h̄

4π

∫
d3k

(2π )3
Tr[�i(E f , k)GR(E f , k)v jGA(E f , k)

− (i ↔ j)], (11)

and

σ II
i j = e2h̄

2π

∫
d3k

(2π )3

∫ E f

−∞
Re{Tr[�i(E , k)GR(E , k)

× γ (E , k)GR(E , k)� j (E , k)GR(E , k) − (i ↔ j)]}dE .

(12)

Here, γ (E , k) and �(E , k) are scalar and vector vertex
functions, respectively, that correct for the identity and ve-
locity operators (I and v) adapted to the unperturbed Green’s
functions G0. The two vertex functions can be calculated
iteratively:

γ (E , k) = I + V
∫

d3k′

(2π )3
Okk′GR(E , k′)γ (E , k′)

× GR(E , k′)Ok′k, (13)

�(E , k) = v(k) + V
∫

d3k′

(2π )3
Okk′GA(E , k′)�(E , k′)

× GR(E , k′)Ok′k. (14)

In the GD model, the skew scattering term mainly comes from
the vertex corrections [Eqs. (14) and (13)] and converges to a
finite value in the clean limit (V → 0). It is therefore called
“intrinsic” skew scattering which differs from the conven-
tional skew scattering [50,51]. By subtracting the intrinsic σ int

i j

and intrinsic skew scattering σ isk
i j terms from the total AHC

σ tot
i j , the side jump term σ

sj
i j can be then obtained.

Similarly to the AHE, the ANE and ATHE also have an in-
trinsic and extrinsic origin. The total AHC, ANC, and ATHC
can be thus decomposed into three distinct terms

σ tot
i j = σ int

i j + σ
sj
i j + σ isk

i j , (15)

αtot
i j = αint

i j + α
sj
i j + αisk

i j , (16)

κ tot
i j = κ int

i j + κ
sj
i j + κ isk

i j . (17)

FIG. 1. The structure of L21 ordered cubic Heusler compounds
Fe2CoAl and Fe2NiAl. The spin magnetic moments on Fe, Co, and
Ni atoms are along the [001] direction (z axis). Except for the mirror
plane Mz, the system contains other four mirror planes Mx , My,
Mxy, and M−xy that should be combined with the time-reversal
symmetry T .

By plugging the decomposed AHC into Eq. (1), one can then
obtain the corresponding components of ANC and ATHC.

The electronic structure calculations are performed by the
full-potential linearized augmented plane-wave (FP-LAPW)
method as implemented in the FLEUR code [52]. The
generalized gradient approximation (GGA) with the Perdew-
Burke-Ernzerhof (PBE) parametrization [53] is used to treat
the exchange-correlation functional. Spin-orbit coupling is
included in all calculations. The plane-wave cutoff energies of
3.50 a−1

0 and 3.40 a−1
0 are adopted for Fe2CoAl and Fe2NiAl,

respectively. A uniform k mesh of 12 × 12 × 12 was used
for self-consistent calculations. After obtaining the converged
ground state charge densities, the maximally localized Wan-
nier functions were constructed from the s, p, and d orbitals
of Fe and Co (or Ni) atoms as well as the s orbital of Al
atom on a uniform k mesh of 8 × 8 × 8 using the WANNIER90
package [54]. After that, anomalous electric, thermal, and
thermoelectric transport properties were calculated using the
ab initio tight-binding Hamiltonian in the basis of Wannier
functions. To converge the AHC, an ultra-dense k mesh of
350 × 350 × 350 was used. To calculate the ANC and ATHC
[refer to Eq. (1)], the AHC is initially calculated with an
energy interval of 0.02 eV and then is interpolated to 0.1 meV.

III. RESULTS AND DISCUSSION

The Heusler compounds Fe2CoAl (FCA) and Fe2NiAl
(FNA) have complex crystal structures as they can crystallize
in ordered structures (L21 or X phases) as well as in disordered
structures (A2 or B2 phases) [41–43]. Since the ordered L21

phases of FCA and FNA have been successfully prepared in
a recent experimental work [40], we here investigate the mag-
netic and anomalous transport properties of FCA and FNA
with the L21 phases. Figure 1 shows the crystal structure of
cubic L21 phase, which belongs to the crystallographic space
group Fm3̄m (No. 225). The Fe, Co (Ni), and Al atoms occupy
the 8c, 4a, and 4b Wyckoff positions, respectively. The relaxed
lattice constants of FCA and FNA are 5.73 Å and 5.74 Å,
respectively, in a good agreement with the experimental data
(5.732 Å for FCA [38] and 5.758 Å for FNA [35]). Both
FCA and FNA are ferromagnetic metals with ultrahigh Curie
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temperatures (830 ∼ 1010 K) [40,41], and hence potentially
provide an excellent material platform for spintronics. The
calculated spin magnetic moments of Fe (Fe) and Co (Ni)
atoms in FCA (FNA) are 2.08 µB (2.04 µB) and 1.82 µB (0.58
µB), respectively.

Before performing calculations, we first determine the
symmetry properties of the conductivity tensor, especially its
nonvanishing off-diagonal elements, using magnetic group
theory [17,18,55,56]. Since the symmetry requirements on
AHC, ANC, and ATHC are the same according to Eq. (1), in
the following we take the AHC as an example. The anomalous
Hall vector (σ) can be regarded as a pseudovector, like spin,
so its vector-form notation σ = [σ x, σ y, σ z] = [σyz, σzx, σxy]
is used here for convenience. Utilizing the ISOTROPY software
[57], the magnetic space (point) group for both FCA and FNA
is I4/mm′m′ (4/mm′m′) when the magnetization direction is
along one of the three orthogonal crystal axes. Considering the
symmetry of fcc lattice, we only need to discuss the case of
z-axis magnetization. Moreover, it is sufficient to restrict our
analysis to the magnetic point group 4/mm′m′, which contains
one mirror plane Mz and four combined symmetries T Mx,
T My, T Mxy, and T M−xy (here, T is the time-reversal
symmetry). The mirror plane Mz is perpendicular to the
magnetization, while the mirror planes Mx, My, Mxy, and
M−xy are parallel to the magnetization, as shown in Fig. 1.
The mirror symmetry Mz reverses the sign of σ x and σ y but
preserves σ z such that only σ z is nonzero. The time-reversal
symmetry T reverses the sign of σ x, σ y, and σ z but the com-
bined symmetries T M have to reverse σ z again, resulting in
nonvanishing σ z. Overall, the magnetic point group 4/mm′m′
results in an anomalous Hall vector σ = [0, 0, σ z]. Therefore
it is sufficient to calculate the z component of anomalous
transport properties only, that is, σ z(= σxy), αz(= αxy), and
κz(= κxy).

In order to reveal the dominant mechanism of the AHE
in FCA and FNA, the total AHC σ tot

xy and its decomposition

σ int
xy , σ

sj
xy, and σ isk

xy are plotted as a function of the longitudinal
conductivity σxx in Figs. 2(a) and 2(b), respectively. It is clear
that the extrinsic contributions σ

sj
xy + σ isk

xy play a dominant role
in FCA except for the case of extremely low longitudinal con-
ductivity σxx < 2 × 105 S/cm. For σxx larger than 20 × 105

S/cm, the extrinsic contributions account for nearly 78% of
the total AHC. On the contrary, the intrinsic mechanism dom-
inates the AHE in FNA overall, contributing by about ∼87%
to the total AHC when σxx > 6 × 105 S/cm. In the clean limit,
the total AHC σ tot

xy converges to the saturated values of 837
S/cm and 1868 S/cm for FCA and FNA, respectively. The
large AHC of FNA is comparable to that of famous Co2MnGa,
the AHC for which is plotted for comparison in Fig. 2(c). The
calculated total AHC σ tot

xy for Co2MnGa is 2060 S/cm, where
the intrinsic part σ int

xy is 1759 S/cm and the extrinsic side-jump

(skew scattering) part σ
sj
xy (σ isk

xy ) is 361 (−60) S/cm. A good
agreement of our calculated total AHC with the experimental
value (∼2000 S/cm [20]) demonstrates the importance of
including the extrinsic contributions into consideration when
comparing theory with experiment.

The skew scattering is found to contribute mostly in
FCA, while it can be ignored in FNA and Co2MnGa. An-
other prominent feature is the nonmonotonic variation (first

FIG. 2. Intrinsic versus intrinsic contributions to the anomalous
transport. (a)–(c) The total AHC (σ tot

xy ) and its decomposition (in-
trinsic σ int

xy , side-jump σ sj
xy, and intrinsic skew-scattering σ isk

xy ) as
a function of longitudinal conductivity (σxx) for FCA, FNA, and
Co2MnGa. (d) The temperature-dependent AHC for Co2MnGa pre-
sented in comparison to experimental data by Sakai et al. [20]. (e)
AHC σ tot

xy versus σxx for FCA, FNA, and Co2MnGa ranging across
intrinsic from dirty to clean regimes. The data for other magnetic
materials are taken from Refs. [26,28,58].

decreasing and then increasing) of the side-jump term as σxx

increases, which appears in both FNA and Co2MnGa but not
in FCA. To gain a deeper understanding of this anomalous be-
havior, further analysis is needed to examine the competition
between the three universality classes of side-jump scattering
(spin-independent, spin-conserving, and spin-flip) in relation
to the spin structures of the disorder potential [59]. The GD
model we use here generally accounts for all of the mean-field
scattering channels, whereas the details of scattering sources
are not explicitly specified. Employing the experimental data
of Co2MnGa measured by Sakai et al. [20], the temperature
dependence of AHC is mapped out, as shown in Fig. 2(d),
from which one can see that our calculations agree well with
the experiments. We thus expect that the results for FCA
and FNA will be confirmed by future experiments. A com-
mon feature among the three Heusler compounds is that the
AHC gradually increases with the increasing of longitudinal
conductivity trend which has also been observed in other
magnetic materials, as depicted in Fig. 2(e).
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TABLE I. The total AHC, ANC, and ATHC as well as their de-
compositions at the true Fermi energy and under appropriate charge
doping for FCA, FNA, and Co2MnGa. The units of AHC, ANC, and
ATHC are S/cm, A/Km, and W/Km, respectively. The correspond-
ing charge doping concentrations can be read from Fig. 4.

FCA FNA Co2MnGa

Ef (eV) 0 +0.10 0 +0.01 0 +0.01

σ int
xy 183 276 1368 1421 1759 2178

σ sj
xy 275 548 423 451 361 251

σ isk
xy 379 598 77 75 −60 −111

σ tot
xy 837 1422 1868 1947 2060 2318

Ef (eV) 0 +0.08 0 +0.06 0 +0.06

αint
xy −1.04 −1.66 0.63 5.06 0.58 6.01

αsj
xy −0.76 −1.58 0.08 1.81 −1.39 −1.17

αisk
xy −0.05 0.16 2.46 1.42 0.61 −0.60

αtot
xy −1.85 −3.08 3.17 8.29 −0.20 4.24

Ef (eV) 0 +0.07 0 −0.10 0 −0.05

κ int
xy 0.13 0.25 0.41 0.62 0.69 0.87

κ sj
xy 0.22 0.30 0.25 0.28 0.15 0.11

κ isk
xy 0.27 0.22 0.17 0.29 −0.01 −0.05

κ tot
xy 0.62 0.77 0.83 1.19 0.83 0.93

Next, from the analysis of the electronic structure we
provide arguments as to why the extrinsic and intrinsic mecha-
nisms dominate the AHE in FCA and FNA, respectively. First
of all, for a variety of magnetic materials, different scaling
relations have been proposed by analyzing the dependency
of σxy on σxx [1,26,28,58]: σxy ∝ σ 1.6

xx in the dirty regime
(σxx < 104 S/cm), nearly constant σxy in the intrinsic regime
(104 < σxx < 106 S/cm), and σxy ∝ σ 2

xx or σxy ∝ σ 1
xx in the

clean regime (σxx > 106 S/cm). From Fig. 2(e), one can di-
rectly understand the reason for the specific origin of the AHE
in our Heusler compounds: while σxx of FNA falls into the
intrinsic regime where intrinsic AHE dominates, σxx of FCA
is large enough to reach into the clean regime, where the origin
of the AHE is expected to be extrinsic [60]. In this context, the
case of Co2MnGa is similar to that of FNA.

The intrinsic AHC σ int
xy of FCA is nearly one order of mag-

nitude smaller than that of FNA (see Table I), which can be
understood from band structure and Berry curvature analysis.
In Figs. 3(a) and 3(b), we plot the band structures of FCA
and FNA without and with spin-orbit coupling, respectively.
Both FCA and FNA are ferromagnetic metals, in which the
spin-up and spin-down bands cross the Fermi energy (E f )
individually. The band crossings between opposite spin chan-
nels in FCA are away from E f , while the ones in FNA locate
exactly at the Fermi energy, for example, at the W point.
After turning on the spin-orbit coupling, the band crossings
at W are gapped out, giving rise to a large Berry curvature
�xy in FNA [see Fig. 3(c)]. The Berry curvature in FCA is
peaked along the �–X path, however, the positive and negative
peaks mostly cancel each other. We thus obtain a much larger
σ int

xy in FNA than in FCA. Moreover, steep band dispersion
in FCA results in a small electron’s effective mass and small
density of states, producing large σxx. On the other hand, the

FIG. 3. Band structures and Berry curvature. (a),(b) Band struc-
tures without (a) and with (b) spin-orbit coupling for FCA (left) and
FNA (right). In (a), spin-up and spin-down bands are marked with
red and blue lines, respectively. (c) Corresponding Berry curvature
�xy along high-symmetry lines.

nearly flat bands in FNA near E f around L, W, and � result
in a large electron’s effective mass and large density of states,
giving rise to a small σxx, in agreement to explicit calculations
[Fig. 2(e)]. Additionally, the L21 phases of FCA and FNA
exhibit a larger σxy than the corresponding X phases or some
disordered phases [43], similar to the case of Co2MnAl [61].

To evaluate the effect of charge doping on the anomalous
transport properties of FCA and FNA, we plot the total AHC,
ANC, and ATHC as well as their decompositions obtained in
the clean limit as a function of Fermi energy in Fig. 4, together
with the values for Co2MnGa. The energy range is varied
from −0.2 eV to +0.2 eV, which corresponds to an achievable
charge doping concentration on the order of 1022 cm−3 (see
upper axes in Fig. 4 and corresponding vertical dotted lines).
We find that the magnitude of anomalous transport properties
can be tuned quite significantly by doping. For example, the
total AHC σ tot

xy increases up to 1422 S/cm, 1947 S/cm, and
2318 S/cm for FCA, FNA, and Co2MnGa by shifting the
Fermi energy upward by 0.10 eV, 0.01 eV, and 0.01 eV, re-
spectively. Another prominent feature is that the proportions
of intrinsic σ int

xy , side jump σ
sj
xy, and skew scattering σ isk

xy terms
can change with varying of Fermi energy, i.e., with doping.
For example in case of the AHC, in FCA the dominant mech-
anism switches from extrinsic to intrinsic when E > 0.15 eV
[left panel of Figs. 4(a)], while in FNA the skew scattering
dominates in the energy range of −1.6 ∼ −0.08 eV instead of
the leading intrinsic contribution elsewhere in energy [middle
panel of Figs. 4(a)]. Interestingly, the intrinsic mechanism
dominates the AHC in Co2MnG in the overall energy range
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FIG. 4. The total and decomposed AHC σxy (a), ANC αxy (b), and ATHC κxy (c) calculated in the clean limit as a function of Fermi energy
for FCA (left), FNA (middle), and Co2MnGa (right). The upper axes correspond to the values of charge doping concentrations. The ANC and
ATHC are calculated at the temperature of 300 K.

[right panel of Figs. 4(a)]. The total and decomposed AHC
for FCA, FNA, and Co2MnGa at the true Fermi energy and
under appropriate charge doping are summarized in Table I.

The total and decomposed ANC, i.e., αtot
xy , αint

xy , α
sj
xy, and

αisk
xy , in FCA, FNA, and Co2MnGa, calculated at 300 K, is

plotted in Fig. 4(b). At the E f , αtot
xy is −1.85 A/Km in FCA and

3.17 A/Km in FNA, with both values being much larger than
in Co2MnGa (−0.20 A/Km). It should be noted that by tuning
the E f upward by 0.06 eV, αtot

xy in Co2MnGa increases up to
4.24 A/Km, agreeing well with the experimental values of ∼4
A/Km (150 K) [20] and ∼7 A/Km (300 K) [70]. Similarly,
αtot

xy in FCA reaches as much as −3.08 A/Km at E f + 0.08 eV,
and αtot

xy in FNA is peaked at E f + 0.06 eV with a colossal
value of 8.29 A/Km, exceeding most of current magnetic
materials, as shown in Fig. 5(a). The competition between in-
trinsic and extrinsic mechanisms for the ANC can also be seen
in the three Heusler compounds. For example, the intrinsic
and extrinsic contributions dominate the ANC in FCA under
large hole (E < −0.1 eV) and electron (E > 0.1 eV) dopings,
respectively, while they are similar in magnitude around the
Fermi energy. In the cases of FNA and Co2MnGa, a crossover

from intrinsic to extrinsic mechanism occurs by switching the
electron doping (E > 0) to hole doping (E < 0).

Additionally, Fig. 4(c) displays remarkable ATHE proper-
ties at 300 K for FCA, FNA, and Co2MnGa. The calculated
κ tot

xy of FCA and FNA are 0.62 W/Km and 0.83 W/Km at
the E f , respectively. The calculated κ tot

xy of Co2MnGa is 0.83
W/Km that is comparable with the experimental data (∼ 0.6
W/Km at 300 K) [64]. Similar to the AHE and ANE, doping
electrons or holes can greatly enhance the ATHE. For exam-
ple, κ tot

xy can be increased up to 0.77 W/Km at 0.07 eV for
FCA, 1.19 W/Km at −0.10 eV for FNA, and 0.93 W/Km at
−0.05 eV for Co2MnGa, respectively. These values are much
larger than most of typical magnetic materials, see Fig. 5(b).
The calculated ATHC values for FCA, FNA, and Co2MnGa
at the true Fermi energy and under appropriate charge doping
are collected in Table I.

IV. SUMMARY

In conclusion, utilizing first-principle density functional
theory calculations, we systematically investigated the
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FIG. 5. The maximal values of the ANC (a) and ATHC (b) for
FCA, FNA, and Co2MnGa computed here (in blue) are presented
in comparison to other typical magnets reported in previous works
[18,20,58,62–86] (green color). The numbers in parentheses corre-
spond to prefactors used to scale the original data. The asterisks mark
computational results.

intrinsic and extrinsic AHE, ANE, and ATHE in ferromag-
netic Heusler compounds Fe2CoAl and Fe2NiAl. In the clean
limit, the intrinsic mechanism dominates the AHE in Fe2NiAl.
It can be understood from the nearly flat bands around the
Fermi energy, which leads to a relatively large electron’s
effective mass and large density of states such that the longi-
tudinal conductivity falls into the intrinsic regime. In contrast,
the extrinsic mechanism dominates the AHE in Fe2CoAl.
The physics can be explained from the steep band dispersion
across the Fermi energy, which produces a small electron’s
effective mass and a high longitudinal conductivity falling into
the clean regime. The larger intrinsic contribution in Fe2NiAl

can also be understood from the strong Berry curvature around
the band crossings gapped out by spin-orbit coupling, features
which are lacking in Fe2CoAl. Another famous Heusler ferro-
magnet Co2MnGa is studied for comparison, where we find
the origin of the AHE to be identical to Fe2NiAl. Similarly to
the AHE, the intrinsic mechanism of the ATHE dominates in
both Fe2NiAl and Co2MnGa, while the extrinsic mechanism
plays a dominant role in Fe2CoAl. In the case of the ANE,
the intrinsic and extrinsic mechanisms contribute with similar
magnitude at the true Fermi energy for the three Heusler com-
pounds. By introducing appropriate electron or hole doping,
the proportions of the intrinsic and extrinsic contributions as
well as the total values of AHE, ANE, and ATHE can be ef-
fectively tuned. In particular, the ANC and ATHC in Fe2NiAl
can reach up to the recorded values of 8.29 A/Km and 1.19
W/Km respectively, which are much larger than most of the
current ferromagnetic and antiferromagnetic materials. Our
results show that Fe2CoAl and Fe2NiAl host excellent anoma-
lous transport properties and therefore provide a promising
material platform for spintronics and spin caloritronics.
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