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Melt spun Ni48Mn39.5Sn12.5−xAlx (x = 0, 1, 2, 3) ribbons undergoing a thermoelastic martensitic phase
transition concomitant with an abrupt magnetization change were examined with respect to the mag-
netic response of the low-temperature martensite phase, which shows complex magnetism. It has been
shown that in the intermediate temperature range between the martensite finish temperature and the
Curie temperature of martensite, the intermediate state is weakly magnetic and is in part composed of
a superparamagnetic phase. The average magnetic moment, probed by the modified Langevin model,
weakens as the amount of Al increases in the alloys. This might be related to changes in the magnetic
response of the parent austenite phase switching from ferromagnetic into paramagnetic, atomic order
of which is inherited by the martensite phase. A quasi-magnetic phase diagram was established to trace
the evolution of the magnetic response of the ribbons as a function of Al concentration and to aid
composition optimisation for engineering applications.
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1. Introduction

The Ni–Mn–X (X = Ga, In, Sn) intermetallic
alloys represent a unique class of external stimuli-
responsive smart systems with an intrinsically com-
plex and interrelated microstructure and mag-
netism [1]. For the past two decades, these systems
have been widely researched for magnetic shape
memory and multicaloric response, which both are
afforded by a thermoelastic, reversible martensitic
phase transformation [2]. This fist-order solid to
solid phase transition proceeds from the cubic L21
ordered parent phase into a low temperature, lower
symmetry than the parent, martensite state with
a variety of modulated, i.e., 4O-, 10M-, 14M-, or
non-modulated (NM) structures [3]. The magnetic
moment in these systems is chiefly attributed to the
Mn atoms, and their coupling takes place via the os-
cillatory Ruderman–Kittel–Kausya–Yosida interac-
tion, mitigated through the polarization of the va-
lence electrons, and is sensitive to an average atomic
distance between the Mn atoms. Since the struc-
tural symmetry of the ferromagnetic L21 ordered
parent phase collapses upon the transformation, its
magnetism simultaneously undergoes profound al-
teration leading to the weakly magnetic or para-
magnetic martensite phase. Upon continued cool-
ing, below the martensite finish temperature, the
low symmetry phase undergoes ferromagnetic or-
dering and, frequently at low temperatures, it can

coexist with antiferromagnetic and/or superparam-
agnetic type phases [4]. Such coexistence of vari-
ous magnetic phases may lead to magnetically in-
homogeneous and frustrated states, giving rise to
e.g. the spin glass type behaviour [5]. Aside from
the fundamental interest in the physical intricacies
of mixed magnetic states, magnetic inhomogeneity
can also account for additional, functional phenom-
ena like the exchange bias effect (EB) with poten-
tial for spin electronics and digital memory appli-
cations [6, 7]. It is hence worthwhile to examine
the exact nature of the magnetic state at low tem-
peratures in Ni–Mn-based magnetic shape memory
alloys, which is not too often disseminated in the
literature. In this contribution, the magnetic state
of martensite at temperatures below the martensite
finish temperatures is evaluated on the example of
Ni48Mn39.5Sn12.5−xAlx (x = 0, 1, 2, 3) melt spun al-
loy system.

2. Materials and methods

Melt spun ribbons with the nominal composition
of Ni48Mn39.5Sn12.5−xAlx (x = 0, 1, 2, 3) were pro-
duced by melt-spinning technique from induction
cast master ingots. More details can be found else-
where [8]. The structure, microstructure of the rib-
bons as well as their magnetocaloric behaviour have
been examined before, see [9–12]. The DC mass
susceptibility and magnetization were measured
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Fig. 1. Magnetization vs temperature (a), inverse susceptibility as a function of temperature (b), isothermal
magnetization as a function of the applied magnetic field and measured at (c) 230, 255, 270 K and (d) 3 K for
all the Ni48Mn39.5Sn12.5−xAlx (x = 0, 1, 2, 3) ribbons.

in the temperature range from 2 up to 380 K and
in the magnetic fields up to 90 kOe using the vi-
brating sample magnetometer (VSM) option of the
Quantum Design Physical Property Measurement
System (PPMS-9). For measurements, the ribbons
were crushed and pressed in cylindrical polypropy-
lene sample holders.

3. Results

Figure 1a shows magnetization M versus tem-
perature T recorded at 5 mT for all the
Ni48Mn39.5Sn12.5−xAlx (x = 0, 1, 2, 3) ribbons. Re-
gardless of the Al content, all four ribbons are para-
magnetic above 300 K, and as the temperature de-
creases, they all undergo a martensitic transforma-
tion, evident from an abrupt magnetization change
following the first Curie upturn. Seemingly at the
intermediate stage between 200 and 300 K, the
martensite phase is weakly magnetic. It shows non-
zero magnetization, and eventually orders ferromag-
netically at temperature below 200 K, i.e., well be-
low the martensite finish temperatures. In order to
probe whether both austenite and martensite are
purely paramagnetic above their respective Curie
temperatures, the Curie-Weiss (C-W) law

χ =
C

T − TC
→ 1

χ
=
T

C
− TC

C
(1)

was applied to the reciprocal of magnetic suscep-
tibility (see Fig. 1b). In (1), χ, TC, and C are
the magnetic susceptibility, Curie temperature, and
Curie constant, respectively. It was found that the

TABLE I

Effective magnetic moments (in [µB/f.u.]) and
Curie temperatures [K] obtained from the lin-
ear fit to the inverse susceptibility vs tempera-
ture curves for austenite and martensite in the
Ni48Mn39.5Sn12.5−xAlx (x = 0, 1, 2, 3) melt spun
alloys.

Alloy µaust.
eff µmart.

eff T aust.
C−W [K] Tmart.

C−W [K]
0Al 2.6 – 305 193
1Al 3.3 15.9 302 194
2Al 3.1 11.0 300 193
3Al 2.3 7.8 300 187

inverse of the magnetic susceptibility vs tempera-
ture (Fig. 1b) shows linear behaviour, and the ef-
fective moments were determined according to fol-
lowing formula

C =
NA

3kB
µ0µ

2
eff , (2)

whereNA is the Avogadro’s number, kB is the Boltz-
mann constant and µ0 is the vacuum permeability.
The Curie temperatures determined from the fit-
ting are given in Table I along with the established
magnitudes of calculated µeff . The Curie temper-
atures are consistent with those obtained from the
M(T ) dependence [8]. While the established µeff

in austenite is largely in good agreement with lit-
erature in the case martensite, it shows somewhat
excessive values indicating more complex magnetic
exchange.
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TABLE II

Alloy composition, isothermal measurement temper-
ature and the fitted parameters µ, N and χ deter-
mined from the Langevin fit of the isothermal M(H)
curves for martensite in the Ni48Mn39.5Sn12.5−xAlx
(x = 0, 1, 2, 3).

Alloy T [K] µ [µB/f.u.] N [m−3] χ

0Al 230 8.3× 103 2.5× 1020 2.3× 10−6

1Al 255 4.4× 103 2.3× 1020 2.4× 10−6

2Al 270 2.4× 103 2.5× 1020 2.1× 10−6

3Al 270 0.8× 103 6.6× 1020 1.7× 10−6

Thus, the modified Langevin model was used to
test the martensite phase within the intermediate
temperature range for superparamagnetism. In line
with the model, the macroscopic magnetization of
a system composed of a number of particles with
density N and the average magnetic moment µ can
be described as follows

M (H) = NµL (ξ) + χH, (3)
where L (ξ) = cotanh(ξ)−1/ξ is the Langevin func-
tion of ξ = µ0µH/(kBT ) and χ is the magnetic
susceptibility of the matrix. The fitting for each
individual composition was performed at temper-
atures below the martensite finish temperature and
above its respective martensite Curie temperature
(Fig. 1c). On the whole, the curves conform to the
Langevin law and show a reasonable fit as indicated
in Fig. 1c by a solid, black line. On the whole, as ev-
ident in Table II, the average particle density N is
comparable for all ribbons, while the average mag-
netic moment decreases with increasing Al content.
The values are largely in agreement with the lit-
erature on similar systems [13] and suggest a su-
perparamagnetic type behaviour. Accordingly, the
shape of the curves is sigmoidal, and the state of
saturation is not attained even despite an exten-
sive magnetic field applied. These obtained results
indicate a weakening ferromagnetic contribution in
martensite at the intermediate temperature range
when the content of Al increases.

The effect of decreasing magnetization following
the addition of Al into the system can also be
well traced from isothermal magnetization measure-
ments performed at 3 K and shown in Fig. 1d. This
is most likely due to the shrinkage of the unit cell
volume discussed elsewhere [8].

In general, it appears that the martensite state in
the intermediate temperature range above the Curie
temperature of martensite and below the marten-
site finish temperature shows complex magnetism,
in part attributable to the superparamagnetic ex-
change. The likely source of superparamagnetic con-
tribution may be associated with the intrinsic prop-
erties of the martensite phase [14] or it may stem
form the retained austenite fraction, which under-
goes and preserves its own ferromagnetic ordering
during cooling. The latter would justify the ob-

Fig. 2. Quasi magnetic phase diagram for the
Ni48Mn39.5Sn12.5−xAlx (x = 0, 1, 2, 3) system as
a function of Al concentration.

served decrease in the average magnetic moment
values more noticeable at a higher concentration
of Al. As it is clear from previous studies [8], the
introduction of Al results in an increase of the
martensite start temperature while it has a lim-
ited effect on the Curie temperature of austen-
ite, thus the magnetic nature of the transforming
phases switches from ferro austenite → weak mag-
netic martensite into para austenite → weak mag-
netic martensite. Since the atomic ordering is inher-
ited from the parent phase by martensite, so is its
magnetic make up. Based on these results and pre-
vious analysis [8], a quasi-magnetic phase diagram
can be constructed explaining the observed magne-
tization changes (see Fig. 2).

4. Conclusions

The Ni48Mn39.5Sn12.5−xAlx (x = 0, 1, 2, 3) melt
spun ribbons capable of a reversible martensitic
phase transformation were evaluated in terms of the
magnetic behaviour of martensite in the interme-
diate temperature range below the martensite fin-
ish temperature and above the Curie temperature
of martensite. It appears that the weak magnetic
martensite is in part composed of the superparam-
agnetic phase and, interestingly, the average mag-
netic moment decreases with increasing Al concen-
tration. The coincides with the change in the na-
ture of the parent phase, which switches from fer-
romagnetic austenite to paramagnetic austenite as
the level of Al increases.
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