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Using zone calculations in the FLAPS (the full-potential linearized augment-
ed-plane-waves) model, information is obtained on the energy, charge and
spin characteristics of Pt;-.Me.MnSb alloys (Me=Ni, Au, x=0.0-1.0). As
established, with an increase in the concentration of nickel or gold atoms the
interatomic spatial density of electrons decreases, covalent bonds weaken and
the binding energies of atoms in alloys decrease. As found, the dominant con-
tributions to the formation of magnetic moments are made by 3d electrons of
manganese atoms, and the polarization of electrons at Fermi levels depends
on the composition of alloys.

Key words: bandstructure calculations, Heusler alloys, bandstructure, mag-
netic moments, polarized bandstructure state, spintronic.

3a IOIMOMOrOI 30HHHX POo3paxyHKiB B pamirax mogenio FLAPS (the full-
potential linearized augmented-plane-waves) omepskaHo iH(opMmaIlliro mpo
eHepreTuuHi, sapsamoBi Ta cmiHoBi xapaxkTepuctuxku cromiB Pt Me,MnSb
(Me=Ni, Au, x=0,0-1,0). BcranosaeHo, 1110 3i 30iJIbIIIEHHAM KOHIIEHTpAaIil
aromiB Hikmio a6o AypyMy 3MeEHIIIYEThCS MiKaTOMHA IIPOCTOPOBA T'yCTHHA
eJIeKTPOHIB, IOCJIa0JIOI0THCSA KOBAaJEeHTHI 3B A3KM 1 SHMIKYIOTHCA eHeprii
3B’SIBKY aTOMiB y cTonax. BuaBieHo, 1110 TOMiHYBaJdbHi BKJIaau y (QOPMyBaHHA
MAarHeTHUX MOMEHTiB BHOCATD 3d-eJIeKTPOoHU aToMiB Maurany, a moyigapusarisa
eJIEKTPOHIB Ha piBHAX PepMmi 3aIe;KUTH BiJf CKJIAAy CTOIIIB.

KarouoBi caoma: 30HHI pospaxyHkKwu, cromu I'oiiciepa, eJleKTpoHHa Oymosa,
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1.INTRODUCTION

A variety of materials with complex crystal structures that exhibit
unusual electronic and magnetic properties have always attracted con-
siderable attention from both theorists and experimenters for the pur-
pose of using these unconventional properties in possible practical ap-
plications. One such group of materials which is being actively investi-
gated at the moment are the Heusler compounds. The parent Heusler
compounds, the so-called the full-Heusler phases (L2;-structures),
have the general formula X,YZ, where X and Y are transition metals
and Z is an sp-valent elements. The half-Heusler phases (C1; struc-
tures) have the same structure, except that one of the sites occupied by
the X atom in the parent compound is empty, giving a general formula
XYZ[1]. These phases have [2—5] a complex of magnetic, kinetic, opti-
cal, magneto-optical, superconducting, thermoelectric, and other im-
portant properties. In the system of compounds under discussion, it is
possible to implement topological insulators and the so called half-
metallic state of a solid with a completely uncompensated spin density
of band electrons at the Fermi level —an important property necessary
in technologies for creating materials for spintronics devices.

In 1983 de Groot and co-workers [6] discovered by ab-initio calcula-
tions that one of the half-Heusler alloys, NiMnSb, is half-metallic, i.e.,
the minority band have a band gap at the Fermi level. This conclusion
is confirmed in a series of other works—see, for example, reviews [7,
8]. C1, type Heusler compounds have attracted much attention since
the discovery of the very large Kerr effect in PtMnSb [9]. This large
effect, a maximum of 1.3° at 1.7 eV in the room-temperature Kerr-
rotation spectrum, has been attributed to the unusual electronic struc-
ture of this material. Long-standing calculations [6] of the zone struc-
ture showed that PtMnSb belongs to the class of so-called half-metallic
materials, but there is no convincing experimental evidence for this
fact in the literature. Moreover, in the calculations [7, 8], the value of
66.5% was obtained for the polarization of valence electrons at the
Fermi level in the PtMnSb compound. The addition of gold atoms to the
MnSb ‘matrix’ preserves the structural C1, type of the AuMnSb alloy
[10]. The total and partial magnetic moments of the atoms, as well as
the equilibrium parameters of the cubic cell of the alloy, are calculated
[11] with low accuracy. MeMnSb alloys (Me=Ni, Pt, Au) are ferro-
magnets with Curie temperatures, resistive and magnetic characteris-
tics depending on the type of Me atom [10].

An effective way to influence the properties of Geisler phases is the
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synthesis of solid solutions based on them. Good model systems of this
plan are a series of Pt;_.Me.MnSb alloys (Me =Ni, Au, x=0.0-1.0)[12,
13]. Here, using x-ray diffraction, the parameters of their cubic lattic-
es were determined, as well as magnetic, magneto-optical characteris-
tics, temperatures Curie and temperature dependence of saturation
magnetization were measured.

Outside of the cited works, a number of comparative characteristics
of the electronic structure of these alloys have not been studied. There
was no complete information about their energy characteristics, the
spin and charge states of atoms, the nature of interatomic chemical
bonds, the structure of valence bands and conduction bands. This pa-
per is devoted to finding answers to these problems.

2. THE METHODOLOGY OF THE CALCULATIONS

The ‘parent’ half-Heusler MeMnSb (Me = Ni, Pt, Au) alloys crystallize
in cubic syngony with the space group F-43m (No. 216) [10]. Experi-
mental studies of alloys of mixed atomic composition Pt;_.Me.MnSb
alloys (Me=Ni, Au, x=0.0-1.0) [12, 13] did not reveal a significant
rearrangement of the symmetry of their cubic crystal lattices. To sim-
plify the calculation procedure in this paper, the positions of the com-
ponent—atoms of the Pt;_.Me,MnSb alloys (Me=Ni, Au, x=0.0-1.0)
are set using the symmetry operations of a simple cubic lattice P. The
correctness of this approach on the example of the study of half-
Heusler phases is proved by usin[14, 15].

Band calculations were performed by the LAPW method [16] with a
gradient approximation of the electron density (GGA-generalized gra-
dient approximation) in the form [17]. A spin-polarized version of this
method was used to calculate the characteristics of the electronic
structure [18]. The parameters a of the cubic lattices of the
Pt,-.Me,MnSb alloys (Me =Ni, Au, x=0.0-1.0) required for the calcu-
lations are borrowed from the experimental data, obtained in [12, 13].
The radii (Rw:) of the MT (muffin-tin)—atomic spheres were chosen
from the consideration of minimizing the size of the inter-sphere re-
gion in the NiMnSb alloy, which has the smallest unit cell volume. For
all alloys and all the atoms in them, these radii were 2.18 Bohr radius
(1 Bohr radius =5.2918-10"'' m). When calculating the characteristics
of the electronic structure of all alloys, 172 points in the irreducible
parts of their Brillouin zones were used. APW +lo bases are used to
approximate the wave functions of the 3d electrons of all atoms, and
LAPW bases are used for the wave functions of the remaining valence
electrons. The size of the basis set was determined by setting the prod-
uct RntK max = 7.0 (Kmax is the maximum value of the inverse lattice vec-
tor). When selecting the maximum orbital quantum number for partial
waves inside the MT spheres, the value I =10 is used. The non-muffin-
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tin matrix elements were calculated using [ = 4.

The binding energies (cohesion energies) were calculated as the dif-
ferences between the total energies of the atoms forming the unit cells
of the alloys themselves, and the sum of the total energies of their con-
stituent atoms, separated from each other by ‘infinity’. They were de-
termined in accordance with the recommendations [19].

The degree of polarization (P) of Fermi electrons was determined by
the formula [20]:

_ DT(EF) - DL(EF)
D.(E,)+D,(E,)’

where D1(Er) and Dy(Er) are the total electron state densities at the
Fermi level (Er) with the spin directions up and down, respectively.

3. RESULTS AND DISCUSSION

In the works [14, 15, 21], it was found that the chemical composition
and atomic disordering affect the interatomic bond energies, the de-
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Fig. 1. Concentration dependences of atomic binding energies (E..n.), and spa-
tial electron densities (¢, e—electron charge) in the interatomic regions of
Pt;-.Me,MnSb alloys.
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gree of their covalence, and the parameters of the unit cells in half-
Heusler alloys. Similar dependences, as indicated in Fig. 1, are also
characteristic of Pt;_.Me.MnSb (Me=Ni, Au, x=0.0-1.0) alloys. It
can be seen that the drop in the charge density in the interatomic re-
gion is accompanied by a decrease in the binding energies of the atoms
in the alloys under study. Based on this and the valence theory [22], the
following conclusion can be formulated: a decrease in the spatial densi-
ty of electrons in interatomic regions with an increase in the concen-
tration of nickel or gold atoms in Pt;-.Me,MnSb (Me =Ni, Au, x=0.0—
1.0) alloys leads to a weakening of covalent chemical interatomic
bonds. This fact may indicate a possible loss of thermodynamic stabil-
ity of Pti-.Me,MnSb (Me =Ni, Au, x=0.0-1.0) alloys with an increase
in the concentrations of substitution atoms in them. This instability is
most characteristic of alloys with gold, since their binding energies
(Econ.) are significantly lower in comparison with those for phases with
nickel.

The concentration dependences of the parameters a of the crystal
lattices of alloys correlate with the charges of atoms (Fig. 2). The de-
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Fig. 2. Concentration dependences of atomic charges (&, e—electron charge)
and parameters (a) [13] of conventional cells of Pt;-.Me,MnSb.
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clining trend of curve a(x) with an increase in nickel concentrations in
Pt,-.Ni,MnSb alloys (x=0.0-1.0) is due to a reduced atomic radius of
nickel 1.24 A compared to the same for platinum atoms, equal to 1.39 A
[23]. As a consequence of this and the already mentioned ‘striving’ of
alloys for dense atomic packages (F-structures) this inevitably leads to
a decrease in the values of parameter a with an increase in the nickel
concentration in the alloys. If the atomic radii of the substituting com-
ponents exceed the size of the platinum atoms, then, according to the
above considerations, in a series of solid solutions, the parameter a
should increase with increasing concentrations of the embedded atoms.
Indeed, such a pattern can be seen for a series of Pt;_.Au.MnSb alloys
(Fig. 2) for which the atomic radius of gold is 1.44 A [23]. Another con-
firmation of the above assumptions is the course of the dependence
a(x) in Pt:_.Cu.MnSb series alloys (x=0.0-1.0) [13]: here, at an atomic
radius of 1.28 A copper [23], a decreasing course of the curve a(x) at
x — 1.0 is observed, as in nickel alloys. It should be noted that the cur-
rent values of a(x) in copper alloys exceed those for nickel alloys [13].
The latter circumstance is explained by the somewhat larger radius of
the copper atoms.

From Figure 2 it can be seen that with increasing nickel concentra-
tion in Pb1-.Ni.MnSb alloys, the number of electrons in atomic spheres
increases monotonically. Note that the transition to alloys with a max-
imum nickel concentration is accompanied by an increase in the num-
ber of electrons on the Pt, Sb, Ni and Mn atoms by 0.09, 0.06, 0.41 and
0.12 percent, respectively. A different situation is observed for alloys
with gold. Here, with an increase in the concentration of gold in
Pb:.Au,MnSb alloys, the number of electrons in the atomic spheres of
metals monotonically decreases (for manganese atoms up to x=0.75),
although the expected situation should be the opposite. Indeed, in each
act of replacing platinum with gold, one electron is added to the elec-
tronic subsystem from each gold atom, and with an increase in the gold
concentrations in the alloys, one would expect an increase in the @ val-
ues. But this does not happen, and this can be explained by the fact that
an increase in the parameter a leads to such an increase in the volumes
of crystal cells of alloys that the spatial density of electrons decreases,
providing the observed concentration dependence of @. Note that the
transition to alloys with a maximum concentration of gold is accompa-
nied by a decrease in the number of electrons on the Au, Pt, and Mn at-
oms by 0.048, 0.064, and 0.246 percent, respectively. The charges of
antimony atoms undergo a more complex and less noticeable (third dec-
imal place) concentration evolution.

As can be seen, the changes in @ values for Sb, Pt and Au atoms are
insignificant, whereas for 3d metal atoms the @ variations turn out to
be significantly higher. A possible reason for such variations in @ is an
increase in the degree of delocalization of valence electrons in a num-
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ber of atoms Au, Pt, Sb, and Ni, Mn—a reaction to a sequential de-
crease in the charges of the nuclei of these elements. In particular, the
increased delocalization of the valence electrons of nickel and manga-
nese atoms provides an increased dynamics of the formation of their
chemical bonds with the surrounding atoms and, as a result, leads to
large changes in the @ values.

Additional information about the nature of chemical bonds in the
studied alloys can be obtained by considering the energy structure of
their valence bands and zones of vacant states. The corresponding data
in the form of curves representing the electron state densities are
shown in Fig. 3.

The total densities and total atomic densities of the electronic states
of the studied phases for both spin orientations are complex structures
that vary depending on the atomic composition of the alloys. It can be
seen from the discussed figure that the influence of the atomic compo-
sition of alloys manifests itself in a change in the shape and energy lo-
calization of the densities of electronic states.

The maximum contributions to the densities of states from antimo-
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Fig. 3. Total electron densities (top panel) and total atomic electron densities
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respectively. Eris the position of the Fermi level.
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ny atoms in all alloys are concentrated in the region of deep lying
(~—10eV) quasi-core states genetically associated with Sb 5s electrons.
In general, these contributions are insignificant. The states of antimo-
ny atoms in the region of valence electron localization (—5—0eV) have
even smaller contributions. This indicates that the antimony atoms in
the crystal lattices of the alloys are mainly held by ionic bonds.

The localization of the electronic states of metal atoms in this ener-
gy region and their hybridization indicate that the metal atoms in the
alloys are bound together mainly by covalent interaction. Their fur-
ther analysis is based on the basic principles of quantum chemistry
[22]: in the absence of spatial symmetry constraints, the degree of in-
teractions of the electrons entering into chemical bonds depends on the
proximity of their energies and manifests itself in the energy splitting
of the final states and the degree of their hybridization.

As can be seen from Figure 3, these characteristics of the electronic
states of metal atoms depend on the atomic composition of the alloys.
In the PtMnSb alloy, the states of metal atoms occupy close energy po-
sitions, hybridize well and split energetically. These facts indicate a
high degree of covalence of Pt—Mn chemical bonds, which provides
high values of the binding energy of the PtMnSb alloy (Fig. 1).

A consistent increase in the nickel concentration in Pb;_.Ni.MnSb
alloys (x=0.0-1.0) is accompanied by a decrease in the degree of hy-
bridization of the electronic states of platinum atoms. In the limiting
case (x=0.75), the electronic states of platinum turn out to be localized
in a narrow energy region remote from those similar for nickel and
manganese atoms. The latter remain split and hybridized when the
nickel concentration changes, thereby providing covalent Mn—Ni in-
teractions. Based on these arguments, we can understand the fact that
the decrease in the binding energy (Fig. 1) of Pb:_.Ni.MnSb alloys
(x=0.0-1.0) alloys is probably due to a decrease in covalent interac-
tions of platinum atoms with surrounding atoms.

It also follows from Figure 3 that the states of the conductivity
bands of the alloys are mainly formed by the electrons of the manga-
nese atoms with a spin-down orientation. Attention is drawn to the
discrepancy between the shapes and values of the electron densities
corresponding to different spin directions, which indicates the polari-
zation of the electronic states. This effect is most pronounced in man-
ganese.

A similar analysis of the distribution of electron densities of alloys
with gold led to the following conclusions. It is established here that
antimony atoms in the lattices of Pt;_.Au,MnSb alloys are held by ionic
bonds, whereas metal atoms in the studied alloys are bound to each
other mainly by covalent interactions. In the AuMnSb alloy, the cova-
lent interactions of metal atoms are weakened, whereas in the plati-
num alloy, the degree of covalence of Pt—Mn bonds is maximal, which
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provides abnormally high values of the binding energy of the PtMnSb
alloy. Sequential replacement of gold atoms with platinum atoms in-
creases the binding energies of Pt;_.Au.MnSb alloys (x=1.0-0.0) by
increasing the covalence of interactions of Pt—Mn atoms.

There was also a discrepancy between the shapes and values of elec-
tron densities corresponding to different spin directions, which indi-
cates the polarization of electronic states. As in nickel alloys, this ef-
fect was most pronounced for the electronic states of manganese at-
oms.

Polarization effects lead to the appearance of magnetic moments on
atoms. It is useful to consider the question to what extent certain elec-
tronic states are involved in the formation of magnetic moments on the
atoms of the alloys under discussion? The corresponding data are
shown in Fig. 4. It can be seen that the determining contribution to the
formation of magnetic moments in alloys is associated with the 3d elec-
trons of manganese atoms. The contribution of Mn s, p electrons is in-
significant. This can be completely attributed to the electrons of all
symmetries of atoms of other metals and antimony in all types of al-
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loys.

Figure 5 shows the concentration dependences of magnetic moments
and electron polarizabilities in Pt;-.Me.MnSb alloys (x=0.0-1.0). In
the experimental work [12] it was noted that the values of these mag-
netic moments essentially remain constant over the entire range of
nickel concentrations in alloys. In Figure 5, this is indicated by a hori-
zontal line, which, according to the authors, is the result of averaging
experimental data. These data at the qualitative level coincide with
those obtained in this work. Indeed, the calculated values of the mag-
netic moments practically do not depend on the concentration of nickel
atoms in the studied alloys. Recall that the ‘outliers’ of the values of
experimentally measured magnetic moments at the content of nickel
atoms x=0.25 in alloys are associated [12] with the presence of other
phases with concentrations reaching 15%. In general, the samples
studied here also contained other phases in concentrations up to 5%.
Perhaps these reasons led to systematic differences between the exper-
imental and calculated values of magnetic moments. Note that these
differences for most alloys (x>0.25) were ~1.5% . As for the initial
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Fig. 5. Magnetic moments (M) per formula unit of Pt;-.Me,MnSb alloys
(x=0.0-1.0). The horizontal solid line in the experimental part of the figure
is the result of averaging the measurements [12]. P—electron polarization at
the Fermi level in Pt;-.Me,MnSb alloys.
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composition of PtMnSb, the experimental and calculated values of the
magnetic moments actually coincided.

Substituting nickel atoms change the polarization P of electrons at
the Fermi level (Fig. 5). The transition from the PtMnSb metal alloy
with a relatively high (P =0.76) electron polarization to alloys with
x> 0.5 is accompanied by full polarization of Fermi electrons (P=1.0)
and converts these alloys to half-metallic state.

Figure 5 also shows that an increase in the concentration of gold at-
oms in Pb;_,Au.MnSb alloys increases their magnetic moments up to
concentrations x =0.75. Then there is a decrease in the values of mag-
netic moments. The same decrease in magnetic moments was recorded
in the experiment [13] at gold concentrations in alloys with x > 0.6. As
defined here, the magnetic moment per Mn atom in these compounds
has a maximum value of 4.30uz at x =0.6. In our work, the maximum
magnetic moment on manganese atoms was fixed for the
Pto.2sAu0.sMnSb alloy and amounted to 4.06ug, which is close to the
experimental value. Note that within the framework of the accepted
model (see calculation methodology), the Pto4+AuosMnSb alloy could
not be calculated.

Substituting gold atoms change the polarization of P electrons at
the Fermi level (Fig. 5). The transition from the PtMnSb metal alloy
with a relatively high degree of electron polarization to alloys with
x=0.25 and x=0.50 is accompanied by complete polarization of Fermi
electrons (P =1.0) and converts these alloys to a half-metallic state. A
further increase in the content of gold atoms in alloys with x=0.75 and
x =1.0 translates them into a state of metallic conductivity.

4. CONCLUSIONS

1. With an increase in the concentration of nickel or gold atoms in
Pti-.Me,MnSb (x=0.0-1.0) alloys, the interatomic spatial density of
electrons decreases, which leads to a weakening of interatomic cova-
lent bonds and, as a consequence, to a decrease in the binding energies
of the alloys. These energies for alloys with gold are significantly lower
compared to those for phases with nickel.

2. The course of the concentration dependences of the parameters a(x)
of cubic crystal lattices of Pt;_.Me,MnSb solid solutions (Me =Ni, Cu,
Au, x=0.0-1.0) is determined by the ratio of the radii of the substitu-
tion atoms and platinum. If this ratio is less than one (Me=Ni, Cu),
then the dependence a(x) (x — 1.0) has a descending and in the opposite
case (Me = Au) an increasing character.

3. The densities of the electronic states of Pti_.Me.MnSb (x=0.0-1.0)
alloys are complex structures that vary in shape, energy position and
localization. The zones of valence electrons (-5—0eV) of alloys are
dominated by hybridized states of metals, while the vacant states are
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formed mainly by Mn electrons with spins oriented downwards.

4. Antimony atoms in the crystal lattices of Pt;_.Me.MnSb (x=0.0—
1.0) alloys are mainly held by ionic bonds, whereas metal atoms are
mainly covalently bound to each other. Covalent interactions are max-
imal in PtMnSb and with an increase in the concentration of nickel or
gold in alloys, they weaken due to a decrease in the role of platinum va-
lence electrons in the formation of chemical bonds.

5. The densities of electronic states with different spin orientations do
not correspond to each other, which indicates the polarization of elec-
trons in alloys. Polarization effects lead to the appearance of magnetic
moments on the atoms. The determining contributions to the for-
mation of magnetic moments in alloys are associated with the 3d elec-
trons of manganese atoms. The values of the magnetic moments prac-
tically do not depend on the concentration of nickel atoms in the stud-
ied alloys. An increase in the concentration of gold atoms in
Pb:.Au,MnSb alloys leads to an increase in their magnetic moments up
to concentrations with x =0.75, then there is a decrease in the values of
magnetic moments.

6. Substituting nickel or gold atoms change the polarization of P elec-
trons at the level of Fermi alloys. The transition from the PtMnSb
metal alloy with a relatively high (P = 0.76) electron polarization to al-
loys with a nickel concentration of x =0.5 is accompanied by complete
polarization (P =1.0) of Fermi electrons and converts these alloys to a
half-metallic state. Pt Au,MnSb alloys with x=0.25 and x=0.50 are
also half-metals, and beyond these concentrations alloys are metals.
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