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Information on the energy, charge, and spin characteristics of Pdi_.Me:MnSn
alloys (Me =Co, Ni, x=0.0-1.0) is obtained using band calculations within
the FLAPW (full-potential linearized augmented-plane-wave) model. As de-
termined, an increase in the concentration of the cobalt or nickel atoms leads
to an increase in the interatomic electron density inside the alloys. This re-
sults in both a concurrent reduction in the parameters of their crystal lattices
and an increase in the binding energies of the atoms. The number of electrons
@ within the atomic spheres of Pd, Mn, and Sn in cobalt-containing alloys ex-
ceeds the corresponding values for nickel-containing phases, and the depend-
ences of @ exhibit a systematic tendency to increase with the growth of sub-
stitutional-atoms’ concentrations. The observed polarization of valence elec-
trons leads to the appearance of magnetic moments on the atoms of the alloys.
The magnetic moments of metal atoms are ferromagnetically ordered, and
their magnitude depends on the type and concentration of substitutional at-
oms.
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3a LOIIOMOro0 30HHNX po3paxyHKiB y momenao FLAPW (the full-potential lin-
earized augmented-plane-wave) ozep:kaHo iH(@oOpMAIIil0 IIPO eHEPreTHUYHi,
3apAmoBi Ta cminmoBi xapakrepuctuku cromniB Pdi.Me:MnSn (Me=Co, Ni,
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x=0,0-1,0). BcranoBieHo, 1110 3i 3pocTaHHAM KOHIIeHTpaIrii aromiB KobansTy
a6o Hikuro 36iablIyeThea MisKaTOMHA T'yCTHHA €JeKTPOHiB y cTromax. Ile 3a-
Oe3meuye CYIpOBiiHe 3MEHITIeHHA MapaMeTPiB IXHiX KpUCTATiYHUX I'PATHUITH i
OiIBUINEHHA eHepriii 3B’a3Ky aromiB. KilbKicTh eleKTpoHIB @ B aTOMOBUX
Pd-, Mn- i Sn-cdepax y cronax 3 KoGanbToM mepeBUIIy€e BiAMOBiAHI 3HAUEHHA
nas ¢as 3 Hikiem, a 3a/IeKHOCTI @ BUABJISAIOTH CUCTEMATUYHY TeHAEHITIIO 0
30ibIIIeHHS 31 3pOCTaHHAM KOHIIEHTpAIlill aToMiB 3amileHHsa. Busasiena mo-
JAPU3aIlisg BaJIeHTHUX €JeKTPOHIB MPUBOAUTD [0 IOSIBU MarHeTHUX MOMEHTIB
Ha aTomMax cTomiB. MarHeTHi MOMEHTH aTOMiB MeTaJiB (pepoMArHETHO YIIO-
PAOKOBAHI, a iIXHA BeJJMUYNHA 3aJI€KUTh BiJ TUITy Ta KOHIIeHTpAIlii aToMiB 3a-
MiIlleHHS.

Karouosi croBa: 30HHI pospaxyHKuU, I'oficiiepoBi cTomu, eleKTpoHHA OyaoBa,
Mar"HeTHI MOMeHTHU, IIOJIIPU30BaHi eJIEKTPOHHI CTaHU, CIIIHTPOHIKA.

(Received 20 December, 2023; in final version, 10 January, 2024 )

1.INTRODUCTION

Materials exhibiting unusual properties have always attracted signifi-
cant attention from both theorists and experimentalists with the aim
of harnessing these non-traditional properties for potential practical
applications. One such group of materials currently under active in-
vestigation is the Heusler compounds (alloys, phases). Among them,
there are the so-called the full-Heusler phases known as L2;-type
structures [1-7] have a common formula X;YZ, where X and Y repre-
sent transition or noble metals, and Z is element of the IIIA (Al, Ga,
In), IVA (Si, Ge, Sn) or VA (Sb) columns of the periodic table. This
structure can be described by four interpenetrating f.c.c. sublattices:
two of them occupied by the X atoms, and the other two by Y and the Z
elements. The half-Heusler phases (Cl;-structures) 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 [5]. Both
types of the mentioned phases have [9—12] a complex of magnetic, ki-
netic, optical, magnetooptical, superconducting, thermoelectric, and
other important properties. In the system of compounds under discus-
sion, 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 devic-
es. The properties of Heusler phases significantly depend on their
atomic composition, particularly the characteristics of the crystalline
structure, atomic packing dimensions (1D, 2D, 3D), and so on.

The magnetic properties of Heusler alloys with variable atomic com-
position have always sparked enduring interest. The system of manga-
nese-based Heusler alloys with the general formula X;MnZ satisfies
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this criterion [13—16]. Like most Heusler alloys, they are traditionally
considered ideal systems with local atomic magnetic moments [13]. It
is well known that the largest magnetic moment in the XoMnZ phases is
concentrated on manganese atoms and can reach values exceeding
4.0pp [14-16]. In the structural ground state of these phases, Mn at-
oms are surrounded by eight first neighbours of type X and six second
neighbours of type Z. Thus, the closest Mn—Mn pair is separated by two
coordination atomic spheres. Due to the large distance between Mn at-
oms, it is commonly assumed [13] that their magnetic interaction oc-
curs through free electrons in terms of indirect exchange, such as
Ruderman—Kittel-Kasuya—Yosida (RKKY) exchange. The type of X
atom plays a significant role in such exchange. It can be either non-
magnetic or magnetic. The transition from paramagnetic [17] or near-
ly magnetic [18] X=Pd to X=Ni (with an atomic magnetic moment
myi=0.604pug) and X =Co (mc,=1.715u5) [17] is accompanied by a se-
quential decrease in the magnetic moment on manganese atoms in the
Co:MnSn alloy by almost 18% [16].

An effective way to influence the properties of Heusler phases is the
synthesis of solid solutions based on them. Good model systems of this
plan are a series of Pt;-.Me.MnSb alloys (Me = Ni, Cu, Au, x=0.0-1.0)
(Clp-structures) [19, 20]. In our earlier works [21-23], information
about the energetic, charge, and spin characteristics of the mentioned
alloys was obtained using the WIEN2k software package [24]. It has
been established that with an increase in the concentration of Me-
atoms, the electron density in the interatomic region of the compounds
decreases, covalent bonds weaken, and the binding energies of atoms in
the alloys decrease. At the same time, the main contribution to the
formation of magnetic moments is made by the 3d electrons of manga-
nese atoms and the polarization of electrons at the Fermi levels de-
pends on the composition of the alloys.

An analogous system, but now with full-Heusler alloys, is repre-
sented by solid solutions with the atomic composition (Pd;-.Me,):MnSn
(Me=Co, Ni, x=0.0-1.00). The boundary phases (x =0.0, 1.0) are part
of the family of already discussed alloys X:MnZ (X=Co, Ni, Pd,
Z =Sn). Solid solutions provide a unique opportunity to monitor the
change in properties of these phases in the sequential process of their
mutual transformation. Samples of the solutions were synthesized and
certified as single-phase with an L2; structure in the work [25]. Here,
it is established that the concentration dependences of crystal lattice
parameters and Curie temperatures exhibit a linear decreasing and in-
creasing trend, respectively. An increase in the concentrations of co-
balt atoms is accompanied by a growth in the values of the ferromag-
netic saturation moment by more than 19% in the Co.MnSn alloy.
However, in the transition from Pd;MnSn to NioMnSn, the author of
the cited work observed a slight (=2 5% ) decreasing trend in the depend-
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ence of the ferromagnetic saturation moment.

Outside of the cited work, a number of comparative characteristics
of the electronic structure of (Pd;-.Me,):2MnSn (Me = Co, Ni, x=0.0—
1.00) 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 paper is devoted to finding answers to these problems.

2. THE METHODOLOGY OF THE CALCULATIONS

Electronic structure calculations of solid solutions (Pd;-.Mex);MnSn
(Me=Co, Ni, x=0.0-1.00) were performed by the LAPW method [26]
with a gradient approximation of the electron density (GGA-
generalized gradient approximation)in the form [27]. A spin-polarized
version of this method was used to calculate the characteristics of the
electronic structure [24].

To obtain concentration characteristics of the electronic structure
of solutions for the initial phases Me:MnSn (Me = Co, Ni, Pd), super-
cells with dimensions of 2x2x2 were constructed. In these supercells,
atomic substitutions were performed, simulating the composition and
structure of (Pd;-.Me.):MnSn (Me = Co, Ni, x =0.0-1.00) phases. In the
final stage, calculations for all alloys were conducted using the spatial
group P1 (No. 1).

The parameters a lattices of the Pd;_.Me,MnSn alloys (Me = Co, Ni,
x=0.0-1.0) required for the calculations are borrowed from the exper-
imental data, obtained in [25]. The radii (Rm:) of the MT (muffin-tin)
atomic spheres were chosen from the consideration of minimizing the
size of the inter-sphere region in the Co:MnSb alloy, which has the
smallest unit cell volume. For all alloys and all the atoms in them, these
radii were 2.43 Bohr radiuses (1 Bohr radius=5.2918-10"""m). When
calculating the characteristics of the electronic structure of all alloys,
112 points in the irreducible parts of their Brillouin zones were used.
APW +1o 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 deter-
mined by setting the product RutKmax = 7.0 (K max is the maximum value
of the inverse lattice vector).

The binding energies (cohesive 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 [28]. Test calcula-
tions of metal binding energies are presented in Fig. 1.

The obtained values of atomic binding energies in metals in this
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Fig. 1. Formation energy (cohesive energy Ec.n.) of metals.

study exceed the corresponding values obtained from experiments [29,
30]. The largest differences in the specified values are characteristic
for iron (AE.n=1.01eV), titanium (AE.n=0.82eV), cobalt
(AEn.=0.73eV), and nickel (AE:on.=0.49eV). Despite these differ-
ences, the trends of both curves are similar. This circumstance allows
us to hope that the data and the conclusions drawn from them regard-
ing cohesive energies of similar series of compounds, similar to the in-
vestigated solid solutions (Pd;—_.Me,):MnSn (Me = Co, Ni, x =0.0-1.00),
will be at least qualitatively correct.

3. RESULTS AND DISCUSSION

Concentration dependences of the spatial electron density in the inter-
atomic region II [24], crystal cell parameters, and binding energies of
alloys (Pdi-.Me,):MnSn (Me = Co, Ni, x =0.0-1.0) are presented in Fig.
2. It can be observed that with the increase in concentrations of substi-
tuting Me atoms, the negative charge of electrons in the interatomic
region systematically increases. This increase leads to additional ‘con-
traction’ of ions of atoms towards each other and, as a result, to a re-
duction in crystal cell parameters a and an increase in binding energies
of solid solutions (Pd;-.Me,)2MnSn (Me = Co, Ni, x=0.0-1.0). The lat-
ter circumstance may indicate a potential increase in the thermody-
namic stability of the discussed alloys with an increase in the concen-
tration of substituting atoms in them. The mentioned stability is most
pronounced for alloys with cobalt, as their binding energies (E.n.) are
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Fig. 2. Concentration dependences of electron densities g (e is electron charge)
in the interatomic regions, parameters a [25] of conventional cells, and cohe-
sive energies Econ. of (Pdi_xMex)2MnSn (x =0.0-1.0) alloys.

significantly higher compared to those for phases with nickel. It is also
noteworthy that electron densities (¢) and crystal cell parameters a de-
pend on the type of Me-atoms. In phases with cobalt, the values of ¢
throughout its concentration range exceed in magnitude the analogous
values typical for nickel concentrations in alloys with its participation.
This is also manifested in the smaller values of the lattice parameter a in
the crystal structures of cobalt-containing alloys. The possible reason for
the described dependences of the discussed characteristics on the type of
substituting atoms is their ‘ability’ to participate in interactions with
surrounding atoms. It seems that this ability of cobalt atoms is enhanced
due to the more extended nature of their electron wave functions in re-
sponse to the smaller charge of its nucleus compared to that of nickel.
The charge states of atoms @ (the number of electrons in MT
spheres) in solid solutions with cobalt, for the same reason, exceed the
corresponding values for phases with nickel (Fig. 3). The @ dependenc-
es show a systematically increasing trend across all ranges of concen-
trations of substituting Me-atoms. This correlates with the accompa-
nying reduction in the lattice parameters a of the alloy crystal struc-
tures (Fig. 2), providing a ‘pumping’ of electron densities into atomic
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Fig. 3. Concentration dependences of atomic charges @ (e is electron charge)
in (Pdi-zMex)2MnSn (x = 0.0-1.0) alloys.

spheres. The ‘sensitivity’ of atoms to their recharging also depends on
the type of substituting Me-atoms. In the transition across the concen-
tration range x =0.0 > x =1.0, the increase in atomic charges (AQ) was
for cobalt-containing alloys AQc,=0.9%, AQpa=0.4%, AQwun=1.0%,
AQs.=0.3%, while for phases with nickel AQxi=0.7%, AQpa=0.3%,
AQMn = 0.6(% s AQSn = 0.20/0 .

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 pre-
sented in Fig. 4. The total densities and total atomic densities of elec-
tronic states for the studied phases in both spin orientations are com-
plex structures that vary depending on the atomic composition of the
alloys. From the discussed figures, it can be seen that the influence of
the alloys’ atomic composition is manifested in the changing shape and
energy localization of the densities of electronic states.

The electron densities from tin atoms in the localization region of
valence states (0 to -5 eV) are insignificant, indicating a small (24%)
total charge of their valence electrons in the energy range of states
that form interatomic bonds. This suggests that tin atoms in the crys-
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tal lattices of the alloys are primarily 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
[31]: 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 seen in Fig. 4 for the Co:MnSn and Ni,MnSn alloys, the states of
metal atoms occupy the same energy positions, hybridize well, and un-
dergo energy splitting. These facts indicate a high degree of covalence
in the Me—Mn chemical bonds, providing high values of the binding
energy for the Me:MnSn phases (Fig. 1). In the PdsSn alloy, a some-
what different pattern of hybridization of electronic states of metal
atoms is observed, which ultimately results in its reduced binding en-
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Fig. 4. Total electron densities (total) and total atomic electron densities of
Pdi_:Me.:MnSn alloys: Me=Co (a), Me=Ni (b). Densities with positive and
negative values correspond to the spin-up and spin-down orientations of the
electrons respectively. Eris the position of the Fermi level.
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Continuation of Fig. 4.

ergy. It is also noteworthy (Fig. 4) that additional electronic densities
from manganese atoms with negative spin values in the valence zone of
Co:MnSn exceed those for the alloy with Ni.MnSn. This correlates with
the increased binding energy of the cobalt-containing alloy compared
to the nickel-containing alloy.

The concentration transition from Pd:MnSn to Me.MnSn (Me = Co,
Ni) is accompanied by an increase in the hybridization of the Me atom
states, while for the palladium atom states, the opposite trend is ob-
served. The distributions of electron states of atoms in solid solutions
with minimal concentrations of substituting Me atoms (x=0.125)
broadly replicate those of the Pd:MnSn phase. In alloys with the maxi-
mum value of x=0.875, the state distributions progressively form a
pattern characteristic of Co.MnSn and Ni:MnSn. From the above, a
qualitative assumption can be made that the increase in the binding
energies of solid solutions (Pd;-.Me,):MnSn with an increase in the
concentrations of substituting Me atoms (Fig. 1) is due to the growing
effects of hybridization of states of these atoms with the states of
manganese atoms.

From Figure 4, it can also be inferred that the conduction band
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states of the alloys are mainly formed by electrons of manganese atoms
with a spin orientation downwards. Attention is drawn to the discrep-
ancy in the shapes and values of electron densities associated with dif-
ferent spin directions, indicating the polarization of electronic states.
This effect is most pronounced in manganese.

Polarization effects lead to the appearance of magnetic moments
(M) on atoms and, overall, in the crystal cells of the investigated al-
loys. Concentration dependences of magnetic moments are shown in
Fig. 5. As evident, their values are also influenced by the type of sub-
stituting Me-atoms. In alloys with cobalt, the magnitudes of M under-
go more significant concentration changes compared to phases with
nickel. When transitioning to maximum Me concentrations, magnetic
moments on cobalt atoms decrease by = 25% , while on nickel atoms, the
decrease is only 6% (upper panel in Fig. 5). As for the magnetic mo-
ments of formula units, in the case of alloys with cobalt, they increase
from M;, =4.16usz (Pd:MnSn) to M:, =5.03us (Co:MnSn), reaching a
maximum of M. =5.35uzs at a cobalt concentration of x=0.75. How-
ever, the transition from Pd:MnSn to NisMnSn reduces the magnetic
moment values to M, =4.07us. It is worth noting that these values
are in good agreement with experimentally obtained results:
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Fig. 5. Concentration dependences of magnetic moments M (us is Bohr magne-
ton) of atoms and formula units (f.u.) of (Pdi-xMex)2MnSn (x=0.0-1.0) alloys.
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M;:y. =4.23up [6], M, =5.08us [32], and M:,. =4.05uz [6] for alloys
with palladium, cobalt or nickel, respectively.

The changes in the magnetic moments on palladium atoms in alloys
with nickel, as the concentration of substituting Me-atoms reaches its
maximum, are small: Mpq=0.08us (Pd2MnSn) and Mps=0.10u5 (con-
centration x =0.875). For phases with cobalt, the corresponding values
increase to Mpa=0.23 5.

The greatest contributions to the magnetism of the investigated al-
loys are made by manganese atoms. In both cobalt and nickel alloys, the
concentration dependences of My,, magnetic moments, exhibit a de-
creasing trend. For cobalt alloys, the magnetic moments on manganese
atoms vary from My, =3.95us (Pd2MnSn) to My, =3.22u5 (CoeMnSn),
while for nickel phases, the magnetic moment on manganese reaches
the value of My, =3.62u5 (NizMnSn). In band calculations [13], similar
values were obtained for these quantities: Mwy,=3.78us (Pd:MnSn),
My, =3.13ug (CoeMnSn), and My, = 3.39us (Ni2MnSn).

The magnetic moments on tin atoms (Ms,) are antiferromagnetically
ordered and have small values. In nickel-containing alloys, they prac-
tically do not depend on the concentrations of substituting nickel at-
oms, fluctuating slightly near Ms, =-0.036u5. For phases with cobalt,
these magnetic moments undergo changes ranging from
Ms,=-0.031pg (Pd2MnSn) to Ms, =-0.059u5 (Co2MnSn).

4. CONCLUSIONS

1. With an increase in the concentration of cobalt or nickel in alloys
(Pdi_.Me,):MnSn (Me =Co, Ni, x=0.0-1.0), the electron density in the
space between atoms increases, leading to enhanced interatomic inter-
actions and, consequently, a reduction in the lattice parameters of the
alloys and an increase in their binding energies. These energies for co-
balt-containing alloys exceed those for phases with nickel.

2. The number of electrons @ in the MT spheres of Pd-, Mn-, and Sn-
atoms in solid solutions (Pdi-.Me.):MnSn (Me=Co, Ni, x=0.0-1.0)
with cobalt exceeds the corresponding values for phases with nickel.
The @ dependences exhibit a systematically increasing trend with the
growth of substituting Me-atoms’ concentrations. This correlates with
the simultaneous reduction of the lattice parameters of the alloys,
providing an ‘injection’ of electron densities into atomic spheres.

3. The densities of the electronic states of (Pd;-.Me,):MnSn (Me = Co,
Ni, x=0.0-1.0) alloys are complex structures that vary in shape, ener-
gy position and localization. The zones of valence electrons (0—5 eV)
of alloys are dominated by hybridized states of metals, while the va-
cant states are formed mainly by Mn electrons with spins oriented
downwards.

4. The polarization of valence electrons leads to the emergence of mag-
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netic moments on atoms in alloys (Pd;-.Me,):2MnSn (Me=Co, Ni,
x=0.0-1.0). The magnetic moments of metal atoms are ferromagneti-
cally ordered and their magnitudes depend on the type and concentra-
tions of substituting Me-atoms.
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