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Abstract

The emergence of all-d-metal Heusler alloys has opened up new pathways for the de-
sign of advanced functional materials. In this work, we employ first-principles electronic
structure calculations to systematically investigate the electronic and magnetic properties
of 27 all-d-metal Heusler compounds following the stoichiometry X,YZ, where X = Co,
Rh, Ir, Y =V, Cr, Mn, and Z = Ti, Zr, Hf. Electronic band structure calculations show
a consistent minority-spin pseudogap across the series, the width and characteristics of
which are strongly dependent on the d-band broadening introduced by 4d (Rh, Zr) and
5d (Ir, Hf) transition metals. Magnetically, these materials largely follow the M; = Z; — 24
Slater-Pauling rule, driven by exactly 12 occupied minority-spin bands at the I point. No-
tably, substituting Co with Rh or Ir significantly redistributes the magnetization, drastically
reducing the X-site spin magnetic moment while amplifying the spin magnetic moments
on the Y-site atoms. This study provides a comprehensive understanding of the interplay
between structural symmetry, orbital hybridization, and magnetism in all-d-metal Heuslers,
highlighting their promise for future spintronic applications.

Keywords: Heusler compounds; ab initio calculations; first principles; electronic structure;
ferromagnetic materials; Slater—Pauling rule

1. Introduction

The origin of Heusler compounds dates back to the early 20th century when Ger-
man metallurgist Fritz Heusler discovered that the CupMnAl alloy exhibited remarkable
magnetic properties despite containing no ferromagnetic elements [1,2]. Subsequent ad-
vancements in structural characterization revealed that these compounds crystallize in a
face-centered cubic (f.c.c.) lattice, analogous to the structures found in prominent semi-
conductors such as silicon (Si) and gallium arsenide (GaAs). Collectively termed Heusler
alloys [3,4], this family of intermetallics is renowned for high Curie temperatures and
diverse electronic profiles. The standard full-Heusler compounds, exemplified by Co,MnSi,
typically follow the X,YZ stoichiometry and crystallize in the L2; structure (Fm3m) [3,4].
However, when the valence of the X element is lower than that of Y, the system may adopt
the XA (or “inverse”) structure (F43m), leading to distinct physical phenomena.

A particularly significant subclass is the half-metallic magnets [5]. These materials
act as metals for one spin channel while exhibiting a semiconducting gap for the other,
resulting in 100% spin polarization at the Fermi level [6]. Their total spin magnetic moment
(in pp) typically follows the Slater—Pauling rule, yielding integer values that facilitate pre-
dictable magnetic behavior [7]. Such properties make Heusler alloys premier candidates
for spintronic and magnetoelectronic applications [8-12]. In recent years, the discovery
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of new functional Heusler materials has been accelerated by ab initio (first-principles) cal-
culations and high-throughput databases [13-20]. Furthermore, machine learning models
trained on vast crystallographic datasets have successfully predicted the synthesizability
of both regular and inverse alloys, as demonstrated by the recent realization of Ru-Ga-X
(X = Ti — Co) systems [21].

Traditional full-Heusler alloys generally incorporate a metalloid at the Z site. However,
a modern paradigm shift has emerged through the development of all-d-metal Heusler
alloys, where the metalloid is replaced by a transition metal [22-37]. These systems are
particularly noteworthy for their susceptibility to martensitic transformations, which are
critical for magnetic shape memory and caloric applications. Recent high-throughput
screenings have expanded this field significantly, identifying 686 (meta-)stable compounds
and elucidating the relationship between intermetallic bonding, structural stability, and
mechanical properties [32]. This research has also investigated anomalous Hall and Nernst
conductivities, providing a roadmap for optimizing transport properties. Subsequent
studies have further expanded these databases, specifically targeting the magnetocaloric
potential of all-d Heusler frameworks [38,39].

In our previous research, we systematically investigated the electronic and magnetic
properties of all-d-metal Heusler compounds through a series of first-principles stud-
ies [40—42]. In our initial work, we explored the Fe,CrZ and Co,CrZ (Z = Sc, Ti, V) systems,
identifying high spin polarization and a significant pseudogap at the Fermi level [40].
While these all-d-metal Heusler compounds exhibit a Slater-Pauling-like behavior [7], the
12 minority-spin bands cross the Fermi level away from the I' point, preventing the for-
mation of a true half-metallic gap [40] and resulting in a region of very low minority-spin
density of states around the Fermi level, usually referred to as a pseudogap. The pseudogap
should not be confused with the so-called “nearly” half-metallic materials where a real en-
ergy gap exists but the Fermi level slightly crosses the valence or conduction minority-spin
electronic band structure. We then extended our investigation to Co,YZ compounds where
the valence follows the Co > Y > Z sequence, discovering that these materials exhibit
remarkably high spin magnetic moments—reaching 9 up for CoFeMn—and generally
follow the Slater-Pauling rule due to the presence of a deep pseudogap [41]. Most recently,
we expanded this scope to include 4d and 54 transition metals, studying (Co, Rh, Ru)yMnZ
compounds [42]. This work revealed that while Co- and Ru-based systems largely adhere
to Slater-Pauling behavior, Rh-based compounds exhibit significant deviations, especially
when paired with heavier Z elements.

Building upon these previous studies, the present work is designed not merely as a
systematic compositional extension, but as a controlled investigation of how the progres-
sive replacement of 3d elements by 44 and, in particular, 5d transition metals modifies the
electronic and magnetic mechanisms of all-d-metal full-Heusler compounds. In contrast to
our earlier works, which focused either on all-3d systems or on more restricted combina-
tions involving selected 4d/5d elements, the present 27-compound set, (Co, Rh, Ir),(V, Cr,
Mn)(Ti, Zr, Hf), allows us to separate the effects of the X-site substitution Co — Rh — Ir,
the Y-site valence variation V — Cr — Mn, and the Z-site replacement Ti — Zr — Hf
within the same structural prototype. The central question addressed here is whether the
spatially more extended 54 orbitals introduce qualitatively new electronic or magnetic
phenomena, or whether they mainly renormalize the trends already observed in 3d- and
4d-based all-d-metal Heuslers. Our results show that the 54 elements do not generate a new
symmetry-driven minority-spin gap or a different Slater-Pauling mechanism. Instead, they
enhance d-band broadening and orbital hybridization, smooth and narrow the minority-
spin pseudogap, and strongly redistribute the spin magnetic moment from the X sublattice
toward the V, Cr, or Mn atoms. Thus, the novelty of the present work lies in identifying
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5d-orbital delocalization as a key tuning parameter controlling the robustness of the pseu-
dogap and the sublattice-resolved magnetization in all-d-metal Heusler alloys. Through
first-principles calculations, we therefore assess not only the adherence of these compounds
to the M; = Z; — 24 Slater—Pauling rule, but also the microscopic origin of deviations from
ideal integer moments and the extent to which 4d and 5d chemistry can be used to tailor
spin polarization in Heusler-based spintronic and magnetoelectronic materials.

2. Computational Method and Calculation Details

Our investigation into the ground-state properties of all-d-metal Heusler compounds
is based on first-principles electronic structure calculations. We employed the full-potential
non-orthogonal local-orbital minimum-basis (FPLO) method [43,44], utilizing the gener-
alized gradient approximation (GGA) for the exchange-correlation functional as param-
eterized by Perdew, Burke, and Ernzerhof (PBE) [45]. Scalar-relativistic formalism was
employed to account for the relativistic corrections. To ensure the accuracy of our calcu-
lations, the charge density in the primitive unit cell and the total energy are converged
to the 8th and 10th decimal points, respectively. Furthermore, a dense grid of k-points,
specifically a 20 x 20 x 20 grid, conforming to the Monkhorst—Pack scheme [46], is uti-
lized for the integrals in reciprocal space. In our calculations, we have not included the
spin—orbit coupling. This should not influence our results since the studied compounds
contain transition metal atoms and the lattice is actually a cubic compound of very high
symmetry, as discussed below, resulting in vanishing magnetocrystalline anisotropy energy.
Moreover, we expect that electronic correlations should also not be important and can
be safely neglected. The compounds under study have 27, 28 or 29 valence electrons per
unit cell, and previous calculations on full-Heusler compounds have revealed that only
compounds with 30 or more valence electron correlation effects become sizeable [47].

Full-Heusler compounds typically crystallize in either the regular L2; (Fm3m) or the
inverse XA (F43m) structure, distinguished by the atomic site occupancy sequence within
the unit cell. In the regular L2 lattice, the two X atoms (e.g., Co, Rh, or Ir) occupy equiv-
alent sublattices and possess identical nearest and next-nearest neighbor environments.
Conversely, in the XA structure, these X atoms occupy non-equivalent sites, resulting
in a reduction in symmetry. Previous systematic studies [41,42] have demonstrated that
for the specific all-d compounds addressed here, the L2; structure is energetically more
favorable than the X A phase. The L2; arrangement is illustrated in Figure 1, using RhyCrZr
as a prototype. In this configuration, the two Rh atoms are equivalent; although their
next-nearest neighbor environments are rotated by 90° relative to one another, they both
occupy sites with octahedral symmetry. The overall symmetry of the crystal remains tetra-
hedral, a factor that significantly influences the electronic band structures discussed in the
following section.

The equilibrium lattice constants for all studied compounds were retrieved from the
Open Quantum Materials Database (OQMD) [48-50]. The reliability of the OQMD data
for these systems is well-established; for instance, the OQMD lattice constants for Co,CrZ
(Z = Sc, Ti, V) differ by less than 1% from the values obtained via explicit total-energy
minimization in Reference [40]. Table 1 summarizes the OQMD-derived lattice constants,
formation energies (Efopy,), and distances from the convex hull (Ey, ).

Thermodynamic stability is primarily assessed through E¢,,,,, which must be negative
for a compound to be energetically favorable relative to its constituent elements in their bulk
phases. With the exception of Co,CrZr, all compounds investigated here exhibit negative
formation energies in the L2y structure. However, a negative Ej,, is a necessary but
insufficient condition for experimental synthesis. The convex hull distance, Ey,,,j;, provides
amore rigorous measure by comparing the energy of the L2; phase to the most stable known
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phase or combination of phases at that stoichiometry. While RhyMnTi is the only compound
in this set where the L2 structure is identified as the absolute ground state (Ep;; = 0), the
majority of the remaining compounds exhibit Ey,,,;; values below 0.200 eV /atom. This value
is widely accepted as an empirical threshold, below which a material may be synthesized as
a metastable phase in a specific lattice structure. Especially all Mn-based compounds have
Enun values very close to zero making them perfect candidates for experimental growth.

=l
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Figure 1. Schematic representation of the L2; structure adopted by the full-Heusler compounds. The
black spheres, pink spheres, yellow squares, and green spheres are widely called A, B, C, and D sites,
respectively. The large cube in the figure contains exactly four primitive unit cells. On the right, the
nearest and next-nearest neighbors are depicted.

Table 1. For the Heusler compounds under study, we present the equilibrium lattice constant ae;, the
formation energy E,.,, and the energy distance from the convex hull Ej,j;; (all data are taken from
the Open Quantum Materials Database [48-50]).

Compound Aeq (A) E¢orm (€V/atom) Epu (eV/atom)
Co, VTi 5.806 —0.223 0.102
Co,VZr 6.066 —0.087 0.200
Co, VHf 6.001 —0.122 0.220
Co,CrTi 5.786 —0.152 0.109
Co,CrZr 5.983 0.180 0.421
Co,CrHf 5.991 —0.116 0.171
CooMnTi 5.759 —0.289 0.010
CooMnZr 6.004 —0.174 0.068
Coo,MnHf 5.958 —0.250 0.037
Rh,VTi 6.112 —0.453 0.190
Rh,VZr 6.305 —0.362 0.282
Rh, VHf 6.271 —0.448 0.276
Rh,CrTi 6.078 —0.394 0.170
Rh,CrZr 6.294 —0.390 0.183
Rh,CrHf 6.257 —0.480 0.171
RhoMnTi 6.127 —0.586 0.000
RhoyMnZr 6.352 —0.576 0.011
RhyMnHf 6.309 —0.662 0.011
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Table 1. Cont.

Compound Aeq A) E¢orm (eV/atom) Ej (eV/iatom)
Ir, VTi 6.135 —0.479 0.234
Ir,VZr 6.371 —0.350 0.368
Ir, VHS 6.323 —0.445 0.322
Ir, CrTi 6.143 —0.405 0.187
Ir,CrZr 6.320 —0.330 0.242
Ir, CrHf 6.328 —0.441 0.215
Irp,MnTi 6.148 —0.578 0.032
IroMnZr 6.379 —0.513 0.059
Ir,MnHf 6.340 —0.612 0.044

3. Results and Discussion

3.1. Electronic Properties

In the initial stage of our analysis, we performed electronic band structure calculations

at the equilibrium lattice constant for each compound. Figure 2 illustrates the total density

of states (DOS) per formula unit (f.u.) for all Zr-containing systems, while Figure 3 presents
the atom-resolved DOS for the RhyYZr compounds. We note that the DOS profiles remain
qualitatively similar when Ti or Hf is substituted for Zr.

RhZCrZr

i

Total DOS (states/eV/f.u./spin)

IrZCrZr

|

6 4 -2 0 2 -6

Energy-E_ (eV)

-4 2 2

Figure 2. Total of states (DOS) for all studied Zr-based compounds assuming the L2; lattice structure.
Positive (negative) DOS values correspond to the majority (minority)-spin electronic band structure.
The zero energy value corresponds to the Fermi level.

The total DOS exhibits several common characteristics across the investigated series.
Although not shown in the figures, a small contribution from s-states is present at low
energy. The electronic structure is dominated by the d-states of the transition metal atoms,
forming broad bands due to the high density of d-electrons per unit cell. For the (Co,
Rh, Ir),YZr compounds, maintaining a constant Y element results in a consistent DOS
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profile. In the minority-spin (spin-down) channel, a region of low density—referred to as a
pseudogap—is consistently observed, with the Fermi level (Er) positioned either within
or slightly above this gap. When Rh replaces Co for the same Y and Z constituents, the
broader 44 valence bands of Rh lead to less pronounced peaks and a narrowing of the
minority-spin pseudogap. This trend is further intensified when Ir replaces Rh, as the even
broader 5d bands of the Ir atoms result in a more gradual increase in the DOS surrounding
the pseudogap. This behavior reveals an important distinction between the 44 and 54
substitutions. The replacement of Co by Rh already broadens the d bands and reduces the
sharpness of the minority-spin pseudogap, whereas the subsequent replacement of Rh by Ir
further enhances this delocalization effect. However, no new minority-spin band topology
is created by the 54 atoms: the pseudogap remains governed by the same symmetry-derived
manifold of occupied minority-spin states. The role of the 5d orbitals is therefore primarily
to smear and weaken the pseudogap through stronger orbital overlap, rather than to open
a genuine half-metallic gap.

TR
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Atom-resolved DOS (states/eV/spin)
[«
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Rh2M nzr 1 1 l l 1 l 1 l 1
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Figure 3. Similar to Figure 2 for the atom-resolved DOS in the case of Rh;(V,Cr,Mn)Zr compounds.

As shown in Figure 2, the primary variation in the total DOS occurs in the majority-
spin channel near the Fermi level as the Y element progresses from V to Cr and finally
to Mn. For all three (Co, Rh, Ir),VZr compounds, Er is pinned within a majority-spin
peak. The substitution of Cr for V increases the total valence electron count by one; this
extra electron is accommodated by the majority-spin band structure, which shifts the
aforementioned peak to just below the Fermi level. Further substitution with Mn continues
this trend, shifting Er to even higher energies within the majority-spin channel. In contrast,
the minority-spin band structure remains remarkably stable across these substitutions,
showing only marginal variations.

These trends are further elucidated by the atom-resolved DOS for the Rhy(V, Cr, Mn)Zr
compounds shown in Figure 3. As we move along the 34 transition metal series (Y =V —
Cr — Mn), the Fermi level shifts toward higher energies to accommodate the increasing
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valence electron count in the majority-spin states. Notably, the 3d minority-spin states of
the V, Cr, and Mn atoms remain almost entirely unoccupied. The behavior of these Y-site
atoms is reflected in the Rh states through hybridization; since each Y atom is surrounded
by eight Rh nearest neighbors (see Figure 1), their electronic environments are strongly
coupled. Finally, the Zr atoms, characterized by a low number of 4d valence electrons,
contribute broad, low-intensity occupied d-bands in both spin directions.

3.2. Magnetic Properties

The calculated atomic and total spin magnetic moments for the entire series are
compiled in Table 2. For the (Rh, Ir);YZ compounds, the substitution of Zr or Hf for Ti
results in only marginal changes to both the total and atomic spin magnetic moments,
indicating that the heavier Z-site elements have a negligible impact on the overall magnetic
order in these specific systems. In contrast, for the Co,YZ series, the substitution of Zr or
Hf for Ti leads to an increase in the total spin magnetic moment of approximately 0.2 pp.
This enhancement is attributed almost exclusively to the increase in the Y atomic moments.

Table 2. We present the atom resolved and total (per formula unit) spin magnetic moments for the
compounds under study calculated in pg. The last column presents the total number of valence
electrons in the primitive unit cell which contains exactly one formula unit.

Comp ound mCo,Rh,Ir mV,Cr,Mn mTi,Zr,Hf mf.u. Zi
CopVTi 1.02 0.83 —0.05 2.81
CopVZr 1.01 1.15 —0.12 3.06 27
Cop VHf 0.99 1.14 —0.11 3.01
CopCrTi 0.99 2.38 —0.32 4.04
CoyCrZr 0.89 2.73 —0.25 4.26 28
Co,CrHf 0.88 2.72 —0.26 4.22
CooMnTi 1.05 3.23 —0.45 4.87
CopMnZr 0.98 3.47 —0.37 5.07 29
CopMnHf 0.98 3.43 —0.35 5.03
Rhy VTi 0.22 1.70 0.27 2.41
Rhy,VZr 0.19 2.04 0.08 2.50 27
Rh, VHf 0.21 2.05 0.06 2.42
Rh,CrTi 0.28 3.33 0.05 3.94
RhyCrZr 0.24 3.59 —0.01 4.06 28
Rh,CrHf 0.25 3.57 —0.03 4.04
RhoMnTi 0.33 4.07 0.05 4.78
RhyMnZr 0.28 4.20 —0.03 4.72 29
RhyMnHf 0.28 417 —0.03 4.71
Ir, VTi 0.31 1.56 0.34 2.53
Irp,VZr 0.29 1.98 0.11 2.66 27
Ir, VHf 0.30 1.97 0.07 2.65
I, CrTi 0.24 3.24 0.27 3.98
Ir,CrZr 0.28 3.44 0.05 4.05 28
Ir, CrHf 0.29 3.45 +0.00 4.04
IroMnTi 0.35 3.99 0.17 4.86
Iro,MnZr 0.33 4.16 0.06 4.88 29
Ir,MnHf 0.34 4.14 0.05 4.87

A more significant trend is observed when Rh or Ir is substituted for Co while keeping
the Y and Z constituents constant. As illustrated in Figure 4, which depicts the evolution
of the total spin magnetic moments as a function of the Y element, the total moments do
not exhibit drastic variations, with the Y = V compounds showing the largest discrepan-
cies. However, the distribution of these moments among the constituent atoms changes
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substantially. Unlike Co, which typically carries a significant spin magnetic moment of
approximately 1 up, the Rh and Ir atoms—possessing 44 and 5d valence electrons, respec-
tively—contribute much smaller fractions to the total magnetization. To compensate for
the diminished X-site moment when transitioning from Co to Rh or Ir, the spin magnetic
moments of the Y atoms (V, Cr, or Mn) increase considerably. This redistribution of the spin
magnetic moments among the Co (Ir, Rh) and the V (Cr, Mn) atoms arises from the interplay
between exchange splitting and band filling. Upon substituting Rh or Ir for Co, the former
elements exhibit a considerably smaller exchange splitting of their valence d-bands, and
consequently smaller spin magnetic moments. The minority-spin electronic bands then
acquire a larger Rh (Ir) contribution, reducing the V (Cr, Mn) characteristics in these bands
compared with the Co-based compounds. As a result, the exchange splitting of the V (Cr,
Mn) valence d-bands increases, leading to larger atomic spin magnetic moments on these
atoms. Simultaneously, the Ti (Zr, Hf) atoms also exhibit an increase in their induced spin
magnetic moments, following the magnetic behavior of the 34 transition metal at the Y site.
Although these Z-site moments are one to two orders of magnitude smaller than those of
the V, Cr, or Mn atoms, their orientation and magnitude remain coupled to the magnetic
state of the Y sublattice through hybridization effects.

6] —— M=Z-24rule
5 @—0 Co,YTi _——"]
G—0O Rh,YTi

4 Ir, YTi

3 =

2

6 —— Mg=Z-24 rule

5 @®—o Co,YZr ="
O—O Rh,YZr

Ir,YZr

Total spin magnetic moment (M,)

3 -

2

6 —— Mg=Z-24 rule

5 @—o Co,YHf _——"]
O—O Rh,YHf

4 Ir YH
3
2

V Cr Mn

Figure 4. Ab initio calculated total spin magnetic moments, M, in up per formula unit, for the studied
compounds at their equilibrium lattice constant assuming the L2; lattice structure. The dashed line
represents the M = Z; — 24 Slater-Pauling rule where Z; is the total number of valence electrons in
the primitive unit cell.

The Ir-based compounds are particularly useful for isolating the magnetic consequence
of 5d-orbital delocalization. Despite the presence of heavier atoms, the Ir sites do not
develop large local spin magnetic moments. Instead, their extended 54 orbitals favor
stronger hybridization with the neighboring Y-site atoms, leading to a substantial transfer
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of magnetic polarization toward the V, Cr, and Mn sublattices. This effect is already visible
for Rh-based systems but becomes more systematic when Ir is introduced. Consequently,
the 5d substitution does not produce a new type of magnetic ordering; rather, it amplifies
the sublattice-resolved moment redistribution that begins with the 4d elements.

3.3. Slater—Pauling Like Behavior

As demonstrated in the preceding discussion of spin magnetic moments, the com-
pounds under study generally adhere to the Slater-Pauling rule, as defined in Refer-
ence [41]. The most notable discrepancies are observed for the (Rh, Ir), V(Ti, Zr, Hf) systems
(see Figure 4). In these specific alloys, the absence of a true half-metallic gap is evident,
as the Fermi level consistently intersects a minority-spin energy band. When the total
spin magnetic moment (M;) approaches an integer value, it typically follows the relation
M, = Z; — 24, where Z; represents the total number of valence electrons per formula
unit. This rule effectively links the electronic and magnetic profiles of ideal half-metals by
assuming the presence of exactly 12 fully occupied minority-spin bands.

To elucidate the origin of the pseudogap in these all-d systems, we performed an
analysis similar to that presented in Reference [41]. Figure 5 displays the spin-resolved
band structure for Rh,CrZr as a prototype. The defining feature of the minority-spin
channel (indicated by red lines) is the behavior of the bands at the I' point, where their
degeneracy and characteristics directly reflect the symmetry of the atomic orbitals in real
space. By accounting for the degeneracy at I', we identify exactly twelve bands below or
near the Fermi level, providing a physical basis for the observed Slater-Pauling behavior.
The lack of a genuine gap—and thus the absence of true half-metallicity—stems from the
complexity of the band dispersions away from the I' point, where band crossings result in a
pseudogap rather than a pristine energy void.

4.0

2.0

°
=}

T
/
!
/

|
N
o
T

Energy ¢, (k) [eV]

-6.0

~ Rh,Crzr

X i K r L W u X

—

Figure 5. Spin-resolved band structure of RhyCrZr for several high symmetry directions in the first
Brillouin zone.

The nature of these minority-spin states was further investigated using “fat band”
analysis. Figure 6 schematically illustrates the characteristics of the occupied minority-spin
bands for Rh,CrZr, specifying the band degeneracies at the I' point and the atomic orbitals
contributing to each state. Similar to traditional full-Heusler alloys [7], the d-orbitals split
according to the crystal symmetry. The overall tetrahedral (T;,) symmetry of the lattice
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results in “gerade” eg and ty, states that are delocalized across the crystal. Additionally, the
Rh atoms form a cubic sublattice that supports “ungerade” states (e, and t1,,) consistent
with octahedral (Oy) symmetry; these states are localized either on the Rh-Rh or Cr-Zr
sites. As shown in Figure 6, the occupied and unoccupied d-bands overlap away from the
high-symmetry I point. Consequently, the Fermi level intersects these states, leading to the
small deviations from the ideal integer values predicted by the M = Z; — 24 rule.

Rh,CrZr

A 2xe, Rh—Cr—Zr
2xe, Cr-Zr
2xe, Rh-Rh

3x 1, Rh—Cr—Zr

3xt;, Cr—Zr

3xt,, Rh—Rh

Energy

2xe, Rh—Cr-Zr

1x s Rh—Cr-Zr

Minority spin electronic band structure

Figure 6. Schematic representation of the characteristics of the bands at the I' point in the minority-
spin band structure of RhyCrZr compound. Note that below the Fermi level, there are exactly
12 orbitals. Numbers indicate the degeneracy of each state.

4. Summary and Conclusions

In summary, we performed a comprehensive first-principles investigation into the
structural, electronic, and magnetic properties of the all-d-metal Heusler family (Co, Rh,
Ir)2(V, Cr, Mn)(Ti, Zr, Hf). By systematically substituting transition metals across the 3d, 44,
and 5d rows, we established clear trends in their fundamental physical behavior.

First, evaluating their thermodynamic stability using formation energies and convex
hull distances retrieved from the Open Quantum Materials Database (OQMD) [48-50]
indicated that while most compounds are theoretically metastable in the L2; lattice structure
(Epun < 0.200 eV /atom), RhyMnTi stands out as a stable absolute ground state.

Electronically, these compounds are characterized by a pronounced pseudogap in
the minority-spin channel. The substitution of Co with the heavier Rh and Ir atoms
broadens the valence bands, which alters the shape of the pseudogap and enhances or-
bital hybridization.

Magnetically, the total spin magnetic moments generally adhere to the M; = Z; — 24
Slater-Pauling rule. Detailed band structure and symmetry analyses confirmed the presence
of exactly 12 occupied minority-spin bands at the I' point. All Mn-based compounds have
Epun values very close to zero, present a pseudogap in the minority-spin band structure and
possess very large values of total spin magnetic moments, making them suitable candidates
for future spintronic and magneto-electronic applications.
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A central outcome of the present study, compared with previous investigations of all-
3d and selected 4d/5d all-d-metal Heusler compounds, is that the inclusion of 5d elements
does not introduce a fundamentally new Slater-Pauling mechanism or a true half-metallic
gap. The minority-spin electronic structure remains controlled by the presence of twelve
occupied bands at the I' point, while band crossings away from I' prevent the formation of
a genuine gap and lead instead to a pseudogap. In this respect, the 5d systems preserve the
same basic symmetry mechanism found in the lighter analogues.

The essential difference introduced by the 5d elements is quantitative but physically
important. The more spatially extended Ir 5d orbitals broaden the d-derived bands, increase
orbital hybridization, and make the minority-spin pseudogap less sharply defined than in
the Co- and Rh-based compounds. At the same time, the Ir atoms carry only small local
spin moments, and the magnetization is redistributed toward the Y-site atoms. Thus, the
5d substitution mainly amplifies the trends initiated by 4d elements rather than producing
an entirely new electronic phase.

These findings clarify the role of heavy transition metals in all-d-metal Heusler alloys:
5d chemistry should be viewed as a tuning tool for controlling band broadening, pseudogap
robustness, and sublattice-resolved magnetization. This distinction from our earlier studies
provides a clearer design principle for future theoretical and experimental searches, namely
that high spin polarization in all-d-metal Heuslers can be optimized not only by electron
counting and Slater-Pauling behavior, but also by controlling the degree of d-orbital
delocalization through the choice of 4d and 5d constituents.
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