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Abstract

Ni-Mn-Sn metamagnetic shape memory alloys have great application potential, with numerous
advantages but are constrained by limitations, such as limited magnetization differences (AM), large
thermal hysteresis (AThys), and intrinsic brittleness. To ameliorate these limitations, fourth-element
doping has been extensively experimentally conducted, yet theoretical insights at the atomic scale
remain limited. Here, the phase stability, martensite transformation, magnetism, and mechanical
properties of the Ni2Mni.5Sno.s alloy doped with a 3d-transition element Z (Z = Fe, Co, and Cu) were
systematically investigated using the first-principles calculations, provide theoretical explanations for
changes in physical properties. The phase transformation path and magnetic properties of Ni-Mn-Sn-
Z alloys containing four-layered orthorhombic (40) martensite were revealed. The strong
ferromagnetic coupling between Ni-Co and the change in Mnsn magnetic moment spin direction are
the primary reasons for the increase in austenite magnetic moment in Ni2-xCoxMni1.5Sno.s (x > 0.125)
alloys. Cu doping leads to a reduction in volume contraction (AV), thereby lowering AThys. The

mechanical property results indicate that Fe or Cu doping significantly enhances the plasticity and
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toughness, while Co doping reduces the toughness and increases stiffness. Furthermore, the origin of
physical properties related to martensitic transformation and magnetism is explained by the electronic
density of states. This research provides essential theoretical explanations for understanding and
predicting the changes in physical properties associated with different doping elements, which is

critical for the design and development of high-performance Heusler alloys.

Keywords: Ni-Mn-Sn, First-principles calculations, Modulated martensite, Martensitic

transformation, Magnetic and mechanical properties
1 Introduction

Heusler-type Ni-Mn-X (X = In, Sn, and Sb) metamagnetic shape memory alloys (MSMAs)
possess the intriguing ability to concurrently change the crystal structure and magnetization during
the phase transformation!'*#*, which has lead to researchers exploring their related magneto-controlled
functional behaviors, e.g., magnetic field-induced strain (MFIS)>-%!, magnetocaloric effect (MCE)!":8,
and magnetoresistance (MR)!!%, Thus, these alloys have great potential to be developed as materials
for various applications, such as high-performance sensors, actuators, and environmentally friendly
solid-state refrigerants. Notably, the cost-effectiveness of the Ni-Mn-Sn alloys compared to the Ni-
Mn-Ga and Ni-Mn-In alloys enhances their competitiveness in application fields.

The stoichiometric Ni2MnSn alloy does not undergo a martensitic transformation. Theoretical
and experimental results prove that martensitic transformation exclusively occurs when x > 0.36 by
adjusting the Mn/Sn ratio in the Ni2Mni+Sni.x alloys!"!!). From the perspective of developing high-
performance functional materials, the Ni2Mni+xSni« alloys not only need to undergo martensitic
transformation, but also must overcome other limitations, such as the low magnetization of the high-
temperature austenite results in limited magnetization difference, significant thermal hysteresis, and
intrinsic brittleness. Therefore, numerous experiments have used 3d-transition elements, specifically
Fe, Co, and Cu, to dope ternary Ni-Mn-Sn alloys, to improve these properties.

Researchers found that Fe-doped Ni-Mn-Sn alloys can significantly improve the mechanical
properties of the alloys while achieving good MCE and elastocaloric effects (eCE). Zhu et al.
observed that the NisiFesMnasSnio alloy displayed both excellent cyclic stability after 200 stress

cycles and an adiabatic temperature change of -10.3 K under a stress of 350 MPal'?l, The strength and
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ductility of the Nis1.sMn34FesSns.s alloy can reach 2000 MPa and 21% respectively!'*]. Zhang et al.['¥
found that the Nis7.xMna3SnioCox alloys with Co substituted for Ni increased the magnetization of
austenite from 13.5 A-m*/kg with Co free to 91.7 A-m?/kg with x = 6, and obtained a remarkable
magnetic entropy change ASm = 29.5 J/kg-K under a magnetic field 5 T. A noteworthy MCE with a
ASwm of 19.1 J/kg-K can be observed in the NissMn4sxCoxSnii (x = 5) alloy under the magnetic field
of 1 TI'). Cu alloying can effectively increase the yield strength and reduce the AThys, and can also
obtain good MCE and eCE!'%!". The AThys of the Nis7Mn4oSn13«Cusx alloys decreases from 18 K at
x=0to 13 K at x =1, and ASwu increases from 7.5 to 15.6 J/kg-K!*%). The Ni4sMn41Sni1Cus alloy can
achieve an adiabatic temperature change of -8 K under a transformation strain of 1.3%!?!1. The above
results demonstrate that the substitutions of Fe, Co, and Cu at specific sites in the Ni-Mn-Sn alloys
can help the alloys meet the expected requirements. Nevertheless, there exists an insufficiency in
delving into the underlying physical mechanisms that underpin the observed experimental results.

It is well known that the twin boundary movement resistance of non-modulated (NM) martensite
is significantly higher than that of modulated martensite, as well as the ferromagnetic ordering of
modulated martensite, resulting in large MFIS in the alloys®>?*!. Therefore, researchers anticipate
that alloys can undergo two-step or even multi-step martensite transformation instead of direct
transformation from austenite to NM martensite. Extensive experimental studies have revealed the
presence of intermediate modulated martensite 40 martensite when the fourth element is doped with

components near the NisoMn37.5Sn12.5 (Ni2Mni.5Sno.s) alloy as the matrix (see Supplementary Material

Table S7). In 2004, Sotou et al. first found that the S-angle of the 40 structure with (22) stacking
order is 90° through selected area diffraction pattern (SADP) results in the NisoMn37.5Sni2.5 alloy,

anticipating a substantial MFIS due to lower twin stresses!'. In 2020, Chulist and Czaja introduced a

stacking sequence (0101) in line with the concept of atomic shuffling®!. Subsequently, Lin analyzed
the crystallographic characteristics of the 40 martensite in the NisoMn3s7.5Sni25 alloy using X-ray
diffraction and refined the Rietveld method™®. While extensive research has been conducted
experimentally on the performance of doped alloys, the effects of Fe, Co, and Cu doping on the
martensitic transformation sequence and magnetic properties including the intermediate 40
martensite, remains inadequately elucidated in the literature.

In this study, we chose the Ni2Mni.sSnos alloy as the parent system. This is because the
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martensitic transformation can only be observed with x > 0.5 in the Mn-rich NizMni+Sni-x system.
Moreover, commonly studied compositions in experiments are located close to it. Employing the first-
principle calculations, three different alloying systems Ni-Mn-Sn-Z (Z = Fe, Co, and Cu) were
systematically studied. For each system, first, the preferred atomic occupation of the doped Z atom
was determined, and then the phase stability, martensitic transformation, magnetic properties,
mechanical properties, and electronic structure of the Ni-Mn-Sn-Z alloys were systematically studied.
This effort is expected to offer valuable insights for the further development of magnetic shape

memory alloys.
2 Calculation details

All calculations were carried out by using the first-principles method based on density functional
theory (DFT) with the Vienna ab initio Simulation Package (VASP)!?”?%]. The projector augmented-
wave (PAW) pseudopotential approach was employed to describe the interaction between ions and
electrons. To handle the exchange-correlation potential, we opted for the Perdew—Burke—Ernzerhof
(PBE) implementation of generalized gradient approximation (GGA)!?*!l. The valence electronic
configurations for the Ni, Mn, Sn, Fe, Co, and Cu PAW pseudopotentials were 3d%4s? 3d%4s',
4d'95525p%, 3d"4s', 3d%4s', and 3d'%4s', respectively. First, the preferential occupation manner in the
austenite was determined using a 16-atom unit cell and sampled Brillouin zone using Monkhorst—
pack method with 12x12x12 k-points. As the experiments were carried out under low concentrations
of the substituents, it is necessary to impose constraints on the value of x and construct a 32-atom
supercell to perform calculations for the austenite, 40 and NM martensites at various doping
concentrations (Ni-Mn-Sn-Zx (x =0, 0.125, 0.25, 0.375)). The k-point grids used for the austenite, 40
martensite, and NM martensite were as follows: 12x12x6, 5x13x17, and 10x10x10, respectively.
The plane-wave cutoff energies of 351 eV (Ni-Mn-Sn-Fe,/Cox alloys) and 385 eV (Ni-Mn-Sn-Cux
alloys) were set respectively during structural relaxation. The convergence criteria for total energy
and force on individual atoms were set to be 10* eV and 0.02 eV/A, respectively. Detailed
crystallographic information on 40 martensite is available from Ref.!*?l. The elastic constants Cij were
calculated using the strain-energy method!>].

The stability of an alloy composition can be evaluated by calculating its formation energy (Eform),



as shown in Eq. (2-1):

E —NNiENi—NMnEMn—NsnEsn—NzE:
Ef — total NifNi MntMn SnESn ZEz X 1000 (2_1)
orm Niotal

Where E'ttal represents the total ground-state energy, Nx (X = Ni, Mn, Sn, Z) signifies the number of
corresponding elements X, and Ex denotes the ground-state energy per atom of each pure element X
in its reference bulk state. The magnetic exchange parameters Jij was calculated through the spin-
polarized-relativistic Korringa-Kohn-Rostoker (SPR-KKR) program packagel***]. The self-
consistent field (SCF) calculations have been performed with 0.01 mRy as the energy convergence
tolerance. For the real part of the lowest energy, Emin was set to -0.2 Ry. The SCF mixing parameter

was set to 0.2, and the SCF iterations were carried out for a total of 200 steps.
3 Results and discussion

3.1 Site preferences and magnetic ground states

36371 and theoretical®®3%) investigations have revealed that the physical properties

Experimentall
of alloys, such as phase stability, martensitic transformation, and magnetic properties, are strongly
dependent on the atomic disorder (atomic occupation). Some research groups were interested in
substituting Ni or Mn with Fe, Co, or Cul***! while others focused on replacing Sn with Cul“¢l.
However, the available experimental data are insufficient to determine the preferred sublattice for the
doped fourth element. Thus, we initially compare the Eform of different possible occupations to
determine the favored occupation of Fe, Co, and Cu atoms in the austenite of Ni-Mn-Sn alloys. This
section will examine both direct and indirect occupations. Direct occupation is defined as when the Z
atoms directly occupy the sublattice of the replaced element, as depicted in Fig. 1(a)-(d), while all
other cases fall under the category of indirect occupation, as shown in Fig.1(e)-(g) and Supplementary
Material Fig. S1. For instance, considering the Nii.7sMni.5Sno.sZo.2s alloy to elucidate direct and
indirect occupation. Z—Ni means that the Z atom directly occupies the Ni sublattice (Fig.1 (a));
Z—Mnmn—Ni means that the Z atom occupies the position of the normal Mn atom (Mnwmn), forcing
the Mnwmn atom to occupy the Ni sublattice (Fig.1 (e)); and so on for other cases. Two cases were

considered when substituting Mn, namely substituting Mnwma atoms and substituting the Mn atoms at

the Sn sublattice (Mnsn).



Furthermore, all possible magnetic configurations were taken into account for the austenite, as
shown in Fig. 1(h). In cases where the atomic occupancy does not involve Mn atoms occupying the
Ni sublattice (Mnni), only the ferromagnetic (FM) and ferrimagnetic (FIM) states need to be
considered. “FM” and “FIM” respectively represent that the spin direction of the atomic magnetic
moments of Mnsn is parallel or antiparallel to that of Ni, Z, Sn, and Mnwmn. In instances involving
Mnni atoms, the ferrimagnetic state necessitates further refinement into distinct cases, such as FIMI1,
FIM2, and FIM3. “FIM1” represents the spin direction of the atomic magnetic moments of Mnsn and
Mnni are antiparallel to that of Mnwmn. If the magnetic moment direction of Mnni or Mnsn arranges
antiparallel to that of Mnwmn, they are named “FIM2” or “FIM3”, respectively.

. | Direct occupation
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Fig. 1. Crystal structure of direct occupation for Z (Z = Fe, Co, and Cu) atoms (x = 0.25) substituted (a)
Nij 75Mni 5Sn9.5Z0.25, (b) Ni2Mnwmno.75Mnsno.5Sn05Z0.25, (¢) NizMnynMnsno25Sn0.520.25, and (d) NizMni 5Sno25Zo.25
alloys, and (e)-(g) indirect occupation of Nij.7sMn; 5Sng 52025 alloy. (h) Schematic diagram of atomic spin directions

in FM, FIM, FIM1, FIM2, and FIM3 states (The 1 and | represent spin direction of atomic magnetic moment).

The Eform of austenite for all possible magnetic states based on the occupations were taken into
consideration, as depicted in Fig. 2. In the case of the Fe-doped alloys (Fig. 2(a)), the Eform of direct
occupation is lower than that of indirect occupation when Fe atoms substitute Ni or Mnmn atoms.
Whereas when Fe is introduced by substituting Mnsn, the Eform of the indirect occupation
(Fe—Ni—Mnsn) with FM state is the lowest. When Fe atoms replace Sn atoms, the formation energy

difference between the Fe—Sn occupation with FM state and the Fe—Mnmn—Sn occupation with
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FIM state is only 0.7 meV/atom, suggesting that both occupation manners may coexist in the Sn-
deficient alloys. Notably, the Fe atoms directly replacing the Mnwmn sublattice in the FIM state exhibit
the lowest Eform. Therefore, it is confirmed that Fe atoms preferentially directly occupy the sublattice

of Mnwmn in Ni-Mn-Sn alloys.
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Fig. 2. Efm of austenite for (a) Fe, (b) Co, or (c) Cu atoms (x = 0.25) substitute Ni, Mnmn, Mnsy, or Sn sublattices
in Ni2Mn; 5Sng 5 alloys with different occupation manners (Nij.7sMn;.5Sng 52025 (blue area), NizMnwmno.7sMnsn0.520.25

(orange area), NixMnmnMnsno.25Sn0.5Z0.25 (green area), and NioMn; 5Sng »sZ (purple area)).

As illustrated in Fig. 2(b), when Ni is substituted by Co, the lowest Eform occurs in the FM state
when Co atoms directly occupy the Ni sublattice. For substitutions at the Mn or Sn sites, Co atoms
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still preferentially occupy the Ni sublattice, which forces Ni to occupy the Mn or Sn sublattice,
resulting in the lowest Erorm for these configurations. Notably, regardless of the occupation manners,
the configuration in which Co atoms directly occupy the Ni sublattice (Co—Ni) consistently exhibits
the lowest Eform. This indicates a strong preference for Co atoms to occupy the Ni sublattice.

In the Cu-doped alloys (Fig.2 (¢)), the Eform is lowest when the direct occupation is applied to
the Ni-, Mnmn-, and Sn-deficient alloys. It is worth noting that when Cu substitutes for Mnsn, the Eform
in the FIM state of direct occupation is the same as that of indirect occupation of Cu—Sn—Mnsn
configuration, and it is the lowest Eform in all occupation manners for Cu-doped system. For the
convenience of calculation, the Cu atoms are set to directly replace the Mnsn sublattice when
calculating the physical properties of the Cu-doped alloys. In summary, it has been determined that
Fe, Co, and Cu atoms tend to preferentially directly substitute Mnwmn, Ni, and Mnsn sublattices in Ni-
Mn-Sn alloys, respectively.

Subsequently, to determine the magnetic states of austenite, 40 and NM martensites in Fe, Co,
and Cu-doped Ni-Mn-Sn alloys, the Eform of austenite, 40 and NM martensites in both FM and FIM
states were calculated respectively, and the results are presented in Fig. 3. It was observed that the
FIM state is energetically more favorable for the austenite, 40 and NM martensites in the
Ni2MnisSnos alloy. In all the studied alloys, except for the 40 martensite in the
Ni1.625C00.375Mn1.5Sno.s alloy, the Eform of the 40 and NM martensites in the FIM state is consistently
lower than that of the FM state, which means the 40 and NM martensites exist stably in the FIM state
in these alloys. However, in the Ni1.625C00.37sMni.5Sno s alloy, the Eform of the FIM state 40 martensite
is only 0.88 meV lower than that of the FM state, leading to the potential coexistence of the two
magnetic states.

The magnetic state of the austenite exhibits a more complex stability behavior. For the Ni2Mni s-
xFexSnos alloys (Fig. 3(a)), the Eform of the austenite in the FIM state is consistently lower than that
in the FM state, suggesting that austenite exhibits a preference for the FIM state within the range of
x=0~0.375. In the case of the Ni2.xCoxMn1.5Sno.s alloys (Fig. 3(b)), the formation energy difference
between the FM and FIM state (AErm-Fim) of austenite is only -0.1 meV/atom at x = 0.125. This small
AErm-riv indicates that both magnetic configurations are nearly identical in energy and may coexist

in the alloys. As the Co content increases, the FM state becomes more energetically favorable for the



austenite at x = 0.25 and 0.375, signifying a preference for the FM state in the austenite. In the
Ni2Mn1.5.xCuxSno s alloys, the Eform of the FIM state in the austenite is consistently lower than that of
the FM state up to x = 0.375 (Fig. 3(c)), indicating that austenite presents the FIM state. At x = 0.375,
AErmriM 1s only -0.58 meV/atom, implying that the two magnetic states may coexist. In addition, the
formation energies of the alloys with the most stable magnetic states are all negative, indicating that

they are thermodynamically stable, and can be synthesized experimentally.
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Fig. 3. Composition and possible phases dependence of Erorm for (a) NioMnj s.«FexSng s, (b) Niz-«CoxMn; 5sSng 5, and

(¢) NizMn; 5.,Cu,Sno s systems.
3.2 Phase stability and martensitic transformation

As shown in Fig. 4(a1)-(c1), the increasing Eform for the three phases indicates a decrease in the
stability of the austenite, 40, and NM phases with increasing Fe, Co, and Cu contents. Additionally,
a clear regularity emerges between the FEform of each phase and the doping content x, and this
relationship can be derived through fitting:

(1) For the Ni2Mni.5xFexSno.s alloys:

Eform-Aus=75.14x-83.51 (3-1)
Etom-40=60.41x-102.66 (3-2)
Etormnv=-133.76x>+105.30x-113.67 (3-3)

(2) For the Ni2-«CoxMni.sSno.s alloys:

Eform-aus=-72.32x*+59.34x-82.83 (3-4)
Eform-40=85.10x-102.97 (3-5)
EformNv=85.40x-113.66 (3-6)

(3) For the Ni2Mn1.5xCuxSno.s alloys:



Eform-Aus=-33.76x>+27.50x-82.99 (3-7)
Eform-40=29.28x-102.21 (3-8)
EformNm=-91.84x+70.76x-113.10 (3-9)
where FEform-Aus., Eform-40, and Eform-NM. represent the Eform of austenite, 40 and NM martensites,
respectively, and x represents the doping content in each system. These relationship equations provide
a concise and rigorous representation of the observed trends, facilitating convenient prediction of
Eform for various phases in Ni-Mn-Sn-Z: (Z = Fe, Co, and Cu) systems with different compositions.
This approach enables the estimation of phase stability and offers preliminary insights into the
possibility of martensitic transformations. By doing so, it circumvents the need for laborious
experimental procedures, offering a more efficient approach to alloy composition design.

To evaluate the driving force of the martensitic transformation, we calculated the formation
energy differences between austenite and 40 (AEaus-40) /NM (AEaus-Nm) martensite, as well as
between 40 and NM (AE40-nm) martensites, as shown in Fig. 4(a2)-(c2). In the case of the Ni2Mny s.
xFexSnos (Fig. 4(a2)) and Ni2Mn1.5xCuxSno.s (Fig. 4(c2)) alloys, the values of AFaus.-40 and AE40-Nm
are both larger than 0 meV/atom, indicating that these alloys have great thermodynamic possibility
to undergo two-step martensitic transformations. Therefore, the possible martensitic transformation
sequences are as follows: Aus."™—40MM_NM™M (0 < x < 0.375) for the Ni2Mn1 5.<FexSno.s alloys,
Aus. M40 NMFM (0 < x < 0.375) and Aus.MFM_40FM_NMFM (x = 0.375) for the
Ni2Mn1.5.xCuxSno.s alloys. Furthermore, a larger formation energy difference means a greater phase
transformation driving force and a correspondingly higher martensitic transformation temperature
(Tm). As Fe content increases, the AFEaus.-40 and AEaus-Nm generally exhibit an increasing trend. In
contrast, with increasing Cu content, the trend is reversed. Hence, it can be deduced that the 7Tm
increases gradually with increasing Fe content in the Ni2Mni sxFexSno s alloys, while it decreases with
increasing Cu content in the Ni2Mni.5xCuxSnos alloys. These trends are highly consistent with the
experimental results!*’4%],

In the Ni2xCoxMni.5Snos alloy (Fig. 4(b2)), the AFEaus-NMm s considerably higher than AE40-nm
before reaching x = 0.375, suggesting a stronger driving force for the martensitic transformation
compared to the intermediate martensitic transformation. However, at x = 0.375, the AFaus-Nm

gradually approaches AE40-nm, with the AFEAaus-40 is only 0.55 meV/atom, indicating a low possibility
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of austenite transforming into 40 martensite. Hence, the potential martensitic transformation
sequence in the Ni2«CoxMni.5Snos alloy during the cooling process can be summarized as follows:
Aus.™M540"™MNMIM (0 < x < 0.125), Aus. MM _40FM_NMMM  (x = 0.125),
Aus. ™M 40M™M NMPM (0,125 < x < 0.375), and Aus."™M—-NM'™ (x = 0.375). With the increase in
Co content, both the AEaus-~m and AFEaus-40 decrease. This indicates a weakening of the driving
force for martensitic transformation, resulting in a lower 7m, which is consistent with experimental
observations!*”, It is important to emphasize that when analyzing the physical properties of alloys in
subsequent calculations, in cases where two magnetic states coexist, we choose to examine the state

with the relatively lower Eform.
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(c1)-(c2) NioMn 5..Cu,Sng 5 systems. The lines in the top figure represent linear fit to data points.

3.3 Mechanical properties

Mechanical performance stands as a fundamental property of materials and plays a crucial role
in the case of Ni-Mn-based Heusler alloys. Table 1 presents the elastic constants of austenite, 40 and
NM martensites for the Ni2Mni.5Sno.5, Ni2MnFeo.5Sno.5s, Ni1.5C00.5sMn1.5Sno.5, and NizMnCuo.5Sno.s
alloys. Due to the necessity of employing standard unit cell structures for the calculation of elastic
constant, we selected the aforementioned four alloys to represent the matrix and different alloying
systems, allowing for a qualitative analysis of the impact of alloying with 3d-transition elements (Z
= Fe, Co, and Cu) on mechanical behavior. The elastic stability criteria are as follows: for the cubic
austenite, Ci1 - C12> 0, C11 +2C12> 0, Cas > 0; for the orthorhombic 40 martensite, C11 > 0, C11Ca2 >
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Cl,, C1iCnCss + 2C12C13Cx3 - CiiCyy - CnCy - C3Cl, > 0, Caa > 0, Css > 0, Ces > 0; for the

tetragonal NM martensite, C11 > [C12|, 2C, < C33(Ci1 + C12), Ca4 > 0, Ces > 0%, According to the

criteria, the 40 and NM martensites exhibit mechanical stability across the four alloys, but for the
austenite, only the Nii.sCoo.sMni1.5sSno.s alloy is mechanically stable. The austenite of the other three
alloys does not meet the condition C11 - C12 > 0, which indicates that austenite is unstable and prone
to structural transformation'=*%l, For the Ni1.5C00.5sMn1.5Snoss alloy, according to equations (3-4) and
(3-6), the formation energies of austenite, 40 and NM martensite phases are -71.24, -60.42, and -
70.96 meV/atom, respectively. The driving force for transformation (AFEaus.-~nm = 0.28 meV/atom) is
notably small, suggesting a high probability that martensitic transformation will not occur.
Furthermore, relevant mechanical performance parameters can be computed by formulas from the
literature!>’]. The shear modulus G is calculated as the mean of shear moduli given by formalisms of
Voigt (Gv) and Reuss (Gr). Since the experimental G value is close to the calculated Gy value in many
Ni-Mn-based Heusler alloys, we approximated G as G/°!4,

Based on the data from Table 1, the Gy and Young's modulus (£) of the austenite in all four alloys
are both lower than those of the 40 and NM martensites, indicating that martensites have greater
stiffness than austenite in the same composition®>]. Furthermore, the austenites have higher Cauchy
pressure (C?) and Pugh’s ratio (B/Gv) (the ratio of bulk modulus B to Gv) values than the 40 and NM
martensites. The B/Gy ratio serves as an indicator of brittleness or ductility for a material, where B/G >
1.75 is associated with ductility®®). Generally, higher B/G, values correspond to improved toughness,
and a positive C? value implies the presence of strong metallic bonds and excellent toughness in the
material®”!. The effectiveness of these two parameters has been validated in Ni-Mn-based Heusler
alloys. Currently, they are widely utilized for assessing the mechanical properties of Ni-Mn-based
Heusler alloys°>*%]. Therefore, the austenites exhibit higher plastic toughness compared to the 40
and NM martensites in the matrix and different alloying systems. The subsequent discussion on the

elastic modulus of different alloys will specifically address the austenite.
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Table 1 Elastic constants of NizMn; sSng s, NizMnFeo sSng s, Nij sCoosMnj sSng s, and NioMnCug 5Sng 5 alloys.

Elastic Ni2Mni.5Sno.s Ni2MnFeo.5Sno.s Ni1.5C00.sMn1.5Sno.s Ni2MnCuo.5Sno.s

constants  Aus. 40 NM Aus. 40 NM Aus. 40 NM Aus. 40 NM

Cu/GPa  137.55 25494 189.11 13591 269.26 204.21 173.12 24737 250.59 110.97 269.46 215.05
Ci2/GPa 14546 82.74 89.95 152.04 86.61 10448 139.03 135.24 51.06 169.00 9530  83.75

Ci3/GPa - 84.73 136.46 - 93.24 133.22 - 60.75 141.49 - 86.87 140.76
C»/GPa - 201.07 - - 208.48 - - 173.49 - - 211.61 -
C»/GPa - 119.09 - - 114.77 - - 13590 - - 13296 -
C/GPa - 24147 192.63 - 25770 21138 - 250.92 18576 - 242.67 175.61

Cs4/GPa 99.42 68.22 95.34 97.98 63.75 95.15 101.08  98.91 99.79 101.25 76.18  98.32
Css/GPa — 38.84 - - 46.42 - - 29.67 - - 32.88 -
Ces/GPa  — 68.166  81.61 - 59.80 83.25 - 99.32 31.21 - 76.07  65.11
B/GPa 142.82  141.18 144.06 146.66 147.18 151.30 150.39 14840 150.56 149.66 150.44 148.47
G\/GPa 58.07 62.44 68.32 55.56 63.38 71.30 67.47 68.24 69.68 49.15 64.26  68.38
v 0.32 0.31 0.30 0.33 0.31 0.30 0.30 0.30 0.30 0.35 0.31 0.30
B/Gy 2.46 2.26 2.11 2.64 2.32 2.12 2.23 2.17 2.16 3.04 2.34 2.17
C?/GPa 46.04 14.52 -5.39 54.06  22.86 9.33 37.95 36.34  -48.74  67.75 19.12  -14.57
E/GPa 153.42 16325 17699 14799 16628 184.87 176.07 177.51 181.11 13289 168.76 177.84

The austenites of Ni2MnFeo.5Sno.s and Ni2MnCuo.sSno.s alloys exhibit higher Poisson's ratio (v),
Pugh's ratio, and (¥ compared to the Ni2Mni.5sSnos ternary alloy. The v also can describe the lattice
stability and plasticity of the alloy®®!. Generally, when v is greater than 0.33, it means that the ductility
of a metallic material is good, and a higher v value indicates better plasticity!®®). Therefore, the
plasticity and toughness are significantly enhanced after Fe or Cu doping. These calculated results
provide a robust explanation for the experimental findings in the existing literature, such as the
NisoMn3s7FexSnisz (x = 10) (corresponding to the calculated composition Ni2Mni.4s-xFexSno.s2 (x =
0.4)) alloy achieving a strength of ~1533 MPa and a ductility of ~17.7%!%!].

Moreover, the austenites of Nii.sCoo.sMni.5Sno.s alloy exhibit the lowest v, Pugh’s ratio, and C?
but the highest Gv and £ compared to the other alloys. This suggests that from a theoretical standpoint,
Co-doping may reduce the alloy’s toughness but enhance its stiffness. To further validate the accuracy
of the mechanical performance calculations, compression tests were conducted on Ni2Mni.5-xFexSno.s,
Ni2+CoxMni1.5Snos, and Ni2Mni sxCuxSnos (x = 0~0.375). The results of these tests align with the
predictions presented in this section, confirming the reliability of our computational outcomes (see
experimental evidence in Supplementary Material Section S3).

The elastic anisotropy plays a pivotal role in influencing the microcrack behavior and
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mechanical durability of materials. As elastic anisotropy is inherently associated with crystallographic
direction, the three-dimensional surface construction stands out as the optimal means to directly
characterize elastic anisotropy. Consequently, Fig. 5 and Fig. 6 present the spatial dependence of
Young’s modulus for the austenite, 40 and NM martensites in the four alloys. Notably, due to the
mechanical instability exhibited by the austenite in the Ni2MnisSnos, Ni2MnFeosSnos, and
NizMnCuo.5Snos alloys, rendering them unsuitable for representation in a three-dimensional (3D)
Young's modulus graph. Therefore, the austenites of these four alloys are individually depicted in
polar coordinate form for a comprehensive discussion, as shown in Fig. 5 (see 3D Young's modulus
for the austenite of the Ni1.sCoo.sMn1.5Snos alloy in Supplementary Material Fig. S3).

According to Fig. 5, for the austenite in the Ni2MnisSnos, NizMnFeosSnos, and
Ni1.5C00.sMni1.5Snos, alloys, the maximum E values occur in the <111> direction, while for the
Ni2MnCuo.5Sno s it occurs along the <101> direction. Notably, the minimum £ values for the austenite
in the four alloys are observed in the <100> direction, implying that the alloys are more prone to
deformation along this direction. As shown in Fig. 6, the 40 martensites in four alloys exhibit the
minimum £ values along the diagonal direction in the x-z plane. Except for the Ni1.sCoo.sMni1.5Sno s
alloy, the maximum values of the other three alloys are along the x-axis direction. The 40 martensite
in the Nii.sCoosMni.sSnos alloy demonstrates the maximum E value along the directions of the
diagonal direction in the x-y and y-z planes. The NM martensites in the Ni2Mni.sSno.s and
NizMnFeo.5Sno s alloys exhibit the maximum £ values along the <111> direction, while the minimum
value occurs along the <100> direction. However, the NM martensite in Nii.sCoo.sMni.5Sno.s alloy
demonstrates the maximum £ value along the diagonal direction formed by the z-axis and the x or y-
axis plane, and the minimum F along the directions of the z-axis and the diagonal direction in the x-
v plane. The E value of the NM martensite of the Ni2MnCuo.5Sno.s alloy increases uniformly to both
sides along the z-axis.

Furthermore, Fig. 6 illustrates that the anisotropy of 40 martensite decreases with Fe doping and
increases with Co or Cu doping, while the anisotropy of NM martensite decreases with Fe or Cu
doping and increases with Co doping. In the NizMnFeo.5Sno s alloy, the E differentials between the
maximum and minimum values for the 40 and NM martensites are 86.56 and 131.72 MPa,

respectively. These differentials are lower than those in the Ni2Mni.sSnos alloy (98.07 and 166.25
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Fig. 6. Three-dimensional single-crystal Young's moduli for (a;)-(di) 40 and (a2)-(d4) NM martensites of (a1)-(az)
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3.4 Magnetic properties and structural parameters

Fig. 7 shows the total magnetic moments and magnetization differences of the Ni-Mn-Sn-Z (Z
= Fe, Co, and Cu) alloys. Furthermore, to further delve into the underlying causes of the variation in
the total magnetic moments of different phases with compositions in various alloys, we calculated the
atomic magnetic moments of Ni, Mn, and Z atoms in the austenite, 40 and NM martensites, as
illustrated in Fig. 8. As magnetic moments of various atoms are not fixed values, the “I” type symbols
are employed to signify the range of the atomic magnetic moment, and the dots indicate the average
values of magnetic moments for each atom type, to clearly show the change of atomic magnetic
moment with the composition change. The atomic magnetic moment of Sn (-0.084~-0.045 uB)
contributed insignificantly to the total magnetic moment.

From Fig. 7(a), a slight decrease in the total magnetic moment of both austenite and martensites
is evident with the increasing Fe content x in the Ni2MnisxFexSnos alloys. This decrease can be
attributed to the lower atomic moment of Fe (2.586~2.888 us) compared to the substituted Mnwmn
(3.160~3.629 us). Notably, in the austenite of the Fe-doped alloys, the nearest neighboring distance
of Mn-Mn is consistently smaller than that in the undoped alloy (2.964 A). The nearest neighbor Mn-
Mn spacing in both 40 and NM martensites is also lower than 2.964 A, resulting in no significant
change in the Mn moment (as shown in Fig. 8(az)). The AMaus-40 (the magnetization difference
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between austenite and 40 martensite) and AMaus-Nm (the magnetization difference between austenite

and NM martensite) do not exhibit significant changes with increasing Fe content and remain close

to 0 us/f.u.
5
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Fig. 7. Total magnetic moment per formula unit of austenite, 40 and NM martensites as well as AM of Aus.-40

and Aus.-NM for (a) NioMn; 5..Fe,Sng s, (b) Ni2..Co,Mnj 5Sng 5, and (c) NizMn; 5..Cu.Sny 5 alloys.

In the case of the Ni2.xCoxMni.5Snos alloys (Fig. 7(b)), a magnetic moment change occurs in the
austenite at x = 0.125. This shift is attributed to the substitution of Co for Ni, leading to a transition
in Mnmn-Mnsn interactions from antiferromagnetic to ferromagnetic. As the Co content further
increases, the magnetic moment of the austenite gradually rises, attributed to the higher atomic
magnetic moment of Co compared to Ni, as shown in Fig. 8(b1) and (b3s). However, the 40 and NM
martensites remain relatively constant as x increases. Consequently, the AMaus.-40 and AMaus.-Nm,
which were close to 0 us/f.u. in the undoped alloy, undergo a transition to 4.57 us/f.u. and 4.50 us/f.u.
at x = 0.125, gradually increasing with higher x. It is well known that higher AM is conducive to a
more pronounced magnetocaloric response. Therefore, precise control of Co doping content in the

Ni2+CoxMn1.5Sno s alloys can result in a significant MCE.
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Concerning the Ni2Mni.5xCuxSnos alloys (Fig. 7(c)), an increase in Cu content leads to a
significant rise in the total magnetic moment of both austenite and martensite. The Mn moment also
increases substantially, as shown in Fig. 8(c2). This is because Cu replaces the Mnsn sublattice,
reducing the negative contribution of Mnsn atoms to the total magnetic moment. Notably, there is a

remarkable enhancement of the magnetic moment in the austenite at x = 0.375, making the austenite
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more stable in the ferromagnetic state with a magnetic moment of 4.81 us/f.u. Furthermore, it can be
observed from Fig. 8(c2) that when x = 0.375, all the Mn moments in the austenite are positive,
indicating ferromagnetic coupling among all the Mn atoms. Consequently, the magnetization
differences between the austenite and martensites increase. From the dotted line graph in Fig. 7(c),
for x < 0.25, both the AMaus-40 and AMaus-Nm show negligible changes and remain close to 0 us/f.u.
However, both the AMaus-40 and AMaus-Nm increase to 1.23 us/fou. at x = 0.375. It can be inferred
that with a further increase in Cu content (x > 0.375), the proportion of Mnsn will decrease
correspondingly, thereby reducing the positive contribution of Mnsn atoms to the total magnetic
moment of the austenite. As a result, it is highly probable that AMaus.-40 and AMaus-~nm will also
decrease.

By combining the information from Fig. 7 and Fig. 8, it can be observed that the Mn atomic
magnetic moments are the major contributor to the total magnetic moment of austenite, 40 and NM
martensites. Additionally, the variation trend of the total magnetic moment in the FIM austenite, 40
and NM martensites corresponds to that of Mn moments. For the FM state of the austenite, the trend
in total magnetic moment with composition is opposite to that of Mn atomic magnetic moments.
Nevertheless, whether in the FIM or FM state of the austenite, the variation trend of the total magnetic
moment aligns with that of the Ni moments.

To further explore the notable differences in the magnetic properties of the austenite due to
different doping atoms, we conducted calculations by using SPR-KKR to determine the magnetic
exchange parameters (Jij) among atoms in the Ni2MnisSnos, Ni2Mni2sFeo.25Snos,
Ni1.75C00.2sMn1.5Sno.5, and Ni2Mni1.25Cu0.25Sno s alloys, as presented in Fig. 9. Comparing the J;; of the
Fe- and Co-doped system (Fig. 9(b) and (c)) with the undoped system (Fig. 9(a)), it was found that
the ferromagnetic interaction between Ni-Mnwmn and Ni-Mnsn remains unchanged. As depicted in Fig.
9(b), When Mnwmn is replaced by Fe, the ferromagnetic interaction in Ni-Fe is weaker than that in Ni-
Mnmn. Moreover, the antiferromagnetic interaction in Mnmn-Mnsn significantly increases compared
to the undoped state. In contrast, the antiferromagnetic interaction in Mnsn-Fe is slightly stronger than
the ferromagnetic interaction in Mnmn-Fe. Consequently, the substitution of Mnwmn with Fe results in
a reduction of the total magnetic moment.

Upon the substitution of Co for Ni, as shown in Fig. 9(c), the Mn-Co ferromagnetic interaction
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is nearly twice as strong as the Ni-Mn ferromagnetic interaction. This results in a substantial
improvement in the magnetic moment of the austenite in the Nii.75C00.2sMn1.5Sno.s alloy compared to
the undoped alloy. Referring to Fig. 9(d), the substitution of Cu for Mnsn results in a slight reduction
in both the ferromagnetic interactions between Ni-Mn and the antiferromagnetic interaction between
Mnmn-Mnsn. However, the enhanced ferromagnetic interaction among Mnwmn-Mnmn emerges as a

probable contributing factor to the observed augmentation in the total magnetic moment of the

austenite.
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Fig. 9. Interatomic magnetic exchange parameters (J;j) of austenite in (a) NizMn.5Sno s, (b) Ni2Mn; 25Feo.25Sng 5, (¢)

Ni],75COo_25Mn],5Sn0.5, and (d) NizMn],zscuo_zssno.s alloys.

Fig. 10 presents the equilibrium lattice constants and the unit cell volume of austenite, 40 and
NM martensites in their most stable configurations in the Ni-Mn-Sn-Zx (x = 0~0.375) alloys. Previous
studies!®>%] have reported that the main factors affecting the lattice constants are atomic radius,
magnetism, and interatomic bonding. As shown in Fig. 10(a1), when Fe replaces Mn, the smaller
atomic radius of Fe (1.27 A) compared to Mn (1.32 A) primarily contributes to the decrease in lattice
constant a. In the case of the 40 martensite (Fig. 10(a2)), with the increase of Fe doping content, a

gradually increases, b decreases, and ¢ remains relatively unchanged. For the NM martensite (Fig.
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10(a3)), both a and ¢ exhibit minor fluctuations within a small range.

For the austenite of the Ni2.xCoxMni.5Sno.s alloys (Fig. 10(b1)), the lattice constant a at x = 0.125
is larger than that x = 0. This is due to the slightly larger radius of Co atoms (1.25 A) compared to Ni
atoms (1.24 A), and is consistent with the reported observations in the literature that alloys exhibit
larger lattice constants in the ferromagnetic state compared to the non-magnetic state!®. As the Co
doping content continues to increase, the lattice constant a of the austenite gradually decreases. This
change is primarily driven by the stronger bonding between Co atoms with larger magnetic moments
and the surrounding atoms, where magnetic factors play a dominant role. For the 40 martensite (Fig.
10(b2)), as the Co content increases, a and ¢ gradually decrease while b increases. For the NM
martensite (Fig. 10(b3)), with the increase of Co content, a gradually increases while ¢ decreases,
leading to a decrease in the tetragonal distortion (|c/a-1|) of the martensite. Consequently, it also can
be predicted that the 7m of the Ni2.«CoxMni.5Sno s alloys will decrease gradually with increasing Co

content, this is consistent with the conclusion drawn from the thermodynamic AE.
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Fig. 10. Lattice constants and unit cell volume of each phase for (aj-as) NioMns.Fe.Sngs, (bi)-(bs) Nia-
xCoxMnj 5Sng s, and (c1)-(cs) Ni2Mn; 5..Cu,Sng 5 alloys.

In the Ni2Mni.5xCuxSno.s alloys, the austenite exhibits a reduction in a, primarily due to the
smaller atomic radius of Cu (1.28 A) compared to Mn (1.32 A), as depicted in Fig. 10(c1). For the 40
martensite, with increasing Cu content x, a remains relatively constant, while » and ¢ exhibit slight

increases and decreases, respectively. For the NM martensite (Fig. 10(c3)), a gradually increases, and
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¢ decreases, resulting in a diminished value of |c/a-1]|. This can be used to predict a decrease in the
T

In the Ni-Mn-Sn-Zx (x = 0~0.375) alloys, the transformation from austenite to 40 or NM
martensite induces notable volume contraction due to the distinct volumes of austenite and
martensites, as shown in Fig. 10(a4)-(c4). For the Fe-doped alloys, the volume contraction (AV)
during martensitic transformation does not change significantly compared to undoped alloys (Fig.
10(a4)). However, Co-doped alloys display a substantial and more pronounced contraction during
martensitic transformation, exceeding that in ternary Ni-Mn-Sn alloys. Conversely, for the Cu-doped
alloys, the AV during martensitic transformation is consistently smaller than that of the undoped Ni-
Mn-Sn alloys, reaching its minimum at a Cu content of 0.25.

As is well-known, during the martensitic transformation, changes in both lattice parameters and
unit cell volume change, alter interactions between atoms. This leads to an increase in frictional
resistance at the phase transition interface, resulting in a significant A Thys during the first-order phase
transition. Li et al experimentally observed that the AV is larger when x = 6 compared to x =5 in
the MnsoNi42xCoxSns alloy, and they noted that an increase in the Co doping content leads to a
corresponding increase in A Tiys!®%]. Therefore, the A Thys can be qualitatively described by the AV
during the phase transition. Based on the results of the first-principles calculations, we can predict
that Cu doping can reduce the ATHys in Ni-Mn-Sn alloys. Particularly, around the Cu content of x =
0.25 for the Ni2Mni.5+CuxSnos alloys, the AThys is minimized. This reduction is conducive to
decreasing magnetic hysteresis losses and thus enhancing the reversibility of the magnetocaloric

effect.
3.5 Electronic Structure

To further elucidate the origin of the physical properties related to the martensitic transformation
and magnetic properties, Fig. 11 presents the total density of states (TDOS) for the austenite, 40 and
NM martensites in the different alloy systems. A common feature in the spin-down TDOS of the four
alloys is the presence of prominent peaks near the Fermi level (Er) in the austenite, whereas the peaks
transition into flat or even pseudo-gap near the Er in the 40 and NM martensites. This observation

signifies that the alloys have undergone the band Jahn-Teller effect's”), leading to martensitic
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transformation, thereby lowering the total energy of the alloy and forming a more stable martensite.
Furthermore, the spin-up TDOS of austenite in the four alloys displays two obvious peaks at
approximately -3 eV and -1 eV, which are primarily attributed to the strong 3d electronic interactions
between Ni and Mn atoms. Unlike the other alloys, the spin-down TDOS of the
Ni1.875C00.12sMn1.5Sno.s alloy exhibits a pseudo-gap in the energy range of -0.5 to -1 eV, indicating
the presence of strong bonding interactions between the atoms, as shown in Fig. 11(c). To further
explore the underlying reason for bond formation, we calculated the partial density of states (PDOS)
for this alloy, as shown in Fig. 12(a). This analysis reveals that the resonance between the minority
electronic states of Ni and Co near the pseudogap is more pronounced than that between Ni and other
atoms. This implies that the bond formation is primarily a result of hybridization between the minority

electronic states of Ni and Co.
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NixMnj 375Cu0.125Sn0 5 alloys. Er stands for zero energy.

To compare the electronic structure of the two magnetic states of austenite in the Ni2Mni.s-
xCuxSnos alloys when the Cu content is 0.25 and 0.375 respectively, we conducted calculations for
the TDOS and PDOS of the austenite, as shown in Fig. 12(b) and (c). The total magnetic moment of

these alloys is determined by the difference in the total number of electrons with spin-up and spin-
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down below the Fermi level (AN). The AN of x = 0.25 and x = 0.375 alloys are 15.663 and 34.643
electrons respectively. The increase in the electron number difference leads to an increase in the total
magnetic moment, which is the fundamental reason for the change of the magnetism.

Moreover, it can be seen from Fig. 12(c) that in the Ni2Mni.25Cuo.25Sno.s alloy (red line), the
spin-up electrons of Mnwmn are mainly distributed below the Er, and the spin-down electrons are
mainly distributed above the Er, while the distribution of Mnsn is exactly the opposite, indicating that
the magnetic moments of Mnmn and Mnsn are arranged antiparallel. In the Ni2Mni.125Cu0.375Sno s alloy
(blue line), the spin direction of the Mnsn 3d state has changed, and the magnetic moments of Mnwmn
and Mnsn atoms become parallel, resulting in an enhancement of the total magnetic moment.
Furthermore, the 3d states of Ni and Cu atoms are nearly fully occupied and exhibit high symmetry
below the Er, indicating that the magnetic moments of Ni and Cu atoms are relatively small. In
contrast, for the Mnwmn atoms, the 3d states with spin-up are half occupied, while the number of
electrons occupied in the spin-down orbitals decreases below the Er. This low-symmetry distribution
for the density of states suggests that Mn atoms possess a larger magnetic moment, consistent with

the atomic magnetic moment results presented in Section 3.4.
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4 Conclusion

In this work, a comprehensive investigation including the phase stability, martensitic
transformation, mechanical properties, and magnetic properties of the Ni2Mni.s.xFexSnos, Nio-
xCoxMni1.5Sno.s, and Ni2Mni 5.+CuxSno s alloys was conducted by the first-principles calculations. The
key results are outlined as follows:

(1) Fe and Co atoms preferentially occupy the sublattice of the Mnwmn and Ni atoms, respectively;
Cu atoms directly substitute for the Mnsn atoms or display indirect substitution by first occupying the
sublattice of the Sn atoms, thereby forcing Sn atoms to occupy the Mnsn sublattice.

(2) According to the results of formation energy, the possible martensitic transformation path
can be determined as: Aus.f™M«40"™MoNMM™ (0 < x < 0.375) for the Ni2Mni.s5.<FexSno.s alloys;
Aus.™M40M™MNMIM (0 < x < 0.125), Aus. ™M 40MMoNMMM (x = 0.125),
Aus. M—40FMMoNMM (0,125 < x < 0.375), and Aus."'MoNMPM (x = 0.375) for the Nio-
+CoxMn1.5Snoss alloys; Aus.f ™40 NMM™ (0 < x < 0.375) and Aus.™MMM40"™MNMFM (x
= 0.375) for the Ni2Mn1.5.xCuxSnos alloys. From the perspective of energy difference (AEaus-Nm and
AFEaus-40), explain the underlying reasons for the increase in 7m increases with the increase in Fe
content and the decrease with the increase in Co and Cu content.

(3) The analysis of mechanical properties demonstrates that the austenites exhibit higher plastic
toughness compared to the 40 and NM martensites in both the matrix and various alloying systems.
Fe or Cu doping increases the B/G, C?, and v values of the austenite, enhancing the alloy’s plasticity
and toughness. In contrast, Co doping diminishes the toughness of austenite while increasing its
stiffness.

(4) In the Ni2Mnis«FexSnos alloys, the total magnetic moments of austenite, 40 and NM
martensites decrease as Fe content increases. For the Ni2xCoxMni.sSnos alloys, the total magnetic
moments of austenite significantly increase with higher Co content, while the total magnetic moments
of 40 and NM martensites remain stable. The Ni2Mn1.5.xCuxSno.s alloys show an increase in total
magnetic moments for austenite, 40 and NM martensites with increasing Cu content. In all three alloy
systems, the variation trend of the total magnetic moment in the FIM austenite, 40 and NM
martensites corresponds to that of Mn moments. Whether in the FIM or FM state of the austenite, the

variation trend of the total magnetic moment aligns with that of the Ni moments. Co-doping enhances
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the AM in the alloys, suggesting that Ni-Mn-Sn-Co alloys hold the potential to exhibit significant
MCE.

(5) The variation in lattice constants in the three systems is primarily associated with atomic
radii and magnetic interactions between atoms. The introduction of Cu leads to a reduction in AV,

consequently lowering thermal hysteresis.
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