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Abstract 

Clean and efficient energy-conversion systems for large-scale and residential use could reduce the 

detrimental impacts of fossil fuel consumption on the environment. Magnetocaloric materials hold the 

potential to move refrigerators from conventional vapor-compression cycles to energy-efficient and 

environmentally-friendly magnet-based refrigeration technology. The latter takes advantage of the 

magnetocaloric effect (MCE), a reversible temperature change of a material upon the application or 

removal of an external magnetic field. The major goal of this research is to discover materials that exhibit 

large MCE and contain nontoxic and abundant elements. The search for these materials is being guided 

by both computational efforts and extensive analysis of existing materials and modifications that can 

improve their properties. In this contribution, I report my investigation of CuFe2Ge2, Cu0.6Mn2.4Ge2, and 

LiFe6Ge6 as potential itinerant magnets and magnetocaloric materials. Synthesized samples were analyzed 

by electronic structure calculations, powder X-ray diffraction, and magnetic measurements. 

Preliminary findings  revealed that LiFe6Ge6 does not show ferromagnetic behavior and thus 

cannot be used in magnetic refrigeration. The reasons for the lack of magnetic ordering are still to be 

determined. The Cu-Fe-Mn-Ge system revealed the formation of phases with structures related to 

Cu0.6Mn2.4Ge2 and CuFe2Ge2 for compositions close to these terminal members of the series. At the 1:1 

Mn/Fe ratio, however, a new material has been produced that exhibits a superstructure of previously 

reported Cu1.6Mn20Ge10.4. The magnetic properties of these materials need further investigation. 
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1. Introduction 

Itinerant ferromagnetism arises due to the magnetic exchange between partially delocalized 

electrons (typically d-electrons) allowing  for a spontaneous long-range ordering of a magnetic moments. 

In recent years, itinerant magnets emerged as key materials for energy-efficient and cost-effective cooling 

technologies. The discovery of such materials can be guided by quantum-chemical calculations on new or 

existing crystal structures. In this thesis, such approach will be demonstrated for two metallic systems. A 

description of the application of itinerant magnets in refrigeration will be given, followed by methods of 

discovery, synthesis, and characterization. 

1.1. Magnetic Refrigeration 

Refrigeration in the home has evolved from the simple icebox to the gas-compression system 

used in most refrigerators today. In traditional gas-compression refrigerators, the coolants have 

historically been toxic and flammable compounds. The invention of Freon in the 1920’s at first appeared 

to solve both of these problems, but it left a new issue in its wake. Freon and its currently used 

derivatives, hydrofluorocarbons (HFCs) and chloroflourocarbons (CFCs), are greenhouse gases that have 

a severe environmental impact if released, causing major depletion of the earth’s ozone layer.1 

One promising alternative is the development of magnetic refrigerators. Magnetic refrigeration 

removes the need for hazardous coolants while being more compact, quiet, and energy efficient. 

According to a 2011 paper,2 refrigeration makes up more than a quarter of electricity consumption for US 

residents. That article’s calculations for room-temperature magnetic refrigeration show it to have 30% 

better efficiency than traditional refrigeration. 

Magnetic refrigeration relies on the property of a magnetic material to change its temperature 

depending on the application or removal of an external magnetic field (the so-called magnetocaloric 

effect, MCE).This effect was discovered by Weiss and Piccard in 1917 and is often defined as a 

“reversible change of the magnetic entropy”.3  
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The temperature change can be explained by the alignment and subsequent randomization of the 

magnetic moments in the material. The magnetic moments are due to the presence of unpaired electrons 

(spins). If an external magnetic field is present (generated by either another magnet or an electromagnet), 

the spins will align. This ordering lowers the magnetic entropy and raises the lattice entropy in an 

adiabatic process, to keep the total entropy unchanged. The increase in the lattice entropy causes an 

increase in temperature (Fig.1). When the field is removed or turned off, the spins become randomized, 

causing the magnetic entropy to increase and the lattice entropy to decrease, and the material cools down. 

By surrounding the magnet with a heat-exchange fluid, the temperature difference can be transferred 

throughout a container. The fluid could be as simple as water 2, which is environmentally-friendly and 

preferred to CFCS. 

 
Figure 1. Diagram of magnetic refrigeration, showing the potential set up and the basic thermal cycle of 
the magnetic material.1 

 

1.2. Magnetocaloric Materials 

Historically, the MCE has been used in laboratories to achieve temperatures below 4 K.3 In 1997, 

a giant magnetocaloric effect around room temperature was discovered in Gd5Si2Ge2.4 This giant MCE 

stemmed in part from the first order structural transition of the material at its magnetic ordering point (the 
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Curie temperature). Some argue, however, that the first order transition is a drawback for applications, 

because the volume of the material changes abruptly. 5 

One of the problems associated with the materials that show giant MCE is the occurrence of 

considerable thermal hysteresis, which presents a problem for the magnetic refrigeration technology 

operating at high cycling frequencies.6 Hysteresis refers to the delay in the effect of an external field; in 

this case hysteresis should be small so that the temperature can be rapidly changed without lag after the 

external magnetic field is removed. Additionally, some of the magnetocaloric materials, and in particular 

Gd5Si2Ge2, are highly susceptible to impurities such as oxygen. The MCE is reduced dramatically as such 

impurities interfere with the structural phase transition, which is crucial for achieving the giant MCE.10 

A number of compounds have been synthesized and analyzed as potential magnetic refrigerants. 

Compounds of the La(FeSi)13 type7 have shown some promise, but La is a rare-earth element and its 

production is limited by cost and domestic availability of this element. MnAs-based compounds have 

large MCEs comparable to that of La(FeSi)13 and do not contain rare elements, but the toxicity of As is of 

concern and would make production difficult and hazardous. The MnAs-based materials, however, bode 

well with the goals of the present thesis, which aims to use abundant elements in the design of magnetic 

refrigerants. 

1.3. Chemical Composition 

Features that determine the capability of a magnetocaloric material include high saturation 

magnetization, low resistivity, low coercivity, and low core losses.2 Therefore, these magnetic materials 

must be soft magnets, i.e. the direction of their magnetization should be easily reversed upon cycling the 

applied magnetic field. Saturation is the ability of the bulk material to order uniformly with a low strength 

external magnetic field. These materials must be ferromagnetic with an ordering point near room 

temperature (for residential use).  

Ferromagnetism is the spontaneous alignment of all electron spins parallel to each other, even in 

the absence of applied magnetic field. Some first row transition elements, namely, Fe, Co, and Ni, are 
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naturally ferromagnetic, but the temperature at which their spins order (called the Curie or critical 

temperature, TC) is too high (1043, 1388, and 627 K, respectively)8 for the purpose of practical magnetic 

refrigeration. The electron spins must be able to transition between the magnetically ordered and 

disordered states to change the temperature of the magnet. 

For large-scale commercial production, cost is another important factor to consider. Our group 

has been interested in discovering low-cost materials for use in magnetic refrigeration since 2013.9 The 

Herfindal-Hirschman Index (HHI) was adopted from the market theory by the Seshadri group in order to 

monitor the overall elements’ availability.10 Mn and Fe are abundant and widely available elements (Fig. 

2), which makes them ideal for devising new magnetocaloric materials.11 

 

Figure 2. The Periodic Table showing the HHI values assigned to the production, reserves, and abundance 
of the elements. 

 
 

2. Problem Statement 

2.1. Designing Itinerant Magnets 

Identifying potential itinerant magnets commonly starts with computations. Quantum-chemical 

calculations help establish the electronic band structure, the density of states (DOS) distribution as a 
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function of energy, and the location of the Fermi level (the highest energy of electrons in the ground 

state). The DOS at the Fermi level can be used to theoretically predict the metal’s magnetic properties 

based on the Stoner criterion:12 ܫ כ (ிܧ)݊ > 1, 
Equation 1. The Stoner Criterion13 

(1) 

 

where n(EF) is the number of states at the Fermi level and I is the magnetic exchange constant 

that can be approximated by the values established for the elemental magnets. When the Stoner criterion 

is satisfied, the electrons polarize spontaneously due to electronic instability. This spontaneous 

polarization (magnetic ordering) is in contrast to Pauli paramagnetism, which is caused by the 

polarization all metals undergo in the presence of an external magnetic field Upon spin polarization, 

electronic states with one spin direction are energetically stabilized while the states with the opposite spin 

direction are destabilized. As a result, some of the destabilized states lose their electron population, while 

the stabilized states increase their electron population. This redistribution of electrons causes a net 

increase in the magnetic moment in one direction. Thus, using the Stoner criterion in conjuction with the 

band structure calculations allows us to predict the possibility of itinerant magnetic ordering in metals. 

2.2. Research Goals 

Choosing compounds to explore the magnetic properties of can have several starting points. 

While there have been plenty of discoveries in this field, there are still concerns about the currently 

researched materials in regards to the feasibility of large-scale production as related to the costs of starting 

materials, the scale-up of synthetic procedures, and environmental concerns. The methods section of this 

paper will detail the prerequisites for a strong candidate in magnetic refrigeration. Previous work from the 

Shatruk group has demonstrated the possibility to discover magnetic refrigerants composed of low-cost 

and abundant elements by looking for high DOS at the Fermi level in via electronic band structure 

calculations. We reported a significant room-temperature MCE in AlFe2B2, a lightweight magnet free of 

expensive rare earth metals.14 
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A review of potential materials composed of abundant or moderately abundant elements revaled 

two potential candidates for investigation of itinerant magnetism. Previous experimental and theoretical 

reports showed interesting properties in the case of structurally related compounds, Cu0.6Mn2.4Ge2
15 and 

CuFe2Ge2.16 It is of interest to explore the emergence of itinerant magnetism for intermediate phases 

between these two compounds. LiFe6Ge6 represents another interesting material that has not been 

investigated at all with respect to its magnetic and electronic properties.17 Both types of materials also 

contain relatively inexpensive and abundant elements. As will be shown below, our electronic structure 

calculations revealed the potential for these materials to behave as itinerant ferromagnets (see Sections 

4.1 and 5.1). 

This research project has focused on two classes of compounds: ternary lithium-iron germanides, 

LiFe6Ge6, and variable-compositions copper-iron-manganese germanides, Cu1–yFe2–xMnx+yGe2 systems. 

Presented in this thesis are the methods and results of the research project aimed at evaluating each 

compound’s itinerant ferromagnetism and potential as magnetocaloric material. 

3. Materials and Methods 

Pieces of lithium and finely dispersed powders of manganese, iron, copper, and germanium (all at 

least 99.99% purity) were purchased from Alfa Aesar. Iron and copper powders were additionally purified 

to remove the surface oxide layer by heating in a flow of H2 gas for 5 h at 775 K. All manipulations 

during sample preparation were carried out in an argon-filled dry box (O2 content <1 ppm). 

3.1. Synthesis of LiFe6Ge6 

Pieces of lithium and powders of iron and germanium were mixed in the 6:6:6 ratio (a six-fold 

excess of Li) and used directly as a mixture or pressed into pellets. The excess of Li was used due to the 

low melting point and vaporization of this element and to suppress the formation of binary iron 

germanides. The elements were placed into tantalum crucibles with the inner diameter (i.d.) of 6 mm or 

wrapped into 0.05-mm thick tantalum foil to prevent reaction between the alkali metal and the silica 
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tubes. Crucibles were closed with the use of a hydraulic press and then sealed into 10 mm i.d. silica tubes. 

The heating profiles were used based on the previously reported synthesis of this compound. The 

mixtures were heated to 760 °C and held at that temperature for 7 days, after which time the furnace was 

turned off and the samples were allowed to cool to room temperature.  

3.2. Synthesis of Cu1–yFe2–xMnx+yGe2 

For the synthesis of samples Cu0.7Fe0.575Mn1.73Ge2, Cu0.8Fe1.1Mn1.1Ge2, Cu0.9Fe1.57Mn0.53Ge2, 

CuFe1.5Mn0.5Ge2, CuFe1.6Mn0.4Ge2, and CuFe1.8Mn0.2Ge2, powders of Cu, Mn, Fe, and Ge were mixed in 

stoichiometric amounts and pressed into pellets each with total mass of 0.3 g. Samples were then arc-

melted in an Ar-filled dry box. Each sample was remelted three times for better homogenization. After 

arc-melting, each sample was sealed under vacuum into silica tubes, which were carbonized to prevent a 

reaction between the silica and manganese at elevated temperatures. The pellets were annealed at 760 °C 

for seven days and quenched in water. Upon retrieval of each sample from the silica tube, its exterior was 

typically sanded and cleaned to remove any external impurities that may have formed on the surface 

during the annealing. 

3.3. Physical Measurements 

Elemental analyses of representative single crystals were performed on a JEOL 5900 scanning 

electron microscope with an energy-dispersive X-ray (EDX) microanalysis attachment. Powder X-ray 

diffraction (PXRD) was carried out on a PANalytical X’Pert Pro diffractometer equipped with an 

X’Celerator detector and a Cu-Kg radiation source (そ = 1.54187 Å). The diffraction data were processed 

with the HighScore software package. Differential scanning calorimetry (DSC) was performed on a TA 

Instruments Q600 thermal analyzer, with a heating rate of 10 °C/min. Magnetic properties were measured 

on polycrystalline samples using a Quantum Design SQUID magnetometer MPMS-XL. Field-cooled 

(FC) magnetization measurements were carried out in the temperature range of 1.8–300 K in a direct-

current (DC) applied field of 10 mT. 
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3.4. Electronic Structure Calculations 

Density functional band structure calculations were performed with a full potential all-electron 

local orbital code FPLO (version fplo7.00-28) within the local (spin) density approximation (LSDA).18,19 

The Perdew-Wang parameterization of the exchange-correlation potentials was employed.20 The scalar-

relativistic Dirac equation was solved self-consistently. The tetrahedron method was used for the 

Brillouin-zone integration.21 The structural parameters (unit cell dimensions and atomic coordinates) were 

taken from the reported room-temperature crystal structures of LiFe6Ge6
17 and CuFe2Ge2.20 The non-

polarized density of states (DOS) was calculated after convergence of the total energy on a dense k-mesh 

with 12×12×12 and 32×48×32 points, respectively. The self-consistent criterion for the total energy 

conversion was equal to 10–8 Ha (≈2.72:10–7 eV). 
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4. LiFe6Ge6 

4.1. Electronic Structure Analysis 

LiFe6Ge6 was first reported in 1977 but its electronic or magnetic properties were not 

investigated.22 The high iron content was the first clue that this compound could be worth investigating. 

The Inorganic Crystal Structure Database (ICSD) reports only 55 ternary structures formed by an alkali 

metal with a first row transition element and silicon or germanium, out of a collection of about 200,000 

registered compounds. While Ge is more expensive than Si, it is more reactive and thus Ge-containing 

compounds usually can be formed at lower reaction temperatures. 

Electronic structure calculations at the density-functional theory (DFT) level were run to 

determine the band structure and electronic DOS distribution. The calculations revealed a high value of 

DOS at the Fermi level for this compound (Fig. 3). The Stoner product for LiFe6Ge6 was found as 

ܫ ή (ܧ)݊ = 0.46 eV כ 45
states

eV · cell
18 Fe/cell

= 1.15 > 1 

suggesting that this material has the potential to exhibit ferromagnetic ordering. 

 

Figure 3. Calculated density of states for LiFe6Ge6.  
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4.2. Synthesis and Composition 

Incited by these theoretical results, we undertook the synthesis and characterization of this 

compound. The synthesis was performed according to the literature procedure 17 We found, however, that 

the synthesis performed in Ta tubes led to the presence of small Ta impurity in the final product. 

Consequently, the reaction mixture (either as loose powder or compacted pellet) was wrapped in Ta foil, 

which led to nearly phase-pure LiFe6Ge6, according to the PXRD analysis (Fig. 6). A minor Li impurity 

can be observed near 2し = 40°, but it can easily be removed by washing the sample with water, since the 

LiFe6Ge6 is stable toward water and air. The unit cell parameters refined from the PXRD patterns 

matched well the parameters reported in the literature from the single-crystal diffraction experiment. 

 

Figure 6. Experimental PXRD patterns of LiFe6Ge6 samples prepared from a mixture of elements 

wrapped into Ta foil as loose powder (top) or compacted pellet (middle) in comparison to the pattern 

calculated from the single-crystal structure (bottom panel).17 



   

 

15 

 

Table 1. Unit cell parameters refined from the powder diffraction patterns of LiFe6Ge6 and their 

comparison to the parameters reported in the literature from single-crystal diffraction data. 

Parameter Experimental powder diffraction data Literature single-crystal 
diffraction data17 Loose powder Compacted pellet 

a, Å 8.701(8) 8.755(5) 8.744 
c, Å 8.046(3) 8.051(6) 8.033 
 

EDX spectroscopy was used to analyze the 

composition of the samples, revealing that each sample 

contained minor amounts of oxygen and silicon (Table 

2), which likely stemmed from SiO2 impurity (the mortar 

used to grind the sample was pre-cleaned by grinding 

with sand) and from surface water left from incomplete 

drying of the samples. (Note that these minor 

diamagnetic impurities should not interfere substantially with magnetic measurements). The major 

components, however, were Fe and Ge, which were present in nearly 1:1 ratio, consistent with the target 

composition of LiFe6Ge6. Lighter elements with fewer electrons are below the detection limit of the EDX 

spectrometer, and for this reason Li could not be observed in the spectra. A representative EDX graph is 

shown in Fig. 7, and all other EDX images are included in the Appendix. 

  

Figure 7. Scanning electron micrographs of the surface of LiFe6Ge6 sample (left) and EDX spectrum 

recorded by X-ray microanalysis of the sample (right). 

Table 2. Results of a representative elemental 
EDX analysis of the LiFe6Ge6 sample. 

Element Content 

Wt.% At.% Number 
of atoms 

O K 4.3 15.3  

Si K 0.58 1.16  

Fe K 39.5 40.1 5.5(3) 

Ge K 55.6 43.4 6.0(3) 

 



   

 

16 

 

4.3. Magnetic Properties 

Magnetic data were collected on the SQUID magnetometer. The sample did not exhibit magnetic 

ordering (Fig. 8). The behavior appears to be paramagnetic, although a small anomaly is seen at low 

temperatures. Since the value of magnetization was rather low, one cannot exclude a possibility of 

antiferromagnetic ordering above 300 K. We used differential scanning calorimetry (DSC) to examine the 

possibility of a phase transition at higher temperatures, but observed no anomalies in the DSC plot up to 

500 °C (Fig. 9). 

 

Figure 8. Temperature dependence of magnetic susceptibility and its inverse for LiFe6Ge6 measured in an 

applied magnetic field of 0.1 T. 

 

Figure 9. Differential scanning calorimetry for LiFe6Ge6. 
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* * * 

 Despite the lack of ferromagnetic response in the prepared samples LiFe6Ge6, this compound 

remains of interest for further studies. An important question is to understand why the prediction of 

ferromagnetic ordering using the Stoner criterion was not confirmed experimentally. One of the 

possibilities might be the mixing of Fe and Ge in different atomic sites. To test this hypothesis, we will 

need to perform accurate refinement of the crystal structure from high-resolution powder diffraction data 

and to investigate the nature of the Fe atomic sites in this material using Mössbauer spectroscopy. 

Another important aspect is to analyze the crystal orbital overlap population from band structure 

calculations. It has been shown that the presence of strongly antibonding or nonbonding interactions 

between magnetic centers at the Fermi level favors ferromagnetism and antiferromagnetism, 

respectively.23 These studies should help understand the observed magnetic behavior of LiFe6Ge6. 

 

5. Solid Solutions Cu1–yFe2–xMnxGe2 

5.1. Electronic Structure Analysis 

The composition space between two previously reported compounds, Cu0.6Mn2.4Ge2 and 

CuFe2Ge2, appears to be appealing for the search of potential magnetocaloric materials. CuFe2Ge2 was 

investigated theoretically by Shanavas and Singh16 as a compound related to the previously reported 

superconductor, YFe2Ge2.24 The presence of a pseudogap at the Fermi level of itinerant systems is known 

as one of factors that could lead to stabilization of a superconducting state. The calculated DOS plot for 

CuFe2Ge2 reveals that the Fermi level, indeed, is very close to such pseudogap (Fig. 10). What interests 

us, however, is the possibility to shift the Fermi level away from the pseudogap and into the region of the 

higher DOS values. This can be achieved by substituting Mn for Fe and thus decreasing the number of 

valence electrons per formula unit. This hypothesis is supported by the fact that a related compound, 

Cu0.6Mn2.4Ge2, shows ferromagnetic ordering at 339 K. Its structure is similar to that of CuFe2Ge2, but 

some of the Cu atoms have been replaced by Mn atoms.15 
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Figure 10. The electronic DOS of CuFe2Ge2. The dashed line indicates the Fermi level.25 
 

By studying mixed compositions between CuFe2Ge2 and Cu0.6Mn2.4Ge2, we should be able to 

achieve TC values that span the range from 250 to 339 K, which is the range of interest for magnetic 

refrigeration. The magnetic saturation measured previously for Cu0.6Mn2.4Ge2 was 65emu/g at 3 T, but 

optimal magnetic refrigerants should exhibit values ≥100 emu/g at applied fields ≤1T.26 Varying the 

Mn/Fe ratio might improve the magnetic saturation value as well. 

5.2. Powder X-ray Diffraction Studies 

Based on the qualitative analysis of the DOS plot for CuFe2Ge2, substitution of Mn for Fe should 

push the Fermi level to the high DOS peak and induce ferromagnetic ordering. At the same time, the 

substitution of Fe for Mn in Cu0.6Mn2.4Ge2 might help lower its ordering temperature below 339 K and 

obtain a range of materials with the ordering temperatures between 250 and 330 K. Such series of 

materials are of interest in the magnetic refrigeration application. Following these considerations, we 

explored three compositions between CuFe2Ge2 and Cu0.6Mn2.4FeGe2 by varying both the Mn/Fe ratio and 

the Cu content: Cu0.7Fe0.58Mn1.73Ge2, Cu0.8Fe1.1Mn1.1Ge2, and Cu0.9Fe1.57Mn0.53Ge2. In addition, several Fe-

rich compositions, CuFe2–xMnxGe2 (x = 0.2, 0.3, 0.5), were studied. The samples produced were 

characterized by PXRD (Fig. 11). 
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Figure 11. PXRD patterns of Cu1–yFe2–xMnx+yGe2. 
 

Four of the samples (CuFe1.5Mn0.5Ge2, CuFe1.6Mn0.4Ge2, CuFe1.8Mn0.2Ge2, and Cu0.9Fe1.57Mn0.53Ge2) 

appear to have similar diffraction patterns. All of them appear in the Fe-rich region and their PXRD 

patterns exhibit some similarity to the calculated PXRD pattern of CuFe2Ge2. We indexed the 

corresponding experimental patterns using the unit cell parameters of CuFe2Ge2 as the starting point. The 

summary of the indexing results is given in Table 3. It can be seen that the majority of lines could be 

assigned to the CuFe2Ge2-type structure, while about 1/6 of the lines remained unindexed. Using the 

unindexed lines, potential impurities should be identified.  

Table 3. Indexing of PXRD patterns of CuFe2–xMnxGe2 (x = 0.2, 0.3, 0.5) and Cu0.9Fe1.57Mn0.53Ge2. 

Unit cell params. CuFe1.5Mn0.5Ge2 CuFe1.6Mn0.4Ge2 CuFe1.8Mn0.2Ge2 Cu0.9Fe1.57Mn0.53Ge2 CuFe2Ge2
16 

a, Å 4.96(1) 4.95(1) 4.95(2) 4.96(2) 4.978 

b, Å 3.97(1) 3.97(2) 3.98(2) 3.99(3) 3.97 

c, Å 6.84(3) 6.82(3) 6.82(3) 6.84(3) 6.777 

Indexed lines 30 25 28 27  

Unindexed lines 5 7 6 6  

Cu0.8Fe1.1Mn1.1Ge2 

 

CuFe1.5Mn0.5Ge2 

 

CuFe1.6Mn0.4Ge2 

 

CuFe1.8Mn0.2Ge2 

 

Cu0.9Fe1.57Mn0.53Ge2 

 

Cu0.7Fe0.575Mn1.73Ge2 
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The sample with the lowest Fe content, Cu0.7Fe0.58Mn1.73Ge2, shows a diffraction pattern similar to 

that of Cu0.6Mn2.4Ge2 (Fig.11). The experimental pattern was indexed using the reported tetragonal unit 

cell of Cu0.6Mn2.4Ge2 (a = 8.169 Å, c = 5.15 Å),15 which resulted in the unit cell parameters of a = 8.17(1) 

Å and c = 5.15(1) Å. Two of the lines that could not be indexed in this unit cell were identified as 

belonging to a minor Ge impurity. Since the impurity is diamagnetic, it should not impede the study of 

magnetic properties for these samples. These studies will be performed in the nearest future. 

The sample with the equal Fe/Mn ratio, Cu0.8Fe1.1Mn1.1Ge2, showed the PXRD pattern that did not 

bear any similarity to the patterns of CuFe2Ge2 or Cu0.6Mn2.4Ge2. Nevertheless, all lines in the 

experimental PXRD pattern were successfully indexed to give a tetragonal unit cell (Fig. 12, top). An 

examination of other compounds in the Cu-Mn-Ge system suggested some similarity to the PXRD pattern 

of Cu1.6Ge10.4Mn20 (Fig.12, bottom). The unit cell parameter c is similar for both structures, but the 

parameter a of the known Cu1.6Ge10.4Mn20 structure is related to the parameter aガ refined from the PXRD  

 

Figure 12. PXRD patterns of Cu0.8Fe1.1Mn1.1Ge2 (experimental) and Cu0.6Mn2.4Ge2 (calculated). The insets 
show the possible relationship between the unit cells of the two structures. 
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pattern of the Cu0.8Fe1.1Mn1.1Ge2 sample as ܽԢ = ܽξ2. Such relationship suggests the formation of a 

superstructure, which means the volume of the unit cell – the basic repeatable building block of the 

crystal – has been increased by a factor of two, which could result either from element ordering in the 

lattice sites or to some kind of distortion in the crystal lattice. Further investigation will be made into this  

discovery, starting with the analysis of the excess Cu and Ge in the prepared sample compared against the 

known compound stoichiometry and the determination of the stoichiometry of the annealed sample. These 

studies will be paralleled by the investigation of magnetic and magnetocaloric properties of the sample. 

* * * 

Further studies must be performed on all compounds in the Cu-Fe-Mn-Ge system, in order to 

identify the purity and confirm novel crystal structures, if any. Magnetic data should be taken for all 

unique samples, though crude investigations show no response to low magnetic field from basic bar 

magnets at room temperature. Nevertheless, a more careful continuation of these initial studies is needed, 

because the ferromagnetic ordering temperature of Cu0.6Mn2.4Ge2, quite reasonably, should be adjustable 

to values below 339 K. 

 

6. Conclusions 

Investigation of LiFe6Ge6 has not provided a ferromagnetic material, but the results obtained 

should help guide further studies on this and related materials. Calculations prompted the synthesis and 

magnetic measurements of this relatively unexplored class of material. Understanding why only 

paramagnetic behavior was observed, in contrast to the theoretical predictions, is valuable in moving the 

project forward. Studying related ternaries of the AT6X6 type is now of greater interest. 

 The Cu-Mn-Fe-Ge system revealed three distinct compositional ranges. The terminal compounds 

(CuFe2Ge2 and Cu0.6Mn2.4FeGe2) were selected for their magnetic properties and the prospect of 

enhancing ferromagnetism in the former and varying the ordering temperature in the latter. The possible 

single-phase superstructure of Cu0.8Fe1.1Mn1.1Ge2 opens an area for deeper study. Magnetic measurements 

on all compounds are desired to get insight into the feasibility of these materials for magnetic 
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refrigeration. In both classes of materials, another way to shift the Fermi level is to dope the metalloid 

(Ge) sites instead of the transition metal sites. This possibility can open another direction in the study of 

these magnetic and potentially magnetic solids. 

In the current stage of development, the balance of finding a low-cost high-abundance material 

that also has high enough magnetization for magnetic refrigeration has not been met. The challenges 

presented and discussed in this thesis inhibit facile large-scale application. However, companies such as 

General Electric expect breakthroughs in the coming years to help realize the goal of residential magnetic 

refrigeration; prototypes have been designed with current materials already as proof-of-concept.27 

Although computations allow the prediction of the existence of ferromagnetism, the strength of 

this effect cannot be evaluated without synthesis. LiFe6Ge6 appeared to be ferromagnetic from DOS 

computations, but based on the SQUID magnetic susceptibility data, the compound only displays 

paramagnetism. Tuning previously reported compounds has its own challenges. Both Cu0.6Mn2.4Ge2 and 

CuFe2Ge2 were reported in literature with some desirable magnetic properties. The point of interest in our 

research was to try and enhance ferromagnetism by creating compounds with stoichiometries in between 

the two known systems. Continuing to explore new compounds by novel routes or by adjusting existing 

systems will provide further insight and improved results in controlling the magnetism of itinerant 

systems. The future of magnetic refrigeration is promising and research developments in the next several 

years should allow this technology to emerge as a serious competitor of conventional refrigeration. 
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7. Appendix 

 

Standard : 

O SiO2 1-Jun-1999 12:00 AM 

Si SiO2 1-Jun-1999 12:00 AM 

Fe Fe 1-Jun-1999 12:00 AM 

Ge Ge 1-Jun-1999 12:00 AM 

Ta Ta 1-Jun-1999 12:00 AM 

Ca Wollastonite 1-Jun-1999 12:00 AM 

Processing option : All elements analyzed (Normalised) 

Number of iterations = 2-4 
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Spectrum processing :  
Peak possibly omitted : 0.255 keV 
 
 

Elemen
t 

Weight
% 

Atomic
% 

 

O K 3.36 12.27  

Si K 0.30 0.62  

Fe K 39.91 41.73  

Ge K 56.43 45.39  

Totals 100.00   

 

 
Spectrum processing :  
No peaks omitted 
 
 

Elemen
t 

Weight
% 

Atomic
% 

 

O K 3.57 12.95  

Si K 0.37 0.76  

Fe K 39.76 41.30  

Ge K 56.30 45.00  

Totals 100.00   

 

 
 



   

 

25 

 

Spectrum processing :  
Peaks possibly omitted : 0.250, 8.120 
keV 
 
 

Elemen
t 

Weight
% 

Atomic
% 

 

O K 4.48 15.86  

Si K 0.55 1.11  

Fe K 38.15 38.69  

Ge K 56.82 44.34  

Totals 100.00   

 

 
Spectrum processing :  
Peak possibly omitted : 0.255 keV 
 

Elemen
t 

Weight
% 

Atomic
% 

 

O K 4.32 15.32  

Si K 0.58 1.16  

Fe K 39.49 40.09  

Ge K 55.61 43.43  

Totals 100.00   
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Spectrum processing :  
Peak possibly omitted : 0.255 keV 
 
 

Elemen
t 

Weight
% 

Atomic
% 

 

O K 3.64 13.06  

Si K 1.13 2.31  

Fe K 39.45 40.54  

Ge K 55.78 44.10  

Totals 100.00   

 

 
Spectrum processing :  
Peak possibly omitted : 4.920 keV 
 

Elemen
t 

Weight
% 

Atomic
% 

 

O K 49.75 64.21  

Si K 47.42 34.86  

Fe K 1.44 0.53  

Ge K 1.39 0.40  

Totals 100.00   
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Spectrum processing :  
Peak possibly omitted : 0.264 keV 
 
 

Elemen
t 

Weight
% 

Atomic
% 

 

O K 2.18 11.94  

Si K 2.27 7.10  

Fe K 16.73 26.27  

Ge K 22.78 27.53  

Ta L 56.03 27.16  

    

Totals 100.00   

 
 

 

Spectrum processing :  
Peak possibly omitted : 0.250 keV 
 

Elemen
t 

Weight
% 

Atomic
% 

 

O K 6.53 32.36  

Si K 2.18 6.15  

Fe K 7.11 10.10  

Ge K 22.10 24.16  

Ta L 62.09 27.23  

Totals 100.00   
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Spectrum processing :  
Peaks possibly omitted : 0.255, 8.170 
keV 
 
 

Elemen
t 

Weight
% 

Atomic
% 

 

O K 5.58 19.22  

Si K 0.56 1.10  

Fe K 36.90 36.42  

Ge K 56.96 43.26  

    

Totals 100.00   

 

Spectrum processing :  
No peaks omitted 
 

Elemen
t 

Weight
% 

Atomic
% 

 

O K 35.20 56.67  

Si K 28.30 25.95  

Ca K 11.11 7.14  

Fe K 11.59 5.34  

Ge K 13.80 4.90  

    

Totals 100.00   
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