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Abstract - The effect of different manufacturing processes, such as arc melting, mechanical alloying, and 

baking, on the crystalline and magnetic behavior of Co2MnSi, Co2MnGa, and Co2MnGe compounds was 

investigated. Samples of Co2MnSi, Co2MnGe, and Co2MnGa compounds were produced using the arc 

melting method and the effect of mechanical alloying and annealing processes on the manufactured 

products was investigated. The results showed that the use of different processes during manufacturing 

leads to different crystalline and magnetic behaviors of the sample. One of these cases is the correlation of 

the crystal order with the lattice parameter size in the produced samples and its effect on reducing the 

saturation magnetization compared to Slater and Pauling's prediction. Also, the change of order induced 

by the mechanical alloying process in the production of Co2MnSi composition has led to a drop of about 

14% in saturation magnetization. The coercivity in the sample produced by arc melting and mechanical 

alloying in Co2MnGe composition is lower than the expected value, which was attributed to the low 

magnetic anisotropy of the sample due to the small size of the crystals in this sample, which is compensated 

in the cooking process. For example, performing the grinding process before baking leads to a change in 

the crystal order and, consequently, to a decrease in the saturation magnetization of the sample. The final 

baking increases the size of the crystals and reduces the strain. The sample obtained from grinding after 

arc melting had more coercivity than the other two samples due to having smaller crystals. 
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INTRODUCTION 

Heusler compounds are a group of 

magnetic materials that have attracted a lot of 

attention due to their diverse properties such 

as magneto-optic properties(Gani et al., 2021), 

magnetic memory(Graf et al., 2011), 

magnetothermal behavior(Webster et 

Ziebeck, s. d.), thermoelectricity(Yin et al., 

2015), etc. Also, large spin polarization, high 

Curie temperature, ability to grow easily in the 

form of a thin film, and special half-metal 

properties in cobalt-based Heusler alloys have 

recently attracted the attention of many 

researchers(Miura et al., 2004). 

The magnetic moment of Cobalt-based 

Heusler compounds is in good agreement with 

the Slater-Pauling relationship, and in the 

meantime, the saturation magnetization is 

predicted to be 5 
𝜇𝐵

𝐹. 𝑢.⁄  for the Heusler 

compounds Co2MnSi and Co2MnGe, which 

have 29 valence electrons per formula 

unit(Graf et al., 2011). Among known Heusler 

compounds, the Co2MnSi compound has the 

highest Curie temperature (Campbell, 1976). 

Also, due to the energy gap of about 0.4 eV in 

a spin direction, it plays an important role in 

spintronic applications(Knowlton et Clifford, 

1912). 

Obtaining high spin polarization in 

Heusler Co2MnGe ferromagnetic alloy 

requires a high degree of crystal order L21. For 

this composition, a high Curie temperature of 
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905K has been reported. This compound is 

one of the intermetallic compounds that 

maintain the L21 order up to the melting 

temperature(Collins et al., 2015). Co2MnGa is 

one of the Heusler compounds of cobalt base, 

which has 28 valence electrons. Slater and 

Paulinck's model gives the value of saturation 

magnetization for this combination of 4 

µB/F.u. Recently, Co2MnGa alloy has 

attracted special attention as its usefulness as 

a spin-injection layer in spintronic devices 

operating at room temperature (RT) has been 

demonstrated(Holmes et Pepper, 2002). 

R. J. Kim et al. found a well-ordered 

crystalline state, a disordered state, and a 

crystalline state with an intermediate order and 

exhibited the influence of structural order on 

the physical properties of Co2MnGa 

films(Kim et al., 2006). 

In the meantime, the research conducted 

on similar compounds shows that the 

production method of affecting the 

microstructure and the possibility of changing 

the anisotropy caused by the crystalline 

behavior of the material can significantly 

change the magnetic quantities which in the 

case of these compounds. So far, less attention 

has been paid to this issue (Nazari et al., s. d.). 

Therefore, in this research, the effects of the 

production method on the microstructural 

characteristics and consequently the magnetic 

quantities of this compound are considered. 

 

RESEARCH METHODS 

Materials and method of testing Co2MnSi, 

Co2MnGe, and Co2MnGa compounds 

 Samples of Co2MnSi, Co2MnGe, and 

Co2MnGa compounds were produced using 

the arc melting method and the effect of 

mechanical alloying and annealing processes 

on the manufactured products was 

investigated. For this purpose, at first, 

prototypes were produced during the arc 

melting process in the argon atmosphere by 

passing current (125A). In the next step, a 

series of these samples were mechanically 

alloyed under an argon atmosphere for 15 

hours, which was named Sam. Next, a part of 

these samples was annealed for 48 hours at 

800 °C in a vacuum environment and was 

named Sama. Other samples produced by arc 

melting without mechanical alloying were 

baked for 48 hours at 800 °C and named Saa. 

The crystal structure of the samples was 

investigated by X-ray diffraction (XRD) using 

a Philips PW1730 device with a copper lamp 

with a wavelength of 0.154 nm. Williamson-

Hall relation was used to calculate the grain 

size and network strain. XRD data were 

analyzed using Full Prof software based on the 

Rietveld method. Scanning Electron 

Microscope (SEM) model 30 Philips, XL was 

used to check the microstructure of the 

produced samples. Also, a Lakeshore Model 

Vibrating Sample Magnetometer (VSM) was 

used to check the magnetic properties of the 

samples produced at ambient temperature. 

 

RESULTS AND DISCUSSION 

The results of the X-ray diffraction 

analysis of the samples produced with the 

simulated beam using the Rietveld method are 

shown in Figure 1. As can be seen, the peaks 

in all five samples correspond to the structural 

peaks of the cubic crystal with the space group 

Fm-3m, which is characteristic of Heusler 

compounds. In these figures, the red curve 

corresponds to the experimental data of the 

XRD spectrum. The black curve shows the 

calculated spectrum adapted by Rietveld 

software, the blue graph shows the difference 

between the two experimental and calculated 

spectra, and the green lines show the position 

of the Bragg peaks. The presence of high-
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intensity peaks in Sama and Saa samples of 

Co2MnSi composition indicates the 

crystallization of the material. 

In the case of the Sam sample, only a few 

broad peaks can be seen in this composition. 

Except for the peak located at 44 degrees, the 

height of the other peaks is of the order of the 

background fluctuations of the spectrum, and 

this indicates weak crystallinity and the 

presence of relatively high residual stresses 

from the mechanical alloying stage in this 

sample. The weak crystallinity of this sample 

can lead to weak atomic magnetic order. The 

difference in the width of the XRD peaks is 

attributed to the size of the crystals and the 

internal strain of the network. The change of 

these two quantities affects the movement 

mechanism of the domain wall in the 

magnetization and demagnetization processes. 

The effects of long-range crystal order 

in Saa and Sama samples of Co2MnSi 

composition have appeared in the form of 

superlattice peaks. The Sam sample of 

Co2MnGe composition with the Sam sample of 

Co2MnGa composition seems completely 

different in terms of the intensity of the width 

and the number of peaks as well as the 

background fluctuations. In the Sam sample of 

Co2MnGe composition, the peaks appeared 

with relatively greater intensity and less width, 

which can be related to the larger crystal size 

in the Sam sample of Co2MnGe composition. 

Still, the Sam sample of Co2MnGa composition 

has more noise than other samples, which 

shows the weak crystallinity of this sample. 

All Sam samples of these compounds 

have been produced in a similar way but with 

different characteristics. In particular, 

unconventional growth is observed for the 

Co2MnGe composition compared to the other 

two compositions. The comparison of the 

crystal order of the compounds is done by 

examining the peaks of the superlattice at the 

angles of and, based on this, it is not possible 

to comment on the state of the crystal order of 

the three Sam samples because it is difficult to 

separate these peaks from the fluctuations of 

the background. Another way to check the 

crystal order is to study the difference in the 

relative height of the peaks, which can be due 

to the difference in the arrangement of cations 

in the cubic structure. From this point of view, 

no specific difference can be distinguished 

between the three samples of Sam. 

 
Figure 1. XRD patterns of the produced samples. 

 

The parameters of the crystal lattice of 

the samples obtained by the Rietveld 

simulation are presented in Table 1. The 

largest lattice parameter in the Co2MnSi 

composition is related to the Sam milled sample 

with a value of 5.68 Å. The lattice parameter 

has decreased to 5.65 Å during the baking 

process and this quantity is equal to 5.66 Å in 

the Saa sample. 

Lattice parameters (5.67 Å) have been 

reported in the articles for a volumetric sample 

of Co2MnSi, with a cubic L21 structure 
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(Gubin et al., 2005). Also, Galenkis and his 

colleagues have calculated the network 

parameter as 5.65Å (Şaşıoğlu et al., 2005). 

The importance of this quantity is that for a 

specific crystal order, the length of bonds 

between atoms is directly related to the lattice 

parameter. On the other hand, the exchange 

constant in the exchange interaction between 

atoms can change by changing the distance. 

According to the model of Slater-Pauling, 3D 

elements have antiferromagnetic interaction at 

small distances. As the distance increases, this 

interaction weakens and turns into 

ferromagnetic interaction. As the distance 

increases, the strength of the interaction 

increases up to a certain distance and then 

decreases (Varaee et al., 2021). 

The lattice parameter (5.97 Å) of the Sam 

sample composed of Co2MnGa is larger than 

the lattice parameter (5.76 Å) of the Sam 

sample composed of Co2MnGe, which can be 

due to the larger atomic radius of Ga compared 

to Ge. The atomic radius values of Ga and Ge 

in picometers are 136 and 125, respectively. 

The largest lattice parameter calculated in 

these compounds is related to the Sam sample 

of the Co2MnGa compound with a value of 

5.97 Å, which decreased to 5.75 Å during the 

baking process. The reduction of lattice 

parameters during the baking process is 

similar to the behavior seen in Co2MnSi 

samples. 

Here too, this change may be attributed 

to the change in the crystal order of the 

sample. The lattice parameter of the other two 

samples in these compounds is slightly smaller 

than this value. Using the generalized gradient 

approximation (GGA), Magan et al obtained a 

lattice parameter of 5.74 Å for the Co2MnGe 

compound (Ido, 1986). Using the LDA+U 

approximation, Kandpal et al obtained the 

lattice parameter for the 5.76ÅCo2MnGa 

compound (Kandpal et al., 2007). 

The average size of the crystals and the 

lattice strain are calculated from the 

Williamson-Hall relationship relation 1 and 

presented in table (1). 

 

BcosӨ=Kλ/D+2ԑsinӨ                         (1) 

 

Where D is the average size of the 

crystals, B is the half-width of the peak, Ө is 

the Bragg angle of the peak, 𝜀 is the strain, K 

is constant, and λ is the wavelength of the X-

ray. 

Based on the core and shell model, the 

size of the crystals can affect the saturation 

magnetization of the samples. In addition, the 

change in the size of the crystals affects the 

coercivity of the sample (Mahaux et al., 1985). 

Generally, the coercivity increases with the 

decrease in the size of the crystals; this 

increase continues until reaching the 

superparamagnetic range, and then the 

coercivity decreases due to the single domain 

of the crystal grains (Phong et al., 2022). On 

the other hand, network strain can also affect 

coercivity. The occurrence of strain is 

effective in the mechanism of producing 

reverse magnetic domain walls and also in the 

movement of domain walls. Usually, 

increasing the strain increases the coercivity 

(Caizer, 2016). 

The largest crystal size calculated in the 

composition of Co2MnSi corresponds to the 

Saa sample with a value of 61 nm, which 

indicates the growth of the crystals due to the 

re-baking process in this sample after the arc 

melting stage. In fact, due to the exposure of 

this sample to high temperatures, a suitable 

substrate has been provided for their growth 

and their size has increased. Also, the crystal 

lattice strain in the Sam milled sample is larger 



Volume 8 No. 2 December 2022  Jurnal Pendidikan Fisika dan Teknologi (JPFT) 

   

140 

than that in other samples, which seems 

reasonable considering the impact of the bullet 

during the milling process. Saa and Sama 

samples of the Co2MnSi composition have the 

same strain equal to 0.05% and, due to the 

different atomic radii of the constituent 

elements of the composition, the atomic 

disorder can also affect the crystal lattice 

strain (Fariba et al., 2015). 

 

Table 1. Structural parameters of the samples 

 

The point is that the size of the crystal is 

larger in the Sam sample of Co2MnGe 

composition compared to Co2MnGa. SEM 

images of Sam and Sama samples of these 

compounds are shown in Figure (2). The 

distribution of particle size in the Sam sample 

of these compounds is relatively uniform and 

the shape of the particles is observed 

symmetrically. 

In some areas of the image, traces of the 

agglomeration of particles can be seen. This 

behavior can be caused by the cold boiling of 

the produced particles due to the impact of the 

balls during milling. The SEM image of Sama 

sample of Co2MnSi composition also 

indicates a powder structure with particles 

with symmetrical shapes. The size of the 

particles in this sample is similar to sample Sam 

and is in the order of microns and above 

microns. 

Here too, the particles have accumulated 

in some areas, and the agglomeration behavior 

is much more observed in them compared to 

the sample Sam. Agglomeration can be 

strengthened by strengthening the bonding of 

grains in the cooking process. The SEM image 

of the surface of the particles on a finer scale 

shows the same behavior as the Sam sample, 

with the difference that the average 

dimensions of the grains have grown in this 

sample. Also, the connection of grains is 

strengthened in this sample. Meanwhile, in the 

Sama sample of the Co2MnGa composition, the 

entanglement of particles has increased 

greatly. The symmetry of the particles that 

were seen in the previous three samples is not 

observed here. This behavior can induce a 

kind of magnetic anisotropy due to the shape 

of the particles. 
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Figure 2. SEM images of samples: a) Sama, b) Sam 

and c) Saa. 

The magnetic hysteresis loop of samples 

of Co2MnSi, Co2MnGe, and Co2MnGa 

compounds at ambient temperature is shown 

in Figure 3. To see the details of the central 

part of the hysteresis loop, it is drawn on a 

larger scale in the inset of this figure. Also, the 

values of saturation magnetization in terms of 

magneton-Bohr per chemical formula unit are 

calculated with the purpose of comparison 

with the Slater-Pauling model and, together 

with other quantities obtained from the 

residual loop of the samples, are shown in 

Table 2. 

The magnetization of all the samples is 

greatly increased by applying a small field and 

reaching the saturation limit, and this property 

is related to soft magnetic materials. Also, the 

obliqueness of the residual loops indicates a 

strong drop in magnetization with the removal 

of the magnetic field (Wang, 2010). The 

saturation magnetization of Saa sample of 

Co2MnSi composition is greater than that of 

the other two samples and is equal to 5.13 

µB/F.u. which is from the expected value of 

5µB/F.u. The Slater-Pauling model is slightly 

larger for this combination. This quantity in 

the experimental works of others between 

4.9
𝜇𝐵

𝐹.𝑢.
 (Kämmerer et al., 2004) and 5.3

𝜇𝐵

𝐹.𝑢.
  

(Raphael et al., 2002) is variable. As seen in 

the XRD patterns, there was a relative 

difference in the height of the peaks of the two 

samples, Sama and Saa of Co2MnSi 

composition, which is due to the difference in 

their crystal orders. 

The difference in the saturation 

magnetization values of these two samples can 

also be explained based on the same difference 

in crystal order. But in the Sam sample, which 

has the same crystal order as Saa, a saturation 

magnetization drop has also been observed, 

and the origin of this difference can be found 

in the difference in the size of the crystals of 

these two samples according to the core and 

shell model. 

Table 2. Magnetic parameters of the samples. 
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Figure 3. Magnetic hysteresis curves of 

Co2MnSi, Co2MnGa, and Co2MnGe 

composition samples. 

The largest value of coercivity in the 

composition of Co2MnSi for the Sam sample is 

7.32Oe. Meanwhile, the amount of this 

quantity in the cooked sample is greatly 

reduced. As determined from the XRD results, 

the growth of the grain size and, consequently, 

the weakening of the grain boundary effect as 

well as the reduction of the lattice strain can 

be mentioned as the main reasons for the 

reduction of the coercive field by affecting the 

mechanism of creating the wall of the 

magnetic domains and their mobility. 

The reduction of coercivity with 

increasing grain size is known to be due to the 

reduction of surface irregularities. The amount 

of Mr in the Sam sample of this composition 

equals 5.22 Am2/kg, which is the highest 

value, which can be related to the high 

coercivity of this sample. In the Saa sample of 

Co2MnGa composition, the saturation 

magnetization of 86 Am2/Kg was obtained, 

which is equivalent to 3.71
𝜇𝐵

𝐹. 𝑢.⁄ . This 

value is slightly less than Slater and Pauling's 

prediction. This decrease in magnetization is 

caused by factors such as the samples not 

being single crystal, structural twist, and 

crystal disorder in the manufactured 

samples(Kobayashi et al., 2004). 

The presence of impurities and possible 

stoichiometric changes due to partial 

evaporation of the samples can be considered 

as a double reason for the decrease in 

saturation magnetization, although the change 

in the crystal order and the size of the lattice 

parameter may also be effective in the 

smallness of this quantity. The remarkable 

thing is that a significant increase in the 

saturation magnetization of the Sama sample is 

observed from this composition so that the 

value of this quantity has reached from 

3.48
𝜇𝐵

𝐹. 𝑢.⁄ . For the Sam sample to 

4.28
𝜇𝐵

𝐹. 𝑢.⁄ . Another point that can be seen in 

these data is the closeness of coercivity of Sam 

and Sama samples in this composition, which is 
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due to the growth of grain size and reduction 

of strain during baking, the root of this 

behavior can be found in the change of 

anisotropy of the two samples. 

As seen in the SEM images, the 

occurrence of some form of anisotropy in the 

particles of this sample is not far from 

expected. In addition, due to the 

unconventional increase of the saturation 

magnetization in this sample, the anisotropy of 

the Nir crystal magneto may have been 

enhanced.  

The saturation magnetization of an Saa 

sample of Co2MnGe composition is greater 

than that of the other two samples and is equal 

to 112 Am2/kg. This value is equivalent to 

4.90
𝜇𝐵

𝐹. 𝑢.⁄ , which is slightly smaller than 

the expected value of 5.5
𝜇𝐵

𝐹. 𝑢.⁄ of the Slater-

Pauling model for this composition. It seems 

that reasons such as thermal fluctuations of 

torques and non-stoichiometric effects can be 

mentioned for the low measured saturation 

magnetization (Margulies et al., 1996). In 

addition, there are reports of the existence of a 

phase separation phenomenon in cobalt-based 

Heusler compounds (Felser et Seshadri, 

2000). According to these reports, the co-

existence of phases with different crystal 

irregularities in some Heusler compounds is 

inevitable and can be the main reason for this 

difference. In addition, the fact that the sample 

is not a single crystal can also be mentioned as 

a reason for the low saturation magnetization 

compared to the predictions of Slater and 

Pauling. 

 

CONCLUSION 

The results of this research confirmed 

the formation of a cubic crystal structure for 

all the produced samples. The milled sample 

without baking had the lowest crystallinity. 

Also, due to the difference in the arrangement 

of atoms in different samples, the relative 

heights of the peaks were very different. 

According to the SEM images, two 

samples made by the grinding method showed 

particles with different appearances and 

smaller particle sizes compared to the 

unground sample.  

According to the magnetic remanence 

loop, the saturation magnetization in the 

sample obtained from arc melting product 

firing was greater than the value predicted by 

the Slater-Paulinck model. Due to the 

presence of smaller crystal grains in the 

sample made by the arc melting method, the 

coercivity quantity has the highest value. 
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