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A B S T R A C T   

Amorphous precursors with the composition MnCo0.8Fe0.2Ge1-xSix, where x = 0.2, 0.3, 0.4, and 0.6, were ob-
tained through mechanical alloying. These precursors were subsequently subjected to different thermal treat-
ments, resulting in the formation of the austenite Ni2In-type structure for x ≤ 0.4. For the highest Si content (x =
0.6), this phase coexists with the martensite TiNiSi-type structure without apparent partitioning of the elements 
at the nanoscale. These structures remain stable up to their melting points, but subsequent melting processes 
exhibit differences compared to the initial solidification at a cooling rate of − 20 K/min. The magnetocaloric 
effect was investigated through thermomagnetic and heat capacity measurements and simulated using the Arrott- 
Noakes equation of state, revealing the presence of a distribution of Curie temperatures. Despite the absence of a 
martensitic transformation, these alloys exhibit a significant magnetocaloric response, which increases as the 
precursor system’s amorphization (i.e., homogenization) is enhanced.   

1. Introduction 

The MnCoGe system exhibits a magnetostructural transition at 
approximately 420 K, transitioning from a low-temperature ortho-
rhombic structure (martensitic TiNiSi-type structure, Pnma space group) 
to a high-temperature hexagonal structure (austenitic Ni2In-type struc-
ture, P63/mmc space group) [1]. For the stoichiometric composition, 
both phases, martensite and austenite, exhibit ferromagnetic behavior 
with Curie temperatures of 276 K and 355 K [2], respectively. Such 
systems demonstrate intriguing properties, including a substantial 
magnetocaloric effect (MCE) and giant negative thermal expansion [3, 
4]. 

While the magnetic and structural transitions are decoupled in the 
MnCoGe composition [1], this magnetostructural transition can be 
influenced by compositional variations [5–11], introduction of va-
cancies [12], and application of external pressure [13]. Furthermore, it 
can be suppressed in samples produced through mechanical alloying, 
even after annealing processes, leading to the stabilization of the 

austenite phase at elevated temperatures [14]. 
In this study, we explore the MnCo0.8Fe0.2Ge1-xSix (x = 0.2, 0.3, 0.4, 

and 0.6) systems, which are synthesized in two steps: first, by creating a 
precursor homogeneous system through mechanical alloying, and sub-
sequently subjecting it to a thermal treatment to produce the desired 
crystalline samples. Typically, these systems are synthesized via arc- 
melting [1], and extensive subsequent thermal treatments are required 
to achieve the desired phases. 

Moreover, our work highlights the significant advantage of me-
chanical alloying, which requires a considerably shorter thermal treat-
ment at a lower annealing temperature (e.g., 20 min vs. 72 h and 723 K 
vs. 1123 K) [14]. We also investigate the microstructure and thermal 
stability of these systems up to the melting process. The magnetic en-
tropy change is determined through temperature and field-dependent 
magnetization curves and simulated using the Arrott-Noakes equation 
of state. The temperature-dependent specific heat at zero applied field 
allows us to estimate a lower limit for the adiabatic temperature change 
in alloys that exhibit the highest magnetocaloric response (x = 0.4) and 

* Corresponding author. 
E-mail address: jhonipus@us.es (J.J. Ipus).   

1 0000-0002-6633-9459  
2 0000-0001-9736-4422  
3 0000-0002-5402-6164  
4 0000-0003-2318-5418  
5 0000-0002-4551-0050  
6 0000-0003-4156-6249 

Contents lists available at ScienceDirect 

Journal of Alloys and Compounds 

journal homepage: www.elsevier.com/locate/jalcom 

https://doi.org/10.1016/j.jallcom.2024.173787 
Received 5 December 2023; Received in revised form 25 January 2024; Accepted 3 February 2024   

mailto:jhonipus@us.es
www.sciencedirect.com/science/journal/09258388
https://www.elsevier.com/locate/jalcom
https://doi.org/10.1016/j.jallcom.2024.173787
https://doi.org/10.1016/j.jallcom.2024.173787
https://doi.org/10.1016/j.jallcom.2024.173787
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2024.173787&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Journal of Alloys and Compounds 982 (2024) 173787

2

Fig. 1. Column (a) XRD patterns of the mechanically alloyed precursor powders for each composition after different milling times. Symbols indicate the Bragg’s 
positions of each phase cited in the legend. Column (b) DSC scans at 20 K/min from room temperature to 973 K as a function of milling time. The arrow indicates the 
magnitude and nature of the transformation. X axes are set to the displayed range for better observation. Y axes are the same for better comparison. 
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the coexistence of martensite and austenite phases (x = 0.6). 

2. Experimental 

Precursor samples were created from high-purity elements (> 99%). 
Five-gram mixtures of the nominal composition MnCo0.8Fe0.2Ge1-xSix, 
with x = 0.2, 0.3, 0.4, and 0.6, were prepared using a Fritsch Pulverisette 
Vario 4 planetary mill equipped with 10 mm diameter steel balls and 80 
cm3 hardened steel vials as milling media. The ball-to-powder mass ratio 
was 10:1, and the ratio between the rotational velocity of the vials and 
the main disk was − 2. Powder manipulation took place within a Saffron 
Omega glovebox under a controlled atmosphere of argon, with oxygen 
and humidity levels maintained below 100 ppm and 20 ppm, 
respectively. 

In the subsequent sections, we will distinguish between these pre-
cursor samples and the final samples, which refer to those precursor 
samples subjected to a thermal treatment. This treatment involved 
heating at a rate of 20 K/min from room temperature up to 723 K (for 
0.2 ≤ x ≤ 0.4) or up to 883 K (for x = 0.6) using a differential scanning 
calorimeter (DSC) DSC7 Perkin-Elmer operating under an argon flow. 

Structural analysis was performed using X-ray diffraction (XRD) with 

a powder diffractometer D8 Advance A25 at room temperature, 
employing Cu-Kα radiation. Phase identification was conducted using 
DIFFRAC.EVA software (version 4.1, Bruker), and Rietveld refinement 
was carried out with DIFFRAC.TOPAS software (version 6.0, Bruker). 
Transmission electron microscopy (TEM) was conducted on powder 
samples using a FEI Talos S200 microscope operating at 200 kV. The 
chemical composition of the samples was analyzed through X-ray fluo-
rescence (XRF) using EAGLE III X-ray microfluorescence equipment 
with a Rh anticathode, and energy-dispersive X-ray spectroscopy (EDS) 
was employed in TEM analysis using scanning transmission mode 
(STEM) with a high-angle annular dark field (HAADF) detector. For TEM 
sample preparation, powder samples were initially spread on a porous 
copper grid and then blew with pressurized air and placed in a region 
with a magnetic field to remove any loosely adhered powder previous to 
put into the microscope. 

To prevent the mobility of loose powder during magnetic and ther-
mal characterization, powder samples were compressed using a hydro-
static press, applying a force of 2 tons at room temperature to produce 
disks approximately 5 mm in diameter. 

Thermal stability tests were conducted using a DSC7 Perkin-Elmer 
calorimeter, covering the temperature range from room temperature 
up to 973 K. Additionally, a SDT Q600 equipment from TA Instruments 
was used, covering a range up to 1673 K, with a controlled argon at-
mosphere. In both cases, a heating rate of 20 K/min was applied. Mag-
netic properties were measured using a Lakeshore 7407 Vibrating 
Sample Magnetometer (VSM) with a maximum applied field of μ0H =

1.5 T. Isothermal magnetization curves were obtained over a tempera-
ture range from 150 K to 400 K, with different temperature increments 
determined by the phase transition temperatures. Magnetic entropy 
change was calculated from isothermal magnetization curves using the 
Maxwell relation and was performed using the Magnetocaloric Effect 

Table 1 
Parameters from DSC scans as a function of milling time.  

Si content Temperature peak, Tpk ± 1 (K) Transformation heat, q (W/g) 

30 h 50 h 100 h 30 h 50 h 100 h 

x ¼ 0.2  634  610  592 -37 ± 4 -59 ± 4 -15 ± 1 
x ¼ 0.3  655  642  620 -28 ± 1 -107 ± 1 -24 ± 1 
x ¼ 0.4  667  670  660 -18 ± 1 -56 ± 2 -87 ± 4 
x ¼ 0.6  723  739  751 -8 ± 1 -26 ± 3 -57 ± 1  

Fig. 2. XRD patterns of samples heated from room temperature up to 723 K (x = 0.2, 0.3 and 0.4) and 883 K (x = 0.6) at 20 K/min as a function of milling time. For 
100 h, the experimental data are shown in blue, and the Rietveld fittings are shown in orange. The differences between the experimental data and the Rietveld fittings 
are shown in orange below each experimental pattern. D indicates the crystal size and χ2 the goodness of fit. 
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Analysis program [15]. It was also simulated using the Arrott-Noakes 
equation of state. 

Specific heat measurements were carried out using the heat capacity 
option of a commercial Quantum Design Physical Property Measure-
ment System, covering the temperature range from 150 K to 390 K. This 
calorimeter determines the heat capacity of a sample by controlling heat 
flow while monitoring the resulting temperature change. When it is 
assumed that the heat capacity remains constant during the heat pulse, it 
can be obtained by fitting the temperature evolution according to the 
solution of the two-tau model [16,17]. 

Mass measurements for these experiments were conducted using a 
Mettler Toledo XP 26 microbalance with a precision of 0.001 mg. 

3. Results 

3.1. Structural characterization 

In Fig. 1a (left column), XRD patterns are depicted as a function of 
milling time (30 h, 50 h, and 100 h) for each composition. The patterns 
reveal the coexistence of multiple phases (Mn phase, austenitic phase, 

Fig. 3. STEM-EDS images of the sample with x = 0.6 milled 100 h and heated from room temperature up to 883 K at 20 K/min (Mn: yellow, Co: cyan, Ge: orange, Fe: 
red, Si: blue). 
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and X-Si phases, where X could be Fe, Co, or Mn) at each milling time. 
According to the Miedema model [18], although MnSi would be more 
favorable than others, the diffraction peaks suggest that CoSi and FeSi 
phases are the most probable. In this case, the CoSi phase exhibits the 
highest formation enthalpy value among the aforementioned phases. For 
x = 0.2 and 0.3, following 30 h of milling, the α-Mn phase (with the 
I43m space group) persists, alongside the development of an amorphous 
phase during the milling process. A detailed investigation of this 
amorphous phase as a function of milling time can be found in the 
reference [19] for x = 0. Furthermore, for x = 0.4 and 0.6, after 30 h of 
milling, the presence of the X-Si phase (with the P213 space group) is 
observed, which is attributed to the increased Si content. As milling time 
is extended to 100 h, for x = 0.2 and 0.3, a recrystallization process 
occurs, leading to the formation of an austenitic hexagonal phase (with 
the P63/mmc space group). This phenomenon aligns with similar com-
positions previously studied by the authors [14,20]. However, for 
x = 0.4 and 0.6, after 100 h of milling, the recrystallization process is 
absent, and mechanical amorphization continues to progress. 

In Fig. 1b (right column), the DSC scans are presented at a heating 
rate of 20 K/min, ranging from room temperature to 973 K, as a function 
of milling time for each composition. For all compositions, these scans 
reveal a crystallization process occurring after heating to a specific 
temperature. These irreversible processes result in the formation of more 
stable phases compared to those obtained through mechanical alloying. 
Detailed parameters of these exothermic processes, including peak 
temperature and total transformation heat, are provided in Table 1. 

As a result, it is evident that an increase in milling time corresponds 
to a higher degree of amorphization. However, for alloys with x = 0.2 
and 0.3, the progress of amorphization is interrupted by a recrystalli-
zation process, consistent with the findings from the DSC results (see 

Fig. 1, column b). In fact, for samples with x = 0.2 and 0.3 milled for 
50 h, the crystallization enthalpy values are greater than those of sam-
ples milled for 100 h (q50 > q100). On the other hand, for x = 0.4 and 
0.6, the 100-hour milled samples exhibit a higher amorphous fraction 
compared to those milled for 50 h, a trend corroborated by the crys-
tallization data presented in Table 1 (q50 < q100). 

Fig. 2 displays the XRD patterns of the final samples, which under-
went the heat treatments described in the experimental section, 
following the crystallization events detected by DSC (as shown in 
Fig. 1b), for each composition. For x = 0.2 and 0.3, after 30 h of milling, 
both the austenitic hexagonal phase and α-Mn phase are discernible. In 
the case of x = 0.6, the final samples exhibit the austenitic hexagonal 
phase alongside the X-Si phase. Notably, for x = 0.2, 0.3, and 0.4, after 
100 h of milling, the austenitic hexagonal phase re-emerges. In contrast, 
for x = 0.6, the martensitic orthorhombic phase (with a Pnma space 
group) appears in coexistence with the austenitic hexagonal phase. 

Rietveld fittings provide lattice parameters and crystal size infor-
mation for each identified phase in the final samples. In Fig. 2, it can be 
observed that the sample with x = 0.4 exhibits the largest crystal size, D 
= 65 ± 2 nm, whereas the other samples display a similar crystal size for 
the austenitic phase, with values of D = 17.5 ± 0.3 nm, 16.0 ± 0.4 nm, 
and 19.6 ± 0.6 nm for x = 0.2, 0.3, and 0.6, respectively. Additionally, 
for x = 0.6, both the austenitic and martensitic phases coexist, with the 
latter having a crystal size of D = 10.4 ± 0.9 nm and lattice parameters 
of a = 5.700 ± 0.008 Å, b = 3.786 ± 0.005 Å, and c = 7.091 ± 0.014 Å. 

Fig. 3 presents a STEM image and the corresponding EDS maps for 
the final sample with x = 0.6. Notably, the sample exhibits homogeneity 
at the sub-micron scale, with no discernible nanometer-sized regions 
showing an enrichment in any specific element. 

This fact is consistent across all the samples analyzed in this study, 
although they are not shown here. However, it is particularly note-
worthy in the case of the x = 0.6 sample milled for 100 h, as it exhibited 
the coexistence of two phases (martensitic orthorhombic and austenitic 
hexagonal phases), as discussed previously. To confirm the chemical 
compositions of the samples, XRF and EDS analyses were performed, 
and the results are summarized in Table 2. Notably, no significant de-
viations were observed with respect to the nominal compositions. 
However, it is worth noting that the measurement of Si content is more 
challenging due to the element’s light character, and compositional 
deviations, particularly for the sample with x = 0.4, were found to be 
around 45%. 

Fig. 4 illustrates the evolution of lattice parameters for the austenitic 
phase as a function of Si content. It is evident that the cell volume of the 
austenitic phase decreases with increasing Si content, and this trend 
remains consistent even for x = 0.6. This observation aligns with the 
homogeneous composition observed at the nanoscale, even in the case of 
this two-phase system, as depicted in Fig. 3. 

3.2. Structural stability 

To assess the structural stability of the final samples beyond the 
operational limit of the Perkin-Elmer calorimeter (973 K, as described in 
the experimental section), melting experiments were conducted using an 
SDT Q600 DSC equipment. The samples employed for these experiments 
were those milled for 100 h. The experiments consisted of heating and 
cooling cycles between room temperature and 1673 K, with a heating/ 
cooling rate of 20 K/min, as described in Fig. 5. Initially, in the tem-
perature range of 600 K to 800 K, a crystallization process is observed, 
leading to the development of the phases identified in Fig. 2. No addi-
tional transformation events are observed beyond 973 K. Consequently, 
in this state, all samples exhibit a single asymmetric endothermic peak 
during melting, with the exception of x = 0.4, where a small peak is 
observed at a slightly lower temperature. Subsequent cooling from the 
molten state down to room temperature at 20 K/min reveals no evidence 
of martensitic transformation. 

Furthermore, the exothermic peaks associated with the solidification 

Table 2 
Composition analysis of samples.  

Si content Technique Atomic concentration of elements (at%) 

Mn Co Fe Ge Si 

x ¼ 0.2 XRF  31.2  27.3  6.7  28.2 6.6* 
EDS  33.9  26.2  7.0  27.1 5.8 

x ¼ 0.3 XRF  31.2  27.3  7.0  24.5 10.0* 
EDS  34.4  25.9  8.1  22.5 9.1 

x ¼ 0.4 XRF  31.4  28.0  6.4  20.8 13.4* 
EDS  37.2  26.1  7.8  21.5 7.4 

x ¼ 0.6 XRF  31.0  28.3  6.4  14.3 20.0* 
EDS  35.0  25.5  8.0  13.6 17.9  

* Nominal Si content is imposed for XRF. 

Fig. 4. Lattice parameters evolution as a function of the Si content for the 
austenitic phase of final samples obtained from Rietveld fittings. Inset shows 
the evolution of austenite cell volume as a function of the Si content. 
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process consistently reveal two distinct events for all the compositions 
under study. This observation indicates that the products following so-
lidification at 20 K/min differ from those obtained in the final samples 
resulting from the annealing of mechanical alloys. In fact, the presence 
of a second melting process becomes evident, characterized by two 
endothermic peaks, and this phenomenon persists throughout subse-
quent solidification and melting cycles. As exemplified by x = 0.4 in 
Fig. 5, it even extends to a third melting process. 

Fig. 6 presents XRD patterns at room temperature for the samples 
obtained by cooling the liquid in the calorimeter at a rate of 20 K/min 
for all the studied samples. In contrast to the final samples depicted in 
Fig. 2, the samples obtained after melting exhibit the coexistence of up 
to three phases: the martensitic and austenitic phases, along with a 
body-centered cubic (bcc) solid solution. It becomes evident that an 
increase in Si content stabilizes the martensitic orthorhombic phase, 
whereas lower Si content predominantly stabilizes the austenitic phase. 
The cell volume of each phase decreases with increasing Si content, as 
also illustrated in Fig. 4 for the austenitic phase. 

3.3. Magnetocaloric effect 

These alloys are of significant interest due to their MCE, which can be 
explored through isothermal specific magnetization curves at various 
temperatures, denoted as σ(T, H). As an illustrative example, Fig. 7 
presents the isothermal magnetization curves (7a and 7c) and the tem-
perature dependence (7b and 7d) of magnetization for the final samples 
of x = 0.4 and x = 0.6 alloys, both milled for 100 h. In all the studied 
samples, the expected magnetization decay with temperature is 
observed as the Curie temperature is approached. Nevertheless, the 
behavior is slightly more intricate in the case of x = 0.6 due to the two- 
phase nature of this sample. This complexity is evidenced by the pres-
ence of two distinct peaks associated with the respective Curie 

temperatures in the derivative of magnetization with respect to tem-
perature (as shown in the inset of Fig. 7d) and is further corroborated by 
XRD analysis (see Fig. 2 for x = 0.6). 

To characterize the MCE response of the samples, the specific mag-
netic entropy change, Δsm, can be calculated using the Maxwell relation 
[21], which is related to the temperature derivative of specific magne-
tization, σ: 

Δsm(T,Hmax) = μ0

∫Hmax

0

(
∂σ
∂T

)

H
dH, (1) 

Here, μ0 represents the permeability of vacuum, T stands for tem-
perature, and H corresponds to the magnetic field with μ0Hmax = 1.5 T. 
The results are presented in Fig. 8 for all the studied samples. 

Concerning the magnitude and nature of the MCE responses, signif-
icant differences exist between samples exhibiting a first-order phase 
transition (FOPT) or a second-order phase transition (SOPT). Generally, 
it is observed that the values of Δsm for samples with a FOPT [1,7,22–24] 
are higher than those for samples with a SOPT [5,14,20,25–27]. How-
ever, it is important to note that samples with a FOPT exhibit a hysteresis 
phenomenon, and the sharp character of Δsm limits these significant 
values to a relatively small temperature range around the transition 
temperature. Consequently, samples with a SOPT offer advantages such 
as negligible magnetic and thermal hysteresis phenomena and broader 
peaks. 

While Δsm is commonly used to characterize the MCE response, the 
most crucial parameter is the adiabatic temperature change, ΔTad [21]. 
Measuring ΔTad experimentally can be challenging due to the adiabatic 
conditions required. However, ΔTad can also be related to magnetization 
results as follows [27]: 

Fig. 5. Subsequent DSC scans at 20 K/min from room temperature to 1673 K and then cooling down at 20 K/min to room temperature again for different Si content 
(scans below 600 K and above 1400 K do not present any transformation events). The vertical arrow indicates the magnitude and nature of the transformation. 
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ΔTad(T,Hmax) = − μ0

∫Hmax

0

T
cp,H

(
∂σ
∂T

)

H
dH, (2) 

Here, cp,H represents the specific heat at constant pressure, which is a 
function of both temperature and magnetic field. As cp,H decreases (in-
creases) with the applied field for T < TC (T > TC), one can estimate a 
minimum (maximum) value of ΔTad by assuming the zero-field value, 
cp,0, below and above the Curie temperature. Consequently, a relation-
ship between Δsm and ΔTad can be derived by comparing Eqs. (1) and 
(2): 

ΔTad(T,Hmax) ≈
TΔsm(T,Hmax)

cp,0(T)
. (3) 

Figs. 9a and 9b illustrate the temperature dependence of zero-field 
specific heat and the thermodynamic estimation of ΔTad for the alloys 
exhibiting the highest MCE response among those studied here (x = 0.4 
and 0.6). Fig. 9a reveals no thermal hysteresis between the cooling 
(circles symbols) and heating (squares) processes, indicating that these 
samples exhibit a SOPT. For the sample with x = 0.4, a specific heat 
peak is observed at ~275 K, consistent with the detected Curie tem-
perature (as seen in Fig. 7). At TC, a minimum value of 

ΔTad ≥ 0.74 ± 0.03K is measured for this sample at an applied mag-
netic field value of μ0H = 1.5 T. 

For x = 0.6, despite the two-phase character of this sample, there is a 
specific heat peak at ~270 K, and no peak is observed around 335 K. 
This absence of the peak may be attributed to its broadening and overlap 
with the declining region of the preceding peak, as will be discussed 
further. Additionally, lower specific heat values are observed in this 
sample compared to those obtained for x = 0.4, followed by a sudden 
increasing trend at ~300 K. This experimental result is likely primarily 
attributed to the magnetic contribution of both phases. On one hand, the 

fraction of austenite is lower, resulting in the lower values. On the other 
hand, the magnetic transition of the martensitic phase causes the 
observed increase in this temperature interval. 

4. Discussion 

Table 3 summarizes the relevant parameters of the magnetocaloric 
effect (Curie temperature, Tc; maximum magnetic entropic change in 
absolute value, Δsmax

m ; and refrigerant capacity, RC = Δsmax
m ⋅FWHM, 

where FWHM represents the full width at half maximum of the Δsmvs.T). 
It also includes some data from the literature on similar compositions for 
comparison. Among the samples studied in this work, the most 
remarkable MCE response is achieved by the sample with x = 0.4 milled 
for 100 h, which exhibits a Δsm value of − 1.39 ± 0.01 J⋅kg− 1⋅K− 1. This 
represents approximately a 25% improvement compared to the value of 
− 1.12 ± 0.01 J⋅kg− 1⋅K− 1 obtained for a sample with x = 0 milled for 

100 h, as reported in reference [14]. 
As shown in Table 3, the evolution of the Curie temperature for the 

austenitic phase is influenced by both Si content and milling time. For 
the final samples obtained from a precursor milled for 30 h, the Curie 
temperature decreases as Si content increases. However, this trend de-
viates for the 50-hour milled precursor of x = 0.6, where the Curie 
temperature increases. For precursor milling times of 100 h, the Curie 
temperatures remain relatively constant as Si content increases, within 
the corresponding margin of error. In contrast, the evolution of Δsm is 
more apparent, with the absolute value increasing as the milling time of 
the precursor system extends. Furthermore, for x = 0.4 and a 100-hour 
milling time, this magnitude reaches its maximum value among the 
samples studied in this work. The field dependence of the magnetic 
entropy change and refrigerant capacity can be expressed as power laws 
of the field, Δsmax

m ∝Hn [28] and RC∝Hm [29], respectively, where n and 
m are exponents that depend on the field and temperature. For 

Fig. 6. XRD patterns of samples milled 100 h melting several times for different Si content. The experimental data are shown in blue, and the Rietveld fittings in 
orange. The differences between the experimental data and the Rietveld fittings are shown in orange below each experimental pattern. 
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Fig. 7. Isothermal magnetization curves for the final samples with x = 0.4 (a) and x = 0.6 (c) milled 100 h, and the temperature dependence of the magnetization of 
these samples (b) and (d), respectively. The arrow in panels (a) and (c) indicates the temperature evolution. The thicker black line corresponds to the isothermal 
magnetization at the corresponding Curie temperatures. Temperature span, ΔT = 10 K in the ranges 150–240 K and 340–400 K, and ΔT = 5 K in the range 
240–340 K. Magnetic field, μ0ΔH, span is 0.025 T between 0 and 1.5 T. The inset of (b) and (d) shows the dσ/dT curves for a magnetic field of 0.05 T, and the 
temperature values of the peaks are indicated. 

Fig. 8. Temperature dependence of Δsm(T) for x = 0.2, 0.3, 0.4 and 0.6 samples for different milling times and an applied magnetic field value of μ0Hmax = 1.5 T.  
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second-order phase transitions (SOPT), which are expected for the 
studied samples, both exponents are related to the material’s critical 

exponents: n = 1+1
δ

(
1 − 1

β

)
and m = 1 + 1

δ, where β and δ are the critical 

exponents, and they are related to a third critical exponent, γ, as follows: 
δ = 1+

γ
β [28,29]. Using these relationships, it is possible to rescale the Δ 

sm and RC values for different magnetic fields if both exponents n and 
m are known, and the sample exhibits a SOPT: 

Δs∗m(H
∗) = Δsm(H)⋅

(
H∗

H

)n

, (4)  

Fig. 9. Temperature dependence of specific heat, cp,0(T) (a), and estimated adiabatic temperature change, ΔTad(T) (b) for an applied magnetic field value of μ0Hmax 

= 1.5 T in MnCo0.8Fe0.2Ge1− xSix alloys milled 100 h at room temperature and then heated up to 723 K (x = 0.4) and 883 K (x = 0.6) at 20 K/min. 

Table 3 
Comparison of MCE parameters for different MnCoGe-based alloys (* sample with a FOPT).  

Composition Precursor 
synthesis 

Thermal 
treatment 

Tpk (K) Δsmax
m 

(J⋅kg¡1⋅K¡1) 
RC 
(J⋅kg¡1) 

μ0ΔH 
(T) 

Δs∗m 
(J⋅kg¡1⋅K¡1) 

RC∗

(J⋅kg¡1) 
Ref. 

MnCo0.8Fe0.2Ge0.8Si0.2 MA 723 K 
(20 K/min) 

273(3) -1.07(1) 69(1)  1.5 -3.04 291 This 
work 

MnCo0.8Fe0.2Ge0.7Si0.3 MA 723 K 
(20 K/min) 

278(3) -1.00(1)  70(1) 1.5 -2.92 294 

MnCo0.8Fe0.2Ge0.6Si0.4 MA 723 K 
(20 K/min) 

278(3) -1.39(1)  65(1) 1.5 -3.69 289 

MnCo0.8Fe0.2Ge0.4Si0.6 MA 883 K 
(20 K/min) 

275(3) 
(A) 
335(3) 
(M) 

-1.15(1)  64(1) 1.5 -3.70 302 

MnCo0.8Fe0.2Ge MA 723 K 
(20 K/min) 

272(3) -1.01(1) 66(1)  1.5 -2.65 274 [14] 

MnCo0.94Fe0.06Ge MA 723 K 
(20 K/min) 

279(3) -1.02(1) 62(1)  1.5 -2.78 299 [20] 

MnCo0.97Fe0.03Ge MA 723 K 
(20 K/min) 

275(3) -1.05(1)  61(1) 1.5 -2.70 304 

MnCo0.94Fe0.06Ge AM 1123 K 
(5 days)Q 

315 -27.5 * -  5 - - [1] 

MnCoGe0.5Si0.5 AM 1123 K 
(3 days)IN 

373 -4.4 282  5 -4.4 282 [25] 

Mn0.97Y0.03CoGe AM 1273 K 
(5 days)OUT 

296 -15.6 * 132.8  3 - - [22] 

Mn0.98Al0.02CoGe AM 1123 K 
(7 days)Q 

270.5 -3.21 242.2  5 -3.21 242.2 [26] 

Mn0.975Ni0.025CoGe AM 1123 K 
(5 days)Q 

270 -30.3 * 255.4  7 - - [23] 

MnCo0.96Cd0.04Ge AM 1173 K 
(7 days)Q 

330 -9.01 280.6  5 -9.01 280.6 [27] 

MnCo0.98Cu0.02Ge AM 1123 K 
(5 days) 

271 -22.4 * 211.1  5 - - [24] 

Mn0.96Cr0.04CoGe AM - 322 -28.5 * -  5 - - [7] 
MnCo0.96Gd0.04Ge AM 1123 K 

(4 days)Q 

283 (A) 
318 (M) 

-3.0 296  5 -3.0 296 [5] 

MA indicates mechanical alloying, AM arc-melting, Q quenching treatment, IN cooling inside the furnace, OUT cooling outside the furnace, (A) austenite phase and 
(M) martensite phase. 

Table 4 
Values of n and m exponents of samples milled 100 h.  

Si content n exponent, ± 0.01 (Δsmax
m ∝Hn) m exponent, ± 0.001 (RC∝Hm)

x ¼ 0.2  0.87  1.196 
x ¼ 0.3  0.89  1.192 
x ¼ 0.4  0.81  1.242 
x ¼ 0.6  0.97  1.289 

Mean field exponents values are: n = 0.67 and m = 1.33.  
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RC∗(H∗) = RC(H)⋅
(

H∗

H

)m

, (5)  

where Δs∗m and RC∗ are rescaled magnitudes for a magnetic field H∗. To 
facilitate comparison with literature data, it is necessary to rescale these 
values for a magnetic field of μ0H∗ = 5 T, for example. Since only two of 
the critical exponents are independent, in this work, exponents n and m 
have been calculated according to both power laws of the field (see 
Table 4), and the exponents β, γ and δ have been determined according 
to the relationships mentioned earlier. However, for the remaining 
samples listed in Table 3, mean field exponent values are assumed, i.e., n 
= 2/3 and m = 4/3. The values of Δs∗m and RC∗ with μ0ΔH∗ = 5 T ob-
tained in this study are compared with other MnCoGe-based materials 

that show a SOPT, such as MnCoGe0.5Si0.5 [25], Mn0.98Al0.02CoGe [26], 
MnCo0.96Cd0.04Ge [27] and MnCo0.96Gd0.04Ge [5]. 

The optimal values of Δs∗m = − 3.70 J⋅kg− 1⋅K− 1 and RC∗ =

380 J⋅kg− 1 obtained in this work correspond to the sample with x = 0.6. 
This sample is particularly intriguing because the FWHM value increases 
due to the coexistence of martensite and austenite phases with closely 
spaced Curie temperatures, 275 K and 335 K, respectively, resulting in 
an enhancement of RC. However, the coexistence of phases does not 
necessarily represent the optimal scenario for this rescaling. Large 
values of n are generally attributed to a broadening in the transition due 
to the presence of a distribution of Curie transitions [30]. Among the 
studied samples, this parameter is minimized for x = 0.4 (a single phase 
from a fully amorphous precursor) and maximized for x = 0.6 (a 
two-phase system). 

To investigate the disparities between the mean field values of the 
exponents n and m and the higher values obtained in this study and to 
explore the relationship between the increase in RC and the phase 
coexistence in the sample with x = 0.6 milled for 100 h, the thermo-
magnetic response of a two-phase system with two Curie temperature 
distributions has been simulated using the Arrott–Noakes equation of 
state [31]: 
(

H
σ

)1
γ

= a(T − TC)+ bσ1
β, (6) 

In this equation, the parameters a and b are related to the critical 
amplitudes of the isothermal initial susceptibility, the spontaneous 
magnetization and critical magnetization, the critical exponents (β, γ 
and δ), and Curie temperature TC [32]. 

To achieve this, the thermomagnetic response of one phase with a 
SOPT in the magnetic field range up to a maximum value of μ0H = 1.5 T 
in 10 mT increments, and in the temperature range from 150 K to 400 K 
in 0.1 K increments, was simulated according to Eq. (6) with the cor-
responding values of TC, γ, β, b and a determined as follows: i) this phase 
has a Curie temperature value of TC = 280 K (associated with the 
austenite phase; single phase in x = 0.4 and low-temperature phase in 
x = 0.6); ii) the critical exponents γ = (2 − m)/(m − n) and β =

(m − 1)/(m − n) were determined after finding the exponents n and m, as 
discussed earlier (see Table 4); iii) the parameter b was determined 
through a nonlinear fit of the experimental critical magnetizations σ(T =

TC,H) =
( 1

b
)γ/δH1/δ, where δ = 1/(m − 1) (see black line in Fig. 7a); and 

finally, iv) the parameter a was obtained using the Kouvel–Fisher iter-

ative method (σ1
β versus 

( H
σ
)1

γ), not shown here), fitting the linear 
behavior of the y-axis intercept values according to the expression 
( H

σ
)1/γ

= a(T − TC), i.e., solving Eq. (6) using σ = 0. The results are 
presented in Fig. 10, and a good agreement is observed between the 
experimental data (sample with x = 0.4 milled for 100 h) and the 
simulated data around the phase transition temperature TC = 280 K. An 
acceptable agreement above the Curie temperature is obtained because 
power laws are a fairly good approximation in this temperature range. 
However, a less satisfactory agreement is found below the Curie tem-
perature, as expected, since the Arrott-Noakes equation of state does not 
accurately represent the thermomagnetic response in this temperature 
range. A phenomenological correction of the Arrott-Noakes deviations 
has been performed using the difference for T < TC between the 
experimental data and the simulated ones, as shown in the inset of 
Fig. 10. 

For x = 0.6, we assume a distribution of individual non-interacting 
contributions similar to that of x = 0.4, enabling the total magnetic 
entropy change to be expressed as a rule-of-mixture sum of the entropy 
changes of each constituent contribution. Consequently, the simulated 
specific magnetic entropy change, Δsm, has been calculated using Eq. 
(1), where the specific magnetization, σ, is the sum of these contribu-
tions. The results are presented in Fig. 11, and they exhibit a favorable 
agreement between the experimental data (sample with x = 0.6 milled 

Fig. 10. Temperature dependence of Δsm(T) for x = 0.4 sample (symbols), for 
an applied magnetic field of μ0Hmax = 1.5 T, compared with the simulated data 
obtained by means of the Arrott-Noakes equation of state (blue solid line) and 
phenomenological correction of the Arrott-Noakes deviation as T departs from 
TC (solid red line). The inset shows this deviation for T < TC and the red line in 
the inset corresponds to the fitting used in normalized units (z 
=

[
Δsexp

M (T) − ΔsA− N
M (T)

]/
Δsexp

M (TC) and t = [T − TC]/TC) build up the red curve 
of the main panel. 

Fig. 11. Temperature dependence of experimental Δsm(T) for x = 0.6 sample 
(symbols), for an applied magnetic field value of μ0Hmax = 1.5 T, compared 
with the simulated data obtained by addition of the contributions indicated in 
the inset using the phenomenologically corrected Arrott-Noakes equation of 
state obtained for x = 0.4 (solid line). 
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for 100 h) and the simulated data. Additionally, the fractions of the 
constituent contributions are displayed in the corresponding inset. The 
bimodal character of this histogram aligns with the presence of the two 
phases detected by XRD. Through the application of the phenomeno-
logical correction, it is possible to achieve a good agreement for tem-
peratures both below and above the magnetic transition, as 
demonstrated in Fig. 11. 

Finally, to demonstrate the reliability of the histogram in describing 
the behavior of the sample with x = 0.6, the total specific heat, cp,0, has 
been simulated as: 

cp,0(T) = cL + cE + cM , (7) 

Here, the subscripts L, E and M denote lattice, electronic, and mag-
netic contributions, respectively. The lattice and electronic contribu-
tions were simulated using a Debye temperature Θ of 353 K and a 
gamma factor γ of 8.44 mJ− 1⋅K− 2, respectively, as reported in [33]. The 
magnetic contribution was simulated employing the Brillouin function 
with a Landé factor g of 2 and J = 1/2 per atom, inferred from a specific 
saturation magnetization of approximately ~70 emu/g (refer to Fig. 7). 
In Fig. 12, both the simulated and experimental specific heat curves are 
presented. Notably, no free parameters were employed in generating the 
theoretical curves depicted in red. For the x = 0.6 sample, the inset 
histogram in Fig. 11 was used to simulate the magnetic contribution in 
two distinct ways. On one hand, individual theoretical Brillouin func-
tions yielded the red curve in Fig. 12. On the other hand, the phenom-
enological magnetic contribution of x = 0.4 was derived by subtracting 
cL and cE from the experimental data, and this cM

phen was normalized to t 
= (T − TC)/TC to propose individual phenomenological contributions, as 
indicated by the histogram in the inset of Fig. 11, resulting in the orange 
curve. It is worth mentioning that a good agreement is obtained, taking 
into account that no free parameters were utilized in this data 
simulation. 

5. Conclusions 

Amorphous precursor samples of MnCo0.8Fe0.2Ge1-xSix (with 
x = 0.2, 0.3, 0.4, and 0.6) were synthesized using the mechanical 
alloying technique. Microstructural analysis via XRD revealed partial 
amorphization in these systems. Upon thermal treatment, various pha-
ses were developed, with austenite phases predominant in low Si content 
samples, while samples with the highest Si content displayed a mixture 
of austenite and martensite phases. 

The stability of mechanically alloyed precursors was assessed 
through DSC experiments, with the amorphous phase found to remain 
stable up to 973 K. However, subsequent melting processes resulted in 
transformations that differed from the initial solidification. 

The most significant MCE response was observed in the sample with 
x = 0.4, milled for 100 h, which exhibited Δsm = − 1.39 

± 0.01 J⋅kg− 1⋅K− 1 and ΔTad ≥ 0.74 ± 0.03 K for a maximum magnetic 
field change of μ0ΔH = 1.5 T. Additionally, the sample with x = 0.6 was 
of interest due to the increased FWHM resulting from the coexistence of 
martensite and austenite phases with similar Curie temperatures, 
enhancing the RC compared to single-phase systems. 

The presence of a distribution of different Curie temperatures is 
consistent with magnetic and specific heat measurements, which were 
successfully simulated using the Arrott–Noakes equation of state and 
phenomenologically corrected at temperatures away from the Curie 
transition. 
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