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ABSTRACT

Influence of irreversibility (magnetoplasticity) on inverse magnetocaloric effect and magnetoresistance of
the (Ni,Cu)soMns36Sny4 alloys has been investigated by magnetization and resistivity measurements. X-ray
powder diffraction patterns indicate that all alloys crystallize in L2; cubic structure at room temperature.
The substitution of Cu for Ni leads to decreasing on the martensitic transition temperature and increasing
on the Curie temperature. The magnetic field dependence of magnetization measurements is performed
with continuous heating and noncontinuous heating methods to find the influence of irreversibility on

g?gs(;,](f magnetocaloric effect. Itis observed that the magnetic entropy change depends strongly on magnetization

75.30.5g measurement methods. The resistivity measurements show that the (Ni,Cu)soMnsgSny4 alloys have the

75.47 De one-way magnetostructural transition. Magnetoresistance about —46% is observed at magnetostructural
transition temperatures.

Keywords: © 2010 Elsevier B.V. All rights reserved.
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1. Introduction

Compared with conventional refrigeration, magnetic refriger-
ation technology has many advantages, such as the absence of
harmful gas, less noise, low cost and high efficiency. Magnetic
refrigeration is based on the magnetocaloric effect (MCE) which is
the isothermal magnetic entropy change or the adiabatic temper-
ature change in magnetic material when it is subjected to a change
in external magnetic field. Pecharsky et al. discuss the thermody-
namics of the MCE in Ref. [1]. While the MCE is observed in all
materials near second-order transition temperature, the giant MCE
is observed in the materials undergoing first-order magnetostruc-
tural transition [1]. The research on magnetocaloric materials has
been mainly focused in rare-earth metals and its alloys, which may
show large magnetocaloric properties between low and room tem-
peratures. However, the most important handicaps for using these
materials in practical magnetic cooling systems are the expensive-
ness of raw materials and the magnetic field needed to achieve
a high energetic efficiency is usually well above 2T that cannot
be produced using permanent magnet assemblies. Currently, most
attention is paid to the pure magnetocaloric properties and mate-
rials cost. So, the finding of new and cheaper magnetic substances
able to exhibit giant magnetocaloric efficiency in fields below 2T
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arises as the main goal of current researches on MCE materials. The
giant magnetoresistance (GMR) effect is of much interest because
of its potential technological applications in magnetic recording,
actuators and sensors. While the GMR effect has been observed in
the various multilayers and granular films, the GMR effect has been
also observed in some Heusler alloys [2,3].

Since the discovery of martensitic transformation with both
phases magnetically ordered in Heusler alloys NissMnygGays,
NisoMnso_xlnx (]5 <X=< 16), Ni50MD50_xSHx (13 <X=< 15) and
NisgMnsg_xSby (12 <x <13.5) [4,5], increasing attention has been
paid to study the change in magnetic and electrical proper-
ties associated to the first-order reversible magnetostructural
transition that originates valuable functional properties such as
magnetic superelasticity, large inverse magnetocaloric effect, and
large magnetoresistance change [6-10]. According to the stud-
ies on these Heusler alloys, by lowering the temperatures, a
cubic high-temperature parent austenite phase transforms into
an orthorhombic or monoclinic structurally modulated martensite
phase. The characteristic temperatures related to the marten-
sitic transformation are the martensite start temperature M, the
martensite finish temperature M, the austenite start temperature
As and the austenite finish temperature A¢. The results of these
studies have emphasized on the potential technological interest of
these ferromagnetic shape memory alloys for the development of
magnetic actuators, sensors and as magnetic coolant for magnetic
refrigeration technology.

The reversibility and irreversibility of the magnetostructural
transition are very important for magnetic actuator materials such
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Fig. 1. The X-ray diffraction patterns for NiggCuzsMnsssSnias  (a),
Nigs 3Cus5Mn3s9Sny43 (b) and Nigz 1 CugsMnss 9Snygs (C).

as magnetic shape memory alloys. The austenite phase induced by
the magnetic field is able to transform back to the initial martensite
phase when the magnetic field is removed. A complete recovery
of the initial martensite state may bring about magnetoelasticity
(two-way magnetic shape memory effect), while the irreversible
magnetostructural transition would result in magnetoplasticity
(one-way magnetic shape memory effect). The reversibility of the
magnetostructural transition depends on the alloy system. The
results of the study [11] exhibited that the magnetostructural tran-
sition in NigsMnsgglni34Cos by in situ high-energy synchrotron
X-ray diffraction was reversible. According to the studies [12,13],
the one-way magnetostructural transition was observed in the
NisgMns35Sn15 and Niyg 5 MnygGayoCos 5. However, a detailed study
about the effects of the irreversibility of the magnetostructural
transitions on magnetocaloric effect in the Ni-Mn-Sn alloys is still
lacking. We have investigated the influence of the irreversibility of
the magnetostructural transition on magnetocaloric and magne-
toresistance properties of the (Ni-Cu)-Mn-Sn alloys in this study.

2. Experimental

The Nisg_xCuxMn3sSni4 (x=2, 4 and 6) alloys of about 2g were prepared by
arc melting of high-purity elements under argon atmosphere. The alloys were then
encapsulated under argon atmosphere in quartz glass and annealed at 1223 K for
2 days to ensure homogeneity. Afterwards, they were quenched in ice water. The
composition of the alloys was determined by energy dispersive X-ray (EDX) analysis
with using the EVO 40 scanning electron microscope — SEM. The X-ray diffraction
experiments with Cu Ko radiation were performed at the room temperature. The
magnetization and resistivity measurements were made in a physical properties
measurement system PPMS with a magnetic field up to 7 T in the temperature range
from 5 to 350 K. Since the M(T) measurements in the different modes give us more
information about magnetic properties of the alloys, the temperature dependence
of magnetization was measured in zero-field-cooled (ZFC), field-cooled (FC) and
field-heated (FH) modes.

3. Results and discussion

The average compositions of the Nisg_xCuxMnsgSnig
(x=2, 4 and 6) alloys, calculated from EDX, were found
to be NigggCupsMnzgsSnigs, Nigs3CugsMnssgSnigsz  and
Niy3.1CugsMn359Sny45. The reported compositions are an average
of multiple points on the alloys and no compositional heterogeneity
was observed.

XRD experiments confirm that these alloys have an L2 struc-
ture (space group Fm — 3m) which consists of four interpenetrating
fcc sublattices at the room temperature in austenite phase (see
Fig. 1).

Fig. 2. The ZFC, FC and FH M(T) in 500e of (a) Ni45‘3CU2A5MH35‘5Sn14.3, (b)
Niss 3CuasMn3s 9Sn143 and (c) Nigz 1 CugsMns3s oSnigs.

The M(T) curves of the NiggCuysMnszgsSnygs,
Ni45.3CU4.5MI’135.95H14,3 and Ni43.1Cu6,5Mn35.95n14.5 alloys mea-
sured from 5 to 350K in a magnetic field of 50 Oe for ZFC, FC and
FH modes are displayed in Fig. 2. All alloys order ferromagnetically
in the austenite phase below T¢. With respect to Tc =317K of the
reference alloy [14,15], Tc increases with increasing Cu concen-
trations. Below T¢, the temperature dependence of magnetization
remains essentially temperature insensitive for all alloys until it
begins to drop at Ms. In the vicinity of Ms, the FH curve do not
retrace the FC curve but show a narrow hysteresis. When con-
sidered together with the results of earlier DSC and XRD studies
on similar alloys, the hysteresis can be attributed to a first-order
structural transition. Any splitting of the ZFC and FH curves is
expected to be associated with pinning due to antiferromagnetic
or noncollinear magnetic structures existing with in the ferromag-
netic matrix. In these alloys, the coexistence of antiferromagnetic
exchange within the ferromagnetic matrix due to excess Mn in the
crystal structure is the essential source for nonsaturation. The ZFC
curves begin at a low magnetization value due to the essentially
random spatial configuration while cooling through T¢ down to
low temperatures. On heating, the magnetization remains con-
stant until the thermal energy begins to overcome the exchange
anisotropy of the frozen state in the 50 Oe measuring magnetic
field. At higher temperatures, the ZFC and FH curves merge. The
characteristic temperatures of the martensitic transformation are
defined as the intersections of extrapolations from linear regions
of the data [16]. The valance electron concentrations per atom e/a
dependence of Ms in Ni-Mn-Z (Z: Al, Ga, In, Sn, Sb) Heusler alloys is
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Fig. 3. Isothermal magnetization vs magnetic field of NisssCuz5Mn365Sn143 and Nigs3Cuss5Mnss9Snias (@) and (b) for continuous heating, (¢) and (d) for noncontinuous

heating.

linear, but with different slopes for each Z [17]. As shown in Fig. 2,
the characteristic temperatures of the martensitic transformation
decrease with increasing Cu concentrations while the valence
electron concentrations per atom e/a increase. All of the transition
temperatures are shown in Table 1.

Isothermal M-H curves for the NigggCuss5Mns3g5Sni43 and
Niys 3Cuyg 5Mns3s59Sny43 alloys were measured with using two dif-
ferent methods to see the influence of the irreversibility of the
magnetostructural transition on the magnetic properties of these
alloys. In the first method, after zero-field cooling from 340K to
low temperatures (100 and 50 K for the Nigg gCuy 5Mn3g5Sn14.3 and
Niys 3Cuyg 5 Mnss gSny43 alloys, respectively), the temperature went
up to the desirable temperature. At this temperature, the magnetic
field dependence of magnetization was measured from 0 to 7T,
and subsequently demagnetized from 7 to OT. After the magneti-
zation measurement was completed, temperature was increased to
next temperature. This measurement method is called as continu-
ous heating. Fig. 3(a) and (b) shows the M(H) curves measured with
continuous heating method. In the second method, after the sample
was cooled down to lower temperatures (100 and 50 K) from 340K
under zero magnetic field, the temperature was heated to a desir-
able temperature to measure M(H) curve. At this temperature, the
magnetic field dependence of magnetization was measured from 0
to 7T, and subsequently demagnetized from 7 to O T. After the mag-
netization measurement was completed, the sample was initially
zero-field-cooled down to 140K for NigggCuysMnsgsSnyss and
70K for Nigs3Cus5Mn3s59Sni43 to ensure a complete martensite
state and then zero magnetic field heated to the next temperature.
This sequence is termed as noncontinuous heating method. Fig.3(c)

Table 1

The valence electron concentrations per atom e/a, martensite start and finish
temperatures (Ms and M) and austenite start and finish temperatures (As and
As) determined from M(T) measurements (M in superscript). The data of the
NisoMnseSny4 alloy was taken from Refs. [14,15].

Alloy ela MY (K) MM(K) AM () AM(K) Tc(K)
NisoMn3gSni4 8.080 220 210 240 250 317
Ni4543CU2V5M1’13545Sl‘114.3 8.082 194 182 197 212 321
Ni45_3CU4_5Mn35_gSl’114_3 8.110 148 136 151 167 325
Ni43(1 CU5_5M1'135A951]14_5 8.118 106 58 76 122 329

and (d) shows the M(H) curves measured with noncontinuous heat-
ing method.

Using the data in Fig. 3, the magnetic field induced
entropy change ASy is determined by integrating numeri-
cally ASM = fOH(BM/E)T)HdH ASM for Ni46,8CU2'5MH36,55D14.3 and
Niys 3Cuyg 5 Mns3s9Sny43 is shown in Fig. 4(a) and (c) for continuous
heating and in Fig. 4(b) and (d) for noncontinuous heating. For
the both alloys, ASy(T,H) is positive (inverse MCE) for continuous
heating and noncontinuous heating method, respectively (Fig. 4(a)
and (c)). Inverse MCE means that the sample cools when a mag-
netic field is applied adiabatically. While the peak value of ASy
estimated from continuous heating data is 43 and 27 kg~ K~ for
the magnetic field change of 5T, the peak value of ASy estimated
from noncontinuous heating data is 20.9 and 13.1]Jkg~1 K- for
Ni46.3CU2_5M1'136.5SI'114_3 and Ni45A3CU4.5MI‘I35495H14_3, respectively.
In these alloys, the peak position and value of ASy; is closely
related to the sample history. At the temperatures between As and
Ay, the sample is in mixed phase state where coexists martensite
and austenite phases. The main phase is martensite phase near
As and when the magnetic field is increased until to 7T at this
temperature, the main phase of the sample is austenite phase.
When the magnetic field reduced to zero, the sample stays in
austenite rich phase since the magnetostructural transition in our
samples is irreversible. Due to the irreversibility of the transition,
the area between two M(H) curves which obtained from continu-
ous heating method is bigger than that of noncontinuous heating
method. Therefore, the maximum values of ASy; from continuous
heating method are bigger than noncontinuous heating method.
Caron et al. used loop process that is similar to our noncontinuous
heating method for estimating MCE from M(H) curves for some
alloys that exhibit magnetostructural transitions with thermal
hysteresis [18]. In loop process, after the M(H) measurements the
temperature went up to higher temperatures to paramagnetic
region instead of the temperature decreasing in our method.
Since our samples show inverse MCE unlike the alloys in Ref. [18],
we used the noncontinuous heating method. According to the
study [18], the peak in the magnetic entropy change is strongly
reduced to lower values compared with the values obtained from
standard process. The peak value of ASy of our alloys (obtained
from noncontinuous heating method) is comparable to the results
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Fig. 4. The temperature dependence of the magnetic entropy change for NissgCuz.5Mns65Sn143 and Niss3Cus5Mnss59Sn143 () and (c) for continuous heating, (b) and (d) for

noncontinuous heating.

of MnFePj gGeg > (ASM =-35] kg71 K1 ), LaggCeq FEHASi].G
(ASy=-30]kg 1 K1), MngggCugo1As (ASy=—45]J kg1 K-1) and
GdsGe;3Si;7 (ASy=-35]kg-1K-1) alloys (obtained from loop
process) for the magnetic field change of 5T [18].

When characterizing materials exhibiting giant MCE, two mag-
netic measurement methods are necessarily performed:

(i) Isofield measurements (M(T) curves under different magnetic
fields) to determine the critical temperature, thermal hystere-
sis.

(ii) Isothermal measurements (M(H) curves at the different tem-
peratures) that are used to estimated isothermal entropy
change using the Maxwell relations.

Both measurement methods explore the same phenomenon,
and therefore should be equivalent. For reversible processes, the
equivalence of these two processes is correctly achieved. However,
when measuring a material showing magnetostructural transi-
tion (with large hysteresis), where a magnetization process is not
fully reversible, history-dependent magnetic states are observed
and isothermal measurements fail to probe the phase transition
correctly. To explain the influence of the irreversible magnetostruc-
tural transition on the magnetic properties and magnetocaloric
effects, we performed the M(H) measurements with noncontinu-
ous and continuous heating methods. The results of Figs. 3 and 4
confirm that the magnetostructural transitions are irreversible for
the Ni46.8CU2‘5MH36.5SH143 and Ni45.3CU4‘5MH35.95ﬂ143 alloys. On

Fig. 5. The temperature dependence of the resistance of (a) NissgCuz5Mn3s5Sni43 and (b) Niss3CussMnss9Snya3 at 0 and 5T. The temperature dependence of the magne-

toresistance for the both alloys (c) and (d).
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Fig. 6. Magnetic field dependence of the resistance (dark symbols) and magnetore-
sistance (open symbols) of (a) Nigs s Cuz.5Mn365Sn143 and (b) Nigs 3CussMnss59Sn143
at different temperatures. The arrows show the direction of magnetic field changing.

the other hand, in magnetic refrigerations, the MCE materials are
used in different thermodynamic cycles. When the MCE materials
are moved under magnetic field in the magnetic refrigerators, the
temperature of these materials decreases and increases. Therefore,
we should use the M(H) data which is measured in noncontinuous
heating method to estimate ASy; using Maxwell equation since the
noncontinuous method apply us the same conditions as magnetic
refrigeration. In addition, since the magnetostructural transitions
occur with large hysteresis, to observe the influence of the hys-
teresis on the estimating of MCE from M(H) curves, we used the
noncontinuous heating method.

Fig. 5(a) and (b) shows the temperature dependence of
electrical resistance - R(T) of the NigggCuy5Mn3g5Sni43 and
Nigs.3Cuy5Mnss9Sni43 alloys between 100 and 340K, both in the
heating and cooling cycles, under zero-field and 5T. The austenite
and martensite start and finish temperatures were also determined
from the R(T) curves as seen in Fig. 5. It is observed that the marten-
sitic transition shifts towards lower temperature with increasing
magnetic field. A very large MR={[R(H)—R(0)]/R(0)} x 100] is
observed in the martensitic transition region for both alloys (see
Fig. 5(c) and (d)). For the magnetic field change of 5T, the values
of MR are about —46% and —43% for both alloys. The MR values
of our alloys are higher than the value of the NisgMn34Sn;g alloy
(MR =-35%) for the same magnetic field change [19].

To investigate the type of magnetostructural transition, the
magnetic field dependence of electrical resistance (R(H)) measure-
ments was also performed for both alloys. Fig. 6(a) and (b) shows
R(H) and MR at the different temperatures for both alloys. For the
R(H) measurements, firstly the samples were cooled down to 100K
from 340 K and then the temperature went up to the desirable tem-
perature to perform magnetic field dependence of resistance. We
used the noncontinuous heating method for the measurement of
the R(H) curves to compare the resistance results with M(H) curves.

According to Fig. 6(a) and (b), increasing magnetic field causes the
martensite to austenite transition and hence a sharp reduction in
resistance is observed. But when the magnetic field decreases from
7 to OT, the sharp increasing in resistance is not observed. This
means that when the magnetic field decreases from 7 to OT the
reversible transition from austenite to martensite transition is not
observed, the sample remains in the austenite phase. That is, the
magnetostructural transition has magnetoplastic character (i.e. the
magnetostructural transition is irreversible) for both alloys.

4. Conclusion

In conclusion, the decreasing of Ms temperatures is observed on
this study with increasing the valence electron concentrations per
atom e/a different from the results in the literature. According to
our and earlier results, one can say that the e/a dependence of M;
temperature should be more complex in Ni-based Heusler alloys.
The magnetic entropy change should be estimated using the M(H)
curves that are measured with noncontinuous heating method to
recover the influence of irreversibility on magnetocaloric effect.
The peak position and value of the magnetic entropy change are
closely related to the sample history. The determination of the
magnetic entropy change in alloys which show the irreversible
magnetostructural transition has carefully been studied. The mag-
netic field dependence of resistance curves is in a good agreement
with the noncontinuous M(H) curves. The very large magnetoresis-
tance associated with the martensitic transformation is observed
in (Ni-Cu)50Mn3Sny 4 alloys.
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