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Phase transitions and structural and magnetic properties of rapidly solidified Ni50Mn38Sn12 alloy

ribbons have been studied. Ribbon samples crystallize as a single-phase, ten-layered modulated

(10M) monoclinic martensite with a columnar-grain microstructure and a magnetic transition

temperature of 308 K. By decreasing the temperature, martensite undergoes an intermartensitic phase

transition around 195 K. Above room temperature, the high temperature martensite transforms into

austenite. Below 100 K, magnetization hysteresis loops shift along the negative H-axis direction,

confirming the occurrence of an exchange bias effect. On heating, the thermal dependence of the

coercive field HC shows a continuous increase, reaching a maximum value of 1017 Oe around 50 K.

Above this temperature, HC declines to zero around 195 K. But above this temperature, it increases

again up to 20 Oe falling to zero close to 308 K. The coercivity values measured in both temperature

intervals suggest a significant difference in the magnetocrystalline anisotropy of the two martensite

phases. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4800836]

The study of structural and magnetic transitions in the

off-stoichiometric Heusler-based system Ni50Mn50�xSnx has

drawn considerable attention in the last few years.1 In the

critical composition range of 13� x� 15, these alloys

undergo a first-order martensitic transformation (MT) from a

cubic austenite (AST) to a structurally modulated martensite

(MST), in which both phases exhibit dominant ferromagnetic

(FM) ordering,2–4 although MT is observed in the concentra-

tion range 5� x� 25.3

In addition to the MT an intermartensitic transformation

may also exist in alloys undergoing a first-order MT. The

intermartensitic transformation is a phase transformation

between martensites with different structures that takes place

upon cooling at temperatures below the martensitic final Mf

phase transition temperature.5,6 Several intermartensitic transi-

tions have been reported so far in different alloy systems such

as TiNiCu alloys,7,8 Ni64Al34.5Re1.5,9 NiAlMn,10,11 NiMnGa

alloys,12–17 NiFeGa,18 and NiMnInSb,19 among others.

Rapid solidification by using the melt-spinning technique

is an effective one-step process to obtain single phase alloy

ribbons in the Ni50Mn50�xSnx system.20–22 When these alloys

are produced by means of this technique, the microstructure is

considerably refined in average grain size and shows lower

martensitic starting temperature MS in comparison with bulk

alloys with similar composition.2,3,23 From the study of a

series of as-quenched (aq) Ni50Mn50�xSnx (12� x� 15) melt

spun alloys, an intermartensitic phase transition has been

observed in samples of nominal composition Ni50Mn38Sn12.

Herein, we present the structural and magnetic characteriza-

tions of this alloy in which the phase transitions have been

studied by thermomagnetic measurements and differential

scanning calorimetry (DSC). As described below, the results

are different from those reported for bulk alloys with similar

valence electron concentration per atom (e/a) ratio.3

Alloy ribbons were fabricated from arc melted bulk ingots

of nominal composition Ni50Mn38Sn12 (<0.1 % at.) in a high

purity Ar atmosphere at a linear speed of the copper wheel of

48 ms�1. Phase identification was made from X-ray diffraction

(XRD) patterns of powdered samples. XRD patterns were

measured using a Bruker D8 Advance diffractometer (Cu-Ka
radiation). DSC curves were measured with a TA Instruments

model 200 calorimeter with a heating/cooling rate of 5 K/min.

Magnetization (M) measurements were made by means of a

physical properties measurement system (Quantum Design

PPMS
VR

EverCool, 90 kOe) using the vibrating sample magne-

tometer module. The magnetic field H was applied along the

ribbon axis (i.e., rolling direction) to minimize the demagnetiz-

ing field effect.

The ribbon flakes obtained were fully crystalline with the

following physical dimensions: 7–10lm in thickness,

1.5–2.0 mm in width, and 5–12 mm in length. The homogene-

ous composition of chemical elements and the single-phase

character of the ribbons were confirmed by scanning electron
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microscopy (SEM) examinations in the backscattered electron

emission mode. The average chemical composition, determined

by energy dispersive spectroscopy (EDS) from numerous anal-

yses performed on both sample cross-sections and ribbon surfa-

ces for different ribbon flakes, was Ni51.2Mn36.8Sn12.0. Hence,

the aq alloy ribbons show a higher Ni/Mn ratio than that of the

nominal composition and therefore their e/a is 8.18.

The left column of Fig. 1(a) shows the SEM images of the

typical microstructure of the ribbons studied. Ribbons show a

highly oriented columnar-grain microstructure in which the lon-

ger axis of individual grains is oriented perpendicular to both

ribbon surfaces. A higher resolution SEM micrograph of the

free-surface of ribbons is presented on the right side of Fig.

1(a). It clearly shows the characteristic elongated thin plates, or

strips, corresponding to MST variants. The room-temperature

XRD powder pattern is shown in Fig. 1(b). All of the XRD

reflections have been satisfactorily indexed as corresponding to

a ten-layered modulated (10M) monoclinic structure with cell

parameters a¼ 0.4196 nm, b¼ 0.5647 nm, c¼ 2.145 nm, and

b¼ 88.08�. Hence, the SEM observations and XRD analysis

indicate that MST is the existing phase at room temperature.

Figure 2(a) shows the temperature dependencies of magnet-

ization M(T) measured in zero-field cooled (ZFC), field-

cooled (FC), and field-heated (FH) regimes at H¼ 50 Oe and

H¼ 50 kOe, respectively. The arrows in this figure indicate

whether the curve pathway corresponds to a heating or a cooling

regime, as well as the scale of each curve. The room temperature

10M MST exhibits a magnetic ordering temperature of 308 K.

Upon cooling, a major magnetic transition occurs at 195 K.

Below this temperature, the FC and FH pathways of the low-

field M(T) curve split with respect to the ZFC pathway indicating

that the sample is magnetically inhomogeneous. From earlier

studies with this type of ferromagnetic shape memory alloys, this

behavior has been attributed to the coexistence of

antiferromagnetic (AFM) and FM exchange interactions within

MST.3 In these off-stoichiometric Ni50Mn50�xSnx Heusler

alloys, those Mn atoms that exceed the stoichiometric composi-

tion (i.e., Ni2MnSn) occupy a fraction of the Ni or Sn sites in the

crystal structure and couple antiferromagnetically to the sur-

rounding Mn atoms at regular Mn sites.1,4 Hence, this leads to

the coexistence of both types of magnetic exchange interactions

between Mn atoms within MST. A further manifestation of the

latter is the occurrence of the exchange bias (EB) phenomenon

that is a distinct feature of martensite in these materials that is

typically observed below 100 K.24–26 It is noteworthy that the

major magnetic transition at 195 K is no longer discernible in the

heating/cooling M(T) curves measured at 50 kOe [Fig. 2(a)].

This thermomagnetic behavior suggests that the alloy undergoes

an intermartensitic phase transition upon cooling. To prove this

hypothesis, two additional measurements were carried out: (1)

the heating and cooling of DSC curves above room temperature

to determine the phase transformation behavior of the 10M

monoclinic MST, and (2) the measurement of the magnetization

hysteresis loops of the sample after FC under H¼ 20 kOe, in the

temperature range of 100 and 4 K to check if the EB effect exists

in the sample. The fact that the intermartensitic transition van-

ishes at high magnetic fields (H¼ 50 kOe) suggests that struc-

tural modification induced by the intermartensitic transition has a

minimal effect on the magnetic structure of the system.

Figure 2(b) shows the DSC curves over the temperature

range of 265–370 K. The well-defined endothermic/exothermic

peaks above room temperature during the heating and cooling

cycles in the heat flow DSC curves confirm the occurrence of the

first-order martensite-to-austenite phase transition. Starting and

finishing structural transition temperatures of AS¼ 321 K and

Af¼ 330 K, MS¼ 321 K and Mf¼ 312 K have been estimated by

simple extrapolation from the curves. The transformation exhibits

a thermal hysteresis of 9 K (determined as DT¼Af–MS). Hence,

a weakly magnetic or paramagnetic 10M monoclinic martensite

transforms into a paramagnetic AST. Similar values of AS, Af,

MS, Mf, and DT can be obtained from the M(T) curve measured

FIG. 1. (a) Typical microstructure of Ni50Mn38Sn12 alloy ribbons. Left

images: fracture cross-section (top), ribbon free-surface (middle), and ribbon

wheel-side ribbon surface (bottom). Right image: free surface of ribbons

showing the characteristic twinned microstructure of MST. (b) XRD pattern

at 298 K for aq Ni50Mn38Sn12 ribbons, indexed as shown by the indices hkl.

FIG. 2. (a) ZFC, FC, and FC M(T) curves at 50 Oe and 50 kOe. (b) DSC

scans in the temperature range in which the room temperature MST trans-

forms into a nonmagnetic AST. Inset: FH and FC M(T) curves measured

under H¼ 50 kOe. The extrapolation method used to determine the struc-

tural transition temperatures is illustrated in both graphs.
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at 50 kOe (shown in the inset of Fig. 2(b)). The magnetic transi-

tion temperatures, determined from both methods, are sum-

marized in Table I and are in excellent agreement. The crystal

structure of the high temperature MST, as well as the struc-

tural and magnetic transitions temperatures determined for

Ni51.2Mn36.8Sn12.0 ribbons, differ from that reported for bulk

polycrystalline alloys, specifically for the alloy Ni50Mn40Sn10,

which has a similar e/a ratio of 8.18.3 According to Ref. 3,

MST has a 14M monoclinic crystal structure with a broad

magnetic transition at 137 K, and with characteristic tempera-

tures for the reverse and direct MT of AS¼ 445 K, Af¼ 453 K,

MS¼ 444 K, and Mf¼ 437 K (DT¼ 10 K).

Measurement of magnetization hysteresis loops from the

thermally demagnetized state in the temperature range from

4 K to 300 K reveals that the alloy shows a dominant FM

behavior across the whole temperature range. However, if the

sample is cooled from 150 K to selected temperatures below

�100 K under a 20 kOe magnetic field and the FC magnetiza-

tion hysteresis loops are subsequently measured from 20 kOe

to �20 kOe for a complete cycle, the loops progressively shift

along the negative H-axis, indicating that EB exists in the sam-

ple. EB and coercive field are given by HE¼�(H1þH2)/2,

and HC¼ j(H1�H2)j/2, respectively, where H1 and H2 are the

left and right field values of the applied field at which the mag-

netization equals zero. Fig. 3(a) shows the low-field region of

FC hysteretic loops (i.e., �2500 Oe�H �þ2500 Oe) at 5 and

100 K. The field shift disappears at �100 K (and the loops are

symmetric for T� 100 K). As Fig. 3(b) shows, the HE continu-

ously decreases with increasing temperature and vanishes at

this temperature, which can be defined as the blocking tempera-

ture TB of the system. As previously reported,24–26 the exchange

bias is a characteristic phenomenon of MST in these off-

stoichiometric alloys that is very sensitive to the Mn con-

tent.25,26 It is attributed to the unidirectional magnetic anisot-

ropy produced by the exchange coupling of AFM and FM

components when the system is FC from a temperature above

TB. The temperature dependence of HC from 4 to 300 K is rep-

resented in Fig. 3(b). As the temperature increases, HC rises

and peaks at 1017 Oe at around 50 K. Above 50 K, HC progres-

sively decreases approaching zero close to 195 K. But above

this temperature, HC increases again to 20 Oe to become zero

close to 308 K. The very different coercivity values measured

in both temperature intervals suggest a notable difference in the

magnetocrystalline anisotropy of both martensites (i.e., the low-

temperature MST shows higher magnetocrystalline anisotropy

than the one existing above 195 K).

In summary, from the present study, we conclude that: (a)

rapidly solidified ribbons of the Heusler alloy Ni51.2Mn36.8Sn12.0

crystallize as a single-phase magnetic MST that at RT shows a

10-layered modulated monoclinic structure that has a magnetic

transition at 308 K. DSC and magnetization studies confirm

that in the paramagnetic region this phase transforms marten-

sitically. (b) The major magnetic transition observed around

195 K upon cooling has been ascribed to an intermartensitic

phase transformation. (c) The observation of an EB effect

below 100 K and the behavior of low-field M(T) curves below

195 K demonstrate that the existing phase below this tempera-

ture is also MST and (d) that the different behavior shown by

the temperature dependence of the coercive field suggests that

the low-temperature MST has higher magnetocrystalline ani-

sotropy than the high-temperature MST.
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TABLE I. Phase transition temperatures and thermal hysteresis (defined as

DT¼Af�MS) for the reverse and direct MT determined from the M(T)50 kOe

and DSC curves.

Method AS (K) Af (K) MS (K) Mf (K) DT (K)

DSC 321 330 321 312 9

M(T) curve 324 331 322 315 9

FIG. 3. (a) Low-field region of FC hysteresis loops at 5 K and 100 K.

(b) Temperature dependence of the coercive field and EB field. Inset: high

magnification of the temperature range of 180–320 K for the HC(T) curve.
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