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Abstract: Both magnetic-field-induced reverse martensitic transformation (MFIRMT) and a high
working temperature are crucial for the application of Ni-Mn-5n magnetic shape memory alloys. Here,
by first-principles calculations, we demonstrate that the substitution of Cu for Sn is effective not only
in enhancing the MFIRMT but also in increasing martensitic transformation, which is advantageous
for its application. Large magnetization difference (AM) in Ni-Mn-5n alloy is achieved by Cu doping,
which arises from the enhancement of magnetization of austenite due to the change of Mn-Mn
interaction from anti-ferromagnetism to ferromagnetism. This directly leads to the enhancement
of MFIRMT. Meanwhile, the martensitic transformation shifts to higher temperature, owing to the
energy difference between the austenite L2; structure and the tetragonal martensite L1j structure
increases by Cu doping. The results provide the theoretical data and the direction for developing
a high temperature magnetic-field-induced shape memory alloy with large AM in the Ni-Mn-5Sn
Heusler alloy system.

Keywords: Ni-Mn-5Sn; ferromagnetic shape memory alloys; martensitic transformation; magnetic
properties; first-principle calculation; Cu addition

1. Introduction

Owing to the coupling of structure and magnetism, the ferromagnetic shape memory alloys
(FSMAs) have attracted considerable attention [1-6]. The magnetic shape memory arises from
a magnetic-field-induced rearrangement of martensite variants in Ni-Mn-Ga [7]. Based on this
mechanism, because the driving force is limited by the anisotropy energy, the output stress induced by
the external magnetic field is restricted [3]. Different from Ni-Mn-Ga FSMAs, Ni-Mn-X (X =1In,
Sn, and Sb) FSMAs can obtain larger output stress resulting from the magnetic-field-induced
transformation [8]. The shift of the reverse martensitic transformation temperature induced by
magnetic field, AT, is given by the Clausius—Clapeyron equation:

dB  AS AM
77 = 2 and AT ~ <AS)AB 1)

where B is the applied magnetic field, and AM and AS are the differences in magnetization and entropy
between parent and martensite phase, respectively. Recently, the Mn-rich Ni-Mn-Sn FSMAs have
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stood out due to their remarkable properties such as giant caloric effects [9] and complex magnetic
behavior with easily-tunable transformation characteristics by a variation of the composition and
doping [7-14]. Most of these fascinating properties are related to the magnetic-field-induced reverse
transformation (MFIRT). Unfortunately, practical applications of these alloys are restricted because of
the drawback which is the requirement for a high magnetic field. As Equation (1) shows, to use MFIRT,
a larger AM is urgently required for the martensitic transformation. Up to now, some efforts have
been devoted to enlarge AM in Ni-Mn-based FSMAs, such as tuning the stoichiometric, substituting
foreign atoms, and applying external pressure [15-19]. Among these, substituting a small amount of
Co/Fe for Ni is an efficient method to enhance the AM. This is mainly due to the local ferromagnetic
structure achieved in the antiferromagnetic matrix and the magnetization of the high temperature
phase which was effectively enhanced [20]. The disadvantage of Co doping is that it makes martensitic
transformation (MT) temperature too low, even below room temperature. However, the working
temperature of Ni-Mn-Sn FSMAs is usually at room temperature or at higher temperatures. Thus,
developing the Ni-Mn-Sn FSMAs with a large AM and high MT temperature is essential.

In Ni-Mn-Sn FSMAs, a fourth element addition normally seeks to enhance the magnetic properties,
although it can also modify the structure. Cu, for instance, has been shown to have an important
effect on the properties of Ni-Mn-Sn compounds. Castillo-Villa et al. have reported improved
refrigeration capacity in Ni-Mn-Sn-Cu polycrystalline through the magnetocaloric and elastocaloric
combination [21]. Lately, Li et al. shows that NiggMny;5n;1Cuy exhibits a giant adiabatic cooling
of —8 K at small transformation strains of 1.3%. Ni-Mn-Sn-Cu alloys are proposed as a candidate
for the elastocaloric materials [22]. As for the martensitic transformation, Wang et al. reported that
Mn substitution by Cu increased the martensitic transformation (MT) temperature as well as the
magnetocaloric effect [23], while other researchers found that the replacement of Ni by Cu atoms
can generate an obvious martensitic transformation temperature change to a lower temperature [24].
So far, numerous works have focused on adjusting the transformation temperatures or improving
the magnetic properties. However, research has rarely been carried out to improve the AM and MT
temperature at the same time. Thus, we expect that doping proper Cu in the Ni-Mn-Sn FSMAs can
simultaneously enhance the AM and improve MT temperature.

However, due to the restrictions of a long experimental period, limited scope, and high costs,
experimental studies have limitations when designing a new material. Before the experiment,
calculation by the first principle plays an important role in predicting new ferromagnetic shape
memory alloys. The theoretical calculation can simulate substitution or addition elements with any
desired composition and accordingly select the most promising one, which can provide useful guidance
for experiments. Up to this day, first-principle calculations have been successfully used to calculate
the electronic structure, formation energy and magnetic structure of the off-stoichiometric Ni-Mn
based FSMAs. Meanwhile, the calculated results are consistent with the experimental results. Thus,
by first-principle calculation, we expect to design a new FSMAs material with excellent performance
through Cu doping.

In the present paper, the electronic structure and magnetic properties of NijgMnj,5ns_,Cuy alloys
(x=0,1, 2, 3, and 4) have been calculated by the first principle. The influence of Cu doping on
phase transformation temperature, Curie temperature and magnetic structure was clarified. This work
can help to understand the phase transformation deeply and design new Ni-Mn-5n alloys with
excellent properties by doping another element. Calculated results showed that the substitution
of Cu for Sn is effective not only in enhancing the MFIRMT, but also in increasing martensitic
transformation. The results provide the theoretical data and the direction for developing high
temperature magnetic-field-induced shape memory alloy in the Ni-Mn-Sn Heusler alloy system.

2. Materials and Methods

The Heusler alloys (X;YZ) studies here possess a L2; structure that consists of four
interpenetrating face-centered-cubic (fcc) sublattices with origin at fractional positions, (0.25, 0.25,
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0.25), (0.75, 0.75, 0.75), (0.5, 0.5, 0.5), and (0, 0, 0). For the conventional Heusler alloy structure, the first
two sub-lattices are occupied by X atom and the third by Y and fourth by Z atom. In total, there are
16 atoms in the model, as shown in Figure 1a. The stoichiometrical NigMn4Sn, alloy does not undergo
a martensitic phase transition from the cubic Heusler L2; structure to the non-modulated structure [25].
The previous research about the NigMny,,Sny_, alloys have shown that the martensitic transformation
can be observed only under the Mn-rich with x > 2. Here, we have focused on the off-stoichiometrical
NigMngSn, alloy substitution of Sn by Cu. Moreover, in order to calculate the influence of different
Cu content more accurately, the 2 x 1 x 1 supercell approach is used for the calculations, as shown
in Figure 1b. In the model, Mny, represents the Mn atoms in the Mn sites, and Mng,, represents
Mn atoms in the Sn sites. In the case of the model of the cubic structure for the austenitic phase of
NijgMnip5ny_,Cuy alloys (x = 1, 2, 3, and 4), the same size of the model is used except for some
appropriate Sn atoms being replaced by the doped Cu atoms. It is worth noting that the simulated
structure here is an ordered one, whereas in a real material the Cu and Mn ions on the Sn sites would
be randomly distributed. This may have an effect on the properties of the material. All calculations
have been performed based on the density functional theory, using CASTEP (Cambridge Sequential
Total Energy Package) code [26]. The plane-wave cutoff energy is 400 eV which is found to converge
the total energy efficiently of the physical models. A (8, 8, 8) Monkhorst-Pack grid is employed
to sample the Brillouin zone. The interaction between ions and electrons is described by ultra-soft
pseudopotentials [27]. The spin-polarized generalized gradient approximation is used to describe the
exchange correlation energy. The tetragonal martensite has been obtained by calculation of the stability
of L2 austenite with respect to volume-conserving tetragonal distortions. Then, the total energy of
both austenite and martensite, electronic structure and magnetic moment have been calculated.
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Figure 1. The unit cell of the cubic structure for the parent of the Ni-Mn-5Sn alloy (a) NigMnySny alloy;
(b) Ni16Mn128n4 alloy.

3. Results and Discussion

To determine the magnetic ground and theoretical lattice parameter of NijsMn,5n4_,Cuy alloys
(x =0, 1, 2, 3, and 4) in the austenitic phase, we performed total energy calculations with spin
polarization. We considered two situations where the magnetic moments of the excess to the Mn atoms
in the Sn sites (denoted as Mngy,) are parallel or anti-parallel to the Mn atoms in the Mn sub-lattice site
(denoted as Mnyyy, ). The parallel and antiparallel Mng,-Mnys, magnetic interactions are denoted as P
and AP states, respectively. Results for the lattice constants of the NijgMn5n;_,Cuy (x =0, 1,2, 3,
and 4) cubic phases for both the AP and P states are plotted in Figure 2. The calculated energies of the
equilibrium lattice constants are —29,898.73 eV and —29,898.80 eV for the AP and P states for x =0,
respectively. For x = 1, these total energies are —31,280.29 eV and —31,280.41 eV for the AP and P states,
respectively. In both structures, the AP states are lower on the energy scale and are thus significantly
more stable than the P states around the equilibrium lattice parameter for the case of x = 0 and 1.
This indicates that the magnetic moment of the Mng,, in NijsMn;,5n4_,Cuy alloys (x = 0, and 1) cubic
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phase is anti-ferromagnetically coupled to the magnetic moment of Mnyy,. On the contrary, as for the
case of x = 2, the P states are slightly lower on the energy scale than the AP states with nearly the same
energy corresponding to the ground state lattice constant of ~6.0 A. With the further increasing of Cu
content, it is worth noting that, in contrast to the alloys without Cu doping, the P state of alloys is
evidently more stable than the AP state at equilibrium lattice constant. This result obviously indicates
that substitution of proper Cu for Sn converts antiferromagnetic austenite to ferromagnetic state in the
cubic austenite phase, and hence increases the magnetization of austenite. Meanwhile, it can be seen
that the equilibrium lattice constants of NijgMn1,Sns_,Cuy alloys (x =0, 1, 2, 3, and 4) decrease with
increasing Cu content. Probably because the radius of Cu (1.57 A) is smaller than that of Sn (1.72 A),
the addition of Cu causes the unit-cell volume to shrink.
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Figure 2. Equation of states of NijgMni,5n4_,Cuy cubic phase (x =0, 1, 2, 3, and 4) for both parallel
and antiparallel magnetic interaction.

In order to see the effect of Cu on martensitic transformation in a Cu-doped Ni-Mn-Sn alloy,
the total energy as a function of the tetragonal ratio c/a is calculated for both parallel and antiparallel
magnetic interactions of NijgMnj2Sns_,Cuy alloys (x =0, 1, 2, 3 and 4). Figure 3 shows the total
energies of NijgMnj,Sns_,Cuy alloys (x = 0, 2, and 4) with a variation of the tetragonal ratio c/a,
because the curves of the other specimens are similar. For the alloy without Cu doping as shown in
Figure 3a, for structures under the P state, NijMn1,5n4 has only one minimum in the E-c/a curve
at c/a = 0.98 and the energy difference between c/a = 1.00 is rather small. However, as to the E-c/a
curve of structure under AP state, the energy is lower compared with the E-c/a curve of structure
under P state. This indicates that the AP state is favored energetically for all ¢/a ranges, which means
that the Mng,-Mny, magnetic interactions in both austenite and martensite are antiparallel. Also, it is
found that, when the structure is under AP state, the energy minimum can be observed at c/a = 1.3,
which corresponds to the L1 structure of NijgMn1,Sny. This result shows that the AP austenite phase is
unstable against the tetragonal distortion in NijgMn1,5ny. It undergoes the martensitic transformation
from AP austenite phase to AP tetragonal martensite. Due to both austenite and martensite being
in the AP state, the AM between the two structural phases is small. This directly leads to the weak
MFIRMT in Nij¢Mnj,5n, alloy without Cu addition.

The addition of Cu, from the change of the E-c/a curves, shows that the energy behaviors along
the variation of the c¢/a do not change. However, Cu introduction changes the relative stability of the
structure. As shown in Figure 3b,c, for the case of x = 2 and 4, we find that the P state is more stable than
the AP state only around the equilibrium lattice constant for the austenitic phase, as indicated by the
blue rectangle. Here, the AP state becomes energetically favorable when the martensitic phase transition
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appears, which indicates that a magneto-structural martensitic transition occurs. Thus, a competition
between the P and AP states is evidently observed from the E-c/a curve of NijgMnj,5nyCuy. In the
vicinity of c¢/a = 1, the structure under P state is more stable than that of AP state. The energy minimum
can be reached at c/a = 1 with respect to the L2 structure under P state. With the c/a deviating from 1,
the total energy of structure under P state increases. However, for the structure under AP state, the total
energy decreases to the value lower than that of P state and reaches the energy minimum at c/a = 1.4,
which corresponds to the martensitic phase L1j structure under the AP state. Thus, we find that the
martensite L1j structure for each system keeps the AP state, whereas the antiferromagnetic austenite
has been tuned to ferromagnetic state by substitution of proper Cu for Sn.
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Figure 3. The total energy difference as a function of the tetragonality, c/a, in the tetragonal structure
calculated for both parallel and antiparallel magnetic interaction for NijgMnj5n4_,Cu, withx =0, 2,
and 4, respectively. The vertical line located at c/a = 1 denotes the position of the cubic austenite phase.

A good deal of previous research has shown the ferromagnetic activation effect of Co or
Fe elements. From the above analysis, we found the same function of Cu addition in Ni-Mn-Sn
alloy. Furthermore, the concentration dependence of magnetic moment per formula unit for
NijgMnjrSny_Cuy alloys (x = 0, 1, 2, 3, and 4) is depicted in Figure 4. In the case of x = 0 and 1,
the magnetization difference between the austenite and the martensite is very small. With the increasing
of Cu content, in the case of x = 2, 3, and 4, the magnetic moment of austenite was significantly
enhanced, while the magnetic moment of martensite changed little. Thus, the magnetization difference
between the austenite and the martensite is enlarged evidently. This result is consistent with the
conclusion of the E-c/a curves. This should be attributed to a change of magnetic structure of
austenite caused by the substitution of proper Cu for Ni, which turns the Mn-Mn interaction from
anti-ferromagnetism to ferromagnetism. Such a high magnetization difference provides a strong driving
force for magnetic-field-induced transformation. Thus, a large AM can be obtained by Cu addition in
the Ni-Mn-5Sn alloy system. We finished the first step in designing the new material with a large AM.
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Figure 4. Concentration dependence of magnetic moment per formula unit for NijgMnj,Sny_,Cuy
alloys (x=0,1, 2, 3, and 4).
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As ever, researchers have pointed out that the total energy difference between the austenite L2
structure and the tetragonal martensite L1j structure (AEam = Eop(cub.) — EAP(Tetra.)) can be used to
predict the possible martensitic transformation and to estimate the MT temperature, approximately [28].
Generally, the larger energy difference implies a higher MT temperature. In order to clarify the effect
of Cu element on martensitic transformation, the AEa (as indicated by the black arrow in Figure 4)
is calculated. Figure 5 shows the AEsp per formula unit for NijgMng;Sns—,Cuy alloys (x =0, 1, 2, 3,
and 4). Firstly, we can see that AE p\f increases markedly with a little amount of Cu doping. In the case
of x = 2, the AE ) increases to the maximum. As x further increases to 3 and 4, the AE ) gradually
decreases, which is also higher than that of alloy without Cu addition. Thus, due to a larger AEanm
corresponds to a higher TM temperature, the results show that the TM temperature first increases and
then decreases with the increasing of Cu content. Proper substitution of Cu for Sn can increase the MT
temperature. Now, we finished the second step to design a new material with high MT temperature.
These results provide origin for the design of high-temperature magnetic shape memory alloys with
low magnetic field.

(eV/fau.)

0.6 4

0.4 T T T T
L] 1 2 3 4

Cu doping content (x)

Figure 5. The energy difference between austenite L2 structure and the tetragonal martensite L1
structure (AE ) per formula unit for NijgMni»5ns_ Cuy alloys (x =0, 1, 2, 3, and 4).

In practice, elevating the Curie temperature (T.) while keeping the martensitic transformation
temperature high is essential. Since Ni-Mn-Sn-Cu alloys satisfy the Stone condition of ferromagnetism [29],
the T, can be taken to be proportional to the total energy difference between the paramagnetic and the
ferromagnetic state (AEiot) [30]. According to the Heisenberg model and the molecular field theory,
the link between AE;y and T is given by

AEto’t - _kac(:/ (2)

where ¢ represents the ratio M/My of the magnetic moment M at T # 0 K and the equilibrium
magnetic moment My at T = 0 K. A number of researchers predict the T, by using the Equation (2).
Though the predicted values have some deviations compared with the experimental values, only from
the total energy difference results, we can still draw the conclusion that the T, can be taken to be
proportional to the AEiy. In order to investigate the effect of Cu introduction on the T, the total
energies of both ferromagnetic and paramagnetic cubic phase of NijgMnj,Sns_,Cuy alloys (x =0, 1,
2, 3, and 4) were calculated. The calculated results show that the total energy of paramagnetic cubic
phase is much higher than that of the ferromagnetic one at all the compositions studied, which is
consistent with the fact that the paramagnetic cubic is the high-temperature phase. Figure 6 shows the
total energy difference between the paramagnetic austenite and ferromagnetic austenite per formula
unit for NijgMnj,Sny_,Cuy alloys (x =0, 1, 2, 3, and 4). Obviously, it can be seen that the AE
linearly decreases with the increase of Cu content. This result indicates that T of NijgMnj2Sny_,Cuy
alloys decreases with the Cu addition. Though we find that Cu doping shift the MT temperature to
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higher temperature, the T, changes in the opposite directions. Magnetic-field-induced martensitic
transformation indicates a transformation sequence of ferromagnetic martensite, ferromagnetic
austenite and paramagnetic austenite upon heating. The T, of austenite is higher than MT temperature
is essential to using Magnetic-field-induced martensitic transformation. Therefore, it is necessary to
study how to synchronously increase the T and MT temperature in the further studies.
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Figure 6. The energy difference between the paramagnetic austensite and ferromagnetic austenite per
formula unit for NijgMn1y5n4_,Cuy alloys (x =0, 1, 2, 3, and 4).

In order to have a further insight into the electronic structure, the magnetic properties, and the
martensitic transformation of Nij¢Mnj;Sns_,Cuy alloys (x = 0, 1, and 2), we investigated the total
density of states (DOS) for both the austenite (as indicated by the black line in Figure 7) and martensite
phases (as indicated by the red line in Figure 7). It can be seen from Figure 7 that, in the down-spin DOS
of the austenite phase, there exists a sharp DOS peak at the Fermi level, indicating the bonding character
between the atoms in NijsMnj,Sns_,Cu, around the Fermi level, and this is apparently responsible
for the martensitic transformation. However, the DOS peak at the Fermi level (E¢) almost disappears
when the transition of the tetragonal martensite phase to/from the cubic austenite phase takes place,
as seen from the inset (expanded the regions near E). This behavior suggests that the DOS in the
vicinity of the E; is an important factor that triggers the occurrence of martensitic transformation [31].
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Figure 7. The total dos plots for the NijgMnjSny_,Cuy (x = 0, 1, 2) for both cubic austenite
and tetragonal martensite phase. Each phase is consisting of the up-spin and sown-spin channels.
The vertical dashed line is chosen as Fermi level E¢. The regions near the Fermi level are shown in

an expanded scale in the inset.



Metals 2018, 8, 152 8 of 10

The aforementioned results suggest that Mn-Mn magnetic interaction in the cubic phase of
Ni-Mn-5Sn alloy has been turned from anti-ferromagnetism to ferromagnetism by the substitution of
Cu for 5Sn. To gain insight into the origin of magnetic properties and magnetostructural transformation
in Ni-Mn-Sn-Cu, we have investigated the electronic structure. Also, because the trend of each change
in other specimens is similar to the case of x = 2, here we only choose the case of x = 0 and 2 for
comparison. Figure 8 illustrates the DOS for the cubic and martensitic phase of NijgMn1,5ny_,Cuy
alloys (x =0, and 2). In the case of x = 0, Mn 3d state of majority and minority spin are split with respect
to the Fermi level. This distribution makes Mn mostly responsible for the magnetization. Moreover,
it can be noted that the magnetic moment of Mng, is anti-parallel to that of Mny, (as indicated by the
arrow). Ni 3d states have similar distribution in the majority and minority spin, resulting in a rather
small magnetization. With Cu addition, the Mny, 3d state is similar to that of before. However,
Mng, 3d state is altered. Mng,, 3d state of majority spin is mostly below the Fermi level, while that of
minority spin is mostly above the Fermi level. Thus, the magnetic moment of Mng,, is parallel to that
of Mnyy, giving rise to the enhancement of the total magnetic moment. This is in agreement with the
aforementioned results. This result further clarifies the change of magnetic moment of Ni-Mn-5n-Cu.
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Figure 8. The partial density of states (DOS) plots for NijgMnj,Sny_,Cuy alloys in both cubic austenite
and tetragonal martensite phase, (a) x = 0; and (b) x = 2. The vertical dashed line is chosen as the Fermi
level E;.

4. Conclusions

In summary, in order to design the new magnetic shape memory alloy material which can
show a large AM and a higher MT temperature, first principle electronic structure calculations were
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employed. We have studied the total energy, the magnetic properties, and the magnetic-field-induced
martensitic transformation for NijgMnjySns_,Cuy alloys (x = 0, 1, 2, 3, and 4). The equilibrium
equation of state results shows that antiferromagnetic cubic austenite becomes ferromagnetic cubic
austenite in Ni-Mn-Sn alloys by Cu addition. Especially in the case of x = 2, drastic changes in the
magnetic properties are expected to occur between the ferromagnetic austensite (6.74 uB/f.u.) and the
antiferromagnetic martensite phase (1.98 uB/f.u.). This directly leads to the large AM and enhances
the MFIRMT. Meanwhile, the martensitic transformation shifts to the higher temperature, owing to
the energy difference between the austenite L2 structure, and the tetragonal martensite L1, structure
increases by Cu doping. The calculations mentioned above may help in gaining an insight into the
doping of Cu behavior in Ni-Mn-5Sn and provide guidance to the new material design. Furthermore,
the total energy difference between paramagnetic and ferromagnetic austenite indicates the decrease
in T with Cu addition. We expect that the restriction would be resolved in the further studies.
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