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ABSTRACT 

The global demand for energy of mankind, the ever-increasing cost of energy, and the 

expected depletion of fossil energy carriers within the next centuries urge the exploration of 

alternative and more sustainable ways to provide energy. The current quest for energy-efficient 

technologies for the replacement of existing cooling devices has made the magnetocaloric effect a 

field of current scientific interest. Cooling technologies based on magnetic refrigerants are 

expected to have a better environmental impact compared with those based on the gas 

compression-expansion cycle. This technology provides an alternative for refrigeration 

applications with advantages, such as high energy efficiency, environmental friendliness, and low 

power consumption. In search of promising magnetocaloric materials, several rare earth-depleted 

transition metal-based materials were designed and investigated. 

In this work, RCrxAl2-x and RZnAl (R = Gd, Tb, Dy, Ho) belonging to the ternary rare-earth 

transition-metal Laves phases, were chosen as the starting point to establish the effect of valence 

electron concentration (VEC) on the magnetic behavior and magnetocaloric effect. Our result and 

the results from the previously studied RTAl phases (T = Cu, Ni, Co, Fe, Mn) shows that the 

perturbation of the valence electron concentration at the Fermi level is found to be the driving 

force that dictates the crystal structure, magnetocaloric and magnetic properties of these systems. 

Most notably, the decrease in the valence electron concentration at the Fermi level leads to an 

increase in the curie temperature.  

In addition, we have further extended this theory to GdNiAl2 systems. GdNiAl2 is a known 

magnetocaloric material which exhibits an isothermal magnetic entropy change of ∆SM = 16.0 Jkg-

1K-1 at TC = 28K under a magnetic field change from 0-5T. However, the low TC limits its 

application as a room temperature refrigerant. We, therefore, substituted Co for (Ni/Al) in the 

structure of GdNiAl2, intending to substantially perturb the position of the Fermi level of Ni since 

that will lead to a decrease in the VEC and hence elevate the TC. The study was also extended to 

another Icosagenides (Ga,), which saw the substitution of Ga for Al in GdNiAl2 and its Co 

substituted analogs. The Ga analogs exhibit complex magnetic behavior with a cascade (multiple) 

of magnetic transitions, as opposed to the rather simple magnetism of their Al congeners.  
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 INTRODUCTION 

1.1 Magnetism in Intermetallic Compounds 

1.1.1 Intermetallic Compounds 

Intermetallic compounds are solid phases with a well-defined and fixed stoichiometry 

containing at least two metallic elements, with optionally one or more non-metallic elements, 

whose crystal structure differs markedly from those of their elemental constituents. Changing their 

composition alone cannot transform continuously their properties into those of their individual 

constituents. They form crystalline species separated by phase boundaries that are distinct from 

their individual elements and mixed crystals of these components. The empirical formulas for these 

compounds cannot be determined on the sole basis of their analytical data but in conjunction with 

their crystallographic information. In addition, the composition of intermetallics is affected by the 

normal valences, relative atomic sizes of their components, and the ratio of the total number of 

valence electrons to the total number of atoms. These classes of compounds have been of great 

interest to scientists, and engineers for many years due to their rich structural and compositional 

diversity. They form a complicated mixture of metallic, covalent, and ionic bonding patterns which 

makes them unique and the least understood among inorganic solids. Thus, there is no universal 

and reliable way to predict oxidation numbers of individual atoms in many of these compounds 

based just on its chemical composition, consequently, the discovery of new compounds with the 

desired properties frequently originates from exploratory synthesis.  

However, some of the most important materials (silicon and aluminum-based) for 

commercial and technological applications have been made possible due to intermetallic 

compounds. Interesting magnetic and electronic properties arise when these elements (Al, Si) 

combine with either transition metals or lanthanides/actinides. This makes them applicable as 

catalysts, advanced magnet, aircraft, and automotive components, etc.1 Intermetallics such as 

Nd2Fe14B, Alnico, and SmCo5 have been widely explored as permanent magnets among these 

applications. Most household appliances, automotive parts, industrial appliances, and many other 

applications in our society depend on the presence of strong permanent magnetic fields for their 

operations. 

https://www.merriam-webster.com/dictionary/composition
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A wide variety of properties, including Kondo effect, valence fluctuation, magnetic pole 

reversal, superconductivity, heavy fermion behavior, metamagnetism, spin glass, exchange-bias, 

magnetoresistance (MR), and magnetocaloric effect (MCE) has been displayed by some of these 

intermetallic compounds. Although intermetallic compounds are among the best materials that 

possess permanent magnet and magnetocaloric properties, it is difficult to design promising 

materials for such applications because the interpretation of the aforementioned properties are 

quite challenging to some extent.2-5  

Noteworthy, most of the practicable magnetic materials contain rare-earth (R) and 

transition (T) metals as part of their components and thus provide strong exchange interactions 

between the localized 4f (R) and delocalized 3d (T) magnetic sublattices. The 4f electrons ensure 

strong magnetic anisotropy and high magnetic moment, as opposed to high transition temperatures 

(TN/TC) and strong magnetic exchange of the 3d moments.3 Understanding the correlation of the 

3d-4f exchange interactions with the crystal and electronic structures of these materials is very 

vital to develop magnetic materials with unique properties. The 3d itinerant electrons at the Fermi 

level (EF) (highest energy of electrons in solids), drives the type and temperature of the magnetic 

transition in these compounds. Therefore, understanding how the magnetic behavior of these 

materials can be controlled, by the modifications of the density of state (DOS; describes the 

number of states that are to be occupied by a system at each energy level) at the Fermi level is very 

important. 

 

1.1.2 Magnetism 

Magnetism refers to the characteristic property of a material arising from the force caused 

by magnets, objects that produce fields that repel or attract other objects. It is intrinsic to all 

materials and exhibits itself with an applied magnetic field. This phenomenon depends on the 

presence or absence of unpaired magnetic spins and their response to the magnetic field applied. 

Depending on the orientation and quantities, the magnetization of most materials can be classified 

into diamagnetism, paramagnetism, ferromagnetism (FM), antiferromagnetism (AFM), and 

ferrimagnetism (FiM). Diamagnetic materials yield negative magnetization due to no unpaired 

electrons that are repelled by the applied magnetic field and are independent of temperature in 

general. It occurs when an induced magnetic field in the opposite direction is formed due to the 

application of a magnetic field thereby causing a repulsive force. It is intrinsic to all materials. 
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However, it is so weak that it can be easily masked by other competing magnetic behaviors in a 

material. On the other hand, all materials with net magnetic moment due to the unpaired electrons 

are attracted by the applied field and exhibit a positive magnetization. The magnetic state with 

weak coupling between the neighboring magnetic moment is called paramagnetism (Fig. 1.1). This 

magnetization is usually temperature-dependent. Otherwise, it could be AFM, FiM, or FM.  

 

 
Figure 1.1. Schematic representation of the four-basic magnetism 

 

Paramagnetism is very common and occurs in all the paramagnetic materials, above their 

magnetic ordering temperatures due to large thermal energy. In paramagnetic materials with 

localized magnetic moments, the magnetic susceptibility follows the Curie law when the magnetic 

interaction between spins is absent (Equation 1), or the Curie-Weiss law; where magnetic 

exchange coupling between spins takes place (Equation 2). 

χ = 
𝐶

𝑇
                                                                                                                      (1) 

χ =
𝐶

(𝑇−𝜃)
                                                                                                                       (2) 
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where C and θ are the proportionality constant and the Weiss temperature, respectively. The Weiss 

constant θ accounts for ferromagnetic (θ > 0) or antiferromagnetic (θ < 0) exchange coupling 

(nearest-neighbor interactions) between the spins. Therefore, θ could be used to distinguish the 

antiferromagnetism and ferrimagnetism from the ferromagnetism. Magnetic ordering (Fig. 1.1) 

arises when the exchange coupling overcomes thermal fluctuations as the temperature decreases.  

Ferromagnetism arises when the magnetic spins align parallel to each other under an 

applied magnetic field, and the associated point of phase transition is termed Curie temperature 

(TC) (Fig. 1.2). Ferromagnetism only exists with the presence of the spontaneous magnetization 

below Curie temperature. In the ferromagnetic state, the susceptibility is orders of magnitude 

higher than that of the paramagnetic state. Antiferromagnetism, on the other hand, occurs when 

adjacent spins align in opposite direction to each other and the corresponding temperature of this 

phase transition is called the Néel temperature (TN) (Fig. 1.2). In this case, the two magnetic spins 

are both spontaneously magnetized but in the opposite direction, therefore, the net magnetization 

is nearly zero due to the equal magnitudes of the two spins.  

 

 
Figure 1.2. The (a) magnetic susceptibility and (b) inverse magnetic susceptibility 

curves for three basic magnetism. 

 

Ferrimagnetism is closely related to both ferromagnetism and antiferromagnetism. It 

occurs when spins of different magnitude are aligned in opposite direction to each other (Fig. 1.1d). 

For one thing, ferrimagnetism has a spontaneous magnetization like that in ferromagnetism below 

the critical temperature, TC. On the other hand, the adjacent magnetic moments are aligned 
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antiparallel like in antiferromagnetism. But the magnitude of magnetizations along the two 

opposite directions is not identical, therefore net magnetization is present.  

Most permanent magnets and magnetocaloric materials are known to exhibit antiferro, 

ferro- or ferrimagnetic behaviors, and for them to be used for a practical application, they must 

have large magnetization values. In addition, permanent magnets required a high magnetic 

anisotropy for a desired property. One can differentiate one type of magnetic ordering from the 

other by measuring the magnetization of field and temperature dependences and obtain valuable 

information on magnetic spin reorientation transitions, saturation magnetic moments, charged 

states, critical temperatures of magnetic ordering, magnetic contribution from elements, 

superconducting transitions, etc. 

1.2 Magnetocaloric Effect (MCE) 

The rising concern on the cost of energy consumption and the depletion of the ozone layer 

in recent decades makes it necessary to develop new technologies to minimize the use of chemicals 

and techniques harmful to the environment. Magnetic refrigeration (MR) technology is one of 

those technologies that has gained a lot of attention in recent decades due to the discovery of giant 

MCE in 1997. MR technology based on MCE of materials is more energy-efficient and 

environmentally friendly as opposed to the MR based on the vapor-gas cycle. MR offers several 

advantages, i.e., high efficiency, small volume, low noise, little environmental impact, as 

compared with other competing technologies. As a result, several working materials with excellent 

MCE properties have been developed for the MR technology in the last few decades.6-9  

 

1.2.1 Discovery of Magnetocaloric Effect 

The magnetocaloric effect, a thermodynamic phenomenon of a magnetic material, which 

manifests as an adiabatic temperature change (∆Tad) or an isothermal magnetic entropy change 

(∆SM) when the magnetic material experiences the effect of varying magnetic field. It was first 

discovered by Warburg in 1881, when he noticed a rise in temperature when a magnetic field was 

applied to pure iron.10 To understand the mechanism of MCE, studies on the total entropy of a 

system (S) is required. The total entropy change, ΔS, equals zero. ΔS consists of magnetic (Smag), 

lattice (Slat), and electronic (Sel) entropies. 
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                  ∆S = ∆Smag + ∆Slat + ∆Sel = 0                                                                         (3) 

The magnetic entropy decreases, i.e., ΔSmag has a negative value since the applied magnetic field 

aligns the magnetic spins. As a result, the sum of ΔSlat and ΔSel will be positive. The temperature 

of the system will go up since Cp and, ΔTad must be positive according to (∆Slat + ∆Sel)Tad = Cp∆Tad. 

Otherwise, the magnetic entropy decreases with the removal of the magnetic field applied. (Figure 

1.3). 

 

Figure 1.3. The diagram of the magnetocaloric effect (MCE). 

 

The magnetocaloric effect of materials can be obtained using the isothermal entropy 

change, ΔSiso, and the adiabatic temperature change, ΔTad. Under the isothermal condition, ΔT = 

0, the isothermal entropy change is,  

                     (∆Siso)T = ∫ (
𝛿𝑀

𝛿𝑇
)
𝐻,𝑃

ⅆ𝐻
𝐻𝐹

𝐻𝑖

                                                                        (4) 

Under adiabatic condition, the total entropy change is 0, 

                      (∆Tad)S = - ∫ (
𝑇

𝑐
)
𝐻,𝑃

(
𝛿𝑀

𝛿ⅈ ̅
)
𝐻,𝑃

ⅆ𝐻
𝐻𝑓

𝐻𝑖

                                                                  (5) 
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where C is the heat capacity under the constant pressure. ΔSiso is an indirect measure of the cooling 

capacity of MCE materials, while ΔTad is a direct measure of the temperature change upon 

application of the magnetic field. 

1.2.2 Magnetic Refrigeration 

It is an environmentally friendly cooling technology based on the MCE. This technology 

can be used to attain temperature ranges used in common refrigerators as well as very extreme 

low temperatures. It does not use ozone-depleting chemicals, hazardous chemicals, or greenhouse 

gases for its operations. The magnetic refrigeration cycle (Figure 1.4) works similar to the Carnot 

refrigeration cycle. However, the refrigeration efficiency of the latter is only 40%, compared to 

60% of the magnetic refrigeration cycle.11-12   

 

 

Figure 1.4. Schematic representation of a magnetic refrigeration cycle 

 

Consider a system of randomly oriented magnetic spins at an arbitrary ambient temperature 

T (Fig. 1.4, top-left). Upon an adiabatic application of the magnetic field, H, the magnetic moments 

align along the field, and the system’s temperature rises (Fig. 1.4, top-right). The generated heat 

is then extracted from the system using a heat transfer fluid (water, ethanol, etc), after which the 

system is brought to the original temperature, T, with the applied field, H, still on (Fig. 1.4, bottom-

https://en.wikipedia.org/wiki/Refrigerator
https://en.wikipedia.org/wiki/Temperature
https://en.wikipedia.org/wiki/Refrigeration_cycle
https://en.wikipedia.org/wiki/Carnot_cycle
https://en.wikipedia.org/wiki/Carnot_cycle
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right). The subsequent adiabatic release of the field results in a temperature decrease (Fig. 1.4, 

bottom-left). To return to the initial state and complete the refrigeration cycle, the system absorbs 

heat from the environment, where a cooling process occurs. The refrigeration cycle is repeated in 

order to achieve continuous cooling for practical application. 

1.2.3  Design of magnetic refrigeration materials for practical applications  

The magnetic refrigerators working with Gd has been shown to reach 60% cooling 

efficiency of the Carnot limit, compared to 40% of the best conventional gas-compression 

refrigerators.13-16 This high efficiency is achievable only with an applied magnetic field of 5 T. 

Thus, it is important to investigate alternative magnetic materials displaying larger MCE, at lower 

magnetic fields (2 T). Since the heating and cooling that occurs in the magnetic refrigeration cycle 

depends on the magnitude of the magnetic moments, a successful material must contain either a 

magnetically active 3d- or 4f elements. The magnetic entropy change, ∆Smag values for the 4f 

elements are expected to be large since ∆Smag depends on the total quantum number J as 

                                      ∆Smag = -Rln(2J + 1)                                                                    (6) 

Hysteresis is another important property of MCE material and it is intrinsic to all magnetic 

materials. It significantly decreases the performance of a magnetic refrigerant. Therefore, a low 

magnetic hysteresis is needed to avoid magnetic-work losses due to the rotation of domains in a 

magnetic-refrigeration cycle. The hysteresis also depends on the homogeneity and purity of the 

material.  

The material must have a high refrigerant capacity. Refrigerant capacity (Relative cooling 

power), q, is a measure of how much heat can be transferred from the hot to the cold sinks and 

vice versa, in an ideal refrigeration in one thermodynamic cycle, and it is calculated as: 

                              q = ∫ ∆𝑆(𝑇)∆𝐻 ⅆ𝐻
ℎ𝑜𝑡

𝑐𝑜𝑙𝑑
                                                                            (7) 

Therefore, a large entropy changes in a temperature range as wide as possible is needed. In terms 

of practicability, it is the amount of heat energy per unit volume transferred in one thermodynamic 

refrigeration cycle, which is the important parameter, i.e., the more denser the magnetic refrigerant 

the more the better its performance.18 
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  Besides, the physical and chemical optimization methods enumerated above for enhancing 

the performance efficiency of MCE materials, the chemical and mechanical stability of the 

refrigeration refrigerants, low cost, and environmental friendliness must be addressed. 

1.3 Magnetocaloric Materials 

1.3.1 Gd5T4-based Phases (T = main group elements) 

The breakthrough in the discovery of the giant MCE (GMCE) in the monoclinic Gd5Si2Ge2 

phase has led to extensive research in the rare-earth-based magnetocaloric materials.19 The 

Gd5Si2Ge2 exhibits a magneto-structural transition and the total entropy change includes both the 

magnetic entropy and the structural contribution. 

Two types of first-order magnetostructural transitions (from the monoclinic PM 

Gd5Si2Ge2-type structure to the orthorhombic FM Gd5Si4-type structure, and from the 

orthorhombic AFM Sm5Ge4-type structure to the FM orthorhombic Gd5Si4-type structure) are 

responsible for the GMCE in the Gd5T4 and its related phases. All the three structures mentioned 

above can be distinguished by the arrangement of the interslab T-T dimers: (a) in the orthorhombic 

Gd5Si4-type structure, all interslab T-T dimers are intact (b) half of the interslab T-T dimers are 

broken in the monoclinic Gd5Si2Ge2-type structure, and (c) in the orthorhombic Sm5Ge4-type 

structure, all interslab T-T dimers are broken (shown in Fig 1.5).  

 

 

Figure 1.5. Crystal structures of orthorhombic Gd5Si4- (left), monoclinic Gd5Si2Ge2- (middle), 

orthorhombic Sm5Ge4- (right) type structure. (Si, Ge) atoms between the slabs are in red; Gd 

atoms are in blue; (Si, Ge) atoms inside the slabs are in green;.20 
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Valence electron count (VEC) plays an important role in most cases in defining R5T4 

structures. For example, a decrease in the VEC of Gd5Ge4 through Ga substitution leads to the 

formation of the interslab dimers in Gd5Ge4-xGax.
21 On the other hand, Gd5Si4-xPx breaks the 

interslab T-T dimers due to an increase in the VEC in the compound.22 In addition, the interslab T-

T bonds can also be manipulated by modifying the T-atom size. The substitution of Si in Gd5Si4 

with Ge and Sn led to the discovery of the dimer stretching or cleavage was discovered in Gd5Si4-

xGex and Gd5Si4-xSnx. 

 

1.3.2 Ni2MnGa-based Heusler Alloys 

Heusler alloys are ternary, magnetic, intermetallic alloys having basic formula X2YZ (X 

and Y = 3d transition elements, Z = IIIA-VA group elements), where the localized magnetic 

moments of X and/or Y atoms influence each other via the indirect exchange interaction. They 

crystallize in the L21 structure with the Fm-3m space group.23 The Ni2MnGa-based Heusler alloys 

are intensively studied owing to their unique and excellent magneto-structural, magneto-transport, 

magneto-caloric or magneto-optic properties and shape memory effect (SME), which could be 

attributed to a first-order martensitic transformation. The MCE of the Ni2MnGa-based Heusler 

alloys were first reported in polycrystalline samples in 2000.24 Under an applied magnetic field of 

0.9 T, a large positive magnetic entropy change was observed at the austenitic transition 

temperature (TA), which is attributed to a first-order phase transition from the martensitic phase 

to the austenitic phase during heating.25  

The GMCE reported in the Ni2MnGa-based Heusler alloys have relatively large magnetic 

entropy change in a large temperature range, which can be controlled by adjusting the ratio of 

Ni/Mn/Ga. They also have extremely flexible electronic structure and as a result, their magnetic 

and structural properties and their transition temperatures can easily be tuned by their composition 

and by external conditions.26 In addition, they are also less expensive due to the absence of rare 

earth elements, and therefore, may be interesting as magnetic refrigerant materials. However, they 

exhibit low Refrigerant capacity (Relative cooling power) due to their small full width at half 

maximum (FWHM), which limits their applications.27 



 

 

24 

1.3.3 As containing materials 

MnAs compound exhibits a FOMT from an FM hexagonal NiAs-type structure to a PM 

orthorhombic MnP-type structure upon heating. Discovery of a large MCE in MnAs1-xSbx in 

2001,42 shows that the FOMT is still maintained after the Sb substitution, with the TC dropping by 

35 K for x = 0.1. An extremely large MCE for MnAs1-xSbx (0 ≤ x ≤ 0.4) and MnAs1-xSbx (0 ≤ x ≤ 

0.3) was subsequently recorded.43-44 The structural transformation is only possible for x ≤ 0.1, and 

beyond that, a second-order magnetic transition is observed. Interestingly, the maximum magnetic 

entropy changes for 0 ≤ x ≤ 0.3 is barely affected. The GMCE of MnAs1-xSbx in x ≤ 0.1 is attributed 

to a FOMT, while the large MCE for x > 0.1 emanates from a metamagnetic transition above TC.  

A GMCE with a TC of 300 K was also reported in 2002 for the MnFeP0.45As0.55 phase. By 

varying the As to P ratio, the TC could be varied from 168 to 332K. While TC increases with the 

As content, the magnetic entropy change peaks at MnFeP0.65As0.35. The FOMT in (MnFeP1-xAsx 

,0.25 ≤ x ≤ 0.65, adopt the Fe2P-type structure) can be characterized as magnetostriction without a 

change in the symmetry or relative atomic arrangement but with discontinuity in the lattice 

parameters. The MnFeP1-xAsx with 0.25 ≤ x ≤ 0.65 exhibits considerable thermal hysteresis which 

is undesirable for practical applications.45-46 

1.3.4 Laves phases 

Laves phases are a group of intermetallic compounds with the general formula RT2 (T = 

transition metal, and/or p-block element R= rare-earth elements).28 Among the laves phases, the 

RCo2 phases have received much attention in recent years because of the first-order metamagnetic 

transition in some of the compounds, which could lead to large magnetocaloric effect (MCE).29 

The heavy rare-earth (R = Dy, Ho, and Er) exhibit a first-order paramagnetic–ferromagnetic 

transition, while the other RCo2 phases exhibit second-order ferromagnetic transition.29-30 ErCo2 

HoCo2, and DyCo2, exhibit first-order paramagnetic-ferrimagnetic transitions at the TC of 33, 77 

and, 135 K respectively, and the maximum values of ∆SM were about 28 J/kg K (at T = 42 K) for 

ErCo2, about 22 J/kg K (at T = 84 K) for HoCo2 and about 14.5 J/kg K (at T = 140 K) for DyCo2 

under an applied field of 7 T.31-32 However, their low transition temperatures makes them less 

applicable as room temperature magnetic refrigerants. 
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 Most of the recent studies on the RCo2 systems involve the substitution of a rare-earth 

metal for one of the magnetic lanthanides (R1-xR’xCo2; R’ = other magnetic rare-earth elements) 

or the substitution of non-metals/transition metals for Co (RCo2-xYx, Y = non-metals, Transition 

metal).33-36 The change in the ground state degeneracy of the rare-earth ion, from a magnetically 

ordered singlet state to a quadruplet in the paramagnetic state is responsible for the MCE in these 

intermetallics. Thus, substituting R atoms in RCo2 will greatly influence the magnetic properties. 

The substitution of Co with Y (Y = Al, Si, Ga, Ge) in the DyCo2 compound has been studied 

extensively. In all of them, the substitution leads to an increase in TC: Ge is less effective than Si, 

followed by Ga and then Al; and MCE decreasing due to change from the FOMT (First Order 

Magnetic Transition) to SOMT (Second Order Magnetic Transition) after the substitution.37-41 

1.4 Materials in focus 

Our research focus: synthesis of magnetically active intermetallic phases containing 3d and 

4f metals, was based on the above-discussed principles.  P elements were also incorporated to 

create a structurally flexible framework, which may undergo a phase transition and deliver a large 

entropy change. In this dissertation, the novel intermetallic materials for the study of the 

magnetocaloric effects are GdNiAl2- and RTAl (Laves)-based phases. Co/Ga substitution was 

explored for the GdNiAl2 phase to increase structural diversity. More than one structure is found 

in Co/Ga substituted system of GdNiAl2, suggesting the possibility of GMCE if a structural 

transformation can be coupled with a magnetic one.  
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 SIGNIFICANTLY ENHANCED CURIE TEMPERATURE 

OF TERNARY LAVES PHASES RCr0.4Al1.6 and RZnAl (R = Tb, Dy, Ho) 

We begin our research into the study of the magnetostructural relationships in rare-earth 

transition-metal aluminides by investigating the substitutions of Cr and Zn in the Al site in RAl2. 

In an attempt to verify the effect of valence electron concentration (VEC) on the different structural 

(Cu & Ni =   𝑃6̅2𝑚, Co & Fe = P63/mmc, Mn = 𝐹ⅆ3̅𝑚) and magnetic properties observed in first-

row transition metal ternary Laves phases, we investigate some of the remaining first-row 

transition metals (RCr0.4Al1.6, RZnAl; R = Tb, Dy, Ho). Our studies show that with a fixed R, the 

magnetic behavior of these two systems strongly depends on the nature of the transition metal. A 

comparison with the previously studied RTAl phases made (R = Tb, Dy, Ho; T = Cu, Ni, Co, Fe, 

Mn). In this chapter, the structural, magnetocaloric, transport, and magnetic properties of 

RCr0.4Al1.6 and RZnAl (Tb, Dy, Ho) are reported. 

2.1 Introduction 

Ternary Laves phases are a group of intermetallic compounds with the general formula 

RTX (T = transition metal, X= p-block element, R= rare earth,).1 They crystallize in one of the 

following binary Laves structure types: hexagonal MgNi2 (C36), cubic MgCu2 (C15), and 

hexagonal MgZn2 (C14) and, which differ only by the particular stacking of the same four-layered 

structural units.2 These types of Mg binary Laves systems are isostructural to a vast number of 

ternary intermetallic compounds.3 Hamm et al. studied the ternary Laves phases Ti2M3Si (M = Fe, 

Co) that crystallize in the hexagonal MgZn2-type structure with P63/mmc space group.4 Henriques 

et al. and Verniere et al. also studied recently the magnetism of the ternary U2Fe3Ge and U2Os3Si 

that adopts the hexagonal MgZn2 and MgCu2-type structure respectively.5-6 The vast majority of 

the RTX compounds also adopt one of the aforementioned structures or their ordered variant.7  

These types of RTX intermetallic compounds display some of the rich structural and 

compositional diversity which endows them with a wide variety of physical properties including, 

magnetic polaronic behavior, intermediate valency,  Kondo effect, multiple magnetic transitions, 

large Magnetocaloric effect (MCE), heavy fermion behavior, large Magnetoresistance (MR), spin 

glass state, superconductivity, metamagnetism, spin-orbital compensation, and pseudogap effect.8-
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14 Interest in this Laves compounds stemmed initially from the discovery of the interesting and 

technologically relevant physical phenomena, including giant MCE, giant magnetostriction, 

colossal MR in their binary variants.15-17  Interesting magnetostrictive properties were discovered 

in the RFe2 (Sm, Tb) compound.18 RT2 (T = Co, Al; R = Gd, Tb, Dy, Ho, Er) cubic binary Laves 

phases have also been widely studied because of their large MCEs at low to moderate 

temperatures.19-20   

Among the RTX based compounds, the equiatomic ternary aluminides RTAl series are a 

subject of exceptional consideration. They exhibit a plethora of interesting and technologically 

relevant phenomena such as giant MCE, giant magnetostriction, colossal MR.21-22 These RTAl 

compounds possess varied magnetic phase transitions and display complex magnetic structures 

which can induce interesting MCE properties.23-25  

The properties of these ternary aluminides also depend on the history of the sample. The 

well-known example is GdTAl (T = Co, Ni, Cu, Rh, Pd).26 In addition, these compounds exhibit 

one of the broadest structural diversity crystallizing in different crystal structures which is rare-

earth dependent and therefore, provide an opportunity to study the variation of their properties 

with the underlying structural diversity.27  The light rare-earth of RFeAl except for R = La, 

crystallize in the MgCu2-type, while heavy rare-earth compounds show MgZn2-type structure.28-29 

More so, the light rare earth RCoAl discovered to be unstable, while the RCoAl (Gd-Lu) of heavy 

rare counterparts adopt the MgZn2 structure.30 The RTAl (T = Ni, Cu; R = Ce–Nd, Sm, Gd, Lu) 

variant adopts the MgNi2-type structure together with the iso-structural transition in some of 

them.31  

Among the RTAl ternary system, the RMnAl crystallizing in the cubic MgCu2 -type 

structure, displays a high Curie temperature,32 higher than those crystallizing in the hexagonal 

MgZn2 and MgNi2 (RCuAl, RNiAl, RCoAl, RFeAl).33-37 The increase in the curie temperature 

from Cu to Mn is attributed to the change in structure from hexagonal to cubic phase.38 It is also 

attributed to the decrease in the number of d-electrons at the Fermi level.38  The change in the 

number of delocalized 3d electrons across the transition metal series leads to considerable effects 

on the DOS at the Fermi level and plays a significant role in determining the magnetic properties.38 

Based on the aforementioned properties, it is of interest to investigate the early transition metal-

based RTAl systems with the aim of further understanding the structure-property relations and 

optimizing their properties.  
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Herein we report on the synthesis, crystal structures, transport properties, magnetic 

properties, and electronic band structures of the RCr0.4Al1.6 and RZnAl (R = Tb, Dy, Ho) series of 

compounds. From the Powder X-ray diffraction structure refinements, these phases were 

confirmed to adopt the MgCu2 and MgZn2-type structure for the RCrAl and RZnAl respectively. 

Magnetic susceptibility measurements revealed ferromagnetic and ferrimagnetic behavior for 

these analogs. Electrical resistivity measurement and Electronic band structure calculations 

suggest that RCr0.4Al1.6 and RZnAl exhibits a metallic behavior. 

2.2 Experimental details 

2.2.1 Synthesis 

General Details. The following reagents were used as received: Finely dispersed powder 

of terbium (Alfa Aesar, 99.9%), dysprosium powder (Alfa Aesar, 99.9%), holmium powder (Alfa 

Aesar, 99.9%), chromium powder (Alfa Aesar, 99.9%) and zinc powder (Alfa Aesar, 99.9%). All 

manipulations during sample preparation were carried out in an argon-filled glovebox (content of 

O2 < 0.5 ppm) 

Synthesis of RCr0.4Al1.6. The TbCr0.4Al1.6, DyCr0.4Al1.6, and HoCr0.4Al1.6 compounds were 

prepared by arc-melting of stoichiometric amounts of rare earth, Cr, and Al. Each compound was 

re-melted four times to ensure homogeneity.  

Synthesis of RZnAl. The TbZnAl, DyZnAl, and HoZnAl compounds were pressed into 

pellets without arc-melting them.   All the samples were placed in coat-ed quartz tubes, sealed and 

annealed at 1273 K for 7days in an argon atmosphere and subsequently quenched in air 

2.2.2 Physical property Measurements  

Magnetic and resistivity measurements of RCr0.4Al1.6 and RZnAl (R = Tb, Dy, Ho), were 

carried out on a Quantum Design Magnetic Property Measurement System using the Quantum 

Design superconducting quantum interference device (SQUID) Magnetometer option and the 

Physical Property Measurement System, respectively. Both zero-field cooled (ZFC) and field 

cooled (FC) measurements have been performed in the2-400 K temperature range with an applied 

field up to 0.1 T. Field-dependent magnetization measurements were performed at 2 K and above 

room temperature. The temperature dependence Electrical resistivity measurements were carried 
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out using the standard four-probe DC technique in the temperature-dependent resistivity 

measurements were also performed at 2 K with an applied field up to 7 T. 

2.2.3 Structure Determination 

Powder X-ray diffraction (PXRD) measurement was performed on the respective crushed 

pellets of RCr0.4Al1.6 and RZnAl to determine the homogeneity and phase purity of samples and 

was performed using a PANalytical Empyrean X-ray Powder Diffractometer operating at 45 kV/40 

mA with (Cu Ka1, λ = 1.540598) radiation. The lattice parameters and crystal structure of the 

samples were analyzed by Rietveld refinement using the FULLPROF software.  

2.3 Results and Discussion 

2.3.1 Crystal Structure 

Crystal structure determinations revealed that the RCr0.4Al1.6 and RZnAl phases crystallize 

in the MgCu2-type (Fd-3m) and MgZn2-type (P63/mmc) structure (Figure 2.1) respectively. The 

majority component atoms create a 3D network that is made up of B4 tetrahedra. These tetrahedra 

are arranged in the same manner as the individual atoms in the cubic and hexagonal diamond, 

respectively. The Mg atoms in these two structures also are arranged in the respective diamond 

networks so their crystal structures can be described as two inter-penetrating diamond networks. 

The Cu/Zn atoms form layers which are referred to as Kagomé nets. These layers of Kagomέ nets 

are separated by other Cu/Zn atom planes. Depending on the stacking of these Kagomé nets, the 

two different basic structures arise: the cubic stacking found in MgCu2 is described as (ABC) 

stacking; the stacking found in hexagonal MgZn2 is (AB) stacking. 
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Figure 1.6. Crystal structure of MgCu2 (left) and MgZn2 (right) type structure 

2.3.2 Structural Characterization 

The compounds RCr0.4Al1.6, and RZnAl (R = Tb, Dy, Ho) Laves phases were analyzed 

using powder X-ray diffraction (PXRD).  Their PXRD data were refined using the hexagonal 

MgZn2-type with space group P63/mmc and the cubic (Fd-3m) MgCu2-type structural model 

respectively. The refined lattice parameters from Rietveld refinements are listed in Table 1. As can 

be seen from Table 2.1, the lattice parameters and unit cell volume of RZnAl and RCr0.4Al1.6 

decrease with increasing atomic numbers of rare earth element due to the change in the atomic 

radii of R.  

Figure 2.2 shows the Rietveld refinements for PXRD data for RZnAl and RCr0.4Al1.6 (R = 

Tb, Dy Ho). All the compounds contain secondary phases as impurities as shown in Figure 2.2a-

b. The Rietveld refinement of all the compounds showed that the major phases contain about 90-

95 wt% of the MgZn2-type (RZnAl) and MgCu2-type (RCr0.4Al1.6) with the remaining wt% 

distributed among the impurities. 
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Figure 1.7. Rietveld refinement of the powder X-ray diffraction patterns of (a) RZnAl, and (b) 

RCr0.4Al1.6. 

 

Table 2.1. Lattice parameters of RZnAl and RCr0.4Al1.6. 

                         Compound                      a/Å                    c/Å                     V/Å3 

TbCr0.4Al1.6                   7.78200                                          471.273 

DyCr0.4Al1.6                  7.75600                                           466.567 

HoCr0.4Al1.6                  7.75551                                           466.479 

TbZnAl                         4.50103               7.15274              125.503 

DyZnAl                        4.48837                7.08438              123.433 

HoZnAl                        4.49616                7.03617              123.183 

2.3.3 Magnetic Properties 

2.3.3.1 RCr0.4Al1.6 (R = Tb, Dy, Ho) phase 

 Magnetization and inverse magnetic susceptibility as a function of the temperature of 

RCr0.4Al1.6 compounds are shown in Fig. 2.3. The TbCr0.4Al1.6 exhibit ferromagnetic transitions at 

190 K (Fig. 2.3a). The DyCr0.4Al1.6 and HoCr0.4Al1.6 in a field of 0.1 T show Curie temperature 

(Tc) of 110 K, and 20 K (Fig. 2.3b and c) respectively. DyCr0.4Al1.6 also shows a possible spin-

reorientation transition at 50 K (Fig. 2.3b). The paramagnetic susceptibility of TbCr0.4Al1.6, 

DyCr0.4Al1.6 and HoCr0.4Al1.6 follows Curie–Weiss law in 0.1 T (see insets in Fig. 2.3a-c). The fit 

to the Curie–Weiss law yields a paramagnetic Weiss temperature of 35 K and 10 K and -36 K 

indicating a ferromagnetic dominant interaction in (TbCr0.4Al1.6, DyCr0.4Al1.6) and an 
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antiferromagnetic nearest-neighbor interaction in HoCr0.4Al1.6.  The fit also yielded an effective 

magnetic moment per formula unit (Meff/fu) of 10.01, 10.98, and 10.85 μB for TbCr0.4Al1.6, 

DyCr0.4Al1.6 and HoCr0.4Al1.6 respectively. These Meff/fu values yield effective magnetic moments 

of 2.39 μB/Cr in TbCr0.4Al1.6, 2.67 μB/Cr in DyCr0.4Al1.6 and 2.27 μB/Cr in HoCr0.4Al1.6 (assuming 

that Tb, Dy, and Ho have the theoretical effective moment of 9.72, 10.65 and 10.61 μB 

respectively).  

 

 

Figure 1.8. Magnetization vs temperature of (a) TbCr0.4Al1.6, (b) DyCr0.4Al1.6 and (c) HoCr0.4Al1.6 

compounds in applied field of 0.1 T. 

The isothermal field-dependent magnetization examined at different temperatures are 

shown in (Fig. 2.4a-c).  The magnetization vs field data of TbCr0.4Al1.6 and DyCr0.4Al1.6 shows 

similar behavior at all temperatures. They behave as a hard ferrimagnet at 2 K and 10 K with a 
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decrease in the hysteresis from 2 K to 10 K (Fig. 2.4a-b). They became soft after 10 K with zero 

residual magnetization and coercive field and showed a linear behavior at 300 K suggesting weak 

antiferromagnetism at higher temperatures. HoCr0.4Al1.6 however, behaves as a soft ferrimagnet at 

all measured temperatures (2, 10, 300 K) with zero residual magnetization and coercive field (Fig. 

2.4c). The magnetization value for all the three compounds at 2 K does not saturate even at 7 T. 

The saturation magnetization value, obtained at 2 K, reaches values of 2.3 μB/fu for TbCr0.4Al1.6, 

3.2 μB/fu for DyCr0.4Al1.6 and 4.5 μB/fu for HoCr0.4Al1.6. These magnetic saturation values (Fig. 

2.4a-c) are lower than the theoretical ordered moment of Tb (9 μB), Dy (10 μB), and Ho (10 μB). 

This reduction of the observed moment values in TbCr0.4Al1.6, DyCr0.4Al1.6, and HoCr0.4Al1.6 

suggest a possible antiferromagnetic coupling between the rare-earth and the transition metal 

sublattices. 

 

 
Figure 1.9. Magnetization vs. magnetic field data of (a) TbCr0.4Al1.6 at 2 K, 10 K, 50 K, 75 K, 

150 K, 300 K (b) DyCr0.4Al1.6 at 2 K, 10 K, 50 K, 75 K, 150 K, 300 K and (c) HoCr0.4Al1.6 at 2 

K, 10 K and 300 K. 
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2.3.3.2 RZnAl (R = Tb, Dy, Ho) phase 

Figure 2.5 shows the temperature dependence of magnetization for the RZnAl compounds 

measured at 0.1 T. From the field-cooled (FC) and zero-field cooled (ZFC) curves, we can clearly 

observe that strong ferromagnetic behavior in TbZnAl and DyZnAl with a curie temperature of 

130 K and 105 K (Fig. 2.5a-b) for TbZnAl and DyZnAl respectively. In addition, DyZnAl shows 

a cusp in magnetization at 50 K (TN). The divergence in the zfc-fc curve is an indication of 

magnetic anisotropy in these compounds. The HoZnAl, however, shows a ferrimagnetic behavior 

at Tc equal to 20 K (Fig. 2.5c).  The high-temperature magnetization data are fitted with the 

Curie−Weiss law (shown in Fig. 5a-c as insets). The effective paramagnetic moment obtained from 

the fit is μeff/fu = 10.93, 11.05, and 10.69 μB, for TbZnAl, DyZnAl and HoZnAl respectively. These 

values are close to the expected trivalent effective paramagnetic moment (μtheor = 9.72 μB/Tb, 10.65 

μB/Dy, and 10.61 μB/Ho). The Curie−Weiss temperature(θp) of TbZnAl, DyZnAl, and HoZnAl is 

found to be 94 K, 64 K, and −8 K respectively. The positive and negative signs of θp indicate that 

the magnetic interaction is ferromagnetic and antiferromagnetic, respectively. 

Table 2.2.  Magnetic properties of RCr0.4Al1.6 and RZnAl(R = Tb, Dy, Ho) compounds: Curie 

temperature (Tc), saturation magnetization per formula unit Msat/fu at 2K and effective magnetic 

moment per formula unit (Meff/fu) and per transition metals (Meff/T).  

                            Compound               Meff/fu          Meff/T        Msat/fu         Tc 

                                                              (µB)           (µB)               (µB)           (K) 

 

                           TbCr0.4Al1.6              10.01            2.39            2.30            190 

                           DyCr0.4Al1.6             10.98             2.67            3.20            110 

                           HoCr0.4Al1.6              10.85            2.27            5.10            16 

                          TbZnAl                     10.93              -                6.20            130 

                           DyZnAl                    11.05              -                6.00            105 

                           HoZnAl                    10.69              -                5.70             20 

 

The field-dependent magnetization M(H) data measured at different temperatures are 

shown in (Fig. 2.6a-c). At 2 K, HoZnAl, which shows a soft magnet characteristic (Fig. 2.6c), 

TbZnAl and DyZnAl exhibit a hard ferromagnet behavior with a large hysteresis (Fig. 2.6a and b). 

This hysteresis in TbZnAl and DyZnAl disappear with an increase in temperature as shown in Fig. 

2.6a and b. The magnetization of TbZnAl, DyZnAl, and HoZnAl saturates above 6 T with a 
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saturation moment of 6.2, 5.8, and 5.5 μB/fu respectively at 2 K (Fig. 2.6a-c), smaller than that 

obtained at high temperatures. This is consistent with an antiferromagnetism interaction between 

the rare-earth sublattices. The results of magnetization measurements of theRCr0.4Al1.6 and RTAl 

(R = Tb, Dy, Ho) are summarized in Table 2.2. 

  

 

Figure 1.10. Magnetization vs temperature of (a) TbZnAl, (b) DyZnAl, and (c) HoZnAl 

compounds in an applied field of 0.1 T. 
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Figure 1.11. Magnetization vs. magnetic field data of (a) TbZnAl at 2 K, 10 K, 75 K, 100 K, 125 

K (b) DyZnAl at 2 K, 25 K, 60 K, 90 K, and (c) HoZnAl at 2 K, 10 K and 300 K. 

2.3.4 Magnetocaloric Effect 

The temperature dependence of magnetic entropy change ΔSM(T) for RZnAl and 

RCr0.4Al1.6 was estimated from the M (H, T) curves under various magnetic field changes (ΔH) by 

using Maxwell's thermodynamic equation, 

∆SM =- ∫H (𝜕M/𝜕T)H dH 

The −ΔSM(T) curves for RZnAl and RCr0.4Al1.6 for ΔH from 0 to 2 to 0–5 T is shown in Fig. 2.7a-

c and 2.7d-f, respectively. As shown in the figures, for each sample and field change, ΔSM initially 

increases with increasing temperature and peaks near their respective TC's. With further increase  
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Figure 1.12. Isothermal magnetic entropy changes for (a) TbZnAl, (b) DyZnAl, (c) HoZnAl, for 

magnetic changes of μоΔH = 2 T and 5 T. (d) TbCr0.4Al1.6, (e) DyCr0.4Al1.6 and (f) HoCr0.4Al1.6 for 

magnetic changes of μ0ΔH = 5 T 



 

 

41 

of the temperature, ΔSM decreases with increasing temperature. The peak values of the entropy 

change for RZnAl at 2T are 2.5 J kg-1K-1, 2.7 J kg-1K-1, and 0.9 J kg-1K-1 for TbZnAl, DyZnAl, and 

HoZnAl respectively. For a field change of 5T the samples exhibit a peak (-ΔSM) of 6.1 J kg-1K-1, 

7.1 J kg-1K-1, 4.7 J kg-1K-1, 1.38 J kg-1K-1, 1.41 J kg-1K-1 and 3.38 J kg-1K-1 for TbZnAl, DyZnAl, 

HoZnAl, TbCr0.4Al1.6, DyCr0.4Al1.6 and HoCr0.4Al1.6 respectively. The entropy change values for 

the RZnAl compounds remain relatively high throughout the entire temperature change. This 

makes them potential MCE materials for low-temperature applications. 

Table 2.3.  The TC, −ΔSM
max, and RCP for ΔH = 0–5 T for RZnAl and HoCr0.4Al1.6 as well as 

some selected low-temperature magnetocaloric materials. 

 

                           Compound        TC (K)       -∆SM(Jkg-1K-1)       RCP(Jkg-1)    ref. 

                         TbCoAl               70               10.4                         -                  35 

                         TbNiAl                48               13.8                      494                23 

                         TbCuAl               52               14.4                          -                 41 

        TbZnAl              121             6.1                       122                 This work 

                         DyFeAl               128             6.4                         595                34 

                         DyCoAl              37               16.3                          -                  35 

                         DyNiAl               30               19.0                          -                  21 

                         DyCuAl              27               20.4                       423                 42 

       DyZnAl              87               7.1                         248              This work 

                        HoCr0.4Al1.6         16               3.38                       509              This work 

                        HoCoAl               10                21.5                          -                  35 

                        HoNiAl               14               23.6                        500                 13 

                        HoCuAl               11.2            30.6                       486                  43 

                        HoZnAl               20               4.87                       185              This work 

 

The relative cooling power (RCP) is an important quality factor for the MCE material 

which can identify the amount of heat that can be transferred from the hot to the cold sinks and 

vice versa, in an ideal magnetic refrigeration cycle. The value of RCP is evaluated as, RCP = −ΔSM 

× δTFWHM, where δTFWHM is the full width at half maximum and −ΔSM
max is the maximum of 

magnetic entropy change. Under the field of 5T, the values of the RCP for TbZnAl, DyZnAl, 

HoZnAl, TbCr0.4Al1.6, DyCr0.4Al1.6 and HoCr0.4Al1.6 are 122 Jkg-1, 248 Jkg-1, 185 J kg-1 25 J kg-1, 

45 J kg-1 and 509 J kg-1 respectively. These values are comparable to other RTAl compounds as 

shown in Table 2.3. 
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2.3.5 Magnetoresistance (MR) Effect 

In order to understand the multiple magnetic transitions in DyCr0.4Al1.6 and DyZnAl, we 

measured the electrical resistivity as a function of temperature as shown in Fig. 8. The resistivity 

of DyCr0.4Al1.6 shows a purely metallic behavior from 2 K to 270 K (Fig. 2.8a) as the resistivity 

increases linearly with temperature. With an increase of temperature, ρ reaches a maximum at 

around 270 K and then decreases with a further increase in temperature. This decrease in resistivity 

with increasing temperature is an indication of a semiconductor behavior. The change from 

metallic to semiconducting behavior has been observed for some other RTX compounds and the 

hydrides of many laves phases.39-40 The origin of the resistivity maximum at 270 K is not known 

at this point as there is no magnetic transition at 270 K in M vs T plot of DyCr0.4Al1.6 (Fig. 2.3b). 

The temperature dependence of the electrical resistivity of DyZnAl is shown in Fig. 2.8b. 

 

 

Figure 1.13. Resistivity as a function of temperature at zero magnetic field of (a) DyCr0.4Al1.6 and 

(b) DyZnAl. 

 

At high temperatures, the resistivity of DyZnAl exhibits good linearity, suggesting a 

metallic behavior. With a decrease in temperature, the resistivity reaches a minimum at around 50 

K and then increases with a further decrease in temperature. The resistivity minimum at the 50 K 

corresponds to the antiferromagnetic transition, observed in the magnetization versus temperature 

plot (Fig. 4b) of DyZnAl. The presence of a resistivity minimum at low temperatures might be 

attributed to Kondo-effect, which is the scattering conducting electrons by the magnetic Dy. Fig. 
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2.9 illustrates the magnetoresistance (MR), [ƿ(H)-ƿ(0)]/ƿ(0) x 100%, as a function of the magnetic 

field up to 7T measured at 2 K. Where the ƿ(H) and ƿ(0) are the resistivities. 

  

 
Figure 1.14. Magnetoresistance as a function of the applied magnetic field of (a) DyCr0.4Al1.6 and 

(b) DyZnAl at 2 K. 

 

under applied magnetic field and zero fields, respectively. A maximum negative MR of 3.2 and 

7.5% at 7T was observed for DyCr0.4Al1.6 and DyZnAl, respectively. In both compounds, the MR 

decreases with increasing magnetic field. This is because as the magnetic field is increased, the 

nonaligned magnetic spins align their spin-moments along the direction of the external magnetic 

field, resulting in the reduction of the resistivity. 

2.4 Conclusion 

 The magnetic behavior of the cubic and hexagonal intermetallic compounds RCr0.4Al1.6 

and RZnAl are consistent with an indirect exchange interaction occurring through the polarization 

of the conduction electrons. The field cooled (FC) and zero-field cooled (ZFC) magnetization data 

in an applied field of 0.1 T indicate a ferromagnetic ordering of all the compounds with 

ferromagnetic-like transitions at Tc in the range of 20-190 K. MR measurements revealed different 

magnetoresistive behaviors at 2 K. A negative MR effect of 3.2 and 7.5% was observed for 

DyCr0.4Al1.6 and DyZnAl sample respectively. These compounds show normal magnetocaloric 

effects. The magnitude of entropy changes around the transition temperatures increases with an 

increase in the magnetic field for all the compounds. The entropy change values for the RZnAl 
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compounds remain relatively high throughout the entire temperature change. This makes them 

potential MCE materials for low-temperature applications.  
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E. Gaudin, R. Pöttgen, Chem. Mater. 2010, 22, 5013−5021. 

40. M. J. Evans, G. P. Holland, F. J. Garcia-Garcia, U. Häussermann, J. Am. Chem. Soc. 
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 ENGINEERING MAGNETIC TRANSITIONS IN 

TERNARY LAVES TYPE PHASES, GdCrxAl2-x AND GdZnAl. 

We have demonstrated in chapter 2 that perturbing the valence electron concentration at 

the Fermi level leads to drastically different structural, magnetocaloric and magnetic properties of 

RTAl (R = Tb, Dy, Ho; T = Zn, Cu, Ni, Co, Fe, Mn, Cr). Realizing that the changes in the valence 

electron concentration dictate the observed changes in the structural, magnetocaloric and magnetic 

behavior, we have completely replaced Gd for R in the structure of RTAl (T = Cr, Zn; R = Tb, Dy, 

Ho) with the goal to substantially perturb the position of the VEC at the rare-earth site. In this 

chapter, we report the structural, magnetocaloric, magnetic, transport and magnetic properties of 

GdCrxAl2-x (x = 0.2, 0.3, 0.4, 0.45) and GdZnAl. 

3.1 Introduction 

Ternary rare-earth transition-metal Laves phases, with the topologically close-packed 

(TCP) structure, are a rich family of intermetallics with the general formula RTX (R = Rare earth 

elements, T = transition metals, X = non-metals).1 They have been studied extensively and their 

investigations have led to the discovery of novel materials with interesting physical properties 

including, magnetic polaronic behavior, intermediate valency,  Kondo effect, multiple magnetic 

transitions, large Magnetocaloric effect (MCE), heavy fermion behavior, large Magnetoresistance 

(MR), spin glass state, superconductivity, metamagnetism, spin-orbital compensation, and 

pseudogap effect.2-8 Some of them have also been known to possess hydrogen storage capabilities. 

Notably, CaNiGe, GdScGe, GdTiGe, and NdScSi studied by Liu et al, Mahon et al, Gaudin et al, 

and Tence et al respectively have been considered as promising hydrogen storage materials for 

technological applications.9-12 Because of their high melting point, high strength and low density, 

some of them are also used in high-temperature structural applications13  

These classes of compounds adopt one of the three crystallographically closely related 

primary structure types: hexagonal MgNi2 (C36), cubic MgCu2 (C15), and hexagonal MgZn2 (C14) 

or their ordered variant.14 In these three structures, the C15 phase exhibits better deformability 

than C14 and C36 phases at low temperatures due to more allowed independent slip systems.15  
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The structures in the RTX ternary Laves phases depends very strongly on the ionic radius 

of the X element. For example, Increasing the atomic size of X from Al to In in RMnX leads to a 

change from the MgCu2 to MgNi2 and to MgZn2-type structure.16-19 In addition, the 

crystallographic structures with fixed X element in the RTAl aluminides are also observed to 

depend on the atomic size of the rare earth elements. For instance, increasing the atomic size of R 

in RFeAl from R = Lu-Gd and to R = Sm-Ce results in a change from MgCu2 structure to the 

MgZn2 structure respectively.20-21 On the other hand, keeping both R and Al elements fixed the 

change in structure has also been observed to depend on the influence of the VEC on the T elements. 

For instance, one could observe the change of the MgNi2-type structure (GdNiAl and GdCuAl) to 

MgZn2 structure (GdCoAl and GdFeAl) and to MgCu2 (GdMnAl) with decreasing valence 

electron concentration on the T element.16-18, 20, 22-23  

It is evident in great part that the valence electron concentration determines not only the 

crystallographic structure but also the magnetic properties of these compounds. It has been 

observed in the GdTAl (T = Cu, Ni, Co, Fe, Mn) family that the transition temperature, Tc 

increases with decreasing valence electron concentration on the T element. For example, the Tc 

(66 K) of GdNiAl increased from 100 K, 265 to 274 when the Ni atom is replaced with the Co, Fe, 

and the Mn atoms, respectively.17, 24-26   

In order to further extend the investigation of the correlation between the valence electron 

concentration and the magnetic properties as well as the crystallographic structures, we decided to 

look into Cr and Zn metals by keeping Gd and Al constant since this will alter the number of 

valence electrons due to different number of d electrons provided by different metals. 

Herein we report on the synthesis, crystal structures, transport properties, magnetic 

properties, and electronic band structures of the GdTAl (T = Cr, Zn) series of compounds. From 

the powder X-ray diffraction structure refinements, these phases were confirmed to adopt the 

MgCu2 and MgZn2-type structure for the GdCrAl and GdZnAl respectively. Magnetic 

susceptibility measurements revealed ferromagnetic and ferrimagnetic behavior for these analogs. 

Electrical resistivity measurement and electronic band structure calculations suggest that Gd-Cr-

Al and GdZnAl exhibits a metallic behavior. 
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3.2 Experimental details 

3.2.1 Synthesis 

General Details. The following reagents were used as received: Finely dispersed powder 

of gadolinium (Alfa Aesar, 99.9%), aluminum powder (Alfa Aesar, 99.9%), chromium powder 

(Alfa Aesar, 99.9%) and zinc powder (Alfa Aesar, 99.9%). All manipulations during sample 

preparation were carried out in an argon-filled glovebox (content of O2 < 0.5 ppm). 

Synthesis of GdCrxAl2-x. All the chromium compounds were prepared by argon arc 

melting on a water-cooled copper crucible from elemental ingots with a purity of 99.99%. The Gd-

Cr-Al compounds were prepared by arc-melting of stoichiometric amounts of Gd, Cr, and Al with 

some excess aluminum for compensation of the weight loss. Each compound was re-melted several 

times to ensure sample homogeneity.  

Synthesis of GdZnAl. The GdZnAl compound was prepared by pressing elements into 

pellets without arc-melting.   The samples were placed in carbon-coated quartz tubes, sealed and 

annealed at 1273 K for 7days in an argon atmosphere, and subsequently quenched in air. 

3.2.2 Physical property Measurements  

Magnetic and resistivity measurements of Gd-Cr-Al and GdZnAl, were carried out on a 

Quantum Design Magnetic Property Measurement System using the Quantum Design 

superconducting quantum interference device (SQUID) magnetometer option and the Physical 

Property Measurement System, respectively (PPMS). Both field cooled (FC) and zero-field cooled 

(ZFC) measurements have been performed in the 2-400 K temperature range with an applied field 

up to 0.01 T. Field-dependent magnetization measurements were performed at 2 K and above room 

temperature. The temperature-dependent electrical resistivity measurements were carried out using 

the standard four-probe DC technique. V curves were recorded at 2 K with an applied field up to 

7 T. 

3.2.3 Structure Determination 

Powder X-ray diffraction (PXRD) measurements were performed on the powdered 

samples of Gd-Cr-Al and GdZnAl using a PANalytical Empyrean X-ray Powder Diffractometer 
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operating at 45 kV/40 mA with (Cu Ka1, λ = 1.540598) radiation. The lattice parameters and 

crystal structure of the samples were analyzed by Rietveld refinement using the FULLPROF 

software.  

3.2.4 Computational details 

The chemical and electrical properties of GdAl1.5Cr0.5 were computed using Quantum 

ESPRESSO29 with the Perdew-Burke-Ernzerhof (PBE) generalized gradient approximations 

(GGA )30 and the projector augmented wave (PAW) method. The cut-off energy of the 

wavefunction (charge density) was set to 120 (1,200) Ry and a cold smearing of 0.001 Ry was 

applied. For the pseudopotential of Gd, the f-electrons were not included in the valence states. 

While f-electrons can contribute to bonding and the physical properties, the degree of correlation 

and self-interaction error of f-electrons are challenging to treat with DFT methods accurately.31 

Thus, the inclusion of f-electrons can introduce a significant error. In addition to f-electrons, d-

electrons of Cr can exhibit strong electron correlations. To include these correlations, the Hubbard-

U potential for Cr was set to 3.7 eV. Although the crystal structure of GdAl1.5Cr0.5 is not layered, 

dispersion corrections were included to improve the prediction of the chemical and physical 

properties. For the dispersion corrections, the exchange-hole dipole moment (XDM) method by 

Becke and Johnson was implemented.32 All DFT calculations were performed on the primitive 

unit cell which contains six atoms. Because the Al-site was doped with Cr, it is important to 

determine the lowest ground state energy for the doped site. In this sense, four different 

configurations were calculated in which Cr is placed on the different Al sites. The difference 

between all configurations is relatively small (<0.02 Ry) leading to a ground state energy of -0.40 

Ry atom-1. Prior to the electronic band structure calculations, the crystal structure was completely 

relaxed using a Γ-centered 8x8x8 k-point mesh and force (energy) thresh-old of 10-5 Ry Bohr-1 

(10-8 Ry). The electronic band structure was calculated using a fine-meshed k-point path along 

the symmetry points and the density of states (DOS) with a Γ-centered 15x15x15 k-point mesh. It 

is important to note that the number of bands was increased to 60 to include a larger number of 

conduction bands. The charge density and electron localization function (ELF) were visualized 

with XCrysden .33 
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3.3 Results and Discussion 

3.3.1 Structural Characterization 

The phases (GdCr0.2Al1.8, GdCr0.3Al1.7, GdCr0.4Al1.6, GdCr0.45Al1.55) and GdZnAl that 

adopt the MgCu2  (𝐹ⅆ3̅𝑚)and MgZn2 (P63/mmc) structure respectively, constitute an interesting 

series of ternary (RTAl) Laves phases in which correlations between valence electron 

concentration (VEC), stoichiometry, and structural properties can be studied. The PXRD data of 

the compounds were refined using the hexagonal MgZn2-type and the cubic MgCu2-type structural 

model respectively. Figure 3.1 shows the Rietveld refinements for PXRD data of (GdCr0.2Al1.8, 

GdCr0.3Al1.7, GdCr0.4Al1.6, GdCr0.45Al1.55) and GdZnAl. All the compounds contain Gd2O3 as a 

secondary phase as shown in Figure 3.1a-b. The GdZnAl however, contains additional impurities 

as seen in figure 3.1b.  

The Rietveld refinement of all the compounds showed that the major phases contain about 

90-98 wt% of the MgZn2-type (GdZnAl) and MgCu2-type (GdCr0.2Al1.8, GdCr0.3Al1.7, GdCr0.4Al1.5, 

and GdCr0.45Al1.5) with the remaining wt% distributed among the impurities.  The refined lattice 

parameters of GdZnAl and GdCrxAl2-x from Rietveld refinements are listed in Table 3.1. As shown 

in Table 1, the unit cell volume and lattice parameters of Gd-Cr-Al increases with increasing Cr 

concentration. The variation of the lattice parameters corresponds roughly to Vegard’s rule, which 

states that solid solution lattice parameters vary linearly with composition. This behavior is usually 

observed in quasi-binary Laves phase systems, despite the occurring structural transitions.27. 

 

 

Figure 1.15. Rietveld refinement of the powder X-ray diffraction patterns of (a) GdCrxAl2-x, and 

(b) GdZnAl. 
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Table 3.4. Lattice parameters from Rietveld refinements of the Powder X-ray diffraction data of 

GdCr0.2Al1.8, GdCr0.3Al1.7, GdCr0.4Al1.6, GdCr0.45Al1.55, and GdZnAl  

                   Compound                 a/Å                    c/Å                              V/Å3  

                   GdCr0.2Al1.8             7.8816                                                   489.599 

                   GdCr0.3Al1.7             7.8864                                                   490.494 

                   GdCr0.4Al1.6             7.8919                                                   491.519 

                   GdCr0.45Al1.55         7.8991                                                    492.870 

                   GdZnAl                  4.4884                 7.08438                     123.433 

3.3.2 Magnetic Properties 

3.3.2.1 GdCr0.2Al1.8, GdCr0.3Al1.7, GdCr0.4Al1.6 and GdCr0.45Al1.55  

 Figure 3.2a-d shows the zero-field cooled (ZFC)-FC (field cooled) curves and inverse 

magnetic susceptibility as a function of the temperature of the GdCr0.2Al1.8, GdCr0.3Al1.7, 

GdCr0.4Al1.6, and GdCr0.45Al1.55 compounds under an external field of 0.1 T.  The ZFC-FC curve 

for all the compounds obtained demonstrate a ferromagnetic behavior with a transition temperature 

TC of 110 K, 140 K, 268 K and 271 K for GdCr0.2Al1.8, GdCr0.3Al1.7, GdCr0.4Al1.6, GdCr0.45Al1.55 

respectively. It is obvious from the TC values of the compounds that the TC depends on the Cr 

concentration. Increasing the concentration of Cr increases TC. However, any attempt to synthesize 

beyond x = 0.45 of Cr was not successful as indicated by Cr impurities. Further increase in the Al 

content in order to increase the Cr content leads to a decrease in Tc as a result of the dilution of the 

magnetic spins. 

It is interesting to note that GdCr0.4Al1.6 and GdCr0.45Al1.55 exhibit a distinct behavior 

different from GdCr0.2Al1.8 and GdCr0.3Al1.7. Their ZFC-FC curves show a slight divergence at 

low temperatures indicating slight anisotropy in them as shown in Figure 3.2c and d. The 

temperature dependence of the inverse magnetic susceptibility for GdCr0.2Al1.8, GdCr0.3Al1.7, 

GdCr0.4Al1.6, and GdCr0.45Al1.55 was obtained in the paramagnetic region according to the Curie–

Weiss law (see insets in Fig. 3.2a-d). The fit to the linear paramagnetic region as shown in the inset 

yields a paramagnetic Weiss temperature of 102 K and 114 K and 44 K indicating a ferromagnetic 

dominant interaction in GdCr0.2Al1.8, GdCr0.4Al1.6, and GdCr0.45Al1.55 respectively. The fit, 

however, yielded -210 K in GdCr0.3Al1.7 suggesting an antiferromagnetic nearest-neighbor 

interaction indicating a ferrimagnetic behavior in the compound.  The fit also yielded an effective 
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magnetic moment per formula unit (Meff/fu) increases with Cr content from 7.5 μB for GdCr0.2Al1.8 

to 8.15 μB for GdCr0.45Al1.55. These values are close to the theoretical effective paramagnetic 

moment of trivalent Gd (7.94 μB). The Meff/fu values of GdCr0.4Al1.6 (8.10 μB) and GdCr0.45Al1.55 

(8.15 μB) yield effective magnetic moments of 2.53 μB/Cr and 2.67 μB/Cr, respectively. These Cr 

effective magnetic moments are close to the magnetic moment of Cr3+ (3.70 μB).  

 

 

Figure 1.16. Magnetization vs temperature of (a) GdCr0.2Al1.8, (b) GdCr0.3Al1.7 and (c) GdCr0.4Al1.6 

and (d) GdCr0.45Al1.5 compounds in applied field of 0.1 T.  

 

The isothermal magnetization curves were recorded at 2 K for (GdCr0.3Al17, GdCr0.4Al1.6, 

GdCr0.45Al1.55) and 2, 75, 300 K for GdCr0.2Al1.8 as shown in figure 3.3a-d. All the samples at 2 K 

show a linear increase in magnetization with increasing applied field and negligible coercivity, 

with saturation magnetization value, obtained at 2 K, reaching values of 4.2, 4.0, 2.3 and 2.7 μB/fu 
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for GdCr0.2Al1.8, GdCr0.3Al1.7, GdCr0.4Al1.6, GdCr0.45Al1.55, respectively. The computed total 

magnetization of GdCr0.5Al1.5 is 2.3 μB/fu. This is slighter lower than the experimental value. It is 

important to note that f-electrons are neglected in the valence states. Although f-electrons can be 

significant for magnetization, DFT calculations cannot treat the degree of correlation in f-electrons 

accurately introducing a significant error in the calculations. 

 

 

Figure 1.17. Magnetization as a function of the external magnetic field of (a) GdCr0.2Al1.8, (b) 

GdCr0.3Al1.7 and (c) GdCr0.4Al1.6 and (d) GdCr0.45Al1.55 compounds at 2 K in fields up to 7 T. 

 

The saturation magnetization for GdCr0.2Al1.8 at 75 K and room temperature shows a 

decrease in the magnetization value and at room temperature, it shows the compound is in the 

paramagnetic state as displayed in Figure 3.3a. These magnetic saturation values are lower than 

the theoretical ordered moment of Gd (7 μB). This reduction of the observed moment values in 
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GdCr0.2Al1.8, GdCr0.3Al1.7, GdCr0.4Al1.6, GdCr0.45Al1.55 suggests a possible antiferromagnetic 

coupling between the 4f and the 3d magnetic sublattices. Interestingly, we did not see any AFM 

behavior in the inverse magnetic susceptibility plot except for GdCr0.3Al1.7 which has a Curie 

Weiss temperature of -210 K (Figure 3.2b). Similar magnetic saturation behavior has been 

observed in other Gd-Cr-Al (GdCr3.5Al8.5, 4.25 μB/fu and GdCr4Al8, 4.33 μB/fu ) compounds and 

other GdTAl (T = Mn, Fe, Co, Ni, Cu) systems.17, 24-28 Because these phases are metallic, this 

behavior probably stems from Ruderman−Kittel−Kasuya−Yosida (RKKY) interaction that is 

mediated by conduction electrons. 

3.3.2.2 GdZnAl  

 Figure 3.4 shows the field and temperature dependence of magnetization for the GdZnAl 

compound measured at 0.1 T and 2 K, respectively. From the ZFC-FC curve, we can clearly 

observe ferromagnetic behavior with a Curie temperature of 131 K (Fig. 4). In addition, GdZnAl 

indicates an upturn in magnetization at 70 K (TN). This upturn could be due to a small amount of 

impurity (Fig. 3.15b) present in the sample. The corresponding temperature dependence of the 

inverse susceptibility is shown in (Fig. 3.4a inset). The effective magnetic moment, Meff calculated 

is equal to 8.04 µB/fu. This value is 0.26 µB larger than the theoretical effective paramagnetic 

moment of trivalent Gd (7.94 μB). However, many intermetallics of Gd and non-magnetic metals 

were found to have excess effective moments up to 0.8 μB. This effect is mostly assigned to the 

polarization of the Gd 5d conduction electrons. The d-f exchange constant is larger than the s-f 

one, due to the narrow nature of the 5d band. Figure 5 shows the isothermal magnetization of 

GdZnAl at 2 K. It is evidence that the compound exhibits a ferromagnetic behavior with a 

saturation value of 7.6 μB for 2 K. This magnitude of saturation magnetization is close to the 

corresponding free-ion saturation moment of Gd (7.0 μB). 
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Figure 1.18. Magnetic properties of GdZnAl: (a) magnetic susceptibility at 0.01 T; (b) isothermal 

field-dependent magnetization at 2.0 K. 

 

Comparatively, the TC values for other GdTAl systems in the previous reports are 82 K for 

GdCuAl, 66 K for GdNiAl, 100 K for GdCoAl, 265 for GdFeAl and 274 K for GdMnAl (see Table 

3.2). Although we have not stoichiometrically synthesized the equimolar Gd-Cr-Al compound the 

TC of the GdCr0.45Al1.55 is larger than all the other GdTAl systems, with the exception of GdMnAl. 

It is clear from Table 3.2 that the transition metal is controlling both the TC and the structure.  

Figure 3.5 shows the variation of the valence electron concentration (VEC) of T on the Tc. It is 

obvious from the graph that decreasing VEC on T increases the Tc except for Ni. The role played 

by the d-electrons in these GdTAl systems is very important. A transfer of conduction electrons to 

fill the transition element d bands leads to the decrease of the conduction electron concentration. 

The increase of electrons in the 3d band leads to an increase in the density of states (DOS) at the 

Fermi level. The increase of the DOS leads to a decrease in the Tc.  

3.3.3 Magnetocaloric effect of GdCrxAl2-x 

The entropy of magnetic material changes when placed in a changing magnetic field that 

causes a change in the temperature of the material under adiabatic conditions, known as the 

magnetocaloric effect. In order to estimate the change in the magnetic entropy in the present 

compound, the magnetic field dependent magnetization at several temperatures was measured. The 

magnetic entropy change (∆SM) is calculated using the following equation:  
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Figure 1.19.  Variation of Curie temperature as a function of valence electron concentration of T 

on selected GdTAl (T = Zn, Cu, Ni, Co, Fe, Mn, Cr). 

 

Table 3.5. The Curie temperature (TC), and structure for GdZnAl and GdCr0.45Al1.5 compared 

with other GdTAl systems. 

           Compounds          Structure             Tc/K               References 

           GdZnAl                P63/mmc             131                 This work 

           GdCuAl                𝑃6̅2𝑚                 82                    28 

           GdNiAl                 𝑃6̅2𝑚                  66                    24 

           GdCoAl                P63/mmc             100                   25 

           GdFeAl                 P63/mmc              268                   26 

           GdMnAl               𝐹ⅆ3̅𝑚                  274                   17 

          GdCr0.45Al1.55            𝐹ⅆ3̅𝑚                  271                  This work 

 

∆SM =- ∫H (𝜕M /𝜕T)H dH                                                       (1) 

Fig. 3.6a-d shows the temperature dependence of the magnetic entropy change (∆SM) for 

GdCr0.2Al1.8, GdCr0.3Al1.7, GdCr0.4Al1.6 and GdCr0.45Al1.55 for a field change of 0-5T. The highest 

entropy for these compounds occurs at the TC for these compounds. GdC0.2Al1.8 and GdCr0.3Al1.7 

have a higher -∆SM than GdCr0.4Al1.6 and GdCr0.45Al1.55 at all temperatures and an applied field 

of 0-5 T. Of these former two compounds, GdCr03Al1.7 has the highest -∆SM of 3.83 J kg-1K-1 at 

141 K with GdCr0.2Al1.8 having the -∆SM of 3.38 J kg-1K-1 at 97 K, and of the latter 2, GdCr0.4Al1.6 

and GdCr0.45Al1.55 have a -∆SM of 0.60 J kg-1K-1 (268 K) and 0.30 J kg-1K-1 (271 K), respectively. 
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These entropy values are greater than those of GdMnAl (0.69 J kg-1K-1, 274 K) and GdFeAl (2.78 

J kg-1K-1, 265 K).17  

 

 

Figure 1.20 Temperature dependence of the isothermal magnetic entropy changes for (a) 

GdCr0.2Al1.8, (b) GdCr0.3Al1.7, (c) GdCr0.4Al1.6 and (d) GdCr0.45Al1.55 in the field change of 0-5 T. 

 

The relative cooling power (RCP) is an important parameter of a magnetocaloric material. 

It is the amount of heat that can be transferred from the hot to the cold sinks and vice versa in one 

thermodynamic cycle of a magnetic refrigerator. The value of RCP is calculated using: 

RCP = −ΔSM × δTFWHM,                                                             (2) 

where δTFWHM is the full width at half maximum of the −ΔSM (T) curve. The calculated RCP values 

obtained are 118 J kg-1, 77 J kg-1, 13 J kg-1 and 10 J kg-1 for GdCr0.2Al1.8, GdCr0.3Al1.7, GdCr0.4Al1.6, 
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and GdCr0.45Al1.55, respectively. The values obtained for GdCr0.2Al1.8 and GdC0.3Al1.7 are greater 

than GdMnAl (59 J kg-1) and less than that of GdFeAl (570 J kg-1).17 

3.3.4 Magnetocaloric effect of GdZnAl 

The magnetic entropy change (ΔSM) of the GdZnAl compound was calculated from 

magnetization isotherms recorded in the 118−157 K temperature range (Fig. 3.7a) using the 

integrated Maxwell relation stated above. The maximum entropy change is observed around 131 

K, with the calculated values of −ΔSM = 8.16 and 20.50 J kg−1K−1 at Hmax = 0-2 and 0-5 T (Fig. 

3.7b), respectively. Table 2 shows the magnetic entropy change for GdZnAl and GdCr0.45Al1.55 as 

well as other GdTAl (Mn, Fe, Co, Ni, Cu) variants. One can see a drastic decrease in the magnetic 

entropy value from GdZnAl (20.5 Jkg-1K-1) to GdCr0.45Al1.55 (0.30 Jkg-1K-1). This behavior can be 

related to the randomly aligned atoms due to an increase in the unit cell volume from GdZnAl 

(123.433 Å3) to GdCr0.45Al1.55 (490. 365 Å3).  

 

 

Figure 1.21. (a) Magnetization isotherms of GdZnAl at various temperatures (118 – 157 K); (b) 

Temperature dependence of the isothermal magnetic entropy changes for GdZnAl in the field 

change of 0-2 and 0-5 T. 

 

The unit cell volume dependence of the magnetic entropy change for the GdCr0.45Al1.55, GdZnAl, 

and other GdTAl (T = Mn, Fe, Co, Ni, Cu) compounds are shown in Figure 3.8. This random 

alignment of the magnetic spins causes a loss of the magnetic entropy which is emanating from 

the energy used to realign the magnetic spins by the field. The RCP of the GdZnAl is also estimated 

to be 243 J kg-1. The RCP values GdCr0.45Al1.55, GdZnAl, and other GdTAl (T = Mn, Fe, Co, Ni, 

Cu) compounds obtained listed in Table 3.3. 
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Table 3.6. The TC, −ΔSM max, and RCP for ΔH = 0–5 T for GdZnAl and GdCr0.45Al1.55 as well as 

other GdTAl (Mn, Fe, Co, Ni, Cu) variants. 

                     Compounds             Tc        -∆SM(J kg-1 K-1)        RCP( J kg-1)    References 

 

                     GdZnAl                  131                 20.5                 243                 This work 

                     GdCuAl                 82                   10.1                  460                 28 

                     GdNiAl                  66                   10.9                  460                24 

                     GdCoAl                 100                 10.5                    -                   25 

                     GdFeAl                  268                  3.70                 420                26 

                    GdMnAl                 274                  0.69                  59                 17 

                    GdCr0.45Al1.55             271                  0.30                  10                 This work  

 

 

 

 

Figure 1.22. Unit cell volume dependence of the magnetic entropy change for the GdCr0.45Al1.55, 

GdZnAl, and other GdTAl (T = Mn, Fe, Co, Ni, Cu) compounds. 

3.3.5 Magnetoresistance effect of Gd-Cr-Al and GdZnAl 

In other to complement the magnetic properties of these compounds, the field and 

temperature dependence of electrical resistivity ρ(T) of GdCr0.2Al1.8, GdCr0.4Al1.6, GdCr0.45Al1.55, 

and GdZnAl were measured. Figure 3.9a-d illustrates the temperature-dependent electrical 

resistivity ρ(T) of GdCr0.2Al1.8, GdCr0.4Al1.6, GdCr0.45Al1.55, and GdZnAl at various applied 

magnetic field (0, 4, and 7 T). The resistivity of GdCr0.2Al1.8, GdCr0.4Al1.6, and GdCr0.45Al1.55 (11a-

c) at 0 T and 7 T displays an approximately linear decrease of the resistivity upon lowering the 

temperature, which is characteristic for metals. To verify the experimental results, the electronic 

band structure of GdAl1.5Cr0.5 is displayed in Figure 3.11. The electronic bands are half-filled 
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indicating metallic behavior. Furthermore, the bands are strongly dispersed at the Fermi level 

suggesting that electron mobility and electrical conductivity are high. However, GdCr0.45Al1.55 

(3.9c, 0, and 7 T) exhibits a sudden increase in resistivity around 271 K. This temperature coincides 

with the TC of GdCr0.4Al1.55.  

 

 

Figure 1.23. Resistivity as a function of temperature at various applied magnetic fields for (a) 

GdCr0.2Al1.8, (b) GdCr0.4Al1.6, (c) GdCr0.45Al1.55 and (d) GdZnAl. 

 

The increase in the resistivity indicates an enhanced electron scattering in the vicinity of a magnetic 

phase transition. Interestingly, at 4T, the GdCr0.45Al1.55 exhibits a reverse trend from the one at 0 

and 7 T. Its resistivity increases with decreasing temperature which is an indication of a 

semiconductor behavior. The trend at 4T for GdCr0.4Al1.6 (3.9b) however remains the same as in 

the case of 0 and 7T. 



 

 

62 

The GdZnAl analog (3.9d) at 0 T also exhibits a metallic character (between 48-300 K) 

like the Gd-Cr-Al variant before reaching a transition at 48 K where the resistivity decreases with 

decreasing temperature. This transition around 48 K is consistent with the AFM peak present in 

the magnetic susceptibility curve for GdZnAl (4a). A second transition at 300 K is marked by a 

decrease in resistivity with decreasing temperature. The source of this transition is however not 

known since it does not coincide with any transition in our susceptibility curve. 

 

 

Figure 1.24. Magnetoresistance as a function of applied magnetic field at various temperatures for 

(a) GdCr0.2Al, (b) GdCr0.4Al1.5 and (c) GdCr0.45Al1.5 and (d) GdZnAl. 

 

Figure 3.10(a-d) displays the magnetoresistance MR = [ρ(H)-ρ(0)]/ρ(0) x 100%, as a 

function of magnetic field at different temperatures (GdCr0.4Al1.6 and GdCr0.45Al1.55) and 2 K 

(GdCr0.2Al1.8, GdZnAl), where ρ(H) is the resistance under an applied magnetic field and ρ(0) 

under zero field . The MR patterns for all the compounds show a non-linear dependence on the 
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magnetic field and present systematic variation with temperature over a wide range of 2K to 100 

K and remains unsaturated throughout the entire field. The MR is all negative and their magnitude 

decreases with the increase of temperature. The largest negative MR of −0.9%, -2.5%, -7.0% and 

-11.8% for GdCr0.2Al1.8, GdCr0.4Al1.6, GdCr0.45Al1.55, and GdZnAl respectively is observed at 2 K 

for the change of 7 T magnetic field. On increasing the temperature for GdCr0.4Al1.6 and 

GdCr0.45Al1.55, the MR decreases and is nearly independent of the magnetic field at 100 K. 

 

 
Figure 1.25. (a) The electronic band structure of GdCr0.5Al1.5 indicates metallic behavior. (b) The 

(b) total and (c) partial DOS is split into their spins. 

3.4 Conclusion 

This study focused on, ternary Laves phases (Gd-Cr-Al and GdZnAl) and confirmed their 

cubic MgCu2-type and hexagonal MgZn2-type structures, respectively. Their physical properties 

with respect to susceptibility, magnetization, electrical resistivity were investigated. The Curie 

temperature, TC of the Gd-Cr-Al compounds increased in increasing Cr concentration. Although 

we weren’t successful in synthesizing the equimolar Gd-Cr-Al compound, the TC of the 

GdCr0.45Al1.55 (Tc = 271 K) is larger than all the other GdTAl systems except for GdMnAl (Tc = 

274 K), which is 3 K greater. This increase in Tc is attributed to the decrease in the VEC at the 

transition metal magnetic centers. A combination of electronic structure calculations and transport 

measurements indicate the metallic character of the new compounds. Unlike the Cr analog, the Zn 
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analogs exhibit a giant magnetocaloric effect with an entropy value of 20.50 J kg−1K−1 at Hmax = 

0-5 T with an RCP of 243 J kg-1. This high entropy value of GdZnAl indicates its potential as a 

candidate material for low-temperature magnetic refrigeration. 
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 MANIPULATION OF THE STRUCTURAL, MAGNETIC, 

AND MAGNETOCALORIC PROPERTIES IN GdNi3-x-yCoxAly VIA 

VALENCE ELECTRON PERTURBATION. 

We have demonstrated in chapter 3 that small perturbations of the density of states (DOS) 

at the Fermi level lead to slightly different magnetic behaviors of GdTAl. Most especially, the 

decrease in the valence electron concentration at the Fermi level which leads to an increase in the 

curie temperature. Realizing that fewer d-electrons at the Fermi level leads to an increase in Tc, 

we decided to apply this hypothesis in other systems. We have, therefore, chosen GdNiAl2 to 

explore. GdNiAl2 is a known MCE material which exhibits an isothermal magnetic entropy change 

of ∆SM = 16.0 Jkg-1K-1 at TC = 28K under a magnetic field change of 0-5 T. However, the low TC 

limits its application as a room temperature magnetic refrigerant. We, therefore, substituted Co for 

(Ni/Al) in the structure of GdNiAl2, with the goal to perturb the position of the Fermi level of Ni 

since that will lead to a decrease in the VEC. In this chapter, we report the magnetic, structural, 

MCE, and transport properties of GdNi3-x-yCoxAly. 

4.1 Introduction 

The study of rare-earth (R) and  transition-metal (T) based intermetallic compounds has 

drawn a lot of attention in recent decades because of potential multifunctional properties, such as 

giant magnetocaloric effects (MCEs).1-2 Magnetocaloric effect is a thermodynamic phenomenon 

of a magnetic material which relates the magnetic variables (magnetization, magnetic moment and 

magnetic field) of a magnetic material to its entropy and temperature.3-5 It is an intrinsic 

phenomenon of all magnetic materials and usually manifests as the temperature change in an 

adiabatic process (ΔTad) and the magnetic entropy change in an isothermal process (ΔSM). The 

search for materials with promising MCE characteristics in the field of magnetic cooling is 

considered as the main pursuit in this field. In this regard, the MCE properties of certain rare-earth 

based intermetallics have been investigated experimentally and theoretically. Some of them have 

been discovered to have low-temperature MCE characteristics at higher applied fields.6-12 

However, practically applicable rare-earth based intermetallics with MCE characteristics that 

could provide sustainable operation in the applied magnetic field (<2 T) are yet to be found.  
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The intermetallic rare-earth compounds RNiAl2 have gained a lot of attention in recent 

years due to the second-order metamagnetic transition in them, which lead to large MCE.13-14 

GdNiAl2 exhibits an isothermal magnetic entropy change of ∆S = 16.0 J/kg.K at TC = 28K under 

a magnetic field change from 0 to 5T.14 Zhang et al. have recently investigated the MCE in 

HoNiAl2 and ErNiAl2 compounds, and a large MCE of 14.0 Jkg-1K-1 and 21.2 Jkg-1K-1 was 

observed around the transition temperature of 7.5 K and 5.0 K for HoNiAl2 and ErNiAl2 

respectively.13 However, the low TC for the RNiAl2 compounds limits their application as a room 

temperature magnetic refrigerant as the MCE exhibits its maximum value around the vicinity of 

the TC. 

It is known that the substitution of p-electron element X and the 3d sublattice of a transition 

metal element by another transition metal element has a very strong influence on the value of the 

Tc. Bajorek et al studied the partial substitution of Ni atoms in Gd(Ni1−xTx)3 by other 3d (Fe, Co) 

elements. The substitution leads to some changes (increasing ordering temperature, decrease 

saturation magnetization, and MCE) in magnetic properties, which are correlated with their 

electronic structure. Most importantly, the Ni/T re-placement causes the increase in TC as well as 

a decrease in the magnetic saturation value.15-16   

In this paper, we are focused on the influence of cobalt substitution on the structure, MCE, 

and, magnetic properties of the GdNiAl2 compound. Their structure, MCE, and magnetic 

properties will be compared to the newly synthesized GdCo2Al and GdCoAl2. 

4.2 Experimental details 

4.2.1 Synthesis 

General Details. The following reagents were used as received: Finely dispersed powder 

of gadolinium (Alfa Aesar, 99.9%), aluminum powder (Alfa Aesar, 99.9%), cobalt powder (Alfa 

Aesar, 99.9%) and nickel powder (Alfa Aesar, 99.9%). All manipulations during sample 

preparation were carried out in an argon-filled glovebox (content of O2 < 0.5 ppm). 

Synthesis of GdNi3-x-yCoxAly. All the compounds were prepared by argon arc melting on 

a water-cooled copper crucible from elemental ingots with a purity of 99.9%. The GdNi3-x-yCoxAly 

compounds were prepared by arc-melting of stoichiometric amounts of Gd, Co, Ni, and Al. The 

loss in weight was less than 1%. Each compound was re-melted four times to ensure homogeneity. 
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The samples were placed in carbon-coated quartz tubes, sealed and annealed at 1123K [(GdNiAl2, 

GdCo0.5Ni0.5Al2, GdCo0.75Ni0.25Al2), 1273K (GdCoAl2) and 1223K (GdCo0.25Ni2.5Al0.25 

,GdCo0.5Ni2Al0.5 GdCoNiAl, GdCo1.5Ni05Al, GdCoNi1.5Al0.5 GdCo2Al, GdCo1.5NiAl0.5, 

GdCo2Ni0.5Al0.5)]  for 7days in an argon atmosphere and subsequently quenched in air.. 

4.2.2 Physical property Measurements  

Magnetic and resistivity measurements of GdNi3-x-yCoxAly, were carried out on a Quantum 

Design Magnetic Property Measurement System using the Quantum Design superconducting 

quantum interference device (SQUID) magnetometer option and the Physical Property 

Measurement System (PPMS), respectively. Both field cooled (FC) and zero-field cooled (ZFC) 

measurements have been performed in the 2-400 K temperature range of with an applied field up 

to 0.01 T. Field-dependent magnetization measurements were performed at 2 K and above room 

temperature. The temperature dependence electrical resistivity measurements were carried out 

using the standard four-probe DC technique in the temperature-dependent resistivity 

measurements were also performed at 2 K with an applied field up to 7 T. 

4.2.3 Structure Determination 

Powder X-ray diffraction (PXRD) measurements were performed on the powdered 

samples of GdNi3-x-yCoxAly using a PANalytical Empyrean X-ray Powder Diffractometer 

operating at 45 kV/40 mA with (Cu Ka1, λ = 1.540598) radiation. The lattice parameters and 

crystal structure of the samples were analyzed by Rietveld refinement using the FULLPROF 

software. 

4.3 Results and Discussion 

4.3.1 Structural Characterization 

 The synthesis of the polycrystalline GdNiAl2, GdCo0.5Ni0.5Al2, GdCo0.75Ni0.25Al2, 

GdCoAl2, GdCo0.25Ni2.5Al0.25, GdCo0.5Ni2Al0.5, GdCoNiAl, GdCo1.5Ni05Al, GdCoNi1.5Al0.5, 

GdCo2Al, GdCo1.5NiAl0.5 and GdCo2Ni0.5Al0.5 compounds were reproduced by a stoichiometric 

reaction of the elements using the arc melting synthetic approach. Figure 4.1a-c shows the Rietveld 
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refinements for PXRD data of GdCoxNi1-xAl2, GdCoxNi3-x-yAly and GdCoAl2 respectively. All the 

compounds except GdCo0.5Ni2Al0.5, GdCo1.5Ni0.5Al, GdCoNi1.5Al0.5, and GdCo1.5NiAl0.5 contain 

either GdNi3 (0.3 wt%) or NiAl (0.2% wt%) as a secondary phase. 

 

 

Figure 4.1. Rietveld refinement of the powder X-ray diffraction patterns of (a) GdCoxNi1-xAl2, (b) 

GdCoxNi3-x-yAly, (c) GdCoAl2. 

 

The Rietveld refinement of all the compounds showed that the major phases contain about 

98-99 wt% of the hexagonal (P63/mmc) structure for GdCo0.25Ni2.5Al0.25, GdCo0.5Ni2Al0.5, 

GdCoNiAl, GdCo1.5Ni05Al, GdCoNi1.5Al0.5, GdCo2Al, GdCo1.5NiAl0.5 (Fig. 4.1a). The remaining 

compounds, GdNiAl2 GdCo0.5Ni0.5Al2, GdCo0.75Ni0.25Al2 (Fig. 4.1b) and GdCoAl2 (Fig. 4.1c) 

however, contain the Orthorhombic (Cmcm) and cubic (Fd-3m) structure respectively. The refined 

lattice parameters of all the compounds from Rietveld refinements are listed in Table 4.1. As can 

be seen from Table 4.1, the lattice parameters and unit cell volume of all the compounds, especially 
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the Co-doped ones, increase with increasing Co concentration. The unit cell parameters (a, c, V) 

for the GdNiAl2 compound is in good agreement with those presented in the literature.14 

 

Table 4.1. Lattice parameters from Rietveld refinements of the powder X-ray diffraction 

data of GdNi3-x-yCoxAly. 

             Compound                     a/Å           c/Å             V/Å3          Structure 

             GdNiAl2                        4.08            6.93          286.7          Cmcm 

             GdCo0.5Ni0.5Al2             4.060          6.95          290.8          Cmcm 

             GdCo0.75Ni0.25Al2          4.058          6.98          291.5           Cmcm 

             GdCoAl2                       7.780          7.78          470.4            Fd3̅m 

             GdCo0.25Ni2.5Al0.25            5.048          16.34        360.6           P63/mmc 

             GdCo0.5Ni2Al0.5             5.109          16.26        367.7           P63/mmc 

            GdCoNiAl                     5.262           15.84       379.6           P63/mmc 

            GdCo1.5Ni0.5Al              5.257            15.95       381.8          P63/mmc 

            GdCoNi1.5Al0.5              5.110            16.30       384.1          P63/mmc 

            GdCo2Al                       5.218           16.27        385.2          P63/mmc 

            GdCo1.5NiAl0.5              5.112           16.31        400.1         P63/mmc 

            GdCo2Ni0.5Al0.5             5.104           16.34        414.6         P63/mmc 

4.3.2 Crystal Chemistry 

The substitution of Co for Ni in GdNiAl2 (GdNi1-xCoxAl2) maintained the orthorhombic 

(Cmcm) structure as indicated by figure 4.1a. The structure, however, changed from the Cmcm to 

a hexagonal (P63/mmc) structure when either Ni or Al in GdNiAl2, has been substituted with Co 

(GdNi3-x-yCoxAly). The crystal structure of GdNiAl2 and GdNi3-x-yCoxAly compounds are shown 

in figure 4.2. The structure of GdNiAl2 can be described to be analogous to the MgCuAl2 type 

structure. The Gd, Ni, and Al atoms are located on the Mg, Cu, and Al site of the prototype, 

respectively. The GdNiAl2 crystal structure has a polyanionic [NiAl2]
δ−  framework, with the 

cavities filled with Gd cations. In addition, the Gd and Al atoms form a tricapped trigonal prism 

shape around the Ni atoms.  
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Figure 4.2. Crystal structure of GdNiAl2 (left) and GdNi3-x-yCoxAly (right) 

 

GdNi3-x-yCoxAly has a CeNi3 cyrstal-type structure. This compound is in the form of the 

GdNi3 series where the Ni, Co and Al occupy the same site. The Gd and (Ni, Co, Al) atoms in 

GdNi3-x-yCoxAly compound occupy the 3a (0;0;0) and 6c (0;0;z) positions, respectively in the 

structure, as shown in Figure 4.2b. The structure of CeNi3 consists of RT2 (MgZn2-type structure) 

and RT5 (CaCu5 structure type) blocks, which alternate in the direction perpendicular to the z-axis. 

4.3.3 Magnetic Properties of GdNi3-x-yCoxAly phases 

To probe the effects of Ni and Al substitution by Co on the magnetic behavior of GdNi3-x-

yCoxAly samples, temperature-dependent magnetic susceptibility data (Figs 3a-f and 4g-l) were 

collected.  Low-temperature FC and ZFC magnetic susceptibility data were measured under 0.01 

T applied magnetic field in the temperature range of 2 to 400 K. All samples show Ferromagnetic 

(FM) behavior with a transition temperature (TC) ~ 32, 110, 137 K (Fig. 4.3a) for GdNiAl2, 

GdCo0.5Ni0.5Al2, GdCo0.75Ni0.25Al2, respectively. The TC values for the remaining compounds are 
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listed in table 4.2. In addition, a magnetic transition at 340 K is also observed on the temperature-

dependent FC susceptibility of GdCo2Ni0.5Al0.5 as shown in figure 4.3b. One can observe from the 

results that while the Curie temperature, Tc, of GdNi3-x-yCoxAly samples increases with the 

increasing Co content, this interdependence is not monotonic. This increase in Tc is likely due to 

the decrease in the VEC at the transition metal magnetic centers as well as the substitution of a 

magnetic Co for a non-magnetic Al. 

 

 

Figure 4.3. Magnetization vs temperature of (a) GdCoxNi1-xAl2, (b) GdCoxNi3-xAly compounds in 

applied field of 0.01 T. 

 

  The FC susceptibility and its inverse were fit to the Curie Weiss law, χ = C/(T − θ) + χ0, 

where C is the Curie constant, θ is the Weiss constant, and χ0 is temperature independent 

paramagnetism. The fit turned out to be very sensitive to χ0, due to the relatively limited linear 

range available in the high-temperature region. The effective magnetic moment estimated from the 

partially constrained Curie−Weiss fit was calculated using μ = (8C)1/2. The results for this fit are 

listed in table 4.2. All these values are slightly higher than the value of 7.94 μB expected for Gd3+ 

ion. The µeff/fu values from the transition metal sublattice are also listed in table 4.2. The values 

show a significant contribution of the transition metals towards the magnetic properties observed 

in these compounds. 
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Table 4.2. Magnetic properties GdCoxNi3-x-yAly compounds: effective magnetic moment per 

formula unit (Meff/fu) and per transition metals (Meff /T), saturation magnetization per formula 

unit Msat/fu at 2K and curie temperature (Tc) 

Compound                      Meff/fu           Meff/T      Msat/fu          Tc 

                                         (µB)               (µB)          (µB)             (K) 

GdNiAl2                           8.91               4.04           7.70             32 

GdCo0.5Ni0.5Al2                9.24               4.73           7.89             110 

GdCo0.75Ni0.25Al2             9.05               4.34           7.89             137 

GdCoAl2                          9.22               4.68           7.30              78 

GdCo0.25Ni2.5Al0.25          10.49             4.13            7.48              93 

GdCo0.5Ni2Al0.5               10.57             4.41            7.36              91 

                        GdCoNiAl                       9.20                3.29            7.20             102 

                        GdCo1.5Ni0.5Al                9.91                4.19             7.16            122 

                        GdCoNi1.5Al0.5                10.76              4.59             7.09            157 

                        GdCo2Al                         8.82                2.72             6.50            188 

                        GdCo1.5NiAl0.5               8.97                 2.64             6.40            222 

                        GdCo2Ni0.5Al0.5              7.97                 0.44             5.60            306 

The Weiss temperature is highly dependent on the temperature range of the fit. However, 

the overall trend is that θ increases as Co is incorporated into the lattice. The fit to the Curie-

Weiss law yields positive paramagnetic Weiss temperatures of 103, 133, 87, 86, 95, 162, 125, 

161 191, 225 and 316 K for GdCo0.5Ni0.5Al2, GdCo0.75Ni0.25Al2, GdCoAl2, GdCo0.25Ni2.5Al0.5, 

GdCo0.5Ni2Al0.5 GdCoNiAl, GdCo1.5Ni05Al, GdCoNi1.5Al0.5, GdCo2Al, GdCo1.5NiAl0.5 and 

GdCo2Ni0.5Al0.5 respectively. The positive value is an indication of FM dominant nearest 

neighbor interaction in these systems. However, the parent compound GdNiAl2 yielded a 

negative paramagnetic Weiss temperature of -9K indicating an anti-ferromagnetic nearest 

neighbor interaction between the Gd and Ni magnetic sublattices. 
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Figure 4.4. Magnetization vs magnetic field of (a) GdCoxNi1-xAl2, (b) GdCoxNi3-xAly compounds 

at 2 K and (c) GdCo2Ni0.5Al0.5 at 2, 280, 320 K in fields up to 7 T.  

The FM-like character of various GdNi3-x-yCoxAly samples was further confirmed by 

isothermal magnetization measurements at various temperatures between 2 and 320 K under 

applied magnetic field sweeping from −7 to +7 T (Fig. 4.4a-c). The M−H curves for all samples 

display the characteristic S-shape hysteresis loop expected for FM materials. A negligible 

hysteretic behavior was observed in all the compounds, suggesting negligible magnetic 

anisotropy in the system. At 2 K, the saturation magnetization reaches a plateau of ∼7.7, 7.9, 7.9 

7.3, 7.5 7.4, 7.1, 7.0, 7.0, 6.5, and 6.4 µB per formula unit (f.u.) at around 1 T for GdNiAl2 

GdCo0.5Ni0.5Al2, GdCo0.75Ni0.25Al2, GdCoAl2, GdCo0.25Ni2.5Al0.25 , GdCo0.5Ni2Al0.5, GdCoNiAl, 

GdCo1.5Ni05Al, GdCoNi1.5Al0.5, GdCo2Al, GdCo1.5NiAl0.5. It, however, reaches 5.6 µB at 4 T for 
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GdCo2Ni0.5Al0.5. Further, an increase in temperature for GdCo2Ni0.5Al0.5 (Fig. 4.4c) to 280 and 

320 K further decreased the saturation magnetization value to 1.2 and 0.8 µB per formula unit 

(f.u.) respectively. 

 

 

Figure 4.5. Saturation magnetic moments Msat obtained from magnetization isotherms M(H) 

measured at 2 K for the GdNi3-x-yCoxAly compounds. 

 

The saturation magnetization values for GdNiAl2, GdCo0.5Ni0.5Al2, GdCo0.75Ni0.25Al2 

GdCoAl2, GdCo0.25Ni2.5Al0.25, GdCo0.5Ni2Al0.5, GdCoNiAl are substantially larger compared to 

the theoretical ordered moment (7 µB) of Gd3+ ion. The value for GdCo1.5Ni05Al, GdCoNi1.5Al0.5 

compounds is close to the theoretical Msat of Gd3+. However, the Msat values are lower in GdCo2Al, 

GdCo1.5NiAl0.5, GdCo2Ni0.5Al0.5. The saturation magnetization values at 2 K becomes smaller with 

increasing Co concentration shown in Figure 4.5. This trend further indicates a large contribution 

from the Co spins to the overall magnetic moment, which helps in increasing the AFM nearest 

neighbor interaction between it and Gd magnetic sublattices. The results of magnetization 

measurements of the GdNi3-x-yCoxAly are summarized in Table 4.2. 

4.3.4 Magnetocaloric effect of GdNi3-x-yCoxAly phases 

 A set of magnetic isothermals with decreasing and increasing applied fields were measured 

up to 5 T to get insight on the MCE of these compounds. The isothermal magnetic entropy change, 

∆SM, can be calculated by applying the Maxwell equation based on the measurement of isothermal 

M-H curves. 
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∆SM = - ∫H (𝜕M/𝜕T)H dH 

where T, H SM, and M represent the temperature, applied magnetic field, the material magnetic 

entropy, and magnetization of the system, respectively.  

 

 

Figure 4.6 Isothermal magnetic entropy changes for (a) GdNiAl2 (b) GdCo0.5Ni0.5Al2, (c) 

GdCo0.75Ni0.25Al2, (d) GdCoAl2 for magnetic changes of μоΔH = 2 T and 5 T. 

 

The resulting -∆SM vs. T plots with the magnetic field changes up to 0-2 T and 0-5 T are displayed 

in Figures 4.6a-d, 4.7e-h, and 4.8i-l. For the magnetic field changes of 0-2, and 0-5 T, the values 

of -∆SM
max evaluated are shown in table 4.3a and 4.3b. It can be observed from the -∆SM

max that 

the entropy values at both 2 and 5T start to decrease with the introduction of Co. This de-crease in 

the -∆SM can be attributed to the decrease in the magnetic saturation value (since the magnetic 

entropy depends on the magnetic magnetization value) as shown in figure 4.9a. 
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Figure 4.7. Isothermal magnetic entropy changes for (e) GdCo0.25Ni2.5Al0.25, (f) GdCo0.5Ni2Al0.5, 

(g) GdCoNiAl, (h) GdCo1.5Ni0.5Al, for magnetic changes of μоΔH = 2 T and 5 T. 

 

The Unit cell volume dependence of the Magnetic entropy change for the GdNi3-x-yCoxAly 

compounds is shown in figure 4.9b. One can see a drastic decrease in the magnetic entropy value 

as the cobalt content increases. This behavior can be related to the randomly aligned atoms due to 

an increase in the unit cell volume from GdNiAl2 (286.7 Å3) to GdCo2Ni0.5Al0.5 (414. 6 Å3). This 

random alignment of the magnetic spins causes loss in magnetic entropy, which is emanating from 

the energy needed to realign the magnetic spins by the field. Interestingly, the -∆SM(T) for most 

of the compounds spanned a wide range of temperatures. Such MCE characteristics are crucial for 

practical applications. 

Large values of the RCP in J/kg at ∆H = 0-5T calculated for these compounds are shown 

in table 4.3a and 4.3b respectively. The RCP values obtained for GdNiAl2 and GdCoNiAl are  
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Figure 4.8. Isothermal magnetic entropy changes for (i) GdCoNi1.5Al0.5, (j) GdCo2Al, (k) 

GdCo1.5NiAl0.5 and (l) GdCo2Ni0.5Al0.5 for magnetic changes of μоΔH = 2 T and 5 T. 

 

 

 

Figure 4.9. (a) Change of magnetic entropy and saturated magnetization versus the Co-

concentration, (b) change of magnetic entropy versus the unit cell volume for the GdCoxNi3-xAly 

compounds. 
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greater than the best magnetocaloric prototype materials such as Gd5Si2Ge2 and Gd with an RCP 

of 440 J/kg and 400 J/kg respectively .17Due to the large RCP values for most of the compounds 

over a wide range of temperature, they can be considered as potential candidates for magnetic 

cooling technology. These values are comparable to other Gd-Ni-Al and Gd-Co-Al compounds, 

as shown in Table 4.3. 

 

Table 4.3a. The TC, −ΔSM
max, and RCP for ΔH = 0–5 T for GdNi3-x-yCoxAly and some recently 

reported magnetocaloric materials 

                    Compound                        TC (K)       -∆SM         RCP(Jkg-1)       Ref 

                     GdNiAl2                             32            16.0              492           This work 

GdCo0.5Ni0.5Al2                 110            9.9               261           This work 

GdCo0.75Ni0.25Al2                     137            7.9               320           This work 

                     Gd3Ni8Al                           62              11.0             480            18 

                     GdNiAl                              66              10.6            460             19 

                     GdCoAl2                            79              11.2             268            This work 

                     GdCo0.25Ni2.5Al0.25             93              6.6               331            This work 

 

Table 4.4b. The TC, −ΔSM
max, and RCP for ΔH = 0–5 T for GdNi3-x-yCoxAly and some recently 

reported magnetocaloric materials 

                    Compound                     TC (K)       -∆SM         RCP(Jkg-1)       Ref 

                     GdCo0.5Ni2Al0.5             91                7.7            263               This work 

                     GdCoAl                        100               10.4             -                 20 

                    GdCoNiAl                     100               5.83            676             This work 

                    GdCo1.5Ni0.5Al              123               5.88            230              This work 

                    GdCoNi1.5Al0.5              157               4.1               362             This work 

                    GdCo2Al                       188                4.0              163              This work 

                    GdCo1.5NiAl0.5              222               3.3              100               This work 

                    GdCo2Ni0.5Al0.5            306                1.8               39               This work 
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4.3.5 Magnetoresistance of GdCo2Al 

 Corroborating the magnetic properties of GdCo2Al, the temperature dependence of the 

electrical resistivity ρ(T) was measured at different fields from room temperature down to T = 2 

K. The temperature-dependent ρ(T) of the GdCo2Al at both 0 and 7 T (Fig. 4.10) decrease linearly 

with decreasing temperature, typical behavior for metallic compounds. Interestingly, two upturns 

were observed at (50, 250 K) and (100, 250 K) for 0 T and 7 T respectively. The anomaly at these 

temperatures at not seen in our magnetic measurement (figure 4.3b). A small negative 

magnetoresistance effect of MR = 0.8% in a 7 T field at 2 K is observed, as shown in the inset to 

Figure 4.10, consistent with partial suppression of the spin scattering term.    

 

 

Figure 4.10. Resistivity as a function of temperature at 0 and 7T applied magnetic fields for 

GdCo2Al. Inset magnetoresistance as a function of applied field at 2K. 

4.4 Conclusion 

A new system of intermetallic compounds GdNi3-x-yCoxAly has been studied. The influence 

of partial substitution of Ni and Al by Co in GdNi3-x-yCoxAly on the MCEs, magnetic phase 

transitions, magnetic properties, and crystal structure were investigated. The experimental results 

show that with the exception of GdCoAl2 (cubic, Fd-3m), Cmcm (GdCo0.5Ni0.5Al2, 

GdCo0.75Ni0.25Al2), all the compounds adopt the hexagonal (P6/mmc) space group. The unit cell 

parameters for the hexagonal based compounds increases with increasing Co concentration. A 
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magnetic PM to FM transition was found, which was characterized by rare-earth-transition metal 

exchange interactions (Gd-Co/Ni) interaction. The curie temperature TC increased on increasing 

Co concentration which is due to the reduction in the VEC at the transition metal magnetic centers.  

The saturation magnetization value decreased with increasing the Co concentration 

indicating the compound GdNi3-x-yCoxAly possesses ferrimagnetic behavior, with the magnetic 

spins of Gd and Co-Ni sublattices ordering antiparallel to each other. Large values of magnetic 

entropy changes were observed near TC. The peak values of the magnetic entropy change in the 

vicinity of TC ΔH = 0–5 T were found to decrease from 15.8 to 1.8 J kg-1K-1 for GdNiAl2 to 

GdCo2Ni0.5Al0.5 respectively. Large values of the RCP = 492 and 676 J/kg were found 

corresponding to the compounds GdNiAl2 and GdCoNiAl, respectively, with ∆H = 0-5T. Some of 

the values obtained are comparable to the best magnetocaloric prototype materials such as 

Gd5Si2Ge2 and Gd with an RCP of 440 J/kg and 400 J/kg respectively. This suggests that GdNi3-

x-yCoxAly may be considered as a potential candidate for the magnetic refrigerant. 
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 MAGNETOCALORIC EFFECT (MCE) AND 

MAGNETIC PROPERTIES OF GdNiGa2 AND THE CO-DOPED 

GADOLINIUM NICKEL GALLIDES (GdNi3-x-yCoxGay) 

The studies described in chapter four focused on the magnetocaloric and structural 

properties of GdCoxNi3-x-yAly. Most importantly, we have examined the effect of Co substitution 

in the Ni/Al sublattice on the magnetocaloric, magnetic, and structural properties of GdNiAl2 

material. One thing that is clear from the chapter above is the drastic decrease in the magnetic 

entropy value as the cobalt content increases. This behavior can be related to the randomly aligned 

atoms due to an increase in the unit cell volume from GdNiAl2 (286.7 Å3) to GdCo2Ni0.5Al0.5 (414. 

6 Å3). In the present chapter, what we sort to do is to control the unit cell volume in GdCoxNi3-x-

yAly in order to mitigate the decrease in the MCE value.  In the present chapter, we describe the 

extension of these studies to the gallium (GdCoxNi3-x-yGax) analogs, in order to understand the 

influence of changes in the unit cell volume and magnetocaloric properties. In the case of the 

(GdCoxNi3-x-yGax) system, Ga has metallic radius (rGa = 1.35 Å) smaller than that of Al (rAl = 

1.43 Å), which minimizes the unit cell volume effects. 

5.1 Introduction 

Conventional gas expansion/compression refrigeration technology is the leading cooling 

application in modern society today.1-2 However, the compressing and expanding processes based 

on gas expansion/compression has environmental and energy efficiency drawbacks.3-4 A 

promising alter-native technology (Magnetic refrigeration) based on the MCE provides an 

alternative for cooling technology applications with high energy efficiency, environmental 

friendliness and low power consumption advantages.5-11 To be an alternative to the conventional 

gas compression/expansion refrigeration devices and to replace it in the immediate future, 

magnetic cooling systems require materials with improved magnetocaloric properties.12-16 The 

MCE is intrinsic to all magnetic materials; however, the magnitude of the MCE depends on the 

properties of the respective magnetic material and how strongly their magnetic spins are attracted 

to the magnetic field applied. 

The magnetocaloric properties of many rare-earth based intermetallic systems have been 

comprehensively studied over the last three decades, targeting not only an application in the field 
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of this technology but also expanding the basic understanding of the behaviors of these materials.17-

18 The most popularly known examples are the Gd5Si2Ge2, MnFePAs, MnAs, NiMnSn, and LaFeSi, 

etc.19-26 This technology has extended functionality for ultra-low temperature in various cryogenic 

applications such as cryogenic technology in space science, hydrogen gas liquefaction, and other 

fuel gases, etc. An example of such low temperature, MCE phases include ErCo2, TmZn, Gd2CuSi3, 

Ho5Pd2, Tb3Co, ErAl2, HoCuGe, Ho2Cu2Cd, etc.27-38 

To quantify the quality of a magnetocaloric material for sub-room temperature (250-290 

K) application, several indicators are of interest. The magnetic entropy change, which is usually 

estimated at different magnetic fields must be relatively high. Field changes of  0-2 T up to 0-5 T 

are utilized depending on the application.39 In addition, the RCP is estimated, which is a measure 

of the amount of heat transferred from the hot to the cold sinks and vice versa in one 

thermodynamic cycle of a magnetic refrigerator and must also be large. Thus, a large entropy 

changes in a wide temperature range is required.40 Heat capacity (CP) is also another parameter, a 

low amount of it is needed since a high amount of it increases the thermal load and large energy 

would be needed to heat the sample itself, which will result in an entropy loss. 

The ternary intermetallic RTAl2,
41-49 RTGa2

50-57and RTIn2
57-77 and RTTl2

78-80(R-rare earth, 

T = Ni, Cu, Pt, Pd) compounds have been studied extensively over the course of the last 10−20 

years, with a focus on their physical properties. These group of compounds adopts the MgCuAl2-

type structure with an orthorhombic, Cmcm space group.81-82 The RNiAl2 are the most investigated 

due to their exotic magnetic and interesting magnetocaloric properties they show. Complex 

magnetic behaviors and low transition temperatures (Gd = 28 K, Tb = 11.7, 20 K, Ho = 7.8 K, Er 

= 5.1 K, Tm = 2.4/4.0 K), were observed in these materials. The magnetic and magnetocaloric (-

∆SM = 16.0 Jkg−1K−1, 5 T) properties of the GdNiAl2 compound was studied. The magnetocaloric 

properties of the TbNiAl2 with an entropy value of 13.8 Jkg−1K−1 was obtained. In addition, the 

magnetocaloric effect of HoNiAl2 (-∆SM = 14.0 Jkg−1K−1, 5 T), ErNiAl2 (-∆SM = 21.2 Jkg−1K−1, 5 

T) and TmNiAl2 (-∆SM = 20.7 Jkg−1K−1, 5 T) was recently discovered.83-84 

In contrast, the magnetocaloric properties of the gallides, indides, and thallides analogs 

have not yet been studied to the best of our knowledge. Here, we report on the investigations of 

the magnetic and the magnetocaloric properties of GdNiGa2 and its Co substituted (GdNi3-x-

yCoxGay) variants. 
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5.2 Experimental details 

5.2.1 Synthesis 

General Details. The following reagents were used as received: Finely dispersed powder 

of gadolinium (Alfa Aesar, 99.9%), Gallium ingot (Alfa Aesar, 99.9%), cobalt powder (Alfa 

Aesar, 99.9%) and nickel powder (Alfa Aesar, 99.9%). All manipulations during sample 

preparation were carried out in an argon-filled glovebox (content of O2 < 0.5 ppm). 

Synthesis of GdNi3-x-yCoxGay. The stoichiometric amounts of all the compounds with a 

purity of 99.9% on a water-cooled copper crucible, were prepared in a high-purity argon 

atmosphere by arc-melting. The GdNi3-x-yCoxGay compounds were prepared by arc-melting of 

stoichiometric amounts of Gd, Co, Ni, and Ga. The loss in weight was less than 1%. Each 

compound was re-melted several times to ensure compositional homogeneity. The samples were 

placed in carbon-coated quartz tubes, sealed and annealed at 1123K (GdNiGa2), 1173K 

(GdCo0.25Ni2.5Ga0.25) and 1223K (GdCo0.5Ni2Ga0.5 GdCoNiAl, GdCo1.5Ni05Ga, GdCoNi1.5Ga0.5 

GdCo2Ga, GdCo1.5NiGa0.5, and GdCo2Ni0.5Ga0.5)  for 7days in an argon atmosphere and 

subsequently quenched in air. 

5.2.2 Physical property Measurements  

Magnetic measurements of GdNi3-x-yCoxGay, was carried out on a Quantum Design 

Magnetic Property Measurement System using the Quantum Design superconducting quantum 

interference device (SQUID) magnetometer option and the Physical Property Measurement 

System (PPMS), respectively. Both field cooled (FC) and zero-field cooled (ZFC) measurements 

have been performed in the 2-400 K temperature range of with an applied field up to 0.01 T. Field-

dependent magnetization measurements were performed at 2 K and above room temperature. 

5.2.3 Structure Determination 

Powder X-ray diffraction (PXRD) measurements were carried on the powdered samples of 

GdNi3-x-yCoxGay using a PANalytical Empyrean X-ray Powder Diffractometer operating at 45 

kV/40 mA with (Cu Ka1, λ = 1.540598) radiation. The lattice parameters and crystal structure of 

the samples were analyzed by Rietveld refinement using the FULLPROF software. 
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5.2.4 Energy dispersive X-ray Fluorescence (EDXRF) Data 

Energy dispersive X-ray fluorescence (EDXRF) data were collected on the polycrystalline 

samples using a Malvern Panalytical Epsilon4 X-ray fluorescence spectrometer equipped with a 

15 W silver anode X-ray tube, a ten-sample changer, and helium gas flush option, and an energy 

dispersive silicon drift detector.  

Samples were packed as powders into XRF cups of appropriate sizes using either 4 µm 

polypropylene (“prolene”) or 3.6 µm mylar foil. Prior to data collection, a recalibration standard 

based on elements Al, Ca, Fe, K, Mg, Na, P, S and Si (“Omnian Monitor”) was measured for drift 

correction in the soft X-ray region. Data were collected using the Epsilon software1) employing 

the “Omnian” data collection procedure. Data were collected with six different acceleration 

voltages between 5 and 50 kV and varying thickness Ti, Al, Cu and Ag filters. Currents were set 

automatically so that the detector dead time does to not exceed 50% (to avoid excessively large 

escape and sum peaks), or to the maximum tube power of 15W. Data were analyzed using the 

standardless Omnian procedure, with data processing parameters being defined prior to analysis 

for each type of sample using the Epsilon Dashboard software.2) After automatic quantification, 

spectra were visually inspected for miss-assigned peaks and elements were removed or added as 

required before final reanalysis. Data are reported in weight % or weight ppm.  

5.3 Results and Discussion 

5.3.1 Structural Characterization 

 The PXRD patterns of RNiGa2 and GdNi3-x-yCoxGay compounds shown in Fig. 5.1a-b 

were obtained at room temperature and then fitted by the Rietveld refinement method. Refinement 

results indicate that the GdNiGa2 and GdNi3-x-yCoxGay adopt the orthorhombic (Cmcm) MgCuAl2-

type and hexagonal (P63/mmc) CeNi3-type structure.  Bragg peaks corresponding to impurity 

phases were observed for some of the compounds (Fig. D.1). The chemical composition of 

GdNiGa2 and GdNi3-x-yCoxGay compounds was examined by Energy dispersive X-ray 

Fluorescence (EDXRF). Analysis of the result shows that the ratio of Gd, Co, Ni and Ga atoms for 

all the compounds are close (Table 2) to the nominal chemical composition. The lattice cell 

parameters of all the compounds listed in Table 1, were extracted from the refinement of the 

powder X-ray diffraction data. Figure 2 depicts the trend of the unit cell volumes, which increases 
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with increasing Co concentration due to different covalent radii for the transition metals. 

GdCoNiGa, GdCo1.5Ni0.5Ga, and GdCo2Ga compounds were not included in figure 2 for the 

purpose of clarity. The exclusion was due to higher Ga concentration: larger covalent radius of Ga 

compares to the transition metals. The GdNiGa2 compound was also not included due to different 

structure; hence different atoms per unit cell. 

 

 

Figure 5.1. Rietveld refinement of the powder X-ray diffraction patterns of (a) GdNiGa2, (b) 

GdNi3-x-yCoxGay. 

 

Table 5.1. Lattice parameters from Rietveld refinements of the powder X-ray diffraction data of 

GdNiGa2 GdNi3-x-yCoxGay 

                Compound                       a/Å           c/Å            V/Å3          Structure 

                GdNiGa2                          4.13            4.06          292.9         Cmcm 

                GdCo0.25Ni2.5Ga0.25              5.033          16.34         358.6        P63/mmc 

                GdCo0.5Ni2Ga0.5              5.084          16.39         366.8        P63/mmc 

                GdCoNiGa                       5.102          16.35         368.0        P63/mmc 

                GdCo1.5Ni0.5Ga                5.171          16.33         378.2        P63/mmc 

                GdCoNi1.5Ga0.5                5.094          16.40         368.5        P63/mmc 

                GdCo2Ga                         5.169          16.39         377.8         P63/mmc 

                GdCo1.5NiGa0.5                5.098          16.40         369.2         P63/mmc 

                GdCo2Ni0.5Ga0.5              5.103           16.41         370.1        P63/mmc 
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5.3.2 Magnetic Properties of GdNi3-x-yCoxGay phases 

FC-ZFC data have been obtained for the polycrystalline samples of GdNiGa2 and the 

GdNi3-x-yCoxGay series. The temperature dependence of the magnetic susceptibility plot for all the 

compounds is shown in Figure 5.3a-b. All the transition temperatures were determined at the 

inflection point of the FC magnetic susceptibility curve at 0.01 T. The GdNiGa2 (Figure 5.3a) 

exhibits an anti-ferromagnetic (AFM) behavior with a Neel temperature of TN = 19.8 K. The 

effective magnetic moment (μeff) obtained experimentally is 9.56 μB/fu which larger than the 

theoretical values of μcalc = 7.94 μB for a free Gd3+ ion. Hence, the Ni contributes substantially to 

the magnetic behavior of GdNiGa2. Negative paramagnetic Weiss constant (θp) of -20 K was 

obtained indicating dominant anti-ferromagnetic interactions in the paramagnetic region. 

All the compounds in the GdNi3-x-yCoxGay series, however, show two successive magnetic 

transitions in the magnetic susceptibility curves which correspond to FM to PM transitions and 

FM to FM transition except for GdCo2Ga and GdCo0.25Ni2.5Ga0.25 which exhibit only an FM to PM 

transition (Figure 5.3b). The major transition temperatures are listed in table 5.3. These values, 

however, increase with increasing Co content as shown in Table 5.3. The remaining transitions 

which are due to impurities (Appendix Fig. D.1 and D.2) are shown in fig. 5.3b. The effective 

magnetic moment per formula unit obtained using the temperature dependence of the reciprocal 

magnetic susceptibility curve of GdNi3-x-yCoxGay is listed in table 5.4. 

 

Table 5.2. Elemental composition of GdNiGa2 and GdN3-x-yCoxGay series from Energy 

Dispersive X-ray Fluorescence analysis (EDXRF). 

                                           Nominal Chemical                            XRF 

                                           Composition                                     Composition  

                                           GdNiGa2                              Gd1.13Ni1.05Ga1.82 

                                           GdCo0.25Ni2.5Ga0.25               Gd1.01Co0.26Ni2.42Ga0.31 

                                           GdCo0.5Ni2Ga0.5                   Gd1.01 Co0.53Ni2.01Ga0.46 

                                           GdCoNiGa                            Gd1.02Co1.09Ni1.00Ga0.88 

                                           GdCo1.5Ni0.5Ga                     Gd1.08Co1.61Ni0.52Ga0.80 

                                           GdCoNi1.5Ga0.5                     Gd1.01Co1.08Ni1.45Ga0.46 

                                           GdCo2Ga                               Gd1.03Co2.13Ga0.84       

                                           GdCo1.5NiGa0.5                     Gd0.99Co1.56Ni0.99Ga0.46 

                                           GdCo2Ni0.5Ga0.5                    Gd0.98Co2.07Ni0.50Ga0.46 
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Figure 5.2. Variation of unit cell volume of the GdCo0.25Ni2.5Ga0.25, GdCo0.5Ni2Ga0.5, 

GdCoNi1.5Ga0.5, GdCo1.5NiGa0.5 and GdCo2Ni0.5Ga0.5 as a function of the Co concentration. 

 

All the effective magnetic moment values are higher than the theoretical effective moment value 

of 7.94 μB. of free Gd3+ ion. This suggests a significant contribution from the transition metal 

magnetic sublattices. The paramagnetic Weiss constant for all the compounds obtained is in line 

with the ferromagnetic nearest-neighbor dominant interactions (Table 5.3). The values of the 

paramagnetic Weiss constant, however, increases with increasing Co content. 

 
Figure 5.3. Magnetic susceptibility of (a) GdNiGa2, (b) GdNi3-x-yCoxGay series, measured under 

the field of 0.01 T. 
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Table 5.3. Magnetic Properties of GdNiGa2 and GdNi3-x-yCoxGay Compounds: TC, Curie 

Temperature; θ, Paramagnetic Weiss Temperature.   

                                    Compound                       Tc, (K) θ, (K) 

                                    GdNiGa2                           19.75                -20            

                                    GdCo0.25Ni2.5Ga0.25           98.0                   108             

                                    GdCo0.5Ni2Ga0.5               94.2                    93             

                                    GdCoNiGa                      165.0                  213                  

                                    GdCo1.5Ni0.5Ga                169.0                 132               

                                    GdCoNi1.5Ga0.5               154.0                  177                

                                    GdCo2Ga                         245.0                 235              

                                    GdCo1.5NiGa0.5               230.0                  263              

                                    GdCo2Ni0.5Ga0.5              306.0                 356             

   

Figure 5.4 depicts the field dependence of magnetization recorded at 2 K under an applied 

magnetic field of −7 to +7 T. No hysteresis was observed for all the compounds during 

measurements of the field-dependent magnetization. With the exception of GdNiGa2 which shows 

a typical AFM (Figure 5.4a) curve with magnetization saturation (μsat) of 3.58 μB, the rest of the 

compounds (GdNi3-x-yCoxGay) series exhibit a ferromagnetic behavior as plotted in (Figure 5.4b). 

The saturation magnetization values at 2 K and 7 T exhibits a decreasing trend with increasing Co 

content as depicted by Figure 5.5. The values are greater (GdCo0.25Ni2.5Ga0.25, GdCo0.5Ni2Ga0.5, 

GdCoNiGa, GdCo1.5Ni0.5Ga) and lower (GdCoNi1.5Ga0.5, GdCo2Ga, GdCo1.5NiGa0.5, 

GdCo2Ni0.5Ga0.5) than the expected value of μsat, theo/Gd3+ = 7 μB according to gJ × J. The deviation 

of the μsat values from the ideal 7 μB/Gd3+, suggest a large contribution from the Co spins to the 

overall magnetic moment. The results of magnetization measurements of the GdNi3-x-yCoxGay are 

summarized in Table 5.4. 
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Figure 5.4. Field dependence of magnetization for (a) GdNiGa2 and (b) GdNi3-x-yCoxGay at 2 K. 

 

Table 5.4. Magnetic Properties of Compounds of GdNi3-x-yCoxGay: μeff, Effective Magnetic 

Moment; μsat, Saturation Magnetization at 2 K and 7 T; TC, Curie Temperature. 

                                  Compound                      Meff/fu             Msat/fu            Tc 

                                                                            (µB)                 (µB)              (K) 

                                GdCo0.25Ni2.5Ga0.25          8.29                    7.27              98.0 

                                GdCo0.5Ni2Ga0.5               12.01                  7.20              94.2 

                                GdCoNiGa                       7.98                    7.34              165.0     

                                GdCo1.5Ni0.5Ga                12.03                  7.11              169.0  

                                GdCoNi1.5Ga0.5                10.91                  6.75              154.0   

                                GdCo2Ga                          8.19                   6.49              245.0 

                                GdCo1.5NiGa0.5                10.20                  6.12             230.0 

                                GdCo2Ni0.5Ga0.5               9.71                    5.69             306.0 
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Figure 5.5. Saturation magnetic moments Msat measured at 2 K for the GdNi3-x-yCoxGay 

compounds as a function of the Co concentration. 

5.3.3 Magnetocaloric effect of GdNi3-x-yCoxAly phases 

 The magnetocaloric properties were investigated for GdNiGa2 and GdNi3-x-yCoxGay 

series by measuring several magnetization isotherms with increasing magnetic field at different 

temperatures around the vicinity of the transition temperature. 

  

 
Figure 5.6. (a) Selected magnetization isotherms for GdNiGa2, measured between 11 and 47 K. (b) 

Magnetic entropy change of GdNiGa2 for a ΔH = 0-2 T. 
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Figure 5.7. Temperature dependence of the magnetic entropy change ΔSM of (a) 

GdCo0.25Ni2.5Ga0.25, (b) GdCo0.5Ni2Ga0.5, (c) GdCoNiGa (d) GdCo1.5Ni0.5Ga compounds. 

 

Figure 5.6 depicts selected magnetization isotherms between 15-47 K and Temperature 

dependence of the magnetic entropy change ΔSM of GdNiGa2. The isothermal magnetization curve 

conforms with the AFM behavior described above. The ΔSM values were estimated using the 

Maxwell thermodynamic equation: ∆SM = - ∫H (𝜕M/𝜕T)H dH,  for magnetic field changes of 0-2, 

0-3, 0-4  and 0-5 T. The calculated entropy change for GdNiGa2 reaches an of 2.25 J kg−1 K−1, at 

23 K. The introduction of Co leads to a change in both the structure and magnetization, as indicated 

above.  
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Figure 5.8. Temperature dependence of the magnetic entropy change ΔSM of (a) GdCoNi1.5Ga0.5, 

(b) GdCo2Ga, (c) GdCo1.5NiGa0.5 (d) GdCo2Ni0.5Ga0.5 compounds. 

 

Figure 5.7a-d and 5.8a-d shows the calculated magnetic entropy changes −ΔSM of GdNi3-x-yCoxGay 

for magnetic field changes of 0-2, 0-3, 0-4 and 0-5 T. All curves at the various applied fields show 

a maximum of the ΔSM near the major transition temperatures, in line with the susceptibility 

measurement. The extracted maximum magnetic entropy change values for field changes of ΔH 

0-2, 0-3, 0-4, and 0-5 T are listed in Table 5.5. From this table, one can see a decrease in the 

entropy values as the Co content increases. Increasing magnetic disorder in the magnetic 3d 

sublattice may be responsible for this behavior. Thus, the 3d-itinerant electrons most of all 

contribute to the MCE in the GdNi3-x-yCoxGay series. Similar behavior was observed in the 

(Gd(Ni1-xTx)3; T = Co, Fe) compounds.85-87 Figure 5.9a-b depicts the magnetic entropy dependence 

on the magnetization (magnetic saturation) and the unit cell volume. It is clear from Figure 5.9a 



 

 

96 

that the entropy increases with increasing saturation magnetization. This can be best explained by 

the Maxwell equation mentioned above, which shows a strong correlation between the entropy 

and the magnetization. In addition, the magnetic entropy change decreases with increasing unit 

cell volume (Figure 5.9b).  This could be attributed to the magnetic entropy loss which is 

emanating from the energy required to realign the magnetic spins by the applied magnetic field 

due to increasing volume. 

The values of the RCP calculated for GdNi3-x-yCoxGay series are shown below in table 5.5. 

These values are low compared to MCE materials like GdNiAl2 (492 J kg-1) studied in chapter 4. 

They are, however, compared to known MCE materials such as Gd5Si2Ge2 (440 J kg-1). 

 

Table 5.5. Maximum of the Magnetic Entropy Change at various applied magnetic fields, the 

RCP, Relative Cooling Powder calculated at 0-5 T. 

                   Compound                              -∆SM (J kg−1 K−1)                          RCP(Jkg-1) 

                                                    ∆H =   0-2 T       0-3 T    0-4 T    0-5 T                        

                  GdNiGa2                                                                        2.25                    

                  GdCo0.25Ni2.5Ga0.25               2.29        3.34       4.34      5.31              344              

                  GdCo0.5Ni2Ga0.5                   2.28        3.32       4.29      5.21               272             

                   GdCoNiGa                          0.94        1.37       1.78      2.19               400              

                  GdCo1.5Ni0.5Ga                    1.38        1.95        2.49     2.96               198               

                  GdCoNi1.5Ga0.5                    1.31        1.94        2.53     3.09               134                    

                  GdCo2Ga                             1.36        1.87        2.34     2.77                426                

                  GdCo1.5NiGa0.5                    0.87        1.28       1.69      2.06                96                 

                  GdCo2Ni0.5Ga0.5                  0.80         1.14       1.47      1.78                91                   
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Figure 5.9. The change of magnetocaloric effect at 0-5 T versus (a) saturation magnetization at 2 

K and (b) the volume of the unit cell, for some selected phases. 

5.4 Conclusion 

In this chapter, we have demonstrated that replacing Al with Ga in (GdNi3-x-yCoxAly) with 

different metallic radius (Al = 1.43 Å, Ga = 1.35 Å) leads to a drastic modification of the unit cell 

volume, magnetic and magnetocaloric properties, attributed to the local environment of Gd and 

(Co/Ni).  As expected for the GdNi3-x-yCoxGay series, the unit cell volumes increase almost linearly 

from GdCo0.25Ni2.5Ga0.25 to GdCo2Ni0.5Ga0.5 compounds, attributed to the larger size of Co. As 

reported for the first time in this work, the GdNiGa2 orders antiferromagnetically with TN = 19.75 

K. In the series GdNi3-x-yCoxGay, a linear (almost) increase of the ferromagnetic ordering 

temperatures with increasing Co content is observed. Upon investigation of the magnetocaloric 

properties, a maximum magnetic entropy change of −ΔSM
max = 2.25, 5.31, 5.21, 2.19, 2.96, 3.09, 

2.77, 2.06 and 1.78 J kg-1 K-1 for the field changes of ΔH = 5 T for GdNiGa2, GdCo0.25Ni2.5Ga0.25, 

GdCo0.5Ni2Ga0.5, GdCoNiGa, GdCo1.5Ni0.5Ga, GdCoNi1.5Ga0.5, GdCo2Ga, GdCo1.5NiGa0.5, and 

GdCo2Ni0.5Ga0.5 respectively was observed. The decrease in entropy value of the GdNi3-x-yCoxGay 

series can be attributed to the reduced saturation magnetization and increasing volume of the unit 

cell observed in the M(H) and volume-dependent curves, respectively. The RCP values are low 

compared to MCE materials like GdNiAl2 (492 J kg-1) studied in chapter 4 and are, however, 

compared to know MCE materials such as Gd5Si2Ge2 (440 J kg-1). 
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 CONCLUSIONS AND FUTURE WORK 

The goal of this dissertation was to reveal the effect of valence electron perturbation at the 

Fermi level on the structural, magnetic, magnetocaloric, and transport properties of selected rare-

earth transition metal-based intermetallic systems. To achieve this goal, we have carried out the 

synthesis of R-T-Al (R = Gd, Tb, Dy, Ho; T = Cr, Zn), GdNi3-x-yCoxAly and GdNi3-x-yCoxGay and 

established correlations between their crystal structures, magnetocaloric, transport and magnetic 

properties. Previously studied RTAl (R = Gd, Tb, Dy, Ho; T = Cu, Ni, Co, Fe, Mn) shows the 

interdependence of the structural and magnetic properties on the valence electron concentration 

(VEC) of the transition metals at the Fermi level. Particularly, the studies saw an increase in 

transition temperature from 82 K of GdCuAl to 274 K of GdMnAl and are attributed to the 

decrease in the VEC from Cu to Mn. We, therefore, hypothesized that further decrease in the VEC 

in Cr at the Fermi level would lead to an increase in the transition temperature in GdCrAl.   

The study of RCrxAl2-x and RZnAl phases in Chapters 2 and 3 indeed revealed diverse 

magnetic, magnetocaloric, and transport behavior of these systems, in contrast to the simple 

magnetic behavior of the other transition metal analogs. While the former adopts the MgCu2 cubic 

structure and exhibits a ferromagnetic transition at (16, 110, 190 and 271 K for Ho, Dy, Tb, and 

Gd), the latter crystallizes into the MgZn2 hexagonal phase with a Curie temperature of (20, 105, 

130 and 131 K for Ho, Dy, Tb, and Gd). The difference in their properties is attributed to the 

decrease in the valence electron concentration from Zn to Cr at the Fermi level. Although we have 

not been stoichiometrically synthesized the equimolar amount of Gd-Cr-Al, we established that 

substituting the larger Cr in GdTAl (T = Cu, Ni, Co, Fe, Mn) leads to an increase in the 

ferromagnetic transition temperature. Thus, in the series GdTAl (T = Zn Cu, Ni, Co, Fe, Mn, Cr) 

and GdCr0.4Al1.6, the transition temperature increased from 131 K for GdZnAl to 271 K for 

GdCr0.4Al1.6. The magnetocaloric effect in terms of the isothermal magnetic entropy change, ∆SM, 

was studied for RCrxAl2-x and RZnAl and compared to the other transition metal congeners. We 

observed a decrease in the magnetic entropy value from 20.5 for GdZnAl to 0.3 for GdCr0.45Al1.55, 

characterized by the increase in cell volume from GdZnAl (123.433 Å3) to GdCr0.45Al1.55 (490. 

365 Å3). 

Realizing that the changes in the VEC at the Fermi level dictate the observed changes in 

the magnetocaloric and magnetic behavior, we investigated the substitution of Co for Ni/Al in the 
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structure of GdNiAl2, keeping in mind that substituting Co for Ni particularly will lead to a 

decrease in the VEC hence increasing the transition temperature. GdNiAl2 is a known MCE 

material which exhibits an isothermal magnetic entropy change of ∆SM = 16.0 J kg-1 K-1 at TC = 

28K under a magnetic field change of 0-5 T. However, the low TC limits its application as a room 

temperature refrigerant. In Chapter 4, we described the study of GdNi1-xCoxAl2 (x = 0.5, 0.75, 1) 

and GdNi3-x-yCoxAly solid solutions, which revealed that these materials are characterized by a 

structural change from GdNi1-xCoxAl2 (Cmcm, orthorhombic) to GdNi3-x-yCoxAly (P63/mmc, 

hexagonal). We have observed an increase in the ferromagnetic transition temperature from 32 K 

of GdNiAl2 to 306 K of GdCo2Ni0.5Al0.5. Such an increase in transition temperature with Co 

content further supports our argument that decreasing VEC at the Fermi level can lead to an 

increase in transition temperature. Unfortunately, the increase in the Co content leads to a decrease 

in the magnetic entropy change from 15.8 J kg-1K-1 in GdNiAl2 to 1.8 J kg-1K-1 in GdCo2Ni0.5Al0.5 

for a field change of 0-5 T. This behavior is to (i) the change in structure from Cmcm to P63/mmc; 

(ii) reduced saturation magnetization value from 7.7 to 5.6 µB/f.u for GdNiAl2 and GdCo2Ni0.5Al0.5 

respectively (iii) increase in unit cell volume from GdNiAl2 (286.7 Å3) to GdCo2Ni0.5Al0.5 (414. 6 

Å3). 

The studies in chapter 5 describe the extension of our studies to the Ga (GdNiGa2 and 

GdCoxNi3-x-yGay) analogs of GdNiAl2 and GdCoxNi3-x-yAly. Interestingly, these structural 

modifications have a pronounced effect on the magnetic behavior. The Ga analogs exhibit complex 

magnetic behavior characterized by complex (multiple) magnetic transitions, as opposed to the 

rather simple magnetism of their Al congeners. While the GdNiAl2 exhibit a ferromagnetic 

behavior with a transition temperature of 32 K, the GdNiGa2 analog is antiferromagnetic with an 

ordering temperature of 19.8 K. Except for GdNiGa2, the GdNi3-x-yCoxGay solid solution, have a 

higher ordering temperature compared to their Al analogs. For example, GdCoNiGa and GdCo2Ga 

are FM with TC = 165 and 245 K respectively, in contrast, 102 and 188 K respectively for 

GdCoNiAl and GdCo2Al. We have also established that substituting Ga for Al leads to a decrease 

in the unit cell volume characterized by smaller metallic radius (rGa = 1.35 Å) compared Al (rAl 

= 1.43 Å). Though the unit cell volume of Ga containing series are smaller compared to the Al 

analogs, for which we expect a relatively larger magnetic entropy change, their entropies turns out 

to be much smaller. For example, GdNiGa2, GdCo0.25Ni2.5Ga0.25 and GdCo2Ga, has an entropy at 

0-5 T to be 2.25, 5.31 and 1.78 J kg-1K-1 as oppose to 15.8, 6.6 and 1.8 J kg-1K-1 for GdNiAl2, 



 

 

106 

GdCo0.25Ni2.5Al0.25 and GdCo2Al. This is attributed to the decrease in the saturation magnetization 

value due to the antiferromagnetic behavior in the parent compound GdNiGa2. Although all the 

Ga phases studied have low MCE values compared to the Al analogs, their higher transition 

temperatures make them potential materials for magnetic refrigeration application. 

This work contributes to our understanding of magneto-structural correlations in rare earth 

transition metal systems, particularly, rare earth transition metal icosagenides. Further studies will 

be performed to unravel the exact nature of magnetic transitions and magnetically ordered states 

in many of these compounds, specifically, the multiple transitions in the GdNi3-x-yCoxGay solid 

solutions. Such complicated systems require a combination of various methods, including 

magnetic and heat capacity measurements, X-ray magnetic circular dichroism, and high- 

temperature X-ray and neutron diffraction measurements. Finally, the plethora of magnetic 

behavior of RCrxAl2-x phases opens a new avenue in the synthetic exploration of the other early 

transition metal (V, Ti, Sc) congeners.     
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APPENDIX A. FIGURES FROM CHAPTER 2 

 

Figure A.1. Rietveld refinement of the powder X-ray diffraction patterns of (a) TbZnAl, (b) 

DyZnAl, (c) HoZnAl (d) TbCr0.4Al1.6, (e) DyCr0.4Al1.6 and (f) HoCr0.4Al1.6. 
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APPENDIX B. FIGURES FROM CHAPTER 3 

 

Figure B.1. Rietveld refinement of the powder X-ray diffraction patterns of (a) GdCr0.2Al1.8, (b) 

GdCr0.3Al1.7 and (c) GdCr0.4Al1.6 and (d) GdCr0.45Al1.55 compounds 
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APPENDIX C. FIGURES FROM CHAPTER 4 

 

Figure C.1. Rietveld refinement of the powder X-ray diffraction patterns of (a) GdNiAl2, (b) 

GdCo0.5Ni0.5Al2, (c) GdCo0.75Ni0.25Al2, (d) GdCoAl2, (e) GdCo0.25Ni2.5Al0.25, (f) GdCo0.5Ni2Al0.5 
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Figure C.2. Rietveld refinement of the powder X-ray diffraction patterns of (g) GdCoNiAl, (h) 

GdCo1.5Ni05Al, (i) GdCoNi1.5Al0.5, (j) GdCo2Al, (k) GdCo1.5NiAl0.5 and (l) GdCo2Ni0.5Al0.5. 
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Figure C.3. Temperature dependence of zero-field cooled (ZFC) and field cooled (FC) magnetic 

susceptibilities of (a) GdNiAl2, (b) GdCo0.5Ni0.5Al2, (c) GdCo0.75Ni0.25Al2, (d) GdCoAl2, (e) 

GdCo0.25Ni2.5Al0.25 and (f) GdCo0.5Ni2Al0.5 compounds in applied field of 0.01 T. 
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Figure C.4. Temperature dependence of zero-field cooled (ZFC) and field cooled (FC) magnetic 

susceptibilities of (g) GdCoNiAl, (h) GdCo1.5Ni0.5Al0.5, (i) GdCoNi1.5Al0.5, (j) GdCo2Al, (k) 

GdCo1.5NiAl0.5 and (l) GdCo2Ni0.5Al0.5 compounds in applied field of 0.01 T. 
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Figure C.5. Field dependence of magnetization for (a) GdNiAl2, (b) GdCo0.5Ni0.5Al2 (c) 

GdCo0.75Ni0.25Al2 (d) GdCoAl2, (e) GdCo0.25Ni2.5Al0.25 and (f) GdCo0.5Ni2Al0.5 compounds at 2 K 

in fields up to 7 T. 
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Figure C.6. Field dependence of magnetization for (g) GdCoNiAl, (h) GdCo1.5Ni0.5Al0.5, (i) 

GdCoNi1.5Al0.5 , (j) GdCo2Al, (k) GdCo1.5NiAl0.5 compounds at 2 K and (l) GdCo2Ni0.5Al0.5 at 2, 

280, 320 K in fields up to 7 T. 
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APPENDIX D. FIGURES FROM CHAPTER 5 

 

Figure D.1. Rietveld refinement of the powder X-ray diffraction patterns of (a) GdNiGa2, (b) 

GdCo0.25Ni2.5Ga0.25, (c) GdCo0.5Ni2Ga0.5, (e) GdCo1.5Ni0.5Ga, (f) GdCoNi1.5Ga0.5 and (g) 

GdCo2Ga. 
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Figure D.2. Rietveld refinement of the powder X-ray diffraction patterns of (h) GdCo1.5NiGa, (i) 

GdCo2Ni05Ga0.5. 

 

 

Figure D.3. Temperature dependence of magnetic susceptibility for (g) GdCo2Ga, (h) 

GdCo1.5NiGa0.5, and (i) GdCo2Ni0.5Ga0.5 compounds in applied field of 0.01 T. 
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Figure D.4. Temperature dependence of magnetic susceptibility for (a) GdNiGa2, (b) 

GdCo0.25Ni2.5Ga0.25, (c) GdCo0.5Ni2Ga0.5, (d) GdCoNiGa, (e) GdCo1.5Ni0.5Ga and (f) 

GdCoNi1.5Ga0.5 compounds in applied field of 0.01 T. 
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Figure D.5. Linear fit of the inverse susceptibility to the Curie-Weiss law for (a) GdNiGa2, (b) 

GdCo0.25Ni2.5Ga0.25, (c) GdCo0.5Ni2Ga0.5, (d) GdCoNiGa, (e) GdCo1.5Ni0.5Ga and (f) 

GdCoNi1.5Ga0.5 compounds. 
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Figure D.6. Linear fit of the inverse susceptibility to the Curie-Weiss law for (g) GdCo2Ga, (h) 

GdCo1.5NiGa0.5, and (i) GdCo2Ni0.5Ga0.5 compounds. 

 

 

Figure D.7. Field-dependent magnetization of (b) GdCo0.25Ni2.5Ga0.25, (c) GdCo0.5Ni2Ga0.5 at 2 K. 
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Figure D.8. Field-dependent magnetization of (d) GdCoNiGa, (e) GdCo1.5Ni0.5Ga (f) 

GdCoNi1.5Ga0.5, (g) GdCo2Ga, (h) GdCo1.5NiGa0.5, and (i) GdCo2Ni0.5Ga0.5 compounds at 2 K. 


