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This comprehensive study leverages high-throughput density functional theory (DFT) to systematically
explore the electronic, magnetic, and transport properties of 2904 full Heusler compounds, focusing on
anomalous Hall conductivity (AHC). The investigation unveils a pronounced influence of the crystallographic
phase and valence electron count on material stability and AHC. We report that Heusler compounds,
particularly within the L2; phase and with 20 to 30 valence electrons, exhibit superior stability and AHC.
Notably, Rh,MnGa and Co,MnAl emerge as exemplary, with AHCs of 1847 S cm™! and 1646 S cm™,
respectively, vastly outperforming traditional ferromagnets like Fe, Co, and Ni. The detailed electronic
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structure analysis of Co,MnAl reveals a half-metallic character, crucial for high spin polarization and AHC,
underscored by prominent Co—Co and Co—Mn hybridization. Furthermore, the study sheds light on the sig-
nificant role of spin—orbit coupling in enhancing AHC through the modulation of band splitting and Berry
curvature. The findings not only expand the understanding of Heusler compounds but also offer guidance in
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Introduction

Spintronics is an emerging field in information technology that
combines three conventional information carriers: electron
charge, spin, and photon."” These carriers represent the three
important essential foundations of information technology:
data processing with electron transport, data storage with an
assembly of spins, and data transfer through optical connec-
tions. With the recent rapid advancements in information
technology, there is a growing demand for both larger data-
storage capacity and faster data processing. This can be
achieved through the scaling of physical dimensions for
enhanced speed, while maintaining power density by voltage
scaling. Nevertheless, the optimization of these factors
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designing materials with tailored AHC for next-generation spintronic applications.

continues to be a difficult task.>* This is because further
reduction of the supply voltage could lead to an exponential
increase in the leakage current. As a result, this not only
negatively impacts the performance of the spintronic devices
but also poses significant reliability issues.

Recent explorations into novel materials for fabricating next-
generation electronic devices have attracted great attention.*?>
Among the materials investigated, Heusler compounds are
particularly notable in spintronics research due to their rich
electronic and magnetic properties.®" Full Heusler com-
pounds are one of the main types of Heusler compounds. They
have the chemical formula X,YZ, where X and Y are transition
metals and Z is an s-p element. With various possible combi-
nations of X, Y and Z, the electronic structure and magnetic
properties can be tuned as desired.” Recently, the application of
full-Heusler compounds as multifunctional materials, includ-
ing metals,"* half-metals,"® superconductors,"* and topological
insulators'® with ferromagnetic and ferrimagnetic behaviors
has been reported.’®'” Furthermore, these compounds are
renowned for their high Curie temperature'®'® and substantial
anomalous and spin Hall conductivity,>**" making them ideal
for spintronic devices operating at room temperature.

The anomalous Hall effect (AHE) in ferromagnets has
attracted considerable attention for investigations of electronic
transport characteristics. This effect offers a straightforward
way to examine the spin polarization of carriers, a crucial factor

This journal is © The Royal Society of Chemistry 2024
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in the advancement of spintronic devices.”>** In half-metallic
systems such as Heusler compounds, the AHE is very useful for
probing spin-orbit coupling (SOC). This examination of SOC is
crucial for understanding the influences of SOC on the evolution
of the band structure and atomic order in relation to the growth
parameters of the materials.”> Karplus and Luttinger introduced
the concept of anomalous velocity, which is understood as the
curvature of the Berry phase in momentum space, providing a
theoretical framework to explain the AHE in ferromagnetic
materials.”*** Recently, the AHE has been extensively investigated
in magnetic Heusler compounds through anomalous Hall con-
ductivity (AHC).>***?**7° shubhankar Roy et al.>® reported the
essential role of spin-orbit coupling and its influence on the
electronic band structure as well as the magnitude and direction
of AHC. Yimin Ji et al.*' performed high-throughput principles
calculations to obtain the AHC of Heusler compounds, indicating
the AHC is determined not just by the number of valence
electrons or atomic weights, but rather by the specific character-
istics of the electronic structures. Therefore, the AHC studies will
reveal patterns and provide strategic insights for engineering
materials with tailored properties for spintronic applications.

Herein, we employed high-throughput density functional
theory (DFT) calculations to explore and predict the AHE of
2904 full-Heusler compounds. Our work has identified com-
pounds with remarkable AHC values, such as Rh,MnGa, which
exhibits an AHC of 1847 S cm™ ' and a magnetic moment of
4.07ug, highlighting its exceptional stability and potential for
spintronic applications. Similarly, Co,MnAl with an AHC of
1646 S cm™ "' and a robust magnetic moment of 4.14u, along
with Ti,PtSn and Mn,TiAl with significant AHCs of 1319 and
1267 S em ™, respectively, showcases the versatility of Heusler
compounds for technological applications. This extensive data-
set spans a broad spectrum of elemental substitutions within
the Heusler structure, facilitating a systematic assessment of
how compositional variations influence the AHE. Our approach
not only encompasses the calculations of AHC but also delves
into the detailed investigation of the electronic structures and
magnetic stability of these compounds.

The relevance of this study lies in the unveiling of novel
Heusler compounds with significant AHE potential, poised to
play a vital role in the advancement of next-generation spin-
tronic devices. By comprehensively understanding the interplay
between the electronic structure and AHE, we are paving the
way for the development of materials with tailored properties,
optimal for specific applications in magnetic storage and spin-
based electronics. The findings from our work significantly
contribute to the growing database of Heusler compounds with
characterized electronic and magnetic properties, thereby pro-
pelling further research and technological innovations in the
dynamic field of spintronics.

Computational details

Our computational investigation into the electronic structures
and AHC of full-Heusler compounds utilizes the spin-polarized

This journal is © The Royal Society of Chemistry 2024
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density functional theory as implemented in the Vienna Ab
initio Simulation Package (VASP).*'"** Within this framework,
the projector augmented-wave (PAW) method serves as the
foundation for our calculations.*® The exchange-correlation
effects are approximated by generalized gradient approxi-
mation (GGA), precisely following the Perdew-Burke-Ernzerhof
(PBE) formalism,*> which has been rigorously tested for the
reliable portrayal of electronic properties in a diverse array of
materials. A careful selection of computational parameters
ensures the accuracy of our results: we employ an energy cutoff
of 400 eV for plane-wave basis set expansion to guarantee the
precise representation of electronic wavefunctions. Brillouin
zone sampling is accomplished with a dense Monkhorst-Pack
k-mesh of 15 x 15 x 15, chosen to strike a balance between
computational efficiency and the resolution necessary for accu-
rate electronic structure determination. The convergence of
energy between successive self-consistent field iterations is
stringently controlled to within 107° eV, ensuring that the
calculated properties reflect a true ground state. Further del-
ving into the electronic structure, we construct maximally
localized Wannier functions (MLWFs) from the computed
Bloch states via the Wannier90 package.*® This approach facil-
itates the quantification of the intrinsic contributions to AHC,
enabling us to dissect the complex interplay between band
topology and transport phenomena in these compounds.

For each configuration of Heusler compounds, our compu-
tational strategy involves generating 18 maximally localized
Wannier functions (MLWFs) for the transition metal atoms X
and Y, and 8 MLWFs for the Z atom from the Bloch states. This
is approximately twice the number of MLWFs generally utilized,
chosen to enhance the precision of our electronic structure
representation. The initial projections of the Bloch states for
X and Y atoms are chosen as a hybridization of s, p, and d
orbitals, specifically sp®d®, and for Z atoms as sp®. To ensure
the accurate disentanglement of bands and generation of
MLWFs, the upper limit of the energy window is set to 5.0 eV
above the Fermi level (Eg). For the construction of the MLWFs,
we employed a dense k-mesh of 4 x 4 x 4.

The intrinsic contribution to anomalous Hall conductivity
(AHC) is quantified through the Kubo formula, which is math-
ematically expressed as follows:*”

) &k .
O"_\.}, = %JW Z:fkﬂgnxy(k) (1)

0 (k) = — Z ZIm(kn\vx\kmka’vy‘kn> -

n#m (Ekn - Ekm)2

where Q% (k) is the Berry curvature, f, is the Fermi-Dirac
distribution function, |kn) and Ej, are the Bloch state and
energy for the n-th state, and v, and v, are the velocity operators.
A k-mesh of 100 x 100 x 100 was used to achieve the numerical
convergence for AHC calculations.

By applying these rigorous computational techniques, we
ensure a comprehensive understanding of the dependency of
the AHC on the electronic structure, which is crucial for
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Fig. 1 The structure of (a) a regular Heusler compound, X>YZ and (b) an inverse Heusler compound, XYXZ, where X occupies the 8c (£, 1, ) Wyckoff
position, Y occupies the 4b (, 1, 1) Wyckoff position, and Z occupies the 4a (0,0,0) Wyckoff position. (c) Periodic table, where the color of the atoms

corresponds to the colors of X, Y, and Z.

tailoring materials to meet the specific needs of spintronic
technology.

For the structural construction of the full cubic Heusler
compounds under consideration, we focused on the two most
prevalent crystallographic phases: the regular L2; and the
inverse X,. The L2, phase, illustrated in Fig. 1(a), is character-
ized by cubic symmetry within the space group Fm3m (SG 225),
where transition metals occupy the X and Y positions (depicted
in blue and green, respectively) and the main group elements
are denoted by Z (illustrated in red). In this configuration, the

111

X atoms are positioned at the 8c Wyckoff sites (3, 7, 7), Y atoms

at the 4b sites (3, 1, 1), and Z atoms at the 4a sites (0, 0, 0).
Conversely, the inverse X, structure, shown in Fig. 1(b) and
associated with the space group F43m (SG 216), presents a
unique arrangement where the X transition-metal atoms have a
lower valence compared to the Y transition-metal atoms.

The exploration comprised 2904 potential structures, each
derived from a diverse palette of elements occupying the X, Y,
and Z positions as delineated in the periodic table of Fig. 1(c).
For geometrical optimization, we fully relaxed the unit
cells, permitting atomic positions to be refined until reaching
an energy convergence threshold of less than 10> eV for the
optimization steps. This meticulous optimization process
ensures that the computed properties are reflective of the
lowest energy structures, a prerequisite for accurate predictions
of physical behaviors such as AHC and magnetic stability.

Formation energy is used to explore the structural stability
of Heusler compounds, calculated using the following formula:

AF[X,YZ] = %(E[XQYZ] —2E[X] - E[Y] - E[Z)),  (3)

15084 | J Mater. Chem. C, 2024,12,15082-15091

where E[X,YZ], E[X], E[Y], and E[Z]are the total energies per
atom in the bulk form of X,YZ, X, Y, and Z, respectively.

Results and discussion

In this study, we have conducted a thorough investigation of
the stability and electronic structures across an expansive set of
2904 full Heusler compounds, with an aim to deepen the
understanding of their potential in advanced applications.
Fig. 2 illustrates the initial segment of our findings, portraying
the intricate energy profiles that dictate the phase stability and
hence the usability of these materials within nanotechnological
domains, such as spintronics. In Fig. 2(a), the energy difference
as a function of the total number of total valence electrons (Ne)
between the L2, and X, structures is elucidated; negative values
indicate that the X, structure is energetically more favorable,
whereas positive values denote a predominance of the L2,
structure, especially notable as Ne increases. Aggregation
according to Ne in Fig. 2(c) reveals a distinct peak at Ne equal
to 25, within a range concentrated between 20 and 30 Ne,
indicating a marked preference for the stability of L2, struc-
tures in this electronic configuration. The X, structures exhibit
a more even distribution, suggesting a less pronounced depen-
dency on Ne. Fig. 2(b) presents the formation energies, with
negative values signifying stability, dominating the assembly of
compounds; this stability profile is reflected in Fig. 2(d), which,
when compiled by Ne, displays a trend analogous to the L2, and
X, structural distribution. The analysis delineates that Heusler
compounds exhibit a predilection for stability within the L2,
phase, particularly for combinations of X, Y, and Z resulting in

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a) Energy difference as function of total valence electron Ne between L2; and X, structure and (b) formation energy for all structures. Number of
structures as a function of Ne for (c) L2, and X, structures and (d) unstable and stable structures.

a total Ne within the 20-30 range. This not only identifies a
domain of structural stability but also highlights an optimal
region for engineering materials with the desired electronic
configurations for spintronic applications, laying a vital founda-
tion for the development of materials with properties tailored for
the progression of advanced technological applications.

Fig. 3 illustrates the AHC as a function of the total valence
electron Ne in full Heusler compounds. This behavior is categor-
ized into three distinctive regions which correlate closely with the
Slater-Pauling rule*®*® for total magnetic moment: 10 < Ne < 16,
16 < Ne < 25, and Ne > 25. Such correlation suggests that AHC is
intimately linked with the magnetic properties of these materials,
adhering to the foundational magnetic behavior predicted using
the Slater-Pauling curve. The first region, where 10 < Ne < 16, is
characterized by a progressive increase in AHC, peaking sharply at
Ne = 14. Here, we observe the highest AHC values corresponding to

T T T T T T
201 10=Ne=<16

16<Ne=<25

10 15 20 25 30 35

Ne

Fig. 3 Anomalous Hall conductivity o,, as a function of total valence
electron Ne. Yellow, purple, and cyan backgrounds distinguish three areas:
10 < Ne < 16,16 < Ne < 25, and Ne > 25, respectively.

This journal is © The Royal Society of Chemistry 2024

compounds with X constituents such as Sc and Ti. This suggests
that, in this range, the compounds with early transition metals are
more likely to exhibit enhanced Hall conductivity, which can be
attributed to their lower d-band occupancy allowing for a higher
degree of spin polarization as per the Slater-Pauling curve. In the
intermediate region of 16 < Ne < 25, AHC demonstrates a similar
pattern, climbing to its apex at Ne = 21, then gradually declining.
The compounds yielding high AHC in this segment predominantly
have X constituents like Mn and Fe. This can be rationalized by
considering the increased d-band filling for these elements, leading
to more complex band interactions and potentially higher magnetic
moments that favor substantial AHC values as they approach the
saturation of the d-band just before Ne reaches 24. The final region,
Ne > 25, where AHC is shown to be maximal at Ne = 28,
corresponds to elements with X constituents like Fe, Ru, Co, and
Rh. The high AHC values in this range could be linked to the
closeness to full d-band occupancy, which would be expected to
reduce the magnetic moment as per the Slater—Pauling behavior.
These trends across the different regions reflect the Slater-Pauling
behavior where the AHC intensifies, reaches a maximum, and then
tapers, mirroring the corresponding magnetic phenomena. The
pronounced peaks in AHC within specific Ne ranges suggest that
optimal electronic structures exist for maximizing Hall conductiv-
ity. This insight opens avenues for strategically engineering Heusler
compounds with enhanced magnetic and electronic transport
properties, tailored for spintronic applications. The data thus
provide a roadmap for the compositional tuning of Heusler
compounds to harness their full potential in advanced technologi-
cal applications, particularly in devices that leverage spintronic
phenomena.

Additionally, Table 1 elucidates the remarkable magnitude
of AHC within an array of Heusler compounds, juxtaposed
against their stability and magnetic characteristics. Our

J. Mater. Chem. C, 2024, 12,15082-15091 | 15085
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calculated AF shows good agreement with the open quantum
materials dataset.”® All cases show positive hull distance AH,
except for Rh,MnAl with AH = 0, which means that the material
is thermodynamically stable. This reveals that select com-
pounds, notably Rh,MnGa and Co,MnAl, exhibit not only for-
midable stability, indicated by their negative formation energies,
but also AHC values of 1847 and 1646 S cm ™', respectively. These
figures significantly surpass traditional AHCs of elemental ferro-
magnets such as Fe, Co, and Ni.**™** Overall, our calculated AHC
exhibits similar tendency and order of magnitude to previously
reported values, especially with 19 < Ne < 33.** The observed
increase in the AHC is directly linked to the distinctive electronic
structure of Heusler compounds. Their adaptive alloying cap-
ability enables extensive modulation of magnetic and transport
properties. A deliberate selection of elements X, Y, and Z leads to
electronic configurations that yield high magnetic moments,
which in turn is manifest in elevated AHC values. This correla-
tion underscores the profound impact of targeted elemental
synthesis on the emergent physical properties of these com-
pounds, as demonstrated in our findings. The data clearly show
that enhancements in AHC result from strategic element selec-
tion within the Heusler framework, a crucial factor for achieving
exceptional AHC. This is vital for advancing spintronics, parti-
cularly in applications that require precise spin current detection
and efficient magnetic switching.

To explore this further, we performed a detailed correlation
analysis between AHC and the total magnetic moment (M) for
the compounds listed in Table 1, observing a moderately strong
linear correlation with an R* value of 0.663 (Fig. S1(a), ESIY).
However, extending this analysis to the entire database reveals

View Article Online
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a more complex relationship, with a wide range of AHC values
for the same M., as shown in Fig. S1(b) (ESI{). Thus, this
complexity necessitates considering additional factors such as
the total valence electron count (Ne), which follows the Slater-
Pauling rule. Indeed, plots of AHC and M, as a function of Ne
(Fig. S1(c) and (d), ESIt) reveal similar behavior, delineating
three regions: 10 < Ne < 16, 16 < Ne < 25, and Ne > 25.
Additionally, we have calculated the spin polarization for each
of the full Heusler compounds listed in Table 1 using the
M, where N; and N, are the densities of
NT + Nl
states for the up and down spin channels, respectively. The spin
polarization values, which range from 17% to 97%, highlight
the significant variation in electronic configurations across
different compounds (Fig. S2, ESIt). High spin polarization
indicates a high degree of spin polarization at the Eg, which is
beneficial for spintronic applications. To facilitate comparison,
we have included additional theoretical and experimental data
in Table 1. The Co,YZ Heusler compounds have been exten-
sively studied both theoretically and experimentally due to their
outstanding reputation in the field. Consequently, we have also
provided the properties of the Co,MnZ family in Table S1
(ESIT). Our calculated values for the M, and P align closely
with other computational and experimental results.

To further explore the factors influencing the AHC in
Heusler compounds, we analyzed the relationship between
AHC and the valence electron, as well as the electronegativity
differences between the constituent elements. Fig. S3 (ESIf)
presents the AHC as a function of the valence electrons for X, Y,
and Z elements and the valence electron differences between

formula P =

Table 1 The largest anomalous Hall conductivity (|a,,|) alongside the stability and magnetic characteristics for the stable compounds within each X,YZ
family. The table lists the stable phase, formation energy (AF in eV per atom), Hull distance (AH in eV per atom), |oy,| (S cm™Y), total magnetic moment
(Mot in pg), spin polarization (P in %), and the anomalous Nernst conductivity (|o,,| in A K1 T3 at T = 300 K. The data illustrate the correlation between
the stability, electronic configuration, and magnetic properties with the AHC for different Heusler compounds

XoYZ Stable phase AF (eV per atom) AH (eV per atom) |oxy] (S em™) Mot (18) P (%) lowy] AKTTTTY

Rh,MnGa 12, —0.569 0.000% 1847 4.07 93 1.55
—0.537% 18627 4.10° 3.82°

4.05°

Co,MnAl 12, —0.385 0.009° 1646 4.14 63 2.62

—0.356% 16317 4.04° 68 1.93%
16009 4.01° 75¢

Ti,PtSn 12, —0.429 0.260° 1319 1.79 48 3.29
—0.487°

Mn,TiAl 12, —0.397 0.002° 1267 3.01 81 1.81
—0.344° 11287 2.98" g2 1.03%

Ru,WSi 12, —0.020 0.308° 1036 1.24 34 2.99
—0.03¢

Sc,CrSb 12, —0.167 0.422° 899 2.88 17 4.68
—0.167° 3.16'

V,IrAl Xa —0.480 0.093¢ 869 1.60 70 2.29
—0.472°

Cr,IrGe Xa —0.067 0.138° 826 0.97 97 0.04
—0.0724

Fe,MnGa 121 —0.024 0.042° 717 214 66 5.85
—0.014 4547 2.027 74/

Ni,RhAl Xa —0.408 0.124¢ 513 0.84 75 5.54
—0.425°

@ Theoretical data.*®®

data.*® " Theoretical data.”® !

Theoretical data.”*/ Theoretical data.”

15086 | J. Mater. Chem. C, 2024, 12,15082-15091

Theoretical data.** © Theoretical data.*® ¢ Experimental data.’” ¢ Experimental data.’®/ Theoretical data.*® £ Theoretical
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them. AXY, AXZ, and AYZ denote valence electron differences
between X and Y, X and Z, and Y and Z, respectively. The largest
AHC values for X elements occur at valence electrons of 7 and 9,
while for Y elements, the highest AHC is observed at 7, 9, and
10 valence electrons. For Z elements, the distribution of AHC is
relatively uniform across different valence electrons. Addition-
ally, Fig. S3 (ESIt) shows that significant AHC values for AXY
are observed in the ranges —2 < AXY < 0 and AXY = 2, for
AXZ at 4 and 6, and for AYZ at 4, 6, and 7. Furthermore, Fig. S4
(ESIt) shows the AHC as a function of electronegativity for X, Y,
and Z elements and the electronegativity differences between
them (AXY, AXZ, AYZ). These analyses reveal that both valence
electron and electronegativity differences play crucial roles in
determining the AHC. For instance, the highest AHC values are
observed for X elements with electronegativity values of
approximately 1.8 and 2.3, for Y elements at around 1.6 and
2.2, and for Z elements uniformly across the studied range. The
differences in electronegativity that yield high AHC values are
concentrated around —0.4, 0, and 0.7 for AXZ, and —0.4 <
AXZ < 0.7. Furthermore, high AHC values are observed around
—0.3 < AYZ < —0.1, and AYZ ~ —0.5 and 0.5. These results
highlight the importance of considering both the valence
electron count and electronegativity in the design of Heusler
compounds with optimized AHC properties.

We also provide the anomalous Nernst conductivity (ANC),
closely related to the anomalous Hall effect, is a phenomenon
in which a current is induced by a temperature gradient. In this

study, we calculated the ANC wusing the formula®
272
kg T 00y, . .
Oy = 3B a‘” , where kg is the Boltzmann constant, T is
i e s

the temperature, and O¢ = 0.01 eV is the energy interval. Fig. S5
(ESIT) shows ANC as a function of chemical potential u for
selected compounds: Rh,MnGa, Co,MnAl, Ti,PtSn, Mn,TiAl,
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Ru,WSi, Sc,CrSb, V,IrAl, Cr,IrGe, Fe,MnGa, and Ni,RhAl. ANC
exhibits significant sensitivity to variations in the Ep, similar to
AHC. For instance, in Mn,TiAl and Fe,MnGa, a high slope of
AHC near Er results in a pronounced ANC. As the temperature
increases, ANC also increases, highlighting the interplay
between thermal effects and the electronic structure. The
specific values of ANC at Er for T = 300 K are included in
Table 1.

Fig. 4 presents a nuanced view of AHC across Heusler
compounds, categorized by the transition metal element X
when X is less than half-filled. It is evident that the distribution
of AHC largely skews toward Ne values less than 25, with the
notable exception of Mn-based compounds, reflecting a strong
dependence on the specific electronic configuration of the
transition metal element. For Sc-based compounds, the highest
AHC is observed at Ne = 14, which is suggestive of the fewer d-
electrons in Sc facilitating higher spin polarization and resultant
Hall conductivity. Ti compounds follow a distinct pattern, peaking
at Ne = 22, which may reflect the more complex d-orbital inter-
actions as Ti approaches half-filling. The high AHC for Mn at Ne =
21 underscores its robust magnetic character among the transi-
tion metals, likely contributing to its pronounced Hall effect.
Notably, the AHC for V- and Cr-containing compounds remains
relatively consistent across the studied Ne range, possibly indicat-
ing a more stable electronic structure that is less sensitive to the
variation in the number of valence electrons. The relatively lower
AHC values for these elements compared to Sc and Ti suggest that
their closer proximity to half-filling results in less pronounced
spin polarization effects conducive to AHC. As a half-filled transi-
tion metal, Mn demonstrates larger AHC values affirming the
strong link between magnetic properties and AHC. This correla-
tion is consistent with the established understanding that mag-
netic moments and spin-orbit coupling are significant

(3)20 T T T T T T (b) (C)
= Sc,YZ Ti,YZ Vv,YZ
5 15 Fiosnests  16snes2s Ne225 B 7 r 7
& ° 2
g 10 5 : - 5 5 - o © .
Ei. 5" < 080 oo 1 o ;g) & E,jg — - ° o ;O o
b 2 88888 8 gév @éao H
0 Aﬁﬁ§%§§8222% 1 1 L 1 Egé %ﬁﬁé :gé L 1 1 1 88 Eﬁgéﬁgiég 1 1
1 1% 20 25 30 35 10 15 20 25 30 35 10 15 20 25 30 35
@ ©
= |Cryz MnYZ
E 151 . 5 . i
K %o
(2
< 10F 1 . : .
8 ° -
E 5 Oﬁgg ég o8 J i 08§§§0§Z 00, d
R 8 58EERC 028! goépoé
o L Glladgiil [ ghemadiiil,
10 15 20 25 30 35 10 15 20 25 30 35

Fig. 4 Anomalous Hall conductivity gy, as a function of total valence electron Ne for (a) Sc,YZ, (b) TioYZ, (c) VoYZ, (d) CraYZ, and (€) MnyYZ, where Xis a
less than half-filled transition metal. Yellow, purple, and cyan backgrounds distinguish three areas: 10 < Ne < 16, 16 < Ne < 25, and Ne > 25,

respectively.
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Fig. 5 Anomalous Hall conductivity gy, as a function of total valence electron Ne for (a) Fe,YZ, (b) Co,YZ, (c) Ni,YZ, (d) Ru,YZ, (e) Rh,YZ, and (f) Pd,YZ,
where X is a more than half-filled transition metal. Yellow, purple, and cyan backgrounds distinguish three areas: 10 < Ne < 16,16 < Ne < 25,and Ne >

25, respectively.

contributors to AHC in such materials. The data from Fig. 4,
therefore, not only provide insight into the electronic structure-
dependent behavior of AHC in Heusler compounds but also point
to the potential of specific elemental configurations, particularly
those involving Mn, in achieving high AHC values suitable for
spintronic applications.

Extending our analysis to Fig. 5, we examine the distribution
of AHC for Heusler compounds where X element is more than
half-filled. The data primarily cover Ne values greater than 20,
indicating that these compounds generally exhibit higher AHCs
compared to those with X elements that are less than half-filled,
as shown in Fig. 4. The AHC values within this group, particularly
for Fe-, Co-, Ru-, and Rh-based compounds, are notably higher,
which is in line with their position in the periodic table, alluding
to their similar valence electron counts. This similarity results in
comparable electronic structures that facilitate high AHC, with
the largest values for Fe appearing between Ne values of 27 and 29
and for Co at Ne = 22, likely due to their proximity to full d-band
occupancy which promotes enhanced spin polarization. In con-
trast, Ni and Pd, both near or at full d-band filling, show reduced
AHC values. The diminished AHC can be attributed to poorer d-
orbital hybridization, as full filling leads to a lower number of
available states for conduction, thus reducing the probability of
spin-dependent scattering essential for a large AHC. This trend is
particularly interesting as it reflects the sensitivity of AHC to the
specific electronic configuration and hybridization of d-orbitals in
Heusler compounds. The insights obtained here underscore the
nuanced interplay between electron filling, magnetic properties,
and resultant AHC. Understanding this relationship is vital for the
tailored design of Heusler compounds with high AHC for spin-
tronic applications, where maximizing spin-dependent transport
phenomena is crucial.

Delving deeper into the electronic structure, Fig. 6 presents
the band structures for Co,MnAl, segregated into spin-up and
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Fig. 6 Band structure of Co,MnAl for (a) spin-up and (b) spin-down
channels. Red and blue denote the contributions of Co and Mn,
respectively.

spin-down channels, which sheds light on the intrinsic proper-
ties leading to its high AHC. This compound, which is ferro-
magnetic, aligns with the Slater-Pauling rule manifesting a
total magnetic moment close to 4ug, with individual contribu-
tions of 0.77ug from Co and 2.7ug from Mn for a total valence
electron count of 28. Our results show good agreement with
previous studies.***> The band structure of Co,MnAl reveals a
half-metallic character, with the spin-up channel exhibiting
metallic behavior, with bands almost fully occupied near the
Er. Conversely, the spin-down channel acts as a semiconductor,
displaying a direct gap at the I' point of 0.46 eV. This gap is
pivotal as it suggests high spin polarization at Eg, which is a
desirable trait for spintronic applications due to its potential to
facilitate spin current without charge current. The contribution
of Al to AHC is negligible since its states are distributed far
from Eg. In contrast, the states of Co are closer to Ep, with
smaller exchange splitting compared to Mn, implying that the
contribution of Co to the total AHC is less than that of Mn.
At the I point, hybridization between the states of Co leads to a
bandgap opening, further illustrating the complex interaction

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 (a) Band structures along the high-symmetry lines and (b) Berry
curvature along the same path of Co,MnAl. Colors represent (Sz). (c) AHC
as a function of chemical potential u. The Fermi energy Ef is set to zero.

between elements and the collective impact on the electronic
properties of the material. Analyzing this band structure is
fundamental in understanding the underlying mechanisms
that govern the AHC in Co,MnAl. It is the intricate hybridiza-
tion of the Co and Mn states and the resultant energy band
dispersion that underpins the substantial AHC observed. The
calculations performed for Co,MnAl not only confirm its high
AHC but also provide a concrete example of how electronic
band structure details are paramount in evaluating and pre-
dicting material properties for advanced spintronic devices.
Fig. 7 provides a compelling visualization of the band
structure and Berry curvature for Co,MnAl, a ferromagnetic
Heusler compound, in both spin channels after including the
SOC. The bands are color-coded from blue (representing spin
—7i/2) to red (representing spin +/i/2), clearly indicating that most
bands are well split by Sz, highlighting the significant influence
of SOC. The band structure (Fig. 7a) exhibits the profound effect
of SOC, as spin is not a good quantum number in its presence,
leading to bands that are non-degenerate in most parts of the k-
space. The band splitting, which is particularly evident along
high-symmetry lines, is a key factor in determining the AHC of
the material. In Fig. 7b, the total Berry curvature ©,, along the
same high-symmetry lines reflects a general prevalence of Q > 0
over Q < 0, contributing to a sizeable total AHC of 1646 S cm ™,
which is in good agreement with both experimental and theore-
tical reports.***® Notably, the distribution of the Berry curvature
shows two dominant positive peaks at 1/3XW and near K, while
smaller peaks appear along GX, WK, and FZ. The negative Berry
curvature is less prevalent, with a single significant peak along
KG. The AHC as a function of chemical potential x (Fig. 7c),
within the same energy range as the band structure, peaks at
the Er. This maximum in AHC corresponds to the maximal
spin polarization between the spin-up and spin-down channels
and is predominantly contributed by the Co-Co hybridization.

This journal is © The Royal Society of Chemistry 2024
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The spectrum of this large peak in AHC ranges from approxi-
mately —0.8 to 1 eV, indicating that the regions of high Co-Co
and Co-Mn hybridization contribute significantly to AHC. Out-
side this energy range, the AHC values diminish. The detailed
analysis of Fig. 7 hence underlines the critical role of SOC and
the resultant band splitting in enhancing the AHC in Co,MnAl.
These insights into the spin-resolved electronic structure and the
distribution of the Berry curvature across the Brillouin zone are
essential for understanding the mechanisms driving the high
AHC in this compound, affirming its suitability for spintronic
applications where high spin-polarization and efficient spin-
current generation and manipulation are desired.

Conclusion

In conclusion, this extensive study on full Heusler compounds
using high-throughput DFT calculations has uncovered
remarkable insights into their electronic, magnetic, and trans-
port properties, particularly their AHC. Our systematic investi-
gation into over 2904 compounds has revealed that both the
crystal structure and the electron count play critical roles in
determining the stability and the AHC of these materials. Key
findings from our research highlight that Heusler compounds
with a total valence electron count (Ne) between 20 and 30
exhibit enhanced stability within the L2, phase, as evidenced by
compounds such as Rh,MnGa, which demonstrates an AHC of
1847 S cm ™' and a magnetic moment of 4.07ug, and Co,MnAl,
with an AHC of 1646 S cm ™" and a magnetic moment of 4.14.
These values are notably superior to those of elemental ferro-
magnets like Fe, Co, and Ni, underscoring the potential of
Heusler compounds in transcending the performance of con-
ventional magnetic materials.

Our focused examination of Co,MnAl revealed a half-
metallic nature, which is instrumental in achieving high spin
polarization and, consequently, a high AHC. The intricate
interplay between Co-Co and Co-Mn hybridization within this
specific compound has been shown to contribute significantly
to the observed AHC, which peaks in the vicinity of the Fermi
level. Moreover, the study elucidates the crucial role of SOC in
the band structure of Heusler compounds. SOC not only
influences band splitting but also substantially affects the Berry
curvature distribution, which directly impacts AHC. The pre-
sented results not only contribute to the fundamental under-
standing of the intrinsic properties of Heusler compounds but
also serve as a guide for the design of new materials with high
AHC for advanced spintronic applications. By delineating the
correlation between AHC and the intrinsic magnetic and elec-
tronic properties of the materials, we pave the way for the
strategic synthesis of Heusler compounds with customized
properties for specific technological applications.

Our research thus concludes with significant implications
for the field of spintronics, providing a solid foundation for the
future exploration of novel magnetic materials with high AHC,
targeting applications that range from spin current detection to
magnetic switching in state-of-the-art devices.
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