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The structure and martensitic transition (MT) temperatures of NigzsMnysSnioR (R = Al, Ga, In and Sn) alloys
were investigated. Valence electron concentration and cell volume are two main factors affecting the MT
temperatures in Ni-Mn based Heusler alloys. Our results indicated that the MT temperatures do not
vary monotonously with either of the two factors, but increase with the increasing of electron density.

Combining the two factors, electron density might be a more appropriate parameter to describe the
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variations of MT temperatures.
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1. Introduction

Since the large magnetic-field-induced strain was reported in
Ni;MnGa [1], Ni-Mn based ferromagnetic shape memory alloys
(FSMAs) have attracted considerable attentions for potential appli-
cations in magnetic-field-controlled actuators and sensors. The
off-stoichiometric NisoMnsg_yXy, (X=In, Sn and Sb) FSMAs with
some critical ranges of X concentration undergo a reversible first-
order martensitic transition (MT) between the high temperature
austenitic phase and the low temperature martensitic phase, which
is often accompanied by the sharp change in the magnetiza-
tion and resistivity [2]. The reverse transition from martensitic
to austenitic phase can be induced by applying magnetic field as
well as increasing temperature [3]. Since the output stress origi-
nating from magnetic-field-induced phase transition is larger than
that resulted from variant rearrangement in martensitic phase, the
metamagnetic shape-memory alloys Ni-Mn-X (X=1In, Sn, and Sb)
might be more promising magnetic smart materials than conven-
tional ferromagnetic shape-memory alloys such as Ni;MnGa [4].
Furthermore, due to the strong coupling between structural and
magnetic degrees of freedom in Ni-Mn-X (X =In, Sn, and Sb) alloys,
a variety of other multifunctional properties, such as large inverse
magnetocaloric effect (MCE) [5,6], giant magnetoresistance (MR)
[7,8] and giant magnetothermal conductivity (MTC) [9] have been
observed in the vicinity of the MT. Therefore, from viewpoint of
applications, tuning the MT temperatures (including martensite
start temperature Ms, martensite finish temperature My, austen-
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ite start temperature A, and austenite finish temperature Ar) and
enlarging the working-temperature interval are of great impor-
tance for these FSMA:s.

It is generally acknowledged that valence electron concentra-
tion, i.e. valence electrons per atom (e/a), plays a critical role in the
martensitic transition of Ni-Mn based FSMAs, and in general the
MT temperatures increase with the increasing of e/a [10]. Here the
valence electron is calculated as the number of 3d and 4s electrons
of transition metals (Ni, Mn, Co, or Cu) and the number of 5s and
5p electrons of In, Sn, or Sb. Adjusting the elemental chemical com-
position and partial substitution by other elements are two main
methods to tune the MT temperatures. In most cases, for example,
adjusting the Ni/Mn ratio [11,12], substituting Ni or Mn with Co
and Cu [13,14], or replacing In with Sb [15], the variations of the
MT temperatures are in accord with the valence electron concen-
tration theory. Actually, the changes of chemical composition or
alloying elements can affect not only the electronic structure but
also the geometry structure. In some cases, the effect of size factor
on the MT temperatures cannot be neglected and should be taken
into account. For instance, isoelectronic substitution with smaller
radius elements will decrease the cell volume and then results in
the increasing of the MT temperatures, which was further con-
firmed by the experimental results in NisgMns34In;g_xGax [16] and
Nig3MnygSny1_xGey alloys [17]. Sharma et al. found that replacing
Mn in NisgMns34In;g alloy partially by smaller radius Cr with fewer
valence electrons could increase the MT temperatures, indicating
that the chemical pressure (size factor) effect dominates over the
effect related to e/a [18].

In order to investigate the mechanism of the variations of MT
temperatures in Ni-Mn-X (X =1In, Sn, and Sb) alloys, in this work, a
systematic substitution of Il main group elements (Al, Ga and In)
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Fig. 1. The XRD patterns of NiggMnysSnigR (R=Al, Ga, In and Sn) alloys at room
temperature.

for Snin the off-stoichiometric NiggMny4s5Sny; alloys was performed
and the effects of valence electron concentration and cell volume
on the variations of MT temperatures were studied in detail.

2. Experimental

The polycrystalline samples of nominal compositions NiszsMngsSnioR (R=Al,
Ga, In and Sn) alloys were prepared by arc-melting the required amount of con-
stituent high purity elements in a cold copper crucible under the argon atmosphere
protection. The samples were flipped and re-melted several times to ensure homo-
geneity. The ingots were cut into small pieces and annealed at 1173K for 24h in
vacuum quartz tubes, then quenched in cool water. The phase purity and crystal
structures were identified by X-ray diffraction (XRD) using Cu Ko radiation at room
temperature. The MT temperatures of the alloys were determined by magnetization
measurements using a vibration sample magnetometer (VSM).

3. Results and discussion

Fig. 1 shows the XRD patterns of NiggMngsSnigR (R=Al, Ga, In
and Sn) alloys at room temperature. The diffraction peaks in the
samples were indexed. All the peaks correspond to the Heusler
L2¢ cubic structure, which indicates that all the samples are in
austenitic phase and the MT temperatures are below room tem-
perature. The inset of Fig. 1 shows the enlarged (2 2 0) peaks of the
alloys. It is clearly seen that the peak position shifts towards high
angles in an order from Sn to In, Al and Ga, indicating cell volume
decreases in varying degrees due to the smaller ionic radius of Al,
In and Ga compared to Sn. The calculated lattice constants and cell
volumes for NiggMnys5SnqgR (R=Al, Ga, In and Sn) alloys are listed
in Table 1.

Fig. 2 shows the temperature dependence of magnetization M(T)
curves for NiggMnysSnqgR (R=Al, Ga, In and Sn) alloys. The mea-
surements have been performed in an applied field of 1 kOe upon
heating and cooling. Both the data from heating and cooling for all
samples undergo three successive transitions. As the temperature
increases, the samples undergo multiple transitions: (i) ferromag-
netic (FM)-paramagnetic (PM) transition at Curie temperature of
martensitic phase; (ii) from a low magnetic martensitic state to
the FM austenitic phase between As and Ay, and (iii) from the FM
austenitic to a PM austenitic phase at the Curie temperature of the
austenitic phase. Thermal hysteresis on the structural transition
between the heating and cooling curves is due to its first-order
transition nature. The characteristic temperatures of phase tran-
sition (Ms, My, As and Ay) in NiggMnygsSnqoR (R=Al, Ga, In and Sn)
alloys, determined from the M(T) curves, are listed in Table 1. It can
be found obviously that the MT temperatures of the alloys decrease
for In doping while increase for Al and Ga doping.
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Fig. 2. The temperature dependence of magnetization for NiggMnysSnoR (R=Al,
Ga, In and Sn) alloys on heating and cooling under a magnetic field of 1000 Oe.

It has beenreported thatin Heusler alloys the phase stability and
transition can be explained by band model [19-21]. In these alloys,
if the Fermi surface just touches the (110) Brillouin zone bound-
ary, the bcc L2; crystal structure (austenitic phase) is stabilized
[19]. Increasing the valence electron concentration in the struc-
ture will result in the overlap of Fermi surface and Brillouin zone
boundary, then the electrons above the Fermi level will move to
the corner states of the Brillouin zone. Due to the excessive increas-
ing of energy, the lattice will distort to minimize the free energy,
which leads to the formation of the martensitic phase [20]. On the
other hand, smaller radius elements doping will decrease the cell
volume and result in a stronger hybridization between Ni and Mn
[21], which lead to the increase of the density of states (DOS) near
Fermi level and induce the material to undergo martensitic transi-
tion, based on the above analysis, it can be concluded that valence
electron concentration and cell volume are two main factors influ-
encing the MT temperatures, i.e., increasing the valence electron
concentration or decreasing the cell volume will result in higher
MT temperatures.

Since all the MT temperatures have the same variation tendency,
as a representative, the variation of martensite start temperature
M with e/a and cell volume are shown in Fig. 3(a) and (b) respec-
tively. Owing to fewer electrons in Al, Ga and In compared with
Sn, the NiggMny5Sn gR (R=Al, Ga and In) alloys have smaller value
of efa as well as smaller cell volume compared with NiggMny5Sni4
alloy. We can find that the MT temperatures do not increase or
decrease monotonously with the variation of e/a and cell volume
respectively. There is a competing effect on the MT temperatures
between e/a and cell volume, and the dominating effect decides the
shifts of MT temperatures. In the NiggMngsSn gR (R=Al, Ga and In)
alloys system, the e/a effect plays the leading role in case of In dop-
ing while cell volume effect plays the leading role in case of Al and
Ga doping. Hence, neither e/a or cell volume effect can explain the
variations of MT temperatures by itself.

Actually, the radius of the Fermi ball, kg, is a function of the
density of valence electrons (1) only. The increase of n will result
in the increase of kr and then the energy of system, which leads to
phase transition. Therefore, the density of valence electrons can be
used to analyze the shifts of MT temperatures. Electron density n
can be described as a function of valence electron concentration e/a
and cell volume of austenite. This relationship can be expressed as
follows:

ne (e/a)-N

1
Vcell ( )
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Table 1
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The values of lattice constant (a,) and cell volume V¢ of austenite at room temperature, martensite start temperature Ms, martensite finish temperature My, austenite start
temperature As, austenite finish temperature Ay, valence electron concentration e/a and electron density n for Niz4MnssSn;oR (R=Al, Ga, In and Sn) alloys.

R ar (A) Ve (A3) M (K) M (K) As (K) Ar (K) ela Electron density, n (/nm3)
Sn 5.9972 215.7 245.7 225.6 234.5 252.4 7.99 592.68
In 5.9958 215.55 243 223.2 236.3 250.4 7.98 592.35
Al 5.9918 215.12 257.9 246.9 246.9 260.2 7.98 593.53
Ga 5.9891 214.82 267.7 252.9 252.9 272.5 7.98 594.36
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Fig. 3. The variation of martensite start temperature M with e/a (a) and cell volume (b).

where N is the average number of atoms contained within a unit
cell. As for NiggMnysSnigR (R=Al, Ga, In and Sn) alloys, N is equal
to 16. The values of n are listed in Table 1. It should be noted that
only the simple alkali metals have a spherical Fermi surface. As for
transition metals, and the more complex compounds like Ni-Mn
based alloys, their Fermi surface may be substantially different
from the sphere. Therefore, the proposed method for determining
the density of valence electrons is quite approximate, though, and
apparently it can be used for evaluation.

Fig. 4 shows the variations of MT temperatures with n in
NiggMnys5Sn R alloys. It is clearly that the MT temperatures are
very sensitive with n and increase with the increasing of n almost
linearly. We have also investigated the relation of MT temperatures
and electron density in NigzMnygSnq1_xGey alloys of Ref. [17], and

270
—_
& 260l
o
S
2 250L Ar
©
S
s
£ 240 MS
Q
3
E 2301 As
Mg
220 2 R R R
592.0 592.5 593.0 593.5 594.0 594.5

Electron density, n (/nm?)

Fig. 4. The variations of MT temperatures with electron density.

the result is very consistent with the rule of this paper. So, combin-
ing the effect of valence electron concentration and size factor, the
electron density might be a more appropriate factor to describe the
shifts of MT temperatures.

4. Conclusion

In summary, we investigated the effect of Al, Ga and In doping
on the structure and martensitic transition in NigsMngsSnq; alloys.
The results indicated that there is a competing effect on the MT tem-
peratures between valence electron concentration and size factor.
Considering the size factor and electron concentration together, the
MT temperatures increase with the increasing of electrons density,
which means the electron density might be a more appropriate
factor to describe the shifts of MT temperatures.
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