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A B S T R A C T   

A series of Mn1-xNi1-xFe2xSi0.95Al0.05 MM’X-type compounds (with x = 0.28, 0.3, 0.32 and 0.35) were investi-
gated for their potential as magnetocaloric materials. Structural and magnetic properties were studied by 
magnetometry, microscopy and X-ray diffraction. Double substitution of Fe in Mn and Ni sites allowed to tune 
martensitic transition temperatures between low temperature orthorhombic and high temperature hexagonal 
structures from 373 K in x = 0.28–183 K in x = 0.35 during cooling. Transition temperatures occur around room 
temperature for x = 0.30 (300 K for cooling transformation) and 0.32 (270 for heating transformation). 
Isothermal entropy changes of − 8, − 19 and − 26 J/kg.K were calculated for field changes of μ0H = 0–2, 0–5 and 
0–7 T for x = 0.30. The values are comparable to those reported for MnNi(SiAl)-based compounds with single site 
substitutions (Mn and Ni) by Fe. Further analyses show that high magnetic fields are necessary to induce the 
magnetostructural transition in all studied compounds, which can be attributed to the presence of secondary 
phases and/or disorder at a local level.   

1. Introduction 

Materials featuring magnetoresponsive effects can be employed in a 
variety of applications. As an example, magnetostriction effects occur 
when magnetic fields modify internal strain in the crystal structure, 
giving rise to core components of transducers and actuators [1]. For 
magnetoresistance effects, the electrical resistance is modified by 
varying degrees of magnetic fields, which enables devices such as 
microelectromechanical systems and spin-valves [2,3]. Besides changes 
in strain and electrical resistivity, the reorientation of magnetic mo-
ments also brings a modification in temperature. In some materials, 
known as magnetocaloric materials, external magnetic fields induce a 
large variation in temperature compared to regular materials [4]. In 
some magnetocaloric materials, these large variations are created due to 
coupled magnetization and volume changes, undergoing transitions 
known as First Order Phase Transitions (FOPTs). 

Such magnetocaloric phase transitions can be achieved by compo-
sition tuning of known systems, enabling concurrent electronic [5–8] 
and structural changes [9–11] in relation to magnetic transitions. In 
magnetocaloric materials with FOPTs, the latent heat associated with 
symmetry and/or volume changes around the coupled structural 

transition temperature Tstr is the driving force for alternative energy 
conversion technologies. In order to evaluate the performance of such 
magnetocaloric materials, two properties are commonly considered: the 
adiabatic temperature change (ΔTad) and the isothermal entropy change 
(ΔSm) [4,12]. If one considers the use of such materials for wide spread 
technologies such as domestic refrigeration and air conditioning, masses 
in the order of kilograms of magnetocaloric materials will be needed in 
each unit [13,14]. Therefore, magnetocaloric materials should be pro-
duced with non-expensive, non-critical elements, i.e., elements that are 
not at a supply risk, that do not feature major environmental implica-
tions in its production, and that do not feature a large vulnerability to 
supply restriction [15]. Such materials should also be inserted within a 
sustainable life cycle [14]. 

One of the most interesting and versatile class of materials which 
exhibit magnetoresponsive effects are the MM’X compounds, where M 
and M′ are transition metals, and X is a p-block element. Typical ex-
amples include MnCoGe, MnCoSi, MnNiGe among others [16]. These 
materials crystallize either in the orthorhombic (orth.) TiNiSi 
structure-type (space group Pnma) or the hexagonal Ni2 In structure-type 
(space group P63/mmc) at higher temperatures, as schematically illus-
trated for MnNiSi 2 × 2 × 2 supercells in Fig. 1. To ease comprehension, 
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TiNiSi and the Ni2In structures will be referred to as orth. and hex. 
respectively. The TiNiSi structure-type is a ternary silicide with 3 
different 4c positions, with half-chair configuration in Ni–Si bonds. Ni 
and Si are also bonded to Mn, which itself is arranged with other Mn 
atoms in spiral/hexagonal coordination, if seen along the b direction. 
This spiral/hexagonal coordination is emphasized in Fig. 1a. It is known 
to be responsible for a high magnetic moment in this structure [17,18]. 
In the hex. Ni2In type structure illustrated in Fig. 1b, the Mn atoms stay 
in layered positions along vertices and edges of the unit-cell (2a site), 
with Ni and Si remaining in 2d and 2c sites, respectively [19]. The orth. 
and hex. unit cells are related in the following manner: chex →aorth, 

̅̅̅
3
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ahex →corth, and chex →aorth. By appropriate elemental substitution, a 
magnetostructural transition (MST) can be achieved in MM’X systems 
across a wide compositional space [1,20–22]. Given a sufficiently high 
magnetic field, a metamagnetic transition can occur from a hex. para-
magnetic (PM) to an orth. ferromagnetic phase (FM) [19]. 

Among the commonly studied MnMX compounds, MnNiSi features 
the more abundant Si element as a p-block, compared to critical Ge, 
regularly used in MM’X reports. The use of Ge as a main element in 
magnetocaloric devices would require a much larger demand than the 
possible future production, making its use inviable [14]. Also, the price 
of Ge is much larger than Si. Therefore, MnNiSi should be used as a 
starting MM’X compound. Its structural transition temperature (Tstr) is 
close to 1200 K, while its TC is around 600 K [19], and different elements 
can partially substitute the 2a, 2d, or 2c sites according to the 
Hume-Rothery rules (referring to the hex. structure). In some com-
pounds, it is possible to completely substitute one element for another 
while remaining in the same space groups, yielding different forms of 
magnetism i.e. antiferromagnetism in MnNiGe [19], paramagnetism in 
FeNiSi [23] or ferromagnetism in MnCoGe and MnNiSi [17,24]). This is 
another indication of the versatility of this class of materials. In the case 
of MnNiSi, at least two substitutions in the lattice must be performed to 
induce an MST around room temperature (RT); one on either the 2a or 
2d sites, and a second on the 2c sites (when referring to the Ni2In 
structure type). 

2d and 2a site substitutions in MM’X systems are usually performed 
by other transition metals, where the Tstr modifications are site and 
content dependent [25]. With regards to the effect of substitution in 2c 
sites, different p-block elements can be used, mainly from groups 3a and 
4a i.e. Ge [26–28], Ga [29,30], Sn [31] and Al [32–34]. The sub-
stitutions aim to lower TC and Tstr, thus creating coupled structural and 
magnetic transitions at RT. 

In this article, we investigate a series of MM’X compositions with 
abundant elements, featuring the least expensive MM’X possible: Mn1- 

xNi1-xFe2xSi0.95Al0.05with x = 0.28, 0.3, 0.32 and 0.35. All reports so far 
have dealt with single site substitutions. To the best of our knowledge, 
no concurrent Al (2c) substitutions with double (2a, 2d) site sub-
stitutions by Fe have been reported. 

The structures, phase content, and morphology are described by the 
help of powder X-ray diffraction and microscopy techniques. In addi-
tion, a comprehensive analysis of structural transitions, magnetic and 
magnetostructural properties are presented. This enables a fundamental 
understanding of the MnNiSi0.95 Al0.05 intermetallic with double sub-
stitution of 2a and 2d sites by Fe featuring transitions across RT. 

2. Materials and methods 

MnNiSi-based intermetallics were synthesized with pre-alloyed 
MnNiSi intermetallic ingots together with elemental Fe, Si and Al in a 
Ti-gettered arc melting furnace. MnNiSi pre-alloys were utilized instead 
of the pure elements as the samples featured a smaller mass loss. Mass 
losses due to Mn evaporation were smaller than 1 wt% in all samples. 
The as-cast ingots were subsequently sealed in quartz tubes under vac-
uum, heat treated at 1073 K for 7 days and quenched in water. 

Synchrotron radiation powder X-ray diffraction (SR-PXD) experi-
ments were carried out at the Swiss-Norwegian Beamline (SNBL), station 
BM-01, (λ = 0.69217 Å) at the European Synchrotron Radiation Facility 
(ESRF) in Grenoble, France. Heating and cooling of the capillaries was 
performed using a cryostat or a furnace with heating/cooling rates of 
2K/min. Structural characterization was performed in Topas Academic 
v6. In all refinements, the peak resolution function was described by an 
algorithm developed by Chernyshov et al. [35] for area detectors, such 
as the one at BM-01. The background was described by a Chebyschev 
polynomial with 10 parameters. The main parameters refined were zero 
error, lattice parameters, general positions and isotropic displacement 
factors for individual sites. Size broadening of the peaks was described 
using a Lorentzian function. Preferential Orientation was addressed by 
the use of the March-Dollase model whose pole density profile is given 
by 

Pp∗(r, ρ)=
(

r3 cos2 ρ +
sin2 ρ

r

)
− 3/2 (1)  

Where p* represents the preferred orientation direction, defined as p* =
ha* + kb* + lc* for the reciprocal lattice vectors a*, b* and c*, and r is a 
parameter for description of crystallites impacting the preferred orien-
tation, where values smaller than 1 describe rod-shaped crystallites, and 
r larger than 1 describe plate-shaped crystallites. The angle ρ is the polar 
angle between the preferred orientation direction p* and the direction s* 

Fig. 1. Representation of the structure and description of the main parameters of the orth. and hex. structures adopted in MnNiSi compounds.  
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that specifies the direction of the specimen [36]. 
Optical micrographs were obtained from a Zeiss Axioskop 2 with a 

polarizer lens. Scanning electron microscopy (SEM) and energy disper-
sive X-ray spectroscopy (EDS) were done in a Hitachi SU8230 ultra-high 
resolution cold-field emission scanning electron microscope. 

Differential scanning calorimetry (DSC) measurements were carried 
out with a Discovery DSC 25 from TA Instruments using a heating/ 
cooling rate of 10 K/min in ingots with masses in the range of 5–15 mg. 
Heat capacity measurements were performed by a “classical” three step 
procedure [37]. Magnetic measurements were performed by a Quantum 
Design MPMS 3, where temperature dependent curves had applied fields 
of μ0H = 0.5 T, and heating rates of 2 K/min from 50 to 375 K. Field 
dependent curves were performed by the discontinuous method [38] 
with temperature intervals of 2 K/min in magnetic fields in the range of 
μ0H = 0–7 T across the magnetic transitions. The samples had masses 
ranging from 20 to 40 mg and were not corrected for demagnetization. 

3. Results and discussion 

3.1. Crystal structure and microstructure 

The SR-PXD patterns at RT presented in Fig. 2 show the presence of 
both orth. and hex. phases for all compositions. The partial Fe substi-
tution in both Mn and Ni sites acts to stabilize the hex. Ni2In structure 
type at RT. This is confirmed by the gradual growth of all hex. peaks, but 
most notably the (102)hex, and (110)hex planes seen between 2 θ =
19–20◦, see Fig. 2. This growth occurs in detriment of the orth. peaks. A 
third set of peaks, which corresponds to Mn1.0Ni1.25Si0.75 in the hexag-
onal MgZn2 structure-type (P63/mmc), can be observed for all samples 
[39]. For the x = 0.28 sample, a small peak associated with the (310)
reflection for the Fe5Si3-type hexagonal phase is present in the pattern in 
2θ = 17.87◦. Other Fe5Si3 peaks are overlapping with reflections from 
other structures. 

Rietveld refinements were carried out on all X-ray patterns and are 
also shown in Fig. 2. The results show that the phase content at RT is 
modified as a function of Fe substitution, increasing the amount of hex. 
phase with higher Fe contents seen in Fig. 3. The main lattice parame-
ters, standard deviations, volume of the orth. and hex. unit cells, and 

weighted profile R-factors (Rwp) for all samples are displayed in Table 1. 
A small reduction of the unit cell volume with increasing Fe substitution 
can be observed for both the hex. and orth. cell. 

There was a challenge to fit the observed intensities for the (102) and 
(110) peaks for the Ni2In structure, which could be an indication of 
preferential orientation in the samples. A March-Dollase model was used 
and successfully described the intensity mismatches with (hkl) of (110), 
and r values ranging from 0.76 to 0.85, see eqn. (1) above. Such pref-
erential orientation in the sample can be attributed to the solidification 
process. The arc melting process occurs by opening an electric arc 
through the sample and into a Cu coated cooled hearth. As the melting is 
finished, the grains quickly crystallize from the colder Cu interface, 
inducing columnar growth, which in turn aligns the grains. This should 
create a texture in the microstructure, which is confirmed by polarized 
optical microscopy technique, employed for the Mn0.68Ni0.68Fe0.64-

Si0.95Al0.05(x = 0.32) sample, see Fig. 4a. Polarized images are a helpful 
tool as different grain orientations can be differentiated by different grey 
hues. 

Fig. 4a shows that the microstructure is composed of long, slab-like 
grains with lengths in the order of hundreds of micrometers, following 
the solidification front. Higher magnifications (63x) provide a better 
understanding of the microstructure in Fig. 4b. The grains of the main 
phase appear to be surrounded by dark boundary regions. The same tone 
is observed in inclusions, as seen within the “matrix” composed of the 
Ni2In hex. phase. 

These inclusions and dark boundary areas could be an indication of a 
secondary phase. Using SEM imaging and EDS measurements, this sus-
picion can be further elucidated. Indeed, the presence of a chemically 
different phase in the grain boundaries is confirmed by SEM measure-
ments in Back-scattered electron mode, see Fig. 4c. This is because 
different atomic densities are observed between the "matrix phase" and 
the secondary phase, indicating different elemental compositions. This 
secondary phase is present in the grain boundaries of the NiIn structure 
and inside the grains. With the aid of composition maps, shown in 
Fig. 4d, one can clearly note a lower presence of Fe in the secondary 
phase and a higher presence of Mn and Ni (not shown for the sake of 
brevity). EDS measurements determined the chemical composition of 
the secondary phase as Mn0.97Ni0.97Fe0.28Si0.78. This is very similar to 
the nominal composition of the hexagonal MgZn2 phase 
(Mn1.0Ni1.25Si0.75), with a small amount of Fe substitution that was also 
observed by SR-PXD (see Figs. 2 and 3). 

Fig. 2. Rietveld refinement results of SR-PXD data (λ = 0.69217 Å) of Mn1-xNi1- 

xFe2xSi0.95Al0.05 with x = 0.28, 0.3, 0.32, and 0.35, displaying the main phases 
present at RT on the bottom of the graph, and the main miller indices of the 
orth. and hex. phases between 2ϴ = 17–23◦. Experimental data is represented 
by symbols, the best fit as continuous lines and the difference plot is shown 
under each diffraction pattern. 

Fig. 3. Phase presence for different compositions of Mn1-xNi1-xFe2xSi0.95Al0.05 
as a function of Fe content as determined by Rietveld refinement. 
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The presence of such MgZn2 Laves structure can be rationalized by 
the following reasons: Firstly, in the MnNiSi parent compound, the 
stabilization of the hex. structure at RT can only be performed by the 
presence of (at least) two substitutions to the lattice. In the case of Al 
substitution in the Si sites, the required amounts for stabilization are 
small, close to 1 wt %. As such, small inhomogeneities in the Al or Fe 
contents around the grains could stabilize the MgZn2 Laves phase in the 
grain boundary or inside the grain regions. Secondly, the thermody-
namic equilibrium of the proposed composition is inside a biphasic field. 
A third possibility is that the MgZn2 Laves phase is segregated upon 
solidification and not solubilized during heat treatment. Additional EDS 
measurements on a series of areas encompassing the dark and bright 
phases were carried out, thereby determining the composition of the 
alloy, to be Mn0.7Ni0.67Fe0.67Si0.90Al0.06, and thus in good agreement 
with the nominal composition Mn0.68Ni0.68Fe0.64Si0.95Al0.05. 

3.2. Structural transitions characterized by SR-PXD and DSC 

In-situ SR-PXD is a powerful technique to study structural transitions 
as a function of temperature. An example of the transition in 
Mn0.7Ni0.7Fe0.6Si0.95Al0.05 is shown in Fig. 5 during heating with a 
heating rate of 2 K per minute. In this contour plot, the peaks associated 
with the orth. phase are disappearing with increasing temperature while 
the hex. peaks are becoming stronger in intensity. Small peaks associ-
ated with the MgZn2 structure-type can also be observed in the vicinity of 
the peaks from the Ni2In structure-type. The reduction and gradual 
disappearance of the orth. peaks occur between 320 and 380 K, 
respectively. This large temperature range could be an indication of the 
level of disorder associated with the structure, as Mn/Fe/Ni can inter-
changeably occupy 2a and 2d sites, respectively. This can also be a 
reason for the presence of hex. peaks at lower temperatures, before the 
majority of the sample undergoes the phase transition. By analysing the 
derivative of the intensity of the (110)hex peak with temperature, one 
can observe the temperature regions where the transition takes place. 

Table 1 
Structural parameters of the studied samples obtained by Rietveld refinement: lattice parameters, volume of the orth. and hex. unit cells, and weighted profile R-factors 
(Rwp) with standard deviations in brackets.  

Composition Mn1-xNi1-xFe2x Si0.95Al0.05 a orth (Å) b orth (Å) c orth (Å) Vorth (Å3) a hex (Å) C hex (Å) Vhex (Å3) Rwp (%) 

x¼0.28 5.7452(4) 3.6643(2) 6.958(5) 146.41(2) 3.9997(4) 5.1200(8) 70.93(2) 8.29 
x¼0.30 5.7302(3) 3.6713(2) 6.9576(3) 145.34(1) 3.9958(1) 5.1275(2) 70.901(6) 5.52 
x¼0.32 5.7367(4) 3.668(2) 6.950(5) 146.27(1) 3.9935(5) 5.1299(7) 70.852(2) 7.45 
x¼0.35 5.693(4) 3.677(2) 6.952(4) 145.1(2) 3.9913(5) 5.1200(7) 70.640(2) 8.02  

Fig. 4. Microstructure of the Mn0.68Ni0.68Fe0.64-

Si0.95Al0.05 heat treated sample observed by a) 
polarized optical microscopy with a 16x magnifica-
tion exhibiting elongated grains due to preferential 
orientation; b) Higher (63x) magnification which 
displays the biphasic nature of the sample; c) Back- 
scattered electron image which shows the different 
atomic densities, confirming the biphasic nature of 
the microstructure and d) Mn/Fe EDS maps of the 
same area, confirming the presence of a Mn-rich, Fe- 
poor phase – the composition traces it back to the 
MnNiFeSi phase with a hexagonal MgZn2-type 
structure.   
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The Tstr is found to be around 342 K in Fig. 5b. 
An alternative method to characterize structural transitions in a 

material is by capturing the latent heat associated with such transitions 
in a DSC device. By modification of the Fe content in Mn1-xNi1-xFe2x-

Si0.95Al0.05, the transition temperatures between orth. and hex. structures 
changes from above to significantly below RT by decreasing x, see the 
DSC curves in Fig. 6a. Transition temperatures for orth. to hex. structure 
(Tstrorth-hex) during heating, hex. to orth. (Tstrhex-orth) during cooling, 
and thermal hysteresis values are displayed in Table 2. Values for the 
transformation temperatures are obtained from the maximum/mini-
mum value of heat flow for each sample. The samples with x = 0.28 and 
0.30 feature transitions above RT, with transitions between 373 and 419 
K, and 313 and 351 K, respectively. The x = 0.32 and 0.35 samples 
feature transitions below RT, between 226-270 K and 183–217 K, 
respectively. Therefore, going from x = 0.28 to x = 0.35 substantially 
impacts Tstr, modifying it by almost 200 K. The peaks are broad across 
the transitions for x = 0.32, 0.3 and 0.28, which is another indication of 
the local disorder in the system. For the x = 0.35 sample, a sharp tran-
sition is observed, which can be associated with a smaller disorder in the 
small ingot measured. Thermal hysteresis is noticeable in these mea-
surements, which range from 46, 42, 44 and 34 K for the samples with x 
= 0.28, 0.30, 0.32 and 0.35, respectively. Such values are relatively high 
and can be attributed to extrinsic and intrinsic factors [40], but also due 
to the thermal inertia component, as calorimetry measurements are 
dynamic measuring processes, with high heating and cooling rates (10 
K/min in the performed measurements). 

Another method to extract information from scanning calorimetry 
experiments is by measuring the heat capacity of a sample, obtained 
through a “classical” three-step procedure, seen in the cooling transition 
of Fig. 7a for Mn0.7Ni0.7Fe0.6Si0.95Al0.05. By doing this, it is possible to 

extract the absolute entropy variation before and after the structural 
transition ΔSstr. To determine the entropy change associated to the 
event, two lines are drawn from the curve before and after the transition 
event. By drawing a line from the inflection point of the transition and 
connecting it to the two aforementioned curves, the associated entropy 
values from initial (Ti) and final (Tf) points can be subtracted, obtaining 
the entropy variation before and after the transition. For the 
Mn0.7Ni0.7Fe0.6Si0.95Al0.05 composition, the variation of entropy is 
approximately 51 J/Kg.K. 

3.3. Magnetic and magnetocaloric properties 

Temperature-dependent magnetization curves for samples with x =
0.30, 0.32 and 0.35 are shown in Fig. 6b. The sample with x = 0.28 
features a transition beyond the measuring capacity of the MPMS sys-
tem, and thus it has been excluded here. To capture the transitions in the 

Fig. 5. a) Contour plot for the diffraction patterns as a function of temperature for Mn0.7Ni0.7Fe0.6Si0.95Al0.05. (λ = 0.69217 Å) The plot displays the transition from 
the orth. to hex. structure occurring across the measured temperatures. b) derivative of intensity as a function of temperature for the (110)hex peak, indicating the 
transition temperature occurring in the measured composition. 

Fig. 6. The MST observed in Mn1-xNi1-xFe2xSi0.95Al0.05 (x = 0.28, 0,30, 0.32 and 0.35) by means of a) DSC and b) temperature-dependent magnetization 
measurements. 

Table 2 
Transition temperatures during heating and during cooling in Mn1-xNi1-xFe2x 
Si0.95Al0.05 obtained by DSC and by temperature dependent magnetization, and 
Thys values for the produced samples.  

Composition Mn1- 

xNi1-xFe2x 

Si0.95Al0.05 

Transition 
temperature (K) 

T hys 
(K) 

Transition 
temperature (K) 

T hys 
(K) 

DSC DSC DSC VSM VSM VSM 

Heating Cooling Thys Heating Cooling Thys 

x¼ 0.28 419 373 46 – – – 
x¼ 0.3 351 313 38 347 324 23 
x¼ 0.32 270 226 44 270 240 30 
x¼ 0.35 217 183 34 219 183 36  
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examined samples, applied fields of μ0H = 0.5 T were used. With higher 
Fe substitution, the absolute magnetization decreases, which might 
seem counterintuitive. In fact, due to the interatomic distances in the 
lattices, the Mn atom carries a higher FM moment than Fe in the TiNiSi 
and the Ni2In structures. Generally, the presence of transition metals in 
Mn sites impacts the magnetization by changing the average interatomic 
distances between Mn–Mn atoms, and through modification of the band 
structure. Nevertheless, Fe substitution results in the smallest decrease 
of magnetization [32]. The abrupt change of magnetization at temper-
atures close to the latent heat peaks seen in the DSC, as the samples are 
heated/cooled, is a clear indication of an MST. The presence of a small 
dip between 180 and 230 K and a wider transition in the x = 0.32 sample 
could be an indication of a higher degree of inhomogeneity, displaying 
more than a single magnetic phase undergoing a transition inside that 
temperature region. As the MnNiSi system features a wide solid solu-
bility region when Fe is incorporated into the lattice, compositional 
variations can occur within the small amounts of mass present (between 
10 and 30 mg) in the magnetization measurements. Nevertheless, the 
other samples appear to feature only one magnetic phase transition. 
Another interesting feature of the martensitic transformation in such 
compositions is the difference in transition temperature width between 
heating and cooling steps, indicating different mechanisms for each 
event. During the heating transformation, an anisotropic contraction of 
the cell volume is observed, inducing tensile residual stress. On the 
cooling transformation, the stress is released by the expansion, and by 
the formation of new surface area i.e., cracking of the sample. 

The magnetic transition temperatures measured by magnetometry 
are displayed in Table 2. Temperatures obtained by VSM during cooling 
are 324, 240 and 183 K, and 347, 270 K and 219 K during heating, for x 
= 0.3, 0.32, and 0.35, respectively. The transitions measured by 
magnetometry feature smaller hysteresis than those obtained by DSC 
measurements, with 23 and 30 K for x = 30 and x = 0.32, respectively. 
This is due to the fact that the magnetic measurements were performed 

with a lower heating/cooling rate of 2 K/min, instead of 10 K/min used 
in the DSC. Further analysis of the magnetocaloric properties requires 
the use of field dependent curves, which allow the determination of the 
isothermal entropy change. As the x = 0.3 sample is the one that features 
most of its transition close to RT, we analyse its cooling transition in 
detail. 

3.4. Magnetocaloric effect of Mn0.7Ni0.7Fe0.6Si0.95Al0.05 

In order to avoid the presence of mixed magnetic states during the 
measurements [38], the sample was always heated up to temperatures 
far above Tstrorth-hex and cooled down to the isotherm temperature 
without any applied field. By this method, magnetization isotherms 
were obtained from 310 to 364 K with a temperature step of 2 K, and are 
displayed in Fig. 8a to describe the cooling transformation. 

The isotherms describe FM behavior at initial temperatures, with 
saturation magnetization reaching up to 80 Am2/kg. As the temperature 
increase, a higher fraction of sample becomes PM, which leads to a 
decrease in magnetization. As magnetic fields increase, however, 
magnetization rises again after a certain applied field threshold, 
signaling the transition from the hex. (PM) to the orth. (FM) phase. This 
behavior can be seen up to 344 K, when the transformation can no 
longer be induced by the applied fields. When comparing the behavior 
with other MM’X compounds such as MnCoGe or La–Fe–Si based ma-
terials, we find that much higher fields are necessary to fully transform 
the material [7,22]. By employing the Maxwell relation, ΔSm is obtained 
and displayed in Fig. 8b. Calculated values of ΔSm are − 8.15, − 19.15 
and − 26.45 J/kg.K for μ0H = 0–2, 0–5 and 0–7 T, respectively. The 
negative values are an indication of conventional magnetocaloric effect. 

The metamagnetic transition (PM-to-FM) seen during isotherms, the 
shift of ΔSm towards higher temperatures as higher fields are applied, 
and the presence of hysteresis are clear indications of a FOPT. However, 
ΔSm increases linearly with applied field, as shown in Fig. 8c, which is 

Fig. 7. a) Heat capacity obtained from DSC measurements for the cooling transition of Mn0.7Ni0.7Fe0.6Si0.95Al0.05. b) Absolute variation in entropy for the structural 
transition region of the sample Mn0.7Ni0.7Fe0.6Si0.95Al0.05, which allows for the determination of the entropy change due to the latent heat of the transition. 

Fig. 8. Magnetic analyses for the Mn0.7Ni0.7Fe0.6Si0.95Al0.05 sample. a) Field dependent curves across the MST, with temperature steps of 2K. b) Calculated isothermal 
entropy (ΔSm) in magnetic fields up to 7 T. c) Maximum variation of ΔSm as a function of applied field, showing a linear trend. 
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characteristic for materials undergoing a second order phase transition 
[4,41]. This occurs as the maximum applied field is apparently not high 
enough to fully transform the material from the PM to the FM state, as 
can be seen from Fig. 8a. Across the temperatures where metamagnetic 
transitions occur, the magnetization curve does not saturate, and only 
reaches a fraction of the saturation magnetization seen at lower tem-
peratures. Therefore, as higher fields transform bigger volume fractions 
of the sample to the FM state, the entropy change contribution associ-
ated to the martensitic transformation is higher, thus yielding a linear 
correlation. Assuming that the value of |ΔSm| is the sum of the magnetic 
entropy due to magnetic moment reorientation ΔSmag, and the fraction 
of the structural transition contribution ΔSstr due to the magnetization, 
one can conclude that even with applied fields of μ0H = 0–7 T, the total 
|ΔSm| is smaller than |ΔSstr|, an indication of a low magnetostructural 
coupling of the studied sample. 

To further investigate this MST, an Arrott plot analysis (M2 (H/M) 
curves) was performed and the result is shown in Fig. 9a. Typically, an S- 
shaped curve or a negative slope in such plots are a qualitative indica-
tion of FOPTs [42]. A slight negative slope can be observed at T = 338 K, 
indicating a FOPT character. Such analysis can be useful for a qualitative 
evaluation of the transitions. A more sensitive method that yields a 
quantitative analysis has been utilized by Law et al. when studying the n 
exponent from the field dependence of the magnetic entropy change 
[41,43]. The n exponent can be calculated as follows: 

n=
dln(ΔSm)

dln(ΔH)

Values of n above 2 are exhibited for compounds undergoing FOPTs. 
From the n analysis of the Mn0.7Ni0.7Fe0.6Si0.95Al0.05 sample (Fig. 9b), n 
is higher than 2 only in fields above 3 T. This is another indication of the 
low magnetostructural coupling of the samples to the MST. The shift of T 
with the ΔS peak with field is also only observed when the applied field 
is above 3 T (see also Fig. 8b). When comparing the ΔSm values of 
Mn0.7Ni0.7Fe0.6Si0.95Al0.05 with other reported quantities in the litera-
ture, they are similar to compositions with substitutions in the Mn (2a) 
sites, in (MnFe)NiSi1-yAly [32,34,44,45]; and higher than the reported 
compositions with a substitution on Ni (2d) sites Mn(FeNi)Si1-y Aly [33]. 
For the Mn1-xFe1-xNiSi1Al1-y samples, very different values are reported 
for similar compositions with Fe substitution on Mn. ΔSm values of 
20–50 J/kg.K in μ0H = 0–5 T, or between ΔSm = − 8 to − 22 J/kg.K in 
μ0H = 0–2 T are reported, for variations of 10% of Fe substitution in Mn, 
or 3–4% substitution in Al [20,32]. A possible reason for the variation in 
values are different processing conditions such as arc-melting or 
melt-spinning, which modifies the structure/microstructure. Another 
possible reason for the variations reported in literature is how the 
magnetic measurements have been performed, as different starting 
materials placed in the magnetometer (i.e. ingots/coarse powders/fine 
powders) are known to modify the MSTs [46]. 

These variations on reported values of ΔSm in Mn1-xFe1-xNiSi1Al1-y 
shed light on how sensitive the MST of (MnFe)Ni(SiAl) and (MnFe) 
(NiFe)(SiAl) compounds can be to different processing conditions that 
will impact ΔSm values. Pertaining extrinsic factors, the presence of 
phase impurities would change the susceptibilities and magnetization of 
the orth. phase. In the presently studied Mn1-xNi1-xFe2xSi0.95Al0.05 
compositions, the secondary Mn0.97Ni0.97Fe0.28Si0.78 phase with a hex-
agonal MgZn2 structure is known to display antiferromagnetic (AFM) 
ordering [39]. This could interfere with the internal magnetization of 
the main hex. phase by lowering the total magnetization of the system. 
Therefore, removing secondary phases can help maximizing internal 
magnetization. To further understand this interaction between the pri-
mary and secondary magnetic phases, micromagnetic simulations could 
be carried out. Regarding intrinsic properties, the degree of chemical 
disorder in the phases is also a factor that contributes to diminished ΔSm 
values, as Mn/Fe/Ni can theoretically substitute 2a and 2d sites inter-
changeably [32,33], while Al could substitute 2a and 2c sites [32]. This 
could result in a small distribution of Tstr’s, which in turn requires a 
higher applied field to induce the transformation, and thus lead to a 
decrease in overall ΔSm values [47]. The broad transition captured by 
in-situ SR-PXD as well as by DSC measurements also hint towards a 
distribution of Tstr’s as a result of chemical disorder. However, such 
disorder can only be probed at the local level by techniques such as total 
scattering or X-ray absorption spectroscopy which is outside the scope of 
this work. 

Another concern is the known effect of Mn loss during arc melting 
(the most reported technique for synthesis of MM’X compounds) and to 
a small extent during heat treatment (as it applies only to the surface 
areas), making it difficult to accurately track Mn concentrations across 
the sample. This is very important as very small variations in Mn content 
have a huge impact on Tstr, altering it by 80 K for variations of 0.03 per 
formula unit [24]. A better microstructural design and composition 
control could lead to improved magnetostructural coupling and there-
fore higher magnetocaloric effect under lower fields. A suggestion would 
be to employ different synthesis and processing techniques e.g., reac-
tive/fast sintering methods, avoiding Mn loss issues coupled with 
different disorder/defect concentrations. 

4. Conclusion 

Ingots of critical-element free Mn1-xNi1-xFe2xSi0.95Al0.05 compounds 
(x = 0.28, 0.3, 0.32 and 0.35) were synthesized by arc-melting. The 
increase in Fe content lowers the cell volumes slightly and shifts mag-
netostructural transitions from above RT in x = 0.28 to significantly 
below RT in x = 0.35. The samples with x = 0.3 and 0.32 display a 
transition around RT. 

SR-PXD at RT shows the presence of an orth. TiNiSi-type and a hex. 
Ni2In-type phase, as well as a secondary hexagonal MgZn2-type phase for 
all samples. Rietveld analysis evidences the presence of texture in the 

Fig. 9. Magnetic analyses for the Mn0.7Ni0.7Fe0.6Si0.95Al0.05 sample: a) Arrott plot of the MST. b) n exponent analysis of the magnetic entropy change.  
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hex. Ni2In-type main phase. In order to evaluate the presence of the 
secondary phase, and its relationship with the main phases, optical and 
electron microscopy techniques were applied for the sample with x =
0.32. Microscopy supports the presence of texture in the samples, which 
is in direct relation with formation of a solidification front during arc 
melting, confirming previous results from SR-PXD. The secondary 
MgZn2-type phase is primarily located at the grain boundaries and to a 
lesser extent, is also present inside the grains of the main phase. The 
composition of the secondary MgZn2-type phase obtained by EDS mea-
surements is Mn0.97Ni0.97Fe0.28Si0.78. 

The magnetostructural transitions are evaluated by in-situ SR-PXD, 
heat capacity and heat flow measurements by DSC, and magnetic 
measurements. Transformation temperatures for the orth.to hex. tran-
sition span a broad region from above to below RT and were determined 
as 419, 351, 270 and 217 K for x = 0.28, 0.30, 0.32, and 0.35, respec-
tively. Magnetic measurements show magnetic transitions at 347, 270 
and 219 for x = 0.3, 0.32 and 0.35, respectively, under an applied field 
of μ0H = 0.5 T. Differences between the transformation temperatures 
obtained by DSC and magnetometry can be attributed to small compo-
sitional variations, different heating rates and the influence of the 
magnetic field. 

The hex. to orth. transition i.e., cooling transformation is evaluated 
for the Mn0.7Ni0.7Fe0.6Si0.95Al0.05 composition by field dependent iso-
therms, with temperature steps of 2 K, from 310 to 364 K. Entropy 
changes of ΔSm = − 8.15, − 19.15 and − 26.45 J/kg.K are obtained for 
field changes of μ0H = 0–2, 5 and 7 T, respectively. The results are 
comparable to other reported (MnFe)NiSi1-yAly compounds produced by 
arc melting and melt spinning. When comparing the results to other 
known MM’X systems with Fe/Al substitution, however, discrepancies 
are seen in the ΔSm values, mostly due to the apparent low magneto-
structural coupling of the MM’X materials seen in reported Mn1-xFe1- 

xNiSi1Al1-y alloys and in our samples, as confirmed by n exponent 
analysis. Such insensitivity could be caused by a combination of intrinsic 
or extrinsic effects. Therefore, more research on understanding and 
modifying the local structure is required to obtain critical-element free 
MM’X systems which can be competitive with other available magne-
tocaloric materials. 
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