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Abstract 

This thesis compnses studies on two ferromagnetic superconductors, URhGe 

(Tcurie=9.SK and Tsc=2S0mK) and UCoGe (Tcurie=2.SK and Tsc=800mK). These 

properties are interesting because the current theory to explain superconductivity 

predicts that ferromagnetism should destroy superconductivity. Not only is that not true 

in these materials, but ferromagnetism and superconductivity are thought to arise from a 

common mechanism. The studies conducted on these materials arise from that 

possibiiity, in an attempt to understand the unconventional nature of these materials. 

Original work is contained in chapters 4, Sand 6. All of this work is currently not 

published in sources other than this thesis. 

Chapter 1 will give an introduction to these materials, and the work that has been 

done on them by other groups, and work done on related materials. 

Chapter 2 will give details of the various experimental methods used in measuring 

the structure and properties of the materials studied. This work was conducted by the 

author at McMaster University, with the assistance of individuals from the Brockhouse 

Institute for Materials Research, and the Center for Electron Microscopy at McMaster 

University. 

Chapter 3 will provide an introduction to the technique of muon Spin 

Resonance/Relaxation (~lSR). This work was done at the TRIUMF facility in 

Vancouver, British Columbia, with the assistance of several TRIUMF staff. The data 

was collected by the author, and other members of Dr. Luke's research group as well as 
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collaborators from TRlUMF and from Columbia University. 

Chapter 4 will present the measurements made on UCoGe, while Chapter 5 

presents the measurements of URhGe. Details of the crystal growth and structure 

characterization measurements are included in these chapters, along with resistivity, 

bulk magnetization and f!SR measurements. 

Both zero-field (ZF) and transverse field (TF) f!SR has been performed. This 

work focuses on studying the magnetic moment size, and the magnetic volume fraction 

around the ferromagnetic transition, and to temperatures as low as 20mK. 

Consideration is also given to the magnetic and superconducting properties in the low­

temperature region. 

In the Introduction, DRhGe is presented first, followed by UCoGe, since this was 

the order in which they were discovered. The results obtained from UCoGe are 

presented first, since work on that compound was started before the work on URhGe. 

Chapter 6 focuses on the conclusions drawn from this work, comparing the 

measurements of both materials. 

Keywords: muon spin rotation, ferromagnetism, superconductivity, heavy fermions. 
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I. Introduction 

1.1 Heavy Fermion Materials 

Heavy fermion systems are a family of strongly-correlated electron materials [1]. These materials are 

so-named due to the large effective masses of their conduction electrons. This is observed experimentally 

through large electron contributions to the specific heat at low temperatures [2], and heavy quasiparticles in 

the de Haas-van Alphen (dHvA) effect [3]. This situation typically arises infband conduction electrons, so 

these materials are generally based on intermetallics such as Ce, Yb, and U, though not exclusively [1]. 

At moderate temperatures (T > 50K), these materials act as ordinary paramagnetic metals, with weakly 

interacting magnetic moments. When the temperature is decreased, the moments located on the felectrons 

become strongly coupled to each other, and to the conduction electrons [1]. This increases the effective 

mass of the conduction electrons, to values that are 10 to 100 times the bare electron mass. This mass 

enhancement is clearly observed in heat capacity [4,5] and de Haas-van Alphen measurements [6]. 

The transport properties of heavy fermion systems display an usually large amount of variation at low 

temperatures . Whereas normal metals generally have a nearly constant resistivity below 20K, many heavy 

fermion systems show rapid variation, and behaviour that is consistent with scattering dominated by 

magnetic moments [1]. 

Heavy fermion systems also display some pressure dependence in many of their properties. Many 

materials that have a non-magnetic ground state will order at a critical pressure [7] . This is thought to be a 

result of changes in the distance between the moments, which affects the strength of the interactions. 
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The leading description of the heavy fermion phenomenon is the competition between the Ruderman­

Kittel-Kasuya-Yosida (RKKY) interaction and the Kondo Effect. The RKKY interaction is based on the 

existence of an indirect exchange through the polarization of the conduction electrons [8 , 9, 10]. The Kondo 

effect is an anti ferromagnetic exchange interaction between the localized and conduction electrons, leading 

to the enhancement in the effective mass [11]. This can occur between conduction electrons and a single 

magnetic impurity, or a lattice of magnetic ions. In the latter case, the lattice of magnetic atoms is called a 

Kondo lattice. This also appears as a reduction in the effective moment size in the system [12]. In fband 

intermetallics, these atoms appear as magnetic moments with a large screening cloud, which changes 

between the high- and low-temperature regime. 

The cross-over between these two regions occurs due to a competition between inter- and intra-site 

interactions. [13]. These interactions are both related through a common exchange coupling between the 

conduction electrons and local moments [1 2]. This cross-over appears in transport measurements as a 

maximum in the resistivity of the material, and indicates a loss in inelastic scattering below the cross-over 

[ 12]. 

The competition between the RKKY and the Kondo interactions depends on the same coupling 

parameter, since they both involve coupling of the felectron moment and the conduction electrons. While 

the Kondo effect screens local moments, tending to a non-magnetic state, the RKKY interaction favours 

long-range magnetic order. This competition results in a phase diagram in which a magnetic region can 

form for a range of coupling constant values at low temperature, which has been dubbed the Doniach model 

[14 ]. 

This phenomenon leads to materials with many interesting possible ground states, depending mostly 

on the strength of the interactions. The ground states are usually magnetic (both antiferromagnetic and 

ferromagnetic have been observed), superconducting, or in some cases, non-magnetic [1]. Table l.1 shows 
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some of the heavy-fermion materials, and their ground state. 

Ordering Temperature (Kl 

AntifelTOllJaglletic 
UPtGas 
UAgCu. 

URuj Si1 

UCus 
U2Z1117 

UCd
l1 

UO.97TllooJBe13 

SupercollChlctive 
PuCoGa; 

URu1Si1 

UBe13 

UO.97ThOOJBe13 
Celll,Si

1 

UPt] 

No Ordering 

UAuPI. 

CeAl ] 

CeCuo 

UA11 

LiVP. 

* Lowest temperature measured 

27.0 

IS. 15 

17.0 

15.2 

9.7 

5.0 

0.4 

IS.O 

1.5 

0.9 

0.6 

0. 65 

0.5 

0.15* 

0.02* 

0.02* 

0.02* 

0.02* 

Table 1.1. Ordering temperature of various heavy fermion materials with different ground state 
configurations. Data taken from [1 , 15, 16]. 

The variations in the magnetic ground states in these materials is a result of the competition between 

the RKKY interaction and the Kondo effect. Since they both depend on the same exchange interaction, J, 

between the f-electron moments and the conduction electrons, materials with different values of J may have 

different magnetic ground states. For example, in intermetallic Uranium compounds, the exchange 

parameter J depends in part on the inter-Uranium distance, du-u. For du-u > 3.6A the compounds are 

generally magnetic at low temperature, while for du-u < 3.4A the compounds generally have a non-magnetic 

ground state [17] . 
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In the case of URhGe and UCoGe, the ground state is a ferromagnetic, and is also related to the inter­

Uranium distance, which governs the strength of the interaction. This will be discussed in more detail in the 

later sections on the particular materials. 

1.2 Heavy Fermion Superconductivity 

The first heavy fermion system that was found to be superconducting was CeCu2Si2 [18,19]. 

Superconductivity was unexpected, since this system has superconductivity coexisting with the strong, 

localized Ce moments. In the conventional Bardeen-Cooper-Schrieffer (BCS) theory of superconductivity, 

magnetism and superconductivity cannot cooperatively co-exist, since it makes spin singlet pairing unlikely 

[20]. The coexistence of magnetism and superconductivity might lead to competition in real space between 

magnetic and superconducting volume fractions [21]. 

Heavy fermion superconductors are known to be type-II superconductors [1 2], and most have 

transition temperatures Tc:S 2K, though Tc's as high as 18K have been reported [22]. Properties of some 

heavy fermion superconductors are summarized in Table 1.2. 
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Material T A S Hd (0) Hd (0) . 
(K) (1000 A) (A) (mT) (T) 

PuCoGas 18.5 1.24 2 1 35.0 74 

CeCu
1
Si

1 0.7 >4 90 2.3 2. 0/2.4 

URu
1
Si

1 1.2 > 15/9- 10 100-1 50 1.4 14/3 

UPd1AI1 2.0 5/5 85 1.0 3.0/3.6 

UNi1AI1 1.0 >3 240 1.5 1.5 

UPt3 0.55 6-7/6-7 100-1 20 3.0 2.8/2. 1 

UBe
13 0.9 >8 100 4.6 10.1 

Table 1.2. Selected properties of some known heavy fermion superconductors at ambient pressure. Values 
indicated by slashes (\) refer to different crystallographic directions. Dashes (-) indicate a range of measured 
values. Data taken from [1 2, 22]. 

It can be seen that in addition to the low transition temperatures, these heavy fermion superconductors 

have large magnetic penetration depths, and small coherence lengths. This is expected, given the large 

effective mass of the electrons, since 

'" oc( m eJI / n J 1/2 ( 1.1) 

~ oc n 1/3 / (m eJI * T c ) (1.2 ) 

where A is the magnetic penetration depth, ~ is the coherence length, ns is the superconducting pair density, n 

is the conduction electron density, and m ell is the effective electron mass. 

This leads to very small values of Hel and very large values of He2 by the relations 

H c l oc 1/", 2 ( 1.3) 

(1.4 ) 

which means that the heavy fermion superconductors can be studied in the vortex state over a large field 

range, though the large penetration depth is harder to measure. 

Despite this unconventionality, the heavy fermion superconductors display a large jump in the specific 
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heat at T c, which indicates a pair coupling strength that is in line with BCS predictions [12]. Since this jump 

is on the order of Cp ~ 'Y T c, this 2nd order phase transition must be due to the condensation of heavy 

electrons. 

The first experimental proof of an unconventional gap structure in the heavy fermion systems came 

from measurements of the specific heat, sound attenuation and NMR spin-lattice-relaxation rate in CePd3 

and CeCu2Si2 below Tc [18,19]. These measurements were of a power-law form, not exponential as would 

be expected for a nodeless gap. This is indicative of an anisotropic gap, but does not uniquely determine the 

gap structure. 

Further evidence for unconventionality in the gap structure of heavy fermion materials came from 

studying heavy fermion materials with dilute substitutional impurities. In conventional s-wave 

superconductor, magnetic impurities cause exchange scattering that destroys Cooper pairs, and inhibits 

superconductivity [23]. By contrast, an s-wave superconductor should be virtually unaffected by the 

substitution of non-magnetic impurities. This was found not to be the case for heavy fermion 

superconductors, where non-magnetic impurities were as effective in destroying superconductivity as 

magnetic impurities [24]. 

The decisive evidence for an unconventional gap structure came from specific heat measurements of 

UPt3, which showed two superconducting transitions in zero applied field [25]. Measurements in field 

revealed a complex phase diagram with at least three distinct superconducting phases [26, 27]. Other 

measurements in applied pressure and applied field have shown magnetic correlations [28] and magnetic 

penetration depth anisotropies [29]. These measurements have been taken as evidence of line nodes in this 

material [30] . 

Some, but not all, heavy fermion systems display these types of features. This indicates, in most cases, 

the presence of gap nodes in non-s-wave superconductors. There is still some debate on the exact nature of 
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the gap symmetry in some of these materials. All of this is clear evidence that the heavy fermion materials 

display unconventional superconductivity. 

Material 

0.02 1 

0.02 1 

0.85 1 

1 From: A. Amato. Rev. Mod. PIJys. 69 (1997) 1119 

2 From: A. Schroeder et a/. Nature. 407 (2000) 351 

Table 1.3. Effective moment sizes of various heavy fermion materials at low temperature. 

With the existence of both magnetism and superconductivity in this family of materials, there is the 

opportunity to study superconductivity and magnetism in close proximity, and in some cases, in coexistence. 

It is also interesting because the range of effective moment size can vary over a large range within the family 

of heavy fermion materials. Table 1.3 shows the moments sizes for some heavy fermion materials. This 

coexistence and variation allows an analysis of the interplay between these effects, and is the focus of this 

thesis. 

1.3 Ferromagnetism and Superconductivity 

Heavy fermion materials display a wide variety of magnetic states, as seen above. However, these 

materials were not the first materials to demonstrate the coexistence of magnetism and superconductivity. 

Here, the focus is on the coexistence of ferromagnetism and superconductivity. 
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Two families of ferromagnetic superconductors were discovered before the heavy fermion 

superconductors, the moly-sulphides such as HoMo6Ss and the rare-earth sodium borides such as ErRh4B4 

[31]. However, in these materials, the magnetism is due to the rare-earth moments, but the superconducting 

conduction electron bands are separate and interact weakly with the moments [12]. 

In the heavy fermion ferromagnetic superconductors, the moments interact strongly with the 

superconducting conduction electrons via the Kondo effect. Thus, the discovery of the first heavy fermion 

ferromagnetic superconductor, UGe2, generated much interest in the possibility of magnetically-mediated 

pairing, through the formation of triplets [31 , 32]. UGe2 has a moment size of approximately 1.4/lB at 

ambient pressure [32] , reducing to 0.8/lB near its quantum critical point of 15kbar [33 , 34, 35]. 

Superconductivity emerges at a pressure of9kbar, with a peak around 12kbar, where Tsc = O.8K [32]. 

60 

C*' _ 
Tc 

~- UGe2 ~ ..... ..... 

g: 40 'l. ...... 

~ " :::J \~ 

"til Ferromagnetism 'u 
~ 
Q) \ C. 
E ,. 
~ 20 

Superconductivity \ 
.\ 

" 
10 T sc ~ " 

\ 

0 
0 1 2 

Pressure (GPa) 

Figure 1.1. The temperature-pressure phase diagram ofUGe2. The superconducting transition, Tsc, is taken 
from a 50% drop in resistivity. Lines are only a guide to the eye. Figure taken from [32]. 

At the quantum critical point, ferromagnetism and superconductivity disappear simultaneously. This 

indicates that they may be related phenomena, not competitive as other felTomagnetic superconductors. This 

relationship would be a good candidate for magnetically-mediated superconductivity, and thus UGe2 became 
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the focus of much research. 

Using various local probes such as !lSR, it has been shown that magnetism and superconductivity can 

coexist on a microscopic scale for the heavy fermion superconductors [36, 37]. This is in contrast to some 

other magnetic materials where magnetism and superconductivity exist in phase-separated regions. This is 

further evidence of strong coupling between magnetic moments and superconducting conduction electrons. 

1.4 URhGe 

Soon after the discovery of UGe2, the material URhGe was discovered [38, 39]. It has the 

orthorhombic TiNiSi structure (space group Pnma) , shown in Figure 1.2. The lattice constants are given in 

Table 1.4. This structure differs from the orthogonal structure of UGe2 (space group Cmmm) , where the 

lattice constants are a=4.0089A, b=15.0889A and c=4.095A [40]. These differences are due to the 

replacement of one Ge site in UGe2 with a Rh atom. 

Although they have different crystal structures, the magnetic structure is very similar. Both materials 

contain zig-zag chains of nearest-neighbour U-atoms [35]. This feature is important for magnetism, and 

possibly for superconductivity. The other significant difference is that the magnetic moment of UGe2 is 

aligned along the a axis (along the U-U chains) whereas the moments align along the c axis in URhGe 

(perpendicular to the U-U chains) [35]. 
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t c 

---~ U 

URhGe 

Figure 1.2. The orthorhombic TiNiSi structure of URhGe. This structure is present at all temperatures . 
Figure taken from [35]. 

Direction 

a 

b 

c 

Spacing (A) 

6.87 

4.33 

7.51 

Table 1.4. The lattice constants of URhGe at ambient pressure. Data taken from [38]. 

URhGe is a ferromagnet, with T curie=9.5K, and a superconductor, with a maximum Tsc=300mK. These 

values, particularly the superconducting transition temperature, are strongly sample-dependent. This 

material behaves, at ambient pressure, much like UGe2 near its quantum critical point. This is reflected in 

the U-U distance, 3.5A in UGe2 versus 3.48A in URhGe, as well as the moment size, 0.8~B versus 0.42~B, 

ferromagnetic transition, 15K versus 9.5K, and superconducting transition, 0.23K versus 0.25K [41]. See 

Table 1.5, below. 
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URbGe UGe2 (l5kbar) 

Tcurie (K) 9.5 15 
Tsc (K) 0.25 == 0.23 

~s (~B) == 0.42 0.8 
du.u (A) == 3.48 == 3.5 
Y = err (mJ mol- I K-2) 160 120 

Table 1.5. Comparison of selected properties of URhGe and UGe2. These properties suggest that URhGe 
should be in close proximity to a quantum critical point. Data taken from [41]. 

Since the quantum critical point of UGe2 is 16kbar, based on the data in Table 1.5, one would expect 

URhGe to also be near a critical point. This has been the focus of study, and the temperature-pressure phase 

diagram ofURhGe is given in Figure 1.3. 

In contrast to the case of UGe2, there is no common critical pressure for ferromagnetism and 

superconductivity. More surprisingly, the Curie temperature increases with applied pressure. This may 

suggest that the nature of the critical point is different between UGe2 and URhGe, and there are more 

parameters that need to be considered than those listed in Table 1.5. 

Another aspect of the URhGe phase diagram that was recently discovered is reentrant 

superconductivity with large applied field . This is shown in the Temperature-Field phase diagram shown in 

Figure lA. 

This effect is not unique to URhGe, but it is unusual that this field induced superconductivity occurs 

for a range of angles of the applied field, from 30° to 55° [39] , and is very anisotropic [43]. This implies 

that this effect is not caused by a cancellation due to the magnetic moments. The maximum T sc occurs at a 

field HR above which the magnetization collapses abruptly to zero. Such fields exist in other materials, but 

the peak of superconductivity at this field is unique to URhGe [39, 44]. This region of field induced 

superconductivity has been speculated to be due to ferromagnetic spin fluctuations , but there is no generally-
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accepted explanation for this phenomenon [39,42]. 
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Figure 1.3. Pressure-temperature phase diagram of URhGe. This shows an increase in TCurie with applied 
pressure, and a critical pressure for superconductivity at 4.1 GPa. Figure taken from [42]. 
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Figure 1.4. Magnetic field-temperature phase diagram of URhGe. The field was applied along the b axis. 
This shows a critical field around 2T, and reentrant superconductivity between 8 and 12.5T. Figure taken 
from [39]. 

Though much work has been done on this compound, it can be seen that there is a significant gap in 

the understanding of the magnetic correlations, and the effect of magnetic moments on superconductivity. 
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1.5 UCoGe 

A similar material, UCoGe, was also discovered [45], with the same structure as URhGe, 

orthorhombic TiNiSi (space group Pnma) with slightly different lattice constants. The lattice constants of 

UCoGe are approximately 3% smaller than those of URhGe due to the smaller atomic radius of Co 

compared to Rh. The lattice parameters of UCoGe are summarized in Table 1.6. It can be seen that these 

lattice constants are very close to those of URhGe, so we should expect similar properties. 

UCoGe behaves similarly to URhGe, as UCoGe is also a ferromagnet (Tcurie=2.8K) and a 

superconductor (Tsc=800mK) at ambient pressure. The phase diagram of UCoGe is shown in Figure 1.5. 

Direction 

a 

b 

c 

Spacing (A) 

6.845 

4.206 

7.222 

Table 1.6. The lattice constants ofUCoGe at ambient pressure. Data taken from [45]. 

There are several obvious differences to the phase diagram of URhGe. Most noticeably, the Curie 

temperature decreases with applied pressure. There is also no signature of a ferromagnetic transition above 

P ::::: 1 GPa, down to 400mK [46]. Superconductivity also appears surprisingly stable against hydrostatic 

pressure, persisting above 2.4GPa. This means that unlike UGe2 and URhGe, superconductivity exists in the 

paramagnetic state in UCoGe. 

A possible explanation of this has been suggested from NMRlNQR measurements on UCoGe. They 

find that the superconducting volume fraction is approximately 30%, and that the superconducting fraction 
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exists both in regions of ferromagnetism, and paramagnetic regions of the sample [47]. This is in contrast to 

NMRlNQR measurements on UGe2, which find that the superconducting volume fraction exists only in 

ferromagnetic regions of the sample [34] . The reason for the difference between the superconducting 

fraction in these two materials remains an open question at this time. 

One of the interesting features of UCoGe is its extremely small ordered moment (m=O.03IlB) [45]. 

This is not unusual for the heavy fermion materials, but it is much smaller than the other ferromagnetic 

superconductors. The hope is that the small ordered moment will allow for the study of the superconducting 

mechanism with only a small ferromagnetic component. Comparison with URhGe and UGe2 may be able to 

highlight the effect of a different magnetic moment size on superconductivity, particularly in the context of 

magnetic spin fluctuations mediating the Cooper pairing in these materials. 
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Figure 1.5. Pressure-temperature phase diagram of UCoGe. This shows an decrease in T Curie with applied 
pressure. Figure taken from [46]. 

Recent measurements of Hc2 in UCoGe show anisotropy, with a smaller critical field in the direction of 

the magnetic moments [48]. This work agrees with theoretical calculations [49], which is taken as evidence 

of point nodes along the c-axis (parallel to the magnetic moments) , and possibly the existence of multiple 
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superconducting bands. This is something that has yet to be experimentally proven. A sensitive magnetic 

probe such as I!SR would be a good candidate for investigating multiband superconductivity by measuring 

the penetration depth, and the possibility of magnetic fluctuations in this material. 

Future work on this system involves looking for the features mentioned previously, as well as to 

explore the nature of the phase separation between the paramagnetic and ferromagnetic regions. Finally, 

comparing these results to URhGe would provide clues as to the influence of magnetic moments on the 

pairing mechanism in these materials. Since the two materials have nearly the same physical properties, the 

differences in the ferromagnetic properties may directly give rise to the differences in superconducting 

properties of these samples. 
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II. Experimental Methods 

2.1 Crystal Growth 

All of the samples were grown at the Brockhouse Institute for Materials Research at McMaster 

University. The samples were also given additional heat treatment, as described below. The samples were 

prepared from high purity (99.9% Uranium) depleted Uranium (~ 99.5% U-238). The other constituents 

were also used in high-purity forms: Rh (99.99%), Co (99.99%), and Ge (99.999%). For each growth, the 

constituents were arc-melted in a mono-arc furnace (see Figure 2.1), in stoichiometric amounts, 1: 1: 1 

U:RhlCo:Ge. The resulting boule was cooled, flipped, and remelted at least once to ensure uniformity. 

Arc\.. 

Figure 2.1. Schematic of a mono-arc furnace. The sample is placed on the stage, and a high voltage supply 
creates an arc from the stinger to the sample, heating the sample. The stage is rotated to heat the sample 
uniformly, and facilitate mixing. The entire setup is enclosed in a glass bulb, back-filled with Ar gas. 

The boule was then placed into a tri-arc furnace (see Figure 2.2) and the crystals were grown by 
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Czochralski pull under a continuous gettered Ar atmosphere. This method is commonly used to grow large 

single crystals of materials such as Si and GaAs, and is described in detail elsewhere [50]. 

Seed Rod 
Rotates and 
Moves up 

Figure 2.2. Schematic of a tri-arc furnace. The sample is placed on the stage, and a high voltage supply 
creates an arc from the three stingers to the sample, heating the sample. A seed rod is lowered into contact 
with the molten sample, then pulled upwards. The seed rod is cooled with water, so that the sample 
crystallizes on the seed rod, with the molten sample below. The seed rod and stage are counter-rotated to 
create a straight crystal. The entire setup is enclosed in a glass chamber, back-filled with Ar gas. 

The Czochralski method involves melting the material to be grown in a crucible, and lowering a seed 

rod into the melt. The seed rod is kept below the melting point of the material, so that material solidifies 

onto it. The seed rod is pulled upwards, at varying speed depending on the growth, to gradually solidify 

more material. The rod is rotated while moving upwards to promote homogeneity and remove defects. 

The as-grown crystals were approximately 30-40mm in length, with varying diameters, ranging 

between 1 and 10mm. The most uniform, and most likely part of the sample to be single-crystal, is the later 

part of growth (end of the crystal). However, the Czochralski method tends to accumulate impurities near 
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the end of the growth [50], so care must be taken to ensure that any possible impurities are removed before 

the growth. 

After the first growth of each sample, the as-grown samples were then wrapped in Ta foil, sealed in 

quartz tubes under high vacuum, and annealed for 5 days at 900°C, following the procedure given in [46, 

51]. Crystals grown in the second growth were annealed for 14 days at 900°C, following a modified 

procedure of [52]. In total, two growths ofUCoGe and two growths ofURhGe were performed. 

To analyze the quality of the growths, resistivity measurements were done, and the residual resistivity 

ratio (RRR) was calculated by 

RRR=p (300K) / p( lK) (2.1 ) 

A larger value of RRR generaliy indicates a better quaiity sampie, as the resistivity at iow temperature 

is affected largely by the effects of impurity scattering. The absolute value depends on the material being 

studied. Other studies have reported RRR = 10 [45] ,20 [53] , 25 [45],28 [46] and 30 [48, 54] for UCoGe, 

and RRR = 7 [38] , 12 [44] , 16 [44] , 21 [52] , 40 [44] and 50 [39, 42] for URhGe. This range of values 

indicate that sample quality can vary greatly, and that the optimal growth conditions and annealing 

procedure is not yet refined. Despite this, measurements comparing samples of different qualities show 

some similarities and consistencies. Some lower-quality samples have been shown not to become 

superconducting, highlighting that there is still a need to consider sample quality in the measurements . 

The procedure used in preparing the samples generated residual resistivities comparable to those 

reported elsewhere. For the first set of crystals, the value obtained was RRR = 3.5 for UCoGe, and was not 

calculated for URhGe, since it was produced at the same time as the better-quality second batch.. The 

second batch of samples was found to have RRR = 2.5 for UCoGe and RRR = 10 for URhGe. The results of 

measuring the residual resistivity will be further explained in sections 4.2 and 5.2 concerning the DC 

Resistivity measurements . 
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2.2 Structure Characterization Techniques 

To analyze the structure and further examine the crystal quality, three types of measurements were 

performed: Laue X-ray diffraction, powder X-ray diffraction and Scanning Electron Microscopy. These 

techniques are explained below. 

Figure 2.3. X-ray scattering in a crystal. (a) Destructive interference. The photons are out of phase, and 
they cancel. (b) Constructive interference. The scattered photons are in phase, and they interfere 
constructively. 

X-ray diffraction is based on Bragg scattering of (X-ray) photons. When a photon is incident on a 

crystal, there will be scattering in all directions. In a random direction, the scattered photons will be out of 

phase with each other, having scattered off different atoms (see Figure 2.3a). At these angles, the photons 

cancel one another, and on average, no scattered photon intensity can be measured. However, at certain 

angles in a crystallographic plane, photons scattered from adjacent atoms are in phase, and a peak in the 

scattering intensity is observed (see Figure 2.3b), since there is no cancellation. This corresponds to angles 

where the difference in length to the detector is an integer multiple of the photon wavelength. This 

condition is known as Bragg's Law, and is given by, 

n,\=2dsin!9 (2.2 ) 
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where n is an integer, A is the wavelength of the scattered photons, d is the inter-atomic spacing, and 2e is 

the angle between the incident and scattered photons. This corresponds to the variables in Figure 2.3. The 

value of d depends on the angle of the crystal relative to the scattering plane. For Laue diffraction, 

scattering can occur in any angle e, as well as any angle cp, which is the angle in the plane perpendicular to 

the incident photons. Consequently, a Laue pattern will show the cp-dependence of the scattering. 

These Bragg peaks can be observed from all possible pairs of crystallographic planes. However, as the 

distance between planes increases, the angle of diffraction approaches 180°, and the signal becomes lost in 

the background. Therefore, the most reliable reflections to use for indexing the crystal structure are the 

lower indices, which will be the reflections that are most easily observed. 

Laue X-ray diffraction produces a diffraction paiiern simiiar to that shown in Figure 2.4. This image is 

a representation of the reciprocal lattice of the crystal structure. This can be used to analyze the crystal 

structure, since multiple grains would produce multiple patterns that can be misaligned. However, the 

typical X-ray penetration depth is on the order of l!lm [55] , so Laue diffraction will only probe the local 

surface quality. This is often observed when different areas of the surface will exhibit different quality when 

imaged with Laue diffraction. 

The main use of Laue diffraction is for aligning crystals. Since the reciprocal lattice pattern has the 

same symmetries as the real space lattice, we can identify points in the Laue pattern based on the 

symmetries. For example, if a crystal being measured has a tetragonal structure, and a two-fold symmetric 

point is observed in the Laue pattern, it must be the c-axis. By fitting the symmetries and the spacing 

between peaks, the orientation of the crystal can be detelmined. 
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, 

-
Figure 2.4. Example of a Laue diffraction pattern. This pattern was obtained from a single crystal of 
La2Cu04. The high-symmetry point near the centre is one of the major axes. 

Powder X-ray diffraction uses a similar principle. If the sample is ground into a powder, then the 

alignment information is lost. The Bragg peaks can still be found at various e angles, but the measurement 

is essentially integrating over all possible cp values. As the detector is moved through the possible e values, 

peaks corresponding to the various indices will be observed. These angles again follow Equation (2.2) 

above, but now d is the distance between any pair of lattice points. In theory, the measurement of intensity 

versus e would display a series of delta functions at the angles corresponding to the Bragg peaks, with the 

intensity determined by the number of pairs that allow that scattering angle. However, in reality, these peaks 

have some width due to thermal motion of the atoms, as well as crystal defects. An example of this pattern 

is shown in Figure 2.5. 

The advantage to performing powder X-ray diffraction is to measure the structure and lattice 

constants. Since all reflections can be seen, one does not need to assume a particular crystal structure to 

analyze the data. Instead, the pattern can be used to calculate the crystal structure and the lattice constants of 

the system based on the constituent atoms. 
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Figure 2.5. Example of a powder X-ray diffraction pattern. The upper set of peaks is the measured data. 
The vertical lines below that indicate the positions of the Bragg peaks. The line at the bottom is the 
difference between the measured and calculated values, based on the calculated structure. Figure taken from 
[56]. 

The third method that was used to characterize the structure was electron mIcroscopy. The 

measurements performed in this study were on done on a pIece of URhGe, usmg a scanning electron 

microscope (SEM). Electron microscopes operate by using electron beams, typically on the order of 100-

400keV, to probe the near-surface of materials. Scanning electron microscopes are used for bulk samples, 

like the crystal measured here, since electrons cannot penetrate samples thicker than a few hundred 

nanometres. Scanning electron microscopy uses various detection methods, utilizing back-scattered 

electrons, secondary electrons, or x-rays. These often have similar imaging properties, though there are 

slight differences in magnification resolution and depth resolution. 

The advantage to using electron microscopy is that it can provide very detailed images of small parts 

of the sample. In the case of samples like the ones presented here, this can be used to study physical 

properties, including crystal quality, growth properties, and surface properties. The specific applications to 

this study will be discussed in more details in Section 5.1. 
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2.3 DC Resistivity 

Resistivity measurements on small samples, at very low temperatures are complicated by the fact that 

the resistance of the sample becomes very small. Because of this, a traditional two-point resistance 

measurement will not work, as the ohmmeter leads will have a non-negligible resistance. For this reason, a 

four-point resistance measurement was used. This measurement uses four leads attached to the sample, two 

on each end. On each end, there is a lead for injecting current, and a lead for measuring voltage. The 

schematic is shown in Figure 2.6. 

R sampie 

Rwire 

Figure 2.6. Schematic representation of a four-wire resistance measurement. This method isolates the 
resistance of the sample from that of the components. 

Because the sample resistance is very small, the resistance of the leads becomes comparable to, if not 

greater than, that of the sample. A simple two-point measurement would not be able to distinguish the 

resistance of the sample from that of the leads. With the four-point measurement, two leads are set up to 

form a series circuit with an ammeter. The other two leads set up a voltmeter in parallel to the sample. 

Since the internal resistance of a voltmeter is high, it draws negligible current. Therefore, nearly all of the 

current measured by the ammeter passes through the sample. Since there is almost no current travelling 

through the potential leads to the voltmeter, the voltage recorded by the voltmeter is almost exclusively 
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caused by the sample. Since we now have the current and the voltage across the sample, the resistance of 

the sample is calculated by, 

R=VI! (2.3 ) 

where V is the voltage measured by the voltmeter, and I is the current measured by the ammeter. 

All of our resistance measurements were done with this method. 

2.4 Bulk Magnetometry 

Bulk magnetometry measurements were performed using a Quantum Design SQUID Magnetometer. 

The schematic of this system is given in Figure 2.7. The SQUID magnetometer is designed to measure the 

magnetization, M, of the sample in response to an applied magnetic field, H. This can be studied as a 

function of temperature and applied field to gain information about the properties of various condensed 

matter systems [57, 58]. Sharp changes in the magnetization can be used to identify phase transitions in the 

material. 

The most general form of magnetization as a function of temperature and field is usually expressed as 

a Taylor series. Since magnetization is an odd function of the field, only the odd powers need to be 

considered in the expansion, leading to the expression, 

00 X (T) 
M(T,H)=L 211 - 1 .H" 

1 (2n - l)! 
(2.4 ) 

X 3(T) 3 
M(T,H)=X1(T)·H+ 3! ·H + ... (2 .5) 

where M(T,H) is the magnetization, H is the applied field, and XI1 , the n-th order magnetic susceptibi li ty, is 
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the n-th derivative of M with respect to H. Equations (2.4) and (2.5) assume M II H. 

pickup 
coils 

Figure 2.7. Schematic representation of the SQUID magnetometer. The inset shows the sample space and 
the four pickup coils. Figure taken from [59]. 

In low fie lds, the terms that are cubic and higher in the magnetic field can often be neglected. Thus, 

the linear susceptibility, Xl , becomes the dominant term. This can take on many different forms, but for 

many magnetic systems such as ferromagnets above their Curie temperature, the linear susceptibility is well-

approximated by the Curie-Weiss law, 

c 
X I(T)=-­

T - () 
(2.6) 

where C is the Curie constant and e is the Weiss constant. In general, C is proportional to the square of the 

magnetic moment, and e is positive for a ferromagnet. 
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A Standard QUantum Interference Device (SQUID) functions by using a loop of a superconducting 

material, which is broken by one or two Josephson junction(s). When this loop is coupled to an LC circuit, a 

voltage can be measured that depends on the amount of magnetic flux enclosed by the superconducting loop 

[60]. This can measure extremely small changes in magnetic flux. In theory, a SQUID of this design could 

measure magnetic fields as small as 10-19 T. 

The SQUID used here is an rf-SQUID, which uses only one Josephson junction, and is based on the 

ac-Josephson effect. This occurs when the magnetization of the sample induces a current in the 

superconductors of the Josephson junction, creating a voltage difference across the junctions. This voltage 

difference is used to drive another "tank" circuit. The resonant frequency in the tank circuit is quantized due 

to the properties of the Josephson circuit, and so is a periodic function of the magnetic flux [6i , 62]. By 

measuring the tank circuit, the magnetization of the sample can be calculated. 

The SQUID used for the measurements presented here actually contains four pickup coils connected in 

series instead of one (See Figure 2.7). Two of the coils are placed in the centre of the sample space, and the 

other two are positioned above and below the sample, wound in the opposite direction. As a result of the 

signals between the coils, the SQUID is not sensitive to background fields that are constant, or linear in 

space. The sample is gradually moved vertically in the sample space, and a voltage versus position graph is 

obtained. This allows the sample to be centred in the coils to correctly reduce the background signal. 

The SQUID is cooled with liquid He-4, giving an operating temperature range of 1.7K to 300K. It 

also contains a superconducting solenoid, allowing measurements in fields up to 5.5T. 
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III. Muon Spin Relaxation/Rotation (PSR) 

3.1 Principles of IlSR 

The technique of IlSR is an experimental technique for measuring the local magnetic properties of 

condensed matter systems. The acronym stands for various terms, depending on context, including muon 

Spin Relaxation, Rotation, Resonance and Research. This is intended to highlight the features of IlSR, as 

well as to draw parallels with other condensed matter techniques, such as NMR (nuclear magnetic 

resonance) and ESR (electron spin resonance). Like these techniques, IlSR is a real-space probe of the 

magnetic moments in the system. Unlike them, however, IlSR uses polarized particles from outside the 

system, rather than polarizing the nuclear or electronic spins already present. Thus, IlSR does not need to 

measure the response of the system to the probe, but rather the response of the probe to the system. 

Muons are leptons, like electrons, and share many of the same properties. They have spin 12, and a 

charge ±e. However, they are more massive, with a rest mass of m fl = 207me, and a gyromagnetic ratio of 

}' J.I =2rrx135.54 M;Z 
The muons used for IlSR experiments are generated in particle accelerators, from 

the decay of pions. This involves accelerating protons, and colliding them with low-Z targets. In the case of 

the experiments in this thesis, the target was a material such as Beryllium or Carbon. At TRIUMF, where 

the measurements were performed, the incident protons have energies of ~500MeV. Three principle 

processes involved in these collisions are responsible for pion generation [63] , 
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p+ p--+ p+n+rr + 

+ p+n--+n+n+rr 

p+n--+ p+ p+rr 

(3.1 ) 

(3.2) 

(3.3) 

The pions migrate to the surface of the target, and decay by the weak interaction to [63] , 

(3.4 ) 

( 3.5) 

In the rest frame of the pion, weak decay can only produce neutrinos that have spins opposite to the 

direction of momentum, a feature of parity violation. Since pions have no spin moment, to preserve linear 

and angular momentum, the muon spin must be aligned opposite to its momentum. So in the type of process 

described above, using surface pions, an accelerator such as TRIUMF can be used to produce of beam of 

muons that is nearly 100% spin-polarized. 

Using these spin-polarized muons, one can perform IlSR experiments. One by one, the muons are 

implanted into the sample. Using a Wien filter (crossed electric and magnetic fields) , the muon spins can be 

rotated prior to implantation. Since the direction of the electric and magnetic fields are fixed, the muon spin 

direction can only be rotated in one direction. The Wien filter is also used for removing positrons from the 

beam, so that only muons are entering the sample space. Upon implantation in the sample, the muons will 

stop at interstitial sites within the lattice, and will undergo Larmor precession in any local field present at the 

muon site. 

Muons, like electrons, come in two varieties, oppositely charged. Both types can be used for IlSR 

measurements, but negatively charged muons tend to undergo capture by the positively-charged nuclei. 

This interaction with the system can be used to extract information, but it involves perturbing the system. 

Negative muons cannot be produced as surface muons, since negative pions tend to be captured in the 
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sample, so the production method here only works for positive muons. As such, using negatively-charged 

muons is a more complicated method to study material properties, which is why !lSR measurements are 

nearly always performed with positively-charged antimuons. All of the experiments described in this thesis 

are done with positively-charged muon beams. 

Muons are unstable, decaying with a mean lifetime of 1'~ = 2. 127!ls. The muons decay through the 

process [63], 

+ + -
J.l~e+v e +vl' (3.6 ) 

giving off a positron and two neutrinos. The two neutrinos are not detected in the experiments, but the 

positron is detected, which is where the information is extracted. The muon decay process is also a weak 

interaction process that violates parity. Because of this, the positron that is ejected in the decay is emitted 

preferentially in the direction of the muon spin at the time of decay (see Figure 3.1). 

0=1/ j 

j= 1 

Figure 3.1. Representation of the probability distribution of the positron momentum produced from muon 
decay (Equation 3.6). This distribution is calculated from the function given in Equation 3.7. Figure taken 
from [59]. 
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The probability that a positron will be emitted at an angle 8 from the muon spin direction is given by 

[63] , 

W ( e) = 1 + a ( E) cos ( e) (3.7) 

where are) is called the "asymmetry factor", and increases with the kinetic energy of the positron, e. This 

function is shown for a range of positron energies in Figure 3.1. 

The positrons ejected from the sample are detected by counters placed on the six sides of the sample, 

labelled Up, Down, Left, Right, Forward, and Backward for clarity. These counters are largely insensitive to 

the energy of the positron, so the asymmetry detected is an integration over all possible positron energies. 

By detecting many millions of counts, a histogram of counts versus time in each counter can be compiled, 

and information about the time-dependence of the muon spin in the sampie can be extracted. This wiii be 

explained in more detail in the following sections. 

3.2 Zero-Field (ZF) -j.1SR 

The experimental geometry for a Zero-Field (ZF)-IlSR experiment is shown in Figure 3.2. This type 

of experiment uses muons with their spins aligned anti parallel to the direction of momentum. The muons 

first pass through a thin scintillation counter, which starts a timer. The muon then enters the sample and its 

spin precesses around the direction of the local magnetic field, with a frequency, 

w=y I,H loc (3.8) 

If i is the initial muon spin direction, then the z-component of the spin evolves in a manner described by 

[59] , 
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where cos () = H lac' Z 
H lac ' 

Co 

l\r 

Muon counter 

(3.9) 

ram 

Stop 

Positron counters 

Figure 3.2. The experimental geometry of a ZF- /-lSR experiment. Here, we define z as being the beam 
direction, y is Up-Down, and x is Right-Left. Figure taken from [59]. 

The muon decays at some later time, and emits a positron, which is detected by one of the scintillation 

counters around the sample. The counters do not cover the entire area, so the event is not always detected. 

In the case that zero or more than one positron is detected, the event is vetoed. If more than one muon is in 

the sample space at a given time, this is also vetoed. When the counters detect a good event, it is recorded, 

stopping the clock. To maximize the good events, and simplify analysis, counters are arranged in pairs on 

opposite sides of the sample, and one counter is in the direction of the initial muon spin polarization. These 

are not necessary conditions, but were used in all of the experiments discussed here. 

In analyzing the results, the number of counts in a single counter is considered. For the geometry 
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described in Figure 3.2, where the initial muon spin polarization is in the backwards (-i ) direction, we can 

express the number of counts in the Forward/Back pair of counters as, 

(3.10) 

where the +/- corresponds to Back/Forward, AB.F are the intrinsic detector asymmetries for the Back or 

Forward counters, NOB.F are normalization factors , and BB.F is a time-independent background signal, which 

can be measured in the experiment. In general, AF i- AB, and we define AF = (JAB, However, the factor (J is 

often hard to measure, and except for very thick samples or large differences in the solid angle covered by 

the counters, (J ~ 1. Finally, Pz(t) is the ensemble average muon spin polarization, along the i direction. 

The most common way in which to analyze IlSR data is to measure the asymmetry function, AzCt) , 

which is proportional to Plt) and is defined as [59], 

(3.11) 

where the parameter a is to account for any possible differences in the counter efficiency, solid angle, etc. 

This value is not always close to 1, but is easily measured with a IlSR experiment in low applied field 

(~50G) . 

Since this is proportional to Plt) , we must consider the way in which this term is calculated. For the 

case of static magnetic moments within the sample, Pz(t) is obtained by weighting Equation 3.9 with the 

distribution of magnetic moments at the muon site, 

where P(Hz) is the probability of the muon seeing a fi eld Hz in the i -direction, etc. 

This local field distribution is what carries the information about the system being studied, and finding 

the form of PzCt) is one of the main aims of a IlSR experiment. Various functional forms for Fz(t) arise for 

various cases of the local magnetic moment distribution. These forms can be used to fit to the IlSR data, 
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describing the system in terms of these cases. The forms used for the analysis of IlSR data In this 

experiment will be discussed in Chapters 4 and 5. 

3.3 Transverse Field (TF) -f.1SR 

Transverse Field (TF) - IlSR experiments involve applying a magnetic field to the sample, in a 

direction perpendicular to the initial muon spin direction. This can be done either by applying a field 

perpendicular to the beam direction (with the muon spins antiparallel to their momentum), or by applying a 

field along the beam direction (direction of the muon momentum) and rotating the muon spins to be 

perpendicular to their momentum. The latter is the more common method, since large fields tend to deflect 

the beam when not in the same direction as the muon momentum. 

In the presence of this large field, the muon spins will precess at a frequency given by Equation (3.8). 

These fields are generally much higher than those due to the sample, and so the muons see a field which is 

very nearly perpendicular to their spin direction. This simplifies the analysis, since we can assume that the 

field is in the direction of the muon spin, now perpendicular to the beam direction. This simplifies Equation 

(3.12), since we now have a field that, to a good approximation, is only in one direction. This changes the 

form of the various functional forms that are used to fit the data. The details of this fitting wi ll be discussed 

in Sections 4.4 and 5.4. 
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IV. Measurements of UCoGe 

4.1 Structure Characterization 

The two samples of UCoGe were grown by the method described in Section 2.1. In order to 

characterize their structure, both Laue and powder X-ray diffraction measurements were performed. 

Samples for powder X-ray diffraction measurements were prepared by grinding a small piece of the 

polycrystal in a mortar under kerosene to prevent the formation of dust from the material. The ground 

sample was then placed on a polished Si plate. The Si plate was prepared in such an orientation that it 

produced no Bragg peaks, and so would not interfere with the peaks from the sample. The plate (and 

sample) were washed with methanol to remove any residual kerosene. 

The sample was measured on a PANalytical X'Pert PRO X-Ray diffractometer at the Brockhouse 

Institute for Materials Research at McMaster University. The sample is rotated at ~2Hz in the diffraction 

plane, while the incident X-ray beam and the detector can rotated through a usable 28 angle of 0° to 160°, 

due to the placement of the source and the detector. The data was collected by the accompanying X'Pert 

Data Collector software, Version 2.0. 

The powder X-ray pattern of the first crystal is shown in Figure 4.1. There is also a reference pattern 

for this sample [51] , shown in Figure 4.2. 
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" " '" 20 Angle (degrees) 

Figure 4.1. The powder X-ray measurements for the first growth of UCoGe. This is plotted as a semi-log 
plot. Several small impurity peaks are seen, particularly around 37°. 
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Figure 4.2. The theoretical powder X-ray pattern ofUCoGe, based on the data given in [51]. 

From the similarities in the patterns, we were able to conclude that we had a crystal of UCoGe with 

the correct phase, the orthorhombic Pnma structure. We also concluded that since the measured and 

calculated patterns were nearly identical, the lattice constants of our sample were very close to those 
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reported in [51], given in Table 1.6. By perfonning a rough refinement of the pattern, we detennined that 

our lattice constants were a = 6.844(3), b = 4.202(2) and c = 7.230(5)A . 

We also see that there were a few extra peaks, particularly those around 28 = 37°, which can be 

attributed to impurities in the sample. These peaks have a magnitude that is on the order of 5% the 

magnitude of the peak at 35.5°, and so the volume of impurities in the sample will be on this order as well. 

This could produce a measurable impurity effect, which may be evident in other measurements that will be 

perfonned on this sample. Aside from Laue and IlSR, measurements performed in this study produced 

measurements that are averaged over the bulk of the material, and so they may not show any effect from this 

impurity. The origin of these impurity peaks are most likely due to elemental Uranium, which shows strong 

peaks at 34.9°,35 .3° and 36.2° in the a-Uranium phase [64, 65]. 

Laue diffraction was perfonned to analyze the crystal quality, and in the hopes of aligning the sample. 

All of the Laue diffraction measurements in this thesis were perfonned on a Phillips combined Laue/Gunier 

camera, with the exception of the Laue measurements on the second UCoGe crystal. This Laue machine 

uses a white beam of X-rays, with an acceleration voltage of 40kV and a current of 30mA. This resulted in 

an exposure time of approximately 45 minutes per experiment. The analysis of these Laue patterns were 

done using OrientExpress software, Version 3.4. 

The Laue measurements of the second UCoGe crystal were done using a Tungsten tube source, 

powered by a Spellman power supply. The acceleration voltage was 10kV, and a current of 12mA. The 

diffracted X-rays were detected electronically with a Multiwire Laboratories detector, and the data was 

collected and analyzed using NorthStar data analysis software. The typical exposure times for these 

experiments were approximately 60 seconds. The orientation of the patterns was fit using the OrientExpress 

software, Version 3.4. 

A Laue pattern for the first UCoGe growth are shown in Figure 4.3. 
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Figure 4.3. A Laue diffraction measurement on the fIrst sample of UCoGe. This shows no obvious high­
symmetry points, indicating no dominant grain. The image indicates several grains visible in this area of the 
crystal. The bright area at the bottom of the image is the sample holder. 

This pattern shows that the crystal is polycrystalline, with several grains. This is only a probe of the 

surface quality, so the bulk may differ in terms of granularity. The grains do not appear to be closely 

aligned, so aligning this sample was not possible. Attempts to image different areas of the surface showed 

similar results. 

The Laue diffraction patterns for the second growth of UCoGe are shown in Figure 4.4. These show 

much better quality, since some images show only one grain. In other cases where multiple grains are 

evident, they appear to be aligned to within 2° (see Figure 4.4(b)). This indicates that the pattern could be 

fIt, and the crystal can be aligned. The results of the alignment are shown in Figure 4.5. 
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Figure 4.4. The Laue diffraction measurements on the second sample of UCoGe. (a) shows a face with 
only one grain. The high symmetry point in the centre is one of the axes. (b) shows part of the same face, at 
a different location. Here, two grains are observed, but they are very closely aligned. 

Figure 4.5. The Laue diffraction pattern from Figure 4.4(b) is fit with orientation software. This pattern is 
shown again in (a) . (b) The calculated points given by the fitting software is indicated by red dots at the 
calculated locations of the Bragg peaks. This is based on the centre of the image being aligned with the a­
axis. (c) This is the stereoscopic projection of the Bragg peaks based on the fit. This image also shows the 
positions of the other major axes. 

Figure 4.5(a) shows that the Laue pattern of the crystal is close to alignment. It also shows the fit 

given by the OrientExpress V3.4 alignment software, which shows reasonably good agreement. Finally, 

Figure 4.5(c) shows the stereoscopic projection of the crystal based on the fit given in Figure 4.5(b) . This 

allows us to determine the angles of the various major axes to the growth direction of the crystal (which is 

vertical in these images). 

Based on this orientation, the crystal was cut by spark erosion such that the a-axis was perpendicular 

to the plane of the cut. This was repeated several times to get several flat plates with this orientation that 
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could be used for further measurements. 

4.2 DC Resistivity 

DC resistivity measurements were made on both crystals of UCoGe. The first crystal was measured 

using a standard He-4 gas flow cryostat, with a base temperature of 1.7K. The resulting measurements are 

shown in Figure 4.6. 
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Figure 4.6. The resistivity of the first UCoGe crystal from 1.7K to 60K. We see a continuous downturn, 
occurring around 30K. 

It is evident that the behaviour of this crystal at high temperature is typical of a metal, as the high-

temperature resistivity tends to a constant value, while a decrease is seen at low temperature. It is primarily 
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this low temperature resistivity that determines the crystal quality, since a more uniform (single) crystal will 

display a very low resistivity at low T. Due to this low resistivity at low T, high quality crystals will display 

a large residual resistivity. 

From Equation (2.l), we can calculate the residual resistivity ratio for this crystal. Using the lowest 

resistance value and the average resistivity at high T, we obtain a value of RRR=3.5. This is lower than 

other crystals studied elsewhere [45, 46, 48,53,54,66] where values are reported to be between 10 and 30. 

The resistivity measurements on this sample display no changes at low temperature that could be 

attributed to the ferromagnetic transition. This may be due to the lower sample quality, but the 

measurements were only performed as low as 1.7K, which is only slightly below the reported value of 2-3K 

[45]. However, it has been reported that using resistivity to measure the ferromagnetic transition does not 

show any clear change in slope at Tcurie by some [46, 54], while others claim to be able to see a change at 

T Curie [48, 66]. This indicates that even if our sample has a ferromagnetic transition around 2-3K, it may not 

be identifiable without more measurements below T= 1. 7K. 

The second sample of UCoGe was measured in a dilution refrigerator (DR) at the National High 

Magnetic Field Laboratory (NHMFL), in conjunction with researchers from Florida State University. The 

DR has a base temperature ofO.OlK, and the superconducting magnets used have a maximum field of 18T. 

This allows a more thorough analysis of the transport properties of the material around both the 

ferromagnetic and superconducting transitions. The measured resistivity is shown in Figure 4.7. 
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Figure 4.7. The resistivity of the second UCoGe crystal from O.02K to 300K. The resistance peaks around 
40K, then decreases. The drop below 8K is due to instrumentation. (inset) The low-T resistance shows the 
onset of superconductivity at 425mK, and zero resistance below 300mK. 

This data, most noticeably, shows that this sample is superconducting, with an onset of 425mK. The 

sample has zero resistance below 300mK. A peak in the resistance is observed around 40K, after which the 

resistance decreases as the temperature decreases. A few of the noticeable features below 40K appear as 

changes in the slope of the line. The most obvious feature is a sharp decrease at 4.5K. This temperature is 

too high to be attributed to the ferromagnetic transition, and since it also appears in the measurements of 

URhGe (see Figure 5.9), it is likely due to the apparatus or measurement. Since it is in the region of the 

Helium phase transition, this drop is probably caused by changes in the cooling rate as the Helium coolant 

changes from gas to liquid. 

Using this data, we can also calculate the RRR of this sample, based on Equation 2. 1, yielding a value 

of approximately 2.5 . This is lower than for the first sample, but other measurements of the sample quality 
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(Laue, etc.) suggest that the second sample is of better crystallinity. The lower value of the RRR may 

suggest that this crystal has more impurities, leading to scattering. The other advantage to measurements 

performed on this crystal is that it has been shown to be superconducting, and has well-defined transition 

temperatures. 

The superconducting transition is slightly broadened, but this is not unusual, as such broad transitions 

have been observed in other studies of these materials [54]. This measurement will now be used as a basis 

for other measurements on this sample, since the location and width of the superconducting transition is now 

known. 

4.3 Bulk Magnetometry 

Bulk magneto me try measurements were performed on both crystals, using the SQUID magnetometer 

described in Section 2.4. The purpose of these measurements was to study the magnetic behaviour of the 

samples, and to hopefully observe the ferromagnetic transition. The measurements of the magnetic 

susceptibility was done in a field of 100 Oe. 

The measurement of the magnetic susceptibility of the first UCoGe crystal is shown in Figure 4.8. We 

see a downturn that may signify the onset of a magnetic transition. However, because of the extremely small 

moment size in the system, this transition is very weak, and hard to detect. The data was fit to a Curie-Weiss 

Law, as given in Equation (2.6), plus a constant. 

c 
X \(T)=A+-­

T-8 
( 4.1 ) 

The fit to this function is shown in Figure 4.8, and gives the values A = 2.9989· 1O-4 ± 0.0671·10-4 emu, 
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C = 0.00487 ± 0.00007 emu'K, and e = 1.984 ± 0.021 K. Since the transition is very weak in this sample, 

this type of fit may not yield an exact value, but it does agree well with the data. Other measurements are 

needed to verify if there is a magnetic transition at this temperature. 
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Figure 4.8. Magnetic susceptibility, X" versus temperature for the first UCoGe crystal. A slight downturn is 
observed below 5K, which may indicate the proximity to a magnetic transition. The fit to Equation (4.1) 
gives good agreement to the data, and yields a value of TCurie = 1.98(2)K. 

The second measurement that was done in the SQUID magnetometer on this sample was a hysteresis 

loop at 1.7K. This involves sweeping the field from a negative value to a positive value, and back again, 

measuring the magnetization of the sample. In a magnetically ordered material, the sample orders in the 

field. Lowering the field will offset the magnetization due to remnant flux density within the material [67]. 

The hysteresis measurement is shown in Figure 4.9. 
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Figure 4.9. Hysteresis loop in the first UCoGe sample, done at T=1.7K. This loop IS slightly open, 
indicating soft ferromagnetic order. 

This shows a slightly open loop, indicating that the material is magnetically ordered at T=1.7K. The 

magnetization data indicated a magnetic transition at T=1.98K, which is above this point. Thus, the open 

hysteresis loop is confirmation of the fit, and a value for T Curie = 1.98(2)K. Since the loop is only slightly 

open, it indicates that the remnant flux in the material is small. This soft ferromagnetism is likely an 

intrinsic property of the material. The observed situation will be further studied by IlSR, which can be used 

to measure magnetic volume fractions. This will be discussed in more detail in Section 4.4. 

The second UCoGe sample was also measured in the SQUID magnetometer. The temperature 

dependence of the magnetization is shown in Figure 4.10. 
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Figure 4.10. Magnetization and U Moment size versus temperature for the second UCoGe crystal. The 
upturn indicates the onset of a magnetic transition, though data below 1.7K is needed to fill in this transition. 
The U moment size is smaller than indicated elsewhere, though the low-T data is needed to find the saturated 
moment. This was fit to Equation (4.1), giving T Curie = 0.99(3)K. 

The increase in the magnetic susceptibility below 5K is indicative of the proximity to a magnetic 

transition. The effective U moment size is increasing as the moments become polarized, but there is no 

indication of any saturation of the effective magnetic moment above 1.7K. This was also fit to Equation 

(4.1), and the fit is shown in Figure 4.10. The Curie temperature from this fit was found to be 0.995 ± 

0.034K. With the fit to Equation (4.1) in Figure 4.10 giving TCurie ~ 1.0K, this increase in the susceptibility 

without any saturation is what should be expected. 

If TCurie = 1.0K, then a rough extrapolation of the data in Figure 4.10 would give a saturated moment 

SIze of approximately 0.05/18 near T=OK, which is slightly higher than the ordered moment of 0.03/18 
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reported in other studies [45, 48]. This may be due to impurities, but is unlikely to be caused by elemental 

Uranium impurities, since the ordered moment of a-Uranium at 2K is only O.04~B [68]. This question can 

be better addressed with higher quality samples. 

4.4 j.1SR 

The two UCoGe samples were studied by ~SR at TRlUMF, on the M20 and MIS beamlines. M20 is a 

surface muon beamline with a temperature range of 1.7K to 300K. MIS, for our measurements, used a 

di lution refrigerator to allow measurements as low as 20mK. Measurements of these two samples were 

performed on both beamlines, and the measurements related to each will be noted. 

Both Zero-Field (ZF) and Transverse Field (TF) ~SR measurements were performed on both samples. 

An example of the ZF-~SR spectrum at lK and 5K for the second UCoGe sample is shown in Figure 4.11. 

Here, a small oscillation is observed in the lK data, due to the magnetization of the sample. The 

ferromagnetism causes this precession due to the internal field at the muon site. However, this precession 

quickly decays, indicating that the magnetic field distribution is fairly inhomogeneous. The data can be fit, 

though with only 1 to 1 Yz periods of the oscillation, the fits will not be as accurate as in the case of URhGe 

(to be discussed in Section 5.4). 
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Figure 4.11. ZF-IlSR spectra of the second UCoGe crystal at 5K and 1K. The spectrum at 5K is 
characteristic of paramagnetic behaviour, while the lower spectrum is indicative that the sample is in the 
ferromagnetic state at 1 K. 

The data was fit to the function, 

A (t)=A sexp( -J\. st) cos(w t+8)+ A E exp( -J\. Et )+A B (4.2) 

where As, A E, and AB are the sample, Exponential and background asymmetries respectively, As is the 

sample relaxation rate, AE is the Exponential relaxation rate, Q) is the precession frequency, and e is the phase 

of the polarization. The extra background term, A B, is used to account for the background signal produced 

by the dilution refrigerator. 

Using this fitting function, the data was fit to obtain the plot shown in Figure 4.12. This fit is in good 

agreement with the data, with a reduced X2 = 1.676 at 20mK, and a smaller reduced X2 at higher 

temperatures. Plotting the frequency of the oscillation versus temperature, we obtain the plot in Figure 4.l3. 
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Figure 4.12. ZF-IlSR spectra of the second UCoGe crystal at 1K, 0.5K and 20rnK, fit to Equation (4.2). 
The amplitude of the oscillatory signal decreases in the superconducting region, while the frequency also 
drops by ~ 10%. 

Very clear evidence is seen for the transition at T Curie. Above the Curie temperature, the frequency 

drops to zero, since the material is in the paramagnetic state. The IlSR measurements find that the 

ferromagnetic transition is at T = 1.7K, slightly higher than in the susceptibility measurements. The 

frequency increases below this temperature, approaching 1.9MHz at 0.5K. Using Equation (3.8), we can 

find the internal field by, 

H loc =W/ 135.54 M:Z (4.3 ) 

A frequency of 1.9MHz corresponds to an internal field of approximately 0.014T at the muon site. 

The onset of the ferromagnetic transition is more gradual than in the URhGe case, which can be ascribed to 
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the weaker moments in this system. Equation (4.2) was used to fit all of the data points, and the frequency 

was allowed to be any value, even above TCurie. As can be seen from Figure 4.13, the frequency found from 

the fits decreases to zero above T Curie, but it more broad than in the case of URhGe. 
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Figure 4.13. Frequency versus temperature in the ZF-~SR spectra of the second UCoGe crystal, from 
20mK to 5K. We see that above T Curie, the frequency fits to a value of approximately zero, with an increase 
to 1.9MHz between 0.5K and 1.5K, characteristic of ferromagnetism. Below T sc, the frequency drops by 
~ 1 0%. 

Using the ~+ site calculated in [54], we can find that the moment size in the system corresponds to rno 

= 0.065~B II c, in reasonable agreement with our magnetometry measurements, which found a moment size 

of mo = 0.05~B. Below the superconducting transition, the internal field decreases by ~ 1 0%. More 

measurements would help to clarify this transition, but this is an obvious change between 0.02K and 0.5K as 

seen in Figure 4.11, corresponding very well to the transition seen by resistivity measurements. This is also 

a larger change than observed by other ~SR measurements on UCoGe [54]. 
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The relaxation rate of the flSR spectra is shown in Figure 4.14. 
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Figure 4.14. ZF-flSR plot of Relaxation versus Temperature in the second UCoOe crystal. The relaxation 
rate increases below T Curie, decreases sharply at the superconducting transition, then increases towards 
T=20mK. 

The relaxation rate is small above the ferromagnetic transition. Below the transition, the relaxation 

rate increases, indicating an increase in the coupling between the ferromagnetic moments and the muon 

moments. Just above the superconducting transition, the relaxation rate peaks, and shows a sharp decrease 

across the superconducting transition. The relaxation rate then increases as the temperature decreases. 

We also measured the second UCoOe sample in several TF-flSR measurements, some of which are 

shown in Figure 4.15. We began by measuring the sample in a TF of 2000, while cooling the sample to 

20mK in zero applied field. The plot of frequency versus temperature is shown in Figure 4.16, and the plot 

of relaxation versus temperature is shown in Figure 4.17. 
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Figure 4.15. The TF-!lSR spectra of the second UCoGe crystal in an applied field of 200G, shown at 4K 
( open circles) and 20mK (tilled cirlces). We see an increased relaxation with decreasing temperature. 

2.81 

N 2.80 
I 
~ ->. o 
c 
(]) 
::::J 
~ 2.79 

u. 

2.78 

II 

II II 

o 

I • Frequency (MHz) 1 

II I I I I 
I I 

2 3 4 

Temperature (K) 

Figure 4.16. TF-!lSR plot of Frequency versus Temperature in the second UCoGe crystal. The 
measurements were done in an applied field of 200G, while cooling the sample in zero applied field. This 
displays no clear indication of superconductivity. 
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Figure 4.17. TF-IlSR plot of Relaxation versus Temperature in the second UCoGe crystal. The 
measurements were done in an applied field of 200G, while cooling the sample in zero applied field. From 
these measurements, T Curie appears to be approximately 2.5K. 

In Figure 4.17, the relaxation is constant above 2.5K. Below 2.5K, the relaxation increases down to 

200mK, where the relaxation seems to saturate. This would suggest a Curie temperature of 2.5K, which is 

much higher than that found by ZF-IlSR and with susceptibility measurements. This may be due to a broad 

transition, which was seen with ZF-IlSR. 

The saturation in the relaxation rate at low temperature is an indication that the full volume fraction 

has ordered. This appears to be the case below 300mK, indicating that the saturation occurs just above the 

superconducting transition. 
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4.5 Conclusions 

The two crystals of UCoGe were analyzed using multiple techniques. The structure characterization 

measurements showed that the samples were polycrystals of the correct phase. The Laue measurements, as 

well as the resistivity measurements showed that the second growth was of better quality than the first 

growth. The second crystal also displayed Laue patterns that allowed the sample to be oriented with a 

moderate degree of accuracy. 

The resistivity measurements do not display clear evidence of the ferromagnetic transition, but this is 

not surprising due to the small moment size in the system. This weak signal in the resistivity measurements 

has been observed previously [45,48,66]. 

The resistivity measurements performed on the second UCoGe crystal at NHMFL show that this 

sample is superconducting, with Tscp=O = 300mK. This measurement will prove important when performing 

IlSR measurements to identify any changes that may occur around the superconducting transition. 

The SQUID measurements suppOli the idea of small moments, ferromagnetically ordered III this 

system. The hysteresis loop in Figure 4.9 has a very small area, and the ferromagnetic transition in Figure 

4.8 is broad, and involves a small magnitude change in the magnetization. The broadness of the transition 

seem to be intrinsic to the system [45 , 48, 66] , and not a result of impurities, or domain boundaries. The 

close agreement of the magnetization measurements to measurements previously reported is further 

evidence that we have obtained crystals with similar properties. 

The ZF-~LSR measurements show a ferromagnetic signal below 2K. This signal relaxes rapidly, which 

may be a sign of slowing ferromagnetic fluctuations , which depolarize the muon spins. The onset of the 
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ferromagnetic signal is fairly broad, with measurements at 2K showing a small degree of oscillation. We 

expect that this is due to small moments, and impurities in the system, since the ferromagnetic transition has 

been reported to be as high as 3.5K [45, 48]. However, the IlSR and magnetometry measurements agree on 

a ferromagnetic transition around T = 1.7K in the second UCoGe sample. From the TF-IlSR measurements, 

we also see that the magnetic volume fraction continues to increase below TCurie, and the ZF-IlSR shows a 

broad internal field distribution, both of which may increase the error in measuring the ferromagnetic 

transition. 

We see a large drop of ~ 10% in the frequency measured by IlSR below Tsc. This is in contrast to other 

published results [54], which report a decrease of approximately 2%. At this stage, a definitive reason for 

the disagreement in this value is unclear, but it may be due to variations between sample. This may also be 

due to differences in the fitting procedure used in this study and elsewhere [54] , though this difference is 

only slightly outside of the error bars. 

The TF-IlSR measurements suggest a ferromagnetic transition around 2.5K, which is higher than that 

found by ZF-IlSR and susceptibility. The SQUID measurements show a very broad transition, and thus it 

may be easier to see the onset of the transition in the TF-IlSR signal. 

There is also no signature of superconductivity in the TF-IlSR measurements. If the volume fraction is 

on the order of 2%, as reported elsewhere [54] , then this may be hard to resolve. However, the ZF-IlSR 

show that the transition is there. As in the case of other heavy felmion compounds, these materials would 

have a large penetration depth, and thus the contribution of the superconductivity to the relaxation rate 

should be small. As such, it may be below the resolution limit of our measurements. Measurements in the 

future should focus on better quality samples, with longer measurements to reduce noise, and make any 

signature of the transitions more apparent in both ZF and TF-IlSR. 
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v. Measurements of URhGe 

5.1 Structure Characterization 

Two growths of URhGe were done, under the conditions described in Section 2.1. In addition to Laue 

and powder X-ray diffraction measurements , Scanning Electron Microscopy measurements were done to 

characterize the structure. A Laue diffraction image from the first URhGe crystal is shown in Figure 5.1. 

Figure 5.1. A Laue diffraction measurement on the first sample of URhGe. A symmetry point is visible on 
the lower left of the image. Some of the points, particularly those above the centre, indicate multiple grains. 
The bright area in the bottom of the image is the sample holder. 

It can be seen from the diffraction pattern that this is a polycrystal, which has multiple grains with 

random orientations. As such, this crystal was not suitable for orientation, but it may be possible to separate 

small single crystals for measurements only requiring samples of that size, such as transport measurements. 
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Figure 5.2 shows Laue diffraction images from the second growth ofURhGe. 

Figure 5.2. The Laue diffraction measurements on the second sample of URhGe. Both images were taken 
at the terminal end of the growth, at a point where the crystal had broken. (a) is taken parallel to the growth 
axis, while (b) was taken perpendicular to the broken face. Both images show multiple grains in the crystal. 

These also appear to be polycrystalline, but of slightly better quality than the first growth. Since these 

crystals were grown at nearly the same time, the remainder of the measurements were carried out using the 

second crystal of URhGe. Powder X-ray diffraction measurements were also done, and these are shown in 

Figure 5.3. 

The powder pattern has not been documented in the literature, or calculated. This made comparing the 

data to the pattern of a known sample impossible. The lattice constants in Table 1.4 were used with the 

Wyckoff positions for UCoGe [51] to produce a possible powder diffraction pattern for URhGe, which is 

shown in Figure 5.4. 
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Figure 5.3. The powder X-ray measurements for the second growth of URhGe. This is plotted as a semi­
log plot. Some small impurity peaks are noticeable. 
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Figure 5.4. The theoretical powder X-ray diffraction pattern for URhGe, based on the lattice constants in 
Table 1.4 and the Wyckoff positions of UCoGe from [51]. This pattern agrees very well with the 
experimental pattern in Figure 5.3. 

This pattern is very similar to the experimental pattern shown in Figure 5.3 . This is understandable, 

since UCoGe and URhGe are structurally and electronically identical, and so the differences in the Wyckoff 
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positions should be small. 

Comparing this to the experimental pattern in Figure 5.3, we see remarkably good agreement. Some 

additional peaks are observed, particularly around 23° and 36°, which we attribute to impurities in the 

sample. The height of the 36° impurity peak to the height of the 35.5° peak in the sample is less than 5%, 

which is slightly better than in the case of UCoGe. Like the powder pattern for UCoGe, these impurity 

peaks are most likely due to elemental Uranium, which shows strong peaks at this scattering angle. 

While this method does not conclusively prove that the material we have grown is the correct phase, it 

is very strong evidence in favour of it. Combined with the other measurements to be discussed later in this 

chapter, we are confident that we have a polycrystal of URhGe in the correct phase. Additionally, since the 

ievei of impurities is iower in this sampie than in the first growth of UeoGe, we have our first indication of 

the quality of these samples. This will be discussed further in Section 5.2. 

An additional SEM measurement was performed to characterize the structure of this crystal. The 

motivation for performing these measurements came from the crystal growth. A second phase appeared to 

be forming in the melt, and solidifying on the surface of the grown crystal. The crystal was annealed after 

the growth, but we felt that it was important to analyze the surface of the crystal. 

This was first done with Laue X-ray diffraction. This image is shown in Figure 5.5, below. This 

clearly shows powder rings, indicating that the material on the surface is not part of the interior of the 

crystal. The phase that is on the surface contains a large number of polycrystals, with random orientation. 

However, the Laue diffraction data does not indicate the constituents of the surface material. For this 

reason, the SEM measurements were done . 
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Figure 5.5. The Laue diffraction measurements on the surface of the first URhGe growth. This clearly 
shows powder rings, indicating that the surface of the crystals are not crystallographic ally similar to the 
interior of the crystal. This prompted the SEM analysis . 

The SEM image is shown in Figure 5.6. A separate phase is observed that covers the surface of the 

crystal to a depth of approximately 1-2~.tm. This is clearly not part of the interior of the crystal. 

Electron Probe Micro-Analysis (EPMA) was done to identify the elemental constituents of the surface 

coating. The EPMA patterns of both the bulk and the surface are given in Figure 5.7. 

Figure 5.7(a) shows that the bulk of the material contains U, Rh, and Ge. In (b), the surface spectrum, 

only U and Ge are present, and the Rh peaks are absent. Normalizing this data by the electron cross-

sections, we find that U and Ge exist in the surface coating in approximately equal atomic amounts. This 

indicates that the material on the surface is UGe, or a material with similar stoichiometry. 
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Figure 5.6. The SEM image of the surface of the URhGe crystal. There is a second phase on the surface, 
-I-211m thick. This image is approximately 5950x magnification. 
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Figure 5.7. The EPMA measurements of the bulk and surface of the URhGe crystal. (a) The bulk spectrum 
shows the presence of U, Rh and Ge. (b) The surface spectrum shows the absence of Rh peaks, and U and 
Ge in approximately equal amounts. 

Since the coating is so thin compared to the thickness of the crystal (~5mm), we know that this surface 

impurity contributes less than I % or the crystal volume. For measurements such as bulk magnetometry and 

resistivity, it should not affect the results, unless this impurity is superconducting. 
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5.2 Resistivity 

Resistivity measurements were performed on the second growth of URhGe. The results are shown in 

Figure 5.8. 

Using Equation (2.1), the residual resistivity ratio of the crystal was calculated. Using the resistivity at 

1 K and 300K, we find that RRR = 10 for this crystal. This is comparable to values reported in other samples 

of this material [38, 39, 42, 52]. 
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Figure 5.8. The resIstIvIty of the second URhGe crystal from 1.7K to 60K. We see the onset of 
ferromagnetism at T=9.5K. The resistivity follows p a T2 below the transition. (inset) The resistivity below 
10K is plotted against temperature squared, and it can be seen that the resistivity is linear in T2. 
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There is a clear transition in the material at 9.5K. Below this temperature, the resistivity follows the 

2 p oc T 
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This is expected to be the case in a material which is free from magnetic scattering, and the material 

behaves as a Fermi liquid, where there is only electron-electron scattering. This indicates that the material is 

magnetically ordered below 9.5K, which is identified with the transition to a ferromagnet. The combination 

of the resistivity and bulk magnetometry measurements detailed in Section 5.3 allows us to show that in this 

crystal, Tcurie = 9.5K. 

The sample from the second URhGe growth was studied at low temperatures by researchers at Florida 

State University, using a DR at NHMFL. The results of these measurements are shown in Figure 5.9. 
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Figure 5.9. The resistivity of the second URhGe crystal from O.02K to 300K. We see the onset of 
ferromagnetism at T=9.5K. Another sharp change is seen at 4.5K, but this is likely due to instrumentation. 
(inset) The resistivity of the URhGe crystal below 1.5K. No evidence of superconductivity appears down to 
O.02K. 

The measurements show no sign of the superconducting transition, down to O.02K. The ferromagnetic 

transition is seen at 9.5K, in agreement with the previous measurements performed on the same sample. 
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There is another noticeable drop seen at 4.5K, which was present in the UCoGe (see Figure 4.7). This 

indicates that this drop is due to instrumentation, since it was not seen in the previous measurement of this 

sample. As in the case of UCoGe, this is due to the change in cooling rate in the proximity of the He phase 

transition. 

The result of this measurement is that we know that this sample is not superconducting, and we should 

not expect to see any signatures of this in other measurements using this sample. 

5.3 Bulk Magnetometry 

Bulk magnetometry measurements were performed on the second growth of URhGe. The plot of 

magnetization versus temperature is shown in Figure 5.10. 

The data displays a clear transition at 9.5K. This is attributed to the ferromagnetic transition, where 

the moment size saturates toward T = OK. Extrapolating the data, we see that the moment size saturates at 

mo = 0.37 !-lB. This is slightly lower than the values for URhGe given elsewhere [35, 38, 39, 41, 44]. This 

may be due to the sample quality, since our RRR appears to be lower than that reported elsewhere. 

A hysteresis loop was also measured at T = 1.7K, shown in Figure 5.11 . 
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Figure 5.10. Magnetization and U moment size versus Temperature. A clear ferromagnetic transition is 
seen at 9.SK, and the moment size agrees fairly well with values reported elsewhere. 
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Figure 5.11. Hysteresis loop of the URhGe crystal at T=1.7K. The sample is shown to be magnetically 
ordered, since hysteresis is present at this temperature. This is expected from the susceptibility 
measurements . 

64 



MSc. Thesis - Travis Williams - McMaster University - Physics and Astronomy - 2009 

The measurements indicate that the material is magnetically ordered at 1.7K, which is expected from 

the susceptibility measurements shown in Figure 5.10. The loop area is still relatively small, which is 

related to the moment size of mo = O.37!lB found in the susceptibility measurements. However, the 

magnetization is larger here than in the case of UCoGe, since the moment size of URhGe is larger. 

5.4 jlSR 

All of the !lSR measurements on URhGe were performed on the sample from the second growth. The 

measurements concentrated on Zero-Field (ZF)-!lSR, but some weak Transverse-Field (TF) measurements 

were also collected. 

The sample was measured in ZF, in a He-4 cryostat, with a base temperature of 1.7K. The ZF- !lSR 

spectra at 1.8K and 10.5K is shown in Figure 5.12. The y-axis is the asymmetry between the counters above 

(Up) and below (Down) the sample, calculated using Equation (3 .11). Measuring the asymmetry accounts 

for the muon decay, such that a perfectly paramagnetic material should have ACt) equal to a constant (ideally 

zero). 
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Figure 5.12. ZF-IlSR spectra of the URhGe crystal at lO.SK and 1.8K. The spectrum at lO.SK is 
characteristic of paramagnetic behaviour, while the spectrum at 1.8K is indicative that the sample is in the 
ferromagnetic state. 

The higher temperature measurement displays no precession, which we expect since the sample is in 

the paramagnetic state. Below 9.SK, the sample is a ferromagnet, so the spectrum at 1.8K displays a 

precession of the muon spin caused by the local field within the sample. The amplitude of the oscillation 

decays with time, but can be observed out to a time of at least l.SIlS. The decay of the signal is called the 

"relaxation" and is observed in nearly all IlSR measurements. This relaxation occurs due to a coupling 

between the muon spin and the magnetic moments in the sample, causing the muon spin to flip . At long 

times, many muons have undergone this process, and there is a loss of the muon spin coherence. 

The ZF-IlSR data is fit to the function, 

A (t )=A I exp (- J\ t )cos(wt +8)+ A 2 exp (-,\ t) (S .3 ) 
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where A is the relaxation rate of the precessing part of the signal, A is the relaxation rate of the non-relaxing 

component, co is the frequency of the oscillation and () is the phase of the muon spin polarization. A, and A2 

are the asymmetry values for the oscillating and non-oscillating components, respectively. From Equations 

(3.l0) and (3.11), it is apparent that the background, BUD, and the counter asymmetry factor, a, need to be 

included in the fit. These, in fact, can be fixed by performing a TF-IlSR experiment using a weak applied 

field, and fitting the data to obtain these values. From this weak TF-IlSR experiment, we can also fmd the 

total asymmetry, A lOt, which must be the same for all runs. 

By fixing B u.D and a, and stipulating that A, + A2 = A tot , there are five free parameters remaining to 

which to fit each run. Equation (5.3) can be used to fit to the data above the ferromagnetic transition, where 

it is assumed that A ,= 0 to remove the oscillations. The functional form is now a simple exponential decay, 

which is expected in the paramagnetic temperature region. A plot of the fit to the ZF-IlSR spectrum at 

60mK is shown in Figure 5.13. The agreement of this fit is very good, with a reduced X2 
= 1.235. Fitting the 

rest of the temperatures below 1.8K with this model gives similarly good agreement, while the temperatures 

above 1.8K show better agreement. 

As previously discussed, the frequency of the precession, co, is a measure of the local magnetic field at 

the muon site. In the case of the ferromagnet being studied here, this measures the strength of the field in 

the material with no applied field. Plotting the frequency versus temperature, we obtain the plot in Figure 

5.l4. 
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Figure 5.13. ZF-flSR spectrum of the URhGe crystal at 60mK. The solid line shows the fit to the data 
given by Equation (5.3) . The fit to this spectrum had a reduced X2 = 1.235, which was typical of runs below 
1.8K. 

Figure 5.14. Frequency of the flSR signal fit using Equation (5.3). This clearly shows no precession above 
T Curie = 9.5K. The frequency increases toward T = OK, and shows no change at low T. 
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Since there is no observed precession above TCl/rie, this could be built into the fits . This leads to a sharp 

transition at 9.5K, where the precession appears. This corresponds to an abrupt peak in the specific heat 

observed by other studies [69, 70]. The internal field saturates as T ---+ O. Using Equation (3.8), we see that, 

H loc =w/ 135.54 "'~z (5.4 ) 

Since CD = 10.9 MHz as T ---+ 0, we find that noc = 0.08 T at the muon site. A muon site for the 

UCoGe case was derived in [54]. Using a similar approach, the moment size of the U atoms in this system 

are calculated to be mo = 0.38~B. This is in excellent agreement with the value of 0.37~B found by the 

susceptibility measurements. 

The URhGe crystal was measured in ZF, using a dilution refrigerator with a base temperature of 

15mK. The low temperature plot of frequency versus temperature is shown in Figure 5.15. 
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Figure 5.15. Low temperature frequency of the ZF-~SR signal. The black points are those measured in a 
2008 study, while the red points were values that were done in 2009 to check the behaviour. No noticeable 
changes occur at low T. Note the expanded vertical scale. 
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There is no noticeable change is the frequency at low temperature. Since the samples were shown not 

to be superconducting, this is not surprising. A 2% drop in the frequency has been reported below Tsc for a 

sample of UCoGe [54]. This is explained by conduction electrons that become superconducting carriers 

below Tsc and no longer contribute a magnetic moment to the system, thereby reducing the magnetic field 

within the sample. It is unknown if URhGe shows a similar change, and the magnitude of any change 

compared to UCoGe is also unknown at this time. In the future, repeating these measurements with a 

superconducting sample of URhGe would be useful in addressing this question. 

5.5 Conclusions 

The structure characterization measurements have shown that two crystals of URhGe have been 

prepared. By performing powder X-ray diffraction, it has been shown that these samples compare 

extremely well to a proposed reference pattern of the material [51]. The powder pattern suggests some 

impurities, on the order of 5% by volume, which are consistent with elemental Uranium. The Laue pattern 

shows that the second growth was of better quality than the first, so the remainder of the measurements were 

performed on the second sample. 

SEM measurements were performed to characterize an impurity phase on the surface of the crystal. 

This impurity consisted of U and Ge in approximately equal amounts . It was approximately 1-2 flm thick, 

contributing less that I % of the sample volume. 

Resistivity measurements show a clear signature of the ferromagnetic transition at 9.5K, which was 

confirmed with SQUID measurements . A hysteresis loop at 1.7K also showed that the material was 
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magnetically ordered. The resistivity showed that the material was not superconducting down to O.02K. 

This is likely due to sample quality, since our samples showed a smaller RRR value than those reported 

elsewhere. 

The magnetometry measurements were consistent with a Uranium moment size of mo = O.371lB at low 

temperature. This is in nearly perfect agreement with the moment size of mo = O.381lB measured by ZF­

IlSR. It is also relatively close to the values reported in the literature [35, 38, 39, 41, 44]. 

ZF-IlSR measurements determined the ferromagnetic transition at 9.5K, showing up as a first order 

transition. The frequency of the ZF-IlSR spectrum saturated at 10.9MHz toward T = OK. TF-IlSR 

measurements also did not provide any evidence for superconductivity, which was explained by the lack of a 

superconducting transition in the resistivity data. The other difficulty with measuring the superconducting 

properties of URhGe by IlSR is that it may have a small volume fraction, such as has been reported for 

UCoGe [54]. To date, we are not aware of any measurements of the superconducting volume fraction in 

URhGe. In the future, we plan to measure the volume fraction on a superconducting sample of URhGe. 
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VI. Conclusions 

6.1 Structure Characterization 

The structure characterization measurements show very good agreement between UCoGe and URhGe. 

Laue diffraction measurements show that all samples are polycrystalline, but some samples show grains that 

are more closely aligned. The Laue measurements seem to provide fairly good agreement with the other 

measurements of the crystal quality. For example, the residual resistivities of the second growths for both 

samples are larger than for the first growths, and the Laue patterns confirm that the second growths are of 

better quality. 

This trend continues when comparing the materials, where the Laue pattern of the second URhGe 

growth appeared better than the first UCoGe growth, but not as closely aligned as in the second UCoGe 

sample. The resistivity measurements appear to support this measure of the crystal quality. This will be 

discussed further in Section 6.2. 

We notice that the powder X-ray diffraction patterns for both materials display a prominent impurity 

peak around 28 = 36°. This indicates that it is most likely due to a common impurity. The most likely 

candidate for this impurity is elemental Uranium, since the a-Uranium phase shows several strong peaks 

around this scattering angle. Considering the results of the SEM measurements on URhGe, the other 

possibility is that the impurity phase is due to UGe or a material of similar stoichiometry. However, the 

SEM measurements showed the level of this surface impurity to be ~ 1 %, which is lower than the level 

measured by powder X-ray diffraction. This remains an issue that can be addressed in further growths of 
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these materials. 

6.2 DC Resistivity 

The resistivity measurements on UCoGe show no change at Tcurie, which is due to the small moments 

in the material. Disagreements exist as to whether the ferromagnetic transition can be seen in resistivity, 

with some claiming to see a change in the slope [48, 66], and others not [46,54]. Both of these references 

had a crystal with RRR = 30. In the future, with better quality crystals, it may be possible to address this 

question. 

The second UCoGe crystal showed a clear superconducting transition, with an onset of T sc onset = 

425mK, and zero resistance at Tsc p=O = 300mK. The broadness of this peak is typical in this material, and 

has been reported to be of similar size elsewhere [54]. These values will be used for other low temperature 

measurements to look for possible changes in the superconducting state. 

Resistivity measurements performed on the URhGe samples displayed a signature of the 

ferromagnetic transition at 9.5K in URhGe, but no superconducting transition. From Figure 5.8, we can 

calculate RRR ::::: 10, which is slightly lower than reported elsewhere. The lack of superconductivity in this 

sample means that other measurements collected in this regime will not show any effects that would be 

attributed to superconductivity. 
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6.3 Bulk Magnetometry 

The magnetization measurements show that both materials undergo a magnetic transition. The 

transition is much sharper in URhGe as compared to UCoGe. This is likely due to the moment size in the 

two materials. Since URhGe has a larger ordered moment, the magnetization of the sample is larger, 

compared to U CoGe. 

Similarly weak signals of the ferromagnetic transition in UCoGe have been observed previously[ 45 , 

48, 66]. This signal does not seem to become sharper with increased sample quality, so it is unlikely that 

this effect is due to impurities in the sample. This has lead to some disagreement about the exact value of 

TCurie in this system, with values claimed to be in the range of 1.5K to 3.5K [39, 45 , 46, 48]. The 

measurements reported here, in being similar to other measurements of this material, do not clarify the 

transition. Rather, they continue to show that the transition is broad in temperature . 

The difference between the ferromagnetic properties of the two systems is also evident when 

comparing the hysteresis curves at 1.7K, Figures 4.9 and 5.11. The magnetization of the URhGe sample is 

larger, and the hysteresis loop is more open. This indicates stronger magnetic ordering, due to its larger 

moment. 

The moment sizes of 0.37/1B and 0.05/1B found by the magnetization measurements in this study are on 

the order of those reported elsewhere [39, 45 , 46, 48]. Some of the reported values are higher than those 

found here, which may be due to impurities in the system. 
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6.4 IlSR 

The ZF-IlSR measurements on both UCoGe and URhGe showed clear ferromagnetic transitions. The 

transition was very sharp in URhGe, while being slightly broadened for UCoGe. This is consistent with 

both the magnetization measurements, which showed a broad transition for UCoGe and a sharp transition of 

URhGe, and with other data presented in the literature [35 , 39, 42, 45, 48]. The behaviour of both materials 

was the same, with the frequency tending toward a constant value at low temperatures. This frequency at T 

= OK, along with calculations of the muon site [54], allowed the calculation of the size of the magnetic 

moments in the system. The values, 0.38118 and 0.065118, are in excellent agreement with the magnetization 

measurements. 

The URhGe crystal is not superconducting, so consequently displayed no changes at low temperatures 

that would indicate a superconducting transition. The UCoGe crystal did show a sharp decrease in the 

frequency between 0.3 and 0.5K of ~ 10%. This behaviour agrees with other IlSR measurements in the 

superconducting state of UCoGe, though the decrease shown by our sample is larger than has been reported 

elsewhere [54]. The most likely reason for this disagreement is due to possible differences in the fitting 

procedure. 

Since the sample is superconducting, TF-IlSR measurements were performed on UCoGe, down to 

0.02K, in fields up to IT. These measurements did not show any evidence for the superconducting 

transition, and so could not be used to measure any of the superconducting properties of UCoGe with 

reasonable confidence. 

75 



MSc. Thesis - Travis Williams - McMaster University - Physics and Astronomy - 2009 

6.5 Conclusions 

This work comprises a thorough study of UCoGe and URhGe at ambient pressure. The materials we 

have grown both displayed ferromagnetic transitions that were measured by magnetometry and ZF-IlSR, and 

found to agree very well. The U magnetic moment measured by these two techniques were also found to be 

nearly identical. 

Resistivity measurements on URhGe showed that our sample was not superconducting down to O.02K. 

The second growth of UCoGe was found to be superconducting below 300mK, which was also confirmed 

by ZF-IlSR measurements. However, due to the small volume fraction, TF-IlSR measurements could not 

extract reliable values for the superconducting properties ofUCoGe. 

Other crystal growths had been performed that produced good quality samples of both materials. 

However, these crystals were destroyed during the annealing process. Future efforts will include modifying 

the annealing procedure to avoid damaging the crystals. We have obtained high-purity Uranium from Ames 

Laboratory, which has been purified by electromigration. This will be used in future growths to hopefully 

improve the RRR. 

In the future, efforts will be continued to refine the crystal growth technique to produce higher quality 

samples of both UCoGe and URhGe. The goal for these growths is also to produce crystals that are both 

ferromagnetic and superconducting, with transition temperatures as high as most reported in the literature. 

Following a successful growth with these properties, continued measurements in the superconducting 

region, including IlSR, will be performed to better understand the superconducting properties of these 

materials . 
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Other possible projects that can be conducted on these materials in the future involve studies under 

pressure, in large applied fields, or on intermediate dopings in the U(Rh,Co)Ge series. 
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