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In this paper we report on the equilibrium magnetic and structural reference states
of complex Cr-doped Ni-Co-Mn-(In, Sn) Heusler alloys, which are studied from first-
principles within the density functional theory. The off-stoichiometric compositions were
treated by using the supercell approach with different atomic distributions of excess Mn
and In atoms. Supercells of 16 and 32 atoms were used. Three different ferrimagnetic and
one ferromagnetic spin configurations were considered. The results of energy relaxation
calculations have been averaged over different atomic distributions. It is found that for 16
atoms supercell the ferromagnetic (ferrimagnetic) state in austenite and a ferrimagnetic
state in martensite are favorable for Ni;Co;MnsCrqIn(Sn)s, respectively. While for 32
atoms supercell of Nij4CooMny;Crq(In, Sn)y the ferromagnetic (a ferrimagnetic) spin
configuration in austenite (martensite) is energetically stable, respectively.
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1. Introduction and preliminaries

As it is known, Co-doped Ni-Mn-Z (Z = Ga, In, Sn) Heusler alloys exhibit unique
multifunctional properties such as the magnetic shape memory effect, magnetic-field-
induced strains, exchange bias effect, giant magnetoresistance and the magnetocaloric
effect (MCE), which are promising for future technologies [1-5]. The most of these
effects are associated with the complex magnetic ordering below the austenite-martensite
transformation [6-8]. As a result, the characteristic magnetization changes across
the martensitic transformation are experimentally and theoretically observed due to
the strong competition between ferromagnetic (FM) and antiferromagnetic (AFM)
interactions |2; 5; 6; 8|. The main reason of large AFM correlations is associated with
decrease in a distance between the nearest Mny and Mny atoms located at the Mn and Z
sublattices. Recent studies found experimentally that Mn enriched samples and addition
of Co may lead to quite pronounced values for the adiabatic temperature change across
the martensitic transformation with AT,; ~ —6 and —8 K for Nis5 2Cos.1 Mnsg 7Ing3 and
Nig5.7Co49Mngs 6Ini35 alloys upon variation of magnetic field from 0 to 1.95 T [2; 5],
respectively, which are significantly higher than that reported for other Heusler alloys
and are due to the highly dominant structural contribution in these systems.
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In our previous works [9; 10], in order to solve the problem of MCE optimization in
the Nij 75Cog.o5Mny 5Ing 5 alloy we investigated theoretically the influence of Cr addition
on its magnetic and magnetocaloric properties using both first-principles and Monte
Carlo calculations. As a result, the large inverse MCE was observed in the vicinity of
magnetostructural transformation from the ferrimagnetic (FIM) martensite to the FM
austenite upon heating suggesting that magnetic moments of Cr and Mn; change their
orientation during the transformation. This result was obtained by using one set of
atomic distribution in the 16-atoms supercell. The aim of this work is an additional
ab initio study of various atomic distributions in supercells of 16 and 32 atoms on the
equilibrium reference states of complex Cr doped Ni-Co-Mn-(In, Sn) Heusler alloys.

Fig. 1 (Colour online). (a, b) Two types of 16-atom and (c) 32 atoms supercells for off-stoichiometric
Ni7COlMH5CI'1 (In, SHQ) and Ni14COQMH110r1 (In, Sl’l)4 Heusler alloy were used

2. Computational details

The calculations have been performed using the ab-initio total-energy and molecular
dynamics program VASP (Vienna ab-initio simulation program) developed at the
Fakultdt fiir Physik of the Universitdt Wien [11; 12|. The interaction between ions
and electrons was described by the projector-augmented wave (PAW) method [12;
13]. PAW pseudopotentials in the VASP code allow for a considerable reduction in
the number of plane-waves per atom for transition metals. The generalized gradient
approximation (GGA) in Perdew and Wang parameterization [14] was used to describe
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Fig. 2. The variation of the total energy as a function of (a, b) lattice parameter and (c, d)
tetragonality c¢/a for 16 and 32 atoms supercells of NizCo;MnsCriIns and Nij4CosMngqCrilng with
different magnetic configurations, respectively. Here, all results were averaged over different atomic

distributions and distortions (tetragonal (along z axis) and orthorhombic (along x,y axes))

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(3p3d®4s?), Co(3d®4s'), Mn(3p®3d°4s?), Cr(3p®3d°4s’), In(4d'5p'5s?), and
Sn(4d'%5p?5s?), respectively. The kinetic energy cut-off was 400 eV and the kinetic
energy cut-off for the augmentation charges was 800 e¢V. A Monkhorst — Pack grid
[15] was employed to sample the Brillouin zone. The k-points in the Brillouin zone for
self-consistent field cycles were generated with 8 and 123 meshes for ¢/a and lattice
relaxation calculations. The performed calculations were semirelativistic and the spin
polarization was taken into account for all the cases. All considered structures were
relaxed using the conjugate gradient algorithm and both the atomic position and the
volume were optimized. In order to calculate the tetragonal distortions of the cubic

structure, we were fixed the volume of a supercell as V) = a3 ~ a’c.

In the ab initio calculations, we treated off-stoichiometric compositions of Ni-
Co-Mn-Cr-(In, Sn) using the supercell approach. Supercells of 16 and 32 atoms
corresponding to the austenite structure are shown in Fig. 1. Here, we consider that
Co (Cr) substitutes here for Ni (Mny) because of the atomic radius of Co and Ni
(Mn and Cr) atoms is approximately the same, respectively. In order to show another
atomic configuration, we present two types of 16 atoms supercell. We used next cells:
Ni7C01MH5CI'1(ID, SH)Q (16 atoms) and N114C02MD1101'1(ID, SIl)4 (32 atoms) which
correspond to the chemically disordered compositions Nij 75Co0g.25Mnj 25Crg 25(In, Sn)g 5
and Nij 75Cog.25Mn; 375Crg 125 (In, Sn)g 5. Such cells were chosen because of they are close
to the composition Ni; §CogoMny 4glng 50 without Cr which exhibits the large AT,4 [2; 5.
As a result, the composition can be varied by 6.25 at.% and 3.125 at.% when replacing
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one atom by another type of atom, respectively.
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Fig. 3. The variation of the total energy as a function of (a, b) lattice parameter and (c, d)
tetragonality ¢/a for 16 and 32 atoms supercells of Ni;CoyMn5Cr;Sns and NijyCosMny;CrqSny with
different magnetic configurations, respectively. Here, all results were averaged over different atomic
distributions and distortions (tetragonal (along z axis) and orthorhombic (along x,y axes))

Besides, ab initio calculations have been carried out for four magnetic configurations
referred to 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 Mny are reversed), and FIM-III (spins of Mny, and Cr are reversed).

3. Results of ab initio calculations

In order to find the optimized lattice parameters of Ni-Co-Mn-Cr-(In, 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) using the 16 and 32 atoms supercells. Further, we did the total energy
calculations for tetragonal distortions with the set of optimized lattice constants in Ni-
Co-Mn-Cr-(In, Sn) alloys. The results of these investigations are shown in Fig. 2 and
Fig. 3.

In Figs. 2 (a, b) we present the results of lattice relaxation for Ni-Co-Mn-Cr-In alloys.
It can be seen from the figures that for both 16 and 32 atoms supercells, the FM spin
configuration in austenite is energetically favorable compared to FIM configurations.
Therefore, a maximum total magnetic moment (u;; ~ 6.5 pup/fu.) for austenite is
found. It should be noted that the calculated lattice parameter of FM Ni;Co;Mn5CrIn,
in austenite (5.964 A) is in a good agreement with experimental value (ay = 5.96 A)
for NigsCosMngrIngs [2; 5] and theoretical value (5.98 A) for Ni;Co;MnsCriIn, [9; 10]
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obtained by using the Quantum Espresso (QE) package [16]. Besides, our results show
that the lattice constant is not practically changed with increasing number of atoms in
a supercell.

The variation of the total energy as a function of tetragonal distortion c/a of
Ni;Co;Mn5CrqIns and different magnetic ground states calculated for 16 and 32 atoms
supercells, are shown in Figs. 2 (¢, d). Evidently, upon tetragonal distortion the FIM-II
spin configuration is stabilized with respect to the FM state which favors in austenite.
However, in the case of 32 atoms supercell of Nij;CosMny;CriIng, the FIM-IT and FIM-
III solutions are very close in energy.

It is important to emphasise that in this work we show averaged energy curves,
E(a) and E(c/a), for Ni-Co-Mn-Cr-(In, Sn) compounds. Thus, all solutions have been
averaged over different atomic distributions and distortions, namely, tetragonal (along
z axis) and orthorhombic (along z,y axes) distortions. Previously, we have done similar
calculations for NizCo; Mn5CrIny alloy without any averaging [9; 10]. Those calculations
have been done using the QE code. Our results have shown that in the case of the first
(second) 16-atoms supercell (See Figs. 1 (a, b)), the FM (FIM-I) spin configuration
in austenite is stable, while the FIM-III (FIM-I) state in martensite is found to be
favor, respectively. Therefore, we can suppose that if atomic distribution in a cell will
be realized as shown in Fig. 1 (a) or a smaller amount of Cr element will be taken into
account that the stable FIM-IIT martensite may appear.

The variations of the total energy of the 16 and 32 atoms supercells for Ni-Co-Mn-
Cr-Sn system as a function of the lattice parameter for different spin configurations are
presented in Figs. 3 (a, b). These results show that the stable FIM-II spin configuration
in austenite changes by the FM one with decreasing Cr content. As a result, the total
magnetic moment for austenite is found to increase from ;o =~ 2.0 to 6.4 ug/fu.
We also can observe that the optimized lattice constants for Ni;Co;Mns;Cr;Sny and
Niy4CooMny;Cr;Sny compositions are closed to ones for Ni-Co-Mn-Cr-In systems.

In Figs. 3 (¢, d) we present the results of ¢/a calculations for tetragonal distortion
of the 16 and 32 atoms supercells for Ni-Co-Mn-Cr-Sn system. We have found that
in the case of Ni;Co;Mn;Cr;Sny composition, the structural transformation occurs
without a magnetic phase transition. Since, the equilibrium magnetic configurations
for both austenite and martensite are FIM-II, where only Mn; atoms have a negative
magnetic moment. According to the Nij4CooMn;;Cr;Sny composition with a smaller Cr
content, the austenite-martensite transformation can be accompanied by the magnetic
transition from FM austenite to FIM-II or FIM-III martensite. The small difference
between FIM-II and FIM-III solutions can be seen from Fig. 3 (d). The same trend
is observed for Ni-Co-Mn-Cr-In system with a smaller Cr content. As a result, the
large changes in magnetizations across the magnetostructural phase transition for both
Ni;4CosMny;Cry (In, Sn), compositions are expected.

4. Conclusion

In conclusion, we have performed ab initio calculations of the total energy change
as a function of lattice parameter and tetragonal ratio (¢/a) in Ni-Co-Mn-Cr-(In,
Sn) Heusler alloys. From these calculations, the equilibrium total energies, magnetic
moments, and relaxed structures at ground state have been calculated on the 16
and 32 atoms supercells with different atomic distributions. Four types of magnetic
states labelled as FM, FIM-I, FIM-II, and FIM-III have been used. The results
of energy calculations have been averaged over different atomic distributions and
tetragonal /orthorhombic distortions. The magnetostructural phase transition from FM
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austenite to FIM-II martensite have been clearly observed for Ni;Co;MnsCrilns,
Nij4,CosMny;CriIng, and Nij4CosMn;;Cr;Sny. While in the case of Ni;CoiMnsCrqSns,,
the martensitic transformation occurs without any magnetic transition. We have found
that for Ni-Co-Mn-Cr-(In, Sn) compositions with a smaller amount of Cr (3.125 at.%),
the both FIM-II and FIM-III solutions have a pronounced minimum of the energy.
Moreover, the FIM-II and FIM-III solutions in martensite are very close in energy. In
this connection we can suggest that the martensitic phase have a complex magnetic
structure where FIM-II and FIM-III spin configurations may coexist. As a consequence
of different magnetic reference states in austenite and martensite, the large changes
in magnetization across the magnetostructural phase transition are expected for Ni-
Co-Mn-Cr-(In, Sn) systems. This shows again how subtle the magnetization reacts to
environmental effect such as a disorder, defects, spin configurations etc. Calculations
for larger supercells and more different spin configurations would be needed in order to
perform a statistical averaging regarding the effects of atomic disorder and different spin
configurations on the magnetization behavior.
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B namHoit craThe MBI cOO0IAEM O PABHOBECHBIX MATHUTHBIX U CTPYKTYDPHBIX OCHOBHBIX
cocrosHugx cyoxkubix Cr-mormmposanubix ciiaBos Leiiciaepa Ni-Co-Mn-(In, Sn), koropbie
U3yYaloTCs M3 IEePBBIX IIPUHIIAIIOB B pAMKAX TeOpUH (DYHKIMOHAJA ioTHOCTH. Hecrexuo-
METPUIECKIE KOMITO3UIIUU OBLIN TOJIYY€HbI ¢ TTOMOIIBIO TIOAXO0A CYHNEPsTIeKN ¢ Pas3Ind-
HBIMU PACIIOJIOXKEHUSIMU U30BITOYHBIX aTOMOB Mn. BN HCIIOIb30BAHbBI CYIIEPAYEHKN U3
16 u 32 aromos. Paccmorpennt Tpu pasimanbie heppUMArHATHBIE U O/iHA (hepPOMATHATHAS
KOH(UI'YypaIuu CIUHOB. Pe3ysibTarsl pacyéToB reOMeTPUIeCKOl ONTUMU3AINN YCPETHEHBI
[0 Pa3JINYHLIM ATOMHBIM PACIOJIOYKEHUIM. YCTAHOBJIEHO, 9TO JJIs Cylepsdeidkun u3 16
ATOMOB BBITOHBI (heppoMarauTHas (beppumMarnuTHas) CliuHOBas Koudurypanus u gep-
pUMarHuTHasl couHOBasi KoHdwuryparus B Maprencure st NizCoi MnsCriIn(Sn)s, B TO
BpeMs Kak jyist cynepgadeiiku u3z 32 aromoB NijyCooMnyiCry(In, Sn)y (In, Sn)y suepre-
TUYECKH BBITOMHON siBJsieTcst (heppoMarauTHas (eppuMarHuTHasi) CIMHOBAas KOH(MUTY-

panus B aycreHure (MapTEHCUTE).

KutoueBbie cioBa: cnaasw Ieticaepa, nodrod cynepayveek, MazHUMMHOE 0CHOBHOE COCTMOAHUE,

nepeonpPUHUUNHBLE 8bLYUCAEHUA.
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