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The crystal lattice parameters, tetragonality degree, magnetic moments, magnetic exchange parameters in the
Ni,Co;MnsCr;Sn, Heusler alloy are investigated by ab initio calculations and supercell approach. Three 16-atom
supercells with different atomic configurations relative to Cr atom are considered. On the one side, if the Cr atom
is surrounded by one Sn and two Mn nearest neighbors the respective supercell in austenite is found to be
favorable with compared to other ones. On the other side, the supercell consisting three nearest Mn atoms
against Cr atom is more stable in martensite. Total magnetic moment of all supercells is almost the same and it

increases linearly with increasing lattice parameter. Exchange interactions between Cr and Mn atoms depend
strongly on the atom distribution. The strong antiferromagnetic coupling between nearest Cr-Mn pairs is found.

1. Introduction

Nowadays, a new class of ferromagnetic (FM) shape-memory alloys
(e.g., Co-doped Ni-Mn-(Ga, In, Sn)) has received considerable attention
due to a variety of magnetic, mechanical and thermal properties which
are associated with a coupled magnetostructural first-order phase
transition [1-3]. This transition occurs from the magnetically weak
martensite to ferromagnetic austenite during heating and can take place
near the room temperature region. As a result, the Co-doped NiMn-
based Heusler alloys could be promising for prospective applications,
such as a magnetic cooling technology and as a magnetic sensor [1-3].

In addition to experimental researches the numerous first-principles
studies aiming to understand the ground state properties of off-
stoichiometric Co-doped Ni-Mn-based Heusler alloys have been per-
formed in recent years [4-8]. As it is well known one of the way to
create an off-stoichiometric composition is the supercell approach
which allows us to get more accurate information about the structural
and magnetic properties of solids. In Ref. [4] the composition-depen-
dent crystal structure, elastic and magnetic properties of
Nis —,Co,Mn; 0Sng.40 (0 < x < 0.50) has been studied by using first-
principles calculations. It has been shown that the martensitic phase
transformation is accompanied with transition from FM state to the
antiferromagnetic (AF) one. Lattice parameter, elastic modulus and
energy difference between the FM austenite and the AF martensite
depend on the Co addition [4]. A. Griinebohm et al. [5] have studied
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the ground state properties of Ni-Co-Mn-Sn and shown that there is a
multitude of local minima in the energy landscape which belong to
different ferromagnetic (FIM) states and are close in total magnetization
and energy. The effect of Cr atom on the structural, magnetic and
magnetocaloric properties of Ni-Co-Mn-In alloy has been recently
studied by using jointly ab initio and Monte Carlo methods [6-8]. It
was shown that the substitution of 5% Co for Ni and 5% Cr for Mn
results in a first-order magnetostructural transition from ferromagnetic
austenite to antiferromagnetic martensite. As a result, a large change in
magnetization and giant inverse magnetocaloric effect (AT,q = 10 K at
AH = 2 T) were predicted [8].

The present work is devoted to detailed investigation of magnetic
and structural properties of Cr-doped Ni-Co-Mn-Sn alloy by using the
16-atom supercell approach with a different atomic distribution against
Cr atom.

2. Ab initio calculation details

The ground state and geometry structure optimization calculations
have been performed by using the ab initio total-energy and molecular
dynamics program VASP (Vienna ab initio simulation program) devel-
oped at the Fakultdt fur Physik of the Universitat Wien [9,10]. The
interaction between ions and electrons was described the projector-
augmented wave (PAW). The generalized gradient approximation (G-
GA) in Perdew-Burke-Ernzerhof (PBE) parametrization [11] was used to
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describe the exchange-correlation energy and up to now it is the best
approach to describe the magnetic materials. For the pseudopotentials
used, the electronic configurations are Ni(3p63d84sz), Co(3d%4s), Mn
(3p®3d°4s?), Cr(3p®3d°4s"), and Sn(4d'°5p?5s?), respectively. The ki-
netic energy cut-off was 400 eV and the kinetic energy cut-off for the
augmentation charges was 800 eV. A Monkhorst-Pack grid [12] was
employed to sample the Brillouin zone. The k-points in the Brillouin
zone for self-consistent field cycles were generated with 12% meshes for
the tetragonal distortion (c/a) and lattice relaxation calculations. The
performed calculations were semirelativistic and the spin polarization
was taken into account for all the cases. To calculate the tetragonal
distortions of the cubic structure, we fixed the volume of a supercell as
Vo = @’y = a°c. For the optimized lattice parameter, the Heisenberg's
magnetic exchange coupling parameters J; were calculated using the
spin-polarized relativistic Korringa-Kohn-Rostoker (SPR-KKR) package
[13] with account of the GGA-PBE functional. This code is based on the
KKR-Green's function formalism that makes use of the multiple-scatter-
ing theory, and the electronic structure is expressed in terms of the
corresponding Greens function as opposed to Bloch wave functions and
eigenvalues. The exchange coupling parameters J; within a real-space
approach were calculated using an expression proposed by Liechten-
stein et al. [14].

The L2; crystal structure with space group of Fm-3m (225) which
consists of four interpenetrating face-centered cubic sublattices was
taken into consideration. In this structure the Sn atoms occupy the sites
(0; 0; 0); Mn occupy (1/2; 1/2; 1/2) ones; Ni and Co atoms are
randomly located at the sites (1/4; 1/4; 1/4) and (3/4; 3/4; 3/4). The
location of addition of Mn and Cr atoms was assumed to be at Sn-site
[8]. It should be noted that we will use follow designations such as Mny
and Mny. Here, Mn atoms located at regular Mn sublattice are denoted
as Mny, whereas Mn  designation corresponds to Mn atoms occupied
the Sn sublattice. We considered three different types of
Ni,Co;MnsCr;Sn, supercell, as shown in Fig. 1.

For supercells #1 and #2 one Cr atom is placed to Mny regular
sublattice, while in a case of supercell # 3 one Cr atom is located at Sn
sublattice. It can be observed that in a case of first (second) supercell
the Cr atom is surrounded by two (one) Sn and one (two) Mn nearest
neighbors, respectively. Opposite, for the third supercell one Cr atom
has three nearest Mn atoms.

Besides, ab initio calculations have been carried out for four
magnetic configurations schematically presented in Fig. 2 and referred
as the FM state (all magnetic moments of Ni, Co, Cr, Mny, and Mny are
parallel) and three FIM states: FIM-I (spin of Cr on either X, Y or Z
lattice is reversed), FIM-II (spins of Mn; are reversed), and FIM-III
(spins of Mny and Cr are reversed). Since the Sn atom has a small
magnetic moment, hence it was not taken into account.
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Fig. 2. Different magnetic configurations of Ni;Co;MnsCr;Sn, taken into account in ab
initio calculations. a) FM; b) FIM-I; ¢) FIM-II; d) FIM-III. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this
article.)

3. Ab initio calculation results
3.1. Reference states

In order to find the optimized lattice parameters of Ni-Co-Mn-Cr-Sn
in the L2; structure, we calculated the changes in the total energy as a
function of lattice parameter. Energy curves were computed for
different magnetic reference states (FM and FIM ones).

The variation of total energy for different magnetic reference states
of 16-atom supercells studied is shown in Fig. 3(a—c). The equilibrium
total energies for different magnetic reference states for supercells #1,
#2 and #3 is shown in Fig. 3(d).

We found that different supercells have different magnetic reference
states. It can be seen from Fig. 3(a) that for supercell #1 the FM spin
configuration in austenite is energetically favorable compared to FIM
configurations, while in a case of the supercell #2 the FIM-II spin
configuration in austenite is energetically favorable. Finally, for super-
cell #3 the FIM-III spin configuration in austenite is energetically
favorable. It can also be seen that the FIM-II order of the supercell #2
has a lower energy in comparison to other magnetic configurations of
both supercells #1 and #3. This indicates clearly that supercell #2 is
the stable atomic configuration in the austenitic phase of
Ni;Co;MnsCr;Sn,. It should be noted that to estimate the optimized
lattice constants for all alloys studied, we fitted the dependences of total
energy on a cell volume according to the Birch-Murnagahan equation of
state. The equilibrium lattice parameters for supercells #1, #2 and #3
are equal to 5.971 A, 5.951 A and 5.952 A, respectively.

In order to investigate the trend for martensitic deformation, we

Fig. 1. 16-atom supercells of Ni;Co;MnsCr;Sn, with different atomic distribution relative to Cr atom. a) supercell #1; b) supercell #2; c) supercell #3. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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