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Abstract 

Recently, the magnetocaloric effect (MCE) has been extensively studied theoretically and 
experimentally, not only because of its potential for application in magnetic refrigeration 
technologies, but also to gain a more solid understanding of the physical properties of the 
materials. The magnetic refrigeration is a promising, energy-efficient technology and may be 
an alternative to the conventional compression-expansion gas cycle refrigeration in the future, 
as it has less environmental impact due to the fact that no greenhouse or ozone-depletion gases 
have to be used.     

The MCE is a thermodynamic phenomenon in which the magnetic entropy is changed in an 
isothermal process, or the temperature of the material is changed in an adiabatic process, when 
it is exposed to a magnetic field. There are two main quantities that characterize the MCE of a 
material: the change in temperature in an adiabatic process ∆𝑇𝑎𝑑 , and the change in magnetic 
entropy in an isothermal process ∆𝑆𝑀. 

Magnetocaloric 𝑀𝑛5𝑆𝑖3 has received special attention with respect to its magnetic properties. 
It shows two first-order transitions to two antiferromagnetic phases AFM1 and AFM2, at 66 K 
and 99 K respectively. Another intermediate magnetic configuration AFM1 ´ occurs if a 
magnetic field is applied, through which the compound transforms from the AFM1 phase to 
the AFM2 state. Interestingly, the first magnetic transition around 99 K is associated with a 
structural transition, at which the symmetry of the crystal structure changes from hexagonal to 
orthorhombic. Moreover, this compound exhibits a less common type of MCE which is named 
inverse MCE. This effect is associated with the phase transition between the two 
antiferromagnetic phases AFM2-AFM1 where the spin arrangement changes from collinear to 
non-collinear magnetic order. 

In this thesis, the direction dependent macroscopic magnetic properties of a single crystal of 
𝑀𝑛5𝑆𝑖3 were investigated using the Vibrating Sample Magnetometer (VSM) option. The mass 
magnetization measurements were performed with the magnetic field applied along the three 
different crystallographic directions a, b and c of the orthorhombic unit cell of the low 
temperature structure. The magnetization measurements were performed for every sample 
under two different protocols, the isothermal and the isofield conditions  

Five main observations were obtained from field and temperature dependent magnetization 
curves.  (i) Low temperature-low magnetic field features were observed for application of the 
field parallel to the orthorhombic base vectors 

(ii)  Features which are associated with the phase transition of AFM1´ - AFM2.  
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(iii) Features in the high temperature -low magnetic field region when the magnetic field is 
applied in the ab-plane.  

(iv) Features that can be attributed to the transition from AFM1 to the AFM1´ phase. These are 
only observed when the magnetic field is applied parallel to the c-direction. 

(v) Features corresponding to the transition from the PM phase to the AFM2 state. These can 
only be observed, when small fields are applied || to the b-direction.  

Based on these observations a field-temperature phase diagram could be obtained and it can be 
concluded that the magnetic response of the sample is strongly affected by the direction of the 
applied magnetic field. Our results show clearly that the magnetic response in the low 
temperature phase AMF1 depends strongly on the field direction and is more complex than 
previously thought. This complexity can most probably be mainly attributed to the existence 
of two different crystallographic sites for the Mn ions within the crystal structure and the 
mutual magnetic interactions between them. 

Moreover, the magnetic entropy change ∆𝑆𝑀 of 𝑀𝑛5𝑆𝑖3  was extracted based on Maxwell 
relation between entropy/temperature and magnetization/field, which allows the calculation 
from the field-dependent of the isothermal entropy change from magnetization data. The 
compound exhibits an inverse MCE which corroborates the prevalence of AFM interactions. 
A switch of the sign of magnetic entropy occurs around the transition temperature from the 
non-collinear AFM1 to the collinear AFM2 phase. The maximum positive value of ∆𝑆𝑀 is 
roughly 3.5 J/kg. K for a field change of 5.0 T at approximately 60 K.  

Regarding the (𝑀𝑛5𝐺𝑒3)𝑥(𝑀𝑛𝐹𝑒4𝑆𝑖3)1−𝑥 compound in powder form, there was a doubt about 
the reliability of earlier magnetization results for the sample with 𝑥 = 0.8 . According to the 
earlier investigations, the saturation magnetization value exceeded 250 𝐴𝑚2𝐾𝑔−1 at 20 K, 
compared to the much lower  saturation magnetization of approximately 100 𝐴𝑚2𝐾𝑔−1 for 
the other samples with 𝑥 = 0.6 , 0.4 , 0.2. To check this observation, a polycrystalline sample 
of Mn4.2Ge2.4Fe0.8Si0.6 was re-synthesized and x-ray powder diffraction was used to confirm 
the phase purity of the compound. Afterwards, the magnetization was re-measured by 
performing isofield measurements with two modes: field cooling (FC) and field warming (FW), 
and isothermal measurements over a temperature range from 350 to 20 K. We find that the 
saturation magnetization at 20 K is around 100 𝐴𝑚2𝐾𝑔−1  as expected, and that evidently the 
formerly reported value of 250 𝐴𝑚2𝐾𝑔−1 is erroneous. 
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𝑆𝐿 Lattice entropy 
𝑆𝐸 Electronic entropy 
T Absolute temperature 
H Magnetic field strength 
B Magnetic flux density 
M Magnetization 
𝜇0 Magnetic permeability of free space 
𝜇𝐵 Bohr magneton 
Oe Oersted 
Mn Manganese 
Si Silicon 
𝜆 Wavelength 
FWHM Full width at half maximum parameter 
𝑅𝑝 Profile R-factor 
𝑅𝑤𝑝 Weighted profile R-factor 
CCIM Cold crucible induction melting 
PPMS Physical properties measurement system 
VSM Vibrating sample magnetometer 
χ 𝑚𝑜𝑙 Molar magnetic susceptibility 
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1 Introduction  

1.1 Motivation 

 

Recently, the magnetocaloric materials (MCM) are gaining more attention due to their 

promising magnetocaloric effect (MCE) in which the magnetic entropy of the material 

is changed when it is exposed to a magnetic field. The potential of MCE is the base of 

magnetic refrigeration which is considered as an efficient and environmentally friendly 

cooling and temperature control system [17].  

𝑀𝑛5𝑆𝑖3 has received special attention with respect to its magnetic properties. At room 

temperature (300 K) the compound is found to be in a paramagnetic state and 

crystallizes in a hexagonal structure type 𝐷88  with space group (𝑃63/𝑚𝑐𝑚) [18]. 

During cooling, the compound behaves unusually concerning the structural and 

magnetic transformations [19]. It shows two first-order transitions to two 

antiferromagnetic phases AFM1 and AFM2 [20], at 66 K and 99 K respectively. 

Moreover, the first magnetic transition at 99 K is associated with a structural phase 

transition at which the symmetry of the crystal structure is changed from hexagonal  

with unit cell parameters, 𝑎ℎ = 6.910 Å , 𝑐ℎ = 4.814 Å , 𝑍 = 2  [21], to face centered 

orthorhombic symmetry with space group 𝐶𝑐𝑚𝑚 , and lattice parameters 𝑎𝑜 =

6.89856(1), 𝑏𝑜 = 11.9120(2), 𝑐𝑜 = 4.79330(1)Å , 𝑍 = 4  [22]. Another intermediate 

magnetic configuration AFM1´occurs if a magnetic field is applied, through which the 

compound transforms from the AFM1 phase to the AFM2 state. The magnetic 

structure of 𝑀𝑛5𝑆𝑖3  at low temperatures is somehow complicated and unusual. 

This compound exhibits a less common type of MCE which is named inverse MCE, 

where the material cooled down when exposed to a magnetic field in the context of 

adiabatic process (∆𝑇𝑎𝑑 < 0), while ∆𝑆𝑀 > 0 or in other words, the magnetic entropy 

is increased while the material is exposed to an external magnetic field [17].  

Concerning  𝑀𝑛5𝑆𝑖3 , the inverse MCE is associated with the phase transition between 

the two antiferromagnetic phases where the spin arrangement changes from collinear 

to non-collinear magnetic order [23]. Moreover, topological anomalous Hall effect was 

observed in the non-collinear AFM phase, which can potentially be used to develop 

new storage or computational devices [13, 24, 25]. 
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In this thesis, the macroscopic magnetic properties of  𝑀𝑛5𝑆𝑖3 compound in the form 

of single crystal were investigated by direction dependent magnetization 

measurements, and the MCE has been characterized as well. 

On the other hand, I will present mass magnetization measurements on 

(𝑀𝑛5𝐺𝑒3)𝑥(𝑀𝑛𝐹𝑒4𝑆𝑖3)1−𝑥  for a value of  (𝑥 = 0.8) . The quasi-binary system 

(𝑀𝑛5𝐺𝑒3)𝑥(𝑀𝑛𝐹𝑒4𝑆𝑖3)1−𝑥, was already investigated with x-ray powder diffraction and 

macroscopic magnetic properties in the course of a previous master thesis of K. Al-

Namourah [9]. According to the observations described there, for (𝑀𝑛4.2𝐺𝑒2.4𝐹𝑒.8𝑆𝑖.6)  

in which (𝑥 = 0.8) the saturation magnetization value was doubled compared to other 

samples of the series (𝑥 = 0.6 , 0.4 , 0.2 ). This observation was surprising and – if true 

– would potentially have been of importance for an application of the material. 

Therefore, there was a strong reason to reproduce the measurements for this sample. 
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2 Theory  

2.1 The magnetocaloric effect (MCE) 

2.1.1 History and definition  

 

The MCE is considered to be a magnetic thermodynamic phenomenon in which the 

magnetic entropy is changed in an isothermal process, or the temperature of the 

material is changed in an adiabatic process, when it is exposed to a magnetic field 

[14]. 

The German physicist Warburg had noticed  the MCE 140 years ago [26] , followed 

by Weiss [27]. The basic principle of the MCE was introduced by P. Debye in 1926 

and W. Giauque in 1927 [28].The MCE is the basis of magnetocaloric refrigeration 

technology, which depends on magnetocaloric materials exhibiting an MCE ideally   

near to room temperature. The first  highly efficient environmentally friendly magnetic 

refrigerator was  built in 1933 and was based  on  the adiabatic demagnetization of 

paramagnetic salts adiabatically to reach a very low temperature (< 0.5 𝐾) [29] . A 

series of different designs and research investigation on this promising technology 

have followed over the years [17] .  

For a simple ferromagnetic material near its Curie temperature (𝑇𝐶), randomly oriented 

magnetic moments are aligned in an ordered way when the magnetic field is activated. 

This leads to a decrease in the magnetic entropy while increasing the lattice entropy 

and heating up the material. If the magnetic field is removed, then the magnetic 

moments return to be randomly oriented. This increases the magnetic entropy and to 

compensate  the material cools down  [30] (Fig.2.1) . 

The applicable magnetocaloric materials (MCM) can be classified into second order 

magnetic phase transition materials (SOPT) and first order magnetic phase transition 

materials (FOPT). The classification depends on the type of transition the material 

undergoes between the ferromagnetic and paramagnetic state. For SOPT materials, 

the magnetization changes continuously with changing the temperature, while for 

FOPT materials, the change in magnetization is discontinuous as a function of 

temperature. The rare earth metal Gd is a prototype of a material that undergoes 



4 | P a g e  
 

SOPT [31], with low thermal and magnetic hysteresis. 𝐺𝑑5𝑆𝑖2𝐺𝑒2  [32] on the other 

hand, is a typical FOPT magnetocaloric material with a giant MCE, as the magnetic 

transition is associated with a structural phase transition. One of the drawbacks of 

FOPT materials is the high thermal and magnetic hysteresis compared to SOPT 

materials. 

Most of the research these days focus on the application of MCM that can be utilized 

e.g., in highly efficient magnetic refrigerator, and hence the research is strongly related 

to devices engineering and materials science. However, a lot still remains unknown 

about the mechanism of the MCE and its worthwhile to perform research in this 

direction to enrich our knowledge about the phase transitions and thermomagnetic 

characteristics of the materials. Hence, there are many compounds where the 

observed magnetocaloric properties are not appropriate for potential refrigerants,  but 

still the investigation of the MCE in them  is a suitable  tool to determine and 

understand  the underlying principles of the MCE [33] . 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2.1  (left) The adiabatic magnetization, (right) The adiabatic demagnetization  [10]. 
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2.2 Thermodynamics of the MCE 

 

There are two main quantities that characterize the MCE of a material: the change in 

temperature in an adiabatic process ∆𝑇𝑎𝑑 , and the change in magnetic entropy in an 

isothermal process ∆𝑆𝑀 . 

If the pressure is constant, the total entropy (S) of a material is a function of 

temperature (T) and the applied magnetic field (H). The overall entropy of the MCM is 

the sum of three contributions: the lattice entropy as a function of temperature  𝑆𝐿(𝑇) 

the magnetic entropy as a function of T and H 𝑆𝑀 (𝑇, 𝐻) , and the electronic entropy 

as a function of T 𝑆𝐸(𝑇). 

𝑆(𝑇, 𝐻) =  𝑆𝑀(𝑇, 𝐻) + 𝑆𝐿(𝑇) + 𝑆𝐸(𝑇)                                          (1) 

As for the lattice and electronic entropy 𝑆𝐿 , 𝑆𝐸, respectively, they are functions of the 

absolute temperature (T) and independent of the magnetic field (H), while the 

magnetic entropy 𝑆𝑀(𝑇, 𝐻) is highly dependent on (H). The MCE of all magnetocaloric 

materials result from the coupling of the magnetic field effect with the magnetic sub-

lattice.                                                                                               

Fig.2.2 illustrates the two parameters that can represent the MCE of a ferromagnetic 

material, ∆𝑇𝑎𝑑 and  ∆𝑆𝑀 where the x-axis represents the temperature of the material, 

while the y-axis represents the total entropy of the material. Around 𝑇𝐶 the material 

shows its maximum MCE [34] . 

The dashed lines represent the magnetic entropy 𝑆𝑀 when the magnetic field is zero 

(𝐻0 = 0) and when it is at any value larger than zero (𝐻1 > 0.0), the third dashed line 

represents the sum of  (𝑆𝐿 + 𝑆𝐸), while the solid lines show the total entropy (𝑆) when 

the magnetic fields are 𝐻0 , 𝐻1, respectively. 

 If a magnetic field is applied (𝐻1) adiabatically (reversible adiabatic magnetization), 

then the magnetic entropy 𝑆𝑀 is decreased while the overall entropy is constant and 

the solid is heated up  [30]. In other words, to maintain  𝑆(𝑇0, 𝐻0) = 𝑆(𝑇1 , 𝐻1) the lattice 

entropy is increased. Under this adiabatic process, the MCE of the material is 

represented by the change in adiabatic temperature as ∆𝑇𝑎𝑑 = 𝑇1 −  𝑇0. 
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If the magnetic field is applied under isothermal conditions (at constant temperature 

(𝑇0)), the magnetic entropy is decreased, as a consequence the total entropy is 

decreased too. The MCE is given by the change in magnetic entropy:  

∆𝑆𝑀 = 𝑆(𝑇0, 𝐻0) − 𝑆(𝑇0, 𝐻1)                                                        (2) 

Depending on Maxwell’s relation [35], ∆𝑆𝑀 and ∆𝑇𝑎𝑑 could be calculated: 

(
𝜕𝑆(𝑇, 𝐻)

𝜕𝐻
)

𝑇

= (
𝜕𝑀(𝑇, 𝐻)

𝜕𝑇
)

𝐻

                                                   (3) 

 where, H:  magnetic field, T: temperature, M: magnetization, S: entropy. 

By integrating both sides of Eq. 2 and regarding the isothermal process at constant 
pressure, it follows: 

∆𝑆𝑀(𝑇, ∆𝐻) = ∫ (
𝜕𝑀(𝑇, 𝐻)

𝜕𝑇
)

𝐻

𝐻2

𝐻1

𝑑𝐻                                               (4) 

The previous equation states clearly that the greater the (𝜕𝑀(𝑇,𝐻)

𝜕𝑇
)

𝐻
 the greater the 

MCE. The peak of MCE occurs around the phase transition temperature. 

In adiabatic process, the infinitesimal adiabatic temperature rise is obtained from 
combining equation (2) and (𝑑𝑄 = 𝐶𝑑𝑇 = −𝑇𝑑𝑠), Q is the heat flux and C is the heat 
capacity. Which gives: 

Fig.2.2   S-T diagram of MCE [7]. 
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𝑑𝑇 = − (
𝑇

𝐶(𝑇, 𝐻)
)

𝐻

(
𝜕𝑀(𝑇, 𝐻)

𝜕𝑇
)

𝐻

𝑑𝐻                                          (5) 

By integrating Eq.4, it will give a quantitative value for ∆𝑇𝑎𝑑: 

∆𝑇𝑎𝑑(𝑇, ∆𝐻) = − ∫ (
𝑇

𝐶(𝑇, 𝐻)
)

𝐻

𝐻2

𝐻1

(
𝜕𝑀(𝑇, 𝐻)

𝜕𝑇
)

𝐻

𝑑𝐻                             (6) 

where, 𝐶(𝑇, 𝐻)  is the heat capacity of the MCM. 

It becomes clear from the previous equation that the MCE can be improved by a wide 

field variation, and/or by choosing MCM with small heat capacity, and/or greater  

(
𝜕𝑀(𝑇,𝐻)

𝜕𝑇
)

𝐻
  .   

The question now is: how to calculate the ∆𝑇𝑎𝑑 and /or ∆𝑆𝑀 practically?  In the context 

of next sections, a brief description about the determination of MCE will be provided. 

 

2.3 Inverse MCE 

 

It is clear that there is a strong relationship between the entropy of the system which 

is associated with structural and magnetic changes and the size of MCE. According to 

what has been mentioned previously, there are two main quantities that characterize 

the MCE of a material: the change in temperature in an adiabatic process ∆𝑇𝑎𝑑, and 

the change in magnetic entropy in an isothermal process ∆𝑆𝑀 . In regular MCE 

materials, the sample heats up when exposed to a magnetic field adiabatically, which 

means that ∆𝑇𝑎𝑑 > 0, while during the isothermal process, the instantaneous change 

of magnetization with respect to instantaneous change of temperature is negative 

∆𝑆𝑀 < 0. Effects obeying these characteristics are named traditional or direct MCE [1]. 

The opposite case, that is the temperature derivative of the magnetization is positive, 

and the sample cooled down when exposed to a magnetic field in the context of 

adiabatic process (∆𝑇𝑎𝑑 < 0), while ∆𝑆𝑀 > 0 or in other words , the magnetic entropy 

is increased while the material is exposed to an external magnetic field , this is the 

inverse MCE [17]. 

Although the inverse MCE is more rarely investigated than the direct one, it is found 

in many magnetic systems, in particular when antiferromagnetic order is involved. 
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Examples include: the magnetic transition from anti-ferromagnetic to a ferrimagnetic 

phase (AFM/FIM) like in 𝑀𝑛1.82𝑉0.18𝑆𝑏  [36], or the transition from collinear anti-

ferromagnetic to non-collinear anti-ferromagnetic phase like in  𝑀𝑛5𝑆𝑖3 [14], or the  

anti-ferromagnetic to ferromagnetic phase (AFM/FM) as observed in  𝐹𝑒0.49𝑅ℎ0.51 [37]. 

According to earlier investigations, the inverse MCE can be explained by the fact that 

the application of an external magnetic field induces spin fluctuations, which leads to 

an increase of the magnetic entropy [14, 38]. 

 

2.4 Determination of MCE 

 

There are two different methods to measure the magnetocaloric effect: the direct 

measurements and the indirect ones. The direct method requires measurement of the 

samples temperature while applying and removing a magnetic field in an adiabatic 

process. On the other hand, the indirect method is based on the measurement of 

magnetization as a function of magnetic field and temperature. 

 

2.4.1 Direct determination of MCE 

 

The MCE could be obtained directly by measuring 𝑇0  at 𝐻0  and 𝑇1  at 𝐻1  under 

adiabatic conditions with an error ratio 5-10% which depends on the quality of the   

thermal insulation of the sample, the accuracy of the thermometer and the strategy 

that is followed to prevent the thermal sensor readings from being affected by the 

changes in magnetic field [7].  

The adiabatic process is fulfilled if it is assured that no heat is exchanged, in practice 

this can be achieved by rapid changes of the magnetic field. So, if e.g. the material is 

moving at a specific speed through a fixed magnetic field or the magnetic field is 

moved at a certain speed while the material remains fixed, then we will ensure that the 

adiabatic conditions are met [30, 39]. 
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2.4.2 Indirect determination of MCE 

 

The indirect measurements of the MCE could be achieved by two methods, one is the 

calorimetric method which relies on the heat capacity of the material to calculate both 

∆𝑆𝑀(𝑇, ∆𝐻)  and ∆𝑇𝑎𝑑(𝑇, ∆𝐻) , the other one is the magnetization method which 

calculates ∆𝑆𝑀 as function of temperature and magnetic field. 

∆𝑆𝑀(𝑇, ∆𝐻) is the most commonly used parameter to characterize the MCE [40]. It can 

be calculated from the isothermal magnetization curves or isofield magnetization 

curves. Numerically, integrating Eq.3 will produce a quantitative value of ∆𝑆𝑀 [41] . 

The error ratio of ∆𝑆𝑀 which is obtained from the magnetization measurements is 3-

10%, where the accuracy of the result depends on temperature, magnetic moment 

and field measurements. 

It should be pointed out that, regardless of the methods that are used to characterize 

the MCE, the results should not be completely divergent or equal, but rather 

convincingly close. Both quantities of |∆𝑇𝑎𝑑|  and |∆𝑆𝑚|  depend on (𝑇0)  and the 

difference between the initial and the final field (𝐻1 − 𝐻0). 

Experimentally, it is easier and faster to sweep the magnetic field continuously 

(stabilizing H at different values) than sweeping the temperature of the material at a 

ramp rate (stabilizing T at different values), in particular if one takes into account the 

time needed for a measurement [42]. 

In this thesis, indirect measurements were performed to characterize the MCE of  

𝑀𝑛5𝑆𝑖3  in the form of single crystal. ∆𝑆𝑀(𝑇, ∆𝐻)  was calculated via isothermal 

magnetization curves and/or isofield measurements. 

 

2.5 Scattering basics and diffraction techniques 

 

Scattering techniques are used to obtain detailed information about the crystal 

structure of a material at the microscopic level.  In particular, X-ray diffraction is an 

analytical non-destructive elastic scattering method used to get structural information 
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of the materials [43]. If one compares the wave length of the X-rays with the inter-

atomic distances in the crystals, they are approximately similar (~ .15 − .4 𝑛𝑚). This 

means that X-rays are a very appropriate choice to perform diffraction experiments on 

crystalline materials [44]. 

In crystals, when electromagnetic radiation hits parallel lattice planes spaced apart by 

an interplanar distance 𝑑 , the incoming wave will be scattered. if the difference 

between the path lengths of the diffracted beams from a neighboring lattice planes is 

an integer multiple of the incident wavelength, the scattered waves are in phase. This 

condition was defined by Lawrence Bragg, and it is described by Bragg’s equation  

[43]. Bragg's law [6] describes the conditions at which constructive interference 

between the scattered waves occurs, (see Fig.2.3) , that is: 

𝑛𝜆 = 2𝑑 sin 𝜃                                                              (7)                                                                                                                                               

where 𝑛 : is the order of diffraction (a positive integer), 𝜆:  the wavelength,  𝑑:  the 

distance between two parallel lattice planes (𝑑ℎ𝑘𝑙), 𝜃: the glancing diffraction angle. 

The previous relationship is the basis for a diffraction experiment where the diffracted 

intensity is recorded as a function of the diffraction angle.  

 

 

 

 

 

   

 

   

 

 

 

In this thesis Laue diffraction was used to define the correct crystallographic 

orientation of the single crystals of 𝑀𝑛5𝑆𝑖3 for the magnetization measurements and 

Fig.2.3  Bragg's Law is represented as schematic illustration, taken from Ref. [6].  
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X-ray powder diffraction was used to check the phase purity of the polycrystalline 

material of 𝑀𝑛4.2𝐺𝑒2.4𝐹𝑒.8𝑆𝑖.6. The basic concepts of the two diffraction methods will 

be explained in the next section. 

 

 

2.5.1 X-ray powder diffraction  

 

x-ray powder diffraction is a non-destructive technique which uses X-ray radiation on 

polycrystalline samples to characterize the structure of the material. It is also used in 

quantitative phase analysis or for tracking of phase transitions under the influence of 

temperature , pressure , and magnetic or electrical fields [6] . Powder samples can be 

considered as ideal if a large number of crystallites exists where all possible 

orientations of a crystal lattice exist in equal proportions. 

In an X-ray powder diffraction experiment, a beam of monochromatic X-ray radiation 

hits the powder sample. As the crystal lattice in the powder has all possible 

orientations, one will observe all the possible diffraction peaks from lattice planes for 

which the Bragg condition is fulfilled. Peaks with identical Bragg angles form cones 

which are called Debye-Scherrer cones. Every Debye-Scherrer cone is related to a 

single set of lattice planes. In a flat plate detector, these cones will be projected as a 

2-D image of smooth concentric rings. Usually, the diffraction patterns are presented 

by a diffractogram in which the intensity (𝐼)  is represented as a function of  the 

scattering angles  (2𝜃) (Fig.2.4) [44]. 

 

2.5.2  Laue single crystal diffraction 

 

In this work, Laue diffraction was employed to define the crystal orientation of a single 

crystal of 𝑀𝑛5𝑆𝑖3. For the Laue method a polychromatic beam is used. In other words, 

multiple wavelengths are used to irradiate the fixed single crystal sample. This means 

that the incident angle 𝜃  and the incoming beam have a specific orientation with 

respect to individual lattice planes (ℎ𝑘𝑙) . If Bragg’s law is satisfied for a particular 
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lattice plane and a specific wavelength, constructive interference occurs. In this case 

the detector will  record a diffraction spot [45]. 

 

 

 

 

 

 

 

 

  

       

  

 

2.5.3 The Le Bail method 

 

The Le Bail method is a technique used to fit the measured powder diffraction pattern 

to a calculated one which follows from an assumed model. With this method the unite 

cell parameters of the crystal structure can be determined, and an initial idea about 

the   space group of the crystal structure can be obtained. For this, an algorithm which 

depends on an iterative least squares analysis is used [46]. In addition to refining the 

unit cell parameters, many other parameters could be refined e.g., the background, 

the profile function, and the zero-shift parameter. 

As an initial step in this method, approximate values of unite cell parameters and an 

initial space group of the crystal structure are provided. Using this primary input, the 

diffraction patterns diagram is calculated and then compared to the measured one. 

Then one starts adjusting the mentioned parameters (unit cell parameters, background 

parameters, profile function and zero shift parameter) to reduce the difference 

between the measured and calculated diagrams. In the next step, a new diffraction 

Fig.2.4  Schematic drawing of Debye-Scherrer cones, taken from Ref. [6] 
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diagram is calculated and the processes of comparing, adjusting and calculating 

another new diffraction diagram is repeated, until a satisfactory agreement between 

the measured and the calculated diagrams is reached.  Numerical criteria are used to 

quantify the agreement. These are: the profile R-factor (𝑅𝑝) and the weighted profile 

R-factor (𝑅𝑤𝑝), 

𝑅𝑝 =  
∑ |𝑦𝑜𝑏𝑠,𝑗 − 𝑦𝑐𝑎𝑙,𝑗|𝑗

∑ 𝑦𝑜𝑏𝑠,𝑗𝑗
                                 (8) 

 where, 𝑦𝑜𝑏𝑠,𝑗 : observed intensity at a specific diffraction profile point, 𝑦𝑐𝑎𝑙,𝑗  : 

calculated intensity at a specific diffraction profile point. 

𝑅𝑤𝑝 = √
∑ 𝑤𝑗(𝑦𝑜𝑏𝑠,𝑗 − 𝑦𝑐𝑎𝑙,𝑗)2

𝑗

∑ 𝑤𝑗𝑗 𝑦𝑜𝑏𝑠,𝑗
2

                          (9) 

where, 𝑤𝑗: weighting factor = 1
𝑦𝑜𝑏𝑠

⁄  . 

𝑅𝑤𝑝 is a well-known indicator that expresses the quality of the refinement. In practice 

many programs are available which use the Le Bail technique like e.g. BGMN [47] , 

ARITVE [48], FullProf [49], Jana2006. In this thesis  Jana2006 [50] is used . 
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3 The magnetocaloric materials of this work  

3.1 Introduction  

 

The Pseudo binary system 𝑀𝑛5−𝑥𝐹𝑒𝑥𝑆𝑖3 with (𝑥 = 0,1,2,3,4,5) has MCE at different 

temperatures depending on the different values of (𝑥). The parent structure of all 

compounds in the system crystalizes in a hexagonal structure with space group 

(𝑃63 𝑚𝑐𝑚⁄ ) [51]. Mn and Fe ions occupies two different crystallographic sites, 6(g) 

and 4(d) respectively, the occupation ratio depends on the compositional (𝑥) 

parameter [52]. 

The magnetocaloric properties and the magnetic transitions in this system was 

investigated by [16], using magnetization measurements as a function of magnetic 

field and temperature. At low temperatures the Mn-rich compounds (𝑥 = 0,1,2) shows 

two different antiferromagnetic phases (AFM1, AFM2). It was found that, the 

temperature of antiferromagnetic ordering shifts to higher temperature, as the 

parameter (𝑥) is increasing, in another word, as increasing the ratio of Fe. For Fe-rich 

compounds (𝑥 = 4,5) ferromagnetic order was observed (Fig.3.1, (left)). 

 

 

 

 

 

 

 

 
 

 

 

 

Fig.3.1 (left) Sketch of a magnetic phase diagram of the system  𝑴𝒏𝟓−𝑿𝑭𝒆𝒙𝑺𝒊𝟑 (𝒙 = 𝟎, 𝟏, 𝟐, 𝟑, 𝟒, 𝟓), 

(right) The magnetic entropy change  for a field change of 2T and 5T. Figure taken from  [16]. 
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The compound 𝑀𝑛𝐹𝑒4𝑆𝑖3  (𝑥 = 4)  crystalizes in space group 𝑃 − 6  with lattice 

parameters 𝑎 = 6.8054(7) Å  and 𝑐 = 4.7290(5) Å  [53]. It shows the largest 

magnetocaloric effect compared to the other compounds in this system (Fig.3.1, 

(right)) at a transition temperature around room temperature (𝑇𝑐 = 300𝐾) where it 

changes from a paramagnetic to a ferromagnetic phase. The closely related 

compound 𝑀𝑛5𝐺𝑒3 , which crystalizes in the same structure type (space group 

𝑃63 𝑚𝑐𝑚⁄  , and cell’s dimensions 𝑎 = 7.184(2)Å, 𝑐 = 5.053(2)Å) [54], also shows a 

ferromagnetic transition at a similar temperature  (𝑇𝑐 = 304𝐾 ) . Around (𝑇𝑐) , this 

compound shows a second order transition phase with considerably larger MCE, as 

the magnetic entropy change is about (3.8) 𝑎𝑛𝑑 (9.3) 𝐽 𝑘𝑔. 𝐾⁄  at field change of 2.0 

and 5.0 T respectively [23]. In addition to a rapid change in magnetization [23]. This 

compound would therefore be more suitable for applications than 𝑀𝑛𝐹𝑒4𝑆𝑖3, yet there 

is a limitation which decreases the usage of this compound on a large scale, due to 

the high content of the rather expensive element Ge.  

As both compounds crystallize in the same structure type and show MCEs at similar 

temperatures, it is interesting to look at the properties of the quasi-binary solid solution 

of 𝑀𝑛𝐹𝑒4𝑆𝑖3  and 𝑀𝑛5𝐺𝑒3 . This quasi-binary system (𝑀𝑛5𝐺𝑒3)𝑥(𝑀𝑛𝐹𝑒4𝑆𝑖3)1−𝑥 , 

contains mainly (Mn, Fe, Si) which are abundant, non-toxic, and non-expensive 

elements. The potential of the magnetocaloric effect was already investigated with x-

ray powder diffraction and macroscopic magnetic properties in the course of a 

previous master thesis of K. Al-Namourah [9]. In this thesis, I will present the repetition 

of mass magnetization measurements of (𝑀𝑛5𝐺𝑒3)𝑥(𝑀𝑛𝐹𝑒4𝑆𝑖3)1−𝑥 for a value of  (𝑥 =

0.8), the motivation for this repeating this investigation will be discussed later on. 

Going back to the system 𝑀𝑛5−𝑥𝐹𝑒𝑥𝑆𝑖3 , there is another remarkable compound which 

is one of the end members, 𝑀𝑛5𝑆𝑖3 (𝑥 = 0). This compound exhibits two well-known 

antiferromagnetic phase transitions and inverse MCE at low temperature. More deep 

details about this intermetallic compound will be provided in the next section.  

In short, in this thesis I worked on two different compounds which are: 𝑀𝑛5𝑆𝑖3 single 

crystal compound and a polycrystalline sample of 𝑀𝑛4.2𝐺𝑒2.4𝐹𝑒.8𝑆𝑖.6 . The DC-field 

mass magnetization measurements with different protocols were performed on both 

of them to investigate the macroscopic magnetic properties and to calculate the 

potential of the MCE.  
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3.2 The intermetallic compound 𝑴𝒏𝟓𝑺𝒊𝟑  

3.2.1 Crystal structure of  𝑴𝒏𝟓𝑺𝒊𝟑 

 

At room temperature (300 K) the compound is found to be in paramagnetic state and 

crystalizes in a hexagonal structure type 𝐷88 with space group (𝑃63/𝑚𝑐𝑚) [18] , with 

unit cell parameters, 𝑎ℎ = 6.910 Å , 𝑐ℎ = 4.814 Å , 𝑍 = 2 [55] . The atomic positions of 

this structure were first determined by Aronsson in 1960 [21] and later confirmed by 

Lander and Brown in 1967 [22]. Table (3.1) contains more detailed crystallographic 

data on the compound. 

 

  Table (3.1)  Crystallographic data of  𝑴𝒏𝟓𝑺𝒊𝟑 [22]. 

 

 Fig.3.2 shows the projection of the crystal structure of 𝑀𝑛5𝑆𝑖3 along [001] that was 

proposed by [56]. The hexagonal unit cell is displayed and the different atomic 

positions of Mn1, Mn2 and Si atoms are shown. Manganese ions occupy two different 

crystallographic sites, namely 4(d) which is occupied by Mn1 ions and 6(g) that is 

occupied by Mn2 ions [55]. 

 

 

 

 

                              Space group: 𝑃63 𝑚𝑐𝑚⁄  , 𝑍 = 2 

           At 300 K, unit cell parameters: 𝑎ℎ = 6.910 Å , 𝑐ℎ = 4.814 Å 

                                       Atomic positions                                                                                      site symmetry  

(4) Mn1 in 4(d)         ±( 1

3
 , 2

3
 , 0) ;( 2

3
 , 1

3
 , 1

2
 )                                                                          32 

(6) (Mn2 in 6(g)       ±( 𝑥 , 0 , 1

4
 ); (0 , 𝑥 , 1

4 
 ); (−𝑥 , −𝑥 , 1

4
 )   𝑥 =  .2360(1)            mm 

(6) Si in 6(g)             ±(𝑥 , 0 , 1

4
) ; (0 , 𝑥 , 1

4
 ); (−𝑥 , −𝑥 , 1

4
 )     𝑥 =  .5991(2)           mm 
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The low temperature  (4.2 K ) structure of 𝑀𝑛5𝑆𝑖3 was first studied by [22] before more 

than 50 years ago. At low temperatures, the compound undergoes a structural phase 

transition at which the crystal structure is changed to orthorhombic unit cell with lattice 

parameters 𝑎𝑜 = 6.89856(1), 𝑏𝑜 = 11.9120(2), 𝑐𝑜 = 4.79330(1)Å . The lattice 

parameters of orthorhombic unit cell could be represented with respect to those of the 

hexagonal unit cell as  𝑎ℎ ≈ 𝑎𝑜 , 𝑐ℎ ≈ 𝑐𝑜 and √3𝑎ℎ ≈ 𝑏𝑜, Fig.3.3 shows the projection 

of the structures along [001] and illustrates the relation between the hexagonal unit 

cell and the orthorhombic one.  

 

 

 

 

 

 

 

 

 

 

Fig.3.2 𝑴𝒏𝟓𝑺𝒊𝟑  hexagonal unit cell projected along [001], green spheres 

represent Mn ions, red ones represent Si ions, taken from [1] . 

Fig.3.3 Projection of the crystal structure of  𝑴𝒏𝟓𝑺𝒊𝟑 a long [001]. The hexagonal unit cell and 

orthorhombic unit cell are presented with bold lines. The figure taken from  [15]. 
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3.2.2 Magnetic structures of  𝑴𝒏𝟓𝑺𝒊𝟑 

 

During cooling, the compound  𝑀𝑛5𝑆𝑖3  behaves in an unusual way and exhibits 

structural and magnetic transformations [19, 20]. When the compound is cooled down 

to Néel temperature 𝑇𝑁2 ≈ 99 𝐾, a magnetic transition from the paramagnetic phase 

(PM) to a collinear antiferromagnetic phase (AFM) is observed. This magnetic phase 

is known as AFM2 [1, 11, 15, 22, 57, 58]. As cooling continues down to 𝑇𝑁1 ≈ 66 𝐾  

another transition takes place from the AFM2 to a non-collinear antiferromagnetic 

phase which is known as AFM1 [20] . 

The first magnetic transition at 𝑇𝑁2 is associated with above-described change in the 

crystal structure, where the symmetry is reduced to a face centered orthorhombic 

phase with space group 𝐶𝑐𝑚𝑚 and 𝑍 = 4.  

In the AFM2 phase, only two third of the Mn2 ions have an ordered magnetic moment 

of 𝜇 = 1.5𝜇𝐵 . Spins are arranged in a collinear style and aligned parallel and 

antiparallel with respect to the b-axis of the orthorhombic unit cell (see Fig.3.4 (1)).  
The Mn1 ions and the remaining one third of Mn2 show no ordered magnetic moments. 

This implies that, the Mn2 ions are not symmetry equivalent any more but split into two 

independent sets [1, 15, 56]. Mn21 atoms occupying Wyckoff positions 4(c) with site 

symmetry (mm) and Mn22 atoms on Wyckoff positions 8(g) with site symmetry (m). 

As illustrated before, only Mn22 atoms exhibits an ordered magnetic moment.   

In the AFM1 phase, the magnetic moments re-oriented to different directions in a 

highly non-collinear fashion. One third of Mn2 atoms still does not show an ordered 

magnetic moment, yet in contrast to this the atoms on the Mn1 do develop an ordered 

moment.  This fact has been related to the expansion of the crystallographic c axis at 

the AFM2-AFM1 transition which leads to an increased distance between the  Mn1 

atoms [56]. This increased distance is above the critical distance for magnetic ordering 

on the Mn-ions (Fig.3.4 (2)). 

 

   

 



19 | P a g e  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Below 66 K (AFM1), the symmetry of the crystal structure is still orthorhombic, yet the 

atoms occupying the Mn22 sites are magnetically different. They split into two parts, 

Mn23 and Mn24. In reference [56], the AFM1 was investigated  at 4.2 K  with single-

crystal neutron diffraction and zero-field neutron polarimetry, and it was shown that   

atoms of Mn1 exhibit ordered moments of 𝜇 = 1.20(5) 𝜇𝐵 oriented parallel and anti-

parallel to the direction with polar coordinates 𝜑 = 105(1)°, 𝜃 = 116(1)°, where 𝜑 is 

measured from [010] and 𝜃 from [001] axis. Still Mn21 exhibits no ordered magnetic 

moment, but Mn23 exhibit magnetic moment of 𝜇 = 2.30(9)𝜇𝐵 with polar coordinates 

𝜑 = 93(1)° , 𝜃 = 70(1)° , while Mn24 atoms exhibit a different value of magnetic 

moment of 1.85(9)𝜇𝐵 oriented to the directions with polar coordination of  𝜑 = 11(7)° 

and 𝜃 = 21(1)°. 

According to all these observations, the magnetic structure of 𝑀𝑛5𝑆𝑖3 at low 

temperatures is complex and unusual, as the atoms exhibit different magnetic 

moments even, they have similar chemical environments. 

In addition, Sürgers et al. [13] observed an intermediate magnetic configuration which 

occurs if a magnetic field is applied. This phase was named AFM1´, and represents a 

Fig.3.4 The magnetic structure of 𝑴𝒏𝟓𝑺𝒊𝟑. (1) The collinear AFM2 Phase. (2) The non-collinear AFM1 

phase. (3) The non-collinear AFM1´ phase [12]. (View along the c-direction) 
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state through which the compound transforms from the AFM1 phase to the AFM2 

phase. In this intermediate transition, a non-collinear phase was suggested as well, 

however with a different spin arrangement compared to the AFM1 phase (Fig.3.4(3)). 

The inverse magnetocaloric effect (Inverse MCE) is an effect which coincides with the 

transition from the collinear AFM2 to the non-collinear AFM1. At this transition, the 

sign of ∆𝑆𝑚 changes around 𝑇𝑁1 from negative to positive [16]. As mentioned before, 

following Maxwell’s thermodynamic relationship (𝜕𝑆 𝜕𝐵)⁄
𝑇

= (𝜕𝑀 𝜕𝑇)⁄
𝐵
, cooling can 

be obtained if a sample that was isothermally magnetized before is adiabatically 

demagnetized. In the AFM1 phase, cooling can be obtained through adiabatic 

magnetization [17].More details about what is known in the literature about  this effect 

in 𝑀𝑛5𝑆𝑖3 will be  provided in the next section.  

 

3.2.3 Summary of macroscopic magnetization measurements on 𝑴𝒏𝟓𝑺𝒊𝟑 

as described in the literature 

 

Many experimental studies were carried out to investigate the physical characteristics 

and magnetic properties of 𝑀𝑛5𝑆𝑖3 due to the attractiveness of its unusual magnetic, 

structural and magneto-functional properties.  

A single crystal of 𝑀𝑛5𝑆𝑖3 compound grown by Czochralski method was 

experimentally investigated in [57]. Static magnetic fields of  up to 15 T was applied  

parallel to the hexagonal axis (H ll c). Besides the two well-known first-order 

transitions, an additional magnetic transition associated with hysteresis was observed 

in the tempereture range from T≈ 30 K to 64 K. The field-dependent magnetization 

curves in the mentioned temperature range showed, that this intermediate transition 

is highly dependent on both the magnetic field and the temperature. 

In the context of Hall-effect measurements on the non-collinear AFM1 phase of 

𝑀𝑛5𝑆𝑖3, isothermal magnetization measurements as a function of applied magnetic 

field (H) along the [001] axis of the hexagonal unit cell of the compound were 

performed [13]. The measurments indicated the two transions of AFM1-AFM2 and 

AFM2-PM at zero fields around 𝑇𝑁1  and 𝑇𝑁2 , respectively. In addition, another 

transtion to an intermediate phase (AFM1´) was observed which is highly dependent 
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on temperature and  magnetic field. The magnetic phase diagram shown in  Fig.3.5 

was obtained based on the Hall effect measurments, resistivity and magnetization 

measurements . 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Another determination of the magnetic phase diagram on a  𝑀𝑛5𝑆𝑖3 single crystal was 

done by [2]. Based on magnetoresistance, magnetization and the Hall effect 

measurements, three phase transitions at different temperatures were observed. The 

observed  transition temperature for the AFM2-PM  was 95 K. A transition to an 

intermediat phase (represented in bluecolour in Fig.3.6) at  𝑇𝑁1 65 K. Both transition 

temperatures hardly change as a function of magnetic fields up to 7.0 T. At  𝑇𝑁1
∗ =

45 𝐾 the transition to the non-collinear AFM1 phase was observed. The phase transion 

temperature 𝑇𝑁1
∗  is highly dependent on magnetic field and decreases to 30 K at 7 T. 

Fig.3.5 Magnetic phase diagram of 𝑴𝒏𝟓𝑺𝒊𝟑. Open red symbols represent the data collected from Hall effect 

measurements, dots of blue data represent resistivity data, and orange triangles correspond to 

magnetization measurements. The hysteresis width corresponding to the Hall resistivity ( 𝝆𝒚𝒙(𝑯) ) is 

indicated by error bars. The relative non-coplanar orientations are visualized by arrows of Mn1 moments 

(violet) and Mn2 moments (red) in the AMF1 and AMF1’ phases [13]. 
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The inverse magnetocaloric effect was observed around the temperature 𝑇𝑁1
∗  (see 

Fig.3.6).  

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 

 

 

A detailed magnetization measurement was performed on powder samples in fields 

up to 12 T and over a temperature range from 120 K to 2 K in [11]. The study showed 

that, if a magnetic field is applied at low temperatures, transition associated with 

hysteresis from a non-collinear AFM phase to a collinear AFM phase is observed 

(Fig.3.7). The corresponding critical field is highly temperature-dependent, as it 

decreases with increasing temperature in a quadratic relationship. The study 

confirmed the two transitions AFM1-AFM2 and AFM2-PM. But it also indicated the 

existence of another transition at much smaller fields and temperatures, This transition 

is associated with the kinks in the isothermal magnetization curves of 2 and10 K 

(Fig.3.8).  

Fig.3.6 Magnetic phase diagram of 𝑴𝒏𝟓𝑺𝒊𝟑  (Temperature vs. Magnetic field), (+) symbol relates to 

𝑻𝑵𝟐 ,(𝛁) symbol represents 𝑻𝑵𝟏, ( ) corresponds to the third transition 𝑻𝑵𝟏
∗. Data are extracted 

from magnetization measurements as a function of temperature. Half-filled symbols correspond to 

magnetization measurements as a function of magnetic field [2].  
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Fig.3.7 Isothermal magnetization curves of 𝑴𝒏𝟓𝑺𝒊𝟑 from (2-100) K [11]. 

Fig.3.8 Isothermal magnetization curves. 𝝈𝒂 , 𝝈𝒃 represent the magnetization values 

in the non-collinear and collinear phases respectively. The knees in 2 K and 10 K 

indicate the third mentioned  transition [11].  
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A detailed DC magnetic measurements on powder samples of 𝑀𝑛5𝑆𝑖3  was 

accomplished in [59]. In this study, the magnetization measurements as a function of 

temperature were performed in a field-cooled heating protocol (FCH) with different 

applied magnetic fields. It was found that the transition temperature from the PM phase 

to the AFM2 phase was hardly affected by changes in the strength of the magnetic 

field, while the transition temperature corresponding to the change from the AFM2 to 

the AFM1  phase was significantly shifted towards lower temperatures with increasing 

the magnetic field. 

The reason for this shift is the existence of the third intermediate magnetic transition 

from the AFM1 to the AFM1´ phase. This phase occurs in the intermediate regime 

between the AFM1 and AFM2 phase, was also reported in [13]. 

Several compounds in the system of 𝑀𝑛5−𝑥𝐹𝑒𝑥𝑆𝑖3  with x = 0,1,2,3,4,5 had been 

investigated in [16]. Here, the magnetization was measured as a function of magnetic 

field and temperature, and the magnetic phase diagram was created for the system. 

The inverse MCE was observed around 67 K for 𝑀𝑛5𝑆𝑖3 (3 𝐽 𝑘𝑔. 𝐾⁄  for a field change 

of 5.0 T). 

According to [14], the temperature of the Inverse MCE in 𝑀𝑛5𝑆𝑖3 is around 58 K and 

as high as 4 𝐽 𝑘𝑔. 𝐾⁄  for a field change of 5.0 T. In this work, the change in magnetic 

entropy was presented as a function for different field changes. Presumably,  due to 

the presence of antiferromagnetic interactions, there are negative values of the 

magnetic entropy changes (−∆𝑆𝑀) below 𝑇𝑁1 due to the increase in magnetic entropy 

originating from disordering of the non-collinear spins on the  Mn1 and Mn2 atoms. 

Above 𝑇𝑁1 , (−∆𝑆𝑀)  becomes positive, while no particularly striking change of   

(−∆𝑆𝑀) was observed around 𝑇𝑁2 (Fig.3.9). 
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Fig.3.9 The magnetic entropy change  (−∆𝑺𝑴) of the 𝑴𝒏𝟓𝑺𝒊𝟑 compound [14]. 
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4 Instrumentation 

4.1 Cold crucible induction melting device 

 

Cold crucible induction melting (CCIM) is a fast, innovative, and reliable process to 

provide a highly homogeneous melt, both thermally and chemically. Also, if there is a 

necessity for a high purity melting, CCIM is a prime option for achieving this [60]. 

When a high-frequency electric current (AC) passes through the coils surrounding a 

glass cap over a copper crucible, the generation of a high-frequency magnetic field 

induces eddy currents within the conductive material inside the copper crucible. The 

Joule heating needed to melt the sample is generated by the electrical resistance that 

the material creates to disperse the eddy currents. Once the sample is melted, the 

rotating currents contribute to stirring the mixture and ensuring homogeneity (Fig.4.1) 

[61]. 

 

 

 

 

 

 

 

 

 

 

 

 

In this system, a copper crucible in which the elements of a compound are placed in 

stoichiometric amounts, is formed from several vertical pieces. They are placed closed 

to each other yet separated carefully in such a way they are isolated, to ensure the 

Fig.4.1  (left) Scheme of a cold crucible induction melting  apparatus (Schematic view) (with 

permission from [3]) , (right) Photo of the CCIM devise at the JCNS-2. 



27 | P a g e  
 

passage of the magnetic field produced by a powerful AC through the crucible wall. In 

other words, they provide electromagnetic transparency.  

A water-based cooling system is attached with two cooling cycles, once for the copper 

induction coils and the other for the crucible. The system of CCIM is connected to an 

Argon source and evacuating pumps. 

In this thesis, the CCIM device was used to obtain the polycrystalline material of 

composition 𝑀𝑛4.2𝐺𝑒2.4𝐹𝑒.8𝑆𝑖.6 by melting a highly pure stoichiometric amounts of the 

constituent elements. 

 

4.2 The MWL120 real-time back-reflection Laue camera 

 

The system of the MLW 120 Laue camera uses the back-reflection Laue method [62] 

to identify the crystallographic axis of single crystal grains. It is equipped with a 

multiwire detector and a tungsten X-ray tube.  

The sketch in Fig.4.2, shows the main parts of the system. A tungsten X-ray tube 

connected to a high voltage generator emits a polychromatic X-ray beam that passes 

through a collimator which is positioned in the center of the detector screen. This X-

ray beam hits the single crystal sample. The diffracted beams are back-scattered and 

collected by the detector. The collected diffraction patterns are then transferred to the 

connected computer which uses specific software to display the image in real-time. 

The user can control the movement of the crystal by a motor, and view the image on 

the detector screen in real-time. A water-cooling system is used to cool the X-ray tube 

and the generator during the operation process. In this thesis, the MWL120 Laue 

camera was used to define the crystallographic orientation of the measured single 

crystals of 𝑀𝑛5𝑆𝑖3. 
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4.3 Huber G670 powder diffractometer 

 

A schematic view of the device Huber G670 diffractometer is shown in Fig.4.3  [63]. It 

consists of five basic components: the detector, a sample platform, a collimator, a 

monochromator, and the X-ray source. The system uses monochromatic 𝐾𝛼1 radiation 

of a wavelength of 1.541 Å, which is selected with the help of a Germanium single 

crystal that is placed between the sample and the source of the X-ray beam. Before 

this monochromatic beam hits the sample passes soller slits (collimator) which 

reduces the divergence of the radiation. The detector of the Huber G670 camera is an 

integrated system of a laser recording unit that contains a photomultiplier and 

preamplifier to record and read the information of the scattered beam. This information 

is then digitally transformed to obtain the recorded intensity as a function of 2𝜃 which 

can be visualized on the computer screen. Finally, to delete the recorded signal on the 

image plate, a halogen white lamp is used [63].  

 

 

 

Fig.4.2 (left) A sketch of the MWL120 camera [4], (right) A photo of the MWL120 camera at 

JCNS-2 which was used in this work. 
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The Huber G670 powder diffractometer is used in this work to collect powder 

diffraction patterns of a polycrystalline sample of 𝑀𝑛4.2𝐺𝑒2.4𝐹𝑒.8𝑆𝑖.6 and to check the 

phase purity of the sample and determine the lattice parameters of this compound. 

 

4.4 Vibrating sample magnetometer (VSM) of physical property 

measurement system (PPMS) 

 

The vibrating sample magnetometer (VSM) option in the quantum design physical 

property measurement system (PPMS) Dynacool was used to perform the DC 

magnetization measurements for a 𝑀𝑛5𝑆𝑖3 single crystal and of a polycrystalline 

sample of  𝑀𝑛4.2𝐺𝑒2.4𝐹𝑒.8𝑆𝑖.6. 

The quantum design physical property measurement System (PPMS) [64] allows 

many different measurements, like thermal properties, electrical transport properties, 

specific heat, and magnetic measurements. The PPMS Dynacool is a further 

developed edition of the (PPMS) which provides similar capabilities without requiring 

an external liquid-based cooling system. The generation of PPMS employed in this 

work uses a single, two-stage pulse tube cryocooler for temperature control and a 

superconducting magnet, this way using a minimum amount of condensed liquid 𝐻𝑒4. 

Fig.4.3  ( left) Schematic view of the G670 diffractometer [8], (right) Huber G670 Powder Diffractometer at JCNS-2. 
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There are many measurement options in this system like AC resistivity, heat capacity, 

ACMSII (AC susceptibility), and the VSM (Vibrating Sample Magnetometer) option.  

Each of the previous options has a special option in the software, different sample 

holders, and different measurement inputs.  

The vibrating sample magnetometer (VSM) [65], is a measurement Option in which 

the sample is placed on a high-precision linear actuator that oscillates linearly between 

coils surrounded by a highly uniform magnetic field. This vibratory motion of the 

sample will generate a difference in voltage, according to Faraday law, (see Fig.4.4). 

The measurement of the induced voltage in the coils allows the determination of the 

magnetic moment of the sample as a function of field or temperature. 

In this thesis, (VSM) Option Magnetization Measurements were performed to 

investigate the macroscopic magnetic properties of 𝑀𝑛5𝑆𝑖3  and 𝑀𝑛4.2𝐺𝑒2.4𝐹𝑒.8𝑆𝑖.6 

compounds. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4.4  (left) Schematic View of VSM option  [5], (right) PPMS Dynacool at JCNS-2.  
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5 Experimental procedures  

5.1 Experimental part concerning 𝑴𝒏𝟓𝑺𝒊𝟑 samples 

5.1.1 Sample preparation  

5.1.1.1 Sample synthesis and single crystal growth 
 

The sample of this work was a part of the single crystal that was also investigated in 

[66] and prepared according to the procedures described there. Stoichiometric 

proportions of high purity ( ≥ 99.9%)  Mn and Si were melted using cold crucible 

induction melting in argon atmosphere [60]. The ingot was melted four consecutive 

times to ensure the homogeneity of the intermetallic alloy. The Polycrystalline sample 

of  𝑀𝑛5𝑆𝑖3  was characterized by the powder x-ray diffraction at room temperature and 

it was confirmed, that there were no impurity phases. The Polycrystalline samples 

were then used to grow a single crystal using  the Czochralski method[67].  

 

5.1.1.2 Laue diffraction experiment using MWL120 camera 
 

To perform the magnetization measurements in DC fields with the field applied in a 

defined crystallographic direction, the orientation of the crystals has to be defined. 

MWL120 real-time back-reflection Laue camera equipped with a multiwire detector 

and a tungsten X-ray tube were used to identify the direction crystallographic axis. As 

a first step, the sample was fixed on the holder with a piece of doubled face sticker, it 

was ensured that the sample was adhered well before placing the holder on a rotatable 

platform inside the camera cabinet (Fig.5.1 (a, b)). After fixing the holder, the user can 

control the movement of the crystal easily by a motor and at the same time viewing 

the image on the screen in real time. The program OrientExpress 3.4 [68] was used 

to simulate the Laue patterns in the different crystallographic directions. The simulated 

patterns were compared with the real-time Laue image, and the sample was rotated 

until real and simulated image matched (Fig.5.1 (d)). 

Three different samples of single crystals of 𝑀𝑛5𝑆𝑖3 were oriented with respect to the 

crystallographic [100] axis, [1-20] axis and [001] axis of the hexagonal unit cell. Then, 
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to obtain samples close to a cubic shape and weights around 7.0 mg, we used spark 

erosion to cut the samples (Fig.5.1 (c)). After cutting, the orientations were re-checked 

using MWL120 Laue camera. Finally, three samples were obtained ready for the 

magnetization measurements (Fig.5.1 (e)). 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 
(b) 

(c) 
(d) 

(e) 

Fig.5.1 (a) Fixing the sample on the 

holder. (b) Inserting the holder inside 

the MWL120 Laue camera. (c) The 

samples cut with spark erosion. (d) An 

image for 𝑴𝒏𝟓𝑺𝒊𝟑 single crystal along 

[001] axis obtained from the Laue 

camera. (e) The three oriented 

samples of 𝑴𝒏𝟓𝑺𝒊𝟑   along [100], [1-

20] and [001] axis. 
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5.1.2 Magnetization measurements 

 

In this section, I will provide explanations about the isofield and the isothermal 

magnetization measurements protocols. 

To investigate the macroscopic magnetic properties of  𝑀𝑛5𝑆𝑖3 single crystal, DC field 

magnetization measurements were performed. Two protocols were adopted in this 

work, iso-thermal and iso-field magnetization measurements.  

The vibrating sample magnetometer (VSM) option in the quantum design physical 

property measurement system (PPMS) Dynacool was used to accomplish the 

measurements. 

 

5.1.2.1 Iso-field magnetization measurements 
 

The Iso-field magnetization measurements were performed with magnetic fields 

directed along the [001], [100], and [1-20] crystallographic directions. These three 

directions were chosen as they are the symmetry directions in the hexagonal system.  

In the first experiment the magnetization measurements were performed with 

magnetic field H ‖ [001].   

The sample was weighed, as the magnetization will be calculated as magnetic 

moment per the unit mass of the sample. The 6.3 mg sample and the holder were 

cleaned carefully with acetone, then a very tiny amount of GE varnish was used to 

glue the sample at a specified location on the holder. This specific location is 

determined by a mounting station which is used to confirm that the position of the 

sample on the holder is appropriate. It is an external scale that recommends 35 ±

 3 𝑚𝑚 as location for the sample (Fig.5.2 (a)). Then, the sample was placed under the 

light for more than 20 minutes, to ensure that the glue was dried and then wrapped 

with Teflon (Fig.5.2 (b)). After that, the holder was fixed to a special stick and with 

care, the rod was finally entered into the Dynacool system.  
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It is worth mentioning that the process of fixing the sample with the correct direction 

on the holder is a delicate process that requires stability of hand movement to ensure 

putting it in the right direction.  

 Initially, a new datafile was created, to include the scan sequence of the 

measurements and then the sample was exposed to a small field of 100 Oe (Fig.5.2 
(c)) to make sure that the sample is in the center of the magnetic field (i.e., within the 

range of the recommended line 35 ± 3𝑚𝑚 ). 

Later on, the temperature of the sample was cooled down from 120 K to 10 K. The 

sequence of the measurements was entered with a scan field from 0.5 T to 8.5 T at 

198.0 Oe / sec, in 9 steps. In practice this means that the magnetic field was fixed at 

0.5 T and the magnetization was measured as a function of temperature in a first step, 

then the magnetic field was set to 1.5 T and the magnetization was measured as a 

function of temperature again and so on up to 8.5 T.  
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5.1.2.2  Iso-thermal magnetization measurements 
 

After the iso-field magnetization measurements were performed with H ‖ [001], the iso-

thermal magnetization measurements were executed for the same sample with the 

same field direction (H ‖ [001]). The sequence was fast cooling to 10 K in 100.0 Oe 

field. Then, measurements were implemented with a field range from -9 T to 9 T (full 

hysteresis) with a sweep rate of 50.0 Oe/sec, starting from 10 K to 76 K in 3 K steps.  

A second set of measurements were done on the second sample (7.3 mg) with the 

magnetic field directed along [100] with the same previous isofield sequence, yet the 

isothermal sequence was started from 10 K and measured up to 120 K in 5 K Steps.   

These two protocols were repeated afterwards for the other remaining sample (7.7 

mg) with the magnetic field applied along H ‖ [1-20].  

 

 

(a) 

(c) 

(b) 

Fig.5.2 (a) Fixing the sample on the holder at a specific location using the mounting station, the red arrow is 

pointing to the sample. (b) The sample after Teflon covering. (c) The dialogue for the sample centering scan.  
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5.2 Experimental part corresponding to the  𝑴𝒏𝟒.𝟐𝑮𝒆𝟐.𝟒𝑭𝒆𝟎.𝟖𝑺𝒊𝟎.𝟔 sample 

5.2.1 Sample preparation  

5.2.1.1 Synthesis of the polycrystalline sample of 𝐌𝐧𝟒.𝟐𝐆𝐞𝟐.𝟒𝐅𝐞𝟎.𝟖𝐒𝐢𝟎.𝟔 
 

Stoichiometric amounts of high purity (> 99.98 𝑝𝑢𝑟𝑖𝑦𝑡 ) elements of Mn, Ge, Fe, and 

Si (Fig.5.3 (left)) corresponding to the composition of 𝑀𝑛4.2𝐺𝑒2.4𝐹𝑒0.8𝑆𝑖0.6 were used 

for cold crucible induction melting (CCIM). An amount of 10 g of  𝑀𝑛4.2𝐺𝑒2.4𝐹𝑒0.8𝑆𝑖0.6 

was targeted, the real weighed mass was 9.996 g. 

As a first step, the metal pieces were placed inside the crucible by clean sterile forceps. 

Larger pieces were put first and then the smaller ones, to ensure that the pieces did 

not fall out from the lower hole of the crucible. Then the glass cover was placed over 

the crucible, the chamber was sealed, and the vacuum pressure (10−6) 𝑚𝑏𝑎𝑟 was 

activated. This ensures the purity of the resulting compound. The components were 

carefully heated until the sample began to glow, which is noticeable visually. After this 

the Aragon atmosphere was activated with a pressure of 1000 mbar, and the high-

frequency electric current (AC) started to melt the sample. To achieve high 

homogeneity, the sample was re-melted four times. Before each melting cycle the 

sample was turned upside down (Fig.5.3 (right)). 
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5.2.1.2 X-ray powder diffraction using Huber G670 diffractometer 
 

X-ray powder diffraction was used to check the phase purity of the synthesized  

𝑀𝑛4.2𝐺𝑒2.4𝐹𝑒0.8𝑆𝑖0.6 sample and to determine the lattice parameters of the unit cell of 

this compound. 

After obtaining the synthesized polycrystalline sample from CCIM (Fig.5.4 (a)), its 

outer surface was cleaned with sandpaper to remove any stuck contaminations. After 

that, the sample was crushed inside a mortar to get a very fine and homogenous 

powder. Before this step, the mortar was cleaned with sand and water and sterilized 

with alcohol to ensure that any suspended pollutants, which may affect the purity of 

the compound, were removed (Fig.5.4 (b, c, d)). 

For the X-ray powder diffraction experiment using the G670 diffractometer, milligrams 

of fine and homogenous powder of the compound were sufficient. In a first step, the 

sample holder was cleaned with isopropanol, then a suitable piece of foil (cellophane) 

was cut and was placed on the holder. Milligrams of the powder were placed in the 

center of a recommended rectangle a few drops of isopropanol were added and 

Fig.5.3 (left) The containers of the high purity elements of 𝑴𝒏 , 𝑮𝒆 , 𝑭𝒆 , 𝑺𝒊  , (right) 

Cold Crucible Induction Melting device, (right) The glowing sample is visible. 
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everything was mixed to spread the sample in a flat and homogenous manner within 

the recommended area. The sample was left for a few seconds to dry slightly, then 

another piece of foil was applied to cover the sample. Finally, a special metal ring was 

pressed on the borders of the holder and the excess of foil was cut from the 

surroundings (see Fig.5.5 (left)). The use of the cellophane foil is feasible, as this 

material is sufficiently transparent and amorphous, so the powder diffraction patterns 

will not be significantly affected, although the background may be slightly increased. 

 

 

 

 

 

 

 

 

 

Afterwards the sample was ready to be exposed to the X-ray and was placed in the 

appropriate position inside the Huber G670 diffractometer system (Fig.5.5 (right)). 

𝐶𝑢𝐾𝛼 radiation with 𝜆 = 1.541 Å was used. The measurement was performed at room 

temperature with 360 min of exposure time. During the exposure process, the sample 

holder moves in a harmonic horizontal frequency (1 Hz), to get better data by ensuring 

that more powder grains of different orientations are exposed to the radiation. 

Once the diffraction diagram was obtained, a LeBail refinement was performed to 

check the phase purity of 𝑀𝑛4.2𝐺𝑒2.4𝐹𝑒.8𝑆𝑖.6  polycrystalline sample [50], but 

unfortunately no satisfactory match between the calculated and the observed diagram 

could be obtained (more details about the LeBail refinement in the theory chapter). To 

check the chemical composition, a chemical analysis was performed for this. iCAP 

6500 the device was used. 100mg of  𝑀𝑛4.2𝐺𝑒2.4𝐹𝑒0.8𝑆𝑖0.6 powder was divided into two 

halves, and each quantity was dissolved separately in 3 𝑚𝐿 𝑜𝑓 𝐻𝐶𝐿 3 𝑚𝐿 𝑜𝑓 ⁄ 𝐻2𝑂2  for 

(a) (b) (c) 

Fig.5.4 (a) Polycrystalline sample as obtained from CCIM. (b) Crushed sample inside a mortar. (c) Final fine 

homogamous powder of 𝑴𝒏𝟒.𝟐𝑮𝒆𝟐.𝟒𝑭𝒆𝟎.𝟖𝑺𝒊𝟎.𝟔 compound. 
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half an hour at room temperature. Out of 50 ml of each solution two 200-fold parallel 

dilutions were made for each solution, and finally, they were entered to the chemical 

analysis device.  

Due to the problems in the LeBail fitting procedure, a second batch of the compound 

was synthesized following the above-described procedure.  This time a lower rate of 

cooling was used (for the first sample the melt froze within a couple of seconds, for 

the second sample it took about one minute) to ensure a good crystallinity. Also, on 

the second sample an X-ray powder diffraction experiment was performed. 

  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5.5 (left) Powder sample inserted in sample holder to be used in x-ray diffraction experiment, (right) 

The Huber G670 diffractometer system in JCNS-2. 
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5.2.2 Magnetization measurements 

 

The magnetization measurements were performed to characterize the macroscopic 

magnetic characteristics of 𝑀𝑛4.2𝐺𝑒2.4𝐹𝑒0.8𝑆𝑖0.6. Two protocols were adopted in this 

work, iso-thermal and iso-field magnetization measurements. For the isofield 

measurements two procedures were used:  The Field cooling (FC), and the Field 

warming (FW). Isothermal measurements were performed upon cooling. A detailed 

explanation about these protocols follows below. 

The Vibrating Sample Magnetometer (VSM) option in the Quantum Design Physical 

Property Measurement System (PPMS) Dynacool was used to perform the 

measurements. 

As the first step of the sample preparing procedure, 1.7 mg of the fine powder was 

placed inside a special capsule, then the sample was compressed and the capsule 

was sealed (Fig.5.6). The capsule was weighed empty and full and the net weight of 

the sample was determined. In the next step the sample was fixed on a clean and 

sterilized trough-shaped holder.  An external scale was used to confirm that the 

position of the sample was (35 ± 3 𝑚𝑚 ). Finally, the holder was fixed to a special stick 

and with care the rod was entered into the Dynacool system.  

The sample was exposed to a small field (100 Oe), as a first step to make sure that it 

was placed in the right position. 
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5.2.2.1 Iso-field and iso-thermal magnetization measurements 
 

The sequence of the isofield magnetization measurements were performed in two 

modes, FC and FW at an applied magnetic field of 0.1 T. During the FC mode, the 

magnetization was measured as a function of temperature while cooling the sample 

from 350 K to 20 K. The FW mode was activated at 0.1 T, while heating the sample 

from 20 K to 350 K in 10 K step, and the magnetization was recorded as a function of 

temperature.  

The isothermal magnetization measurements were performed upon cooling the 

sample from 350 K to 20K in 10K step, with full hysteresis measurement in the field 

range of ±2 𝑇.  

Regarding the experimental data in this thesis, the source of uncertainties in the data 

comes from the sweep rate and the measurements time, as both the temperatures 

and the magnetic field settings are changing during the measuring process.  

Fig.5.6 Trough-shaped holder in which the capsule of the sample is inserted, 

the red arrow is pointing to the sample.  
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6 Data analysis (results and discussions)   

6.1 Laue diffraction of 𝑴𝒏𝟓𝑺𝒊𝟑 single crystal samples  

 

The OrientExpress 3.4 software was used as a simulation program to determine the 

Laue patterns corresponding to certain crystallographic directions. To distinguish the 

crystallographic direction to which an image belongs, one relies on measuring the 

angles between certain diffraction spots that were recorded by the Laue camera 

detector and a reference axis. Then the angles between the image of stereographic 

projection from the real-time Laue camera and the image from the simulation program 

along the assumed crystallographic direction are compared and -if they match- the 

orientation of the crystal is confirmed. Fig.6.1,2 show the axis-recognition process for 

the [100] and [120] directions of the hexagonal unit cell of 𝑀𝑛5𝑆𝑖3, respectively. 

Regarding the identification of the projection along the [001] direction, it is sufficient to 

rely on a simple visual inspection, as the 6-fold symmetry along this direction is clearly 

visible.  Fig.6.3 represents the real time Laue image along this direction. 

As explained before, the magnetization measurements were performed with magnetic 

fields directed along the [001], [100], and [1-20] crystallographic directions. These 

three directions were chosen as they are the symmetry directions in the hexagonal 

system. The crystals were oriented along these directions using the Laue camera and 

then cut to suitable sizes by spark erosion. However, all magnetization measurements 

in this thesis will be presented with respect to the ortho-hexagonal setting and referring 

to the corresponding orthorhombic directions, a, b and c axis. In this setting the 

crystallographic direction [001] of the hexagonal unit cell system corresponds to the c-

direction of the orthorhombic unit cell, the [100] direction of the hexagonal unit cell 

coincides with the b-direction of the orthorhombic unit cell, while the hexagonal [1-20] 

direction is parallel to the a-direction of the orthorhombic unit cell. 
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Fig.6.1 (top) The calculated stereographic projection based on the lattice parameter from an 

𝑴𝒏𝟓𝑺𝒊𝟑  single crystal along the [100] direction as obtained from the OrientExpress 3.4 program. 

(bottom) The real-time Laue camera image along the same crystallographic direction. 
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Fig.6.2 (top) The calculated stereographic projection based on the lattice 

parameter from an 𝑴𝒏𝟓𝑺𝒊𝟑  single crystal along the [120] direction as obtained 

from the OrientExpress 3.4 program. (bottom) The real-time Laue camera image 

along the same crystallographic direction. 
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Fig.6.3 The real-time Laue camera image along the [001] direction of 𝑴𝒏𝟓𝑺𝒊𝟑 . 
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6.2 The LeBail refinement of 𝑴𝒏𝟒.𝟐𝑮𝒆𝟐.𝟒𝑭𝒆𝟎.𝟖𝑺𝒊𝟎.𝟔 powder diffraction 

data 

 

The powder diffraction data of 𝑀𝑛4.2𝐺𝑒2.4𝐹𝑒0.8𝑆𝑖0.6  measured using the Huber G670 

diffractometer were refined with the LeBail method [46]. The fit served to determine 

the unit cell parameters of the crystal structure, and to check the phase purity of the 

sample. The program Jana2006 [50] was  used to perform this refinement. For the 

starting  model,   lattice parameters of this sample were entered according to the work 

of K. Al-Namourah [9]. Two crystalline phases were introduced to fit the observed 

profile to the calculated one, as it was not possible for all the peaks to be indexed by 

the lattice parameters of one single phase. The background was adjusted manually 

and a pseudo-Voigt function was used to fit the peak shapes. The pseudo-Voigt 

function is a linear combination between a Lorentzian and a Gaussian function. For 

the Gaussian part, the Gaussian parameter GW was used while LX was used as a fit 

parameter for the Lorentzian part. To describe the width of the peak profile, a FWHM 

parameter of 8 was used as a cut-off value for both phases. FWHM parameter is the 

abbreviation of (full width at half maximum) which describes the width of a peak profile 

at the half of its height.   

A zero-shift parameter was also refined. Fig.6.4 illustrates the LeBail refinement as 

obtained in Jana2006. The difference between the observed and calculated profiles is 

represented as difference curve at the bottom, while the vertical marks indicate the 

position of the peaks of the two phases. 
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𝑹𝒘𝒑 = 𝟏. 𝟖𝟒 % , 𝑹𝒑 = 𝟏. 𝟐𝟒 

Fig.6.4 The LeBail fit of the room temperature data of 𝑴𝒏𝟒.𝟐𝑮𝒆𝟐.𝟒𝑭𝒆𝟎.𝟖𝑺𝒊𝟎.𝟔 using two phases and the resulting 

difference profile from Jana2006. 
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Table (6.1) provides the information about the initial lattice parameter from [9] and the 

refined lattice parameters of the two phases in the sample of  

𝑀𝑛4.2𝐺𝑒2.4𝐹𝑒0.8𝑆𝑖0.6 investigated here. For both phases the space group 𝑃63 𝑚𝑐𝑚⁄  

was assumed. A comparison of the refined lattice parameters of the newly synthesized 

sample shows that they are very similar to the ones obtained in [9]. 

 

Table (6.1) The initial unit cell parameters and the parameters from the LeBail refinements of the patterns 

measured with the Huber diffractometer of 𝑴𝒏𝟒.𝟐𝑮𝒆𝟐.𝟒𝑭𝒆𝟎.𝟖𝑺𝒊𝟎.𝟔 powder sample.  

Phase no. a=b (Å)        c (Å) 

 Initial parameters٭   

Phase # 1 7.153(2) 4.970(2) 

Phase # 2 7.084(3) 4.914(2) 

 Final parameters   
Phase # 1 7.156(2) 4.972(2) 

Phase # 2 7.073(3) 4.916(2) 

R-factors of the final refinement:                         𝑹𝒘𝒑 = 𝟏. 𝟖𝟒 % , 𝑹𝒑 = 𝟏. 𝟐𝟒  

 Source of data : K. Al-Namourah [9]٭
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6.3 Magnetization measurements on 𝑴𝒏𝟓𝑺𝒊𝟑  

6.3.1 Magnetization measured under isofield conditions 

In the context of investigating the macroscopic magnetic properties of 𝑀𝑛5𝑆𝑖3, isofield 

magnetization measurements were performed with the field applied along the three 

crystallographic directions a, b, and c of the orthorhombic unit cell.  The magnetization 

curves as a function of temperature (M(T)) were performed for different magnetic field 

settings, starting from 0.5 T to 8.5 T with a 1.0 T step. 

Based on the M(T) curves, the molar magnetic susceptibility (χ 
𝑚𝑜𝑙

)  was calculated.  

Fig.6.5, shows the χ 𝑚𝑜𝑙  for different magnetic field settings along the three 

crystallographic directions. 

In general, upon cooling from 120 K to 60 K, all curves for all magnetic field settings 

increase and reach the highest point (indicated by a red-dashed line in Fig.6.5) at the 

transition temperature from the collinear to the non-collinear antiferromagnetic phase 

before exhibiting a sharp decrease. With the exception of the 0.5 T filed curve, both 

the maximum and the edge of the curves shift toward lower temperatures as the 

magnetic field setting increases. 

For the 0.5 T setting, the behavior of the curves is different compared to the larger 

magnetic field settings and the maximum susceptibility occurs at the lowest 

temperatures when H II c-direction. 

Again, for an applied magnetic field of µ0H ≤ 1.5 T parallel to the b-direction, a small 

broad peak in the magnetization is observed around 100 K which is attributed to the 

phase transition from PM to AFM2 (indicated by a blue arrow in Fig.6.5). 

For low magnetic fields (µ0H ≤ 4.5 T), the magnetic response curves increase again in 

the low temperature range (< 40 𝐾), and continue increasing with further decrease of 

the temperature. At about 20 K the susceptibility rises at a slower rate. Comparing the 

different directions for magnetic fields (µ0H ≤ 4.5 T), the response below 40 K is the 

strongest, if the field is applied || c. 
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H II a-direction  H II b-direction  H II c-direction  

Fig.6.5 Molar magnetic susceptibility of 𝑴𝒏𝟓𝑺𝒊𝟑  single crystal with fields of varying strength applied along the different crystallographic 

directions. 



51 | P a g e  
 

Fig.6.6 compares the M(T) curves for two different field settings, 1.5 and 7.5 T. In 

general, for a given temperature, the magnetic response is strongest for a field along 

the a-direction above 45 K, while for lower temperatures, the magnetization values are 

higher when the field is parallel to the c-direction. 

For the low field setting 1.5 T (Fig.6.6 (top)), the maximum magnetization occurs when 

H II a-direction around the transition temperature from the collinear to the non-collinear 

antiferromagnetic phase (AFM2-AFM1) around 66 K. Both, the maximum and the 

inflection point are basically equal for the three directions (indicated by a red dashed 

line in Fig.6.6 (top)). Only for the field || b-direction, the magnetization curve of (1.5 T) 

shows an apparent change that can be attributed to the transition from the AFM2 to 

the paramagnetic phase at ~ 100𝐾. 

Concerning the higher magnetic field setting (7.5 T) (Fig.6.6 (bottom)), the material 

still exhibits the maximum magnetization around the transition temperature of (AFM2-

AFM1) phase, if the magnetic field is applied along the a-direction. On the other hand, 

the transition temperature of the AFM2 to the AFM1 phase is shifted to a lower 

temperature if the magnetic field is applied in the ab-plane. Different from the low field 

behavior, the shift is stronger, if the field is applied || to the a- or b-direction than if it is 

applied || to the c-direction (indicated by a red dashed arrow in Fig.6.6 (bottom)). 
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Fig.6.6 (top) The isofield magnetization curves M(T) of the three crystallographic directions, 

at H = 1.5 T and at H = 7.5 T (bottom). 
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6.3.2 Magnetization measured under isothermal conditions 

6.3.2.1 Magnetization measurements with H applied || to the a- and b-direction  
 

The mass magnetization was also measured as a function of the applied magnetic 

field along the three crystallographic a, b, and c-direction under isothermal conditions. 

As the results of magnetization measurements with the field along the a- and b-

direction are similar, only the measurements with the field along the b-direction will be 

provided in this section.   

Fig.6.7 shows the M(B) curves for all the measured temperatures, starting from 10 K 

to 120 K in 5K step, for decreasing field from 9T to -9 T. Three main features are 

observed. The first one (i) is a sharp kink at low temperatures (<25 K) and low 

magnetic fields (<1.0T). The second observation (ii) is a steep change in the 

magnetization curves in the temperature range between 30 and 70 K, which moves 

towards lower fields with increasing the temperature. This feature is linked to the 

transition from the AFM1´ to the AFM2 phase. Feature (iii) is observed as a small kink 

in the M(B) curves, in the high temperature range (70-100) K and at low magnetic 

fields.  

To extract the field and the temperature behavior of these features, (𝑑𝑀/𝑑𝐵) was 

calculated numerically after a rebinding of the data with a step size of 25 mT.  
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Fig.6.7 The field-dependent magnetization curves (M(B)) of 𝑴𝒏𝟓𝑺𝒊𝟑. Decreasing H data, H || b-direction, in the temperature range 

10 K - 120 K. (i) the low temperature-low magnetic field observation, (ii) the observations of the phase transition from AFM1´-

AFM2, and (iii) the high temperature-low magnetic field feature. 



55 | P a g e  
 

Fig.6.8 shows the derivative of magnetization with respect to B (dM/dB) as a function 

of B, individually for the increasing (the dashed lines) and the decreasing (the solid 

line) field branch of the applied field loop. The broad structured peaks at low 

temperatures and low magnetic fields correspond to the feature (i) in Fig.6.7. Below 

20 K, there is a step down of those peaks like decreasing the derivatives, which then 

broadens gradually. However, a very narrow peak still exits at highest temperature 

around 95 K. This feature hardly depends on the sign of the field change. 

On the other hand, the features (ii) from Fig.6.7 appear in the derivative curves as 

distinct peaks, that move to lower fields and get weaker with increasing temperature. 

This feature exhibits a small hysteresis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

Fig.6.8 The first derivative of the M(B) curves, (𝒅𝑴 𝒅𝑩)⁄  vs. (𝑩). (i) the low temperature-low 

magnetic field observation, (ii) the observations associated with the phase transition of 

AFM1´-AFM2, and (iii) the features at high temperature and low magnetic field. 
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The third feature (iii) from Fig.6.7 is observed as narrow peaks in the field region below 

3.0 T and the high temperature range in Fig.6.8. It moves towards stronger magnetic 

fields upon increasing the temperatures and becomes weaker until it eventually 

vanishes at the transition temperature from AFM2 to the PM phase (100 K).   

In Fig.6.9, the approximation of (𝑑𝑀 𝑑𝑇)⁄  is plotted as a function of the applied 

magnetic field and the temperature of the material. The blue and red colors indicate 

negative and positive (𝑑𝑀 𝑑𝑇)⁄ , respectively. For the positive part of magnetic field 

values, there is a change in the value and the sign of the derivatives over the 

temperature range of (10-120) K. At low magnetic fields and temperatures, the change 

of the magnetization with respect to change of the temperature is negative. In other 

words, the magnetization decreases with increasing the temperature. The maximum 

values of positive derivatives (reddish color) correspond to the steepest points in the 

temperature-dependent magnetization curves. The boundary line of the transition from 

the AFM1´ to the AFM2 phase appears as a white line where the values of  (𝑑𝑀 𝑑𝑇)⁄  

are zero and correspond to the maximum in the M(T) curves. 

The symbols in Fig.6.9 have been determined from the (𝑑𝑀 𝑑𝐵)⁄  curves. The blue 

stars correspond to the feature (i), blue circles correspond to (ii) observations, and the 

yellow diamonds correspond to the features (iii) in Fig.6.7. 
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Fig.6.9 (𝒅𝑴 𝒅𝑻)⁄  for the magnetization data of 𝑴𝒏𝟓𝑺𝒊𝟑  single crystal as a function of applied 

magnetic field and temperature, H II b-direction. Shades of red and blue represent the positive and 

negative (𝒅𝑴 𝒅𝑻)⁄  of the sweeping down data respectively. The Star symbols represent observations 

corresponding to feature (i) in Fig.6.7, the filled circles correspond to features (ii), and the yellow 

diamonds correspond to feature (iii). 
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6.3.2.2 Magnetization measurements of H || c-direction  
  

The M(B) curves have been measured in the same field range as for the two other 

measured directions starting from 10 K to 76 K in 3K step (Fig.6.10). 

Again, the (i) and (ii) features are observed in similar temperature field ranges as 

before, but an additional new observation (iv) is recorded, which is not observed when 

the magnetic field is applied in the ab-plane. The observation (iv) appears as a shallow 

kink in the M(B) curves in the low temperature range (<60 K) and moves towards lower 

fields with increasing temperature. It is associated with the phase transitions from the 

AFM1 to the AFM1´ phase (Fig.6.10) 
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Fig.6.10 The field-dependent magnetization curves (M(B)) of 𝑴𝒏𝟓𝑺𝒊𝟑. Decreasing H data, H || c-direction, in the temperature 

range 10 K - 76 K. (i) indicates the low temperature-low magnetic field observations, (ii) represents the observations 

associated with the phase transition of AFM1´-AFM2, and (iv) corresponds to the features associated with the phase 

transition AFM1 to AFM1´ .  
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For closer examination of the data, Fig.6.11 shows the (𝑑𝑀 𝑑𝐵)⁄  vs.(𝐵) curves for 
the three-temperature ranges of interest. The dashed and solid lines correspond to 
the hysteresis branches with increasing and decreasing field, respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6.11 The (𝒅𝑴 𝒅𝑩)⁄  vs. (𝑩) curves for three temperature ranges, (bottom) T<25 K, 

(middle) 25 <T(K)<41, and (top) 41< T(K) <63. (i) and (ii) features are seen as before in 

Fig.6.7. (iv) represents the features associated with the phase transition AFM1 to 

AFM1´ . 
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The lowest temperature region (<25 K) (Fig.6.11 (bottom)) is characterized by the 

feature (i) below 0.8 T, and the feature (iv) which shows a highly asymmetric and 

hysteric behavior between the two branches of hysteresis loop. For the branch 

corresponding to the decrease of the field there are two peaks that merge together at 

around 25 K, and move towards lower field with increasing temperature. With 

increasing the field, the stronger of the two peaks hardly moves with temperature, 

while the weaker peak moves towards larger field values. Eventually they merge at 

around 5.0 T. The (iv) observation is assigned to the phase transition from AFM1 to 

AFM1´. 

At the intermediate temperature region (25 < T(K) < 41) (Fig.6.11 (middle)), the 

feature (i) is still observed but the maxima of the peaks decrease with increasing 

temperature. The feature (iv) has no double peaks any more as they merge together 

and move towards lower magnetic field values with increasing the temperature. The 

shift to lower temperature is seen for the positive and the negative sign of the field 

change. The peak height varies only slightly in this temperature range. 

For higher temperature range (41 < T(K) < 63) (Fig.6.11 (top)), the feature (ii) which 

is associated with the magnetic transition from the AFM1 ´  to the AFM2 phase, 

becomes visible. The peaks move towards lower field values and get weaker with 

increasing temperature. Feature (iv) moves also to lower fields, but the changes in 

peak height are only minor. Other distinct peaks appear below 1.0 T, yet they begin to 

flatten and disappear when the temperature of 61 K is approached. 

Above 61 K, all the features disappear and the magnetic response with the field H 

applied || to the c-direction looks paramagnetic. 
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Fig.6.12 shows the (𝑑𝑀 𝑑𝑇)⁄  of the magnetization data as a function of the applied 

magnetic field and the temperature of the material. The phase transitions correspond 

to points where the derivative is zero and appear as white lines., indicating maxima or 

minima in M(T). The symbols in the figure have been determined from the (𝑑𝑀 𝑑𝐵)⁄  

curves, the blue stars correspond to the features (i) of low temperatures and low 

magnetic fields, while the filled circles correspond to features (ii) that are associated 

with the phase transition from the AFM1´ to the AFM2 phase. The filled triangles 

correspond to features (iv) which are associated with the phase transition from the 

AFM1 to the AFM1´ phase. 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6.12 The (𝒅𝑴 𝒅𝑻)⁄  of the magnetization data of  𝑴𝒏𝟓𝑺𝒊𝟑 single crystal as a function of the 

magnetic field applied || to the c-direction and the temperature. Shades of red and blue represent 

positive and negative (𝒅𝑴 𝒅𝑻)⁄  of the sweeping down data respectively. The star symbols 

represent feature (i). The filled circles correspond to feature (ii). The filled triangles correspond to 

feature (iv) associated with the phase transition from the AFM1 to the AFM1´. 
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For the purpose of investigating the magnetic response to the temperature-field 
protocol, we compared the isofield data to the data points obtained from the isothermal 
measurements at the corresponding magnetic fields (Fig.6.13), taking into account 
both signs of the field change. From this comparison, one can see that only if the field 
is applied || c, the thermomagnetic history plays a role. For decreasing field, isofield 
and isothermal data match reasonably well, while for the isothermal data measured at 
increasing field, features have a distinct minimum at ~ 40 K. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

Fig.6.13 The Isofield magnetization data at 0.5 T, with the filed applied || to the three 

different directions a, b, and c. The dots in orange and blue correspond to the 

magnetization data which are extracted from the isothermal measurements at 0.5 T 

during increase and decrease of the magnetic field respectively. 
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6.3.3 Characterization of the MCE 

 

In this thesis, the isothermal entropy change ∆𝑆𝑀(𝑇, ∆𝐻) is used to characterize the 

MCE. According to the Maxwell relation, the isothermal entropy change can be 

calculated from the change of the magnetization as a function of temperature under 

isofield conditions. Numerically, integrating Eq.4 (see theory part) will produce a 

quantitative value of ∆𝑆𝑀 . 

As shown in Fig.6.13, the value of the magnetization under isofield conditions was 

extracted from the data that was measured at isothermal conditions. The data 

measured upon decreasing field was used for the previous extraction. A 2d- 

interpolation was performed for all the measured magnetization curves at decreasing 

field using the respective class from the SciPy module [69]. Then, the interpolated 

object was evaluated on a regular grid covering the range for which the isothermal 

entropy change was calculated. The step size for the interpolation is ∆T = 2.5 K and 

µ0∆H = 0.x T. On this grid, the ∂𝑀 / ∂𝑇 was approximated numerically: 

(
∆𝑀

∆𝑇
)

𝑖𝑗
=  

(𝑀𝑖𝑗+1 − 𝑀𝑖𝑗)

(𝑇𝑗+1 − 𝑇𝑗)
                                                  (10) 

where, 𝑖 : is an index that runs over the magnetic field dimension of the grid, and j over 

the temperature. Then, the isothermal magnetic entropy change ∆𝑆𝑖𝑠𝑜 is estimated by 

the numerical integration as follows: 

∆𝑆𝑖𝑠𝑜,𝑗 =  𝜇0 ∑
Δ𝑀

Δ𝑇
𝑖

∆𝐻𝑖                                                   (11) 

where 𝑖 : is the index of the data points from the zero field to the field for which the 

entropy change was calculated. 

Fig.6.14 shows the magnetic entropy change of 𝑀𝑛5𝑆𝑖3  as a function of the 

temperature in the field change of 5.0 T for H II b and H II c, respectively. The  5.0T 

field change is used here to compare with previous results in Refs.[16, 23]. 

The magnetic entropy changes (−∆𝑆𝑀) or (∆𝑆𝑖𝑠𝑜) is increased upon application of the 

magnetic field. A strong inverse MCE is observed for both field directions close to the 
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transition from the AFM1´ to the AFM2. For temperatures further away from this 

transition temperature, one observes a small direct MCE (Fig.6.14). 

Eq. 9 was also evaluated for a smaller field change of 1.0 T. If the field is applied || b, 

a small inverse MCE is then also observable at the transition AFM2 to PM, (see 

Fig.6.15). 

If one compares the MCE for the field applied in the two different directions b and c 

(Fig.6.15), the small difference which is observed at the transition AFM1´-AFM2 

phase, might be a spurious effect due to the larger temperature step size of the 

isothermal measurements, which might result in a reduced slope. Figs.6.5 and 6.6 

show that dM/dT hardly varies for these two directions and we therefore expect a 

similar MCE for both of them.  
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Fig.6.14 Magnetic entropy change (−∆𝑺𝑴) of 𝑴𝒏𝟓𝑺𝒊𝟑 as a function of temperature, for a field change of 5.0 T; (left) H II b, (right) H II c. 
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Fig.6.15 Magnetic entropy change (−∆𝑺𝑴) of 𝑴𝒏𝟓𝑺𝒊𝟑 as a function of temperature, for a field change of 1.0 T; (left) H II a, (right) H II b-direction. 
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6.4 Magnetization measurements on 𝐌𝐧𝟒.𝟐𝐆𝐞𝟐.𝟒𝐅𝐞𝟎.𝟖𝐒𝐢𝟎.𝟔  

6.4.1 The previous work results  

 

Mass magnetization measurements of (𝑀𝑛5𝐺𝑒3)𝑥(𝑀𝑛𝐹𝑒4𝑆𝑖3)1−𝑥  for                              

(𝑥 = 0.8 , 0.6 , 0.4 , 0.2 )   were performed earlier by K. Al-Namourah [9]. The 

polycrystalline samples were prepared from stoichiometric amounts of high purity 

materials using cold crucible induction melting. X-ray powder diffraction was used to 

check the phase purity of the samples. DC field magnetization measurements were 

performed to determine the macroscopic magnetic characteristics of the compound. 

Two types of measurements were performed: isofield measurements where the data 

was recorded upon cooling (field cooling (FC)) and warming (field warming (FW)) field, 

and isothermal measurements. In FC mode, the powder samples were cooled 

continuously from 390 K to 20 K in a magnetic field of µ0H = 0.1 T. Full hysteresis 

measurements (±8 𝑇) were performed upon cooling. Finally, data were measured in 

the FW mode, in which the magnetic field was set to 0.1 T and the measurements 

were taken during warming the samples from 20 K to 390 K.   

The temperature dependence of the magnetization of the four samples (𝑥 =

0.8 , 0.6 ,0.4 , 0.2) are shown in Fig.6.16. The figure was taken from the former Master 

thesis. According to these measurements, for (𝑀𝑛4.2𝐺𝑒2.4𝐹𝑒0.8𝑆𝑖0.6)   in which 

(𝑥 = 0.8), the saturation magnetization value is doubled compared to the other 

samples of (𝑥 = 0.6 , 0.4 , 0.2 ) . This magnetization is not compatible with a fully 

ordered spin moment. Therefore, within this thesis this was cross checked to see 

whether the result is reproducible or whether an error occurred during the 

implementation of the former measurements. 

For the field dependent magnetization measurements (isothermal), the results from 

the former Master thesis are shown in Fig.6.17. Again, the magnetization for the 

compound   𝑀𝑛4.2𝐺𝑒2.4𝐹𝑒0.8𝑆𝑖0.6 seems too high as it exceeds 250 𝐴𝑚2𝐾𝑔−1 at 20 K. 
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Fig.6.16 Isofield magnetization measurements of the compounds in the system 

(𝑴𝒏𝟓𝑮𝒆𝟑)𝒙(𝑴𝒏𝑭𝒆𝟒𝑺𝒊𝟑)𝟏−𝒙 measured in 𝝁𝟎𝑯 = 𝟎. 𝟏 𝑻, FC mode is the blue color, FW mode is the red 

color, taken from  [9] . 

Fig.6.17 Isothermal magnetization measurements of the compounds in the system  

(𝑴𝒏𝟓𝑮𝒆𝟑)𝒙(𝑴𝒏𝑭𝒆𝟒𝑺𝒊𝟑)𝟏−𝒙 . Full hysteresis measurements (±𝟖 𝑻) are shown. Figure taken from   [9] . 
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6.4.2  Results of the measurements performed in the course of this thesis 

In this thesis, the magnetization measurements of 𝑀𝑛4.2𝐺𝑒2.4𝐹𝑒0.8𝑆𝑖0.6  sample  were 

repeated. Fig.6.18 illustrates the field dependent measurements in the temperature 

range from 350 to 20 K. The measurement yields a saturation magnetization of 

100 𝐴𝑚2𝐾𝑔−1.  This is the same order of magnitude as for the other samples 

(according to the former master thesis) and in agreement with the maximum moment 

to be expected from Fe and Mn.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

On the other hand, the temperature dependence of magnetization measurements of  

𝑀𝑛4.2𝐺𝑒2.4𝐹𝑒0.8𝑆𝑖0.6 were performed at a field setting of 0.1T using the two modes FC 

and FW (Fig.6.19). The obtained value for the saturation magnetization is less than 

T(
K

) 

Fig.6.18 Field-dependent magnetization data of a polycrystalline sample of 

𝑴𝒏𝟒.𝟐𝑮𝒆𝟐.𝟒𝑭𝒆𝟎.𝟖𝑺𝒊𝟎.𝟔 in the temperature range from 350 K to 20 K. 
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50 𝐴𝑚2𝐾𝑔−1 , while it was reported 70.0 𝐴𝑚2𝐾𝑔−1  in the former field cooled 

measurements as presented in [9]. 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6.19 Temperature-dependent magnetization data of a polycrystalline 

sample of  𝑴𝒏𝟒.𝟐𝑮𝒆𝟐.𝟒𝑭𝒆𝟎.𝟖𝑺𝒊𝟎.𝟔  at a magnetic field setting of 0.1 T.  
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7 Conclusions and Outlook  
 

The macroscopic magnetic properties of a single crystal of 𝑀𝑛5𝑆𝑖3 were investigated 

using the Vibrating Sample Magnetometer (VSM) option. The direction dependent 

mass magnetization measurements were performed with the magnetic field applied 

along the three different crystallographic directions a, b and c of the orthorhombic unit 

cell. The magnetization measurements were performed for every sample under two 

different protocols, the isothermal and the isofield conditions. For the measurements 

with H II, a, b directions, the results were very similar but they are clearly different if 

the field is applied parallel to the c-direction.  

Five main observations were obtained from field and temperature dependent 

magnetization curves (Table (7.1), Fig.7.1). The low temperature-low magnetic field 

feature (i) was observed when H II a, b and c directions as well as the features (ii) 
which are associated with the phase transition of AFM1´ - AFM2 under the isothermal 

conditions. On the other hand, we observed the feature (iii) when the magnetic field 

is applied in the ab-plane. Features (iv) that are attributed to the transition from AFM1 

to the AFM1´ phase, were only observed when the magnetic field is applied parallel to 

the c-direction (Table (6.2), Fig.7.1). 

The transition from the PM phase to the AFM2 state can only be observed, when small 

fields are applied || to the b-direction. 

Based on what was mentioned previously, it can be concluded that the magnetic 

response of the sample is strongly affected by the direction of the applied magnetic 

field. 

The described low temperature-low magnetic field features, as well as the high 

temperatures-low magnetic fields changes (Fig.7.1), are discussed for the first time in 

this thesis. However, a full explanation and understanding of these observations is 

difficult at the present time. More theoretical or/and experimental investigations will be 

necessary to obtain the full picture. 

Moreover, the MCE of  𝑀𝑛5𝑆𝑖3 was characterized by the quantity of  ∆𝑆𝑀 based on the   

Maxwell’s relation and calculated from the field-dependent magnetization data. The 
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compound exhibits an inverse MCE which corroborates the prevalence of AFM 

interactions. A switch of the sign of magnetic entropy occurs around the transition 

temperature from the non-collinear AFM to the collinear AFM phase. The maximum 

positive value of ∆𝑆𝑀 is roughly 3.5 J/kg. K for a field change of 5.0 T at approximately 

60 K, when the magnetic field is applied parallel to the c-direction. On the other hand, 

it is around 2.5 J/kg. K when H in the ab plane. 

 

# The Main observation    H II a-
direction 

 H II b-
direction  

H II c-
direction  

(i) Low temperature-low magnetic field     

(ii) AFM1´ - AFM2    

(iii) High temperature -low magnetic field    

(iv)  AFM1 - AFM1´     

(v) PM-AFM2 (Isofield measurements)    

 

 

 

 

 

 

 

 

 

 

 

 

Table (7.1) Summary of the main anomalies observed in the isothermal and isofield magnetization 
measurements that were performed on the single crystal of 𝑴𝒏𝟓𝑺𝒊𝟑. 

 



74 | P a g e  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Our results show clearly that the magnetic response in the low temperature phase 

AMF1 depends strongly on the field direction and is more complex than previously 

thought. Due to the systematic approach, these data are a solid test ground for any 

Fig.7.1 The (𝒅𝑴 𝒅𝑩)⁄  vs. (𝑩)  curves for the a, b, and c-direction. (i) The low 

temperature-low magnetic field observation. (ii) The observations associated with 

the phase transition of AFM1´-AFM2. (iii) The features at high temperature-low 

magnetic field feature. (iv) The features associated with the phase transition AFM1 

to AFM1´ . 
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theory.  The data highlight also the insight that can be provided by macroscopic 

measurements on single crystal samples. 

This complexity of the magnetic response of 𝑀𝑛5𝑆𝑖3 is partly due to the existence of   

two different crystallographic sites which are occupied by the Mn ions. By applying a 

magnetic field that some of the anti-parallel aligned Mn1 and Mn2 spins are decoupled 

which results in increasing disorder of the spin system. This increases the magnetic 

entropy, and causes the inverse MCE.  

In a related work on 𝑀𝑛3𝐹𝑒2𝑆𝑖3 [70], it was found that the moments on the  Mn1 sites 

are ordered in the AFM2 phase and cannot fluctuate. Macroscopically this compound 

does not show feature (iii) which is related to the transition from AFM1 to AFM2, and 

the MCE is about 10 times smaller. 

Based on the above, the importance of the existence of two independent magnetic 

sites for the MCE is highlighted. This strongly suggests focusing the search for suitable 

magnetocaloric materials on compounds with different sites for the magnetic ions.   

Regarding the (𝑀𝑛5𝐺𝑒3)𝑥(𝑀𝑛𝐹𝑒4𝑆𝑖3)1−𝑥 compound in powder form, there was a doubt 

about the reliability of the earlier magnetization results of the sample with 𝑥 = 0.8  for 

which the saturation magnetization value exceeded 250 𝐴𝑚2𝐾𝑔−1 at 20 K, compared  

to the much lower  saturation magnetization of approximately 100 𝐴𝑚2𝐾𝑔−1 for the 

other samples with 𝑥 = 0.6 , 0.4 , 0.2 . To check this observation, a polycrystalline 

sample of Mn4.2Ge2.4Fe0.8Si0.6  was re-synthesized. Then x-ray powder diffraction 

confirmed the phase purity of the compound. Afterwards, the magnetization was re-

measured by performing isofield measurements with two modes:  field cooling (FC) 

and field warming (FW), and isothermal measurements over a temperature range from 

350 to 20 K. We find that the saturation magnetization at 20 K is around 100 𝐴𝑚2𝐾𝑔−1  

as expected, and that evidently the formerly reported value of 250 𝐴𝑚2𝐾𝑔−1  is 

erroneous.   
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 ومركبات مشتقة 𝑴𝒏𝟓𝑺𝒊𝟑الخصائص المغناطيسية العينية والتأثير المغناطيسي الحراري في المركب احادي البلورة  

 اعداد: نور ثابت احمد عبوشي 

 الملخص
 

هتمام كبير بدراسة التأثير المغناطيسي ألخيرة،في الآونة      من الناحية النظرية لبعض المواد على نطاق واسع  (MCE) الحراري-هناك ا
والتجريبية، ليس فقط بسبب إمكانية التطبيق العملي في تقنيات التبريد المغناطيسي )الالجات المغناطيسية(، بل أيضا لاكتساب فهم 

دي لدورة الغاز يعد التبريد المغناطيسي تقنية واعدة وموفرة للطاقة وقد يكون بديلاً للتبريد التقليأكثر عمقا للخصائص الفيزيائية للمواد. 
حيث يكون له تأثير أقل على البيئة نظرًا لحقيقة أنه لا يلزم استخدام غازات الاحتباس الحراري أو  المستقبل،بالضغط والتمدد في 

 .الغازات المستنفدة للأوزون

االطروحة، هذه باستخدام  𝑀𝑛5𝑆𝑖3   لمركب احادي البلورةالمعتمدة على الاتجاه  العينيةتم فحص الخصائص المغناطيسية  ضمن 
هتزازي ) اال (. تم إجراء قياسات مغنطة الكتلة باستخدام المجال المغناطيسي المطبق على طول VSMخيار مقياس المغناطيسية

هات البلورية الثلاثة الم ء تم إجرا كما. (orthorhombic unit cell) درجة الحرارة المنخفضةبناء  لخلية 𝑎، 𝑏، 𝑐 ختلفةالاتجا
 .isofieldتساوي المجال  وظروف (isothermal) تساوي الحرارة ظروف مختلفين،قياسات المغنطة لكل عينة بموجب بروتوكولين 

هدات مميزة تم الحصول على خمس  ة من منحنيات مشا  ة:مغنطالرئيسي

مميزة في المغنطة في نطاق درجات حرارة منخفضة ( لوحظت 1)  عند تطبيق مجال مغناطيسي مجال مغناطيسي منخفض  –تغيرات 
 .orthorhombic unit cellالرئيسية ل  ةخارجي موازيا للثلاث محاور البلوري

 .AFM1´ - AFM2 المرتبطة بانتقال طور تالميزا (2)

                          عالية عند تطبيق المجال المغناطيسي في المستوى ودرجات حرارة – منخفض ( الميزات في منطقة المجال المغناطيسي3)
𝑎𝑏 ـل orthorhombic unit cell. 

الحظة ذلك فقط عندما يتم تطبيق المجال  ,´AFM1 إلى مرحلة AFM1 الميزات التي يمكن أن تعُزى إلى الانتقال من (4)  تم 
  c. المغناطيسي بالتوازي مع التجاه

               كن ملاحظة ذلك إلا عند تطبيق حقول صغيرة || إلى . لا يمAFM2إلى حالة  PMلانتقال من مرحلة با رتبطة( الميزات الم5)
 .𝑏التجاه 

هذه  الحظات،بناءً على   والمجال المغناطيسي المطبق.درجة حرارة  ر للمادة كاقتران من متغيرين،يمكن الحصول على مخطط طو ال
ال المغناطيسي المطبق. تظهر نتائجنا بوضوح أن الستجابة ويمكن استنتاج أناالستجابة المغناطيسية للعينة تتأثر بشدة باتجاه المج

هي أكثر تعقيدًا مما كان يعتقد سابقًا. يمكن  AMF1المغناطيسية في مرحلة درجة الحرارة المنخفضة  تعتمد بشدة على اتجاه المجال و
هذا التعقيد على الأرجح بشكل أساسي إلى وجود موقعين بلوريين مختلفين لأيونات المنغنيز داخل التركيب البلوري  أن يعُزى 

 والتفاعلات المغناطيسية المتبادلة بينهما.

النتروبيا / درجة تغير تم استخراجه بناءً على علاقة ماكسويل بين 𝑆𝑀∆ النتروبيا المغناطيسية ذلك، تم حساب تغيرعلاوة على 
االنتروبيا المغناطيسية AFMاعلات انتشار تف بسبب معكوس MCE ركبالم المجال. يعرض /والمغنطةالحرارة  . يحدث تبديل لعلامة

االنتقال من  جول / كجم.  3.5تبلغ   𝑆𝑀∆  الخطي. أقصى قيمة موجبة لـ  AFM2غير الخطي إلى الطور  AFM1حول درجة حرارة
K  كلفن 60درجة حرارة  عندتسلا  5.0لتغيير الحقل. 

هناك شك حول موثوقية نتائج المغنطة السابقة للعينة  مسحوق،في شكل 𝑥(𝑀𝑛𝐹𝑒4𝑆𝑖3)1−𝑥(𝑀𝑛5𝐺𝑒3)   فيما يتعلق بمركب كان 
= 𝑥مع  مقارنة بمغنطة التشبع أقل  كلفن، 20عند 𝐴𝑚2𝐾𝑔−1 250 تجاوزت قيمة مغنطة التشبع  السابقة،وفقًا للتحقيقات  0.8 

 𝑥 (0.6، 0.4، 0.2.)قيم  للعيناتاألخرى ذات 𝐴𝑚2𝐾𝑔−1 100 بكثير والتي تبلغ حوالي

هذه   وتم استخدام حيود مسحوقاألشعة Mn4.2Ge2.4Fe0.8Si0.6 تمت إعادة تصنيع عينة متعددة البلورات من  الملاحظة،للتحقق من 
 مجالمع وضعين: تبريد ال isofieldقياسات  تمت إعادة قياس المغنطة عن طريق إجراء ذلك،السينية لتأكيد نقاء طور المركب. بعد 

(FCو )جالالم تسخين (FW،) الحرارة ةوالقياسات متساوي(isothermal)  كلفن 20إلى  350على مدى درجة حرارة تتراوح من. 

 نتائج السابقة.في ال 𝐴𝑚2𝐾𝑔−1 250كلفن وليس  20عند درجة حرارة  𝐴𝑚2𝐾𝑔−1 100 حواليكانت نتيجة مغنطة التشبع 


