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Abstract 

The langasites are a class of geometrically frustrated compounds with the formula A3XY3Z2O14  

where A,X,Y,Z are cationic sites and site A is occupied by a magnetic ion. The interactions of 

the magnetic ions form a star shaped pattern called the Kagomé lattice. The langasites have been 

widely studied by the solid state community because of their functional properties such as 

piezoelectricity, multiferroicity, ferroelectricity, dielectricity and for use in the 

telecommunication industry. It was also realized that some langasite materials exhibit exotic 

magnetic ground states at low temperatures. A thorough understanding of their ground state is 

limited by the difficulty in synthesizing new members belonging to this series due to the 

formation of competing phases such as the garnets. In this study, four new magnetic langasites 

A3Ga3Ge2BeO14 (A= Pr, Nd, Sm and Eu) and a non-magnetic lattice standard La3Ga3Ge2BeO14 

were synthesized. These were further structurally characterized by powder X-ray diffraction, 

Rietveld refinement and bond valence analysis. Further characterization of the low-temperature 

magnetism was done by performing magnetization, magnetic susceptibility (field cooled and 

zero field cooled) and heat capacity measurements. The low temperature spin dynamics were 

probed using muon spin resonance performed at TRIUMF (Vancouver) and elastic and inelastic 

neutron scattering measurements performed at the DCS (NIST) and D7 (ILL). From all the 

above measurements it can be concluded that the new Be langasites exhibit net antiferromagnetic 

interactions at low-temperatures with clear signs of diffuse scattering for Nd3Ga3Ge2BeO14 using 

inelastic neutron scattering measurements. There was no evidence of magnetic long-range 

ordering down to as low as 0.025 K. Based on the obtained measurements these new Be-

langasite compounds can be classified as potential spin liquid candidates. 
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Chapter 1 

Introduction 

Part I 

1.1 Magnetism in everyday life 

Over the years, magnetic materials have impacted different aspects of human life starting from 

the marine compass to enhanced burglar alarms, microphones, and electric bells. Magnetic 

materials are currently being used to enhance the storage capacity in hard drives and in making 

energy efficient electronic devices like laptops and highly compact smart phones.  

In the future, superconducting magnetic materials can be used to bring down the cost of medical 

services like MRI (Magnetic Resonance Imaging) and NMR (Nuclear Magnetic Resonance 

spectroscopy). Thus, there is a need for further research and discovery of new magnetic materials 

which will enable one to explore the wide possibilities that are beyond reach at this time. 

1.2 Geometric frustration  

Geometric frustration is a phenomenon observed in certain magnetic materials due to the 

alignment of their spins. It results when the lattice geometry inhibits the formation of an ordered 

spin configuration at low temperatures. Thus the spins are unable to satisfy their local constraints 

and become frustrated [1]–[5]. The complex behaviour of antiferromagnetic interactions can be 

illustrated by three spins on a triangular lattice. At any given moment when two spins align anti 

parallel to each other, the third spin cannot lie antiparallel to the already aligned spins and thus is 

frustrated. Instead of forming a single ground state it usually forms degenerate multifold of 

ground states. This means that at any given time the system can exist in one of the six 

combinations of spins on the three vertices where all these states have equal energy. Another 
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example of geometric frustration can be observed in the case of a tetrahedron which is comprised 

of four edge-sharing equilateral triangles. In this case, only two neighbouring spin interactions 

can be satisfied at a time leading to geometric frustration (figure 1.1) [1]–[5]. 

The degenerate multifold ground states, which are a result of lattice geometry, leads to magnetic 

analogs of liquids and ices in solid state materials like the spin liquids. 

1.3 Spin Liquid 

When the zero point fluctuations are strong enough to prevent magnetic long range order because 

of the disordered state of spins, the system is said to exist in a spin liquid state. In these states the 

spins are highly correlated but do not order even when the temperature approaches 0 K [6]. The 

spins fluctuate strongly when being cooled and lead to the formation of a dynamic spin state 

which can be compared to liquid states of matter. At any given moment the spins exhibit short 

range ordering. This ordering, however, is not static. As the temperature is lowered, the thermal 

fluctuations decrease and the spins cannot flip-flop between different states anymore. Thus, 

either freezing of spins or magnetic ordering takes place. When the spins in question are small, 

however, fluctuations as a result of the quantum mechanical uncertainty principle persists down 

to low temperature. Experimentally, quantum spin liquids have certain features that separate 

them from other types of frustrated materials. Some of the features include no magnetic ordering 

down to 0 K, persistent spin fluctuations which can be seen by neutrons scattering, Nuclear 

Figure 1.1  The rise of geometric frustration in 2-D (a) and 3-D (b) lattices 

due to the alignment of Ising spins in antiferromagnetic ordering [5]. 
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Magnetic Resonance (NMR) and Muon Spin Relaxation (MSR) measurements, a T2 dependence 

on heat capacity for 2D quantum spin liquids and a negative Curie-Weiss temperature with a 

large magnitude [7]. The above mentioned experimental features have been observed in some 

Kagomé systems [8] and thus materials with a Kagomé network are promising quantum spin 

liquid candidates. 

1.4 The Kagomé Network 

The term Kagomé arises from a Japanese weaving pattern and 

resembles a star pattern as shown in figure 1.2. The corner 

sharing triangular lattice is stacked in two dimensions and the 

spins are positioned on the corners of these triangles.[1], [5], 

[9].   

Herbertsmithite (ZnCu3(OH)6Cl2)  is one of the most widely studied Kagomé networks which 

has shown evidence of a possible quantum spin liquid state [10], [11]. The copper atoms in a 

Herbertsmithite lie on the corners of the Kagomé triangles. Low temperature physical property 

measurements show no signs of magnetic ordering down to 0.050 K and a high coupling constant 

[12]. Some of the other compounds having the Kagomé lattice that have been previously studied 

are the Jarosite family. Two members of this family; KFe3(OH)6(SO4)2 and KCr3(OH)6(SO4)2 

[13], have an ideal Kagomé lattice and are well characterized. Another class of compounds with 

a Kagomé like lattice is volborthite Cu2V2O7(OH)2.2H2O [14] with S=1/2 that has been 

extensively studied. All of these systems are Heisenberg (3 dimensional vector spins) spin 

Kagomé antiferromagnets. There are not many examples of chemically ordered Ising (discrete 

spins) or XY (planar vector spins) Kagomé lattices (figure 1.4) [15]. Properties of Ising and XY 

Figure 1.2 An ideal star shaped 

Kagomé lattice (right) [1], [5] . 
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spin systems can be very different from Heisenberg since the spin orientation is now restricted 

and this can give rise to interesting properties that have not been observed before. Thus exploring 

members with such lattices is important [16]. Langasite materials can be promising members for 

this study. 

1.5 Langasites 

The langasites are a class of geometrically frustrated compounds with the formula A3XY3Z2O14 

where A,X,Y,Z are cationic sites and the 

magnetic ion occupies site A in the structure. 

They have been widely studied by the solid 

state community because of their functional 

properties such as piezoelectricity [17], 

multiferroicity [18], ferroelectricity, 

dielectricity [19] and for use in the telecommunication industry [19].  

Magnetic ions (Ising spins, figure 1.3) occupying the A site in langasites are arranged on the 

Kagomé network.[20], [21] Mill et al. [19] have identified over a hundred compounds belonging 

to this group and many more are reported by other authors [19], [22], [23].  Pr3Ga5Si2O14 (PGS) 

and Nd3Ga5Si2O14 (NGS) are two extensively studied langasites for their spin liquid like 

properties. Previously reported Sm langasites include Sm3Ga2.63Al2.37SiO14 [24] and 

Sm3Ga2Al3SiO14 [25]; both of these Sm langasites could be precisely prepared with the presence 

of a garnet impurity phase. 

The synthesis and study of new members belonging to the langasite series is necessary to 

understand their low temperature magnetic properties. This thesis reports the synthesis of five 

Figure 1.3 Comparison of Ising, XY and Heisenberg 

spins. (adapted from [15].) 
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(four magnetic and one non-magnetic) new compounds belonging to the langasite family. By 

making a careful substitution on the Y site and the Z site, the overall size of the lattice was 

reduced. The reduced lattice size results in stronger exchange interactions and thus can provide 

more information about the ground states of these materials [6]. 

1.6 Magnetic order  

The response of the material in an applied external field can be classified into the following 

types. 

1.6.1 Paramagnetism 

Paramagnetic materials lower their energy by moving into a magnetic field so the magnetic 

susceptibility is greater than zero (χ > 0).They have a magnetic moment that can align itself in 

the direction of the applied field but the order of moments is lost as soon as the field is removed 

because of the thermal motion of electrons [26], [27].  

Figure 1.4 Arrangement of spins in no field (left), external applied field (middle) 

and after the removal of applied field (right) in the case of paramagnetism. 
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1.6.2 Diamagnetism 

Diamagnetic materials are characterized by a negative magnetic susceptibility (χ < 0). The 

magnetization in these materials is in the opposite direction of the applied field which is 

governed by Lenz’s law [27]. Lenz’s law states that “An induced current is always in such a 

direction as to oppose the motion or change causing it” [26]. Thus it leads to a negative magnetic 

susceptibility in the material. Diamagnetism is a weak form of interaction and although it is 

present in all materials, it is not very evident as it is dominated by other stronger interactions 

[26]–[28].   

1.6.3 Ferromagnetism 

Ferromagnetic materials have a strong magnetic moment which 

is aligned in a particular direction even in an absence of external 

field beneath the Curie temperature (TC). In the presence of 

external field the moments tend to align parallel to the field.  

Figure 1. 5 Arrangement of spins in no field (left), external applied field (middle) 

and after the removal of applied field (right) in the case of diamagnetism. 

Figure 1.6 Parallel 

arrangement of magnetic 

moments leading to an 

effective magnetic 

moment. 
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1.6.4 Antiferromagnetism 

Antiferromagnetism is a type of magnetism when the spins are 

aligned antiparallel to each other and there is no net moment 

observed in the material. The antiferromagnetic nature is 

exhibited at low temperatures and above a certain temperature the 

spins become disordered (called the Néel temperature). Above the 

Néel temperature the material exhibits paramagnetism [27]. At 

the Néel temperature, the magnitude of the exchange energy is 

greater than the thermal energy and thus the spins align 

antiparallel to each other. Below the Néel temperature, the 

magnetization depends on the orientation of field and approaches zero as the temperature is 

decreased further. At this stage, the spins align in an ordered state with no net moment [26].  

1.6.5 Ferrimagnetism 

Ferromagnetism is a special case of 

antiferromagnetism where the spins align antiparallel 

to each other but the magnitude of the moments is 

different.  This coupling between spins with unequal 

moments leads to an ordered magnetic state with 

overall magnetization known as ferrimagnetism [28]. 

Ferrimagnetic materials can thus exhibit  spontaneous magnetization even in an absence of an 

applied magnetic field [26].  

 

Figure 1.7 Anti-Parallel 

arrangement of magnetic 

moments leading to zero 

effective magnetic moment in 

the case of antiferromagnetism. 

Figure 1.8 Antiparallel arrangement of 

the magnetic moments of different size 

leading to an effective magnetic moment  
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Introduction 

Part II 

1.7 Synthesis 

With the advancement in technology, there is an increased demand for the synthesis of new 

materials, understanding their properties and using them to enhance the existing technology. 

Synthesizing new functional materials effectively with the use of minimum resources has been 

challenging. Some of the commonly used methods are film deposition [29], sol-gel [30] , co-

precipitation [31], precursor [32], microwave synthesis [33], combustion synthesis [34] high 

pressure [35] and chemical vapour deposition [36]. Doing this on a large scale can be achieved 

by finding the optimal synthesis conditions in the laboratory. 

The shake and bake (or heat and beat) method of synthesis is the most common one in solid state 

chemistry. It involves mixing non-volatile reactants, compressing them and heating them until 

they are completely reacted to form a desired phase. High temperatures are required for the ions 

to migrate to a new sites and form a different lattice. A limitation of the method is that 

compounds that are volatile at high temperature cannot be reacted as they evaporate from the 

system. Since diffusion is the driving force, it is difficult to control kinetically stable products. 

1.8 Crystal Growth 

A crystal consists of atoms of a material arranged in an orderly repeating pattern which extends 

in all three dimensions. Different methods of crystal growth are used widely. Depending on the 

physical state of the material during the growth the methods can be broadly classified as vapour 

phase growth, solution growth, solid state growth and melt growth [37]. The floating zone 

technique (FZ) is a type of melt growth method where the material is heated to very high 
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temperatures and cooled in order to form crystals.  The FZ technique has some advantage over 

the other melt growth methods (for example it does not require the use of any crucible which 

greatly reduces the chance of sample contamination or reaction between crucible and sample) 

[38]. Langasites are in general incongruently melting crystals. This means that even though same 

amount of heat is being supplied to the crystal, some parts of the material will melt faster than 

the other. The melting is not homogenous which makes the crystal growth process difficult.  

1.9 X-Ray Diffraction  

X-rays are high energy electromagnetic radiations with energies between 200 eV to 1 MeV. X-

ray diffraction has been modified over the years to serve different purposes in the scientific 

community like identifying and characterising materials, understanding the atomic structure, 

stereochemistry and so on [39], [40].  

X-rays typically interact weakly with matter and thus the diffraction can be restricted to single 

scattering. This means that it can be assumed that the rays scatter just once from the sample and 

a scattered wave will not scatter from the said sample more than once (this is called the 

kinematic approximation). Also, the incoming and outgoing waves are treated as plane waves 

[41].  The Braggs came up with the description for the waves which is used nowadays [39], [41]. 

These waves are considered plane waves and the wavelength of x-rays have the same magnitude 

as the distance between the atoms of the unit cell. The diffraction of rays from matter gives rise 

to constructive and destructive interferences. The constructive interference from all the layers 

results in sharp maxima in the diffraction called Bragg peaks. The Braggs stated a law which 
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relates the occurrence of constructive interference with the angle of incidence and the 

wavelength of incident light (called Bragg’s law).  

  Where d is the spacing between the Bragg planes, Ө is the angle between the x-rays and the 

specific plane of reflection, λ is the wavelength and n is an integer. The position and intensity of 

the Bragg peaks help in determining the structure of the compound [42]. Bragg's law provides 

information of plane separations and thus enables the determination of unit cell metrics. The 

atomic structure is obtained through a Fourier transform of the intensity pattern. 

1.9.1 Powder Diffraction 

Powder diffraction is an important tool in solid state chemistry for crystal structure identification 

and refinement. An accurately obtained powder diffractogram can provide detailed information 

about the sample including structure (atomic positions), particle size, homogeneity of particle 

size and lattice parameters. For samples containing more than one phase, the different phases can 

The interference pattern follows Bragg’s law            

                                                         2𝑑𝑠𝑖𝑛Ө = 𝑛𝜆                                                       (1.1)                                   

 

Figure 1.9 Schematic illustration of Bragg’s law. 
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be identified quantitatively  [43]. The diffractometer used in this study was the Huber Image 

Plate Guinier camera G670 with CuKα1 radiation with a transmission geometry. 

1.10 Rietveld Refinement 

The Rietveld refinement method is a least square regression to obtain a good fit between the 

experimental diffraction pattern obtained using the x-ray diffractometer and the calculated 

pattern using a trial structure. Different parameters such as the atomic coordinates, thermal 

parameters and occupancies are refined to enhance the fit between the two data sets.[43]–[46]. A 

diffraction pattern obtained from a powder sample consists of different peaks as a function of 2Ɵ 

in case of x-rays and a velocity function in case of time of flight neutrons.  

At any given step, if the observed intensity is yo,i and background is yb,i, the calculated profile 

intensity is given by yc,i = yb + Ʃyh where h = hkl Bragg reflections [44]. 

There are certain criteria used to determine the best fit between calculated and experimental 

patterns. The different factors compare the obtained and the theoretically calculated data and 

helps in determining the goodness of fit. 

The first one is the conventional R-factor and is given by 

                             𝑅𝑓 =  
Ʃ𝑗 |√𝐼𝑜𝑏𝑠,𝑗− √𝐼𝑐𝑎𝑙𝑐,𝑗 |

Ʃ𝑗 |√𝐼𝑜𝑏𝑠,𝑗|
                                              (1.2) 

The Bragg R-index factor provides a comparison of integrated intensities. RB is calculated by 

assigning the actual observed intensities obtained by scanning at each step to the Bragg 

intensities. The assignment is made based on the calculated intensities because of the lack of real 

integrated intensities. It is given by 
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                                   𝑅𝑏 =
 Ʃ𝑗 |𝐼𝑜𝑏𝑠,𝑗−𝐼𝑐𝑎𝑙𝑐,𝑗|

 Ʃ𝑗 𝐼𝑜𝑏𝑠,𝑗
                                    (1.3) 

The profile factor is given by  

                                   𝑅𝑝 =
Ʃ𝑗 |𝑦𝑜𝑏𝑠,𝑗 −𝑦𝑐𝑎𝑙𝑐,𝑗|

Ʃ𝑗 𝑦𝑜𝑏𝑠,𝑗
                                                   (1.4) 

The weighted profile factor Rwp is important and most reliable as the numerator is the residual 

that is minimized in the least squares procedure. It is given by  

                           𝑅𝑤𝑝 = √
Ʃ𝑗 𝑤𝑗(𝑦𝑜𝑏𝑠,𝑗−𝑦𝑐𝑎𝑙𝑐,𝑗)2

Ʃ𝑗 𝑤𝑗(𝑦𝑜𝑏𝑠,𝑗)2                                  (1.5) 

The statistically expected R factor Re is given by  

                                𝑅𝑒 =  
𝑁−𝑃+𝐶

Ʃ𝑗 𝑤𝑗(𝑦𝑜𝑏𝑠,𝑗)2                                             (1.6) 

Where N = number of observations, j = experimental powder profile, P = number of 

parameters refined, and C = number of constraints. 

Lastly, the goodness of fit indicator χ2 is given by 

                                         χ2= (
𝑅𝑤𝑝

𝑅𝑒
)2

                                                                 (1.7) 

1.11 Bond Valence Analysis 

L. Pauling in 1929 came up with the valence principle which defines the atomic valences of an 

atom as the sum of valences of all bonds to that atom.[47] 



13 

 

There are certain assumptions and theorems that are made for atoms for valence bond theory 

1. All atoms, whether they are bonded to other atoms or not are assumed to be spherical.  

2. The charge on atoms is considered zero in valence bond theory. 

3. Every atom contributes the same number of valence electrons to the bond and this 

number is known as the bond valence for the atom. 

4. The ionization energy difference between the core and valence shell electrons is assumed 

to be large. 

5. In order to form bonds, the excited states of the atoms are expected to lie at a much 

higher gap than the ground state. 

6. The bonding and nonbonding electrons might both be present in the valence shell. 

7. For two bonded atoms, the bond is localized between them. [48] 

  Bond Valence Analysis of a compound is the estimation of oxidation states using theoretical 

bond distances (literature based) and actual bond distances. The bond valence is given by 

                                                   B.V. = 𝑒 (
Ro − R

𝑏
)
                                                  (1.8) 

where R is the length of a bond between the two given atoms and Ro and b are called the bond 

valence parameters. Bond length and bond valence are related such that the product of bond 

valence and average bond length is constant for the same bonds [47]. Bond valence analysis is 

important as experimental atomic valences can be calculated. The obtained experimental 

valences can be compared to the theoretical numbers. If an inconsistency is discovered between 

the two numbers this may indicate that the structure is either not correctly determined or there 

are discrepancies in the interpretation of the said structure. It can also be used to account for 
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undetected hydrogen. This can come in handy especially when dealing with new structures. 

Bond valence analysis can be used to estimate site mixing for ions with different oxidation states 

and can also be used to analyze the structural chemistry of lone pair cations and hydrogen 

bonding.[49] 

1.12 Magnetic Susceptibility 

The magnetic susceptibility of a compound is defined as its degree of magnetization in an 

applied magnetic field. The magnetic susceptibility per unit volume is given by 

                                                             𝜒 =
𝜇ₒ 𝑀

𝐵
                                                                     (1.9) 

Where μₒ is the permeability of free space, M is the magnetic moment of material per unit 

volume and B is the magnetic field intensity [50] [51].  

1.12.1 Field cooled vs. zero field cooled 

The magnetic susceptibility measurements can be performed in two settings, field cooled and 

zero field cooled. In the field cooled setting, the field is applied at a high temperature and the 

sample is cooled to the base temperature. The data is collected as the temperature is raised from 

the base back to room temperature. In case of a zero field cooled run, the sample is cooled to the 

base temperature in the absence of field, the field is turned on at the base temperature and the 

data is collected as the temperature is raised. In both cases the effect on the magnetic 

susceptibility of the sample is determined as a function of temperature for a certain field. 

1.12.2 Curie-Weiss Law 

The magnetic susceptibility in the presence of an external field as a function of temperature is 

described by the Curie-Weiss Law. 
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                                                                                                                    (1.10) 

 where χ is the molar magnetic susceptibility, C is a constant known as the Curie constant, T is 

temperature in K and Ɵ is the Weiss temperature. A plot of 1/χ vs. temperature is known as a 

Curie-Weiss plot and ideally it should be linear if the Curie-Weiss law is obeyed. In 

antiferromagnets, magnetic moments of atoms align anti-parallel to produce a strong magnetic 

effect and the Curie Law becomes χ= C/(T+TN), where TN is the Néel temperature. Above Neel 

temperature TN, the thermal energy can overcome the interaction induced order. The magnetic 

order vanishes and the material behaves like a simple paramagnet. In ferromagnets, Tc is known 

as the Curie temperature, and in antiferromagnets as the Néel temperature TN. Another parameter 

that can be obtained from the Curie –Weiss fits is the magnetic moment of the magnetic ion. The 

magnetic moment is given by the relation (CGS units).  

                                                                  𝐶 =
μ𝑒𝑓𝑓

2

8
                                      (1.11)                    

1.12.3 Saturation of Magnetic Moment 

The magnetic moments of a material are said to be saturated when the increase in an external 

magnetic field cannot increase the magnetization of the material any further. When an external 

magnetizing field H is applied to the material, it penetrates the material and aligns the magnetic 

moments parallel to the applied magnetic field. This alignment of moments leads to the 

formation of an internal magnetic field.  As the strength of the external field is increased, the 

number of aligned magnetic moments increases which leads to a stronger internal magnetic field. 

As the external magnetic field is increased gradually, a point is reached when any further 
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increase in the external field cannot align any more moments and the magnetic moments are said 

to be saturated.  For magnetic materials, below TC, when a magnetic field is applied, the 

magnetization will increase to a point and plateau after. This is called saturation magnetization 

[28].  

1.12.4 Brillouin Function 

The Brillouin Function is a function used to describe the magnetization of an ideal paramagnet 

by determining its spin state. This is achieved by varying the applied magnetic field while 

keeping the temperature constant. 

 The Brillouin function is given by  

                                              (1.12) 

 

The behaviour of the Brillouin function is similar for all values of J. In terms of x, it increases as 

long as the value of x is small and reaches saturation for large x. Thus the magnetization 

increases with field for small fields but as the field is increased it reaches a saturation 

magnetization given by NµH = NgµBJ where N is the number of atoms per unit volume and µH is 

the maximum moment of each atom in direction of H [52]. This corresponds to the maximum 

possible alignment of moments with the external field. 
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1.12.5 Crystal Fields 

The source of magnetism in rare earth compounds is the 4f shell with unpaired electrons with a 

localized wavefunction. The rare earth ions thus act like free ions where the ground states can be 

given by Hund’s rules. At room temperature the lowest multiplet is occupied (J= L ± S) because 

of the strong spin orbit coupling leading to the separation of multiplets [53] . 

These rare earth ions experience an electric field with very high intensity from the neighbouring 

ions because of their valence electrons. This field is called the crystal field. The interaction of 

paramagnetic ions with crystal fields can lead to two effects. The first one is the inability of the 

states to be described by their J because of the breaking up of the coupling of L and S. The 

second one is the splitting of degenerate 2L+1 sublevels for a given L. Because of the splitting, 

the contribution of orbital motion to the magnetic moment vanishes [54]. The quenching of the 

orbital angular momentum in addition to the anisotropic charge distribution lead to interesting 

properties in rare earth ions [53]. 

1.13 Heat Capacity 

Heat capacity is the amount of heat required by a substance to change its temperature by 1 K or 

deg C.  

                                                          C = dQ/dT                                                         (1.13) 

The total heat capacity is a combination of the lattice heat capacity and magnetic heat capacity. 

The heat capacity due to the magnetic contribution was obtained by subtracting the lattice 

contribution of the non-magnetic analog La3Ga3Ge2BeO14. La3Ga3Ge2BeO14 is isostructural to 

the A3Ga3Ge2BeO14 (A=Pr, Nd, Sm, Eu) and thus provides a good lattice match. 

     3La2O3 (s) + 3Ga2O3(s) + 4GeO2(s) + 2BeO(s)                    2La3Ga3Ge2BeO14 (s)         
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1.13.1 Schottky Anomaly 

For a system with multiple 

degenerate electronic levels, a 

broad maximum is observed in 

the heat capacity which is 

called the Schottky anomaly [55]. 

A Schottky anomaly is different than the first and second order transitions. The anomaly is 

observed when there is a transition between discrete energy levels, where the spacing between 

the levels can be determined and they direct the behaviour of a system. At high temperatures, the 

energy scale of the excitations is very large. At low temperatures, however, there is not enough 

energy for the thermal excitations to overcome the energy barrier (low temperature states are 

improbable) and thus it gets difficult for the electrons to transition to the next level. 

1.13.2 Hund’s Rules  

A graph can be plotted with C/T vs. T for a heat capacity measurement. The obtained curve can 

be integrated to determine the value of entropy for a temperature range of 1.8K to 300K.     

                                                                     𝑆 = ʃ 
𝐶𝑝

𝑇
dT                                                             (1.14) 

The obtained entropy can be used to find the value of total angular momentum J using the 

following relation. 

                                                                 Δ𝑆 = 𝑅 ln(2𝐽 + 1)                                                  (1.15) 

Figure 1.10 Two discrete energy levels separated by energy 

gap ΔE (Adapted from [89]).  



19 

 

The total angular momentum can be calculated from the vector sum of spin and orbital 

moments [41] The calculations can be carried out according to the Hund’s rules. Hund’s rules 

state [41]: 

1. The spins of the electrons are arranged such that the maximum values of S consistent 

with Pauli’s principle is achieved. 

2. The quantum numbers ml have to be chosen so that L is maximized. 

3. J = L-S when the shell is less than half filled and L+S if more than half filled. 

For example, the electronic configuration of Sm3+ can be written as [Xe] 4f5. It contains 

five electrons in the valance shell. So S equals 5/2. Also L is the sum of orbital moments 

and is equal to 5. 

So J = L-S = 5 – 5/2 = 2.5 

1.14 MuSR (Muon Spin Resonance) 

The µSR technique has been used widely in the past to understand spin dynamics in different 

systems. When it comes to geometrically frustrated systems, µSR and neutron scattering 

measurements complement each other to provide a better understanding of the interactions. A 

dynamic state has been successfully realized in some geometrically frustrated systems using 

µSR. Thus µSR can be considered an important technique to study frustrated materials with 

quantum spin fluctuations. µSR is the study of the interactions of the muon spin dynamics when 

they interact with the spins of a material and decay [56]. The technique is named so in order to 

draw an analogy to the techniques like Nuclear Magnetic Resonance (NMR) [56].  
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1.14.1 Measurements using Muons 

In order to perform measurements, the muons are implanted in the sample of interest. Polarized 

muons that have just enough energy to stop within the sample and not pass it are planted in the 

samples. Due to momentum conservation, a pion decaying at rest will result in muons and 

neutrinos with opposite momentum with respect to that of the pion. This means that the muon 

and muon neutrino will have opposite spin and since they form the muon beam, the beam will be 

polarized. The spin polarized muons, after getting planted in the sample, are monitored for the 

polarization of the muon as a function of time. This provides information regarding the local spin 

environment at each site where the muon is planted [57].                                                          

There are different ways to do µSR depending on the orientation of applied field [56]–[58]. 

1. ZF (Zero Field) µSR  

The zero field relaxation technique is used for materials exhibiting weak magnetism. It is also a 

useful tool when looking for magnetic ordering. In this relaxation technique, the magnetic 

properties of the materials are probed without an applied external field. 

There are two features in this technique that signify magnetic order. The first is the emergence of 

oscillations in the sample and the second one is the emergence of a baseline at long times below 

which the spectra does not relax.  
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2. LF (Longitudinal Field) µSR

 

 

 The longitudinal field measurements are used to probe the spin dynamics of materials. It takes 

place in the presence of an applied external field which is parallel to the initial direction of the 

muon spin polarization. The time evolution of muon polarization is measured along the original 

direction of the field.   

3. TF (Transverse Field) µSR  

In TF, an external field is applied perpendicular to the direction of muon polarization. The 

asymmetry function in an applied transverse field with muons stopped in an entirely inert sample 

Figure 1.11 Longitudinal field orientation of applied field for µSR measurements [70]. 

Figure 1.12 Transverse field orientation of applied field for µSR measurement [70]. 
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would be a cosine. In a sample, the cosine have a different frequency which would be expected 

in the applied field, and is modulated by a relaxing envelope dependent on the physics of the 

system being probed typically, and R(t) is some function describing the relaxation. In a magnetic 

system, the transverse field is small relative to the internal fields in the sample.  TF 

measurements are analogous to a Knight shift in NMR. Sometimes the internal field can be 

changed by the magnetization of the material. This is accounted for carrying out the vector sum 

of the internal fields and applied field. TF geometry is also used to probe superconductivity as 

type II superconductors enter a mixed state in an applied field below their critical temperature. 

1.15 Neutron Scattering 

Neutron scattering is a technique where interactions of neutrons with the sample is used to 

understand the properties of that material. Currently, neutron scattering techniques are used not 

just in chemistry and physics but in other areas like environment, pharmaceutical, healthcare, 

nanotechnology and information technology [59].                 

  “If Neutron did not exist, it would need to be invented” 

                                                                                       - Bertram Brockhouse 

                                                                                  1994 Nobel Laureate in Physics 

1.15.1 Principle of Neutron Scattering 

Neutron scattering techniques are used to understand the structure and dynamics of a system. 

Neutrons are sub atomic particles which can penetrate a material deeper than electromagnetic x-

rays without getting deflected by the electron cloud of the materials. Also the interaction of 

neutrons with the nucleus is via nuclear forces which are short ranged, on the order of few 

Femtometers (1 Femtometer = 1.0×10-15 m) and with unpaired electrons via a magnetic dipole 
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interaction [60]. The neutron scattering from the whole material can be understood by looking at 

one nucleus at a time. The scattering of a neutron from a nucleus can be described in terms of the 

nuclear cross section [60].  The neutron scattering cross section of a system is the extent to which 

it can scatter neutrons when an effective area is exposed to the neutron beam and is given by [61] 

                      𝜎 =
1

𝛹
 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑛𝑒𝑢𝑡𝑟𝑜𝑛𝑠 𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑒𝑑 𝑝𝑒𝑟 𝑠𝑒𝑐𝑜𝑛𝑑                (1.16) 

Where 𝜎 is the neutron scattering cross is section and 𝛹 is the flux of neutron beam. It is 

measured in barns where 1 barn = 10–28m2. When the neutron interacts with the material within 

this cross section, it gets scattered. [60]. 

1.15.2 Elastic and Inelastic Neutron Scattering 

Neutron scattering is being used for different types of studies. Some of the studies include elastic 

scattering which is used to study the structure and arrangement of atoms in a structure, inelastic 

scattering which provides information about the dynamics of the material, small angle neutron 

scattering which is used to study structures of polymers and colloidal solutions and reflectometry 

which probes layered materials and interfaces [62].  

Elastic and inelastic scattering can be distinguished based on the momentum and energy transfer.  

If the 

momentum and energy of incident neutron is denoted by ki, Ei respectively and for scattered by 

Figure 1.13 Comparison of energy and momentum transfer for elastic and 

inelastic neutron scattering [108]. 
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ks, Es, the momentum transfer will be given by scattering vector Q = ks – ki  and energy transfer 

will be E= Es – Ei. When there is a change in momentum but no change in energy, it is called 

elastic scattering and when both momentum and energy change it is called inelastic scattering 

[63]. 
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Chapter 2 

Experimental Techniques 

 

2.1 Synthesis 

The powder samples of the langasites A3Ga3Ge2BeO14 (A=La, Pr, Nd, Sm and Eu) were 

synthesised using standard solid state reactions. 

 

Stoichiometric amounts of oxides R2O3 (=La, Nd, Sm, Eu and Ga), GeO2, Pr6O11 and BeO 

(99.95% or higher purity) were mixed together and pressed in 1 cm diameter pellets under 10 

kPa of pressure.  

The obtained pellets were then heated in a platinum crucible at different temperatures (table 2.1). 

 

 

 

3A2O3 (s) + 3Ga2O3(s) + 4GeO2(s) + 2BeO(s)                    2A3Ga3Ge2BeO14 (s) (Reaction 2.1) 

              (A=La, Nd, Sm, Eu) 

 

Pr6O11(s)  + 3Ga2O3(s) + 4GeO2(s) + 2BeO(s)                     2Pr3Ga3Ge2BeO14 (s)  + O2(g)  (Reaction 2.2) 

 

Figure 2.1 Solid state synthesis takes place when the rate of diffusion is enhanced using 

temperature and pressure. The reaction takes place when the reactants react on the surface and 

over time leads to the synthesis of the final product. 
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Table 2.1 Synthesis temperatures for the newly synthesized langasites. 

Compound Synthesis temperature 

La3Ga3Ge2BeO14 1300ᵒC 

Pr3Ga3Ge2BeO14 1250ᵒC 

Nd3Ga3Ge2BeO14 1300ᵒC 

Sm3Ga3Ge2BeO14 1290ᵒC 

Eu3Ga3Ge2BeO14 1300ᵒC 

 

The samples were heated at the above mentioned temperatures for 24-48 hours with intermittent 

grindings. It should be noted that the synthesis of these Be-langasites require working with BeO 

which must be handled with special precautions as Beryllium is listed as a Group 1 known 

human carcinogen by the international agency for research on cancer [64]. Special precautions 

were taken during the synthesis and handling of the final products. Use of lab coat, gloves, safety 

goggles and inhalation masks was made to avoid skin contact and inhalation. The grinding of the 

samples was carried out in a well ventilated fume hood. During and after synthesis, the samples 

were stored in MSDS labelled air tight containers in the desiccator. It is worth noticing that the 

mass of BeO used per reaction is small (about 2% (w/w)) for each reaction that yields 2 grams of 

final product thus very small quantities of BeO are dealt with at a time. 

Although Mill et al. [19], [65] first reported the synthesis of members of this series, no x-ray 

refinements were presented for these compounds. This thesis reports the characterization of these 

compounds using x-ray diffraction, magnetization, magnetic susceptibility, heat capacity, MuSR 

and neutron scattering measurements. 
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2.2 Crystal Growth 

The Travelling Floating Zone (TFZ) technique was used to grow 

crystals of the langasites. The process of crystal growth begins by 

compressing the powder in the form of cylindrical rods of 10 mm 

diameter using cylindrical balloons.  The arrangement is then 

connected to a vacuum line to remove all air trapped within the 

sample. After this the sample is secured by tying two knots, making 

sure no air enters the assembly in the process. Using a hydrostatic 

press, a pressure of 30 kPa is applied for two minutes to obtain the 

rods. The obtained rods are then sintered for 12 hours at 1000 º C in 

air before using them for crystal growths.  

To prepare for crystal growth, one rod is attached to the seed rod holder and the other one is 

hung on the feed rod using a platinum wire. 

Halogen or xenon lamps are used to heat the sample 

to high temperatures. Once a high enough 

temperature is achieved, the crystal growth process 

starts with the melting of the tips of polycrystalline 

rods. Once the tips of both rods are melted they are 

brought together and joined to establish a liquid called 

the floating zone. After the successful creation of a stable zone, the rods are translated 

downwards at a certain speed and this is referred to as the speed of crystal growth. When the 

rods move out of the hot zone, the liquid cools and the material eventually crystallizes on the 

seed rod and thus a crystal is obtained. During growth, the rods also rotate in opposite directions 

Figure 2.2 Process of 

packing powder to form 

rods for crystal growth 

Figure 2.3 The inside of a 

Quantum Design image furnace 

showing a grown crystal. 
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at a certain rate to ensure homogenous mixing of the materials in the hot zone. Crystal growth 

was attempted on three members of the langasite family- Pr3Ga3Ge2BeO14, Nd3Ga3Ge2BeO14 and 

Sm3Ga3Ge2BeO14. 

Table 2.2 Rod translation rate of the three langasite crystals. 

 Rod Translation 

Pr3Ga3Ge2BeO14 15 mm/hr 

Nd3Ga3Ge2BeO14 20 mm/hr 

Sm3Ga3Ge2BeO14 15 mm/hr 

  

The growth environment is another factor that can control the quality of the crystal. Some 

compounds have a high vapour pressure. This can be a problem during the growth as the material 

will not crystallize and escape the system. Another challenge is the possibility of a phase 

transition. Some materials are sensitive to oxygen for example, and if the growth is done in air 

the end product will not be phase pure. This problem can be solved by controlling the 

environment of the growth. For the langasites, a one percent mixture of oxygen in argon was 

used for a successful growth. 

A premelt is the process of running the crystal through the hot zone at a faster rate and then 

running it again at a much slower rate to enhance the quality of crystal. For incongruently 

melting crystals, a premelt is a great way to enhance the quality. All three langasite crystals were 

grown from a premelt. 
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Table 2.3 Premelt and growth rates for the langasite crystals. 

 Premelt Growth rate 

Pr3Ga3Ge2BeO14 10 mm/hr 2 mm/hr 

Nd3Ga3Ge2BeO14 10 mm/hr 1 mm/hr 

Sm3Ga3Ge2BeO14 10 mm/hr 2 mm/hr 

 

2.3 X-Ray Diffraction 

Powder x- ray diffraction is an important tool in solid state chemistry for crystal structure 

identification. Diffraction data can provide details about the sample including particle size, 

homogeneity of particle size, lattice parameters and so on. For samples containing more than one 

phase, the different phases can be identified quantitatively [43].. For this study, room 

temperature powder X-ray data were collected on 30-40 mg of samples using the Huber Image 

Plate Guinier camera G670, CuKα1 radiation (λ =1.5405981 Å) for a range of 10ᵒ ≤ Ɵ ≤ 100ᵒ for 

all samples. 

2.3.1 Huber G 670 Guinier Camera 
 

The Huber G670 has a flat plate Guinier 

(transmission) geometry and a linear 

imaging plate detector. The two-theta 

range covered by the diffractometer is 

between 0 and 100 degrees. A slurry of 

powdered sample mixed with methanol is 

applied to the mylar film on the sample 

Figure 2.0.4 The inside of Huber Guinier 

G670 camera diffractometer 

Figure 2.5 Working of a Huber Guinier G670 

diffractometer with different parts labelled. 
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holder and is left to dry. The detector is made of a polyester coated with a homogenous powder 

consisting photo-stimulable phosphor. The phosphor consists of barium fluoro-bromide with 

trace amounts of europium [66].  The sample holder sits between the x-ray beam and detector. A 

Ge (111) bent crystal monochromator was used here to filter out interfering components of x-

rays like Kβ and Kα2 and increases the resolution of the resultant diffraction pattern. The anode, 

which is the source of x-rays, used here is Cu. The cathode used in this case is tungsten. The 

image plate consists of an integrated circuit which stores the output of the scan. The plate 

containing the output is scanned by a laser, and the output is displayed as sharp Bragg peaks and 

stored as data files. One advantage of Guinier transmission geometry is that high quality data can 

be obtained with very little exposure time. Once the scan is complete and the data is properly 

stored, the imaging plate containing the data is erased using a halogen lamp before the next run 

[66], [67]. 

2.4 Magnetism 

The magnetic properties of the langasites were explored using the Quantum Design Physical 

Property Measurement System (PPMS). 

Both the field cooled and zero field cooled d.c. susceptibility was measured as a function of 

temperature using the Vibrating Sample Magnetometer (VSM) on powder samples ranging in 

mass from 10-30 mg. Measured quantities of samples were loaded in a polypropylene powder 

sample holder and attached to the brass trough.  

 

 

 

Figure 2.6 A non-magnetic brass trough with polypropylene sample 

holder. The magnetic response is generated only from the sample. 
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The brass trough is then screwed into a sample holder rod and the sample is installed in the 

PPMS. An advantage of using the polypropylene sample holder with a brass trough is that there 

is no need for a background subtraction as both the materials are low background moment 

holders and are non-magnetic. 

The magnetization measurements are also carried out using the VSM option of the PPMS. The 

measurement is different from DC susceptibility in terms of the parameters that are varied over 

time. Magnetization measurements are carried out at a fixed temperature but varying the applied 

magnetic field. The moment is recorded as a function of the field going from 0 to 9 T and from 9 

to 0 T. Magnetization measurements were carried out at four different temperatures of 0.500 K, 2 

K, 5 K and 30 K up to a field of 9T. 

2.4.1 Vibrating Sample Magnetometer (VSM) 

The sample rod is inserted into the measurement chamber to take 

measurements. The linear motor vibrates the sample in magnetic 

field. The measurement is taken by detecting the voltage induced 

by change in magnetic flux of the sample.  The sample is centered 

once it is installed to find the exact distance between the sample 

and the coil set. [68]  

Figure 2.7 A sample holder rod with brass trough containing the polypropylene sample holder 

on one end. 

Figure 2. 8 Vibrating 

Sample Magnetometer by 

Quantum Design. 
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2.4.2 Heat Capacity 

The heat capacity measurements were performed on the langasites using the helium-3 insert of 

the PPMS. The heat capacity is measured using the normal heat capacity option down to 1.8K. 

When the temperature goes below that, the helium-3 option is activated.  

The working principle of the instrument is to monitor the heat supplied to the sample being 

measured and the heat removed from it while monitoring the change in temperature of the 

sample. The heat capacity software fits the behaviour of the temperature of the sample platform 

so that it takes into account the thermal relaxation of the platform and the sample. The 

measurements are performed by compressing samples in forms of small pellets (1-2 mm dia) and 

adhering them to the measurement puck using grease. For measurement below 300 K, Apiezon N 

grease is used as it is less viscous and hardens as the temperature is lowered and thus enhances 

the contact between the sample 

and platform. The second type is 

the Apiezon H grease, which is 

used for measurements above 300 

K. This grease is viscous and does 

not melt or vaporize at higher 

temperatures. To ensure that there is no loss of heat during the exchange process, heat capacity 

measurements are done in a high-vacuum system. A charcoal holder is used to decrease the 

pressure at the bottom of the puck as the temperatures approaches below 10 K. A platform heater 

and platform thermometer are attached to the bottom side of the sample platform to track all 

temperature changes.  

Figure 2.9 The sample is adhered to the puck using grease. 

The heat capacity of grease is subtracted from the total to 

find the heat capacity of the sample (adapted from [91]). 
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2.5 Muon Spin Resonance/Relaxation/Rotation (µSR) 

Muon spin resonance studies were carried out on Nd3Ga3Ge2BeO14 at TRIUMF (Vancouver). 

Dilution refrigerator was used to perform measurements in at a low temperature of 0.030 K and 

the measurements were carried out for a temperature range of 0.030 K to 6 K. A magnet was also 

used to understand the behaviour of the material under applied field (both transverse and 

longitudinal). 

2.5.1 Formation of Muons 
 

The process starts with the high energy neutrons or protons (600-800 MeV) striking a target 

made of an element with low Z. This results in the emission of pions [56], [58], [69].  

p + p                 Π+ + p + n   or     p + n                 Π+ + p + n                              (Reaction 3) 

where p is a proton, n is a neutron and Π+ is a pion. 

The pion particles have a half-life of 26 nanoseconds and are very unstable. As soon as they are 

formed they decay further and result in the release of muons and neutrinos as additional products 

Π+                           µ+ + νµ
     or           Π-                           µ- + -νµ                                                                    (Reaction 4)      

Where µ are muon particles and νµ are muon neutrinos/anti-neutrinos. 

Thus the muons are formed. As mentioned previously, muons are highly unstable and therefore 

they further decay into even smaller particles.  

µ+                              e+ + νe + -νµ
    or        µ-                              e- + -νe + νµ

     (Reaction 5) 

where νe are electron neutrinos/anti-neutrinos. 
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Once the muons are formed, they are directed to the sample. When directing muons to the 

sample, special effort is made to get rid of any additional particles formed as a by-product of the 

decay process. This results in a reduction of false counts on the detector and also protects the 

sample from additional radiations [56]–[58], [69], [70].  

In order to perform measurements, the muons are fired on the sample of interest. Polarized 

muons that have just enough energy to stop within the sample and not pass it are planted in the 

samples.                                                                                                                                         

Due to momentum conservation, a pion decaying at rest will result in muons and neutrinos with 

opposite momentum with respect to that of the pion. This means that the muon and muon 

neutrino will have opposite spin and since they form the muon beam, the beam will be polarized. 

The spin polarized muons, after getting planted in the sample, are monitored for the polarization 

of the muon as a function of time. This provides information regarding the local spin 

environment at each site where the muon is planted [57].                                                           

2.6 Neutron Scattering 

2.6.1 Inelastic Neutron Scattering on A3Ga3Ge2BeO14 (A= Pr, Nd)  

The Disc Chopper Spectrometer (DCS) is a time of flight spectrometer where the pulsed and 

monochromated neutrons, produced from multiple choppers are used for measurements. The 

neutrons get scattered from the sample and get detected by the detector [71]. The time of flight 

analysis of the scattering is used to determine the energy and the momentum transfer. 

DCS is a direct geometry instrument. The beam filters are placed in the beam to get rid of high 

energy neutrons and gamma radiation using a crystal filter made of graphite [72]. 
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 After getting filtered, the neutron beam travels to seven disk choppers in four housings. The 

housings contain the choppers that monochromate and pulse the incoming beam. Depending on 

the type of measurement, the chopper speed can be set anywhere between 1200 and 20,000 

revolutions per minute [72]. After the choppers, the beam enters the sample chamber. The 

sample chamber contains a radial collimator which minimizes scattering from the sample 

environment. 

The sample environment is usually filled with a weakly scattering gas like argon. After getting 

scattered from the sample, the beam travels towards the detector. A total of 913 detectors are 

present which are filled with He-3. The detectors are separated in three banks for different 

scattering angle ranges [72]. 

The DCS is a cold neutron source which was used to perform elastic and inelastic neutron 

scattering measurements on A3Ga3Ge2BeO14 (A= Pr, Nd).  

About 10 grams of powdered sample of each was put in a copper can in an Ar environment and 

was packed tightly to avoid displacement of the sample during measurement. The measurements 

Figure 2.10 Working of Disk Chopper Spectrometer (DCS) at 

National Institute of Standards and Technology (NIST) (Used 

with permission) [72]. 
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were performed for a fixed wavelength of 4.8 Å for 0, 6 and 9 T fields and a temperature range 

of 0.070 K to 50 K.  

2.6.2 Diffuse Scattering Measurements on Nd3Ga3Ge2BeO14 

The diffuse scattering spectrometer is a polarized neutron beam spectrometer which is used to 

understand the magnetism of materials, mainly short range ordering and defects in frustrated 

systems. It has also been used to study non-collinear ferromagnetism, hydrogen diffusion in 

metals and single and collective particle excitations [111]. 

D7 is a cold neutron time of flight diffractometer with multiple detectors. The nuclear, magnetic 

and nuclear-spin scattering contributions can be can be separated over Q. This makes it ideal for 

the study of magnetic materials with disorder [73]. 

The D7 can be operated in three settings under the diffraction mode. 

Figure 2.11 Working of Diffuse Scattering Spectrometer (D7) at 

Institut Laue–Langevin (ILL)( Reproduced with permission of the 

International Union of Crystallography [75]). 
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Diffraction can be performed on both powders and single crystals. The polarization direction at 

the sample can be adjusted in three ways. The first is the uniaxial polarization analysis where the 

direction of polarization is perpendicular to scattering plane. In this case, the spin-flip and non-

spin flip scattering is recorded. This setting is useful when separating coherent and incoherent 

scattering contributions in nonmagnetic samples [74], [75]. The second setting is the XYZ 

polarization, where the polarization directions change. They change between the three orthogonal 

directions and the spin-flip and non-spin-flip scattering is measured. This is also called the 6 point 

method. The last setting is the 10 point measurement. Here instead of three, there are five directions 

of measurements. The five directions in which measurements are made are 1. Normal to the 

scattering plane, 2. Two orthogonal directions in scattering planes, 3. Two orthogonal directions 

at an angle of 45 deg to the scattering planes. The instrument measures spin flip and non-spin flip 

scattering at each of these five positions [74], [75]. From this, the different neutron cross sections 

are extracted. Diffuse scattering measurements were conducted for the Nd3Ga3Ge2BeO14 sample 

at ILL for 4.8Å wavelength.  

The data was collected at 0.035 K, 1.2 K, 10K and 40 K. The 40 K data was used to subtract the 

background contributions. The measurement was performed on powdered sample.  
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Chapter 3 

Synthesis and Structural Properties of A3Ga3Ge2BeO14                                    

(A= La, Pr, Nd, Sm and Eu) 

3.1 Synthesis 

Successful synthesis was carried out for A3Ga3Ge2BeO14 (A= La, Pr, Nd, Sm and Eu) using the 

solid state synthesis technique described in chapter 2. By x-ray diffraction it was confirmed that 

the langasite phase is stable for these lanthanide substitutions. Langasite compounds with 

different substitutions have been synthesized before [17], [24], [76]. (Pr3Ga5SiO14) PGS and 

(Nd3Ga5SiO14) NGS are two well characterized langasites that have been synthesized and 

characterized extensively and have shown evidence of spin liquid phenomena [21], [77], [78]. 

After getting successful results from these compounds, Zhou et al. expanded the synthesis to the 

other members of the rare-earth series [79]. The next substitution for the langasite series would 

have been Sm but the synthesis of Sm3Ga5SiO14 was restricted by the formation of a competing 

garnet phase Sm3Ga5O12.  

After the analysis of the ionic radii, it was realized that the stability field of the langasite phase 

collapses as one moves from Pr (1.126 Å) and Nd (1.109 Å)  to Sm (1.079 Å)  because of the 

decrease in ionic radii of Sm3+, a result of lanthanide contraction in the rare earth series. The 

smaller size of Sm3+ destablizes the langasite struture and favours a more symmetric garnet 

structure. 

                     Sm3Ga5SiO14                                      Sm3Ga5O12 + SiO2      (Reaction 3.1) 
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More attempts were made to synthesize a Sm-langasite by substituting some of the Ga sites with 

Al. Some previously reported Sm langasites include Sm3Ga2.63Al2.37SiO14 [24] and 

Sm3Ga2Al3SiO14 [25]; both of these Sm-langasites could be prepared with the presence of some 

garnet impurity phase.  

In order to further understand the magnetic properties of langasites, synthesis and 

characterization of new members was necessary. 

One approach to stabilize the smaller rare earth ions on a langasite structure was to decrease the 

overall size of the lattice to accommodate smaller cations. This thesis reports on five new 

langasites that were synthesized by substituting some of the gallium sites with germanium and 

the silicon site with beryllium. The chemical formula of the new langasites is A3Ga3Ge2BeO14 

where the A site was successfully substituted with La, Pr, Nd, Sm and Eu.   

Table 3.1 Summary of synthesis of langasite members with different rare-earths on the A site 

New langasites with different 

rare-earths on the A site 

 

La3Ga3Ge2BeO14 Synthesized 

Ce3Ga3Ge2BeO14 Not attempted 

Pr3Ga3Ge2BeO14 Synthesized 

Nd3Ga3Ge2BeO14 Synthesized 

Figure 3.1 Decrease in atomic radii as one moves from left to right in the 

rare-earth series due to the lanthanide contraction. 
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Pm3Ga3Ge2BeO14 Not attempted 

Sm3Ga3Ge2BeO14 Synthesized 

Eu3Ga3Ge2BeO14 Synthesized 

Gd3Ga3Ge2BeO14 Attempted but unsuccessful 

Gd3Al3Ge2BeO14 Attempted but unsuccessful 

Synthesis of the Ce member was not attempted as, unlike the other rare-earths in the series, Ce 

favours a 4+ oxidation state as opposed to 3+. Also, Ce4+ is non-magnetic and Ce3+ cannot be 

stabilized for the langasite structure. Another member that was skipped in the series was Pm as 

all of its isotopes exist in radioactive form.  After successfully synthesizing Eu, the next step was 

to substitute Gd on the A site. This substitution failed, however, as the structure stability 

collapsed once again and the final product had a 50% garnet phase and a 30% langasite phase 

along with unreacted reactants as impurities. Following the same logic as before, Ga was 

substituted for Al and synthesis of Gd3Al3Ge2BeO14 was attempted but the obtained product 

showed a mixture of a 60% langasite phase along with a 40% garnet phase impurity. Going from 

Eu3+ (VIII) to Gd3+ (VIII), there is a decrease in ionic radii from 1.066 Å for Eu to 1.053 Å for 

Gd [80], which leads to the formation of a competing garnet phase along with the langasite 

phase. 

3.2 The Kagomé Lattice and Coordination of the Different Sites 

The langasites with A-site cations La, Pr, Nd, Sm and Eu in A3Ga3Ge2BeO14 stoichiometry are 

magnetic in nature because of the presence of unpaired 4f electrons. The langasites have a 

trigonal crystal structure where the magnetic ions occupy the corners of the triangular network 

forming a distorted 2-D Kagomé lattice. The Kagomé planes are stacked along the c-axis. The 

langsites form a distorted Kagomé system instead of an ideal system. A distorted Kagomé is 
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formed when only the nearest neighbour interactions are considered for the magnetic ions and 

the bond angles are not ideal [81]. In the new Kagomé langasites, the magnetic ion site is 8-fold 

coordinated and forms a distorted square antiprism. The site is occupied by Gallium and is in 

octahedral coordination. The site shared between Germanium and Gallium is in tetrahedral 

coordination and the site shared between Beryllium and Germanium is also in tetrahedral 

coordination. 

Table 3.2 Positions and coordinations of ions on different sites in the new langasites. 

Site Position Coordination 

Magnetic ion (0.42,0,0) 8- fold coordinated distorted square antiprism 

Ga (0,0,0) Octahedral 

Ga/Ge 

 

(0.76, 0, ½) Tetrahedral 

Ge/Be (1/3, 2/3, 0.53) Tetrahedral 

 

Figure 3.0.2 Octahedral (left), tetrahedral (middle) and 8-fold coordination (right) of the ions 

on different sites in the Be-langasites. 
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Figure 3.3 (top) Unit cell of the Be-langasites viewed along different planes. (bottom, left) Well 

separated planes of corner sharing triangles forming a Kagomé network. (bottom, right) Kagomé 

net formed by magnetic ions in Be-langasites [16]. 
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3.3 X-Ray Diffraction and Rietveld Refinement 

The experimental powder X-ray diffractograms and Rietveld refinements of the five new 

langasites (four with magnetic ions and a lattice standard) a) La3Ga3Ge2BeO14 b) 

Pr3Ga3Ge2BeO14 c) Nd3Ga3Ge2BeO14 and d) Sm3Ga3Ge2BeO14 e) Eu3Ga3Ge2BeO14 are shown in 

figure 3.4. [16] By looking at the difference between the experimental and theoretical pattern, it 

can be seen that the experimental data is in complete agreement with the theoretically calculated 

pattern. 
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Figure 3.4 Rietveld refinement patterns of the 

powder samples of (a) La3Ga3Ge2BeO14 (b) 

Pr3Ga3Ge2BeO14(c) Nd3Ga3Ge2BeO14 (d) 

Sm3Ga3Ge2BeO14 and (e) Eu3Ga3Ge2BeO14. (Red 

symbols- observed data, black symbols- 

calculated pattern, blue symbols- difference, blue 

tick marks – Bragg positions) [16]. 

 

The absence of any competing phase or unreacted starting products in all five patterns suggests 

that the langasite phase is more stable thermodynamically. The Sm3Ga3Ge2BeO14 diffraction 

pattern (figure 3.4 (d)) has a higher background as compared to the other langasites. This was a 

result of x-ray absorption by the Sm langasite. It is a feature of the instrument and has been 

observed in all other Sm containing compounds scanned using the Guinier G670 camera in the 

PRIME lab.  

The lattice parameters and atomic positions for the langasites were determined using Rietveld 

structural refinements performed on the powder diffraction patterns. All five diffraction patterns 

were successfully indexed by a trigonal lattice with the space group P321. The crystallographic 

and lattice parameters are listed in Tables 3.3 and Table 3.4 respectively. The low RP, Rwp and χ2 

values (Table 3.4) indicate a good match between the experimental and the calculated model. A 

slight decrease in lattice parameters and volume of the unit cells can be seen across the series 

going from La3Ga3Ge2BeO14 to Eu3Ga3Ge2BeO14. (Table 3.4) This is expected because of the 

decrease in ionic radii as one moves from the left to the right due to the lanthanide contraction in 

the rare earth series. 
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Table 3.3 Crystallographic parameters obtained for La3Ga3Ge2BeO14 at room temperature using 

Cu Kα1 x-ray radiations (λ=1.54 Å). 

 

Table 3.4 Lattice Parameters obtained for the synthesized langasites with space group P321 

(α=β=90ᵒ, γ=120ᵒ) [16]. 

 a 

(±0.002) Å 

c  

(±0.002) Å 

Volume 

(±0.25) (Å3) 

Rp 

(%) 

Rwp 

(%) 

χ2 

La3Ga3Ge2BeO14 8.129 5.008 286.60 4.3 4.99 1.46 

Pr3Ga3Ge2BeO14 8.058 5.049 283.92 3.38 3.87 1.63 

Nd3Ga3Ge2BeO14 8.026 4.957 276.54 2.95 3.28 1.66 

Sm3Ga3Ge2BeO14 7.990 4.956 273.69 5.24 5.59 1.56 

Eu3Ga3Ge2BeO14 7.953 4.948 272.03 2.88 4.30 1.95 

 

 

 A Ga1 Ga2 Ge1 Be Ge2 O1 O2 O3 

Wyckoff 

Positions  

3e 1a 3f 3f 2d 2d 2d 6g 6g 

x Coordinate 0.5852      

(0.0006) 

0 0.232 

(0.001) 

0.232 

(0.001) 

0.33333 0.3333 0.6667 0.419 

(0.008) 

0.232 

(0.005) 

y Coordinate 0 0 0 0 0.6667 0.6667 0.3333 0.115 

(0.007) 

0.143 

(0.005) 

z Coordinate 0 0 0.50000 0.50000 0.481 

(0.005) 

0.481 

(0.005) 

0.24 

(0.02) 

0.355   

(0.007) 

0.239 

(0.005) 

Occupancies 0.50000 0.16667 0.16667 0.33333 0.16667 0.16667 0.33333 1.00000 1.00000 
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3.4 Bond Valence Analysis 
 

Bond valence analysis was performed on the structural data obtained from x-ray diffraction. The 

analysis was carried out for La3Ga3Ge2BeO14. The obtained bond valence sums for different ions 

are shown in table 3.5. In future work, comparison will be made between the bond valence sums 

(obtained from x-ray diffraction and neutron scattering combined data refinement) of the 

different members of the family.  

Table 3.5 Bond valence analysis of La3Ga3Ge2BeO14 performed using EdPCR (FullProf) [82] . 

The table shows bond valence sums, coordination and average oxygen bond distance for 

different ions in the structure. 

Atom Bond Valence Coordination Obtained  Average Oxygen 

Bond Distance (Å) 

La3+ 3.01 8 2.534 

Ga13+ 2.99 6 1.986 

Ga23+ 3.05 4 1.6304 

Ge14+ 4.5 6 1.63 

Be2+ 1.98 4 1.1245 

Ge24+ 3.67 4 1.7480 
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O12- 2.28 
  

O22- 2.04 
  

O32- 1.74 
  

From the table above, a comparison can be made between the obtained bond valence sums and 

the expected oxidation states. The results are in good agreement for La however for other ions 

they vary from the expected numbers. There are many reasons that can lead to this 

 The obtained results are not very reliable when the analysis is done using x-ray 

diffraction on Ga and Ge. The ions cannot be easily distinguished by conventional x-ray 

diffractometers because of their similar electron environment. The lab x-ray beam, which 

interacts with the electron cloud of an atom, cannot distinguish between the two atoms 

effectively. 

 In the Be-langasites the participating atoms have very different sizes. The presence of 

heavier atoms like the rare earths (La, Pr, Nd, Eu etc.) in the system makes it very 

difficult for the atoms with smaller electron cloud like O and Be to be detected.  

 The bond valence sum was off by 12 (3) % for mixed sites (Ga/Ge and Ge/Be) as random 

mixing of ions occurs which are expected to have different bond lengths with O.  

Bond valence analysis provided some information about the oxidation states of the ions involved. 

More accurate results can be obtained by a combined x-ray and elastic neutron scattering data 

refinements. 
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3.5 Crystal Growth 

Single crystal growth using the optical floating zone image furnace was attempted for 

Nd3Ga3Ge2BeO14, Pr3Ga3Ge2BeO14 and Sm3Ga3Ge2BeO14. The crystals were about 3 cm in 

length with very little oxygen defects as determined by x-ray diffraction and final colours of the 

crystal. The colours of the obtained crystals are what is expected for the magnetic ions i.e. purple 

for Nd3+, green for Pr3+ and yellow for Sm3+.  

 

Figure 3.5  Single crystals of Be-langasites grown using floating zone image technique (left) 

Nd3Ga3Ge2BeO14, (middle) Pr3Ga3Ge2BeO14 and (right) Sm3Ga3Ge2BeO14. 

X-ray diffraction and Rietveld refinement were done to confirm the phase purity of the grown 

crystal. During the FZ technique high amounts of energy are supplied to the sample and 

sometimes the heat of the hot zone during the growth is enough to provide thermal energy to ions 

which might lead to transition to a metastable state thus leading to a phase transition during 

growth. X-ray diffraction was performed on crushed crystals. It was confirmed that after crystal 

growth all compounds retained the desired langasite phase. The obtained lattice parameters were 

in agreement with the powder x-ray diffraction data. Upon further investigation of these grown 

crystals it was realized that they contain multiple tiny single crystals within the large crystal.  
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Chapter 4 

Magnetism of Nd3Ga3Ge2BeO14 

 

4.1 D.C. Susceptibility 

Figure 4.1 shows the d.c. susceptibility (red) and inverse d.c. susceptibility (black) as a function 

of temperature. There is a complete overlap between field cooled and zero field cooled 

susceptibility which indicates an absence of glassiness or ferromagnetism in the material. Curie-

Weiss fits at high temperature (above 50 K) were attempted for Nd3Ga3Ge2BeO14 and the θCW 

and µeff obtained were -37.78 (0.03) K and 3.54 (0.05) μB respectively. The magnitude of θCW is 

very high which indicates the presence of crystal field terms. In order to avoid a contamination 

from crystal field population, the fits were done in different low temperature regions. The Curie-

Weiss temperatures obtained for 1.8 K to 8 K fits was -1.02 (0.01) K and the effective magnetic 

moment was calculated as 2.57 (0.01) μB. For fits between 0.500 K and 1.8 K, the Curie-Weiss 

temperatures and effective moments obtained were -0.16 (0.01) K and 2.32 (0.01) μB. A negative 

Figure 4.1 : Magnetic susceptibility and inverse susceptibility as a function 

of temperature (inset: Curie–Weiss fits) for NdGa3Ge2BeO14 [16].   
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θCW confirms the antiferromagnetic nature of interactions. The calculated effective moment is 

smaller than the effective moments of  Nd3+ (3.62 μB) [54].  The fits confirm the presence of 

antiferromagnetic interactions for NdGa3Ge2BeO14. A smaller than expected effective moment is 

indicative of screening effects typical of frustrated magnets. 

4.2 Magnetization 

                                         

Figure 4.2 Magnetization curves for  Nd3Ga3Ge2BeO14   at 0.500 K , 2 K, 5 K and 30 K in up to 

7 T field [16]. 

The magnetization as a function of field from 0 to 7 T for Nd3Ga3Ge2BeO14 is shown in figure 

4.2. It can be seen that the magnetization starts to saturate at 2K and when the temperature is 

further reduced to 0.500 K, magnetic moment appears to reach saturation. A Brillouin function 

fit (4.1) was performed on the 0.500 K data to further understand this behaviour. 

                                               (4.1) 
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The magnetization increases with field for small fields but as the field is increased it reaches a 

saturation magnetization given by NµH = NgµBJ where N is the number of atoms per unit volume 

and µH is the maximum moment of each atom in direction of H [52]. This corresponds to the 

maximum possible alignment of moments with the external field. The saturated moment for the 

Nd-langasite at 0.500 K was compared to a nonlinear least squares Brillouin function for J=9/2  

For Nd3+  J=9/2 but this state splits into five Kramers doublets in the crystal field of the magnetic 

ion [83]. Since Nd3+ is a Kramers ion, a doublet ground state was assumed with Jeff= ½. From 

figure 4.3 it can be seen that the fit diverges from the obtained data set at T= 0.500 K. This 

indicates that even though a complete saturation of magnetic moment was observed, the system 

does not exhibit paramagnetism and there are magnetic correlations persistent even at a low 

temperature of 0.500 K. 

4.3 Heat Capacity 

For Nd3Ga3Ge2BeO14, the heat capacity (C) as a function of temperature (T) and C/T vs T for 0 

and 9 T fields along with the lattice standard is shown in figure 4.4 

Figure 4.3 Brillouin function fit for 

Nd3Ga3Ge2BeO14 for 0.500 K data [16]. 
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From the plots (figure 4.4 (right)) it can be seen that for 0 T (black data set), below 3 K the heat 

capacity starts to increase with decreasing temperatures. This peak further shifts to higher 

temperatures and becomes broad as the field is increased to 9 T (red data set). This was assumed 

to be because of the characteristic splitting of the ground state doublet in the Nd-langasites (Nd3+ 

in the state 4I9/2) in an applied magnetic field which leads to a sharp increase in the heat capacity 

at low temperatures also known as the Schottky anomaly. The Schottky fit to the heat capacity 

data after the lattice subtraction is shown in figure 4.5. From the fit the value of energy obtained 

between two levels was obtained, ΔE = 0.241(5) K. The obtained energy gap is close to the 

expected value of 0.235 K [84] however from the figure it can be seen that the fit does not fit 

with the data completely. This shows that there are other competing factors (like magnetic 

ordering) causing the upturn in the heat capacity of Nd3Ga3Ge2BeO14. 

Figure 4.4 Heat capacity as a function of temperature at 0 T and 9 T and lattice standard for 

Nd3Ga3Ge2BeO14 (left) C/T vs. T data (right) [16]. 
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The nature of other competing interactions can be explored by obtaining the total entropy release 

for the 9 T data by integrating Cmag/ T as a function of T for a temperature range of base (0.350 

K) to 65 K (figure 4.6).  

The calculated entropy was then used to calculate the number of states w using S = R ln (w). The 

calculation gave a value of 4.0 (0.1) which is expected for Nd3+. Splitting of the  Nd3+ J=9/2 state 

in 5 Kramers doublets is expected in crystal field of the magnetic ion above 77 K with a gap of 

Figure 4.5 Schottky fit to magnetic heat capacity of 

Nd3Ga3Ge2BeO14 as a function of temperature in a 0 

T field. [16]  

Figure 4.6: Magnetic entropy is obtained by 

integrating the area between red and black data 

set for Nd3Ga3Ge2BeO14. [16] 
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6.9 meV between the first two doublets [78]. Thus in this temperature regime, ΔS= R ln (4) is 

expected from two sets of doublets contributing to the upturn in heat capacity.  

4.4 MuSR 

MuSR measurements were performed on Nd3Ga3Ge2BeO14 to further explore the low 

temperature magnetism and to confirm the results obtained so far. 

4.4.1 Varying Field 

Figure 4.7 shows the comparison of the effect of longitudinal field on the asymmetry of the 

signal as the field was increased from 0.002 to 0.5 T. The 0.002 T field is decoupling the long 

time asymmetry, but is not strongly affecting the early time parts.  The temperature was 

maintained at 0.024(6) K and the response was collected over time in µS. 

The source of relaxation is the dynamic local field at the muon stopping site. The asymmetry 

(polarization) decay can be exponentially expressed as, P = e−λt in both zero and longitudinal 

magnetic field. 

A stretched exponential relaxation function was used to fit the asymmetry for LF = 0.002 T for 

the Nd3Ga3Ge2BeO14 data. 

                                                                  𝑃 =  𝑒(−𝜆𝑡)𝛼
                                                   (4.2) 

The fit is shown in figure 4.7 (bottom panel). The fit converged successfully and the obtained 

parameters were the λ = 13 (3) µs-1 and α= 0.4 (2). A smaller value of α (α < 1 ) is due to 

multiple stopping sites in langasite [24]. These values further confirm spin dynamics at low 

temperatures for the langasites when compared with other well studied systems like Nd3Ga5SiO14 

[81]. An increase in asymmetry was observed when field is applied. The difference in zero field 
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(0.002 T) and field signals is because of the decoupling of spins in the presence of a field. This is 

an indication of strong exchange interactions [8].  

Figure 4.5: (top) Effect of the field on the asymmetry of the signal when longitudinal field was 

varied from 0.0020 to 0.5000 T. (bottom) Exponential fit performed on the 0.002 T data. 
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4.4.2 Varying Temperature 

Figure 4.8 shows the longitudinal field measurements at 0.025 K and 6 K. It can be seen that 

there is no difference in the asymmetry between 0.025 K and 6 K in zero field, which shows that 

at least on the time scale that muons are sensitive to, there is no evolution in the magnetism in 

this temperature range. This means is that there is a decoupling from environmental effects (the 

silver sample holder, copper in the dilution refrigerator, nuclear moments in the sample) but the 

magnetism (which is represented by the fast relaxing front end) is not decoupled. The size of the 

field required to decouple the magnetism is an indicator of how dynamic a sample is. Since it is 

not decoupled to at least 0.5 T, the system appears to be dynamic down to at least 0.025 K. 

Figure 4.6 Effect of temperature on the asymmetry of the signal when 

the temperature was varied from 0.025 K to 6 K in a longitudinal field of 

0.0020 T. 
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4.5 Neutron scattering 

4.5.1 Inelastic Neutron Scattering on Nd3Ga3Ge2BeO14 

For Nd3Ga3Ge2BeO14 inelastic neutron scattering measurements were performed to explore the 

dynamic spin correlations, and the field and temperature dependence of the features. The 

measurements were performed at 0, 6 and 10 T field strengths for a wavelength of 4.8 Å. The 

background was subtracted using a 50 K run. In figure 4.9, it can be seen that at the base 

temperature in zero field, some magnetic diffuse scattering is present close to the elastic channel. 

Magnetic excitations were also observed at very low energies (less than 0.4 meV). These 

excitations are of the temperature scale of < 4 K, which is consistent with the low ƟCW for this 

compound ƟCW << 4 K). 

Figure 4.7 Diffuse scattering observed in Nd3Ga3Ge2BeO14 close to the elastic channel using the 

DCS at λ = 4.8 Å in zero field and T= 0.075 K. 
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In order to see if the excitations are persistent above the base temperature, another run was 

performed by keeping all parameters same and increasing the temperature to 1.5 K. From figure 

4.10 it can be seen that the excitations are clearly visible at 1.5 K. 

Magnetic diffuse scattering is a result of magnetic interactions between the spins below a certain 

temperature (ƟCW). Thus an external field should affect the excitations if they are magnetic in 

nature. Keeping this in mind, the field was increased to 6 T while keeping the temperature and 

wavelength constant.  From figure 4.11 it can be seen that the excitations are suppressed when an 

external field is applied. 

 

 

Figure 4.8 Diffuse scattering observed in Nd3Ga3Ge2BeO14 close to the elastic channel using the 

DCS at λ = 4.8 Å in zero field and T= 1.5 K. 
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When the strength of the field was increased to 10 T, a further suppression of excitations was 

observed.  

Figure 4.10 Suppression of excitations observed in Nd3Ga3Ge2BeO14 close to the elastic channel 

using the DCS at λ = 4.8 Å when B = 10 T is applied at T= 0.090 K. 

Figure 4.9 Further suppression of excitations observed in Nd3Ga3Ge2BeO14 close to the elastic 

channel using the DCS at λ = 4.8 Å when B = 6 T is applied at T= 0.090 K. 
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  Figure 4.13 shows a comparison between the different fields. Suppression of diffuse scattering 

can be clearly seen. From this data it can be concluded that Nd-langasite shows evidence of 

diffuse scattering from the base to at least 1.5 K. 

Figure 4.11 Figure 82: Field dependence of inelastic neutron scattering data for 

Nd
3
Ga

3
Ge

2
BeO

14
at T=0.070(10) K with field strengths of 0, 6 and 9 T (top- integration over Q 

for E [-0.5,0.5meV]. 
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4.5.5.1 Form Factor Fit for Nd3Ga3Ge2BeO14                                                                             

The nature of diffuse scattering can be analyzed further by performing a spin liquid form factor 

fit. The F2 (form factor) for Nd for a certain Q range is given by the polynomial 

 F(Q) = 1.0082(0.0084) - 0.01122(0.00898)Q – 0.03306(0.00266) Q2 + 0.00265(0.00021)Q3                                              

              (4.3) 

The diffuse scattering was obtained by subtracting the 9 T data from 0 T data. It can be noted 

that the Bragg peaks are still present and might interfere with the fit so the data must be corrected 

for that before performing the fit. The fit was performed by plotting intensity / (form factor)2 as a 

function of Q for the range 0 to 2 Å-1. The data was then fit to the sine function given below with 

fitting parameters A, B and ri,j. 

                          I (Q) ~ Ʃ i,j < Si 
. Sj > 

sin (𝑄𝑟𝑖,𝑗
)

(𝑄𝑟𝑖,𝑗
)

 ~A 
sin (𝑄𝑟𝑖,𝑗

)

(𝑄𝑟𝑖,𝑗
)

  + B                               (4.4) 

The obtained fit is shown in figure 4.14 and it can be seen that the fit converges for the Q range. 

The parameters obtained for the fit are as follows 

Table 4.1 Table showing the parameters obtained from the form factor fit (equation 4.2) 

A B r i,j 

-2(1) 7(1) 4.8 (5) 
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A negative value of A shows that the nearest neighbour spin correlations are antiferromagnetic in 

nature. Also B is the offset and ri,j is the nearest neighbour distance. The obtained value for ri,j 

was 4.8 (5) Å. This is in close agreements to the numbers obtained for Nd3+- Nd3+ nearest 

neighbour distance for Nd3Ga3Ge2BeO14 (4.2 Å) using a Rietveld refinement.  

Thus it can be concluded that the net interactions are antiferromagnetic in nature and the spin 

correlation is limited to the corners of the Kagomé lattice. 

4.5.2 Diffuse Scattering on Nd3Ga3Ge2BeO14  

The temperature dependence of the magnetic response of Nd3Ga3Ge2BeO14 was measured at the 

ILL using the D7 spectrometer. The data was collected at 0.035 K, 1.2 K, 10K and 40 K. The 40 

K data was used to subtract the background contributions. Figure 4.15 shows the results for a Q 

range of 0 to 2.5 Å-1. It can be seen that there are excitations present at 0.035 K and 1.2 K which 

get suppressed as the temperature is increased to 10 and eventually 40 K. This is in agreement 

with the results obtained using the inelastic neutron scattering at DCS for this sample. The 

Figure 4.12 Form factor fit for the inelastic scattering 

obtained for Nd3Ga3Ge2BeO14 at the DCS at 0.075 K. 
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diffuse scattering is present at a base temperature of 0.035 K up to 1.2 K and vanishes as the 

temperature is increased. This indicates magnetic ordering as the temperature is reduced below 

1.2 K and hints towards spin liquid like interactions at low temperatures. 

 

 

 

Figure 4.13 Temperature dependence of polarized neutron scattering data for Nd3Ga3Ge2BeO14 

obtained at 0.035 K, 1.2 K, 10 K and 40 K. The top panel shows origin of diffuse scattering as the 

temperature approaches 1.2 K and 0.035 K. The bottom panel clearly shows diffuse scattering after 

subtracting out the Bragg peaks. 
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4.5.2.1 Flipping Ratio 

In neutron scattering, the flipping ratio is defined as the ratio of cross section of neutron beam 

parallel and antiparallel to magnetization of the system [85] . 

                                                                                                                 (4.5) 

Advantages of analyzing the flipping ratio include the cancellation of systematic errors [85] and 

sensitivity to weak magnetic scattering. 

 

Figure 4.14 Flipping ratio plotted as a function of temperature for Nd3Ga3Ge2BeO14. A change 

in character of the scattering can be seen around 3 K. 
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The flipping ratio was plotted as a function of temperature as can be seen in figure 4.16. Between 

3 and 11 K, the sample exhibits paramagnetism. However, a sharp drop is observed close to 3 K. 

Below this temperature the sample shows signs of diffuse scattering which is consistent with the 

results obtained using other physical property measurements. Thus for Nd3Ga3Ge2BeO14, the ILL 

results show magnetic diffuse scattering which changes character around ~3 K. This also gives 

rise to magnetic Bragg peaks. There is a possibility of a ferromagnetic component which will be 

explored further in future work.  

4.6 Summary 

The results obtained for Nd3Ga3Ge2BeO14 can be summarized as follows 

 Weak antiferromagnetic interactions are clearly seen with an observed ƟCW ~ - 0.16 K. 

 Neutron scattering and MuSR data did not show any evidence of magnetic long range 

ordering in the sample. 

 Broadening of heat capacity peak with the increase in magnetic field strength could be 

due to short range ordering in the compound. 

 Diffuse scattering is evident from the inelastic neutron data and is prominent below 1.2 K 

which indicates that the magnetic correlations are limited to nearest neighbours. 
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Chapter 5 

Magnetism of Pr3Ga3Ge2BeO14 

5.1 D.C. Susceptibility 

 

Figure 5.1 Magnetic susceptibility and inverse susceptibility as a function of temperature (inset: 

Curie–Weiss fits) for Pr3Ga3Ge2BeO14 [16]. 

D.C. susceptibility (red) and inverse d.c. susceptibility (black) for Pr3Ga3Ge2BeO14 as a function 

of temperature is shown in figure 5.1. A complete overlap between field cooled and zero field 

cooled measurements was observed thus confirming no glassiness or phase transitions. The 

magnitude of calculated θCW suggests the influence of crystal field levels at high temperatures. 

Thus the fits were limited to the low temperature region (below 8 K). The Curie-Weiss 

temperature obtained for 1.8 K to 8 K fits was -1.46(0.12) K and the effective magnetic moment 

was calculated as 2.58(0.02) μB which is close to the theoretically calculated value for Pr3+. For 

fits between 0.500 K and 1.8K, the Curie-Weiss temperatures and effective moments obtained 

were -0.2(0.1) K and 2.30(0.02) μB. It can be observed that the magnitude of ƟCW is small which 

hints at competing interactions (for example, ferromagnetism) at low temperatures. Thus for 
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Pr3Ga3Ge2BeO14, a clear presence of antiferromagnetic interactions can be seen however the 

strength of interactions appear to be weaker as compared to Nd3Ga3Ge2BeO14. 

5.2 Magnetization 
 

Figure 5.2 shows the magnetization of Pr3Ga3Ge2BeO14 at 0.500 K 2 K, 5 K and 30 K. From the 

figure it can be seen that there is no hysteresis present in the measurements thus ruling out any 

possibility of a ferromagnetic transition. The magnitude of the magnetization increases as the 

temperature is reduced from 30 to 5 K. But with any further decrease in temperature, the 

magnetization remains the same. Thus below 5 K all the spins are aligned and any further 

reduction does not change the alignment. Also since the moment does not reach saturation, it can 

be assumed that the spins are still in a disordered state. 

5.3 Heat Capacity 

Figure 5.3 shows the heat capacity (C) of Pr3Ga3Ge2BeO14 as a function of temperature 

(T) and C/T vs T. It can be seen from the plots that there is no evidence of magnetic long range 

order down to 0.350 K. 

 

Figure 5.2 Magnetization curves for Pr3Ga3Ge2BeO14   at 0.500 

K 2 K, 5 K and 30 K in up to 7 T field [16]. 
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The low temperature heat capacity data can be further analyzed by plotting log Cmag vs. log T 

and finding the slope.  It was found that the slope has a value of 2.03 (0.05) which indicates a T2 

(Cmag = ɣT2) dependence of the heat capacity (figure 5.4).  

This T2 dependence can be interpreted as being due to short ranged 2D magnetic correlations 

typical of disordered spins on the Kagomé lattice [77]. Zero field heat capacity measurement 

showed an increase in Cmag with decreasing temperature which shifted to higher temperatures in 

Figure 5.3 Heat capacity as a function of temperature at 0 T, 9 T and lattice standard for 

Pr3Ga3Ge2BeO14 (left) and C/T vs. T data (right) (inset: low T region zoomed in) [16]. 

Figure 5.4 T2 dependence of heat capacity for Pr3Ga3Ge2BeO14[16] 
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a field. This feature was predicted to be nuclear in origin based on the nuclear energy level 

scheme of Pr3+ [77]. The strong T2 dependence of the magnetic component of the heat capacity 

for Pr3Ga3Ge2BeO14 suggests that 2D dynamic correlations are present at low temperatures. The 

absence of long range order and T2 dependence of magnetic heat capacity are strong evidence for 

a quantum spin liquid ground state down to 0.350 K. 

5.4 Neutron Scattering 

5.4.1 Elastic Neutron Scattering Measurements on Pr3Ga3Ge2BeO14  

The temperature dependence of the response of the sample was studied using λ =4.8 Å. 

Measurements were performed at 0.070 K, 0.500 K, 1.5 K, 10 K and 50 K. As the temperature 

was increased from 0.070 K to 50 K, no change in the inelastic signal was observed. The 

intensities of the Bragg peaks remain the same as the temperature is decreased and no new Bragg 

peaks appeared. Thus there is no evidence of magnetic long range ordering in the Pr langasite. 

 

Figure 5.5 Elastic neutron scattering obtained for Pr3Ga3Ge2BeO14 as a function of temperature for 

0.500 K, 0.070 K, 1.5K, 10 K and 50 K obtained at the DCS. (left) zoomed in 0 <Q <2 Å-1. (λ = 4.8 Å) 
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5.5 Summary  

 Pr3Ga3Ge2BeO14 shows weak antiferromagnetic interactions with a ƟCW ~ - 0.2 K. 

 There was no evidence of magnetic long range ordering. 

 C ~T2  relation at low temperatures indicates 2-D magnetic correlations in this 

compound. 
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Chapter 6 

Magnetism of Sm3Ga3Ge2BeO14 

 6.1 D.C. Susceptibility 

 The d.c. magnetic susceptibility of Sm3Ga3Ge2BeO14 is shown in figure 6.1 (red) for a 

temperature range of 0.350 to 300 K. The black data set shows the inverse d.c. susceptibility as a 

function of temperature. A steep rise is observed between base and 50 K in the inverse 

susceptibility data set and over 50 K the rise is not as substantial. This broad anomalous feature 

above 50 K can be attributed to the population of higher crystal fields at high temperature in this 

langasite. A similar feature has been observed for the pyrochlore Sm2Ti2O7 where a temperature 

dependence of the susceptibility can be seen with a broad maximum at 140 K [86]. The Curie-

Weiss fits were done at different temperature ranges and the Curie-Weiss temperatures (θCW) and 

effective moments were calculated. Above 50 K, a θCW of -1133(2) K and a μeff of 4.54 (0.01) μB 

was obtained. The numbers are unrealistic and they confirm the initial prediction of crystal field 

population at higher temperatures. Low temperature fits for Sm3Ga3Ge2BeO14 were also 

attempted. For the temperature range of 1.8K to 8 K (Figure 6.1 (blue, inset)) the θCW and μeff 

Figure 6.1 Magnetic susceptibility and inverse susceptibility as a function of 

temperature (inset: Curie–Weiss fits) for Sm3Ga3Ge2BeO14 [16]. 
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obtained were -1.96(0.01) K and 0.57(0.01) μB and for 0.500 K to 1.8 K (Figure 6.1 (pink, 

inset)), θCW = - 0.33(0.02) K and μeff = 0.40(0.01) μB. The effective moment of a free Sm ion is 

0.84 μB [54]. The d.c. susceptibility measurement on Sm3Ga3Ge2BeO14 confirmed that the Sm 

spins have a net antiferromagnetic interactions. The obtained values from the low temperature fit 

are smaller than expected which indicates that the Sm ion is interacting with the neighbouring 

Sm ions. 

6.2 Magnetization 

Figure 6.2 shows the magnetization of Sm3Ga3Ge2BeO14 as a function of field at 0.500 K, 2, 3 

and 30 K. The magnitude of magnetization per Sm ion is much smaller than expected which 

shows that the material is magnetically more disordered than Pr3Ga3Ge2BeO14 and 

Nd3Ga3Ge2BeO14. A clear trend can be seen in the magnetization as the temperature is decreased 

from 30 K to 0.500 K. At 0.500 K, the magnetization increase significantly which shows that 

more spins order as the temperature is reduced. The magnetization does not reach saturation even 

in the presence of a strong field at low temperatures which indicates that there is an absence of 

long range ordering.  

Figure 6.2 Magnetization curve for Sm3Ga3Ge2BeO14 at 

0.500 K, 2 K, 5 K and 30 K in up to 7 T field [16]. 
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6.3 Heat Capacity 
 

Figure 6.3 shows heat capacity measurements performed on Sm3Ga3Ge2BeO14 for a temperature 

range of 0.350 to 300 K in 0 and 9 T fields. Figure 6.3 (a) shows the comparison between the 

lattice standard, 0 T and 9 T measurements. As expected, for the lattice standard the heat 

capacity reaches zero as the temperature approaches zero. For Sm3Ga3Ge2BeO14, in 0 T an 

increase in the heat capacity was observed below 4 K. When 9 T field is applied, this peak 

broadens and shifts to higher temperatures. This typically is a feature of a Schottky anomaly but 

the Schottky fit did not converge in this case indicating that there are other factors contributing to 

this behaviour of the data. Figure 6.3 (b) shows the C/T vs T plot. From the figure it can be seen 

that a complete peak is not obtained even in 9 T so the full entropy calculations cannot be 

performed.  

For Sm3+ containing compounds, the specific heat consists of contributions from nuclear terms, 

the lattice and magnetic terms. The nuclear component is typically significant below 0.4 K as in 

Sm2Ti2O7[87]. The broad feature observed over 25 K is due to the crystal field terms at higher 

Figure 6.3 : Heat capacity as a function of temperature at 0 T and 9 T and lattice standard for 

Sm3Ga3Ge2BeO14 (left) C/T vs. T data (right) (inset: low T region zoomed in) [16]. 
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temperature and was also visible in the d.c. susceptibility measurements. Heat capacity 

measurements on Sm3Ga3Ge2BeO14 clearly indicated the presence of magnetic correlations at 

low temperature but even lower temperature heat capacity data (below 0.350 K) is required to 

make conclusions. 

6.4 Summary 

 Weak antiferromagnetic interactions can be observed with a ƟCW ~ -0.33 K. 

 No sign of magnetic ordering was observed in zero field. 

 A low temperature peak emerges in an applied field in heat capacity which might indicate 

a long range ordering in an applied magnetic field. 

 Neutron scattering measurements were not completed due to the highly absorbing nature 

of Sm with respect to the thermal neutrons. 
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Chapter 7 

Magnetism of Eu3Ga3Ge2BeO14 

 

7.1 D.C. Susceptibility 

 

Figure 7.1 Magnetic susceptibility and inverse susceptibility as a function of temperature (inset: 

Curie–Weiss fits) for Eu3Ga3Ge2BeO14. 

D.C. susceptibility and inverse as a function of temperature for Eu3Ga3Ge2BeO14 is shown in 

figure 7.1. For Eu, a high temperature fit (150-300 K) gave a θCW of -738(5) K and a μeff of 0.925 

(0.005) μB. The magnitude of θCW is very high and is unrealistic. A low temperature fit for the 

temperature range of 1.8 K to 8 K gave a θCW of -1.41(0.01) K and μeff of 0.15(0.02) μB. The θCW 

confirms net antiferromagnetic interactions of the system and μeff indicates towards the presence 

of very small but non-zero net magnetic moment. A broad feature in the inverse susceptibility vs 

temperature (black data set) is similar to that observed in case of Sm3Ga3Ge2BeO14. Sm and Eu 

both exhibit Van Vleck paramagnetism and this broad feature might be result of that. The 

magnitude of the susceptibility is also very low as compared to Nd, Pr and Sm members of the 

family which shows a very weak magnetism.  
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7.2 Magnetization 

 

Figure 7.2 Magnetization curve for Sm3Ga3Ge2BeO14 at 0.500 K, 2 K, 5 K and 30 K in up to 7 T 

field. 

For the Eu-langasite, the magnetization as a function of field was obtained from 0 to 7 T at three 

different temperatures of 2, 5 and 30 K. For all three measurements it was seen that the 

magnetization reaches a maximum and when the field is applied any further, the value of the 

magnetization decreases. At 30 K, the value drops below zero which is not realistic. This drop 

might be because of the singlet state of Eu in this compound. The magnetism of the Eu 

containing compounds can be compromised if the singlet state is more stable as compared to 

triplet. Magnetism of Eu has been studied in different classes of compounds before but a 

behaviour like this has not been observed so far. Thus a comparison cannot be made with the 

ground state of the Eu-langasite with the other Eu containing compounds at this stage. The 

behaviour is likely due to the singlet state of Eu ion and the downturn in magnetization might be 

because of a higher crystal field transition.  

(d)  
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7.3 Heat Capacity 

 Heat capacity measurements were performed on Eu3Ga3Ge2BeO14 to further understand the 

ground state and the magnetism of this langasite. The measurements were performed from 0.350 

K to 300 K in 0 and 9 T fields. The heat capacity appeared to have no contribution from the 

magnetism of the sample. The 0 and 9 T data highly resembled the heat capacity of the lattice 

standard La3Ga3Ge2BeO14. This measurement suggests the presence of a singlet ground state of 

Eu in this langasite which was also evident from the d.c. susceptibility and magnetization data. 

Thus this material was not analyzed further for its low temperature magnetism. 

7.4 Summary 

 The Eu3+ ion commonly exists in a singlet state. 

 Magnetic characterization of the Eu3Ga3Ge2BeO14 was inconclusive. 

 No magnetism effects were observed in the heat capacity measurements. 

 

Figure 7.3 Heat capacity as a function of temperature at 0 T and 9 T and lattice 

standard for Eu3Ga3Ge2BeO14 (left) C/T vs. T data (right) (inset: low T region 

zoomed in)  
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Chapter 8 

Conclusions and Future Directions 

8.1 Conclusions 

Taking inspiration from the previously studied langasites Pr3Ga5SiO14 and Nd3Ga5SiO14, 

four Be-langasites A3Ga3Ge2BeO14 (A = Pr, Nd, Sm and Eu) and a lattice standard 

La3Ga3Ge2BeO14 were synthesized. The synthesis was done using a solid state ceramic method at 

high temperatures. These compounds were further analyzed using X-ray diffraction, Rietveld 

refinements and bond valence analysis which confirmed the phase purity, stability and oxidations 

states of the ions of the langasite phase in this substitution. The series was expanded until the Eu 

member as the langasite stability field collapses for ion sizes smaller than Eu. These compounds 

were further characterized by physical property measurements like magnetization, magnetic 

susceptibility and heat capacity. The magnetization measurements do not show any hysteresis in 

any of the four magnetic compounds. Curie-Weiss fits to the magnetic susceptibility data yielded 

negative Curie-Weiss temperatures for all langasites in the low temperature regime. A low 

temperature region was selected for these fits as at higher temperatures crystal field effects mask 

the true Curie-Weiss terms. A negative Curie-Weiss temperature indicated the presence of net 

antiferromagnetic interactions for all of these compounds at low temperatures.  

 0.500 K to 1.8 K 1.8 K to 8 K High T (8 K to 300 K)  

Pr3Ga3Ge2BeO14 -0.2 (0.1) K -1.5 (1) K -39.9 (2) K 

Nd3Ga3Ge2BeO14 -0.16 (0.01) K -1.02 (0.01) K -37.78 (0.03) K 

Sm3Ga3Ge2BeO14 -0.33 (0.02) K -1.96 (0.01) K -1133 (2) K 

Eu3Ga3Ge2BeO14            --------- -1.41 (0.01) K -738 (5) K 

Temperature Range 
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 No evidence of long range magnetic ordering was observed in all four langasites. For the 

Nd-langasite, evidence of a dynamic state was observed using the MuSR measurements close to 

the base temperature (0.090 K). In the presence of a field, a decoupling of spins is observed 

which shows that the interactions are magnetic in nature. The disordered nature of spins was 

further confirmed by the presence of diffuse scattering in 0 T from 10 K all the way to the base 

temperature (0.075 K). Polarized neutron scattering data obtained at the ILL indicates a 

coexistence of a paramagnetic state along with magnetic short range ordering. More experiments 

are needed, however, to prove this. The coexistence of paramagnetic and antiferromagnetic state 

in the Nd-langasite also explains the unsuccessful attempt to fit the low T data to Schottky 

anomaly for Nd-langasite. All the measurements above suggest that these langasites (except 

Eu3Ga3Ge2BeO14) can be added to the list of spin liquid candidates based on the presence of 

dynamic correlations at low temperatures and presence of spin liquid like features in the physical 

property measurement.  

8.2 Future Directions 

A better understanding of the low temperature interactions is required to classify the compounds 

as spin liquids. In the future, the first step would be to synthesize new members belonging to the 

langasite series with ions smaller than Eu occupying the A site in A3Ga3Ge2BeO14. 

 

A logical substitution would be to stabilize Gd on the A site of the langasite lattice. This can be 

achieved by shrinking the overall size of the lattice. Attempts will be made to substitute Sc in 
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place of Ga. This substitution should, theoretically, shrink the lattice enough to accommodate Gd 

on the A site and maintain the langasite phase. 

 Future directions for this research includes the synthesis of 2Gd3Sc3Ge2BeO14 

3Gd2O3 (s) + 3Sc2O3(s) + 4GeO2(s) + 2BeO(s)                                      2Gd3Sc3Ge2BeO14 (s) 

 If successful, this will be expanded to accommodate Tb, Dy, Ho etc.                                           

For the already made langasites, attempts will be made to enhance the quality of the 

crystals and obtain a large single crystal. This will be done by attempting the growth in a 

four mirror furnace to ensure congruent melting and a very slow growth rate (0.1 mm/hr).  

 Once the large single crystals are obtained, the directional dependence of the magnetic 

properties will be determined by aligning the crystals and performing the physical 

property measurements on them again.                           

 So far the MuSR measurements have only been obtained on Nd3Ga3Ge2BeO14, this will 

be expanded to the other members of the langasite family. The measurements will be 

performed at TRIUMF (Vancouver).                                                                                                          

 Neutron scattering study of the langasites will also be expanded in the near future. 

Polarized neutron scattering will be performed on Nd3Ga3Ge2BeO14 at ILL at λ=1.8 Å.   

 The diffuse scattering observed at the DCS for the Nd langasite will be further explored 

using CORELLI (Oak Ridge) as it offers high momentum resolution to easily separate 

Bragg peaks and diffuse scattering.  
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