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Abstract: The impact of Co-addition (x = 0, 2, 4, and 6 at. %) in the as-cast and annealed Ni50Mn37.5Sn12.5

Heusler alloy at 900 ◦C for 24 h on the microstructure, magnetic properties, and the martensitic
transition was studied using X-ray diffraction (XRD), scanning electron microscopy, vibrating sample
magnetometry, and differential scanning calorimetry. The crystal structure of as-cast samples con-
sists of a 14M modulated martensite structure, a face-centered (FCC) γ phase, and a face-centered
tetragonal (FCT) MnNi-type phase L10. The as-cast samples show a dendritic microstructure with
different contrasts and non-uniform distribution. The annealed samples exhibit dual 14M and
γ phases for the Co0 and Co2, but 14M + γ + MnNi for the Co4 and Co6. The appearance of
the martensitic transformation in the annealed Co0 and Co2 samples can be due to the disap-
pearance of the dendritic microstructure. The characteristic temperatures (martensite start, Ms;
martensite finish, Mf ; austenite start, As; and austenite finish, Af ) decrease with Co addition. A
ferromagnetic-like order exists at a lower temperature of 1.8 K for the as-cast and annealed sam-
ples and decreases at 300 K. The annealing increases the fraction of the AFM contributions at
300 K. The exchange bias values of the Co0, An-Co2, and An-Co6 are 146.7 Oe, 24 O2, and 32.6 Oe,
respectively, at 300 K.

Keywords: Ni-Mn-Sn-Co Heusler alloys; crystal structure; martensitic transformation; magnetic
properties; DSC

1. Introduction

For several years, Ni-Mn-Z (Z = Sn, In, Ga, etc.) Heusler alloys have gained much
attention due to their multifunctional properties [1–4]. These significant properties mainly
originated from the first-order martensitic transition (FOMT) characterized by the magneto-
structural change, which is composition-dependent. The Heusler alloys may undergo a
second-order magnetic transition around the martensitic Curie temperature followed by
a first-order phase transition from a weak magnetic martensitic phase to a ferromagnetic
austenitic phase. The indirect exchange of Mn atoms in its ferromagnetic (FM) or antiferro-
magnetic (AFM) state assures the magnetic tune [5]. Due to their inexpensive Ni, Mn, and
Sn constituents, ternary Ni-Mn-Sn alloys have been extensively studied [6–9]. Excess in Mn
atoms can occupy the regular Ni, Sn, or both Ni and Sn sites depending on the alloy com-
position that provides various magnetic properties [10]. Their FOMT can be modified by
varying the atomic concentration ratio of the valence electrons (e/a). Therefore, substituting
a fourth element in the Ni, Mn, or Sn site for the off-stoichiometric Ni-Mn-Sn alloys has
been extensively studied. The structural transition temperature decreased when Co atoms
substituted partially Ni atoms [11,12]. Moreover, an increase in the Curie temperature (TC)
values of both austenite and martensite phases was reported [11]. Cong et al. affirmed
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the absence of the martensitic transformation (MT) for x ≥ 9 at.% in Ni50-xCoxMn39Sn11
arc-melted alloys [13]. Nevertheless, by varying the Co content from 0 to 4%, they noticed
a slower decrease in the martensitic transformation temperatures and a rapid diminution
when x ranged from 5 to 8%. The Co addition enhanced the FM exchange coupling in
Ni43Mn46-xCoxSn11 alloys [14] and raised the magnetic entropy change (∆S), which reached
33 J/kg·K under an external magnetic field up to 5 T. When the Co substituted the Mn atom,
this improved the magnetization and enhanced the Curie temperature [15]. Similarly, the
martensitic transformation temperature increased, as depicted by Liu et al. [16]. However,
it did not increase monotonously for the arc-melted Ni50Mn36-xCoxSn14 alloy [17]. Wang
et al. noticed an increase of about 25 K in the martensitic transformation temperature by
adding 2 at. %Co to the (Ni49Mn39Sn12)100-xCox arc-melted alloy [18].

Adding a fourth element like Co, Fe, and Cu in the Heusler alloys improves their
ductility by forming the disordered face-centered cubic (FCC) γ phase. This ductile phase
does not participate in the martensitic phase transition, and its presence compromises the
shape memory effect by hindering the activities of the martensite variants and decreasing
the shape memory recovery of strain as its amount increases. Furthermore, the morphology
of the γ phase is significant in toughening the alloys. Due to the high potential of Co-doped
Ni-Mn-Sn alloys for engineering applications, it is necessary to understand the formation
mechanism of the γ phase and provide more information on the crystal structure with Co-
doping. Furthermore, the Ni-Mn-Sn Heusler alloys have shown substantial modifications
in their microstructural and magnetic properties upon solidification using different molds.
Co-doping plays a crucial role in modifying the magnetic characteristics of Ni-Mn-Sn
Heusler alloys, such as saturation magnetization, magnetic entropy change, and magnetic
behavior across structural transformations.

This work aims to contribute to a deeper understanding of the microstructural changes
and magnetic characteristics of Co-doped Ni-Mn-Sn Heusler alloys. The effect of Co-
substitution for Ni, Mn, or Sn sites in the (Ni50Mn37.5Sn12.5)100-xCox (x = 0, 2, 4, and
6 at. %) quaternary alloys on the structure, microstructure, thermal stability, and magnetic
properties is studied using X-ray diffraction (XRD), scanning electron microscopy (SEM)
coupled with energy dispersive X-ray spectroscopy (EDS), differential scanning calorimetry
(DSC), and vibrating sample magnetometry (VSM).

2. Materials and Methods

Polycrystalline (Ni50Mn37.5Sn12.5)100-xCox (x = 0, 2, 4, and 6 at. %) Heusler alloys,
denoted as Co0 (x = 0), Co2 (x = 2), Co4 (x = 4), and Co6 (x = 6), were produced from pure
(99.98%) Ni, Mn, Sn, and Co elements (Sigma-Aldrich, Saint Louis, MO, USA) using arc
melting in a MAM-1 (Edmund Bühler GmbH, Bodelshausen, Germany) arc melter, under
argon atmosphere in a water-cooled copper crucible. The samples were re-melted several
times to ensure a good homogeneity of the alloys. Each ingot, of approximately 15 mm in
diameter, was sectioned from the center region into two pieces. One piece was wrapped
in a tantalum foil, annealed in a quartz capsule at 900 ◦C for 24 h, and then quenched in
iced water to avoid the formation of intermediate phases during the cooling process. The
samples are labeled as An-Co0, An-Co2, An-Co4, and An-Co6 for simplicity.

The effect of the Co-substitution on the crystal structure was examined by a powder
D8 Advance diffractometer (Brucker, Billerica, MA, USA) X-ray diffractometer (XRD) in a
θ–2θ Bragg Brentano geometry using an applied voltage of 40 kV, a current of 40 mA, and a
Cu-Kα radiation (λCu = 1.54060 Å). The Rietveld refinement using the MAUD program [19]
was employed to determine the crystal structure, phases’ weight fraction, average crys-
tallite size, <L>, and lattice parameters (a, b, c). A scanning electron microscope (SEM)
Zeiss DSM-960A (Siemens/Brucker, Billerica, MA, USA) equipped with energy disper-
sive X-ray spectrometry (EDS) was utilized to determine the alloys’ microstructure and
elemental composition.

Thermal characterization was performed in a differential scanning calorimeter DSC131
EVO (Setaram , Caluire-et-Cuire, France) in the 25–150 ◦C temperature range at a heat-
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ing/cooling rate of 5 ◦C/min for four cycles. A vibration sample magnetometer (VSM)
with a cryogen-free Dynacool PPMS was used at a vibration frequency of 40 Hz and 2 mm
amplitude in the coils’ central area. Small bulk samples were put in a rod-shaped Perspex
sample holder. Hysteresis loops (M vs. µ0H) at 300 K and 1.8 K were measured under an
external magnetic field up to 9 T; zero-field-cooled (ZFC) and field-cooled (FC) curves of
the as-cast and annealed alloys were measured in a magnetic field of 0.5 T.

3. Results and Discussion
3.1. Crystal Structure

The XRD patterns of the as-cast (Ni50Mn37.5Sn12.5)100-xCox (x = 0, 2, 4 and 6 at. %)
alloys are shown in Figure 1. The effect of the Co-substitution is correlated to the shift in
the diffraction peaks towards higher 2-theta angles as the Co content increases. The slight
shift in the peak position can be attributed to the lattice strains and the variation in the lattice
parameters of the martensite structure due to the substitution of Co for Ni, Mn, or Sn since
the atomic size of Co (rCo = 0.135 nm) is close to that of Ni (rNi = 0.135 nm) but smaller
than those of Mn (rMn = 0.140 nm) and Sn (rSn = 0.150 nm). Furthermore, the principal
diffraction peak intensity increases as the Co content augments, excluding the Co2 sample.
Such a rise can be due to the increase in the crystallite size and/or the variation in the
phase’s weight fractions.
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Figure 1. Rietveld refinement of the XRD patterns of Co0, Co2, Co4, and Co6 as-cast alloys.

The Rietveld refinement reveals the presence of three phases, namely the monoclinic
14M martensite structure (P21/m space group), the FCC γ phase (space group Fm-3m),
and the face-centered tetragonal (FCT) MnNi-type phase L10 (P4/mmm space group). The
formation of three phases can be due to numerous factors, such as the alloy composition,
preparation conditions, phase transformation thermodynamics, etc. This result agrees well
with previous studies that reported the presence of several phases in the NiMnSn alloys
depending on the alloy composition and preparation conditions [13–18]. The crystallite
size of the 14M, γ, and MnNi-type L10 phases are in the range of (20–30) nm, (9–10) nm,
and 87 nm, respectively (Table 1). The weight fraction of the γ phase increases slightly
from 21% for the Co0 to 30, ~31, and ~34% for the Co2, Co4, and Co6, respectively. The
weight fraction of the FCT MnNi exhibits an opposite trend to that of the 14M Heusler
phase (Figure 2). Such a variation might be due to the movement of Ni, Mn, Co, and
Sn atoms.
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Table 1. Lattice parameters (a, b, and c), average crystallite size (<L>), and reliability factors (Gof, and
Rwp) of as-cast samples.

Sample Phase a (Å) ± 10−4 b (Å) ± 10−4 c (Å) ± 10−4 β (◦) <L> (nm) ± 2 Rel. Factors

Co0
14M 4.3839 5.6274 29.4170 92.566 29 Gof = 1.13

MnNi 2.5848 --- 3.7598 90.00 87 Rwp = 12.11%
γ 3.7118 --- --- 90.00 09

Co2
14M 4.3740 5.6278 29.3975 92.679 20 Gof = 1.09

MnNi 2.5851 --- 3.7634 90.00 87 Rwp = 12.97%
γ 3.7054 --- --- 90.00 10

Co4
14M 4.3455 5.6279 29.3552 92.598 22 Gof = 1.28

MnNi 2.5835 --- 3.7594 90.00 87 Rwp = 13.29%
γ 3.6652 --- --- 90.00 9.5

Co6
14M 4.3037 5.6383 29.3480 92.629 30 Gof = 1.17

MnNi 2.581 --- 3.7604 90.00 87 Rwp = 13.08%
γ 3.6424 --- --- 90.00 10
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Figure 2. Evolution of the phase’s weight fractions in the as-cast state vs. Co content.

The lattice parameter a of the γ phase decreases, while that of the MnNi phase remains
unchanged, but c shows a slight increase for the Co2 and a linear decrease as the Co content
increases. For the 14M phase, the lattice parameters a and c decrease as the Co content
increases, while b remains nearly constant up to 4%Co and then increases slightly. The
decrease in the lattice parameters leads to unit cell volume contraction. Furthermore, the
variation in the lattice parameters can be related to the variation in the phases’ composition
due to the diffusion process and the substitution of Co atoms with a smaller atomic radius
for Mn and/or Sn. A higher lattice parameter of 3.903 Å was obtained for the γ phase
in the Ni38Co12Mn41Sn9 as-cast alloy [20], where the Co content improved and the Sn
content lowered to 2.31%. The lattice parameter value can be related to the crystal distor-
tion (contraction/expansion) through the diffusion of atoms with greater/smaller atomic
radii. Furthermore, the formation of the γ phase leads to a change in the composition of
the matrix.

Figure 3 displays the Rietveld refinement of the XRD patterns of the annealed samples.
The effect of annealing is evidenced by the increase in the intensity of some diffraction peaks
and the change in their shape, principally for the An-Co0, An-Co4, and An-Co6 samples. A
crystallographic texture with a grain-oriented microstructure of the 14M martensite along
the [0014] and [1020] directions for the An-Co0 and [1114] and [1020] directions for the
An-Co4 is depicted. This behavior arises from the rapid cooling of the annealed samples.

The crystallite size of the 14M structure and γ phase decreases with increasing the Co
content up to 4 at. % and then increases for the An-Co6 sample (Table 2). The crystallite
size refinement might be related to the structural disorder through the Co diffusion into the
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Heusler matrix. The weight fraction of the γ phase increases linearly from approximately
24.5% for the An-Co0 to 46.4% for the An-Co6. Simultaneously, the weight fraction of
the 14M Heusler phase (Figure 4) decreases as the Co content increases while that of the
MnNi increases.
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Table 2. Lattice parameters (a, b, and c), average crystallite size (<L>), and reliability factors (Gof, and
Rwp) of annealed samples.

Sample Phase a (nm)
±10−4

b (nm)
±10−4

c (nm)
±10−4 β (◦) <L> (nm)

±2 Rel. Factors

An-Co0
14M 4.3810 5.4124 29.4011 92.770 92 Gof = 1.13
γ 3.6674 --- --- 90.00 45 Rwp = 3.14%

An-Co2
14M 4.3803 5.6271 29.4152 92.610 64 Gof = 1.09
γ 3.7082 --- --- 90.00 10 Rwp = 8.79%

An-Co4
14M 4.3100 5.6418 29.352 92.563 48 Gof = 1.29

MnNi 2.5239 --- 3.7416 90.00 95.4 Rwp = 3.22%
γ 3.6580 --- --- 90.00 11.0

An-Co6
14M 4.3046 5.6902 29.189 92.351 60 Gof = 1.17

MnNi 2.6018 --- 3.7344 90.00 50 Rwp = 13.08%
γ 3.6497 --- --- 90.00 99
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3.2. Morphology and Elemental Analysis

The back-scattered (BSE) SEM morphologies in the as-cast state (Figure 5) revealed
the effect of Co-substitution in the Ni-Mn-Sn Heusler alloy. The produced alloys exhibit
a dual microstructure of coarse dendritic phase and lamellar hypoeutectic microstruc-
ture with a change in the contrast from gray (matrix) and dark (γ phase) for the Co0
and Co2 alloys to light (matrix) and dark (γ phase) for the Co4 and Co6 alloys. The
variation in the contrast of the SEM images suggests compositional differences between
the different phases and the existence of at least two phases depending on the alloy
composition. The variation in the contrast can be related to the alteration in the phases’
compositions as the cobalt concentration augments, in addition to the enlargement of the
lamellar eutectic microstructure (dark contrast). The formation of dendritic multiphasic
microstructure can be related to the occurrence of the eutectic reaction during the solidi-
fication process [21,22]. The non-equilibrium solidification of the eutectic phases is due
to the fast cooling rate of the arc melting technique. The presence of black particles with
different shapes and a non-uniform distribution should also be noted. The EDS analy-
sis of the Co-free alloy reveals that the elemental composition is close for both contrasts
with 44.03Mn-48.6 Ni-7.37Sn (at. %) for the gray contrast and 44.66Mn-48.04 Ni-7.29Sn
(at. %) for the dark contrast.
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The elemental analysis of the as-cast Co6 alloy (Figure 6) reveals that the composition
of the Heusler phase is nearly constant with average Mn, Ni, and Sn contents in the Heusler
phase of approximately 46.68 at. %, 41.79 at. %, and 11.53 at. %, respectively. A closer
examination shows the presence of at least three phases in addition to the heterogeneity of
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the as-cast alloys with strong segregation, a typical microstructure of the as-cast alloys. The
Heusler phase is a Ni-Mn-Sn phase, while the γ phase is principally a Ni-Mn-Co with a
small Sn content. This observation agrees well with those reported in similar systems [23,24].
The black particles with irregular shapes and sizes (Figure 6c) can be related to highly
Mn-rich Mn-Ni precipitates. According to the elemental mapping images for Ni, Mn, Sn,
and Co (Figure 7), the γ phase is Co-rich and poorer in Sn compared to the Heusler phase,
but the fluctuations in Ni and Mn concentrations are relatively slight between the Heusler
and γ phase. The variation in the Heusler phase composition affects the e/a ratio and the
martensitic transformation. It has been reported that a decrease in the e/a ratio leads to a
drop in the martensitic transformation temperature [25].
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Figure 7. Elemental mapping for Ni, Mn, Co, and Sn in the as-cast Co6 alloy.

Figure 8 depicts the back-scattered SEM micrographs of annealed An-Co0, An-Co2,
An-Co4, and An-Co6 alloys. The Co-free alloy (An-Co0) undergoes a homogeneous mi-
crostructure and the transformation of the inter-dendritic region in the Heusler phase
through the diffusion process. Furthermore, the black precipitates are still observed even
after annealing for 24 h. The An-Co2 alloy shows the transformation of the dendritic
microstructure and the presence of mainly two phases: the Heusler phase (matrix) and the
γ phase. However, the dendritic microstructure remains for both the An-Co4 and An-Co6
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alloys. The elemental mapping images for Ni, Mn, Sn, and Co (Figure 9) show that the
Heusler phase is Sn-rich and poorer in Co compared to the γ phase, while the Ni and Mn
concentrations fluctuate slightly in the Heusler phase.

Magnetochemistry 2024, 10, x FOR PEER REVIEW  8  of  17 
 

 

 

Figure 7. Elemental mapping for Ni, Mn, Co, and Sn in the as-cast Co6 alloy. 

Figure 8 depicts the back-scattered SEM micrographs of annealed An-Co0, An-Co2, 

An-Co4, and An-Co6 alloys. The Co-free alloy (An-Co0) undergoes a homogeneous mi-

crostructure and  the  transformation of  the  inter-dendritic  region  in  the Heusler phase 

through the diffusion process. Furthermore, the black precipitates are still observed even 

after annealing for 24 h. The An-Co2 alloy shows the transformation of the dendritic mi-

crostructure and the presence of mainly two phases: the Heusler phase (matrix) and the γ 

phase. However, the dendritic microstructure remains for both the An-Co4 and An-Co6 

alloys. The elemental mapping images for Ni, Mn, Sn, and Co (Figure 9) show that the 

Heusler phase is Sn-rich and poorer in Co compared to the γ phase, while the Ni and Mn 

concentrations fluctuate slightly in the Heusler phase. 

 

Figure 8. Back-scattered SEM images of the annealed Ni50Mn37.5Sn12.5 alloy as a function of the
cobalt content (An-Co0, An-Co2, An-Co4, and An-Co6).

Magnetochemistry 2024, 10, x FOR PEER REVIEW  9  of  17 
 

 

Figure 8. Back-scattered SEM images of the annealed Ni50Mn37.5Sn12.5 alloy as a function of the cobalt 

content (An-Co0, An-Co2, An-Co4, and An-Co6). 

 

Figure 9. Elemental mapping for Ni, Mn, Co, and Sn in the An-Co6 alloy. 

3.3. Thermal Analysis   

The DSC scans of the annealed An-Co0, An-Co2, An-Co4, and An-Co6 samples at 900 

°C for 24 h are displayed in Figure 10 within the temperature range 30–150 °C. Upon heat-

ing and cooling at 5 °C/min for four cycles, the Co0 and Co2 samples exhibit an endother-

mic peak on heating and an exothermic peak upon cooling related to forward and reverse 

martensite transitions, respectively. The appearance of the martensite transformation in 

the An-Co0 and An-Co2 samples can be due to the suppression of the dendritic micro-

structure, as observed in the SEM images in Figure 8. However, the Co4 and Co6 samples 

show only broad endothermic and exothermic peaks on heating and cooling, leading to 

the inaccurate determination of the martensitic transformation temperatures. The broad 

thermal event might be related to the heterogeneity of the samples and compositional dis-

parity, as revealed in the EDS analysis. Furthermore, the absence of the martensitic trans-

formation in the as-cast alloys can be related to the dendritic microstructure since the mar-

tensite transition is highly sensitive to the alloy composition, and the non-uniform com-

positional  variations  affect  the martensitic  transformation  for  all  the  as-cast  samples. 

However, after annealing at 900 °C  for 24 h,  the martensitic  transition occurs once  the 

chemical and/or structural homogenization is achieved for the An-Co0 and An-Co2 sam-

ples, but significant fluctuation compositions remain for the An-Co4 and An-Co6 samples 

as revealed by the SEM  images. Much  longer annealing times are needed for composi-

tional homogeneity as the Co content  increases. Similar comportment was reported for 

the Ni-Mn-Sn Heusler alloys  [26]. Table 3  lists  the martensitic  transformation  tempera-

tures such as the martensite start (𝑀 ), martensite finish (𝑀 ), austenite start (𝐴 ), austen-

ite finish (𝐴 ) as well as the thermodynamic parameters on cooling (c) and heating (h), 

including the enthalpy (H) and the entropy (S) of transformation. It should be noted 

that all the parameters decrease for the An-Co2 sample compared to the An-Co0. It has 

been  reported  that during both  austenite  and martensite  transformation,  the  transfor-

mation energies were low and the peaks were broad in the Ni 50 Mn 36 Sn 12 Co 2 (at. %) 

produced by arc melting and subsequent aging at 900 °C [27]. 

Figure 9. Elemental mapping for Ni, Mn, Co, and Sn in the An-Co6 alloy.



Magnetochemistry 2024, 10, 59 9 of 16

3.3. Thermal Analysis

The DSC scans of the annealed An-Co0, An-Co2, An-Co4, and An-Co6 samples at
900 ◦C for 24 h are displayed in Figure 10 within the temperature range 30–150 ◦C. Upon
heating and cooling at 5 ◦C/min for four cycles, the Co0 and Co2 samples exhibit an
endothermic peak on heating and an exothermic peak upon cooling related to forward and
reverse martensite transitions, respectively. The appearance of the martensite transforma-
tion in the An-Co0 and An-Co2 samples can be due to the suppression of the dendritic
microstructure, as observed in the SEM images in Figure 8. However, the Co4 and Co6
samples show only broad endothermic and exothermic peaks on heating and cooling, lead-
ing to the inaccurate determination of the martensitic transformation temperatures. The
broad thermal event might be related to the heterogeneity of the samples and compositional
disparity, as revealed in the EDS analysis. Furthermore, the absence of the martensitic
transformation in the as-cast alloys can be related to the dendritic microstructure since
the martensite transition is highly sensitive to the alloy composition, and the non-uniform
compositional variations affect the martensitic transformation for all the as-cast samples.
However, after annealing at 900 ◦C for 24 h, the martensitic transition occurs once the chem-
ical and/or structural homogenization is achieved for the An-Co0 and An-Co2 samples,
but significant fluctuation compositions remain for the An-Co4 and An-Co6 samples as
revealed by the SEM images. Much longer annealing times are needed for compositional
homogeneity as the Co content increases. Similar comportment was reported for the Ni-
Mn-Sn Heusler alloys [26]. Table 3 lists the martensitic transformation temperatures such
as the martensite start (Mst), martensite finish (M f ), austenite start (Ast), austenite finish
(A f ) as well as the thermodynamic parameters on cooling (c) and heating (h), including
the enthalpy (∆H) and the entropy (∆S) of transformation. It should be noted that all the
parameters decrease for the An-Co2 sample compared to the An-Co0. It has been reported
that during both austenite and martensite transformation, the transformation energies were
low and the peaks were broad in the Ni 50 Mn 36 Sn 12 Co 2 (at. %) produced by arc
melting and subsequent aging at 900 ◦C [27].
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Table 3. Martensite start/finish (Mst/ M f

)
, and austenite start/finish (As/A f ), temperatures (∆T),

∆H, and ∆S on heating (h) and cooling (c) of the An-Co0 and An-Co2 samples.

Sample As (◦C) Af (◦C) Mst (◦C) Mf (◦C) ∆T (◦C) ∆H (J/g) ∆S (J/gK)

An-Co0 71 105 82 54
78 79.76 (h) 1.0225 (h)

85.55 (c) 1.0967 (c)

An-Co2 57 80 46 40
55.75 44.78 (h) 0.8032 (h)

14.24 (c) 0.2554 (c)

The calculated equilibrium transformation temperature using T0 =
Mst+M f +As+A f

4
decreases from 78 ◦C for An-Co0 to 55.75 ◦C for the An-Co2 sample due to the reduction
in the e/a ratio of the matrix. Furthermore, both the enthalpy change (∆H) and entropy
change (∆S) of the transformation of the An-Co2 decrease compared to the An-Co0 sample.
It is evident that the Co addition has altered the matrix composition and produced various
transforming alloys and different entropy changes in these alloys. Furthermore, the thermal

hysteresis temperature ∆T =
Mst+A f −M f −As

4 drops from 62 ◦C for the An-Co0 to 29 ◦C
for An-Co2 samples (Table 3). The enthalpy of the martensite transformation during
cooling in the An-Co2 is three times smaller than that during heating. This difference
might be related to the increased amount of the γ phase that did not participate in the
martensitic transformation and/or to the variation in the matrix composition that alters
the transformation.

3.4. Magnetic Properties

The temperature dependence of magnetization (M − T) curves at the field-cooled
(FC) and zero-field-cooled (ZFC) modes are shown in Figures 11 and 12 for the as-cast
and annealed samples, respectively. During ZFC recording, the sample was initially
cooled to the minimal temperature that could be achieved at zero magnetic fields, and
the measurements were registered during heating runs under an applied magnetic field
of 0.5 T. The ZFC curves show different behaviors as a function of the Co content. The
magnetization increases progressively for the Co0 and Co4 as the temperature is raised to
300 K, increases to 50 K, and remains nearly constant for the Co2. For the Co6 sample, the
magnetization reaches a maximum value of about 60 K, which defines the spin freezing
temperature (TB). After TB, the magnetization decreases. Furthermore, the split of the ZFC
and FC curves that define the irreversibility temperature (Tirr) results from the coexistence
of antiferromagnetic (AFM) and ferromagnetic (FM) phases. This behavior is due to the
presence of Mn in the NiMnSn crystalline structure [28].

In the Ni-Mn-based Heusler alloys, the magnetization is attributed principally to
Mn atoms where the Mn-Mn exchange is FM in the stoichiometric 2:1:1 alloy obeying the
Ruderman–Kittel–Kasuya–Yosida (RKKY) coupling granted by the conducting electrons.
However, in the off-stoichiometric structure, the exchange between the excess Mn content
occupying the Z site and Mn in its regular site is AFM as the Mn-Mn distance is shortened.
The presence of both FM and AFM ordering competitors generates a low magnetic state
of the martensite phase [29] and evidences the irreversibility in ZFC-FC curves [30,31].
One notes that the magnetization shows a step-like nature within ~50 K and 150 K in ZFC
curves, which can be related to the blocking temperature of the martensitic phase (TB)
promoting the exchange bias effect (EB). Below 50 K, the ZFC plot decreases due to the
dominated AFM state and AFM zones that pin the FM spin structure. Remarkably, the split
between ZFC and FC curves converge at Tsplit at around 300 K. The FC measurements are
higher than those of ZFC ones and tend to increase by lowering the temperature due to
the coexistence of FM/AFM coupling at the martensitic phase [32]. The Zeeman energy
provided by the external field dismisses this FM/AFM coupling and then bifurcates the
ZFC and FC curves.
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Figure 12. FC and ZFC magnetization curves for annealed An-Co0, An-Co2, An-Co4, and An-Co6 samples.

Figure 13 shows the hysteresis loops taken at 1.8 K and 300 K for the as-cast and
annealed alloys. At 1.8 K, all samples reveal a ferromagnetic-like behavior that does not
saturate even under a strong magnetic field. For the as-cast alloys, the magnetization
increases as the Co content increases, except for the Co2, which diminishes slightly. The
same behavior is observed for the annealed sample, where the magnetization decreases
for the An-Co2 and then increases for the An-Co6, while that of the An-Co4 is nearly
similar to the An-Co0. The magnetization of all the samples decreased when performing
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the measurements from 1.8 K to 300 K. The variation in the magnetization might be
related to the crystal structure and the change in the lattice parameters of the 14M and/or
MnNi structures.
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Figure 13. As indicated, hysteresis cycles were recorded at 1.8 and 300 K for the as-cast (top) and
annealed (down) samples.

The curve obtained at RT for the An-Co0 sample shows negligible FM behavior but
exhibits a slight exchange bias (EB). The EB is observed for the as-cast Co2 and Co6 samples,
measured at RT. These samples’ exchange bias field (HE) is 146.7 Oe, 24.0 Oe, and 32.6 Oe
for An-Co0, Co2, and Co6, respectively. These values follow those for the same parameters
in similar Heusler systems [33,34].

Magnetization hysteresis loops at room temperature do not saturate, suggesting the
existence of para- or antiferromagnetic contribution to the M-H curves. This behavior is
well known and the paramagnetic/AFM contribution is usually subtracted to theoretically
determine the intrinsic FM parameters, such as the ferromagnetic saturation magnetization
( Ms), the remnant magnetization ( Mr), and the intrinsic coercivity (Hci) using the following
fitting function [35]:

M(H) = 2
Ms

π
tan−1

((
H ± Hci

Hci

)
tan

(
π × Mr

2 × Ms

))
+ χH (1)

The first term represents the ferromagnetic (FM) hysteresis curve, and the second term
is a linear contribution related to a possible antiferromagnetic contribution (AFM) due to
the presence of both the FCC γ- and FCT MnNi-type phases. We evaluated the percentage
of FM and AFM contributions in each sample, using the M(H) curves at RT, except for
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Co-0%, for which remnant magnetization was negligible so that the fitting to the used
Equation (1) was not possible.

The results of the fitting procedure are shown in Figure 14, and the obtained percent-
ages of FM and AFM contributions are depicted in Figure 15 for the as-cast and annealed
samples. Both the FM and AFM contributions exhibit similar tendencies. The FM con-
tribution increases slightly for An-Co4, and then decreases An-Co6. Furthermore, the
homogenization at 900 ◦C increases the AFM percentages for all the samples (as well as
for the sample with Co0, as seen in M(H) curves). The increase in the AFM percentage
might be related to the atomic ordering enhancement and the strengthening of Mn-Mn
interactions favoring antiferromagnetic alignment and reducing the frustration in magnetic
interactions. The increase in the AFM contribution agrees well with the XRD results where
the weight fraction of the 14M structure decreases while those of the Mn-rich MnNi and γ

phases increase. Furthermore, the EDS analysis reveals the presence of Mn-rich zones.
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4. Conclusions

The effect of Co doping on the microstructure, martensitic transition, and magnetic
properties of the Ni50Mn37.5Sn12.5 Heusler alloy prepared by arc melting and subsequent
annealing at 900 ◦C for 24 h has been investigated. The absence of the martensitic phase
transition in the as-cast samples can be due to the dendritic microstructure and variation
in the Heusler phase composition. The appearance of the martensite transformation
in the An-Co0 and An-Co2 samples can be related to the disappearance of the dendritic
microstructure, as revealed by the SEM images. The Co addition decreases the characteristic
temperatures (As, A f , Ms, and M f ).

The XRD results confirm the presence of the monoclinic 14M, the FCC γ phase, and
the FCT MnNi-type structure for as-cast, An-Co4, and An-Co6 samples. The An-Co0 and
An-Co2 samples exhibit dual 14M and γ phases. The crystallite sizes of all the phases are
on the nanometer scale.

A ferromagnetic-like order exists at a lower temperature of 1.8 K for the as-cast and
annealed alloys. The percentage of FM and AFM contributions were evaluated using the
M(H) curves at RT except for Co0. The annealing increases the AFM percentages for all the
samples. The EB values of the Co0, An-Co2, and An-Co6 are 146.7 Oe, 24 Oe, and 32.6 Oe,
respectively, at 300 K.
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