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The structures, the martensitic transformations, and the magnetic properties are studied systematically in
Mnj;gNigg_Cuylngg, Mnsg_,Cu,Nigglnjg, and MnsgNiggln;o_,Cu, alloys. The partial substitution of Ni by Cu reduces
the martensitic transformation temperature, but has little influence on the Curie temperature of austenite. Comparatively,
the martensitic transformation temperature increases and the Curie temperature of austenite decreases with the partial re-
placement of Mn or In by Cu. The magnetization difference between the austenite phase and the martensite phase reaches
70 emu/g in MnsgNizgCu;Inp; a field-induced martensite-to-austenite transition is observed in this alloy.
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1. Introduction

Heusler alloys NisoMnsg_,Z, (Z = In, Sn, Sb)!'-8] have
received much attention due to high performances of ac-
tuator and sensor materials since a magnetic-field-induced
martensite-to-austenite transformation was realized in these
alloys. These alloys present a structural transition from a
ferromagnetic parent phase to an antiferromagnetic-like or
ferromagnetic martensite phase,!°! exhibiting a large sat-
uration magnetization difference (AM) between the marten-
site and austenite phase. Thus, a magnetic field-induced
In the
NiMn-based Heusler alloy NioMnZ, the magnetic moment is
mainly confined to Mn atoms and the magnetism is thought to
arise from the Ruderman—Kittel-Kasuya—Yosida (RKKY) ex-
change interaction mediated by the conduction electrons.!!!]
Recently, Mn-rich alloys Mn,NiX (X = Ga, In, sn)lIZ—ISJ
have been developed; these alloys have obvious advantages
with the increase of the Mn content in the matrix.

reverse martensitic transformation can be achieved.

How-
ever, only a small AM of ~9 emu/g was obtained in the
Mn;NiGa alloy,!'® which can be enhanced to 30 emu/g by
partially doping Ni with Co in MnygCo,Ni3z;_,Gayg alloys.!!”]
(9131 ribbon alloy, a AM of 40 emu/g was

achieved. A complete reversible metamagnetic transforma-

In Ml‘lsoNi4oln10

tion was realized in the MnsgNi37In;gCos polycrystalline
alloy."!" A significant net increase of 40 emu/g is gained
for AM of MnsgNigglnjg. It has been found that the Cu ad-
dition is effective to enhance the magnetocaloric effect in
the Ni;MnGa alloy?”! due to the improvement in magne-
tization. A magnetic-field-driven martensitic transformation
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was also implemented in a Cu-doped NisoMn33Ga;7 alloy. (1]
Very recently, it was suggested that the hybridization be-
tween Ni 3d states and Mn 3d states played an important
role in the martensitic transformation of Mn-rich alloys.??!
It seems that the introduction of Cu enhances the extent of
the covalent hybridization between Ni(d states)-Ga(p states) in
NipMn;_,Cu,Ga alloys.!?3! Simultaneously, the magnetic mo-
ment of the NiMn-based Heusler alloy is mediated by the p—d
hybridization. Therefore, it is necessary to study the influences
of Cu on the martensitic transformation and magnetic proper-
ties in NiMn-based Heusler alloys. In this paper, we study
the martensitic transformation and magnetic properties of the
Cu-doped MnjsgNigglnig alloy. The physical mechanisms of
Cu tailoring the transformation and magnetism are discussed
in three systems of MnsoNigg—,Cu,Injg Mnsg_xCu,Nigglnig,
and Mns(NigpIn;g_,Cu,.

2. Experiments

Three series of samples with nominal composition of
Ml‘l5()Ni40_XCuxIn10 (x = 0, 0.3, 1, 2), Mn50Ni4OIn10_xCux
(x=0,0.2,04, 1, 2), and Mnsg_,Cu,NigoIn;p (x =0, 1, 3,
4) were prepared using an arc melting furnace in an argon at-
mosphere from high purity (99.99%) elemental metals. The
button shaped ingot (~5.5 g) was melted four times in the fur-
nace and heat treated at 1073 K for 24 hours in a vacuum, then
slowly cooled down to room temperature to ensure the com-
position homogeneity. The compositions of all samples were
determined by X-ray energy dispersive spectrometry (EDS);
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the results are collected in Table 1. The values of correspond-
ing valence electron concentration e/a (electrons per atom)
are also given in the table. The e/a was calculated on the as-
sumption that the configurations of the valence electrons for
Mn, Ni, In, Cu are 3d°4s2, 3d34s2, 5525p1 and 3d1%4s! respec-
tively. The crystal structures of the samples were determined
by X-ray diffraction (XRD) using Cu-K« radiation. The trans-
formation behavior was studied through an alternating current
(ac) susceptibility measurement with an ac field of 796 A/m
and a frequency of 77 Hz. The magnetic properties were stud-
ied using a vibrating sample magnetometer (VSM) under a
magnetic field of 3 T. The heating and cooling rates for M-
T curves were both 1 K/min.

Table 1. Compositions of the samples determined by EDS analyses
and the valence electron concentrations per atom e/a determined as the
concentration-weighted sum of thes, d, and p electrons.

Nominal composition Mn Ni In Cu e/a
MnsoNigg—xCuylngg
x=0 49.7 40.3 10 0 7.809
x=0.3 49.4 40.5 9.7 0.4 7.843
x=1 49.3 40 9.7 7.852
x=2 49.8 38.5 9.7 2 7.847
Mnsg—,Cu,NigolInjo
x=0 49.7 40.3 10 0 7.809
x=1 48.9 40.8 9.5 0.8 7.876
x=3 46.1 41 9.8 3.1 7.962
x=4 44 .4 41.4 10.1 4.1 8.002
MnsoNigoInjo— Cuy
x=0 49.7 40.3 10 0 7.809
x=0.2 49.7 40.5 9.6 0.2 7.839
x=04 494 40.6 9.6 0.4 7.850
x=1 48.5 41.9 8.6 1 7.953

3. Results and discussion
3.1. Structure

Figure 1(a) shows the XRD patterns for ingot samples
of MnsgNigo_xCu,Injg (x =0, 0.3, 1, 2). All the Cu ad-
dition samples show the same XRD characteristic peaks as
those of the parent sample MnsgNigoInjg. They show a sin-
gle bee phase structure with fundamental lattice reflections
of plane (220), (400), (422). For the MnsoNigoln;o sample,
the crystal structure has been determined to be cubic with the
parameter a = 0.6009 nm, which accords with the result of
0.6013 nm reported by Sanchez Llamazares e al.'! in the
MnsgNigolno ribbon sample. The partial substitution of Ni
by Cu causes the lattice to shrink because the ion diameter
of Cu is smaller than that of Ni. For example, the lattice pa-
rameter of MnsgNiszg 7Cug3Inyg is a = 0.6006 nm, which is
smaller than the 0.6009 nm of the MnsoNigolnjg alloy. As
the Cu content increases to x = 2, there is an abnormal in-
crease in the lattice parameter. When Cu partially replaces
Mn, for Mnsp_,Cu,Nigglnjg (x =0, 1, 3, 4) system, all these
samples show the pure cubic austenite structures as shown in

Fig. 1(b). The lattice parameters for all the samples are sum-
marized in Table 2. It can be seen that the lattice parameters
decrease with the increase of the Cu content, which results
from the smaller atomic radius of Cu than that of Mn. For
Mn;soNigoInjg—xCu, (x =0, 0.2, 0.4, 1, 2) systems, the lat-
tice constants of the austenitic phase become smaller when re-
placing In with Cu due to the smaller atomic radius of Cu,
as shown in Fig. 1(c) and Table 2. The unit cell parame-
ter for x = 0.2 is @ = 0.5996 nm. When the Cu content in-
creases to x = 0.4, the XRD spectrum presents a two-phase
structure, showing a cubic austenite structure and a tetragonal
martensite structure. The lattice parameters for martensite are
a =0.5528 nm and ¢ = 0.6937 nm. When the Cu content fur-
ther increases to x = 1, the XRD pattern is fully indexed to
be the non-modulated tetragonal martensite, indicating a pure
martensite phase at room temperature for the MnsoNiggIngCu;
sample. It is obvious that the partial substitution of In by Cu
reduces the stabilization of the austenite.
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Fig. 1. (color online) X-ray diffraction patterns measured at room

temperature for MnsgNig—_,CuyIngg (a), Mnso_,Cu,NigoInjo (b) and
MnsoNigoInjo—Cuy (€).
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Table 2. Effects of Cu addition on the lattice parameters at room tem-
perature.

Composition Crystal phase Lattice parameters
a/nm b/nm c/nm
MnsNigo - Cuylngg
x=0 Austenite 0.6009 0.6009 0.6009
x=0.3 Austenite 0.6006 0.6006 0.6006
x=1 Austenite 0.5977 0.5977 0.5977
x=2 Austenite 0.6008 0.6008 0.6008
Mn5O,XCuXNi4OIn10
x=0 Austenite 0.6009 0.6009 0.6009
x=1 Austenite 0.6005 0.6005 0.6005
x=3 Austenite 0.6002 0.6002 0.6002
x=4 Austenite 0.6001  0.6001 0.6001
MnsoNigoInjo—Cuy
x=0 Austenite 0.6009 0.6009 0.6009
x=0.2 Austenite 0.5996 0.5996 0.5996
Austenite 0.5988 0.5988 0.5988
x=04 Martensite 0.5528 0.5528 0.6937
x=1 Martensite 0.5511 0.5511 0.6976

3.2. Martensitic transformation

Figure 2 shows the temperature dependences of ac sus-
ceptibility y. Since the magnetic ordering follows the crystal
lattice deformation, the martensitic transformation from the
higher symmetry of cubic austenite to the lower symmetry
of martensite is marked by a sharp drop of y on cooling. It
results from the enhancing of magnetocrystalline anisotropy
at martensite. Therefore, the martensitic transformation tem-
perature () and the Curie temperature of austenite (7¢) for
samples have been accurately measured by this method. For
MnsoNigo—xCu,Inig (x =0, 0.3, 1, 2) alloy systems, as shown
in Fig. 2(a), the martensitic transformation occurs at 210 K
for the MnsgNiggInig sample. The martensitic transformation
temperature Ty; decreases rapidly to 160 K with the substitu-
tion of Ni by Cu at.1% and decreases to 100 K with further
increase of the Cu content to at.2%. The martensitic trans-
formation temperature 7Ty has an abnormal increase for the
sample with x = 0.3 compared with for the sample x = 0. It
is worth noting that T¢ has little change with Cu addition; its
value is ~ 340 K as shown in Fig. 2(b).

For the Mnsp_,Cu,Nigolnjg (x =0, 1, 3, 4) systems, as
shown in Fig. 2(c), Ty increases with the partial substitution
of Cu for Mn; the average increasing rate is ~ 25 K per Cu ad-
dition. The Curie temperature of austenite 7¢c decreases with
the partial substitution of Cu for Mn. Ty and Tc move towards
each other with the increase of Cu content (see Fig. 2(d)). Ex-
cept for the curve for the sample with x = 0, all the curves
show a bending point during martensitic transformation, this
may be attributed to two distinctive structural modulations
changing with the martensitic transformation. It has also been
observed in NiFeGa melt-spun ribbon;>*! a further TEM ex-
periment is needed to clarify this point.

For MnjsoNiggInjo—,Cu, (x =0, 0.2, 0.4, 1, 2) systems, as
shown in Fig. 2(e), T increases while 7¢ decreases with the
partial substitution of In by Cu. Ty and T¢ merge at 322 K

as the Cu increases to x = 1. Neither Ty nor T¢ is detected
in this curve when the Cu content further increases to x = 2.
The XRD patterns confirm that the sample with x =2 is in a
martensite state, indicating that Ty increases up to a tempera-
ture higher than 7¢. The variations of Ty and T¢ with the in-
crease of the Cu content are given in Fig. 2(f); it can be found
that the change tendencies of Ty and T¢ with the substitu-
tion of Cu for Mnsg_,Cu,NigglInig system accord with those in
Mn;soNigoIngo—Cu, samples. However, Ty and T¢ have larger
changes in MnsoNiggInjg—,Cu, than in Mnsg_,Cu,Nigolnjg
when the variation of x is equal.

The martensitic transformation temperature is generally
attributed to the e/a ratio and unit cell volume change.
Chernenko!®! found that Ty increases with the increase of
¢/ain Ni-Mn-Ga alloy. In NisoMnso_,Z, (Z = In, Sn, Sb) sys-

11261 also observed that Ty; grows with the in-

L [27

tems, Krenke ef a
creasing of the e/a ratio. Jiang et al.!*”] have proposed that the
decreasing of unit cell volume!?”! leads to the increase of Ty
in a ferromagnetic shape memory alloy. From the view of the
e/a, the replacement of an In (5s?5p!) atom by a Cu (3d'%4s!)
atom results in an increase of eight valence electrons. From the
perspective of the lattice volume, the substituting of a larger
sized In atom with a smaller sized Cu atom results in the con-
traction of the unit cell, as has been observed in the XRD ex-
periment. Both the increase of e¢/a and the decrease of the
lattice volume make Ty increase in the MnsgNigglng alloy by
the partial substitution of In by Cu. As Cu(3d'%4s') substi-
tutes for the Mn(3d°4s?) atom, the lattice parameter decreases
from 0.6009 nm to 0.6001 nm in the Cu4 sample, and ¢/a in-
creases simultaneously. Both factors make 7y increase. In the
Cu-substituted Ni(3d®4s?) system, the e/a ratio is slightly in-
creased and the unit cell volume is proved to slightly contract
by the XRD results. If just the usual factors of the ¢/a ratio and
the unit cell volume effect are considered, Ty should increase
with the Cu content in the partially Cudoped Ni system. How-
ever, Ty is significantly reduced by partially replacing Ni with
Cu in the MnsgNiggInjo alloy. A similar result has been re-
ported in the NisoMn3;Gajg alloy with partially Cudoped Ni;
no analysis has been put forward about the abnormal result. [>!]
Theoretical calculation reveals that the main driving force for
martensitic transformation in the Mn-rich Heusler alloy is the
hybridization between Ni 3d e, states and the 3d states of ex-
cess Mn at the Z position.[>?! The substitution of Ni by Cu
results in a decrease of Ni covalency and a weaker Ni-Mn (at
the In position) chemical bond. A weaker degree of Ni-Mn
(at the In position) hybridization just requires lower energy to
induce the martensitic transformation, bringing about the de-
crease of Ty;. The abnormal increase of Ty for a sample with
x = 0.3 in the MnsoNigo_,Cu,Injg system may be due to the
competition resulting between the unit cell effect on 7y and
the hybridization effect on Ty.
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Fig. 2. (color online) Temperature dependences of ac susceptibility of MnsoNigg_,Cu,Injg (a), Mnsg_,Cu,NiggInjg (c) and MnsoNiggInjo_,Cu, (e) alloys
and variations of the martensitic transformation temperature (7y1) and the Curie temperature of austenite (7¢) with the Cu content for MnsgNigo_CuyInjo

(b), Mn50,XCuXNi4OIn10 (d) and Mn50Ni4OIn10,XCux (f) alloys.

3.3. Magnetic properties

Figure 3 shows the M-T curves measured under a mag-
netic field of 2 T. All the measurements were firstly con-
ducted during heating after the samples had been cooled down
from 390 K to 55 K under zero magnetic field and then con-
ducted upon the cooling process from 390 K to 55 K. The
abrupt changes in magnetization indicate the reverse marten-
sitic transformations. The magnetization difference, AM, be-
tween the austenitic phase and the martensitic phase can be
easily read from the curves. We use the heating curves
to calculate AM in this paper. For the parent compound
MnsgNigolnjg, AM is 73 emu/g. By replacing Ni with Cu,
as can be seen from Fig. 3(a), AM first decreases to 70 emu/g

in the Cul sample and further decreases to 55 emu/g as the

Cu content further increases to x = 2. For the samples with
the partial substitution of Mn by Cu, AM decreases gradu-
ally from 66 emu/g to 38 emu/g as the Cu content increases
from x = 1 to x = 4. In comparison, for MnsoNiggIn;o_,Cu,
(x=0, 0.2, 0.4, 1) systems, there is a great decrease in the
magnetization of austenite with Cu content x > 0.4. However,
all samples keep a low magnetization state at the martensite
state, resulting in a rapid decrease of AM from 73 emu/g in
MnsgNigolngg to 11 emu/g in MnsoNiggIngCuy (see Fig. 3(c)).
Comparing the three studied systems, it can be found that
the martensitic transformation temperature, Curie tempera-
ture, and magnetization are most sensitive to the Cu content
in the MnsgNigoIn;o_yCu, system. Only at.1% Cu doping can
reduce Ty by about 110 K and AM by about 60 emu/g.
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Fig. 3. (color online) M-T curves of MnsyNigo_Cu,Injg (a),
Mnsg_,CuyNigoInjg (b), and MnsgNigpIn;o—xCu, (c) alloys mea-
sured under 20 kOe by VSM. The unit 1 Oe = 79.5775 A-m~!.

Stearns'?®! has investigated the magnetic behaviors in
Heusler alloys in detail; he proposed that the transition met-
als Mn, Fe, Co, and Ni each have a small portion of itinerant
3d electrons (d;) per atom besides the localized 3d electrons
(d)) and the larger the atomic number, the fewer d; electrons
they have in the same period. The magnetic behavior of the
Heusler alloy is controlled by three types of magnetic inter-
action: (i) an s—d; interaction between s-like conduction elec-
trons and localized d; electrons via Coulomb exchange and
hybridization, (ii) a dj—d; interaction between iterant d elec-
trons (d;) and localized d electrons (d;), and (iii) a superex-
change interaction through the sp elements at the Z sites. This
interaction takes place through the p electrons and is usually
antiferromagnetic. In ferromagnetic Heusler alloys, the d;—
d; interaction is thought to be dominant, while in antiferro-
magnetic alloys, s conduction electron polarization and su-

perexchange interaction are thought to be dominant. Owing
to the partial sustitution of Ni by Cu, the number of d; de-
creases and the number of d; increases, thus the d;—d, interac-
tion and s—d; interaction are affected. Because of the partial
replecement of Mn by Cu, the number of d; decreases and the
number of d; increases, more than in the Cu-doped Ni case.
As Cu partially substitutes for In, the In p states change, re-
sulting in the change of the superexchange interaction. The
overall magnetization originates from the competition among
the di—d; interaction, the s—d;, and superexchange interaction.
From Figs. 3(b) and 2(b), it seems that the overall magneti-
zation and T¢ decrease with Mn partially replaced by Cu in
Mn;soNigolngg, indicating that the d;—d; interaction is reduced
by the Cu addition. For the Cu-doped partial In system, it is
the change of the superexchange interaction that reduces the
Curie temperature and the magnetization. In fact, the mag-
netic interaction is complex in these systems and it is difficult
to exactly clarify the details for magnetic interaction at this
moment. Deep electronic structure calculations are required
to elucidate the electron exchange mechanism in these alloys.

The Cu-substitued partial Ni system has a large AM
compared with other two alloy-systems, so we measured the
isothermal magnetization curves for the MnsgNizgCulnjq al-
loy as shown in Fig. 4. When the temperature is lower than the
value for the reverse martensitic transformation, i.e. 165 K, the
sample shows a typical soft magnetic behavior with a satura-
tion magnetization of 15 emu/g under the action of 3 T. From
194 K to 206 K, the jump-like magnetization change was ob-
tained during the magnetizing and a large hysteresis between
magnetizing and demagnetizing process was observed, owing
to the occurrence of the metamagnetic transformation. Partic-
ularly for 202 K, the reverse martensitic phase transformation
was induced at 0.8 T, indicating the potential application for
magnetic actuation.

80 250 K

60

40

M/(emu/g)

20

Magnetic field/T

Fig. 4. (color online) Isothermal magnetization loops of the
MnsoNizgCulnj alloy at different temperatures.

4. Conclusions

In the present paper, we have investigated the struc-
tures and the magnetic and martensitic transformation prop-
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erties of the MnsgNigg_,Cu,Injg, Mnsg_,Cu,Niggln;g, and
Mns0Nigoln;o—,Cuy alloys. Based on the obtained experimen-
tal results, some conclusions may be drawn.

i) The martensitic transformation temperature Ty in-
creases and the Curie temperature for austenite 7¢ de-
creases with the partial substitution of Mn or In by Cu in
MnsgNigglngg, while Ty decreases rapidly with the increase
of the Cu content partially replacing Ni. The decrease of Ty
in the Cu-substituted Ni system is attributed to the weakening
of the hybridization between Ni and Mn (at the In site).

ii) The
MnsgNigolngg is mainly attributed to the competition result
among s—d;, dj—d; and the superexchange interaction.

magnetization change in Cu-alloyed

iii) A field-induced martensite-to-austenite transition is
observed in the Mns5oNizgCujlInjg alloy due to a large mag-
netization difference of 70 emu/g between the austenite phase
and the martensite phase, implying that quaternary alloys are
the new candidate materials for actuators.
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