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In the present work we developed an orbital coupling model for cubic full Heusler compounds
that provides a unified set of rules that account for the chemical ordering, magnetic moment and
the composition of the most promising candidates for half-metallicity. Origin and limitations of
the rules are clearly described. To the best of our knowledge all several dozens known in literature
half-metallic Heusler compounds that follow the M; = Ny — 24 or M; = N; — 28 generalized Slater-
Pauling behaviour satisfy derived half-metallicity rule. Calculations performed by using the density
functional theory (DFT) - performed for 259 compounds - confirm the validity of our model and
derived rules for broad classes of Heusler compounds.

PACS numbers: 85.75.-d

I. I. INTRODUCTION

Heusler compounds XoYZ where X and Y are
transition-metal elements and Z is a main group element
have been intensively studied, both theoretically and ex-
perimentally, for their potential applications in spintron-
ics, energy and magnetocaloric technologies'. Due to flex-
ibility in composition Heusler compounds can be realised
as high-temperature ferri- and ferromagnets?, multifer-
roic shape-memory alloys?, and topological insulators®®.
Current interest in spintronic applications of Heuslers
arises largely from the observation of half-metallicity in
some of them® giving rise to giant tunneling magnetore-

sistance at room temperature7.

Despite increasing interest in Heuslers there is still a
lack of fundamental understanding regarding the nature
of chemical ordering in these materials. Researchers have
to rely on empirical rules® !0 for chemical ordering with-
out clear understanding of the origin and limitations of
these rules. Moreover, as we show below, the conventional
explanation of half-metallicity in Heusler compounds*!-'2
is incomplete, with incorrect symmetry assignments. In
the present paper we present a model for orbital cou-
pling that gives a unified explanation of chemical order-
ing, the Slater-Pauling rule and composition rule for the
most promising half-metallic Heusler compounds. The
validity of the model and derived rules are supported by
DFT calculations performed for 259 Heusler compounds.

II. II. ORBITAL COUPLING MODEL

A. A. Orbital coupling in regular Heusler
compounds for states at the ' and X symmetry
points

Crystal structure of cubic Heusler compound is shown
in Fig. 1(a) with four sites forming four fcc sublattices:
site Z (occupied by atom Z), site I, octahedrally coordi-
nated by Z, and sites I and I, tetrahedrally coordinated
by Z. Equivalent sites I and I’ can be occupied by two
X atoms (regular structure), or by one X atom and one
Y atom (inverse structure). Our orbital coupling model
for cubic Heusler compounds includes 18 orbitals ¢;(r)
(¢t = 1,..,18): 3 p-orbitals on site Z and 15 d-orbitals
on sites I, I’, and II. We will use linear combinations of
orbitals on sites T and I': d*)(I) = d(I) 4 d(I') rather
than d(I) and d(I"). Transformation to reciprocal space
is performed as ¢i ;(r) = > 1 e*T¢;(r — T), where the
summation is taken over all translation vectors of the fcc
lattice. Below we consider the coupling between these 18
orbitals for states of regular Heusler compound at the I'
and X symmetry points.

Due to the symmetry of regular Heusler structures
there are only 8 non-zero non-diagonal Hamiltonian ma-
trix elements (dki|H|¢x ;) at the I-point (k = 0):

three <pa(Z)|H|d§;Y)(I)> matrix elements with {«; 5y} =
{z;y2},{y; 22}, {z; 2y}, and five (daB(II)|H|d((JL) (I)) ma-

trix elements with af = xx, 2z, xy, xz, yz.

We use CooMnGe as an example of regular Heusler
compound for illustration of our model. The minority
bands of regular CooMnGe are shown in Fig 1(c). Here
and below bands are colorized according to the weights
of the d-orbitals on sites I and I’ (red), weight of the d-
orbitals on site IT (green), and the weight of all the other
orbitals (blue). In Fig 1(c) we label 15 minority states at
the I'-point by Roman numerals, from (i) to (xv). The
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FIG. 1: (Color online).
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(a) crystal structure of cubic Heusler compound, (b) DOS for majority (DOS > 0) and minority

(DOS < 0) bands of regular CopMnGe. Minority bands of regular (c¢) and inverse (d) CoaMnGe and inverse (e) and regular (f)

MnsCoGe. See text for details.

orbital composition of these states derived from non-zero
Hamiltonian matrix elements described above is shown at
the bottom right of Fig 1, where the sign '+’ or -’ between
the orbitals denotes bonding or antibonding hybridisation
of the orbitals. Three remaining states derived from the
18-orbital coupling model at the I'-point, that we label
as (xvi),(xvii), and (xviii) have the orbital composition

pa(Z) — dS7 (D), py(2) — dS2(I), and p.(Z) — d;) (D),

correspondingly. The energy of these states, Er+3.73 eV,
is above the top edge of the Fig. 1 (¢). [Note that two s-
character states with energies Fr —12eV and Erp+2.59¢V
at I-point are not included in our model.]

In the orbital coupling scheme proposed in'! the states
(ix,x,x1) of CooMnGe at I'-point are incorrectly identified

as being composed of d((l;) (I) orbitals (af = zy,zz,yz)
instead of dog (L) — d((;g) (I). Our calculations show that



(ix,x,xi) states at I-point have 19% weight from d-orbitals
of Mn, which disagrees with assumption'! that these
states are non-bonding to Mn. Description of the orbital
identification, including specific weights of each orbital,
for states from (i) to (xviii) is presented in Supplemental
Material at URL-inserted-by-publisher.

At the X-point, k = (0,0,27/a) [a is the lattice
constant| the ¢;(r — T) orbitals in the sum @k (r) =
Y re®Tp;(r — T) have alternating signs e’*T = =+1
for T in alternating zy-planes. Due to the symmetry
of regular Heusler structures there are only 7 non-zero
non-diagonal Hamiltonian matrix elements (¢k ;| H |¢px, ;)
at the X-point: three (pa(Z)|H|dt(;g)(I)> with aff =
xz,yz,zz and four (daB(II)|H|dfyg)(I)) with {af;vd} =
{zz; oy}, {wy; 22}, {yz; 22}, {22592}

In Fig 1(c) we label 18 states at X-point from (1r)
to (18r) [r’ refers to 'regular’]: orbital composition for
these states derived from non-zero Hamiltonian matrix
elements described above is shown at the right of Fig 1.
Description of the orbital identification for states from
(Ir) to (18r) is presented in Supplemental Material.

Tables I and II in Supplemental Material confirm that
18 considered minority states of CooMnGe at both the I'
and X points have either nonzero or zero weights from
18 spherical harmonics (orbitals) included in our model in
agreement with the orbital compositions listed in Fig. 1.
In addition, these tables show that the weights of spher-
ical harmonics not included into the 18-orbital model
as well as contributions from the interstitial regions are
small for these states, therefore confirming the validity of
our model for description of states in vicinity of the Fermi
energy in Heusler compounds.

B. B. Energy ordering of minority states of regular
Co:MnGe at ' and X symmetry points

The bonding-antibonding gap between states
(vi,vii,viii) and (ix,x,xi) of CooMnGe at the I' point
is smaller compared to that between states (iv,v) and
(xiv,xv) since, as seen by colors of these states, antibond-
ing states (ix,x,xi) [(xiv,xv)] have larger [smaller| weights
from heavier Co while bonding states (vi,vii,viii) [(iv,v)]
have larger [smaller| weights from lighter Mn. States
(xii,xili) (non-bonding to sites Z and II) are strongly
localized and therefore have large exchange splitting
energy that pushes them above the Fermi energy, Ep,
forming a band-gap.

The energy ordering of (1r-18r) states of CooMnGe
at X point can be deduced from general considerations.
States (1r,4r,5r) mostly consist of p(Z) orbitals and thus
have low energy. States (2r,3r,7r,8r) and (14r,16r,17r,18r)
are bonding and antibonding hybridisation of d(II) and
d=)(I) orbitals that have large bonding-antibonding gap
since sites I and II are the nearest neighbours with strong
orbital interaction. State (151) is composed of sole d, (IT)
orbital with energy determined by the valence of the atom

on site II. As will be shown below the fact that this state
is localized on site II is important for derivation of the
rule for composition of compounds that are more or less
likely to be half-metallic (the ’half-metallicity’ rule).

Energy ordering of states (6r,9r,10r,11r,12r,13r) is de-
termined by overlaps of d-orbitals on sites I and I, which
are the second nearest neighbours. State (6r) has lowest
energy in this series due to strong 'lobes-favorable’ I — I’
interaction (lobes of orbitals point to each other) with
bonding along both 2 and y axes. States (9r,10r) have
higher energy than (6r) due to weaker 'lobes-unfavorable’
I — I’ interaction (lobes do not point to each other)
with bonding along z and antibonding along = or y axes
[p(Z) weight is small for these states, see Supplemental
Material]. State (11r) has higher energy than (9r,10r)
since similar "lobes-unfavorable’ antibonding occurs now
along both x and y axes. State (12r) has higher energy
than (11r) since strong ’lobes-favorable’ antibonding oc-
curs along both = and y axes. Thus, the difference in
strength of the I-I' coupling for d;;)(l ) and dgf)(l ) or-
bitals leads to the band gap at the X-point. State (13r)
has higher energy than (12r) since strong ’lobes-favorable’
antibonding occurs along 2z axis with additional push-up
from antibonding with p(Z).

States (11r) and (12r) do not couple to Z and IT sites
and, therefore, are strongly localized, leading to flat
bands near the X-point [see Fig 1(c)]. Thus, the Co
pDOS increases at Er — 0.5eV and Ep + 0.4eV, with-
out increase of the Mn pDOS [see Fig 1(b)]. Since states
(9r-13r) at X-point and states (xii,xiii) at I'-point do not
couple to Mn, the minority pDOS of Mn in the energy
window (Ep — 1eV,Ep 4+ 0.5eV) is small. As will be dis-
cussed below, small minority pDOS of Y atom at site II
in a broad energy window near Er is a general feature
of regular Heusler compounds with X=Mn,Fe,Co and Y
atom with lower valence than X [see Fig. 3 (a),(c),(e)].

C. C. Orbital coupling in inverse Heusler
compounds

Let us now consider the orbital coupling in inverse
Heusler compounds. Since sites I and I’ are now occu-
pied by different atoms, for every non-zero non-diagonal
Hamiltonian matrix element with d(+)(I) [d(~)(I)] orbital
in the regular compound, there is a similar nonzero ma-
trix element with d(=)(I) [d*)(I)] orbital in the inverse
compound. Thus, the number of non-zero, non-diagonal
matrix elements at I' or X points doubles as compared to
the regular compound. On the other hand, these addi-
tional matrix elements have contributions from sites I and
I’ with opposite signs [these contributions exactly cancel
each other when sites I and I’ are occupied by the same
type of atoms|. Therefore, these additional matrix ele-
ments can be treated as small corrections (at least when
valences of X and Y atoms are not very different) and, in
first approximation, the site-orbital composition of bands
in the inverse Heusler compounds can be considered as



the same as in the regular compounds. We label states of
the inverse compound at the X-point that have (mostly)
the same site-orbital composition as the (1r-18r) states
of regular compound as (1i-18i) i’ refers to ’inverse’],
assuming that corrections arising from additional matrix
elements are small.

D. D. Slater-Pauling rule

When there is a minority band-gap and Ep lies
within this gap, the magnetic moment, M; (in up), of
the Heusler compound is given by the Slater-Pauling
rule!™13: M, = N, — 24, where NN, is total number of va-
lence electrons per formula unit. This rule follows from
counting the occupied minority bands, which equals 12
[including the s-band at Ep — 12eV in CooMnGe]. In
many compounds the minority band-gap does not exist,
but the Slater-Pauling rule is still approximately valid
since minority DOS between (11r/i) and (12r/i) bands
at the X point usually has a valley (we will refer to this
as the 'SP valley’) with Fr within this valley. Since Ep
within the SP valley lowers the total energy, the major-
ity bands shift so as to be populated by exactly N; — 12
electrons, if there is a minority band-gap, and approxi-
mately so in the absence of a band-gap. This is an impor-
tant point that allows the formulation of rules, discussed
herein, that only depend on the minority states.

III. III. CHEMICAL ORDERING IN CUBIC
HEUSLER COMPOUNDS

A. A. Chemical ordering in CooMnGe and
Mn>CoGe

Minority bands of inverse CooMnGe are shown in Fig
1(d) with the orbital compositions identified at the X-
point as discussed above. Note that, since the d,, or-
bitals are not part of any non-zero, non-diagonal Hamil-
tonian matrix elements in the regular structure, the states
(61,121,151) are composed solely of d,, orbitals analo-
gously to the states (6r,12r,15r). One can see in Fig 1(d)
that the energy of the red/reddish bands composed of or-
bitals on sites I and I’ (one of these sites is now occupied
by lighter Mn atom) generally increase, while the energy
of green/greenish bands composed of orbitals on site 1T
(occupied now by heavier Co atom) generally decrease as
compared to the bands of regular CooMnGe shown in Fig
1(c). In particular, the unoccupied (green) state (15r) be-
comes an occupied state (15i), while the occupied (red)
state (11r) becomes an unoccupied state (11i). The rise
of red bands and fall of green bands leads to closure of the
band-gap with significant DOS near Er. The increase of
the DOS near Fr leads to an increase of the total energy
of inverse CooMnGe as compared to regular CooMnGe by
0.88 ¢V (see Table I).

Let us now consider inverse MnsCoGe. Note that our
description of energy ordering and orbital composition of
the bands was site-based and the only atom-dependent in-
formation that was used was as to which atom is heavier.
Therefore, the site-orbital composition and ordering of
bands in inverse MnyCoGe and regular CooMnGe should
be similar (both compounds have light Mn atom on site
IT). As seen in Fig 1(e) the minority bands of inverse
MnyCoGe are indeed very similar to the minority bands
of regular CooMnGe. In regular MnyCoGe, when heav-
ier Co atom switches from site I to site II, the energy of
the green [red] bands decreases [increases| as compared to
the bands of inverse MnyCoGe [see Fig 1(e),(f)]. Analo-
gously to the inverse CooaMnGe case, in regular MnsCoGe
the band-gap closes and the DOS near Ep increases, re-
sulting in an increase of the total energy by 0.57 eV (see
Table T).

B. B. The ’lightest atom’ rule for chemical ordering
in cubic Heusler compounds

Note that the conclusion about the stability of regu-
lar CooMnGe and inverse MnoCoGe derived above was
based solely on geometrical analysis of orbital overlaps
and consideration which atom, X or Y, has smaller num-
ber of valence electrons, N. From these examples we
can derive a general rule - the ’lightest atom’ rule - that
states that the cubic Heusler compound X5YZ is stable in
whichever phase (regular or inverse) in which site IT is oc-
cupied by the ’lightest atom’ - the lower-valence atom or
atom with smaller atomic number if N(X) = N(Y). This
rule follows from the fact that at the X-point the energy
of the highest occupied bands (9-11r/i), all of which are
non-bonding to site II, increases when the lower-valence
atom switches from site II to site I, thereby, leading to
a closure of the SP valley (and the minority band-gap if
there is one) and consequently a larger DOS near Er and,
therefore, a larger total energy.

The preference of the lower-valence atom to occupy site
IT in Heusler compounds has been recognized for almost a
decade®? 14 but it was only known as an ’empirical rule
of thumb’!? since there was no clear understanding of its
origin. The limitation of the ’lightest atom’ rule is that
it cannot be applied to heavier compounds where (11r/1i)
band is pushed far below Er and flat (12r/i) band crosses
FEr resulting in peaky structure of minority DOS near
FEr. With large DOS at Er one cannot make a conclusion
as to which cubic phase is more stable (in such case the
tetragonal phase is often more stable than cubic!?).

C. C. Results of calculations for broad classes of
Heusler compounds that support the ’lightest atom’
rule

To support our explanation of the ’lightest atom’ rule
and clarify its range of validity we performed DFT cal-



TABLE I: Calculated lattice constant a, (a;) and total magnetic moment m, (m;) per formula unit for regular (inverse) phase
and the total energy difference, AF, between the phase where the lower-valence (or lower atomic number if the valence is the
same) atom does not and where it does occupy site II, are presented for 259 Heusler compounds. Note that AE is positive if the
’lightest atom’ rule is satisfied. The magnetic moment of the half metallic compounds that satisfy the Slater-Pauling rule are
highlighted in red, and the magnetic moment of compounds that satisfy the Slater-Pauling rule with dM = |M; —(N:—24)| < 0.5
accuracy are highlighted in green. Chemical formula of compounds that are predicted to have inverse structure by the ’lightest
atom’ rule are highlighted in blue.

ar M| a; m;| AE ar  me| oa; m;| AE ar M| a; m;| AE ar M| a; m;| AE
A @) A) (us)|(eV) A) ws)| D) (ws)| (V) A ws)|A) (ws)|(eV) A @) A) ws)|(eV)
MnoFeAl (4.14 7.07(4.06 0.30 [|FeaMnAl [4.01 4.05 1.93] 0.25|{Co2MnAl [4.03 4.07 5.25| 0.83||RuzMnGa |4.23 4.27 4.00| 1.40
MnCoAl |4.16 7.44|4.06 2.00| 0.52||FeaCoAl |4.06 5.58|4.03 4.96| 0.46 || CozFeAl |4.03 4.02 4.39| 0.69||RusFeGa |4.24 4.26 3.21| 0.95
MnyNiAl (4.16 0.00{4.11 1.15| 0.54 |Fe2NiAl [4.06 4.36|4.06 0.73||Co2NiAl [4.01 2.50(4.02 2.97| 0.07 || RuzCoGa [4.21 1.48(4.24 2.74|-0.32
MnyCuAl [4.21 0.00|4.16 0.15| 0.34||Fe2CuAl |4.10 3.99(4.10 4.17| 0.43|/Co2CuAl [4.02 1.20|4.06 2.56|-0.01 |/ RusMnIn [4.40 4.45 472 0.92
MnoFeGa [4.15 7.19(4.09 0.18 [|FeaMnGa [4.02 4.13 7.22] 0.07[[Co2MnGa|4.05 4.09 5.38| 0.69 ||RuzFeln |4.40 4.41 3.78| 0.61
Mn;CoGa |4.18 7.77|4.08 0.33||Fe2CoGa [4.08 5.97|4.05 5.11| 0.40||CozFeGa |4.04 4.05 4.80| 0.63||RuzColn [4.40 3.43|4.40 0.05
MnyNiGa (4.16 0.00{4.13 1.16| 0.31||Fe2NiGa [4.08 4.63]4.07 0.59 || Co2NiGa [4.02 2.62(4.03 2.99| 0.01 ||Ru2MnGe |4.25 4.23 1.34| 1.74
Mn2CuGa |4.23 0.00{4.20 0.30] 0.13||Fe2CuGa [4.13 4.45|4.12 4.41]| 0.28|] Co2CuGa |4.04 1.19(4.07 2.63|-0.05||RuzFeGe |4.24 4.25 3.18| 1.22
MnoFeSi [3.96 2.09(3.96 0.38[[Fe2MnSi [3.95 3.00[3.95 3.03] 0.24[[Co2MnSi [3.98 5.00[3.97 4.18] 0.88]|Ru2CoGe [4.21 1.96|4.25 2.84|-0.80
MnyCoSi [4.03 6.28(3.97 3.00| 0.73||Fe2CoSi [3.95 4.35|3.96 0.56 || CozFeSi  [3.98 5.46(3.95 3.96| 0.38 ||[RuzMnSn [4.41 4.44 4.34] 1.39
Mn2NiSi  |4.02 -0.11]4.02 1.07| 0.27||Fe2NiSi [3.95 3.18(3.99 4.68| 0.31|Co2NiSi [3.94 2.04(3.95 2.38|-0.19 || RuzFeSn |4.40 4.41 3.94| 1.04
Mn2CuSi |4.06 4.43|4.07 1.00| 0.03||Fe2CuSi |3.98 2.50|4.02 3.71{-0.02||Co2CuSi |3.94 0.00|3.99 2.38]-0.68 || RusCoSn |4.38 3.05|4.40 3.69(-0.39
MnoFeGe [4.04 1.98(4.05 0.41 |[|FeaMnGe [4.02 4.08 5.98| 0.21|[Co2MnGe [4.06 5.00[4.06 4.61| 0.88[|RuzMnSb |4.41 4.45 4.48| 1.64
Mn,CoGe |4.11 6.47[4.06 3.00| 0.57||Fe2CoGe |4.05 5.22(4.04 0.54||Co2FeGe [4.06 5.63|4.03 4.23| 0.44 ||RuzFeSb [4.40 4.37|4.40 3.79| 1.09
MnoNiGe [4.14 -0.01]4.13 0.88| 0.22(|Fe2NiGe [4.05 3.89(4.08 5.06| 0.36 || Co2NiGe [4.02 2.41{4.05 2.58(-0.18 ||RuzCoSb [4.37 2.82]4.40 3.48|-0.79
MnyCuGe [4.15 4.64|4.20 0.63| 0.12||FeaCuGe |4.08 3.55(4.11 4.36| 0.08 || Co2CuGe |[4.02 0.01|4.08 2.62|-0.55|/ RhoaMnGa|4.28 4.33 4.02| 1.54
MnoFeSn [4.34 8.03(4.27 0.12||FeaMnSn [4.25 5.82[4.31 7.57(-0.05||Co2MnSn [4.23 4.27 5.63] 0.97||RhoFeGa [4.27 4.27]4.28 3.08| 1.30
MnsCoSn (4.38 8.44(4.30 1.49| 0.30||Fe2CoSn [4.26 6.00|4.23 0.57||CozFeSn [4.24 5.70(4.22 4.69| 0.56 || RhoCoGa [4.24 3.00[4.26 2.41| 0.81
MnyNiSn [{4.36 0.00|4.35 0.52| 0.40(|FeaNiSn |4.25 4.63|4.26 5.22| 0.58||Co2NiSn [4.20 2.54|4.21 2.63|-0.03 ||[RhoMnlIn [4.44 4.47 4.22| 1.30
MnoCuSn |4.42 6.64]|4.41 0.52] 0.27|[Fe2CuSn [4.30 4.36|4.30 4.68| 0.31||Co2CuSn |4.20 0.17[4.25 2.64|-0.34||RhoFeln [4.42 4.24/4.43 3.45| 1.09
MnoFeSb [4.26 6.35]4.23 3.00| 0.31|[Fe2MnSb [4.20 4.26 6.52] 0.22||Co2MnSb [4.25 6.00(4.24 5.00| 0.97||Rh2Coln [4.40 3.01|4.40 2.54| 0.54
MnyCoSb (4.34 7.57(|4.23 4.00| 0.59 |Fe2CoSb 4.22 5.22(4.23 0.54 || CozFeSb  [4.22 5.35{4.20 4.27| 0.22 ||RhoMnGe [4.29 4.32 3.12| 1.43
Mn2NiSb [4.35 0.00(|4.34 0.67| 0.36 [|FeaNiSb [4.22 4.16(4.26 5.04| 0.29|Co2NiSb [4.18 1.84{4.20 2.43|-0.15||RhoFeGe [4.28 3.54|4.28 2.87| 0.88
MnzCuSb |4.42 6.48|4.40 1.07| 0.08 ||Fe2CuSb |4.27 3.86|4.29 4.26| 0.07 || Co2CuSb |4.19 0.63|4.26 2.48|-0.69 || RhaCoGe |4.25 2.33]4.26 2.23| 0.71
MnoMoGa |4.17 4.28 5.00| 0.42[|FezMoGa [4.14 4.21 3.58] 0.29]|Co2MoGa [4.17 4.16 0.78] 0.55||RhoMnSn [4.45 447 3.71| 1.41
MnoRuGa |4.29 7.15(4.21 0.73||Fe2RuGa [4.19 5.55|4.19 5.47| 0.60 ||CozRuGa [4.15 4.27|4.14 3.80(-0.16 || RhoFeSn [4.42 3.54|4.42 3.04| 0.85
Mn,RhGa |4.33 7.80(4.23 0.62||FeaRhGa [4.20 0.00|4.18 5.04| 0.80||Co2RhGa [4.15 3.30|4.14 3.34| 0.40||Rh2CoSn |4.40 2.34|4.40 2.30| 0.53
Mn,PdGa |4.35 0.00(4.33 0.55| 0.32||FeaPdGa |4.25 0.00]4.22 0.71]|CooPdGa [4.18 2.67|4.18 3.03| 0.17||RhoMnSb [4.45 4.67]4.46 3.43| 1.05
MnaMoln [4.33 4.47 5.00| 0.24 [[Fe2Moln |4.30 4.40 3.73| 0.40[[CozMoln [4.33 4.32 0.67] 1.07||RhoFeSb |4.44 3.18|4.41 2.59| 0.44
MnyRuln |4.45 7.63|4.41 0.31||FeoRuln [4.36 6.18(4.36 5.81| 0.31||Co2Ruln [4.31 4.32 3.95| 0.21||Rh2CoSb [4.38 1.61|4.40 1.78] 0.38
MnoRhIn |4.48 7.99(4.44 0.88| 0.35||FeoRhIn |4.37 0.00(4.36 5.34| 0.61||Co2RhIn |4.31 3.41|4.32 3.51| 0.16||Pd2MnGa [4.38 4.08[4.40 3.77] 0.64
MnyPdIn [4.52 0.00{4.50 0.38| 0.28 ||FeoPdIn [4.41 5.27|4.40 0.63||Co2PdIn [4.33 2.80(4.35 3.13| 0.11||Pd2FeGa [4.35 3.13]4.34 2.76| 0.39
Mn2MoGe [4.15 4.26 0.08] 0.26 [|FeaMoGe [4.15 4.20 3.41] 0.00[[Co2MoGe [4.18 4.16 0.23]-0.12[|Pd2CoGa |4.30 1.67|4.31 1.50( 0.25
MnsRuGe (4.28 7.29|4.17 1.12||FeaRuGe |4.16 4.88(4.16 4.97| 0.88||Co2RuGe |4.15 4.02(4.13 3.19|-0.58| Pd2MnlIn [4.54 4.19|4.54 3.93| 0.63
Mn2RhGe |4.32 7.49|4.18 3.00| 0.70||Fe2RhGe [4.20 0.00|4.18 0.80||Co2RhGe |4.15 3.09(4.15 3.34| 0.34||Pd2Feln |4.50 3.184.48 2.86| 0.39
MnPdGe |4.35 0.00|4.33 0.57| 0.14 [|FeoPdGe |4.23 4.65|4.24 5.25| 0.41 | Co2PdGe |4.17 2.52|4.18 2.75|-0.11 ||Pd2Coln |4.46 1.74]4.46 1.59| 0.17
MnzMoSn [4.31 4.45 0.04] 0.23[|Fe2MoSn [4.31 4.40 3.96| 0.34|[Co2MoSn [4.33 4.31 0.20] 0.62|[Pd2MnGe [4.40 4.11|4.40 3.63| 0.43
MnoRuSn |4.45 7.83(4.38 0.59||FezRuSn [4.34 5.73|4.34 5.21| 0.61||Co2RuSn [4.30 4.10|4.30 3.32|-0.17||Pd2FeGe [4.36 3.24|4.35 2.84| 0.11
MnyRhSn (4.48 7.81(|4.44 0.52| 0.58 [|Fe2RhSn [4.36 0.00|4.35 0.76 || Co2RhSn [4.30 3.05(4.32 3.38| 0.16 ||Pd2CoGe [4.32 1.64|4.31 1.31| 0.02
MnsPdSn [4.51 0.00{4.50 0.43| 0.24 [|FeoPdSn [4.39 4.84[4.40 5.29| 0.48|Co2PdSn [4.32 2.50(4.36 2.87|-0.09 ||Pd2MnSn [4.54 4.14]4.54 3.75| 0.56
MnsaMoSh [4.30 0.00({4.41 1.00(-0.22||Fe2MoSb [4.31 4.38 4.15| 0.05[[CozMoSb [4.32 0.00[4.32 0.00| 0.07||Pd2FeSn [4.51 3.21[4.49 2.84| 0.21
MnoRuSh |4.43 7.51(4.33 0.87 | FeaRuSb 4.31 5.01(4.33 0.75||Co2RuSb [4.29 3.66(4.30 3.21{-0.49 ||Pd2CoSn [4.46 1.65[4.45 1.25| 0.01
Mn,RhSb {4.46 0.00(4.44 0.51| 0.46||FeoRhSb (4.33 4.59(4.35 5.50| 0.62||Co2RhSb |4.29 2.70|4.31 3.26| 0.08||Pd2MnSb [4.58 4.30[4.56 3.79] 0.41
Mn,PdSb |4.52 0.00(4.52 0.61| 0.10||FeoPdSb |4.38 4.63|4.43 5.53| 0.15||Co2PdSb |4.31 2.06|4.35 2.71|-0.29||Pd2FeSb |4.54 3.40|4.50 2.89| 0.00
Mn,WGa [4.18 4.29 5.00] 0.84[|FeaWGa [4.15 4.22 3.51| 0.72||Co2WGa [4.16 1.72[4.17 0.69| 0.79]|Pd2CoSb [4.48 1.81|4.45 1.08(-0.17
Mn2OsGa |4.29 6.87(4.21 0.75 || Fe2OsGa [4.19 0.09(4.20 5.12| 0.42||Co20sGa [4.16 4.08(4.16 3.58(-0.02||NioMnAl [4.09 4.02]4.08 3.11| 0.59
MnoIrGa |4.33 7.73|4.21 0.65||FeoIrGa |4.21 0.00(4.20 5.13| 0.64||Co2IrGa [4.17 3.50|4.16 3.40| 0.35||NizFeAl |4.06 3.17|4.04 2.79| 0.19
Mn2PtGa |4.36 0.00|4.33 0.47| 0.31||FexPtGa [4.26 0.00|4.24 0.61||Co2PtGa [4.19 2.73{4.20 3.23| 0.10||Ni2CoAl [4.02 1.55[4.01 1.19|-0.07
MnaWiIn  (4.33 4.46 5.00| 0.77 [[Fe2WIn |4.30 4.40 3.69| 0.95|[Co2WIn [4.31 1.80(4.34 0.56| 1.35||NioMnGa [4.10 4.01[4.10 3.27| 0.45
MnoOsIn  (4.44 7.11(4.42 0.17 || Fe2OsIn  [4.35 5.61[4.37 5.78| 0.04||Co20sIn [4.31 4.44|4.33 3.94| 0.51 ||Ni2FeGa [4.08 3.23]4.06 2.80| 0.15
Mneolrln  |4.47 7.91]4.45 0.71] 0.25]||Fe2IrIn 4.37 0.00]4.38 5.56| 0.32||Co2IrIn  [4.31 3.57|4.34 3.60|-0.06 ||Ni2CoGa [4.04 1.67[4.03 1.51{-0.09
Mn2oPtIn |4.51 0.00|4.51 0.32] 0.19||FexPtIn [4.41 0.00|4.40 0.48||Co2PtIn [4.34 2.82(4.38 3.34|-0.11 ||Ni2MnSi [4.03 3.80[3.98 2.54| 0.22
MnaWGe [4.16 4.27 4.41] 0.77||FeaWGe [4.16 4.22 3.46] 0.40][|CooWGe [4.17 0.00]4.17 0.29] 0.12[|NizFeSi |4.00 3.10|3.97 2.53|-0.06
Mn3OsGe |4.14 0.00(|4.18 1.09||Fe2OsGe |4.17 4.46]4.19 4.99| 0.77||Co20sGe [4.16 3.39|4.15 3.10|-0.70||NizCoSi |3.95 1.08/3.95 0.00|-0.27
MnoIrGe (4.30 0.00{4.19 3.00| 0.70 [|Fe2IrGe [4.21 0.00(4.19 0.75||Co2IrGe  [4.17 3.13|4.17 3.24| 0.54 ||NioMnGe [4.11 3.93]4.08 2.84| 0.30
Mn,PtGe |4.36 0.00(4.35 0.28| 0.07||FeoPtGe |4.26 0.00(4.26 5.40| 0.39||Co2PtGe |4.20 2.61|4.22 3.10|-0.11||NizFeGe |4.08 3.24|4.06 2.81| 0.00
Mn,WSn [4.31 4.45 4.70] 0.83][[Fe2WSn [4.31 4.40 3.74] 0.87][[Co2WSn [4.32 0.00[4.34 0.26] 0.88[|NizCoGe |4.03 1.32]4.03 0.45|-0.21
MnOsSn |4.44 7.41|4.37 0.57||Fe2OsSn [4.33 4.90|4.36 5.28| 0.40||Co20sSn [4.31 3.79|4.33 3.30(-0.08 ||[NizMnSn [4.29 4.06]4.28 3.45] 0.58
MnalrSn  {4.45 0.00({4.45 0.44| 0.51||Fe2IrSn |4.36 0.00|4.37 0.59||Co2IrSn  [4.31 3.14|4.35 3.41| 0.16 || NioFeSn [4.25 3.25[4.24 2.96| 0.22
Mn2PtSn [4.50 0.00|4.51 0.18| 0.13||Fe2PtSn [4.39 4.75(4.42 5.45| 0.40||Co2PtSn [4.33 2.55(4.38 3.10{-0.23 || NiCoSn [4.21 1.39|4.18 0.00{-0.06
MnWSb [4.31 4.41 1.00] 0.20]|Fe2WSb [4.32 4.40 4.11] 0.46][Co2WSb [4.31 0.00[4.33 0.00] 0.27[[NioMnSb [4.29 4.00[4.27 3.30| 0.45
Mn,OsSb {4.41 0.01(4.35 3.00| 0.83||Fe2OsSb |4.31 4.29(4.35 0.57||Co20sSb [4.30 3.03|4.31 2.95|-0.56 || NioFeSb [4.26 3.34|4.23 2.64| 0.05
MnoIrShb  |4.45 0.00|4.47 0.04| 0.37||Fe2IrSb [4.33 4.24|4.38 0.49|| CozIrSb  |4.31 2.49(4.33 3.34| 0.20||Ni2CoSb |4.20 1.36|4.18 0.55(-0.21
MnoPtSb [4.52 0.00|4.53 0.60|-0.10 {|Fe2PtSb [4.37 4.33|4.45 5.69| 0.02|Co2PtSb [4.33 2.14{4.38 2.87|-0.39
MnoFeln [4.35 7.934.33 0.02
MnyColn [4.37 8.06(4.31 0.12
Mn,Niln {4.38 0.00{4.35 0.54| 0.36
MnyCuln (4.44 0.00|4.41 0.26| 0.23
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FIG. 2: (Color online). AE for X3 YZ compounds with X=Mn
(a), Fe (b), Co (c), and X=Ru,Rh,Pd,Ni (d), see text for de-
tails.

culations for a subset of 259 compounds from among the
XoYZ Heuslers with X={Mn,Fe,Co,Ni,Ru,Rh,Pd},
Y={Mn,Fe,Co,Ni,Cu,Mo,Ru,Rh,Pd,W,Os,Ir,Pt},

and Z={Al,Ga,In,Si,Ge,Sn,Sb}  using the VASP
program'® with PAW potentials and PBE GGA/DFT
functional'™'®, In Table I we show the calculated lattice
constants and magnetic moments of regular and inverse
phases and the total energy difference, AE, between the
phase where the lower-valence (or lower atomic number
if valence is the same) atom does not and where it does
occupy site II for all considered compounds. Note that
AF is positive if the 'lightest atom’ rule is satisfied. The
convergence of these results was verified by varying the
number of divisions in reciprocal space from 10x 10x 10
to 18 x 18 x 18 and the energy cut-off from 400 eV to
520 eV. In Supplemental Material we show the figures of
DOS and minority bands of these compounds.

Fig 2 shows AFE for 259 compounds as a function
of NY) — N(X) + 6(Z), where we define §(Z) =
0.1[N(Z) — 4], for illustrative purposes: compounds with
N(Z)=34,5 are displayed with slight shifts from the
guide-lines. The ’lightest atom’ rule is valid (AE >
0) for 66 out of the 68 MnyYZ compounds consid-
ered and 62 out of the 64 FesYZ compounds consid-
ered. AE > 0 for all CooYZ (Y=Mo,W ,Mn), RusYZ
(Y=Mn,Fe), RhoYZ (Y=Mn,Fe,Co), Pd2YZ (Y=Mn,Fe),
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FIG. 3: (Color online). (a-g) DOS averaged over Z and Y*)
for sets of X2 Y*)Z compounds where X=Mn,Fe,Co for phases
that satisfy the 'lightest atom’ rule. (h-n) same as (a-g) for the
corresponding phase that does not satisfy the ’lightest atom’
rule.

and NigMnZ compounds considered (except CoaMoGe).
As discussed above the ’lightest atom’ rule cannot re-
liably predict the stable phase of compounds when
N(X) and/or N(Y) is too large. Therefore AE typi-
cally reduces when N(Y') increases [as seen on Fig. 2
(¢),(d) this trend is especially well pronounced for heav-
ier X=Co,Ni,Ru,Rh,Pd] and many compounds in heav-
ier subsets: Co2YZ (Y=Fe,Ni,Cu,Ru,Rh,Pd,Os,Ir,Pt),
RuyCoZ, PdyCoZ, NiosYZ (Y=Fe,Co) have AE < 0.



In Fig 2 the half-metallic compounds (dM = 0)
are indicated by red open circle, compounds with 0 <
dM < 0.06 and 0.06 < dM < 0.15 are indicated
by green and cyan open circle, correspondingly. Here
dM = |M; — (Ny — 24)| measures the validity of the
Slater-Pauling rule. Many light Heuslers: MnyoYZ and
FeoYZ [N(Y) — N(X) < 2], CooYZ [Y=Mo,W,Mn] and
RusYZ [Y=Mn,Fe] have Slater-Pauling behaviour. Com-
pounds with smaller dM typically have higher AFE since
both, higher AE and Slater-Pauling behavior (and half-
metallicity), originates from Er being within the SP val-
ley.

Fig 3(a-g) show the DOS for X, Y(*)Z compounds with
X=Mn,Fe,Co, averaged over all considered in present
work Z and Y&, where the phase is chosen in agree-
ment with the ’lightest atom’ rule: regular for Y(=) with
N(Y')) < N(X), and inverse for Y(H) with N(Y(+)) >
N(X). [Number of averaged compounds can be deduced
ether from Fig 2 or from Table I]. For CoyY()Z com-
pounds where Ef is very close to the higher edge of the
SP valley we additionally separated compounds to that
with AE > 0.4eV and that with AE < 0.4eV [see Fig 2
(e),(g)]-

The SP valley between (11r/i) and (12r/i) bands is
clearly seen in Fig 3(a-g) as the valley near Ep in red-
colored and blue-colored pDOS of atoms on site I and
site I, correspondingly. For inverse XoY(H)Z compounds
with X=Fe,Co the SP valley is formed mostly by Fe or
Co pDOS (red) since pDOS of heavy Y() (blue) is small
near Ep (most of the DOS structure of these heavy atoms
is located far below Er). Since it is energetically favor-
able, EF is often located within the SP wvalley, although
for heavier CoaYZ, EF shifts to the higher edge of the SP
valley.

Due to non-bonding of states (9-13r/1) to site IT the mi-
nority pDOS of the (lower-valence) atom on site II [green
lines in Fig 3(a-g)] have a wide valley. Ep is located lower
than the higher energy edge of this valley [determined
mostly by state (15r/i)] for X=Mn,Fe, right on the edge
for CooY(5)Z with AE > 0.4eV, slightly above the edge
for CopY(7)Z with AE < 0.4eV, and far above the edge
for CooY()Z. As discussed above, peaky DOS structure
at Er in last two cases leads to violations of the ’lightest
atom’ rule: Fig 2(c) shows many points with AE < 0 for
Co2Y7Z compounds with N(Y) — N(X) > —1.

Fig 3(h-n) show averaged DOS for the same compounds
as Fig 3(a-g), but with different phase - when lower-
valence atom is switched from site II to site I'. Due to
this switch, the energy of the bands mostly localized on
site IT decreases and the energy of bands mostly localized
on sites I and I’ increases, so the SP valley closes and the
minority DOS increases near Er in Fig 3 (h-1) and near
Er — 0.5 eV in Fig 3(m,n), as compared to the DOS in
corresponding Fig. 3(a-g). The described above behav-
ior of the DOS averaged over broad classes of compounds
(as well as DOS of individual compounds presented in
Supplemental Material) confirm that the ’lightest atom’
rule indeed originates from the increase of the total en-
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FIG. 4: Minority bands of the stable phase (inverse for X=Fe
and regular for X=Co) of 6 Heusler compounds that are not
half-metallic exclusively due to the drop of a (green) band
that includes the (15r/i) state at the X-point below the Fermi
energy.

ergy due to increase of the minority DOS at Er when
lower-valence atom is switched from site II to site I’ (or

1).

IV. IV. HALF-METALLICITY RULE

A. A. Half-metallicity rule for compounds with
M; = N¢ — 24 Slater-Pauling behaviour

We found that in all considered cases where the SP
valley exists near Er and site II is occupied by a higher-
valence atom than Mn, the energy of state (15r/i) at X-
point drops below the energy of states (ix,x,xi) at T'-point
and/or below Ep. Examples of such behaviour can be
seen in Fig. 4 that shows minority bands of Fe,CoSi,
Fe;CoSb, CosFeAl, CosFeSi, CosFeGe, and CosFeSn
compounds. One can see that the band gap of these com-
pounds is closed exclusively due to the drop of the energy
of the state (15r/i) at the X-point below the Fermi en-
ergy. This drop in energy can be explained by the fact
that the wavefunction of the state (15r/1) is localized on
site IT which is occupied by ’too heavy’ atom (atom with
valence higher then valence of Mn) which drugs the en-
ergy of the state (15r/i) below Er. Therefore, in all these
cases there is no minority band-gap at Ep.

On the other hand, if a lower-valence atom than Mn
occupies site I or I, then, according to the ’lightest atom’
rule, site II should be occupied by an atom with equal
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FIG. 5: Minority bands of the stable phase (inverse for X=Mn
and regular for X=Fe,Co) of 12 half-metallic Heusler com-
pounds that have the Slater-Pauling behaviour.

or still lower-valence, thereby resulting in states (ix,x,xi)
lying above Ep, so again there is no minority band-gap
at Ep [exception from this statement will be considered
in section C below]. Therefore, we can formulate the
"half-metallicity’ rule: ”The half-metallic cubic Heusler
compound should have an atom on site IT with the same
or lower valence than Mn, and atoms on sites I and T’
with the same or higher valence than Mn”.

Fig. 5 shows the minority band structure of 12 half-

% 7]
n,CusSi inv.
MR NN T S
W L T X

FIG. 6: Minority bands of the half-metallic inverse phase of
MnsCuSi.

metallic Heusler compounds that have magnetic moment
satisfying the M; = N; — 24 Slater-Pauling rule. In all
these compounds site II is occupied by Mn atom and
therefore the (green-colored) state (15r/i) at X-point has
energy above Ep [compare to Fig 4]. Thus, the half-
metallicity rule derived above is supported by our find-
ings of half-metallicity only for Heusler compounds with
Mn on site IT and Mn,Fe,Co,Rh,Ir,Os on sites I and I'.

Several dozens of regular and inverse cubic Heusler
compounds that are predicted by DFT calculations to be
half-metallic with M; = N, — 24 Slater-Pauling magnetic
moment can be found in literature (see, e.g.8*19). To
the best of our knowledge, all these half-metallic Heusler
compounds satisfy our half-metallicity rule without a sin-
gle exception.

B. B. Half-metallicity rule for compounds with
generalized M; = N; — 28 Slater-Pauling behaviour

On Fig. 6 we show the minority band structure of
half-metallic inverse MnoCuSi (inverse phase is 0.03 eV
lower in energy compared to regular phase of this com-
pound, see Table I). This compound is the only half-
metallic compound found among considered in present
work compounds that does not have the M; = N; — 24
Slater-Pauling behavior. Magnetic moment of MnyCuSi
is 1.0up (see Table I) while the M; = N; — 24 Slater-
Pauling rule predicts the magnetic moment of 5.0up for
this compounds. The Slater-Pauling behaviour is violated
in this compounds since two bands that include states
(xii,xiii) at the T'-point [these states are localized on sites
I and I'] are dragged below Er by heavy Cu that occu-
pies site I (compare minority bands of MnyYSi within the
series of Y=Fe,Co,Ni,Cu in Supplemental Material). The
shift of two minority bands from fully unoccupied to fully
occupied leads to reduction of the magnetic moment by
4 UB-

Nevertheless, according to the half-metallicity rule de-
rived above, inverse MnsCuSi is still allowed to be half-
metallic since site II is occupied by light Mn atom and,
therefore, localized on site IT state (15i) can have energy



above Er. This is indeed what one can see on Fig. 6
- state (151) at the X-point has energy Ep + 0.25 eV
and the band gap is not closed by the (green) band that
includes this state (compare with closure of the gap in
compounds shown in Fig. 4).

Inverse MnyCuSi is one of several known in literature
half-metallic compounds that satisfy the so-called gen-
eralized M; = N; — 28 Slater-Pauling rule for inverse
Heusler compounds'#.  Other known members of this
class of half-metallic compounds include inverse CryZnSi
and MnyZnSi. As one can see these two compounds
also satisfy our half-metallicity rule. Since switch of the
M; = N; — 24 behavior to M; = N; — 28 behavior is
due to the high valence of the atom on site I, the en-
ergy of the (151) state which is localized on site 1T should
not be affected much by this change of the Slater-Pauling
behavior and, therefore, the half-metallicity rule derived
above should still work for compounds with M; = N; —28
behavior.

C. C. Half-metallicity rule for compounds with
generalized M; = N; — 18 Slater-Pauling behaviour

Another class of inverse half-metallic compounds
known in literature satisfy the generalized M; = N; — 18
Slater-Pauling rule'*. Known members of this class in-
clude inverse compounds: ScoCrAl, ScoMnAl, ScoVSi,
SCQCI‘Si, SCQMHSi SCQCOSi TiQMHAl, TiQFeAl, TiQCOAl,
TioNiAlL, TiaVSi, TigFeSi, TixCoSi, TiaVAs, V3Al
V,CrAl, VoMnAl', TisCoB2°, and Ti,CoGa?!.

The change from M; = Ny — 24 behavior to My = N; —
18 behavior in these compounds originates from presence
of the low valence atoms X on sites IT and I'is that pushes
three bands that include states (ix,x,xi) at the I'-point
from below Er to above Er. The shift of three minority
bands from fully occupied to fully unoccupied leads to
increase of the magnetic moment by 6 up.

Since states (ix,x,xi) at the I'-point have energy above
Er the half-metallicity rule derived in section A for com-
pounds that satisfy the M; = Ny — 24 rule should be mod-
ified for compounds that satisfy the M; = N; — 18 rule
and include only one condition. Thus, the modified (less
restrictive) rule for this class of compounds reads: ”The
half-metallic inverse cubic Heusler compound that satisfy
generalized My = N, — 18 Slater-Pauling rule should have
an atom on site II with the same or lower valence than
Mn”. To the best of our knowledge all half-metallic com-
pounds with M; = N; — 18 behavior satisfy this modified
half-metallicity rule without single exception.

V. V. GENERAL TRENDS IN MAGNETIC
STRUCTURE OF CUBIC HEUSLER
COMPOUNDS

As seen in Table I (and also in Fig 3) the XoYZ com-
pounds with X=Mn,Fe,Co,Ru,Rh typically have mag-

netic moment that satisfies the M; = N; — 24 Slater-
Pauling rule (exactly or approximately) at the low-
valence end of corresponding Y-series. When valence
of the Y atom increases the SP valley in minority DOS
moves to lower energies from Ep (or even closes) and mi-
nority bands are filled by more then 12 electrons. Thus,
the magnetic moment reduces as compared to the Ny —24
prediction. As seen from corresponding DOS figures
(DOS and minority bands figures are presented for all
considered compounds in Supplemental Material) the SP
valley for heavier compounds with X=Pt,Ni is always lo-
cated below Ef, so the magnetic moments of these com-
pounds are always less then N; — 24 (see Table I).

Compounds with X=Mn and Y atoms with valence
higher than Mn (Y=Fe,Co,Ni, etc) typically have anti-
ferromagnetically (AFM) coupled Mn atoms in stable in-
verse phase (this phase satisfies the ’lightest atom’ rule)
with large absolute values of magnetic moment (> 2.5up)
on Mn atoms. One reason for this is that in many MnsYZ
compounds that have (energetically favourable) Slater-
Pauling behavior generally small values of N; — 24 (as
compared to compounds with X=Fe,Co and similar Y
and Z) make the AFM coupling of two Mn atoms pre-
ferred over the FM coupling in inverse phase. Compounds
with X=Mn and Y atoms with valence lower than Mn
(Y=Mo or W) ether have ferromagnetically (FM) coupled
Mn atoms with low (< 1up) magnetic moments on Mn
atoms (MnaMoGa, MnsMoln, MnoaWGa, MnoWin, and
MnyWSb) or are non-magnetic (MnaMoGe, MnyMoSn,
MnyWGa, and MnaWIn) in stable regular phase (this
phase satisfies the 'lightest atom’ rule) with a single ex-
ception of Mny;MoSb that has inverse stable phase.

Compounds with X=Fe,Co,Ni typically have two FM
coupled magnetic X atoms. The FM coupling is ener-
getically favorable for these materials since, unlike the
complex AFM structure of bulk Mn, parent bulk mate-
rials Fe,Co, or Ni have FM coupling. Also, parent bulk
Fe, Co, and Ni metals have lower absolute value of the
magnetic moment per atom as compared to the magnetic
moment of Mn atoms in bulk Mn, while Heusler com-
pounds with X=Fe,Co,Ni have larger N, —24 as compared
to Ny — 24 of X5YZ compounds with X=Mn and the same
Y and Z atoms. Therefore, for Heusler compounds with
X=Fe,Co,Ni that have (energetically favourable) Slater-
Pauling behavior, larger values of Ny — 24 make the FM
coupling of two X atoms preferred over the AFM coupling
in both regular and inverse phase.

VI. VI. CONCLUSION

In conclusion, we developed an 18-orbital coupling
model for cubic full Heusler compounds that explain the
orbital composition, symmetry and energy ordering of
18 states near Ep at the I' and X symmetry points.
We show that due to the high symmetry of the regular
Heusler compound each of 18 considered states at the I’
and X symmetry points are composed from no more then



two orbitals from the list of 18 orbitals that significantly
simplifies analysis of the system. Based on this analysis
we derived a unified set of rules for Heusler compounds
that accounts for their chemical ordering ("lightest atom’
rule), their magnetic moment (Slater-Pauling rule), and
those compositions most likely to be half-metallic (half-
metallicity rule). The limitation of the ’lightest atom’
rule is that it cannot be applied to heavy compounds.
To the best of our knowledge all known in literature half-
metallic Heusler compounds that follow the M; = N; —24
or M; = N;—28 Slater-Pauling behaviour satisfy the half-
metallicity rule without a single exception. DFT calcula-
tions performed for 259 compounds confirm the validity
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of our model and derived rules for broad classes of Heusler
compounds.
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