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Abstract

The Heusler alloy Nis ,Cu Mn3sSn, +B, (x=0, 1, 3 and 5) was successfully produced in ribbon form using melt spinning
technique. The magnetic properties of the obtained ribbons were analyzed in detail. In all ribbons, it was detected that the
ferromagnetic austenite phase transformed into the weak magnetic martensite phase. A separation between FC and ZFC
curves at lower temperatures was found. An increase in the magnetization in FC mode can be attributed to the coexistence
of ferromagnetic (FM)/antiferromagnetic (AFM) at martensitic phase. It was found that the transition temperatures shifted
to low temperatures with increasing the Cu content. The magnetization results under high magnetic field (10 kOe and 50
kOe) showed a thermal hysteresis between the cooling and heating cycles, which is clear evidence for a first-order trans-
formation in the ribbons. From M—H data, all the ribbons exhibited ferromagnetic behavior at low temperatures below the
martensitic transition temperature and paramagnetic behavior at high temperatures above the transition temperature. The
results provide us a comprehensive view to reveal the effect of the Cu substitution on the magnetic properties of Ni—-Mn-

based shape memory ribbons.
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1 Introduction

The shape memory Heusler alloys are of great interest due
to good magneto-functional properties such as magneto-
caloric effect (MCE) [1, 2], barocaloric effect [3], elasto-
caloric effect [4], magnetic field-induced shape recovery
magnetostrain effect [5], giant magnetoresistance effect [6,
7] and kinetic arrest [8], which rely on magnetic and struc-
tural phase transition occurred at the same temperature. An
applied magnetic field leads to stabilization of the high-tem-
perature austenite phase. Difference between Zeeman energy
of austenite phase and that of martensite phase causes a large
change in magnetization during the martensitic transition
which is evidence of a field-induced martensitic transfor-
mation (FIMT) [9]. A large entropy change and a good
magnetocaloric effect occur due to the large magnetization
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change. Therefore, application of the magnetic field enables
the production of new generation actuators and sensors that
can be used in high-frequency applications or magnetic cool-
ing devices.

For the technological applications of these materials, the
martensitic transition (7)) temperature should be close to
room temperature. Many experimental studies are carried
out to tune the martensitic transition temperature. It is well
known that the T\, temperature is extremely sensitive to the
stoichiometry of the material. Therefore, the most com-
monly used method to tune the T\, temperature is to change
the composition stoichiometry and to substitute/dope various
elements to the host material.

Ni-Mn-X (X=1In, Sn or Sb)-based alloys are the ideal
materials to investigate the magnetic field-induced martensi-
tic transition (MFIMT) properties and possible technological
applications such as actuators and sensors. Ni-Mn—X-based
alloys undergo a first-order phase transition from a cubic
austenite phase with high symmetry to a martensite phase
with lower symmetry. It has been found that the change of
stoichiometry and the doping of various elements modify the
T\, temperature and the magnetostructural properties of the
alloys, which is essential for technological applications. The
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magnetostructural properties are very sensitive to the Mn
content in the Ni-Mn—X system; the excess Mn atoms in the
Ni,Mn,, X, _, system can occupy the different sites in unit
cell, which causes structural instability [10, 11]. This insta-
bility leads to the ferromagnetic shape memory effect. It is
also known that in the excess Mn-containing Ni,Mn,, X, _,
system, short-range antiferromagnetic (AFM) arrangement
between the excess Mn at the X site and the original Mn
atoms occurs [11-13].

In the Ni-Mn—Sn-based Heusler alloys, the alloy crystal-
lizes in the L2, cubic structure [10, 14]. Magnetic order-
ing, magnetostructural and magneto-transport properties in
the Ni-Mn-Sn Heusler alloys were found to depend on the
composition and fabrication conditions. In Mn-rich alloys,
the excess Mn atoms occupy the Sn sites and the antiferro-
magnetic arrangement between the original Mn sites and the
surrounding Mn atoms occurs [10, 15]. When the stoichiom-
etry of the Ni-Mn—Sn alloy is optimized, the large inverse
magnetocaloric effect (MCE) is observed due to the different
exchange interactions between martensite phase and austen-
ite phase, which lead to a large change in the magnetization
[16-18].

In order to shift the T, temperatures and to reduce the
degree of hysteresis associated with the structural marten-
sitic transition, some elements, such as Co, Cu and Pd, have
been substituted/doped to the off-stoichiometric Ni-Mn—Sn
system [9, 19-21]. It was found that Cu substitution has
significant effects on the properties of the Ni-Mn—Sn sys-
tem; the Cu substitution for Mn and Sn caused a shift of the
martensitic transition to high temperatures [7, 9, 22, 23],
while the transition with the Cu substitution for Ni shifted
to low temperatures [24, 25]. Since Cu is non-magnetic, the
exchange interactions in the system reduce and thus Curie
temperature shifts to low temperatures.

The fact that the shape memory Heusler alloys in bulk
form are brittle and not flexible enough, which are originated
from the highly ordered intermetallic Heusler structure, lim-
its the technological applications of these materials. There-
fore, it is necessary to produce flexible and almost single
crystalline materials. Ribbons are appropriate materials that
meet these requirements. A continuous and large-mass rib-
bon production can be easily achieved by the melt spinning
technique. Long and high-temperature annealing process
conditions can be eliminated or reduced by this technique.
So, single-phase alloys with suitable functional properties
can be obtained.

A detailed investigation of the magnetic properties of rib-
bons is extremely important in terms of their application to
technological/industrial fields. In this paper, the effect of sys-
tematic non-magnetic Cu substitution on the magnetic field-
induced martensite properties of Ni-Mn—Sn—B-based shape
memory ribbons has been studied. Nis;_,Cu,Mn3sSn,, + B,
(x=0, 1, 3 and 5) ribbons have been prepared using melt
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spinning technique and the magnetic properties of the rib-
bons analyzed in detail. It should be mentioned that boron
(B) was added to the Ni-Mn—Sn alloys to prevent quick Mn
evaporation because of its small atomic radius [26, 27].

2 Experimental procedure

Ingots with nominal stoichiometry of
Niso_,Cu,MnySny, + By (x=0, 1, 3 and 5) were produced in
a water-cooled Cu crucible using an arc melter. The produc-
tion process was carried out in argon atmosphere. The rib-
bons (~5-6 mm width, ~20-25 mm length and ~ 15-20 um
thickness, respectively) were fabricated using the ingots
in a melt spinner. The materials obtained were annealed
at 1173 K for 2 h for homogenization and then quenched
in ice water. This procedure offers several advantages such
as the synthesis of nearly single-phase, highly textured
samples and shortened annealing stage. The ribbons were
marked as RS (x=0.0), RB1 (x=1.0), RB3 (x=3.0) and
RB5 (x=5.0), respectively. It should be emphasized that Mn
in the Ni-Mn—X system can quickly evaporate during heat
treatments. Therefore, in this study, we added boron to the
host material to prevent Mn evaporation. From our previous
experiences [14, 28], optimum boron content in the system
was found to be 3% at. The composition of the ribbons was
estimated to be NisgMn;4Sn;, +B,, NiygCuMn3Sn, +B,,
Ni,;CusMn3eSn,, + B, and NiysCusMnyeSn, + B for x=0,
1.0, 3.0 and 5.0, respectively, using scanning electron micro-
scope—energy-dispersive X-ray (SEM—EDX) analysis.

X-ray diffraction (XRD) analyses were performed using
CuK, radiation (A=1.5405 A) with scanned range of
30° <20 <80° and scan speed of 2° min~'. Magnetization
measurements were performed between 0 and 90 kOe using
a Quantum Design PPMS-90 kOe system with the vibrat-
ing sample magnetometer (VSM) attachment. Magnetic
field was applied parallel to the ribbon surface during the
measurements.

3 Results and discussion

XRD patterns of the ribbons fabricated are shown in Fig. 1.
It was identified that the Cu substitution did not cause a
change in the structural properties. The ribbons were found
to possess the cubic bee L2, phase of the Ni-Mn—Sn system.
However, near 26044°, a secondary phase was also detected
as Mn,B, but its intensity is very low compared to the cubic
bce L2, phase.

The unit cell parameter, a, for RS, RB1, RB3 and RB5
ribbons, was found to be 0.5967 nm (+0.5%), 0.5970 nm
(£0.5%), 0.5973 nm (£0.5%) and 0.5976 nm (£ 0.5%),
respectively, using Rietveld refinement. It is seen that there
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Fig.1 XRD patterns of a RS, b RB1, ¢ RB3 and d RB5 ribbons. Red
lines show Rietveld refinement result

is an increase in the parameter a with increasing the Cu con-
tent, which indicates an expansion in the unit cell. If we con-
sider that Cu?™ atoms occupy exactly Ni*" sites, we believe
that this expansion in the unit cell is caused by larger ionic
radius of Cu®*(0.128 nm) than that of Ni** (0.125 nm) [29].

Temperature dependence (M-T) of field-cooled (FC) and
zero-field-cooled (ZFC) magnetization of the unsubstituted
(RS) and Cu-substituted ribbons (RB1, RB3 and RB5) under
the magnetic field of 100 Oe is shown in Fig. 2. During
the ZFC experiments, the ribbons were initially cooled to
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Fig.2 Temperature dependence of field-cooled (FC) and zero-field-
cooled (ZFC) magnetization of the ribbons under the magnetic field
of 100 Oe

50 K at zero magnetic field and then the measurements were
performed during heating runs under a magnetic field of
100 Oe. In the FC experiments, the ribbons were cooled
under magnetic field of 100 Oe. The magnetic field dur-
ing both experiments is directed along the ribbons surface.
Phase transition temperatures obtained in FC and ZFC mode
are listed in Table 1. Magnetic transition temperatures were
determined by the x-axis intercept of the tangent line to the
steepest slope of the peaks in the M—T curves [30]. It should
be mentioned that the uncertainty of these temperatures is
about 1 K.

Two important points should be pointed out here: First,
the magnetization of the ribbons in FC measurements was
higher than that of ZFC measurements. Second, a hyster-
esis occurred between FC and ZFC data. In the ZFC mode,
when the temperature was decreased from high-temperature
region, the magnetization increased abruptly and a peak in
the magnetization was attained, which corresponds to transi-
tion from the paramagnetic austenite phase to the ferromag-
netic austenite phase [31]. The abrupt decrease in the mag-
netization with further decreasing the temperature suggests
the austenite—martensite phase transition. A similar magneti-
zation behavior was observed in the FC curve. It should be
emphasized that the austenite—martensite transition accom-
panied by a thermal hysteresis between FC and ZFC curves
indicates the first-order phase transition. It was reported [6,
20, 32] that the abrupt decrease in the magnetization may be
caused by the onset of the antiferromagnetic ordering around
the ferromagnetic austenite peak. Antiferromagnetism arises
from the nearest neighbor Mn—Mn pairs in the martensite
phase [20, 33, 34]. In the Ni-Mn-based Heusler alloys, the
magnetization is mainly caused by Mn atoms. The Ruder-
man—Kittel-Kasuya—Yosida (RKKY) exchange that occurs
through the conducting electrons leads to a ferromagnetic
ordering. But, in the Heusler alloys having excess Mn con-
tent, the distance between nearest Mn atoms is shortened
and antiferromagnetic Mn—Mn arrangement occurs. The
competition between ferromagnetic and antiferromagnetic
ordering leads to the weak ferromagnetism of the martensitic
state [35].

It was seen that the magnetization rises slightly around
250 K in ZFC curves, which can be attributed to be para-
magnetic transition in the martensite phase [36, 37]. It

Table 1 Phase transition temperatures in ZFC and FC mode

ZFC FC
Ribbon A, (K) A, (K) A, (K) A; (K)
RS 302 289 291 284
RBI 285 266 273 254
RB3 243 221 238 262
RB5 177 155 167 146
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should be pointed out that any magnetization rise in RB3
and RB5 ribbons was not obtained. Around 150 K, a promi-
nent decrease in the magnetization was observed which is
believed to correspond to the antiferromagnetic state. Xuan
et al. reported that the excess Mn atoms in the Mns,NisSn,
system will most likely occupy the Ni and Sn sites and the
magnetic moments of the Mn atoms on the Ni and Sn sites
are coupled antiferromagnetically to those of Mn atoms on
the Mn sites [10, 15]. But antiferromagnetic contribution
compared to the other magnetic ones is very small.

A visible separation between FC and ZFC curves at low
temperatures (below 250 K) was observed. The magnetiza-
tion in FC mode tends to increase with lowering of tem-
perature, which indicates the coexistence of ferromagnetic
(FM)/antiferromagnetic (AFM) at martensitic phase [38]. As
mentioned above, the antiferromagnetic ordering arises from
the antiferromagnetic coupling between Mn atoms in the Mn
sites and the Mn atoms that occupy the Ni and Sn sites. In
ZFC mode, the ferromagnetic spin structures are pinned by
antiferromagnetic zones, which lead to low magnetization
state below 150 K. In FC mode, the Zeeman energy which
supplies by external field can overcome the exchange cou-
pling of the FM/AFM and then a separation between ZFC
and FC curves occurs at lower temperatures.

It was found that there is a compositional dependence on
transition temperatures. The transition temperatures signifi-
cantly shifted to the low temperatures with increasing the Cu
content in the Ni-Mn—Sn + B system, as shown in Table 1.

Figure 3a and b shows the M—T curves of the ribbons at 10
kOe (1 T) and 50 kOe (5 T). Contrary to the measurements at
100 Oe magnetic field, the ribbons showed distinct ferromag-
netic behavior in high magnetic field measurements. Under
both 50 kOe and 10 kOe magnetic fields, it was observed that
a phase transformation from ferromagnetic austenite to weak
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ferromagnetic martensite in the cooling stage occurs, which is
attributed to magnetostructural transformation (Fig. 3a and b).
During martensitic transition, a rapid decrease in magnetiza-
tion was found due to the lower saturation magnetization of
martensite than ferromagnetic austenite [16, 39].

A sudden increase in M-T curves on the heating stage was
observed, which is associated with the reverse transformation.
A thermal hysteresis was obtained between the cooling and
heating M-T data. It is worth mentioning that the martensitic
transformation in the ribbons is a first-order transformation
which is represented by thermal hysteresis that is typical for
martensitic—austenite transformation.

Transformation temperatures at high magnetic fields are
listed in Table 2. Two important results can be derived from
Table 2: (1) Transformation temperatures decreased by the
Cu substitution. (2) The transformation temperatures also
decreased with the applied magnetic field. Shift of the mag-
netic field-induced structural transition temperatures is a char-
acteristic feature of metamagnetic Ni-Mn—X (X=1In, Sn and
Sb) shape memory alloys. In the case of high level of the Cu
substitution and high magnetic fields applied (10 kOe and 50
kOe), the martensitic transformation is completed at the very
low temperatures, for example near 150 K in the RB5 sample.
Studies on the decrease in MT temperature with substitution/
doping to Ni-Mn-based alloys and ribbons can be found in the
literature [7, 40-42].

The temperature range for the martensitic transformation,
AT, > can be derived using

(Af _AS) + (MS _Mf)
2

ATy y =

where A, A, M, and M; are the starting and finishing tem-
peratures of the austenite and martensitic phase, respectively
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Fig.3 Temperature dependence of magnetization of RS, RB1, RB3 and RBS ribbons at (a) 10 kOe and (b) 50 kOe
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Table 2 Phase transformation

temperatures of RS, RB1, Ribbon A (K)  Ap(K) (AKA) =Ac-Ay) M, (K) M; (K) (AKA;[ =M-Mp) AT, (K)

RB3 and RBS5 ribbons at the

magnetic field of 10 kOe and For 10 kOe

S0 kOe RS 290 304 14 286 272 14 14.0
RBI1 267 286 19 265 246 19 19.0
RB3 227 244 17 222 207 15 16.0
RB5 165 173 8 158 143 15 11.5

For 50 kOe

RS 285 301 16 282 265 17 16.5
RBI1 259 281 22 260 240 20 21.0
RB3 218 239 21 216 198 18 19.5
RB5 157 173 15 151 136 15 15.5

[43]. The calculated AT,y values are given in Table 2. The
widest AT, ,; and so the corresponding thermal hysteresis
were obtained in RB1 ribbon and decreased with increas-
ing the Cu content in the Ni-Mn—Sn-B system. A plausi-
ble explanation on the decrease in AT, is the increase in
atomic order degree (AOD) with the Cu substitution [43].
Shift of the martensitic transformation temperatures to
low temperatures with the element substitution/doping to the
Ni-Mn-Sn-based shape memory alloys arises from the vari-
ation of the valence electron concentration per atom, e/a, or
the formation of the second phase, or the change of Mn—-Mn
distance [44, 45]. e/a was calculated to be 7.99, 8.00, 8.01
and 8.03 for RS, RS1, RS3 and RS5 ribbons, respectively. It
is obvious that the substitution of Cu for Ni causes a slight
increase in the value e/a, which should lead to an incre-
ment in the phase transformation temperatures. On contrary,
the phase transformation temperatures decreased by the
Cu-substitution in the present study. Therefore, the shift of
phase transformation temperatures cannot be explained in
terms of the value e/a. In conjunction with XRD results, we
believe that the substitution of Cu”* (0.128 nm) with larger
ionic radius compared to Ni%* (0.125 nm) increases the unit
cell volume. This results in the increase in the Mn—Mn dis-
tance (dyg,_wmn)> Which leads to shift of phase transforma-
tion temperatures to low temperatures [46]. Furthermore,
the increase in Mn—Mn bond lengths also causes a decrease
in hybridization between Ni-3d and Mn-d states, which can
also lead to a decrease in MT temperature [47].
Magnetization versus applied magnetic field (M-H)
curves of the ribbons at different temperatures are presented
in Fig. 4a—d. It was found that all the ribbons exhibited ferro-
magnetic behavior with saturation fields less than 10 kOe at
10 K and 100 K. Any saturation was not reached at the meas-
urements at 325 K which is in the austenite phase region.
When considering together with the M-T results obtained
under the magnetic field of 100 Oe, a linear dependence
on the applied magnetic field at 325 K clearly indicates

predominant paramagnetic behavior in the austenite region.
It is worth noting that above certain magnetic field, the linear
increment of the magnetization with the applied magnetic
field suggests a predominant paramagnetic behavior. But
below it, the shape of the hysteresis loops indicates the exist-
ence of ferromagnetic interactions. It was identified that the
Cu-substituted ribbons (RB1, RB3 and RBS) keep similar
magnetic behavior to the unsubstituted ribbon (RS). Notice
that the Cu substitution caused slight increment of the mag-
netization of saturation.

For the sake of clarity, M—H results of the ribbons at tem-
peratures in the phase transition region in Fig. 2 are shown
in Fig. 5. In each measurement, the sample was first cooled
to the martensite phase (below the M, temperature) and then
reheated. The M—H data were taken by field-up from O to
90 kOe and then by field-down from 90 to 0 kOe. Magnetic
hysteresis observed between field-up and field-down pro-
cess confirms metamagnetic-like behavior near the austen-
ite—martensite transformation in the ribbons. The shape of
M-H curves changed with increasing the Cu content in the
Ni—Mn-Sn-B system. It was seen that the magnetic hys-
teresis gets narrow by the Cu substitution, especially in the
RBS5 ribbon. An increase in the magnetization value and the
narrow thermal hysteresis in the RBS5 ribbon indicate that
the magnetostructural transformation occurs in low magnetic
fields.

4 Conclusion

In conclusion, we have evaluated the magnetic
properties of the ribbons with stoichiometry of
Niso_,CuMn3sSn;, + By (x=0, 1.0, 3.0 and 5.0). Fabri-
cation of the Ni-Mn-Sn alloys in the ribbon form using
melt spinning technique provides an advantage in terms
of obtaining materials with optimum magnetic properties
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Fig.4 M-H results of a RS, b RB1, ¢ RB3 and d RBS5 ribbons at different temperatures

for its potential use in technological applications such as
actuators, sensors or magnetic refrigerants. In this study,
it was found that the magnetic field has profound influ-
ence on the martensitic transition. The results clearly
suggest that the magnetic field-induced first-order transi-
tion exists in the ribbons fabricated. With the Cu substitu-
tion, the martensitic transition temperature shifted to low

@ Springer

temperatures, which is believed to be due to increase in
the Mn—Mn distance (dy, ). Ribbons exhibited sharp
austenite—martensite phase transition. The magnetization
of ribbons increased with increasing the Cu content. The
M-H results reveal that paramagnetic behavior in the rib-
bons with the magnetic field applied over a certain mag-
netic field occurs, but ferromagnetic interactions below it.
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Fig.5 M-H curves of a RS, b RB1, ¢ RB3 and d RB5 at temperatures in the phase transition region
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