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1. Introduction 

 

1.1. General introduction 

The physics of strongly correlated metals, especially heavy fermion systems (HFSs) [1-4], 

has been studied intensively. Heavy-fermion behavior is mainly found in strongly 

correlated f-electron materials, notably Ce-, Yb- and U-intermetallic compounds. At low 

temperatures, heavy fermion systems are described by the Landau Fermi liquid (FL) theory 

[5,6]. The main characteristic is a large enhancement of the effective mass as derived from 

the large value of the linear coefficient γ in the specific heat c = γT, the enhanced Pauli 

susceptibility χ0 and the large coefficient A of the electrical resistivity ρ ~ A n (with n = 2). 

However, in the past decade many correlated f-electron materials were discovered, which 

show unusual properties that strongly deviate from those of a FL. This anomalous behavior, 

observed for instance in the low-temperature magnetic, thermodynamic and transport 

properties (i.e. for T → 0 γ diverges logarithmically and the exponent of the resistivity        

n < 2), has led to the identification of a new ground state of correlated metals, the so-called 

non-Fermi liquid (NFL) state (for a review see [7-9]). In the different scenario’s proposed 

as origin of NFL behavior, the mechanisms which are associated with quantum phase 

transitions (QPTs) form a timely and challenging research subject in condensed matter 

physics for both experimentalists [7-10] and theorists [11,12].   

In f-electron HFSs, QPTs are in general transitions between a magnetic and non-magnetic 

ground state at absolute zero of temperature, which is driven by a non-thermal control 

parameter, such as pressure p [13-16], magnetic field B [17-21] or chemical doping x [22-

27]. In the case of QPTs, the thermal fluctuations are no longer relevant and quantum 

fluctuations dominate. The singular point of the tuning parameter at which the QPT takes 
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place is called the quantum critical point (QCP). In a simple model, the QCP results from 

the competition of the Kondo effect and the Ruderman-Kittel-Kasuya-Yosida (RKKY) 

interaction, as in the Doniach-like picture [28,29]. Here the Kondo interaction [30], which 

quenches the local moment of the f-electrons by conduction electron screening, competes 

with the RKKY interaction [31], which enhances long-range magnetic order. 

Interestingly, in the vicinity of the QCP, not only unusual properties (NFL behavior) are 

observed, but also new collective states may emerge, particularly unconventional 

superconductivity (SC). The formation of such a superconducting state cannot be explained 

by the standard Bardeen-Cooper-Schrieffer (BCS) theory for s-wave superconductivity [32].  

Unconventional SC states have been found to emerge near pressure-induced QCPs in 

antiferromagnetic (e.g., CePd2Si2 and CeIn3 [33]) and ferromagnetic (e.g. UGe2 [34]) 

systems. Evidence is at hand that Cooper pairing is mediated by antiferromagnetic or 

ferromagnetic spin fluctuations [35], resulting in d-wave pairing for antiferromagnetic (AF) 

and p-wave pairing for ferromagnetic (FM) systems.  

Because ferromagnetism and superconductivity (SC) are mutually exclusive, it came as a 

large surprise that their coexistence is nevertheless realized in a few materials: the 

ferromagnetic superconductors UGe2 [34], URhGe [36] and (possibly) UIr [37]. These 

systems currently attract much attention. Of special interest is URhGe in which itinerant 

magnetism, with a Curie temperature TC = 9.5 K, coexists with SC, with a superconducting 

transition temperature TS = 0.25 K, at ambient pressure [36]. Moreover, re-entrant SC is 

induced by applying a large magnetic field (B ~ 12 T) [38] along the orthorhombic b-axis. 

These findings prompted the important question whether it would be possible to study the 

magnetic spin fluctuations of a FM superconductor, by tuning URhGe to a QCP. 

Motivated by the above idea, we inspected the ordering temperatures of UTX compounds   

(T = transition metal Rh, Ru, Co, and X = p-electron element Ge, Si) [39,40]. According to 

literature, among the neighboring compounds of URhGe, URhSi also orders 

ferromagnetically, while URuGe, UCoGe, URuSi and UCoSi did not show magnetic order. 

Therefore we decided to study the evolution of ferromagnetism of URhGe by doping with 

Ru and Co in order to search for a FM quantum critical point. The results are reported in 

this thesis. In the course of this work we found that UCoGe also orders ferromagnetically 

(see Fig. 1.1). Moreover, we discovered that UCoGe is a new ambient pressure FM 
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superconductor. Our results on the U(Rh,Ru)Ge system probably provide the first example 

of an 5f-electron systems that can be tuned to a FM QCP, while UCoGe might be the first 

ambient pressure triplet superconductor, where the pairing interaction is due to critical 

ferromagnetic spin fluctuations directly associated with a FM QCP. 

1.2. Outline  

This thesis comprises seven chapters, after this introductory chapter, and is followed by a 

summary, as below. 

In Chapter 2, the main experimental techniques are presented. We first describe the sample 

preparation method and characterization. Next we give details of the in-house experimental 

set-ups, used to investigate the macroscopic physical properties of the compounds, like 

magnetization, resistivity and specific heat. 
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Figure 1.1 Left panel: Temperature variation of the dc-magnetization measured in a 
field B = 0.01 T of UTX compounds (with T = Rh, Ru, Co, and X = Ge, Si). This 
reveals the compounds URhSi, URhGe and UCoGe order ferromagnetically at Curie 
temperatures TC = 10.4, 9.6 and 3 K, respectively, while UCoSi, URuGe and URuSi 
have a paramagnetic ground state.  Right panel: Field dependence of the magnetization 
of UTX compounds measured in a field up to 5 T at 2 K.  

Chapter 3 is about theory. An introduction to heavy fermion systems and Fermi liquid 

theory is given, followed by the basic concepts of quantum critical point physics and NFL 
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behavior in f-electron HFSs. The chapter ends with a brief overview of theoretical aspects 

relevant for the explanation of the coexistence of superconductivity and ferromagnetism, as 

well as of for order parameter models of FM superconductors. 

In Chapter 4 we report the evidence for a continuous FM QPT in the URh1-xRuxGe series. 

Upon alloying URhGe by Ru, ferromagnetism is smoothly suppressed and vanishes at a 

critical Ru concentration xcr = 0.38. Magnetization, transport, specific heat and ac-

susceptibility measurements are presented. The low-temperature data are analysed in terms 

of NFL behavior associated with a QCP. 

The study of a single-crystal URh1-xRuxGe close to the magnetic instability, with x ~ 0.38, 

is the topic of Chapter 5. The data, obtained by transport, magnetization and specific heat 

measurements, reveal the compound is strongly anisotropic and that the FL state is 

recovered upon application of a high magnetic field. 

In Chapter 6, we study the evolution of ferromagnetism in polycrystalline URh1-xCoxGe and 

URhGe1-xSix samples by means of magnetization and transport measurements. In the case 

of Co and Si doping, a FM QCP does not appear. However, for the end compound UCoGe 

superconductivity was discovered, which coexists with ferromagnetism at ambient pressure.  

In Chapter 7, we describe the properties of the new ferromagnetic superconductor UCoGe 

as measured for both poly- and single-crystalline samples. The macro- and microscopic 

experiments on the polycrystals provide proof for the coexistence of bulk FM and SC. The 

magnetization and transport data taken on a single-crystalline sample confirm UCoGe is a 

uniaxial ferromagnet. Upper-critical field measurements show the SC gap function has an 

axial symmetry, with point nodes along the direction of the magnetic moment. 

A search for a FM QCP in the UCoGe1-xSix alloys is presented in Chapter 8. By measuring 

the magnetic and transport properties we show that FM and SC are both depressed upon Si 

doping. Interestingly, we observe that the SC state is always confined to the FM phase and 

that both states vanish at the same Si concentration. This shows SC and FM are closely tied 

together. 



 

2. Experimental 

 

2.1. Sample preparation 

The samples used and described in this thesis were all prepared at the Van der Waals - 

Zeeman Institute (WZI) of the University of Amsterdam. 

Polycrystalline samples were prepared in a home-made mono-arc furnace. The starting 

materials of purity of at least 3N were weighed according to their (nominal) compositions 

and melted together in a water-cooled copper crucible under high-purity argon atmosphere 

after pre-evacuation to 10-7 mbar. The samples were turned over and re-melted several 

times to attain good homogeneity. The mass loss observed was below 0.1% and could be 

neglected. A heat treatment is necessary to obtain better homogeneity for each sample and 

to reduce internal stress. The as-cast buttons were wrapped in Ta foil and annealed in water 

free quartz tubes under high vacuum for 10 days at 875 oC.  

Single-crystalline samples were grown by Y. K. Huang. The single-crystalline rods were 

pulled from the melt using a modified Czochralski technique in a tri-arc furnace under a 

high-purity argon atmosphere. In the case of UCoGe an annealing procedure at high 

temperature (24 h at 1250 oC) then at lower temperature (21 days at 880 oC), like applied 

for URhGe [41], was employed to significantly improve the sample quality.  

Samples for different experiments were mostly cut in a bar- or cube-shape by an 

AGIEPLUS spark-erosion machine with a precision position accuracy of 5 μm, after which 

the defected surface was removed by polishing. 
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2.2. Sample characterization 

The crystallographic structures of the polycrystalline samples at room temperature were 

verified by a Philips APD-1700 diffractometer at the WZI, or a Bruker D3 Advance X-ray 

diffractometer at the Delft University of Technology, using Cu-Kα radiation. The samples 

were powdered with Si used as a standard, and fixed in a random orientation by Apiezon 

grease and covered by Kapton foil to prevent contamination. The obtained powder XRD 

patterns were analyzed by means of a Rietveld refinement [42] procedure using X’pert 

HighScore Plus [43] or the GSAS programs [44] in order to determine the type of structure 

and the lattice parameters. The analyses showed no signs of impurity phase within a 

resolution of 5 vol.%. 

Single-crystallinity was checked by means of X-ray back-scattering in the standard Laue 

geometry. The Cu-Kα radiation generated with 40 mA at 20 kV was utilized as an incident 

beam and the reflections were recorded on a Polaroid photographic film. The Laue photo 

gives information on crystal quality over an area of about 1 mm2. The program 

OrientExpress [45], which is able to generate the whole Laue pattern from a few main 

observed reflection spots, was used to orient the crystals. 

The phase homogeneity and the stoichiometry of samples were thoroughly investigated 

with electron probe microanalysis (EPMA). These measurements have been done with the 

JEOL JXA-8621 equipment at the WZI. Small amounts (2 - 3%) of impurity phases were 

detected in the polycrystalline samples, whereas the single crystals turned out to be single 

phase. 

2.3. Magnetization measurement 

The temperature and magnetic field dependences of the magnetization were measured with 

a Quantum Design SQUID magnetometer MPMS-XL [46] at the WZI. The sensitivity of 

this equipment is as high as 10-8 emu. The temperature range is from 1.7 to 350 K and the 

magnetic field produced by the superconducting magnet can range from -5 to 5 T. A sample 

is inserted in a gelatin capsule and mounted in a transparent plastic straw with a 

diamagnetic contribution of the order of 10-5 emu in 1 T. After field cooling, the 

magnetization is detected by the magnetic flux change in the superconducting loop induced 

by the movement of  the sample. The demagnetizing factor of  our bar-shaped samples with  
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typical dimensions of 1×1×5 mm3 is small (N ≈ 0.08) [47]. 

High-field magnetization measurements were carried out in magnetic fields up to 52 T at 

4.2 K by using the pulsed magnetic field facility at the Laboratoire National des Champs 

Magnétiques Pulsés (LNCMP) in Toulouse, France. The mass amounted to ~ 20 mg in the 

case of the cube-shaped single crystal, and to ~ 40 mg for the bar-shaped polycrystals. 

2.4. Resistivity measurement 

 
Figure 2.1 Contact geometry in resistivity measurements. 

Measurements of the electrical resistance R were performed using a standard four-probe 

low frequency ac-technique available at the WZI. In this setup, a current I is passed through 

the sample by two outer leads, while the potential drops V across the sample is measured 

using two inner leads. The electrical contacts were made by using Cu wire (30  μm 

diameter) connected to the sample by silver paste. The contact geometry for the bar-shaped 

samples with a cross section A ∼ 1 mm2 is shown in Fig. 2.1. The distance L between the 

voltage probes varied from 2 to 6 mm.  The resistivity ρ and resistance R are related 

according to: 

L
AR=ρ               (2.1) 

The uncertainty in the determination of the geometrical factor A/L is about ~ 10%, and is 

mainly due to the relatively large spread of the voltage contacts made by the silver paste. 

Also, since some of the samples were quite brittle, care should be taken when interpreting 

the absolute resistivity values. Cracks in the samples might lead to an effective cross 

section Aeff which is significantly smaller than the measured value, in which case the 

resistivity values calculated with help of Eq. 2.1 are a factor A/Aeff too large. However, the 

Residual  Resistance  Ratio (RRR = ρ(300K)/ρ0), which is  a measure  for the quality of  the 

samples, in not affected by changes in the geometrical factor due to metallurgical problems.   
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The temperature dependence of the resistivity between 2 and 300 K was measured using an 

Oxford Instruments MagLab 2000 system operating at a frequency of 17 Hz and excitation 

currents of 5 - 10 mA while warming the samples at a heating rate of 0.4 K/min.  

In the temperature range below 25 K, resistivity data were obtained using a Linear Research 

AC Bridge Resistance model LR700 operating at a frequency of 16 Hz and low excitation 

currents 10 - 100 μA. Experiments were carried out in an Oxford Instruments HelioxVL 
3He system (Tbase = 250 mK) [48] and an Oxford Instruments Kelvinox MX100 dilution 

refrigerator (Tbase = 20 mK) [49]. The temperature of the sample is controlled by an Oxford 

LabVIEW program and read out from a RuO2 thermometer mounted on the sample 

platform. These instruments are integrated with superconducting magnets providing 

magnetic fields up to 14 T in the Heliox and 18 T in the Kelvinox, respectively. This 

enabled to study the magnetic field dependence of the resistivity at low temperatures. 

2.5. ac-susceptibility measurement 

 
Figure 2.2 Schematic view of a mutual-inductance transformer for the ac-susceptibility 
measurement (from Ref.[51]) 

Ac-susceptibility measurements were used to detect the superconducting state and to 

determine the ordering temperatures of the magnetic compounds. A mutual-inductance 

transformer method is applied [50]. The primary coil is made of a superconducting wire 

(with a resistance of 32 kΩ at room temperature). Two secondary coils made of copper wire 

(with a resistance of 0.5 kΩ at room temperature) are wound in an opposite direction and 
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placed inside the primary coil as illustrated in Fig. 2.2 (taken from Ref.[51]). In this 

configuration, if the coils are connected then the out-put signal is equal to zero for perfectly 

balanced coils. The sample is wrapped in a bundle of copper wires that is thermally 

anchored to the cold plate and then inserted in the center of one of the secondary coils. The 

primary coil generates a magnetic field of 2.6 Oe at a current of 1 mA. The response of the 

sample to the generated field is picked up via the secondary coils. The signal is a direct 

measure of the ac-susceptibility.  

The experiments were performed at low temperatures in the Heliox and Kelvinox systems 

following two methods: 

(i) the temperature- and field-dependence of the ac-susceptibility was measured 

at a fixed frequency of 16 Hz using the LR700 bridge with driving field of the 

order of 10-5 T. 

(ii) the temperature dependence of the zero-applied field susceptibility was 

measured at different frequencies between 35 Hz and 3.5 kHz using an EG&G 

7265 DSP lock-in amplifier.  

2.6. Specific-heat measurements 

The specific heat was measured in a home-built set-up using a semi-adiabatic method 

employing a mechanical heat switch in a 3He cryostat equipped with a 17 T 

superconducting magnet [52]. Electrical heat pulses of 15 to 30 seconds duration are 

applied to a sample holder, made of gold-plated cold-rolled silver. The temperature before 

and after the heat pulse is monitored by a so-called combination thermometer which 

exhibits a very limited field dependence [53]. The 3He insert is a closed system, working 

with a room temperature gas storage vessel, and a cryopump for cooling the system down 

to 300 mK. The samples with mass of 3 - 4 g were clamped to the holder by a screw. The 

average accuracy of the measurement in the whole temperature range is 2%. The specific-

heat measurements described in this thesis were performed in a temperature range between 

0.3 and 20 K with different persistent applied magnetic fields ranging from 0 to 12 T.  

In addition, the specific heat at lower temperatures 0.1 - 1 K was measured in a 3He-4He 

dilution refrigerator at the University of Karlsruhe. This setup used a compensated-loss 

method with a weak thermal link and a sample with mass 0.1 g. 
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2.7. μSR spectroscopy 

μSR stands for Muon Spin Rotation, Relaxation or Resonance and is a microscopic 

technique using the positive muon μ+ as a probe. In recent years, μSR has been widely 

applied to study the magnetic and superconductivity properties of f-electron materials 

exhibiting novel ground states (for review see [54,55]).   

The μSR experiments presented in this thesis were carried out using the μ+SR-dedicated 

beam line on the PSI-600MeV proton accelerator at the Swiss Muon Source of the Paul 

Scherrer Institute (PSI) in Villigen, Switzerland. A 4He flow cryostat is used for 

measurements in the temperature range above 1.5 K at the General Purpose Spectrometer 

(GPS) [56]. For measurements below 1.5 K, an Oxford Instruments top-loading 3He-4He 

dilution refrigerator (Tbase = 10 mK) was used at the Low Temperature Facility (LTF) [57].  

In the GPS the sample was mounted by Mylar tape on a fork-like holder, while in the LTF 

the sample was glued to a silver holder by General Electric varnish. 



 

3. Theoretical aspects 

 

3.1. Fermi liquid and non-Fermi liquid behavior 

3.1.1. Fermi liquid behavior 

Heavy fermion systems (HFSs) are mainly found among intermetallic compounds, which 

contain a rare-earth or actinide atom (i.e. Ce, Yb and U) with a partially filled f-electron 

shell. At high temperatures, the conduction electrons are decoupled from the f-electrons, 

which behave as localized moments. At low temperatures, the f-electrons strongly couple to 

the conduction band and delocalize which results in an enhancement of the effective mass 

m* to values 100 - 1000 times larger than the bare electron mass me. The crossover 

temperature between the localized and delocalized regime is the coherence temperature Tcoh. 

A valid description of HFSs is provided by the notion of quasiparticles, as in Landau’s 

Fermi liquid (FL) theory [5,58]. However, the use of the FL theory is restricted to a 

temperature range T < Tcoh, where Tcoh is typically inversely proportional to the effective 

mass enhancement, thus can be much smaller than the Fermi temperature TFL.  

Landau’s theory is used to describe interacting systems or Fermi liquids, with particles 

(electrons) that have spin ½ excitations and obey Fermi - Dirac statistics. Because of the 

interaction between electrons, an electron collects around itself a screening cloud of 

surrounding electrons. These are considered as independent entities so-called quasiparticles 

with an effective mass m*.  At low temperatures, much below a characteristic (Fermi) 

temperature TFL, the system behaves almost the same way as a non-interacting Fermi gas. 

The main assumption in the FL model is that, as the interaction is adiabatically turned on, 

there exists a one-to-one correspondence between the low energy eigenstates of the 
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interacting system and the single-particle states of the Fermi gas. Therefore, the interacting 

Fermi liquid exhibits similar thermodynamic properties as the non-interacting Fermi gas, 

e.g. a linear T dependence of the specific heat c = γT and a constant Pauli paramagnetic 

susceptibility χ0. However, the enhancement of the effective mass in the Fermi liquid leads 

to enhanced values of these coefficients.  

At low T, the quasiparticle scattering rate quadratically depends on temperature as 1/τ ~ T 2, 

with τ the quasiparticle lifetime. This leads to a quadratic temperature dependence of the 

electrical resistivity ρ(T) at low temperatures. In the T → 0 limit, the resistivity becomes 

constant and is determined by lattice imperfections and intrinsic impurities. Thus the 

electrical resistivity can be expressed by  

ρ(T) = ρ0 + AT 2                             (3.1) 

where ρ0 is the residual resistivity. 

In heavy fermion systems, there is a universal relation between the coefficient A and the 

coefficient of the electronic specific heat γ, as presented by the empirical Kadowaki - 

Woods ratio A/γ 2 = 10 μΩcmK2mol2J-2 [59]. 

In the most simple model, below a certain temperature, TK, the f-electron HFS forms a new 

electronic state, with an enhanced effective mass, due to the exchange interaction between 

localized and conduction electrons. This phenomenon is well known as the Kondo effect 

[31], which is often used to discuss the interaction of an isolated magnetic impurity with the 

conduction electrons in non-magnetic metals. Here TK is the Kondo temperature. HFSs in 

which local spins of the magnetic impurities interacting with conduction electrons build up 

a regular periodic lattice are known as Kondo lattices and are described by Doniach’s 

model [28]. 

This model describes a one-dimensional “lattice”, the “Kondo necklace” with Hamiltonian 

H = HK + HRKKY                            (3.2) 

where HK is the Kondo Hamiltonian and HRKKY is due to the Ruderman-Kittel-Kasuya-

Yosida (RKKY) interaction. 

HK describes the exchange of the local impurity spin (S) with a conduction electron spin (σ) 

HK = - 2 J S.σ                                (3.3) 

The  exchange  parameter  J  is  negative  which  represents  antiferromagnetic  coupling  of   
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the magnetic impurity spin to the conduction electron spin. In the ground state, the impurity 

spin is completely compensated by the surrounding electron spins. This indicates the 

system tends to a non-magnetic ground state or Kondo singlet, which leads to the formation 

of a narrow peak in the density of state close to the Fermi level, the so-called Kondo 

resonance. The binding energy of the Kondo singlet in the weak coupling regime is 

)0(/1

)0(
1 JN

KB e
N

Tk −=                    (3.4) 

where TK is the characteristic Kondo temperature, which is typically of the order 10 - 100 K 

and approximately corresponds to the coherence temperature Tcoh.  

 
Figure 3.1 Doniach phase diagram (FL and NFL stand for Fermi liquid and non- Fermi 
liquid, respectively). The dotted lines represent TK and TRKKY. The full line indicates 
the magnetic ordering temperature. The dashed line represents the characteristic 
temperature TFL below which FL behavior is attained.  

HRKKY presents the effect of the “long-range” coupling between the local spins, which can 

be due to the direct exchange between f-orbitals or mediated by the polarization of the 

conduction electrons, HRKKY can gives rise to magnetic order. 

∑=
ji

jiijRKKY IH
,

σσ                       (3.5) 

where Iij = N(0) J 2 F(kFRij) with Rij the distance between the lattice sites i, j and               

F(x) ≡ F(kFRij) = (xcosx - sinx)/x4 is the oscillating term. F(x) may be positive or negative, 
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and, therefore, the system can be ferro- or antiferromagnetic, respectively. The energy 

associated with the RKKY interaction is  

kBTRKKY = N(0) C J 2                                (3.6) 

where C is a dimensionless constant which depends on the band structure. 

Within Doniach’s analysis, the ground state of the Kondo lattice system is a consequence of 

the competition between the Kondo effect and the RKKY interaction [30], as represented in 

Fig. 3.1. Notice that both interactions depend on the same exchange parameter J.  

For small J, TRKKY > TK and the system orders magnetically. With J increasing, the Kondo 

effect gradually becomes stronger and magnetism becomes weaker. At a critical value Jc 

where TRKKY = TK a second-order transition from a magnetic to a non-magnetic phase is 

observed, thus the system at J = Jc has a magnetic instability. For J > Jc, the Kondo effect 

prevails as TK > TRKKY, and the system has a non-magnetic ground state.    

3.1.2. Non-Fermi liquid behavior 

As mentioned above, the FL theory is useful to explain the low-temperature properties of 

many intermetallic compounds. However, in the past decade, experiments demonstrated 

that there are a number of HFSs [60-62] with physical properties that significantly deviate 

at low temperatures from the predictions of the FL theory, the so-called non-Fermi liquid 

(NFL) systems. NFL behavior in f-electron systems is often characterized by weak power 

law or logarithmic temperature dependences of the thermodynamic and transport properties 

at low temperatures T < Tcoh. The specific heat c(T)/T diverges logarithmically for T → 0, 

the magnetic susceptibility χ(T) varies as 1 - T 1/2 or -lnT or T -m (m ≈ ⅓), and the electrical 

resistivity shows a non-quadratic temperature dependence  ρ(T) ~ T n with n < 2. The 

unusual NFL temperature dependences are observed in doped heavy fermion compounds 

[17,60-62] as well as in stoichiometric f-electron compounds [18,19,33,63]. Up to now, 

there is no theoretical model, which entirely explains the physics of NFL systems. 

Nevertheless, several scenarios have been proposed as a route to NFL behavior in f-electron 

materials as described below. 

The two-channel Kondo model 

In this model [64,65], M degenerate channels of conduction electrons couple, with identical 

exchange integrals, to a spin-SI impurity. When M > 2SI, the impurity spin is overscreened 
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by the spins of the conduction electrons. Subsequently, a non-trivial non-Fermi-liquid 

critical point governs the low-temperature properties of the system. It has been suggested 

[66] that this model is based on single-ion physics and may be predominantly observed in 

U-based compounds with M = 2, SI = ½ such as Y1-xUxPd3 [62], Th1-xUxRu2Si2 [67] or     

Ce1-xLaxCu2.2Si2 [68]. The thermodynamic and transport properties are predicted to vary 

with temperature as: 

c(T)/T ~ -lnT                                  (3.7a) 

χ(T) ~ -lnT                                     (3.7b) 

ρ(T) ~ -T 1/2                                                       (3.7c) 

Distribution of Kondo temperatures (referred to as the Kondo disorder model) 

If materials are highly disordered, a distribution of Kondo temperature scales can be 

generated [69]. Each scale determines the temperature at which Fermi-liquid behaviour will 

set in around a single magnetic impurity antiferromagnetically coupled to the conduction 

electrons (assuming an effective spin ½ impurity magnetic moment). Averaging over such a 

distribution can produce thermodynamic and transport properties which look non-Fermi-

liquid, like due to the broad range of effective Fermi temperatures [69,70]. Essentially, the 

unquenched moments contribute the NFL physics. Similar to the two-channel Kondo model, 

the Kondo disorder relies on single-ion dynamics and is realized in doped compounds,     

e.g. UCu5-xPdx [61]. The temperature variation of the thermodynamic and transport 

properties is as below 

c(T)/T ~ -lnT                                   (3.8a)   

χ(T) ~ -lnT                                      (3.8b) 

ρ(T) ~ -T                                         (3.8c) 

Proximity to a quantum critical point 

In the Doniach phase diagram [28], (see Fig. 3.1), with J increasing at zero temperature, the 

system moves to the right from magnetic to non-magnetic and passes the critical value Jc. 

At this value the system shows a magnetic instability driven by quantum fluctuations, and 

Jc is called the quantum critical point (QCP). In HFSs, the QCP can be tuned by changing 

chemical composition, applying magnetic field or pressure. In the vicinity of the QCP, spin 

fluctuations are strongly enhanced. This gives rise to NFL temperature dependencies of the 

thermal and transport properties as follows: 
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c(T)/T ~ -lnT                                (3.9a) 

χ(T) ~ T -m   (m < 1)                     (3.9b) 

ρ(T) ~ T n (n < 2)                          (3.9c) 

Some theoretical aspects of QCP physics will be presented in more detail in Section 3.2. 

Griffiths phase model  

In this model developed by Castro Neto [71], the NFL behavior is caused by the 

competition of RKKY interactions and the Kondo effect in the presence of disorder and 

magnetic anisotropy.  

The theory proposed [71] that in f-electron systems the presence of disorder leads to the 

coexistence of a metallic paramagnetic phase with a granular magnetic phase which is 

equivalent to the Griffiths phase of dilute magnetic systems [72]. The disordered Kondo 

lattice problem is mapped onto the random Ising model in a random transverse magnetic 

field where the disorder is correlated. The result is the coexistence of two electron fluids: 

one is the paramagnetic metallic phase quenched by the Kondo effect and the other is the 

granular or spin cluster magnetic phase dominated by the RKKY interactions. At low T, 

rare strongly coupled magnetic clusters can be considered as giant spins, which can 

quantum-mechanically tunnel over classically forbidden regions. The thermodynamic 

properties are predicted to follow the power-law behavior: 

c(T)/T ~ T -1 + λ                            (3.10a) 

 χ(T) ~ T -1 + λ                              (3.10b) 

with a nonuniversal positive exponent λ < 1 (experimentally, 0.7 ≤ λ  ≤ 1). 

3.2. Quantum phase transitions 

3.2.1. Classical versus quantum phase transitions 

Commonly, phase transitions occur at finite temperatures, e.g. ice (the solid phase of water) 

melts and forms a new phase of water, the liquid phase, near 0 oC; or iron which transforms 

from magnetic to non-magnetic order at 770 oC. These are so-called thermal or classical 

transitions driven by thermal fluctuations characterized by the thermal energy scale kBT. 

Thus temperature is considered as the control parameter for classical phase transitions.  

Recently, a  different class  of  phase transitions  has attracted  a lot of  attention. These  are  
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quantum phase transitions (QPTs) which are continuous phase transitions occurring at 

absolute zero temperature as a function of a non-thermal control parameter, like pressure, 

chemical doping, magnetic field or electron density. QPTs can be induced in a wide range 

of materials, such as correlated metals [73], cuprate superconductors [74], common metals 

[75], and the two-dimensional electron gas [76]. By changing the control parameter, 

systems can be tuned to the transition point, the so-called quantum critical point (QCP) at 

which quantum fluctuations characterized by their quantum energy scale Ñωc dominate 

rather than thermal fluctuations. Near the QCP, the material exhibits unusual properties, 

which require novel concepts and theories to describe the singular behavior that have no 

analogues in their classical counterparts.  

A continuous phase transition can be characterized by an order parameter, a concept first 

introduced by Landau. An order parameter is a thermodynamic quantity that is zero in the 

disordered phase, and non-zero in the ordered phase, e.g. the total magnetization M is 

chosen for a ferromagnetic transition. When approaching the transition point or the critical 

point, the spatial correlations of the order parameter become long-ranged. Notably, close to 

the critical point, the correlation length diverges, like a power law 

ξ ∝ t -ν                                              (3.11) 

where ν is the correlation length critical exponent, and t denotes some dimensionless 

distance in parameter space from the critical point.  

Apart from these long-ranged correlations in space, there are similar effects in the 

correlation time τc, which is the time scale for the system to return to equilibrium after it 

has been disturbed, as below 

τc ∝ ξ z ∝ t -νz                                   (3.12) 

where z is the dynamical critical exponent. 

The inverse of τc defines a critical frequency scale ωc that goes to zero as criticality is 

approached, this phenomenon is called critical slowing down   

ωc(t → 0) ∝ 1/τc → 0                       (3.13) 

In the case of a classical phase transition that occurs at a non-zero critical temperature TC, 

kBT > Ñωc and t can be defined as t = ⎪T - TC⎪/TC.  Consider, within classical statistical 

mechanics, a Hamiltonian 

H(p,q)  = K(p) + U(q)                      (3.14) 
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where  p and  q  are  the  generalized  momenta  and  positions, and  K  and  U  are  kinetic  

and potential energy, respectively. The partition function is 
TkUTkKTkH BBB edqedpedqdpZ

/// −−−

∫∫∫ ==           (3.15) 

From this partition function it follows that the system’s static properties can be study 

independently from its dynamical ones or z is independent from all other critical exponents. 

Therefore “statics and dynamics decouple”. The static critical behavior can be study by 

means of an effective functional of a time-independent order parameter, which is often 

obtained in d dimensions. 

Close to the critical point, the free energy f = -(1/V) kBT lnZ obeys a generalized 

homogeneity relation which was obtained within the framework of the Renormalization 

Group (RG) theory [77] 

f(t, B) = b-d f (tb1/ν, BbxB)                                                 (3.16) 

where V is the system volume, B is the field conjugate to the order parameter (for a 

ferromagnet B is the magnetic field), b is a scaling parameter that is an arbitrary positive 

real number, and xB > 0 is a critical exponent. The homogeneity relation, Eq. 3.16, can be 

applied for other thermodynamic quantities because all of them can be deduced from the 

free energy. 

In the case of a QPT which occurs at T = 0 as a function of a non-thermal control parameter 

r, Ñωc > kBT, and t therefore is defined as t = ⎪r - rc⎪/rc. Consequently, the typical frequency 

scale ωc  goes to zero as  

Ñωc ∝ | t |νz                                                                      (3.17) 

In quantum statistics, the partition function of the system is presented as 
TkH BeTrZ /−=                                                               (3.18) 

In contrast to the classical case, “statics and dynamics are coupled”. The dynamic critical 

exponent z needs to be determined together with the static ones. Notice that the density 

operator e-H/k
B
T is the same as the time evolution operator e-iHτ/Ñ in imaginary time τ if one 

identifies τ = -iÑ/kBT.  

This leads to an introduction of an imaginary time direction in the system. When T → 0 the 

extra “time” direction diverges as an additional spatial dimension. Furthermore, in the 
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imaginary time formalism, the temperature T is considered as an inverse time. Thus T can 

be added  as  an  argument  to  the free energy  density  f in the definition of f which follows 

the quantum homogeneity law to finite temperature [78] 

f(t,T,B) = b-(d +z)f (tb1/ν, BbxB, Tbz)                             (3.19)  

Comparing Eq. 3.16 and Eq. 3.19, we notice that a QPT in d spatial dimensions is 

equivalent to the corresponding classical transition in deff = d + z spatial dimensions. Notice 

that the mapping of a QPT to the corresponding classical one in general leads to unusual 

anisotropic classical systems, and is only valid for the thermodynamics. 

 
Figure 3.2 Generic phase diagram in the vicinity of a continuous QPT (figure taken 
from Ref.[9]). Long-range order exists at finite temperatures. The horizontal axis 
represents the control parameter r used to tune the system through the QPT; the 
vertical axis is the temperature T. The solid line marks the finite-temperature boundary 
between the ordered and disordered phases; the end-point of the line located at r = rc is 
the QCP. Close to this line, the critical behavior is classical. Dashed lines indicate the 
boundaries of the quantum critical region where both quantum and classical 
fluctuations are important; these crossover lines are given by kBT ∝ | r - rc |νz; the upper 
boundary occurs when kBT exceeds the characteristic microscopic length scales. 

At finite temperature, there is a crossover from quantum to classical behavior. If the 

transition temperature of the system TC is very small, quantum fluctuations will remain 

important down to very small t = ⎪T - TC⎪/TC, i.e. very close to the transition. The behavior 

at very small but non-zero temperature is determined by a crossover between the quantum 

and classical behavior. This occurs when the correlation time τc  reaches 1/kBT, which is  

equivalent to the condition | t |νz < kBT.   
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The full analysis results in a generic phase diagram in the vicinity of a continuous QPT, as 

shown in Fig. 3.2. 

3.2.2. Magnetic quantum phase transition in heavy fermion systems 

In heavy fermion systems, the magnetic transitions result from the competition between the 

Kondo effect and the RKKY interaction (see Section 3.1). Upon varying a control 

parameter r, like magnetic field, pressure or doping, magnetism is suppressed and the 

system undergoes a quantum phase transition at the quantum critical point r = rc . Near the 

QCP, non-Fermi liquid behavior arises. At present, theoretical models, which can give a 

complete explanation for the origin of the observed NFL behavior, are still lacking. 

Nevertheless, there are two main scenarios (see for instance Ref.[12]): the spin-density 

wave scenario and the local-moment scenario (see Fig. 3.3). These are addressed below.  

 
Figure 3.3 Left panel:  Spin-density-wave transition in a Fermi liquid. In a Kondo 
lattice, below a scale TK, heavy quasi-particles describe well the low-energy excitations 
of the Fermi liquid. They undergo a magnetic phase transition which has the 
universality class of a SDW transition. Right panel: Breakdown of the Fermi liquid. 
The Kondo effect, which tries to screen local moments, breaks down near the QCP due 
to the competition with the RKKY interaction and singular magnetic fluctuations. An 
effective Kondo temperature T*

local vanishes at the QCP. Picture taken from Ref.[79]. 

Spin-density wave scenario  

In this scenario, the low-energy excitations of the heavy-fermion system below the 

characteristic Kondo temperature TK are quasiparticles and their collective excitations. The 
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Kondo-screened heavy quasiparticles undergo an antiferromagnetic phase transition, which 

is in the same universality class as the weak-coupling spin-density wave (SDW) transition 

in the Fermi liquid [80,81].  

The SDW scenario for a quantum phase transition at T = 0 in itinerant magnets was first 

studied by Hertz [80] and Moriya [82], and was later revisited by Millis [81]. By studying 

the effect of non-zero temperature on the QPT, Millis evaluated different regimes of the 

behaviour of the correlation length, which are identified as the disordered quantum regime, 

where the Fermi-liquid picture applies, the perturbative classical regime and the classical 

Gaussian regime. For the latter two regimes, strong departures from the Fermi-liquid 

behaviour are predicted. In addition, Moriya’s self-consistent renormalization (SCR) theory 

of spin fluctuations for itinerant magnets [82] predicts the same NFL temperature 

dependences of the thermodynamic properties. The results of the SDW model for the 

quantum critical regime for an antiferromagnet (z = 2) and a (clean) ferromagnet (z = 3) are 

summarized in Table 3.1, for two (d = 2) and three (d = 3) dimensional systems.  

Table 3.1 The temperature dependence of non-Fermi-liquid behavior from the SDW 
scenario for the specific-heat c/T, the electrical resistivity ρ [82, 83, 84], and the Grüneisen 
ratio Γr,cr  defined as the ratio of thermal expansion and the specific-heat at the QCP [83] in 
the low-temperature limit. 

AFM, z = 2 FM, z = 3  

d = 2  d = 3 d = 2 d = 3 

c/T -ln(T/T0) γ - aT 1/2 T -1/3 -ln(T/T0) 
ρ T T 3/2 T  4/3 T 5/3 

Γr,cr )/1log(
)/1log(log

TT
T  -T -1 T -2/3log(1/T) )/1log(

1
3/2 TT

 

Local-moment scenario  

In this scenario, the quasiparticles in the Fermi liquid are bound states in real space, 

between local moments and conduction electrons. At the QCP the bound states decompose 

and the effective “Kondo” temperature T*
local vanishes [11,12,73] as shown in the right 

panel of Fig. 3.3. This suggests a local origin of the singular-Fermi liquid behaviour, as the 

local moments play an important role in the physics at the QCP.  
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Precise predictions for the thermal properties in the local QCP model are not available yet. 

However, very meaningful results have been obtained in the modelling of inelastic neutron-

scattering data, taken on systems close to a QCP. Of special interest is the detailed study of 

CeCu6-xAux near the critical concentration xc = 0.1 [73], which revealed a ubiquitous E/T 

scaling in the dynamical spin susceptibility (here E = hω is the excitation energy). E/T 

scaling provides strong evidence for the emergence of local moments, which are critically 

correlated in time at the QCP. This is a strong indication that the spin-density wave 

scenario, which predicts a different scaling form, namely E/T 3/2, does not capture the 

essential physics at the antiferromagnetic QCP in CeCu6-xAux.  

3.2.3. Tricritical behavior  

Magnetic transitions in metals, from the ordered to the disordered state, are in general 

continuous (second-order) phase transitions [84]. Additionally, the theory of ferromagnetic 

(FM) quantum phase transitions developed by Hertz and Millis [80,81] predicts the FM 

transition to be generically second order. However, experimental studies of QCPs in 

itinerant ferromagnets have revealed pronounced deviations from the standard second-order 

behavior. For instance in MnSi [85], UGe2 [86] and ZrZn2 [14], where the Curie 

temperature TC can be tuned to 0 K by applying hydrostatic pressure. Surprisingly, while 

the magnetic transition at high temperatures is of second order, magnetism vanishes at a 

first-order QPT. Subsequent, the theoretical studies later suggest that the FM QPT in clean 

three-dimensional itinerant ferromagnets is always first order due to the correlation effects 

[87,88]. 

Further work based on a simple mean-field theory [89] has established the presence of  

tricritical behavior in itinerant quantum ferromagnets, as shown in Fig. 3.4. If the low Curie 

temperature (which follows the second-order line in Fig. 3.4) is further decreased by means 

of pressure tuning, the nature of the transition changes from second order to first order at a 

tricritical point (TCP). In a small external magnetic field h, the second-order line splits at 

the TCP leading to surfaces or ‘‘wings’’ of first-order transitions and ends at quantum 

critical points, see Fig. 3.4.  This model successfully describes the QPT for the case of 

ZrZn2 [14]. However, the first-order nature of QPTs is still an interesting and challenging 

aspect of the physics of correlated metals. 
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Figure 3.4 Schematic phase diagram of an itinerant ferromagnet, as function of 
temperature T, pressure p and magnetic field h. FM and PM denote the ferromagnetic 
(dark shaded) and paramagnetic phases at h = 0, respectively. TCP is the tricritical 
point. The dashed and solid lines represent the first-order and second-order phase 
transition, respectively. The light shaded area indicates the ‘‘wing’’ surfaces of first-
order transitions. Picture taken from Ref.[87]. 

3.3. Ferromagnetic superconductor 

In a superconductor (SC) electrons condense into pairs, the so-called Cooper pairs, which 

form due to an attractive interaction among electrons at the Fermi surface.  The symmetry 

of Cooper pairs can be defined in terms of the total spin S and the total orbital angular 

momentum L. A two-electron system can have S = 0 or 1 and L = 0, 1, 2, 3… Under the 

exchange of particles, the total pair-wave function is anti-symmetric which requires a 

combination of even spatial and odd spin functions or visa versa. This leads to a 

classification scheme for the symmetry of the Cooper pairs, i.e. the spin-singlet state S = 0 

can be s-wave (L = 0) or d-wave (L = 2), and the spin-triplet state S = 1 is p-wave (L = 1) or 

f-wave (L = 3). The spin wave functions with spin-up σ↑ = ½ and spin-down σ↓ = -½ can be 

represented by: 

)(
2

1
↓↑−↑↓=sφ                      (3.20) 
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                                                                        (3.21a) 
      
                                                                                       (3.21b) 

                                                                                       (3.21c) 

where φs and φt are the spin-singlet and spin-triplet wave functions, respectively. The two 

cases described by Eqs. 3.21a and 3.21c are called equal-spin pairing (ESP) state. 

In 1957, Bardeen, Cooper and Schrieffer reported a microscopic theory, the well-known 

BCS theory [32], which successfully describes most superconducting materials. In the BCS 

theory, the interaction between the electrons of the Cooper pairs is mediated by electron-

phonon coupling. The Cooper pairs are of the singlet type with total spin S = 0 and angular 

momentum L = 0. Therefore, materials that obey the BCS theory are called s-wave or 

conventional superconductors. However, there are certain classes of superconductors that 

cannot be understood within the standard BCS theory. These superconductors with 

condensates made up of Cooper pairs with a lower symmetry (d-, p-wave...) are called   

non-s-wave or unconventional superconductors. Unconventional superconductivity (or 

rather superfluidity) was first observed in 3He [90], and later in a wide range of materials, 

like in heavy fermion compounds [33,34,36,91-97], in high-temperature superconductors 

(cuprate compounds) [98], and more recently in skutterudites [99].  The mechanism for the 

formation of Cooper pairs in unconventional superconductors is still one of the major 

problems in condensed matter physics. There is however much evidence that spin 

fluctuations rather than phonons provide the superconducting glue. 

 
Figure 3.5 Schematic diagram of the energy gap at the Fermi surface of a 
superconductor. (a) The isotropic gap of an s-wave superconductor. (b) Axial state 
with point-nodes. The gap vanishes at two opposite points (poles) on the Fermi 
surface. (c) Polar state with line-nodes. The gap vanishes at a line (equator) on the 
Fermi surface.  
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The superconducting state is characterized by an order parameter that normally is a gap 

function Δ(k), which represents the overall magnitude of the energy gap. For conventional 

superconductors, the superconducting energy gap has the same symmetry as the Fermi 

surface and is nearly isotropic. For unconventional superconductors, the energy gap has a 

lower symmetry than the Fermi surface which results in a strong anisotropy and line or 

point nodes appear in the gap function, which typically indicates a polar or axial state, as 

shown Fig. 3.5. 

By  measuring  the   variation  of   thermodynamic  quantities  of   superconductors  at   low 

temperatures, e.g. the specific heat, we can determine the structure of the gap function: 

(i)   c ~ e-Δ/T,          for isotropic gap 

(ii)  c ~ (T/Δ)3,       for gap with point-nodes 

(iii) c ~ (T/Δ)2,       for gap with line-nodes 

Among unconventional superconductors, those with superconductivity associated with a 

magnetic quantum phase transition attract much research interests. By means of changing 

the non-thermal control parameter, like pressure or magnetic field, magnetism in these 

systems can be suppressed and tuned to a magnetic quantum critical point (see Section 

3.2.2). In the magnetic instability near the QCP, a “dome” of superconductivity emerges 

and coexists with magnetism. It is believed that in these materials magnetic order and 

superconductivity are formed by the same electrons and that SC is mediated by magnetic 

spin fluctuations [35,100]. Fig. 3.6 shows the experimentally determined phase diagrams 

for systems in which SC coexists with magnetism near a QCP.  

Unconventional SC is often observed near a pressure-induced antiferromagnetic QCP, as 

for example in CeIn3 [33], CePd2Si2 [33], CeCu2Ge2 [101], CeRh2Si2 [102] and       

CeRhIn5 [103]. Evidence is at hand that in these materials spin fluctuations mediate d-wave 

Cooper pairing which naturally is of the spin-singlet type. Recently, a novel class of 

superconducting compounds, the so-called ferromagnetic superconductor, has been 

discovered such as UGe2 under pressure [34], URhGe at ambient pressure [36], (possibly) 

UIr under pressure [37] and UCoGe (this work). The idea is that in these compounds, 

magnetic fluctuations mediate SC by pairing the electrons in triplet states (p-wave pairing). 

Superconductivity coexists with ferromagnetism close to the ferromagnetic QCP. Notice 

that for the case of URhGe, the quantum tricritical point (TCP) can be approached by 
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applying of a magnetic field [104]. Since ferromagnetism and SC as a rule exclude each 

other, the emergence of superconductivity in the vicinity of a FM QCP, came as a big 

surprise, and has attracted much attention of researchers, both in theory and experiment. 

 
Figure 3.6 Schematic phase diagrams near the QCPs for anti-ferromagnets (left panel) 
and ferromagnets (right panel).  The horizontal axis represents the non-thermal control 
parameter r, i.e. pressure, used to tune the system through the magnetic QPT; the 
vertical axis is the temperature T. 

3.3.1. Spin fluctuation and superconductivity  

The most popular theory for ferromagnetic superconductivity is due to Fay and Apple [105]. 

This theory, which is based on the paramagnon exchange mechanism, employs the 

possibility of an equal-spin pairing SC state in itinerant ferromagnets, where the pairing is 

mediated by the exchange of longitudinal spin fluctuations. In this model, the 

superconducting transition temperature is a function of the exchange interaction parameter I, 

as shown in Fig. 3.7. SC exists in both the paramagnetic (I < 1) and the ferromagnetic phase 

(I > 1). For I = 1, the QCP is found and TS = 0. Notice that in the FM phase, TS can be 

different for the spin-up and spin-down ESP states, which indicates two superconducting 

phases may exist [105-107].  

A more complicated treatment is provided by Roussev and Millis [108]. By means of 

solving the Eliashberg equations for a 3D-uniaxial system, they found that SC penetrates 

the FM phase from the PM side, thus TS is nonzero at the critical point. 

However, experiments show the absence of SC in the paramagnetic phase of UGe2 and UIr.  
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This is accounted for by the coupling of magnons (FM spin waves) to the longitudinal 

magnetic susceptibility, which leads to TS being much higher in the FM phase than in the 

PM phase [109]. Later work revealed that SC in UGe2 and URhGe is stimulated by critical 

fluctuations associated with a magnetic transition between two strongly polarized phases 

[38,86,110], rather than by fluctuations associated with the FM QCP. 

 
Figure 3.7 Paramagnon exchange mechanism of FM superconductivity. The p-state 
superconducting transition temperature TS as a function of the exchange interaction 
parameter I [105]. Here TS is normalized by the Fermi temperature. The arrows 
indicate the spin-up (↑) and spin-down (↓) phase. 

Clearly, a comprehensive theory that can give a generic, microscopic explanation for the 

interplay between FM and SC in the small group of ferromagnetic superconductors is still 

lacking. 

3.3.2. Order parameter  

A general form of the order parameter and the pairing interaction in a two-band itinerant 

ferromagnetic superconductor with orthorhombic crystal symmetry is given in 

Refs.[106,111,112]. In this model, it is assumed that ferromagnetic order is uniaxial, with 

the ordered moment m0 pointing along the z direction and that spin-orbit interaction is 

strong. Also, the pairing between electrons in different bands, into Cooper pairs with    

zero-spin projection is neglected, thus the superconducting state is an ESP state, as given by 

Eqs. 3.21a and 3.21c.  

Based on  a  symmetry group analysis the  different  superconducting basic  functions  have  
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zyx ˆ,ˆ,ˆ

been evaluated. The symmetry group G = M×U(1) consists of the magnetic class M and the 

group of the gauge transformations U(1).                    

Any magnetic superconducting state belongs to one of the subgroups of G and is 

characterized by broken gauge symmetry. In the present case, M is equal to                

D2(C2
z) = (E,C2

z,RC2
x,RC2

y), where R is the time reversal operation. In Ref.[112] Mineev 

evaluated the subgroups of G which are isomorphic to D2(C2
z) and constructed by means of 

combining its elements, with phase factor eiπ being an element of the group of U(1). To 

each of the superconducting magnetic classes corresponds an order parameter. These vector 

order parameters have the general form: 

d(R,k) =  η(R)Ψ(k),                                                                            (3.22) 

)(ˆ)(ˆ)(ˆ)( kfzkfykfxk zyx ++=Ψ                                                        (3.23) 

where are unit vectors of the spin coordinate system pinned to the crystal axes; 

η(R) are the order parameter amplitudes, and fx,y,z(k) are odd functions of momentum 

directions of pairing particles on the Fermi surface. Following Mineev, in the 

approximation of the strong spin-orbital coupling, the general order parameters for the 

states have the form [111,112] 

)(ˆ)(ˆ)(ˆ)( 1111111
654321
A

zyx
A

z
A

x
A

y
A

y
A

x
A ukkikukzuikukyuikukxk +++++=Ψ                    (3.24a) 

)(ˆ)(ˆ)(ˆ)( 2222222
654321
A

zyx
A

z
A

x
A

y
A

y
A

x
A ukkkuikzukuikyukuikxk +++++=Ψ                       (3.24b) 

)(ˆ)(ˆ)(ˆ)( 1111111
654321
B

y
B

x
B

zyx
B

z
B

zyx
B

z
B uikukzukkkuikyukkikukxk +++++=Ψ               (3.24c) 

)(ˆ)(ˆ)(ˆ)( 2222222
654321
B

y
B

x
B

zyx
B

z
B

zyx
B

z
B ukuikzukkikukyukkkuikxk +++++=Ψ            (3.24d) 

where u1
A, … u6

B are real functions of kx
2, ky

2, kz
2; A, B denote the superconducting state 

with gap function of axial symmetry (kx = ky = 0) and polar symmetry (kz = 0), respectively, 

see Fig. 3.5. The order parameter basic functions belong to the different co-representations 

of the symmetry group of the initial FM state and in general give rise to different critical 

temperatures.  The co-representations for the pair of states A1, A2 are equivalent. Here A1, 

A2 present the states in the FM domains with m0 directed up and down, respectively. The 

same is true for the states B1 and B2.  



 

4. A ferromagnetic quantum critical point 
in URhGe doped with Ru 

 

4.1. Introduction 

In the past decade, URhGe has attracted significant attention because ferromagnetism 

(Curie temperature TC = 9.5 K) and unconventional superconductivity (TS = 0.25 K) coexist 

at ambient pressure [36]. The superconducting state is believed to have its origin in the 

proximity to a ferromagnetic instability: near the quantum critical point (QCP), which can 

be reached by tuning TC to 0 K, enhanced ferromagnetic spin fluctuations mediate Cooper 

pairing (of the spin-triplet type [41]). The important role of critical magnetic fluctuations in 

URhGe is furthermore indicated by field-induced superconductivity for a magnetic field B 

directed along the orthorhombic b-axis [38]. It has been suggested that the high-field 

superconducting phase is due to magnetic fluctuations associated with the spin reorientation 

process, which takes place at B ≈ 12 T [38]. Clearly, it is of considerable interest to further 

investigate the magnetic properties of URhGe, especially in view of the proximity to a 

magnetic instability. 

The crystallographic, magnetic, transport and thermal properties of URhGe have been 

investigated in much detail on polycrystalline as well as on single crystalline samples 

[39,113-120]. URhGe crystallizes in the orthorhombic TiNiSi structure (space group Pnma) 

[39]. Itinerant ferromagnetic order is found below TC = 9.5 K [39] and the ordered moment 

of about 0.4 μB/U-atom points along the orthorhombic c-axis [36,119]. The linear electronic 

coefficient in the specific heat γ = 0.16 J/molK2 is enhanced, which indicates that URhGe is 

a correlated metal [115].  
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The application of hydrostatic [120] or uniaxial pressure [121] drives URhGe away from 

the magnetic instability as the Curie temperature increases. This opens up the possibility to 

search for a magnetic instability in URhGe by negative chemical pressure. A draw-back is 

that superconductivity will be suppressed because of the induced disorder.  

According to literature, among the neighboring TiNiSi isostructural UTGe compounds      

(T = transition metal), only URuGe and UCoGe† have a paramagnetic ground state [39,40], 

see Fig. 4.1. Notice that the compound URhSi is also isostructural to URhGe and 

ferromagnetic with a Curie temperature of 9.5 K [39,115,117]. These observations indicate 

doping with Ru or Co could possibly lead to a reduction of TC and the approach to the 

magnetic instability.  
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Figure 4.1 The magnetic ordering temperature, TCurie (●) or TNéel (○), of UTGe compounds 
(T = transition metal) as a function of the shortest Uranium - Uranium distance, dU-U. 
URhGe is located on near the non-magnetic - magnetic borderline. The data are taken from 
Ref.[40]. The solid line is a guide to the eye. All compounds adopt the TiNiSi structure 
except UPdGe with crystallizes in the orthorhombic CeCu2 structure [39]. 

In this chapter, we report our investigations of the magnetic, transport and thermal 

properties of polycrystalline samples of the URh1-xRuxGe series. The main result is that 

ferromagnetism is suppressed upon Ru doping and vanishes at the critical concentration    

                                                 
† In the course of this work we have discovered that UCoGe orders ferromagnetically at 3 K (see 
Chapters 6&7) 
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xcr = 0.38. The observed non-Fermi Liquid (NFL) T dependencies of the specific heat and 

electrical resistivity, together with the smooth suppression of the ordered moment, provide 

evidence for a continuous FM Quantum Phase Transition (QPT). This classifies           

URh1-xRuxGe as one of the scarce f-electron systems in which a FM QCP at ambient 

pressure can be reached by doping.  

A study of the evolution of ferromagnetism in URhGe doped with Si and Co will be 

reported in Chapter 6. 

4.2. Sample preparation and characterization  

  

Figure 4.2 EPMA micrographs of URhGe (left panel) and URh0.8Ru0.2Ge (right panel). The 
grey areas represent the main matrix. The (big and small) light spots are the Uranium rich 
phases. The black spots and black lines are holes and cracks on the surface, respectively. 

A series of polycrystalline URh1-xRuxGe samples with x in the range 0 ≤ x ≤ 1 were 

prepared from nominal compositions U1.02(Rh,Ru)Ge by arc-melting the constituents U, Rh, 

Ru (all 3N purity) and Ge (5N purity) under a high-purity argon atmosphere. Here an 

excess of 2% U was added to compensate for the Uranium loss during arc melting because 

of its high vapor pressure. The weight loss of the samples after arc melting was less than 

0.1%. The as-cast buttons were annealed for 10 days at 875 oC. The samples were then cut 

by spark erosion in bar- and cube-shapes for the different experiments. 

The phase homogeneity of  the annealed samples  was investigated by electron micro-probe  
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analysis (EPMA) on different positions on the samples. For all compounds, the main matrix 

forms about 98% of the samples. A small amount (2 - 3%) of Uranium rich impurity phases 

is detected mainly located at the grain boundaries (see Fig. 4.2). The EPMA pictures show 

tiny cracks on the micro-scale in the samples in which Rh is replaced by Ru. Composition 

analysis was carried out with the Wavelength Dispersive X-ray Spectroscopy (WDS) 

technique. Because of the similar atomic numbers, the main energy spectra of Rh and Ru 

almost overlap which hampers the determination of the atomic ratio between Rh and Ru. 

Therefore, the compositions of our samples are defined as nominal compositions. 

X-ray powder diffraction confirmed the orthorhombic TiNiSi structure (space group Pnma) 

[119,122] for all samples in the URh1-xRuxGe series. The lattice parameters have been 

determined for the samples with x ≤ 0.60 (data taken by S. Sakarya [123]). The results are 

shown in Fig. 4.3 together with literature data for pure URuGe [39]. For URhGe the values 

a = 6.887 Å, b = 4.334 Å and c = 7.513 Å are in good agreement with literature values (the 

uncertainty  in the determination of  the lattice parameters is  about 0.1 %). The variation of   
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Figure 4.3 Upper frame: Lattice parameters of URh1-xRuxGe as a function of the Ru 
concentration x measured at room temperature. Lower frame: The shortest Uranium-
Uranium distance of URh1-xRuxGe as a function of the Ru concentration x. Data for URuGe 
are taken from Ref.[39]. 
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the lattice parameters upon doping is anisotropic. The a lattice parameter shows the largest 

variation, it reduces linearly with increasing x. The c parameter shows a small increase, 

while the b parameter remains almost constant. The unit cell volume  Ω = 224.2 Å3 for 

URhGe follows Vegard’s law [124] and decreases linearly at a rate of 0.067 Å3/at.% Ru. 

The extrapolated value of Ω for URuGe amounts to 217.5 Å3, which is slightly smaller than 

the literature value of 219.5 Å3 [39]. This difference is mainly due to the smaller 

extrapolated value for the b lattice parameter compared to the literature value (see Fig. 4.3). 

The shortest Uranium-Uranium distance, dU-U, calculated from the structural parameters is 

shown in the lower frame of Fig. 4.3. For URhGe the value of dU-U is equal to of 3.51 Å 

which compares well with the Hill limit of 3.4 - 3.6 Å [125]. dU-U linearly decreases upon 

Ru doping with a slope of -1.1×10-3 Å/at.% Ru. This provides evidence for itinerant 

electron states in URh1-xRuxGe alloys. 

4.3. Magnetic properties 

The temperature variation of the magnetization, M(T), of the URh1-xRuxGe series measured 

in a field of 0.01 T is shown in Fig. 4.4. Also shown, in the lower part of the figure, is the 

derivative dM(T)/dT. The inflection point in M(T) or the temperature at which dM(T)/dT 

has a minimum defines the Curie temperature TC. For pure URhGe the Curie temperature 

TC is 9.6 K, in good agreement with previous values reported in the literature [36,39,115]. 

Upon replacing Rh by Ru the ferromagnetic transition first shifts upwards to 10.6 K for      

x = 0.05. For higher concentrations, the magnetic order is suppressed in a monotonic way. 

At x = 0.15, TC attains the same value as for pure URhGe and beyond x = 0.20 TC decreases 

approximately linearly with x at a rate of -0.43 K/at.% Ru. For the samples with x > 0.35, 

no magnetic transition was observed in the dc-magnetization (measured for T > 1.8 K).  

For a ferromagnet, the general expression for the temperature-dependent magnetization 

M(T) for T < TC is given by:      
βα ))/(1()( 0 CTTMTM −=                         (4.1) 

where  M0  is  the magnetization  extrapolated  to T = 0, α is  a phenomenological  

parameter which  reflects  the ferromagnetic spin-wave contribution at low temperature      

T á TC, and β is the temperature critical exponent of the magnetization near TC. Notice that 

the magnetization is measured in a small field B = 0.01 T, at which the moment is not 
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saturated yet. The M0 value therefore can be smaller than the spontaneous moment MS. For 

pure URhGe, M(T) is well fitted with M0 = 0.11  μB/f.u., α = 2 and β = 0.29 (the fit is not 

shown in Fig. 4.4). Here α deviates from the usual spin-wave exponent α = 3/2 [126]. For 

the Ru-doped compounds the analysis becomes more difficult due to an energy gap which 

opens in the magnon spectrum (see the analysis of the specific-heat data in Section 4.5). 

Nevertheless, focusing on the behavior near TC, we extract a critical exponent β = 0.3 - 0.4 

for x ≤ 0.25 when fixing the spin-wave exponent α = 2. The β values obtained in this way 

are close to the theoretical value β = 0.325 predicted for 3D Ising-like magnets [127,128].  

For all samples in addition the field variation of the magnetization, M(B), was measured up 

to  5 T at  a number of  fixed temperatures. By making Arrott plots [129], i.e. by plotting 

the data as M 2 versus μ0H/M, TC is identified by the isotherm that intersects the origin. 

Typical Arrott plots are presented in Fig. 4.5 for x = 0 and 0.325. Ideally, the isotherms 

should  be  linear.  The   upward   curvature  at  higher  values  of   μ0H/M   is  due   to   spin  
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Figure 4.4 Upper frame: Temperature variation of the dc magnetization measured in a field 
B = 0.01 T of URh1-xRuxGe alloys. Notice TC first increases and has a maximum value for    
x = 0.05. For 0.35 ≤ x ≤ 1 magnetic order is not observed above T = 1.8 K. The solid lines 
connect the data points. Lower frame: Temperature derivative of the magnetization. 
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Figure 4.5 Arrott plots of the magnetization of (left panel) URhGe with the isotherms 
measured (from top to down) at T = 8.0, 9.2, 9.5, 9.8, 10.0, 10.5 and 12.0 K and        
(right panel) URh0.675Ru0.325Ge with the isotherms measured (from top to down) at T = 2.0, 
2.4, 2.6, 2.8, 3.0, 3.2, 3.6 and 4.0 K. The isotherm through the origin determines TC = 9.6 
and 2.8 K for URhGe and URh0.675Ru0.325Ge, respectively. 

reorientation processes (from the easy axis to the applied magnetic field) [38] of the 

magnetic moments in our polycrystalline samples.  

The Curie temperatures deduced from the Arrott plots (neglecting the small error in the 

determination of TC due to demagnetization effects) TC = 9.6 and 2.8 K for x = 0 and 0.325, 

respectively, are in good agreement with those derived from the minimum in dM(T)/dT. 

The Arrott plot of the compound with x = 0.35 (not shown) suggests that ferromagnetism 

sets in near TC ~ 1.3 K. This value of TC is estimated by extrapolating the intersection 

points of the isotherms with the  μ0H/M axis to the origin of the Arrott plot. For x = 0.375, 

TC is close to zero, while for x ≥ 0.38 the Arrott plots clearly indicate a paramagnetic 

ground state. TC obtained by the magnetization measurements are listed in Table 4.1.  

Hysteresis loops of  the URh1-xRuxGe alloys measured at  the temperature a 2 K in magnetic 

field range -0.3 T ≤ B ≤ 0.3 T are shown in Fig. 4.6. The symmetric loops corroborate 

ferromagnetic order with small ordered moments. The reduction of the remnant moment 

and the size of the coercive field upon Ru doping, display the suppression of 
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ferromagnetism in the system. For x > 0.35, the magnetization linearly depends on the 

magnetic field with a small slope dM/dH and no hysteresis effects are observed, indicating 

a paramagnetic state at  2 K. The ordered moment can be extracted  by extrapolating B → 0   
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Figure 4.6 Hysteresis loops of URh1-xRuxGe alloys measured at the temperature of 2 K. 
The bar gives an absolute field scale. Ru concentrations are (from left to right) x = 0, 0.2, 
0.3, 0.325, 0.35 and 0.4. 
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Figure 4.7 Temperature variation of the inverse susceptibility 1/χ of selected URh1-xRuxGe 
alloys measured in a field of 1 T. The dotted lines are the best fits to the MCW law in the 
temperature range T = 50 - 300 K. Ru concentrations are (from bottom to top) x = 0, 0.1, 
0.2, 0.3, 0.4, 0.5 and 0.6. 
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from field values above the coercive fields, B à BC. The values of the ordered moments are 

0.18, 0.15, 0.07, 0.05 μB/f.u. for x = 0, 0.2, 0.3, 0.325, respectively. 

Fig. 4.7 shows the reciprocal susceptibility, 1/χ, of a few selected URh1-xRuxGe alloys 

measured in a field B = 1 T in the temperature range 2 - 300 K. In uranium intermetallics 

the high temperature local-moment susceptibility is usually described by the modified 

Curie-Weiss (MCW) law:  

θ
χχ

−
+=

T
CT 0)(                                     (4.2) 

where χ0 represents a temperature independent contribution.  The strong magneto-

crystalline anisotropy, observed in single-crystalline URhGe samples [119], hampers, 

however, the proper analysis of the susceptibility of our polycrystalline samples. The 

analysis is further complicated by the strong curvature of 1/χ versus T, which probably 

originates from the random orientation of the magnetocrystalline anisotropy axes in the 

crystallites with respect to the applied magnetic field. Note that in pure URhGe the easy-

axis (c-axis) susceptibility measured on a single crystal does follow a MCW behavior with 

θ ≈ TC = 9.5 K, as demonstrated in Ref.[36]. For our polycrystals, the best fits to MCW 

behavior are obtained in the temperature range 50 - 300 K. These yield a slight decrease of 

the effective moment peff from 1.72 to 1.26 μB for x = 0 to 0.6, respectively, and a roughly 

x-dependent χ0 value of about ~ 10-8 m3/mol. The overall upward shift of the curves with 

increasing Ru contents indicates an increasing (antiferromagnetic) interaction strength θ. 

The values of peff and θ of URh1-xRuxGe by fitted χ(T) to Eq. 4.2 are summaried in Table 4.1.  

The field dependence of the magnetization of the URh1-xRuxGe series is measured in fields 

up to 5 and 50 T at 2 and 4.2 K, respectively (see Figs. 4.8 and 4.9). The magnetization 

curves are well described by an empirical exponential function [130]:  

)1()( 00 / BH
S eMMHM μ−−Δ+=              (4.3) 

Here the parameter B0 probes the magnetic interaction strength of the fluctuating itinerant 

moments, MS is  the spontaneous magnetization, and  ΔM determines the high field moment  

M(H = ∞)  =  MS +  ΔM. Extrapolation of  M versus B  to  B = 0 yields  an  estimate  of  MS. 

The MS values are almost the same for both low- and high-field magnetization fits and 

coincide with the ordered moment values inferred from the hysteresis loops (see Fig. 4.6). 

For pure URhGe, MS ≈ 0.18 μB in agreement with the polycrystalline average ½m0 for a 



Chapter 4 38 

uniaxial  FM [131]  (m0 = 0.4 μB directed  along the c axis [36]). The spontaneous moment 

MS extracted by fitting the experimental data M(H) to Eq. 4.3 of URh1-xRuxGe is traced in 

Fig. 4.10. MS(x)  follows  the same trend as  TC versus  Ru concentration. The MS(x)  values  
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Figure 4.8 Field dependence of the magnetization of URh1-xRuxGe alloys measured in a 
field up to 5 T at 2 K. The solid lines represent fits to Eq. 4.3. Ru concentrations are (from 
top to bottom) x = 0.05, 0.1, 0, 0.15, 0.2, 0.25, 0.3, 0.325, 0.35 and 0.4. 
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Figure 4.9 High-field magnetization of URh1-xRuxGe alloys measured in a field up to 50 T 
at 4.2 K. The dotted lines indicate fits to Eq. 4.3. Ru concentrations are (from top to 
bottom) x = 0.1, 0, 0.2, 0.25, 0.38 and 0.6.  
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Figure 4.10 The spontaneous moment MS obtained by fitting M(H) to Eq. 4.3 for        
URh1-xRuxGe as a function of Ru concentration. 

reveals a shallow maximum at x = 0.05 and smoothly go to 0 at a critical concentration near 

x = 0.4. This shows that the FM to paramagnetic transition as a function of x is a continuous 

(second order) phase transition. 

Itinerant magnetism is characterized by a large ratio of the effective moment peff to the 

spontaneous moment MS [82,132], in marked contrast to localized FM in which peff/MS ~ 1. 

The large values of peff/MS increasing with Ru concentration confirm predominantly 

itinerant f-electron character in our URh1-xRuxGe alloys. 

High-field magnetization experiments  have been carried out to investigate the evolution of 

the spin-reorientation process observed in pure URhGe [38] (the uniaxial moment with size 

of 0.4 μB rotates from the c-axis to the b-axis for a field of 12 T along the b-axis) as a 

function of Ru concentration. However, no sign of such a spin-reorientation process was 

detected in the ordered state at 4.2 K in magnetic fields up to 50 T. This we attribute to the 

averaging effect on the uniaxial process in polycrystals and the relatively high measuring 

temperature. M(H = ∞) extracted from the high-field measurement shows a decrease from 

the value of 2.84 to 0.60 μB/f.u. for x = 0 to 0.6. These values are still smaller than the 

saturation magnetization values for the free ion Uranium 5f 2 (3.58 μB) and 5f 3 (3.62 μB) 

configuration.  
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Table 4.1 The Curie temperature TC, the spontaneous moment MS, the effective moment peff 

and the paramagnetic Curie temperature θ of the URh1-xRuxGe alloys deduced from 
magnetization measurements. 

x-Ru TC (K) MS (μB/f.u.) peff (μB/f.u.) θ (K) 

0   9.6 0.18 1.72 -14.1 
0.05 10.6 0.21 1.78   -6.2 
0.1 10.4 0.20 1.68   -9.4 
0.15   9.7 0.17 1.72   -7.8 
0.2   8.1 0.15 1.55 -14.3 
0.25   6.0 0.12 1.54 -15.3 
0.3   3.7 0.08 1.49 -24.8 
0.325   2.8 0.05 1.43 -22.7 
0.35   1.3 0.02 1.42 -31.6 
0.38     - 0.01 1.42 -26.7 
0.4     - 0.00 1.38 -27.5 
0.5     -     - 1.30 -39.0 
0.6     - 0.00 1.26 -54.2 

4.4. Electrical resistivity 

The temperature dependence of the electrical resistivity ρ(T) of the URh1-xRuxGe alloys is 

shown in Fig. 4.11. Note that the vertical scale is in arbitrary units and the curves are 

shifted for clarity.  

For x ≤ 0.60 the overall temperature variation (see the left panel in Fig. 4.11) is consistent 

with the formation of a Kondo-lattice, i.e. an increase of the resistivity upon lowering T 

below 300 K, a weak broad maximum in the temperature range 110 - 150 K and a steady 

drop signaling coherence at low temperatures. For all doped samples the absolute variation 

of the resistivity in the temperature interval 2 - 300 K amounts to 150 - 250 μΩcm, which 

are usual values for uranium intermetallics [40,114]. The residual resistivity values ρ0 are 

large (200 - 500 μΩcm) and do not follow a systematic variation with Ru concentration. 

This is mainly attributed to the brittleness of the samples. Micro-cracks appear in the      

Ru-doped samples, as demonstrated by the EPMA micrograph for x = 0.2 in the left panel 

of Fig. 4.2. Consequently, the residual resistance ratio (RRR = ρ(300 K)/ρ0) for URhGe is 

6, and amounts to ~ 2 for the substituted samples.   
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The right panel in Fig. 4.11 shows ρ(T) in the temperature interval 0.25 - 15 K. For x = 0 

the kink in  ρ(T) signals the Curie temperature, TC = 9.4 K, in agreement with the 

magnetization data. Below TC the resistivity is dominated by spin-wave scattering, while 

for   T  ≥ TC  spin-disorder   scattering   is  dominant.  We did   not   observe any   sign of 

superconductivity in the URhGe sample for temperatures down to 0.25 K, which we 

attribute to the low RRR = 6 and the corresponding small mean free path [41].  With 

increasing x  the kink at TC  becomes less pronounced. However, for all  x ≤ 0.35, TC can be     
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Figure 4.11 Temperature dependence of the electrical resistivity ρ in arbitrary units of 
URh1-xRuxGe alloys for 0 ≤ x ≤ 0.6 as indicated. Left panel: 2 K ≤ T ≤ 300 K. Right 
panel: 0.25 K ≤ T ≤ 15 K. The Curie temperatures are indicated by arrows. The solid 
lines are fits to Eq. 4.5. 
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Figure 4.12 Left panel: The exponent n of the ρ ~ T n term in the electrical resistivity of 
URh1-xRuxGe alloys versus Ru concentration. The horizontal dashed line indicates n = 2. 
Right panel: The resistivity of URh0.62Ru0.38Ge versus T 1.2.  The solid line represents a fit 
of the data to ρ ~ T 1.2.  

identified by the maximum in dρ/dT (arrows in Fig. 4.11). The Curie temperatures 

determined in this way (see Table 4.2) are in good agreement with those obtained by 

magnetization measurements. 

For a ferromagnet with gapped magnon modes, the resistivity in the temperature range 

below TC can be well described by Eq. 4.4 [133]: 
Tk

B
n BeTkBTAT /

0 )/21( Δ−Δ+++= ρρ               (4.4) 

The second term is the electron-electron scattering term (i.e. the FL term when n = 2) and 

the third term is due to scattering from magnons. For 0.05 ≤ x ≤ 0.20, fits reveal that the 

second term is dominant A  à B and ρ(T) ~ T 2.0±0.1 over a wide T range in the 

ferromagnetic state (see Fig. 4.11). Therefore scattering from magnons can be neglected in 

the polycrystalline samples of URh1-xRuxGe and we restrict the analysis to fitting by:     
nAT+= 0ρρ                                                        (4.5) 

The values of n extracted (by taking the best fit over the largest T interval) are shown in the 

left panel in Fig. 4.12.  n(x) attains a minimum NFL value n > 1.2 at a critical concentration  
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Figure 4.13 The resistivity of URh0.62Ru0.38Ge at different magnetic fields plotted versus 
T 2.  The fields (oriented perpendicular to the current) are (from bottom to top) B = 0, 5 
and 10 T.  The lines represent fits of the data to ρ ~ T 2.  

Table 4.2 The Curie temperature and the parameters ρ0, n and A obtained by fitting the 
resistivity to ρ = ρ0 + AT n (Eq. 4.5) for URh1-xRuxGe alloys. 

x-Ru TC (K) ρ0 (μΩcm)  n A (μΩcm/Kn) 

0   9.4   78 2 6.21 
0.05 10.5 247 2 3.54 
0.1 10.3 300 2 2.14 
0.15   9.6 297 2 1.27 
0.2   7.9 238 1.95 1.59 
0.3   3.8 476 1.89 3.28 
0.35   1.3 417 1.37 6.75 
0.375      - 385 1.22 6.69 
0.38      - 294 1.18 5.40 
0.4      - 483 1.23 7.94 
0.5      - 247 1.41 5.36 
0.6      - 475 1.72 1.66 
1      - 132 2.05 0.03 
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xcr = 0.38 (see the right panel of Fig. 4.12), followed by a slow recovery to the FL value      

n = 2 there above. The fit parameters are collected in Table 4.2. The resistivity of the 

compound with xcr = 0.38 is measured in several magnetic fields as shown in Fig. 4.13. In 

magnetic field of 5 and 10 T a T 2 behavior is observed up to 2 and 4 K, respectively. This 

demonstrates that the FL state is recovered in a magnetic field.  

4.5. Specific heat 

The specific heat, c, of the URh1-xRuxGe series is measured in zero magnetic field in the 

temperature interval 0.5 - 20 K. In Fig. 4.14, we show the specific heat divided by 

temperature c/T of selected URh1-xRuxGe alloys with x ≤ 0.3. In this temperature range both 

the lattice clat and the magnetic (i.e. f-electron) cmag term contribute to the specific heat:       

c = clat + cmag. For all samples the lattice contribution is estimated by clat = βT 3, by fitting 

the data in the temperature range TC < T < 20 K, with β = 0.60×10-3 J/molK4. The Debye 

temperature θD = 210 K is calculated through the relation:  

β
πθ
5

123
4

3 R
D ×=                                         (4.6) 

and agrees well with the value reported in Ref.[119]. Here R = 8.314 JK-1mol-1 is the gas 

constant. 

For x = 0, the magnetic specific heat for T ≤ 5 K is described by:  
2/3TTcmag δγ +=                                     (4.7) 

where  γ  is  the  linear  coefficient  of   the  electronic  specific  heat  and   the  second  term 

corresponds to  the ferromagnetic spin-wave contribution [134]. The values for γ = 0.150 

J/molK2 and δ = 0.024 J/molK5/2 extracted by fitting the data are in good agreement with 

the values reported in Ref.[119].  

In the ordered state the c/T behavior at low temperature dramatically changes upon doping, 

even for small amounts of Ru concentration (see for instance the data for x = 0.05 in       

Fig. 4.14). This we attribute to the opening of an energy gap  Δ  in the magnon spectrum 

[134] and the magnetic specific heat then follows the relation: 
Tk

mag
BeTTc /2/3 Δ−+= δγ                          (4.8) 

Fits using Eq. 4.8 to the c/T data  yield  parameters γ = 0.146 and  0.136 J/molK2, δ = 0.041  
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Figure 4.14 Low-temperature specific heat in a plot of c/T versus T of selected         
URh1-xRuxGe alloys with x ≤ 0.3. The solid lines represent fits to Eq. 4.7 and Eq. 4.8 
(with addition of the lattice contribution) for x = 0 and x = 0.05, respectively.  

and 0.094 J/molK5/2, and Δ/kB = 6.5 and 10.6 K for x = 0.05 and 0.1, respectively. (The data 

for x = 0.1 are not shown in Fig. 4.14). 

The FM transition results in pronounced anomalies and the Curie temperature is identified 

by the inflection points in c/T at the high T side of the peaks. The variation of TC with x 

obtained from c/T is consistent with magnetization and transport data. Upon doping, TC 

initially increases, but for x > 0.05 the ordering peak shifts toward lower T and the 

transition becomes broader.  

In Fig. 4.15, we plot the f-electron specific heat divided by temperature, cmag/T, obtained 

after subtracting the lattice contribution, on a logarithmic temperature scale for 0 ≤ x ≤ 0.5. 

The magnetic transition progressively moves to lower temperature, becomes weaker with 

increasing x (notably for x = 0.35) and is pushed to below 0.5 K for x = 0.38. This is the 

characteristic behavior of a metallic-magnet close to a quantum critical point, as observed 

in many doping-induced NFL systems [10,27,135,136]. For the critical concentration        

xcr = 0.38, cmag/T  presents the NFL behavior as expressed in Eq. 4.9 over one and half 

decade intemperature, i.e. T between 0.5 and 9 K, with b = 0.062 J/molK2 and the scaling 

temperature  T0 = 41 K. Beyond  xcr,  cmag/T  deviates  from  the  lnT  behavior and  tends  to     
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Figure 4.15 f-electronic specific heat of URh1-xRuxGe with 0 ≤ x ≤ 0.5 plotted as cmag/T 
versus T (on a logarithmic scale). The arrow indicates TC for x = 0.35. For xcr = 0.38 (•), the 
straight solid line represents cmag/T ~ lnT over one and half decade in T. The solid lines 
represent fits to Eq. 4.7 for x = 0, Eq. 4.8 for x = 0.05 and 0.1, and Eq. 4.9 for x = 0.38.  
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Figure 4.16 Left panel: The γ  value at 0.5 K as a function of Ru concentration.          
Right panel: The magnetic entropy Smag (in units of Rln2) for URh1-xRuxGe alloys with       
0 ≤ x ≤ 0.5. Inset: Concentration dependence of Smag at a fixed temperature of 15 K. 
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saturate at low temperature. This implies FL behavior c/T ~ γ  is recovered at low 

temperature.  

0

ln/
T
TbTcmag −=                                 (4.9) 

Table 4.3 The Curie temperature, c/T at 0.5 K and Smag at 15 K of URh1-xRuxGe alloys 
extracted from the specific heat data. 

x-Ru TC (K) c/T 0.5K (J/molK2)  Smag,15K (Rln2)  

0   9.5 0.169 0.46 
0.05 10.4 0.146 0.44 
0.1 10.3 0.138 0.42 
0.15   9.6 0.129 0.40 
0.2   7.8 0.138 0.39 
0.3   3.5 0.223 0.36 
0.35   1.2 0.262 0.34 
0.38      - 0.277 0.33 
0.4      - 0.244 0.32 
0.5      - 0.181 0.29 

The concentration dependence of the γ coefficient is estimated by the c/T value at 0.5 K. A 

pronounced maximum of c/T at 0.5 K is obtained at xcr (see the left panel of Fig. 4.16).  

The spin and charge degrees of freedom of the f-electrons contribute to the magnetic 

entropy Smag, which is calculated by integrating cmag/T versus T between 0.5 and 15 K and 

shown in the right panel of Fig. 4.16. For x = 0, Smag is about 50% compared to the ideal 

value, Rln2, of a magnetic system with localized moments (S =  ½). This confirms the 

itinerant nature of the FM transition. The linear decrease of Smag with x shows the system 

becomes more itinerant upon Ru doping.  

4.6. ac-susceptibility 

Upon approaching the magnetic instability, the ferromagnetic transition becomes less 

pronounced in the transport and specific heat data, while the dc-magnetization has been 

measured down to 2 K only. Therefore, we carried out ac-susceptibility measurements at 

low temperatures (T ≥ 0.25 K) for a few samples close to xcr. 
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Figure 4.17 Temperature dependence of the ac-susceptibility in URh1-xRuxGe for x = 0.35, 
0.375 and 0.4 at frequencies f = 0.03, 0.11, 0.35, 1.11 and 3.33 kHz. The data are scaled to 
the maximum amplitude of χac at 3.33 kHz using multiplication factors of 1 ± 0.03 for        
f = 0.11, 0.35 and 1.11 kHz and ~ 1.2 for f = 0.03 kHz. The inset shows TC(f).  

Fig. 4.17 shows the ac-susceptibility results, χac, measured in a driving field of 10-5 T for    

x = 0.35 and 0.375. The maxima in χac signal FM order. For x = 0.35, the ordering peak is 

located at TC = 1.0 K. This value is somewhat smaller than the values deduced from the 

Arrott plot (1.3 K) and from the specific heat (1.2 K). On the other hand TC = 0.4 K for       

x = 0.375 nicely falls on the straight line with dTC/dx = -0.43 K/at.%Ru (see Section 4.7.1), 

as expected. For x = 0.4, no magnetic ordering is detected, χac weakly increases with 

decreasing temperature down to 0.25 K. These χac data are in line with the notion of 

magnetism vanishing at xcr = 0.38. The frequency dependence of χac, investigated in the 

range 0.03 - 3.33 kHz, is weak, as follows from the near overlap of the curves in Fig. 4.17. 

TC(f) shows a small initial increase, but then saturates with ΔTC/TC ~ 5% near the maximum 

frequency. The amplitude of χac initially increases but is virtually constant for f ≥ 0.11 kHz, 

(see caption of Fig. 4.17).  

The χac  results  manifestly  differ  from  those  recently  reported for  x = 0.30 [137] where  

a strong frequency dependence of χac was taken as evidence for short-range rather than 

long-range magnetic order. The difference was also observed in dc-magnetization results. 
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Whereas in Ref.[137] no spontaneous magnetization was detected for x = 0.30, proper 

Arrott plots are derived at least up to x = 0.325 in this work (see Fig. 4.5). These dissimilar 

results are attributed to a different sample quality, which may vary with the preparation 

method and annealing procedure. 

4.7. Discussion  

4.7.1. The magnetic phase diagram 
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 Figure 4.18 The Curie temperature of URh1-xRuxGe alloys as a function of Ru 
concentration determined from M(T), ρ(T), c(T) and χac(T). TC is suppressed with a rate of    
-0.43 K/at.%Ru from x = 0.2 onwards (The data magnetization point for x = 0.35 is obtained 
by extrapolation in the Arrott plot). The line serves to guide the eye. 

By tracing the TC(x) values determined from magnetization, resistivity, specific heat and ac-

susceptibility experiments we can construct the magnetic phase diagram of URhGe doped 

with Ru (see Fig. 4.18). The Curie temperatures obtained by the different experiments are 

equal within the experimental error.  TC first increases, has a maximum near x = 0.05 then 

linearly decreases at a rate of -0.43 K/at.% Ru and vanishes near the critical concentration 

xcr = 0.38.  

A  parallel  study  on  URh1-xRuxGe alloys  has  been reported  in  Ref.[138]. These  authors   
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report that ferromagnetic order vanishes at x = 0.25, where the system undergoes a 
crossover into a nonmagnetic ground state with short-range magnetic interactions for          
x between 0.3 and 0.35.  We attribute these the dissimilar results to a different sample 
quality. Moreover the measurements in Ref.[138] have been carried out in the temperature 
range above 2 K only, which hampers a proper analysis of the critical phenomena. 

4.7.2. Hybridization phenomena 

The evolution of magnetic order in correlated 4f- and 5f-electron metals is often discussed 
in terms of a simple Doniach picture [28], where the competition between the on-site 
Kondo interaction and inter-site RKKY (Ruderman-Kittel-Kasuya-Yosida) interaction 
determines the ground state. In the Doniach model the control parameter is the ratio of the 
exchange interaction J over the bandwidth W. Keeping W constant, a weak hybridization    
(J small) favours the RKKY interaction and a magnetic ground state, while a strong 
hybridization (J large) favours a non-magnetic Kondo-screened ground state. In the generic 
Doniach phase diagram the magnetic ordering temperature TM goes through a maximum 
with increasing J and vanishes when the RKKY and Kondo energies become comparable 
(see Fig. 3.1). A typical example of a ferromagnetic material that follows the generic 
Doniach phase diagram is cubic CeAg (TC = 5.6 K) [139]. Here hydrostatic pressure is used 
to control J via the unit cell volume, such that TC(p) goes through a broad maximum near 
0.7 GPa. For the orthorhombic UTX alloys (X is Ge or Si) the effect of chemical 
substitutions does not scale with the unit cell volume but critically depends on the relative 
change in the lattice parameters. Resistivity measurements under hydrostatic pressure on 

pure URhGe show that TC increases linearly up to very high pressures (TC reaches ≈ 17 K at 

13 GPa) [120].  

Nevertheless, it is interesting to compare the volume effects due to alloying and hydrostatic 

pressure. Assuming an isothermal compressibility κ = -V -1(dV/dp) of about 0.8 Mbar-1 
[121], substitution of 1 at.% Ru leads to a chemical pressure of 0.37 kbar. Using        
dTC/dp = 0.065 K/kbar as derived from the resistivity measurements under pressure [120] 
an increase of TC of 0.024 K per at.% Ru is calculated. In the case of Ru doping, these 
calculated values are about a factor 5 too small when compared to the measured initial 
increase in TC.  Clearly, chemical and mechanical pressures give different results. 
Magnetization measurements under  pressure  on  URhGe  doped with 32.5 at.% Ru         
(TC = 2.8 K at ambient pressure) did not  show  a  noticeable  change of  TC  for  a  pressure 
of  4.3  kbar [140]. This indicates an  additional  complication, namely  dTC/dp  varies  with  
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doping concentration. 

In a simple model, extracting electrons from the d-band results in an additional 
strengthening of the f-d hybridization, which in turn leads to a larger exchange parameter J, 
favoring the Kondo interaction. This idea is supported by the specific-heat measurement. 

The linear coefficient of the electronic specific heat γ increases as a function of x and 

reaches a maximum value near the critical concentration (see the left panel in Fig. 4.16). 
The 5f-4d hybridization mechanism was also used to explain the suppression of 
ferromagnetic order in the analogous compounds URhAl and URhGa doped with Ru [141]. 
It would be interesting to investigate whether more sophisticated models, like the one 
proposed by Sheng and Cooper [142], could explain the observed behaviour of the 
magnetic ordering temperature. By incorporating the change in the f-density spectral 
distribution under pressure in the linearized muffin-tin orbitals (LMTO) band-structure 
calculations, these authors could explain the observed maximum in the magnetic ordering 
temperature for compounds like UTe. More recently, theoretical results were presented for 
the underscreened Kondo-lattice model with localized S = 1 spins coupled to a conduction 
band through a Kondo coupling JK and interacting among them ferromagnetically [143]. 
For large values of JK the Kondo effect is found to coexist with ferromagnetic order with   
TK > TC. However, the proposed ferromagnetic Doniach-like diagram does not exhibit a 
critical point for ferromagnetism.  

The valence bands of URh1-xRuxGe (x ≤ 0.4) have been investigated by X-ray 

photoemission at room temperature [144]. A relatively weak modification of the valence 

band structure is observed for x ≤ 0.3. The spectra show a similar structure of the density of 
states (DOS) near the Fermi level. The spectra are dominated by two peaks at 2.7 and      
0.7 eV. The latter peak is narrow (~ 1 eV) and can be attributed to the 5f states. The 
structure at 2.7 eV represents the superimposed Rh and Ru states, which form a broad band 

(~ 4 eV). Interestingly, a rapid change occurs for 0.35 ≤ x ≤ 0.4: the 4d peak position shift 
to lower binding energy and the 5f structure becomes less resolved. The sudden evolution 
of the DOS in this concentration range coincides with the loss of magnetism near the 
critical concentration x = 0.38. It would be highly interesting to investigate and resolve the 
valence band structure at liquid helium temperatures.        

4.7.3. Ferromagnetic quantum critical point 

The  c(T), ρ(T), M(T) and χac(T)  data  of  the URh1-xRuxGe  alloys  provide  evidence  for  a  
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continuous FM quantum phase transition at xcr = 0.38.  

The most compelling evidence is the specific heat c/T ∼ ln(T/T0) observed over one and a 

half decade in T ( see Fig. 4.15) and the concomitant maximum in c/T0.5K(x) (see the left 
panel in Fig. 4.16). The temperature T0 = 41 K is large, which indicates that our              

c(T) experiments down to T = 0.4 K (T/T0 ≈ 0.01) indeed probe the quantum critical regime. 

It will be interesting to investigate whether the c/T ∼ lnT behavior persists even at lower T. 
Eventually, however, c/T will saturate because of crystallographic disorder inherent to the 
URh1-xRuxGe alloys.  

Further support for a QCP is provided by the critical behavior in the resistivity ρcr ∼ T 1.2 up 

to 2 K. The exponent n(x) has a pronounced minimum at xcr (see the left panel in Fig. 4.12). 
The value n > 1.2 is smaller than the value n = 5/3 predicted for a clean FM QCP [82]. This 
is not unexpected as disorder reduces n [85]. However, we stress the sharp minimum near 
xcr with n > 1.2 is an intrinsic feature of the FM QCP. The value n = 2 is recovered for         

x > 0.38. For xcr = 0.38, the ρ ~ T 2 temperature dependence is recovered under applied 

magnetic field and TFL, the temperature where the T 2-fit deviates from the measurements 
increases with the field (see Fig. 4.13). This indicates that the magnetic field tunes the 
system away from the critical point and that the FL state is recovered.  

The itinerant nature of the FM state and the smooth suppression of MS pointing to a 
continuous phase transition strongly suggest that the QPT in URh1-xRuxGe is of the Hertz-
Millis type [80,81], albeit with modified exponents due to the effects of doping (notably 
emptying the d band and alloy disorder). For instance, for an itinerant clean FM QPT, one 

expects TC ∼ (xcr - x)3/4 (dimension d = 3, dynamical critical exponent z = 3), while              

TC ∼ (xcr - x) is obtained over a wide range 0.20 ≤ x ≤ 0.375. Deviations from the clean 

behavior are also observed in f-electron materials with pressure- and doping-induced 
continuous FM QPT, such as CeSi1.81 [16] and CePd1-xRhx [27], respectively. On the other 
hand, for d-electron alloys with a continuous FM QPT (e.g., NixPd1-x [23] and                  
Zr1-xNbxZn2 [25]), the data are to a large extent in agreement with the itinerant model. 
Further theoretical work is required to clarify these issues.  

In conclusion, the suppression of ferromagnetism in the URh1-xRuxGe series is investigated. 
The thermal, transport, and magnetic data provide evidence for a continuous FM quantum 
phase transition at the critical concentration xcr = 0.38. The URh1-xRuxGe alloys are unique 
in the sense that they present the first f-electron system with a FM QCP at ambient pressure 
(notice the vanishing of FM order in CePd1-xRhx is very much “smeared” [27]). 



 

5. Ferromagnetic quantum critical point 
in single-crystalline URh0.62Ru0.38Ge   

 
 

5.1. Introduction 

In Chapter 4 we have reported the evolution of ferromagnetism of the polycrystalline   

URh1-xRuxGe series.  Upon Ru doping ferromagnetism is smoothly suppressed and vanishes 

at the FM QCP xcr = 0.38. Non-Fermi Liquid (NFL) behaviour is observed for samples with 

Ru concentration near xcr. This offers a rare opportunity to study FM spin fluctuations near 

a ferromagnetic quantum critical point at ambient pressure. However, such a study 

preferably should be carried out on single-crystalline samples, as one expects a strong 

magneto-crystalline anisotropy for the orthorhombic TiNiSi structure [40]. Especially, 

inelastic neutron scattering studies to probe the critical fluctuations require large high-

quality single-crystals. 

In this chapter, we report the first investigations of a single-crystalline sample URh1-xRuxGe 

with x near the critical concentration xcr ≈ 0.38.  Transport, magnetization and specific-heat 

measurements in high magnetic fields have been carried out. The data reveals a strong 

anisotropy of the easy-plane type, with the a-axis as the hard axis. Upon applying a 

magnetic field our sample is tuned away from the FM QCP and the Fermi liquid state is 

recovered. 

5.2. Sample preparation and characterization  

A  polycrystalline  batch  with  nominal  composition  U1.01Rh0.62Ru0.38Ge  was prepared  by  
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Figure 5.1 X-ray Laue picture (right panel) of as-grown single crystalline 
URh0.62Ru0.38Ge (left panel).  
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Figure 5.2 Temperature dependence of the ac-susceptibility for the URh0.62Ru0.38Ge 
crystal measured at a low frequency of 16 Hz and in a small driving field of ~ 10-5 T 
applied along the c-axis (data taken by A. Gasparini [145]). 

arc-melting the constituents (natural U 3N, Rh 3N, Ru 3N and Ge 5N) in a water-cooled 

copper crucible under a high-purity argon atmosphere. The polycrystalline ingot was used 

as a seed for the single-crystal, grown by a modified Czochralski method in a tri-arc 

furnace under a high-purity argon atmosphere. No subsequent heat treatment was given to 

the single-crystal. In Fig. 5.1 we show a picture and Laue pattern of the single-crystal, 
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which is 5 - 6 mm in diameter and 35 mm in length. EPMA analysis confirmed that the 

crystal is single-phase and homogeneous. Single-crystallinity was checked by X-ray Laue 

backscattering. Samples for various measurements were cut by spark erosion.  

Ac-susceptibility measurements carried out on a small piece of the crystal [145] show a 

weak ordering peak at a temperature around 0.4 K, see Fig. 5.2. This indicates that the 

single-crystal orders ferromagnetically at a Curie temperature TC ≈ 0.4 K and that x < xcr. 

When comparing with TC(x) obtained for the polycrystalline samples (see Fig. 4.17), we 

conclude that TC = 0.4 K corresponds to x = 0.375. Thus the actual Ru content in the single-

crystal appears to be slightly lower the nominal value x = 0.38. As mentioned in 

Section 4.2, we cannot determine the exact atomic ratio of Rh and Ru using the EPMA 

technique, and in the following we use the nominal value x = 0.38.   

5.3. Electrical resistivity 
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Figure 5.3 The resistivity of single-crystalline URh0.62Ru0.38Ge plotted versus T n for a 
current along the principal axes, as indicated. The solid lines represent fits of the data 
to ρ ~ T n. 

In  Fig. 5.3, we  show  the  temperature variation  of  the  resistivity of  the  URh0.62Ru0.38Ge 

single-crystal plotted as ρ versus T n for the current I along the principal axes. The overall 

resistivity values for I  || a are about a factor 3/2 larger for I || b and I || c. The residual 
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resistance ratio’s (RRR) are quite low and amount to ~ 2.  By fitting the data to ρ ~ T n in 

the temperature range 0.25 - 4 K, we extract values for the exponent n of 1.2, 1.4 and 1.1 

for I || a, b and c, respectively. These n exponents are close to the value n ≈ 1.2 obtained for 

polycrystalline URh1-xRuxGe with x ~ 0.38 (see Fig. 4.12). We conclude the non-Fermi 

liquid (NFL) behaviour locates our sample close to the FM QCP. In Table 5.1, we 

summarize the fit-parameters from the transport data. 

For polycrystalline URh0.62Ru0.38Ge, resistivity measurements in magnetic fields 

demonstrated that the FL state is recovered upon field application of the magnetic field. The 

effect of a magnetic field on the resistivity of the single-crystalline samples has not been 

investigated yet.  

Table 5.1 The parameters ρ0, n and A obtained by fitting the resistivity to ρ = ρ0 + AT n 

(Eq. 4.5) for the URh0.62Ru0.38Ge crystal. 

I direction ρ0 (μΩcm)  n A (μΩcm/Kn) 

a-axis 291 1.2 5.19 
b-axis 190 1.4 2.80 
c-axis 163 1.1 2.31 

5.4. Magnetic properties 

The field dependence of the magnetization of the URh0.62Ru0.38Ge single-crystal, measured 

in magnetic fields up to 50 T applied along the principal axes at T = 4.2 K, is shown in   

Fig. 5.4. The magnetization M is strongly anisotropic. The induced moment initially grows 

fastest for B along the c-axis, but for B > 27 T Mb > Mc. The magnetic anisotropy is of the 

easy-plane type, with the a-axis being the hard axis. For B || a, the magnetization linearly 

increases up to the highest field. The anisotropy in the magnetization of doped URhGe 

mimics the anisotropy observed for pure URhGe, where a spin reorientation process takes 

place in the bc-plane for a field of 12 T directed along the b-axis. The induced moment in 

the bc-plane near 50 T amount to 0.6  μB, which is still much smaller than the saturation 

values MS = 3.58 or 3.62 μB for the 5f 2 and 5f 3 configurations. We did not observe a 

positive curvature of dM/dB that could hint at a spin-reorientation, or a re-entrant FM 

transition, predicted for a compound located in the vicinity of a ferromagnetic quantum 

critical end-point [89].  
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Figure 5.4 The high-field magnetization of single-crystalline URh0.62Ru0.38Ge measured 
in a field up to 50 T applied along the principal axes as indicated, at T = 4.2 K.  
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Figure 5.5 Temperature variation of the reciprocal susceptibility of the URh0.62Ru0.38Ge 
single-crystal measured in a field of 1 T applied along the principal axes. The dotted lines 
are the best fits to a MCW law in the temperature range 50 - 300 K. 

The reciprocal susceptibility of the single-crystalline URh0.62Ru0.38Ge sample measured in a 

field B = 1 T applied along the a-, b- and c-axis in the temperature range 2 - 300 K is shown 

in Fig. 5.5. Above 50 K the magnetic susceptibility follows a MCW law with                     
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χ0 ~ 10-8 m3/mol. The data confirm a magnetic anisotropy, of the easy-plane type with the 

hard-magnetization direction along the a-axis. This is also reflected in the paramagnetic 

Curie temperature θa à θb, θc. The values of the effective moment peff listed in Table 5.2 

indicate that the largest moment is induced for B || b in the paramagnetic region (T > 50 K). 

This is in good agreement with the susceptibility data reported on single-crystalline  

URhGe [119].  

Table 5.2 The effective moment peff and the paramagnetic Curie temperature θ of the 
URh0.62Ru0.38Ge single-crystal as deduced from magnetization measurements. 

B direction peff (μB/f.u.) θ (K) 

a-axis 1.32 -101.5 
b-axis 1.53   -28.1 
c-axis 1.38   -16.6 

5.5. Specific heat 

0.3 1 10

0.10

0.15

0.20

0.25

0.30

0 2 4 6 8 10 12
0

1

2

3

1 T

2 T

4 T

8 T

12 T

URh0.62Ru0.38Ge

c m
ag

/T
 (J

/m
ol

U
K

2 )

T (K)

B = 0 T

 B (T)

 

 T
FL

 (K
)

 
Figure 5.6 f-electron specific heat of single-crystalline URh0.62Ru0.38Ge plotted as cmag/T 
versus T (on a logarithmic scale) in magnetic fields of 0, 1, 2, 4, 8 and 12 T applied along 
the easy axis c. The dashed line represents a fit cmag/T = -bln(T/T0) (Eq. 4.9) with            
b = 0.057 J/molK2 and the scaling temperature T0 = 49.5 K for the data measured in zero 
field. Inset: the field-dependence of TFL. 
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Specific heat measurements on the URh0.62Ru0.38Ge crystal are performed in magnetic fields 

up to 12 T in the temperature interval 0.5 - 20 K. The magnetic field was directed along the 

c-axis, i.e. the easy direction for magnetization, in order to induce the largest effect. The 

lattice contribution to the specific heat, clat = βT 3, is obtained by fitting the data measured 

in zero field in the temperature range 10 K < T < 20 K. We find β = 0.60×10-3 J/molK4 and 

θD ≈ 210 K which are the same values as obtained for the polycrystalline samples (see 

Section 4.5). 

In Fig. 5.6, we show the f-electron specific heat divided by temperature cmag/T, obtained 

after subtracting the lattice contribution, in different fields. Here the data are plotted on a 

logarithmic temperature scale.  

The zero-field data show pronounced NFL behaviour. Below 10 K cmag/T grows in a 

(quasi)logarithmic fashion down to 2 K: cmag/T = -bln(T/T0) with b = 0.057 J/molK2 and the 

scaling temperature T0 = 49.5 K. The values for b and T0 are almost identical to the values 

obtained for the polycrystalline sample at the critical concentration xcr = 0.38. However, 

below 2 K the data deviate from the lnT behaviour, because for the single-crystal x < xcr and 

magnetic order sets in at ~ 0.4 K (see Fig. 5.2) 

In a magnetic field applied along the c-axis, c/T is suppressed and levels off towards a 

constants value for T → 0. This shows the FL state is recovered in a field. The 

characteristic temperature TFL, at which c/T becomes constant, increases with magnetic 

field, as shown in the inset of Fig. 5.6.  By linearly fitting the TFL(B) data, we extract a 

small value TFL ≈ 0.2 K when B → 0. This reveals the single-crystal is located close to the 

QCP. In the temperature range T > 10 K the magnetic contribution to the specific heat 

increases with applied fields, see Fig. 5.6. This shows entropy is transferred from low to 

high temperatures. 

The c/T  values  measured at 0.5 K decrease gradually with magnetic fields. c/T(B)  follows 

an exponential decay function [119] (see the left panel of Fig. 5.7) 

)1()(/)(/ /
5.05.0

0 BH
KK

eATcHTc Δ−−+∞= μ                        (5.1) 

Here c/T|0.5K(∞) = 0.113 J/molK2 represents the value of c/T|0.5K for B →  ∞,  ΔB = 4.23 T 

describes how fast c/T|0.5K decays with increasing field, and A = 0.136 J/molK2 is a fitting 

parameter.  
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Figure 5.7 Left panel: The γ  value (c/T value at 0.5 K or extrapolated for B = 8 and   
12 T) as a function of magnetic field B. Right panel: The magnetic entropy Smag (in 
units of Rln2) for the URh0.62Ru0.38Ge single-crystal. The applied fields are (from top 
to bottom) B = 0, 1, 2, 4, 8 and 12 T. Inset: The field-dependence of Smag at a fixed 
temperature of 15 K. 

The magnetic entropy Smag, which is calculated by integrating cmag/T versus T between 0.5 

and 15 K is shown in the right panel of Fig. 5.7. In zero field, Smag is about 0.33Rln2 which 

is in good agreement with the value obtained on the polycrystalline sample with x = 0.38. 

Upon applying a magnetic field, Smag slightly decreases to a value 0.29Rln2 for B = 12 T.  

5.6. Discussion  

The transport and magnetization data of single-crystalline URh0.62Ru0.38Ge reveal strong 

magnetocrystalline anisotropy of the easy-plane type, with the hard-magnetization direction 

along the a-axis. This anisotropy reflects the one in pure URhGe. URhGe is a uniaxial 

ferromagnet with the magnetic moment along the orthorhombic c-axis [36]. However, upon 

application of a magnetic field along the b-axis the moment rotates in the bc-plane toward 

the b-axis, while the a-axis is the hard axis [38]. The strong magnetocrystalline anisotropy 

stresses the need to carry out all subsequent experiments, like neutron scattering to probe 

the anisotropic spin-fluctuation spectrum, on single-crystalline samples.  
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Upon application of a magnetic field B || c, the FL state is recovered. Evidence for this is 

provided by the suppression of the specific heat, notably the levelling off towards constant 

values of c/T for T → 0. A similar behaviour has been observed in other NFL doped-

systems [146-148]. However, the only other FM case is the CePd1-xRhx series [148]. 

Experiments on polycrystalline samples show that CePd1-xRhx exhibits a “smeared” FM 

QCP at xcr = 0.87 [27]. The NFL behaviour observed near xcr = 0.87 is then a consequence 

of the distribution of single-ion Kondo temperatures, and can be explained by the Kondo 

disorder model [149]. Also, the cmag/T versus T data of CePd1-xRhx for x ~ xcr develop a 

broad maximum at a characteristic temperature Tmax upon applying a magnetic field [148]. 

Tmax increases linearly with increasing magnetic field and attains a value of ~ 1 K for a field 

B = 3 T. The field-induced broad maximum is tentatively attributed to a Schottky anomaly 

connected with the Zeeman splitting of the partially Kondo-screened crystal-electric-field 

ground-state doublet in the external magnetic field [150]. A similar phenomenon, i.e., a 

maximum in cmag/T versus T, is not observed in the specific heat data of the 

URh0.62Ru0.38Ge single-crystal: cmag/T  tends to level off and saturates in the limit T → 0 for 

fields up to 12 T. The difference in behaviour can be attributed to the very different scaling 

temperatures T0 deduced from the cmag/T = -bln(T/T0) behaviour. For URh0.62Ru0.38Ge         

T0 ≈ 50 K, while for CePd0.13Rh0.87 T0 ≈ 5.5 K. This shows the NFL behaviour is more 

robust in URh0.62Ru0.38Ge and fields much larger than 12 T are needed to resolve the 

Zeeman splitting.      

In conclusion, we have presented the first study of the FM QCP in a single crystal of 

URh0.62Ru0.38Ge. The results show a strong magnetocrystalline anisotropy of the easy-(bc) 

plane type, with the a-axis as the hard-magnetization direction. Specific-heat data in a 

magnetic field (Bmax = 12 T) applied along the c-axis show that URh0.62Ru0.38Ge can be 

tuned away from the FM QCP and that the Fermi liquid state is recovered. In order to learn 

more about the anisotropic nature of the break-down of the NFL behaviour near the FM 

QCP further experiments are required, like transport measurement for various directions of 

the magnetic fields and specific-heat measurements for B || a and B || b. Finally, we recall 

that URh0.62Ru0.38Ge is one of the scarce materials at a FM QCP at ambient pressure, and 

thus offers a unique testing ground for the study of critical ferromagnetic spin fluctuations 

by microscopic techniques, like inelastic neutron scattering or NMR.   



 

6. Evolution of magnetism in URhGe 
doped with Si and Co 

 

6.1. Introduction 

In the search for a FM QCP in URhGe, chemical substitution offers a promising route. For 

doping on the Rh site, we choose Ru and Co because UCoGe and URuGe are isostructural 

to URhGe and both are reported to have a paramagnetic ground state [39,115,151]. As 

reported in Chapter 4, measurements of the magnetization, resistivity, specific heat and     

ac-susceptibility provide evidence for a continuous FM QPT by replacing Rh with Ru at the 

critical concentration of Ru xcr = 0.38. It is therefore expected that substitution of Rh by Co 

will also reduce the Curie temperature and lead to the approach of the magnetic instability. 

Among the URhX compounds where X is a nearest neighboring element of Ge, only URhSi 

is isostructural to URhGe. Since URhSi is a ferromagnet with a Curie temperature of 9.5 K 

[39,115,117], we do not expect one can tune URhGe to a QCP by Si doping. Nevertheless, 

it is meaningful to study the evolution of magnetism in URhGe by Si doping. Notice that 

Co and Rh, and Si and Ge, are isoeletronic. Therefore we expect that the hybridization 

phenomena leading to magnetic order are controlled to first order by the volume effect 

when alloying with Co and Si (the unit cell volume of UCoGe and URhSi are both smaller 

than the one of URhGe). In the case of Ru doping, the hybridization is influenced by both 

the volume effect (the unit cell volume of URuGe is smaller than the one of URhGe) and 

the effect of depletion of the d-band (Ru has one electron less than Rh).  

In this chapter, we report the evolution of ferromagnetic order in the URhGe1-xSix and 

URh1-xCoxGe series via a study of the magnetic and transport properties on polycrystalline 

samples. For Si doping, the data reveal no significant change of the ferromagnetic 
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properties. TC is constant for a Si concentration up to x = 0.20 and exhibits a small increase 

to a value of 10.5 K for x = 1. For Co doping, TC first increases up to 20 K for x = 0.60, 

beyond which TC drops to 3 K for x = 1. Thus we find that the end compound UCoGe has a 

ferromagnetic rather than a paramagnetic ground state, as was reported previously in 

Refs.[ 39,115,151]. Moreover, ferromagnetism coexists with superconductivity in UCoGe, 

as will be described in Chapter 7.    

6.2. URhGe1-xSix 

6.2.1. Sample preparation and characterization 

Polycrystalline URhGe1-xSix samples with x = 0, 0.1, 0.2 and 1, were prepared under the 

same conditions as the URh1-xRuxGe alloys. The constituents U, Rh (3N purity) and Ge, Si 

(5N purity) were melted together in the arc-furnace under a high-purity argon atmosphere. 

The weight loss was less than 0.1 %. The as-cast buttons were annealed for 10 days at    

875 oC. The magnetization and transport properties were investigated on bar-shape samples 

cut by spark erosion. 

The lattice parameters for the URhGe1-xSix alloys (x = 0.1, 0.2 and 1.0) have not been 

determined. However, given the literature values for URhSi (a = 7.024 Å, b = 4.121 Å and 

c = 7.458 Å) [152] and assuming Vegard’s law [124], we conclude that the a parameter 

expands and the b and c parameters contract with increasing Si content. The unit cell 

volume decreases linearly at a rate of 0.084 Å3/at.% Si to Ω = 215.9 Å3 for URhSi [152]. 

6.2.2. Magnetization 

In Fig. 6.1, the magnetization M(T) measured in 0.01 T and its derivative dM(T)/dT for the 

URhGe1-xSix series, with x = 0.0, 0.10, 0.20 and 1.0,  is shown as a function of temperature. 

Ferromagnetic order is robust in the case of Si doping. The Curie temperatures deduced 

from (dM(T)/dT)min agree with those deduced from the Arrott plots (not shown), as 

expected. TC does not change with Si content up to x = 0.20. For the end compound URhSi 

we find TC = 10.4 K. This value is slightly higher than TC given in the literature for 

polycrystalline samples [39,115,117] but coincides with TC obtained on a single crystal 

[153]. In Ref.[153]  the  higher  TC  of  the  single crystal  was  tentatively  attributed   to  Si 

deficiency.  The  M(T) curves  in   Fig. 6.1  are  well  described  by   Eq. 4.2 with  the  spin- 
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Figure 6.1 Upper frame: Temperature variation of the dc-magnetization measured in 
a field B = 0.01 T of URhGe1-xSix alloys. The solid lines present fits to Eq. 4.1. 
Lower frame: Temperature derivative of the magnetization. 
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Figure 6.2 M(B) curves of URhGe1-xSix  measured in a field up to 5 T at 2 K. The solid lines 
represent fits to Eq. 4.3. Inset: MS of URhGe1-xSix as a function of Ru concentration. 
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Figure 6.3 Temperature variation of the reciprocal susceptibility of URhGe1-xSix alloys 
measured in a field of 1 T. The dotted lines are the best fits to the MCW law in the 
temperature range T = 50 - 300 K.  

Table 6.1 The Curie temperature TC, the spontaneous moment MS, the effective moment peff 

and the paramagnetic Curie temperature θ of URhGe1-xSix alloys as deduced from 
magnetization measurements. 

x-Si TC (K) MS (μB/f.u.) peff (μB/f.u.) θ (K) 

0   9.6 0.18 1.72 -14.1 
0.1   9.6 0.20 1.80   -7.9 
0.2   9.5 0.23 1.79   -4.6 
1 10.4 0.27 1.64   -6.2 

wave exponent fixed at α = 2 and the critical exponent β = 0.20 - 0.35, which compares 

well with the theoretical value β = 0.325 for 3D Ising-like ferromagnets [127,128].  

The magnetization measured in an applied field up to 5 T at 2 K is shown in Fig. 6.2. The 

spontaneous magnetic moment MS, which is extrapolated from higher fields towards zero 

field (following Eq. 4.3), slightly increases upon Si doping, as shown in the inset of Fig. 6.2. 

For pure URhSi, MS = 0.27 μB/f.u. in good agreement with the value derived from the 

magnetization measurements previously reported in the literature [116,117].   

The   reciprocal   susceptibility, 1/χ,  of  URhGe1-xSix  measured  in  a  field  B = 1 T  in  the  
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temperature range 2 - 300 K is plotted in Fig. 6.3. The data show only a weak variation with 

Si content. In the temperature range 50 - 300 K, the susceptibility can be well described by 

the MCW law resulting in a temperature independent susceptibility χ0 ~ 10-8 m3/mol. The 

effective moment peff and the paramagnetic Curie temperature θ of URhGe1-xSix obtained by 

fitting χ(T) to Eq. 4.2 are listed in Table 6.1.  

6.2.3. Electrical resistivity 

0 5 10 15

 

T (K)

x = 0ρ 
(a

rb
. u

ni
t)

0.2

0.1

 

URhGe1-xSix x = 1

 

 
Figure 6.4 Temperature variation of the electrical resistivity ρ (in arbitrary units) of 
URhGe1-xSix alloys with 0 ≤ x ≤ 1 for 0.25 K ≤ T ≤ 15 K. Curie temperatures are indicated 
by arrows. The solid lines are fits to ρ = ρ0 + AT n for T < 7 K. 

In Fig. 6.4, the electrical resistivity of URhGe1-xSix alloys as a function of temperature is 

shown. Note that the vertical scale is in arbitrary units and the curves are shifted for clarity. 

The ρ(T) curves exhibit the characteristics of ferromagnetic compounds: a nearly 

temperature independent spin-disorder scattering for T > TC, and for T < TC scattering at 

magnons with ρ ~ T 2. The Curie temperatures are identified by the maxima in dρ/dT 

(arrows in Fig. 6.4) in good agreement with the values obtained from magnetization data. 

The residual resistance ratio RRR for URhGe equals 6 and drops to 2 for the Si-doped 
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samples. However for the end compound URhSi RRR = 30 is much larger. The transport 

parameters are collected in Table 6.2. 

Table 6.2 The Curie temperature and the parameters ρ0, n = 2 and A obtained by fitting the 
resistivity to ρ = ρ0 + AT n for URhGe1-xSix alloys. 

x-Si TC (K) ρ0 (μΩcm) n A (μΩcm/K2) 

0   9.4   78 2 6.21 
0.1   9.4 209 2 4.24 
0.2   9.3 306 2 3.40 
1 10.2   14 2 2.00 

6.3. URh1-xCoxGe 

6.3.1. Sample preparation and characterization 

  

Figure 6.5 EPMA micrographs of URh0.2Co0.8Ge (left panel) and UCoGe (right panel). The 
grey areas represent the main matrix. The (big and small) light spots are the Uranium rich 
phases. The black spots and black lines are holes and cracks on the surface, respectively. 

Polycrystalline URh1-xCoxGe samples, with x in the range of 0 ≤ x ≤ 1, were prepared by 

arc-melting the constituents U, Rh, Co (3N purity) and Ge (5N purity) under a high-purity 

argon atmosphere. The weight loss amounted to ~ 0.03 %. The as-cast buttons were 
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annealed for 10 days at 875 oC. Bar-shape samples were cut by spark erosion for different 

experiments (magnetization and transport measurements). 

The chemical composition of the samples was checked by EPMA. For all concentrations, 

the main matrix 1:1:1 comprises about 98% of the samples. Small amounts (2 - 3%) of 

Uranium rich impurity phases, mainly located at the grain boundaries were detected (see 

Fig. 6.5) and tiny cracks are observed for the doped samples.  

The measured variation of the lattice parameters in the URh1-xCoxGe series is shown in    

Fig. 6.6. Here the b and c lattice parameters show a linear decrease, while the a parameter 

remains almost constant. The unit cell volume decreases linearly at a rate of                  

0.152 Å3/at.% Co. For UCoGe we obtain a = 6.845 Å, b = 4.206 Å and c = 7.222 Å, with  

Ω = 207.95 Å3, in good agreement with literature [151]. The shortest U-U distance, dU-U, 

calculated from the structural parameters, linearly reduces upon Co doping at a rate of         

-0.52×10-3 Å/at.% Co. 

6.3.2. Magnetization 
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Figure 6.6 Upper frame: Lattice parameters of URh1-xCoxGe as a function of Co 
concentration x measured at room temperature. Lower frame: The shortest Uranium- 
Uranium distance of URh1-xCoxGe as a function of the Co concentration x.  
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The temperature variation of the magnetization M(T) measured in a field of 0.01 T and its 

derivative dM(T)/dT for the URh1-xCoxGe series are shown in Fig. 6.7. The effect of Co 

doping differs from that by Ru or Si doping. TC increases monotonically up to x = 0.6, 

where it reaches a value of 20 K, i.e. more than twice the value for x = 0. For higher values 

of x, TC decreases and drops to 3.0 K for the end compound UCoGe. Using the 3D Ising-

like model (Eq. 4.1) to describe the M(T) curves for x ≤ 0.9 with α = 2, we obtain for the 

critical exponent β values in between 0.27 - 0.37.  The variation of TC with Co 

concentration has also been tracked with help of Arrott plots.  The Arrott plots for x = 0.6,   

where ferromagnetic order is most robust and x = 1, where ferromagnetic order is the 

weakest, are shown in Fig. 6.8.   
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Figure 6.7 Upper frame: Temperature variation of the dc magnetization measured in a field 
B = 0.01 T of URh1-xCoxGe alloys. Notice TC has a maximum value for x = 0.6 and 
ferromagnetic order is observed for UCoGe with TC = 3 K. Lower frame: Temperature 
derivative of the magnetization. 

The discovery of   ferromagnetic order below 3 K in UCoGe is surprising.  In literature 

UCoGe was reported to be paramagnetic (at least for T ≥ 1.2 K) [39,115].  However, the 

proximity to a ferromagnetic instability was conjectured on the basis of a relatively large 

field-induced  magnetic moment of  0.58 μB measured in a field of 35 T [116], as well as by  
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a  weak upturn in the specific heat, which was suppressed by a magnetic field of 5 T [154]. 
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Figure 6.8 Arrott plots of the magnetization of (left panel) URh0.4Co0.6Ge with the 
isotherms measured (from top to down) at T = 10.0, 18.5, 20.0, 20.5, 21.0, 21.5 and 22.5 K 
and  (right panel) UCoGe with the isotherms measured (from top to down) at T = 2.0, 2.3, 
2.6, 2.9, 3.2, 3.5, 4.0, 4.5 and 5.0 K. The isotherm through the origin determines TC = 20.0 
and 3.0 K for URh0.4Co0.6Ge and UCoGe, respectively. 
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Figure 6.9 Hysteresis loops of URh1-xCoxGe alloys measured at T = 2 K. The curves are 
shifted horizontally for sake of clarity. The bar gives the absolute B scale (0.2 T).        
Co concentrations are (from left to right) x = 0, 0.2, 0.4, 0.6, 0.8, 0.9 and 1.0. 
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Hysteresis  loops of  URh1-xCoxGe alloys, with x in the range 0 ≤ x ≤ 1, measured at T = 2 K 

in the magnetic field range -0.4 T ≤ B ≤ 0.4 T are shown in Fig. 6.9. Notice that the curves 

are shifted horizontally for sake of clarity. For all samples, the loops have an S-shape and 

exhibit visible remnant moments and coercive fields.  This further corroborates evidence 

for ferromagnetism in the entire URh1-xCoxGe series. 
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Figure 6.10 Field dependence of magnetization of URh1-xCoxGe alloys measured in a field 
up to 5 T at 2 K. The lines represent fits to Eq. 4.3. Co concentrations are (from top to 
bottom) x = 0.2, 0.4, 0.6, 0.0, 0.8, 0.9, 0.93, 0.95, 0.98 and 1.0. 
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Figure 6.11 The spontaneous moment MS of URh1-xCoxGe as a function of Co concentration. 
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Figure 6.12 Temperature variation of the reciprocal susceptibility of URh1-xCoxGe alloys 
with 0 ≤ x ≤ 1 measured in a field of 1 T. The dotted lines are best fits to the MCW law in 
the temperature range 50 - 300 K. The curves show a large overlap. 

Table 6.3 The Curie temperature TC and the parameters MS, peff  and θ of URh1-xCoxGe 
alloys deduced from the magnetization data. 

x-Co TC (K) MS (μB/f.u.) peff (μB/f.u.) θ (K) 

0   9.6 0.180 1.72 -14.1 
0.2 14.5 0.238 1.72     1.0 
0.4 18.7 0.225 1.73     1.6 
0.6 19.9 0.215 1.69    2.5 
0.8 15.0 0.128 1.64   -3.8 
0.9   8.2 0.058 1.63 -11.1 
0.93   6.7 0.052 1.63   -9.7 
0.95   5.5 0.045 1.59 -11.4 
0.98   4.1 0.034 1.61 -12.7 
1   3.0 0.028 1.67 -15.7 

In Fig. 6.11, we show the variation of the spontaneous magnetic moment MS of the      

URh1-xCoxGe series as a function of Co concentration. Here MS is extracted from the 

extrapolation from higher fields towards zero field by fitting the M(H) data to Eq. 4.3 (see 

Fig 6.10).  After approaching a maximum near  x = 0.2, MS continuously  reduces to a small  
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value of  0.03 μB/f.u. for the end compound UCoGe.  

The reciprocal susceptibility of URh1-xCoxGe measured in a field B = 1 T in the temperature 

range 2 - 300 K is shown in Fig. 6.12. The curves for various Co concentrations are very 

similar and have a large overlap at high temperatures. The magnetic susceptibility above   

50 K follows a MCW law with χ0 ~ 10-8 m3/mol. The values of the effective moment peff 

and the paramagnetic Curie temperature θ are listed in Table 6.3. The ratio peff/MS is much 

large than 1 which confirms the delocalization of 5f states in URh1-xCoxGe [82,132]. 

6.3.3. Electrical resistivity 

The temperature dependence of the electrical resistivity ρ(T) of the URh1-xCoxGe alloys is 

presented  in  Fig. 6.13. Note that the vertical scale is in arbitrary units and the curves are 

shifted for clarity. For x ≤ 0.6 the resistivity data show a weak maximum near 100 K (see 

the left panel of Fig. 6.13) followed by a rapid drop when ferromagnetism sets in. For         

x ≥ 0.8 coherence effects appear before the transition to the FM state.  

Table 6.4 The Curie temperature TC and the parameters ρ0, n and A obtained by fitting the 
resistivity to ρ = ρ0 + AT n for URh1-xCoxGe alloys. 

x-Co TC (K) TS (K) ρ0 (μΩcm) n A (μΩcm/K2) 

0   9.4    -   78 2 6.21 
0.2 14.6    - 228 2 1.62 
0.4 18.5    - 294 2 1.10 
0.6 19.7    - 304 2 0.96 
0.8 14.5    - 235 2 2.07 
0.9   7.6    - 232 2 2.45 
0.93   6.4    - 198 2 3.80 
0.95   5.4    - 157 2 4.03 
0.98   3.9 0.41 108 2 7.28 
1   2.8 0.46   84 2 6.92 

The resistivity at low temperatures (T < 25 K) is shown in the right panel of Fig. 6.13. The 

magnetic phase transition at TC shows up as a kink in ρ(T), which broadens with increasing 

Co concentration. The Curie temperatures, which are determined by the maximum in dρ/dT  

(arrows  in  Fig. 6.13), are in  good agreement  with  values obtained  by  the  magnetization 
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measurements. For all samples, the resistivity drops steadily below TC where it follows the 

relation ρ = ρ0 + AT n (Eq. 4.5) with exponent n = 2 ± 0.15, signaling scattering at magnons. 

For the end compound UCoGe, superconductivity is observed below 0.5 K (for a sample 

with residual resistance ratio RRR ∼ 10). The critical temperature, TS, is taken by the mid-

points of the transition and equals to 0.46 K. In the samples with lower Co concentration   

(x ≤ 0.95), the SC state is strongly influenced by disorder. TS is reduced to 0.41 K for 

URh0.02Co0.98Ge and no sign of SC is detected in the resistivity measurement down to       

50 mK  for  x = 0.95  (RRR ≈ 6). In Table 6.2 we summarize the relevant parameters 

extracted from the resistivity measurements.  
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Figure 6.13 Temperature dependence of the electrical resistivity ρ in arbitrary units 
of URh1-xCoxGe alloys for 0 ≤ x ≤ 1 as indicated. Left panel: 2 K ≤ T ≤ 300 K.   
Right panel: 0.25 K ≤ T ≤ 25 K. The Curie temperatures are indicated by arrows. 
The solid lines represent fits to ρ = ρ0 + AT n . 
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6.4. Discussion  
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Figure 6.14 The Curie temperature of URhGe1-xSix and URh1-xCoxGe alloys as a function of 
Si and Co concentration determined from M(T) and ρ(T). The line serves to guide the eye. 

The magnetic phase diagram TC(x) of URhGe doped with Si and Co is presented in 

Fig. 6.14. Here the Curie temperatures are determined from the magnetization and 

resistivity data. Doping up to 20 at.% Si on the Ge site does not suppress ferromagnetic 

order and TC remains 9.5 K, while for the end compound URhSi TC = 10.4 K. We conclude 

that the ferromagnetism does not significantly change in the entire URhGe1-xSix series. The 

TC(x) curve for Co substitution follows a Doniach-like diagram: TC first increases up to 20 

K for x = 0.60, beyond which it reduces to 3 K for x = 1.0. This is similar to the variation of 

TC(x) in the case of URh1-xRuxGe. However, in a quantitative measure Co is less than half 

as effective as Ru in suppressing TC. Interestingly, the end compound UCoGe is a 

ferromagnetic superconductor, just like URhGe. 

In order to compare the volume effects due to alloying and hydrostatic pressure, we use an 

isothermal compressibility  κ = -V -1(dV/dp) = 0.8 Mbar-1, and calculate from the lattice 

parameter variation that substitution of 1 at.% Co and Si leads to a chemical pressure of 

0.91 kbar and 0.46 kbar, respectively. With dTC/dp = 0.065 K/kbar as derived from the 

resistivity measurements under pressure [120] we calculate an increase of TC per at.% Co 

and Si of 0.059 and 0.030 K, respectively. In the case of Co doping the calculated value is 
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about a factor 5 too small when compared to the measured initial increase in TC (see        

Fig. 6.14), while in the case of Si doping TC does not increase at all. This shows that just 

like in the case of Ru doping (see Chapter 4) chemical and mechanical pressure are not 

equivalent. 

The evolution of magnetism in the URh1-xCoxGe alloys follows a Doniach-like phase 

diagram [28,142,143].  However, the variation of TC(x) cannot be understood in a simple 

way. Anisotropic hybridization phenomena related to the anisotropic variation of the unit 

cell parameters make a direct comparison between the effect of Ru, Si or Co doping in 

URhGe difficult. Moreover, Si and Co are iso-electronic substitutions, while Ru is not. 

Specific-heat measurements would be helpful to further elucidate the hybridization 

phenomena and the evolution of magnetism in the URh1-xCoxGe series.  

In summary, our search for the magnetic instability of URhGe by chemical substitution of 

Ru (see Chapter 4) and Co has led to the discovery of two unique materials:  

(i) In the URh1-xRuxGe series a FM QCP is found near xcr = 0.38. This is the first        

f-electron system exhibiting a FM QCP at ambient pressure. 

(ii)  The end compound of the URh1-xCoxGe series, UCoGe, is a new member of the 

family of ferromagnetic superconductors. Ferromagnetic order with a low Curie 

temperature TC = 3 K and a small ordered moment m0 = 0.03 μB coexists with 

superconductivity below 1 K. This indicates UCoGe is close to the ferromagnetic 

instability. A detailed investigation of the superconducting and magnetic 

properties of UCoGe is presented in Chapter 7.  



 

7. Coexistence of ferromagnetism and 
superconductivity in UCoGe 

  
 

7.1. Introduction 

Following the standard theory for superconductivity (SC) due to Bardeen, Schrieffer, and 

Cooper ferromagnetic (FM) order impedes the pairing of electrons in singlet states [155]. It 

has been argued, however, that on the borderline of ferromagnetism, critical magnetic 

fluctuations could mediate SC by pairing the electrons in triplet states [105]. The discovery 

several years ago of SC in the metallic ferromagnets UGe2 (at high pressure) [34],    

URhGe [36], and possibly UIr (at high pressure) [37], has put this idea on firm footing. 

However, later work provided evidence for a more intricate scenario in which SC in UGe2 

and URhGe is driven by a magnetic transition between two polarized phases [38,86,110] 

rather than by critical fluctuations associated with the zero temperature transition from a 

paramagnetic to a FM phase.  

Within a search for a FM QCP in polycrystalline URh1-xCoxGe alloys with x in the range    

0 ≤ x ≤ 1 (as reported in Chapter 6), we found a new ferromagnetic superconductor: the end 

compound UCoGe. In this chapter, we report our discovery that was made by carefully 

investigating the magnetic, transport, thermal and microscopic properties on both poly- and 

single-crystalline UCoGe.  

The experiments on polycrystalline UCoGe provide solid evidence for the coexistence of 

bulk magnetism and superconductivity at ambient pressure. The data show that UCoGe is a 

weak itinerant ferromagnet with a Curie temperature TC = 3 K and a small ordered moment 
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m0 = 0.03 μB, while SC is observed with a resistive transition temperature TS = 0.8 K for the 

best sample.  

Subsequent experiments on single crystalline UCoGe reveal the anisotropy in the magnetic 

and superconducting properties. Magnetization data show that UCoGe is a uniaxial FM, 

with an ordered moment m0 = 0.06 μB pointing along the orthorhombic c axis. The upper 

critical field Bc2(T) is obtained by resistivity measurements for B applied along the 

orthorhombic axes. For the field along the a and b axes, Bc2(T) is not Pauli limited and 

exhibits a large anisotropy. The single crystal data reveal UCoGe is a triplet superconductor 

with equal-spin pairing state, and a SC gap function of axial symmetry with point nodes 

along the direction of the ordered moment. Furthermore, a pronounced positive curvature or 

kink is observed in Bc2(T) which possibly indicates two-band superconductivity.  

Since SC occurs right on the borderline of FM order (and not near a transition between two 

polarized phases as for UGe2 and URhGe), UCoGe may present the first example of triplet 

SC stimulated by critical fluctuations associated with a FM quantum critical point (QCP). 

7.2. Polycrystalline UCoGe 

7.2.1. Sample preparation and characterization  

Several batches of polycrystalline UCoGe samples were prepared and characterized as 

described below. 

The first polycrystalline UCoGe batches (samples #1 and #2) were prepared with nominal 

composition U1.02CoGe by arc-melting the constituents U, Co (both 3N purity) and Ge (5N 

purity) under a high-purity argon atmosphere. The as-cast samples were annealed for 10 

days at 875 oC. The EPMA analysis of the annealed samples shows that 98% of the sample 

volume consists of the matrix UCoGe, and that the samples contained small amounts (2%) 

of impurity phases. The secondary phases are Uranium rich phases with main nominal 

composition U5Ge3 and U5Ge4 for sample #1 and #2, respectively. The EPMA micrograph 

of sample #1 is shown in the right panel of Fig. 6.5. The residual resistance ratio            

RRR = ρ(300 K)/ρ(1 K), which characterizes the quality of the samples, is  ~ 10. (Notice, 

the magnetization and transport properties of polycrystalline UCoGe reported in Chapter 6 

were measured on sample #1).  
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In order to improve the quality of the samples further, we added 2% of Co to the starting 

materials to prevent formation of the secondary phases (U5Ge3 and U5Ge4).  

 

Figure 7.1 EPMA micrograph of UCoGe (sample #3). The grey area represents the main 
matrix UCoGe. The (big and small) light spots are Uranium rich phases, while the dark grey 
spots are Uranium poor phases. The black spots are holes on the surface. 

A polycrystalline UCoGe batch (sample #3) was prepared with nominal composition 

U1.02Co1.02Ge. The as-cast sample was annealed for 10 days at 875 oC. EPMA 

measurements on the annealed sample show that the main matrix again comprises 98% of 

the sample, and that small amounts (~ 2%) of impurity phases are still present, see Fig. 7.1. 

The impurity phases now consist of different solid solutions of U, Co and Ge with main 

nominal compositions of a light phase U:Co:Ge 4:1:1 (light spots) and a dark phase 

U:Co:Ge 1:2:1.3 (dark grey spots). But most importantly, the quality of the sample has 

significantly improved. The RRR value has increased up to 27. Also, subsequent batches #4 

and #5 with nominal compositions U1.02Co1.02Ge all have RRR’s of ~ 30.  

X-ray diffraction patterns taken on powdered samples confirm UCoGe has the TiNiSi 

structure and the lattice parameters extracted are a = 6.845 Å, b = 4.206 Å and c = 7.222 Å, 

in agreement with literature data [151].  

7.2.2. Magnetization 

The temperature variation of the magnetization of polycrystalline UCoGe measured in a 

field of 0.01 T is shown in Fig. 7.2. The curves taken on samples prepared from different 

batches, e.g. samples #2 and #3, almost coincide. The demagnetizing factor of our samples 
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is small (N ≈ 0.08) and corrections due to the demagnetizing field were neglected. The 

Curie temperature TC = 3 K is deduced from the temperature derivative of the 

magnetization and from the Arrott plot (see Fig. 6.7 and Fig. 6.8 in Section 6.3.2). A 

hysteresis loop with a coercive field of 0.3 mT measured at 2 K further corroborates FM 

order, see the inset of Fig. 7.2. The very small size of the ordered moment of 0.03 μB and 

the very large ratio of peff/MS (see Table 6.3) classify UCoGe as a weak itinerant 

ferromagnet [82,132].  
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Figure 7.2 Magnetization of UCoGe (samples #2 and #3) as a function of temperature in a 
field B of 0.01 T as indicated. The dashed line is a smooth extrapolation of the data for 
sample #3 to 0 K. Inset: Hysteresis loop measured for sample #2 at 2 K in the FM state.  

7.2.3. Electrical resistivity 

In Fig. 7.3, the temperature dependence of the electrical resistivity of UCoGe samples is 

shown for T < 10 K. Notice that samples #1, #2 have RRR ≈ 10 and samples #3 - #5 have 

RRR ≈ 30. A broad hump around 3 K associated with the ferromagnetic transition is 

observed for all samples. Upon further cooling, superconductivity is found with resistive 

onset temperatures of ~ 0.6 K and ~ 0.8 K for samples with RRR’s of 10 and 30, 

respectively. The magnetic transition is a robust property of our polycrystalline samples, 

but the superconducting properties depend sensitively on the quality of the samples as 

determined  by  the RRR.  The superconducting transition is relatively broad (ΔTS ≈ 0.15 K),   



Polycrystalline and single-crystalline UCoGe 81 

0 2 4 6 8 10
0

100

200

300

~ T 2

RRR ≈ 30

 #1
 #2
 #3
 #4
 #5

UCoGeUCoGe

 

T (K)

ρ 
(μ

Ω
cm

) RRR ≈ 10

~ T 5/3

0 2 4 6
0

50

100

150

 T 2 (K)

#1

#3

 
Figure 7.3 Left frame: Temperature dependence of the electrical resistivity measured 
on polycrystalline UCoGe samples (from top to bottom: #1, #2 (RRR ≈ 10), #3 - #5 
(RRR ≈ 30)). Arrows indicate the Curie temperature TC and superconducting 
transition temperature TS. The solid lines represent fits of the data for samples #1 
and #3 to ρ ~ T 2 and T 5/3 in the temperature ranges below and above TC, 
respectively. Right frame: The resistivity of UCoGe plotted versus T 2.  The solid 
lines represent the fits of data to ρ ~ T 2. 

where TS is the superconducting transition temperature which is defined at the mid-point of 

the resistivity drop.  

In the FM phase (TS < T < 0.8TC), the resistivity obeys the relation ρ = ρ0 + AT 2, as shown 

in the right frame of Fig. 7.3 for samples #1 and #3. The values of the coefficient A are 

almost equal, 5.5 ± 0.2 μΩcm/K2, whereas the residual resistivity ρ0 obtained by 

extrapolating the ρ(T) curves to 0 K are 28.8 and 83.5 μΩcm for samples #1 and #3, 

respectively. In the temperature range TC d T d 3TC the resistivity is well described by a 

function ρ ~ T 5/3. The temperature dependence of the resistivity of UCoGe (~ T 2 and T 5/3 

for T below and above TC, respectively) is characteristic for a weak itinerant electron 

ferromagnet (see for instance the data for ZrZn2 [156] and Sc3In [157]). The T 2 term below 

TC is due to scattering at magnons, while for T > TC the T 5/3 term signals scattering at 

critical FM spin fluctuations. Here the T 5/3 term results from a calculation based on the self 

consistent renormalization (SCR) theory for a 3D critical ferromagnet [82,158]. The 
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resistivity data provide further evidence that UCoGe is near the critical boundary for 

magnetic long-range order.  
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Figure 7.4 The temperature dependence of the resistivity of polycrystalline UCoGe (sample 
#3) in applied fields of 0, 0.1, 0.2, 0.4, 0.7 and 1 T (upper frame) and Δρ obtained by 
subtracting of the zero-field resistivity from the resistivity measured in applied field (lower 
frame). 

The temperature dependence of the resistivity of UCoGe (sample #3) measured in zero and 

applied fields up to 1 T is shown in Fig. 7.4. The broad hump, due to ferromagnetic 

ordering, becomes less pronounced and is completely washed out at 1 T. Upon increasing 

the magnetic field, the hump shifts to higher temperatures. This is most clearly observed in 

the lower frame of Fig. 7.4, where we subtracted the zero field data from the data measured 

in field. A negative magnetoresistance result, which exhibits a large enhancement near TC 

in magnetic field. These phenomena are well described by the SCR theory [159], in which 

spin fluctuations in weak itinerant electron magnets, such as ZrZn2 [82], Sc3In [157],   

Ni3Al [160], are suppressed by a magnetic field, giving rise to a negative magnetoresistance.  

The superconducting state observed below 1 K is suppressed in a magnetic field. The data 

are further shown   in  Fig. 7.11  when   the  upper  critical  field  in  polycrystalline UCoGe 
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is presented, see Section 7.2.7. 

7.2.4. ac-susceptibility 
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Figure 7.5 Temperature dependence of the real part of the ac-susceptibility χ'ac in 
polycrystalline UCoGe (samples #2 and #3). Arrows indicate TC and TS. Inset: The ac-
susceptibility of sample #3 measured in fields of 0, 0.02 and 0.1 T. 

Ac-susceptibility measurements are carried out at a low frequency of 16 Hz and in a small 

driving field of ~ 10-5 T. Fig. 7.5 shows the real part of the ac-susceptibility, χ′ac, of 

polycrystalline UCoGe (samples #2 and #3) as a function of temperature. The weak peak 

observed at 3 K reveals the ferromagnetic transition. Below 1 K, χ′ac rapidly decreases to a 

large diamagnetic value, which reflects the superconducting transition. The onset transition 

temperatures TS,onset are determined at 0.38 and 0.61 K for samples #2 (RRR ≈ 10) and #3 

(RRR ≈ 30), respectively. Clearly, superconductivity depends sensitively on the quality of 

the samples. These results are in good agreement with the resistivity data. However, the ac-

susceptibility χ′ac starts to drop when the resistive transition is complete. At the lowest 

temperature χ′ac reaches a value of 60 - 70% of the ideal screening value χS = -1/(1 - N) 

(here N ≈ 0.08 is the demagnetizing factor of our samples). This indicates UCoGe is a type 

II SC which is always in the mixed phase. A similar observation [36] with a comparable 

screening fraction  was made  for  URhGe. Because  of  the intrinsic FM moments  the local  
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field is nonzero and the magnitude of χ′ac is reduced. 

The temperature dependence of the ac-susceptibility of sample #3 for various magnetic 

fields is shown in the inset of Fig. 7.5. In an applied field, the peak associated with the 

ferromagnetic order broadens and shifts to higher temperatures, while the onset temperature 

for superconductivity shifts to lower temperatures. This is in accordance with the resistivity 

data. In a field of 0.1 T, the magnetic transition is almost washed out, much faster than in 

the resistivity data.   

7.2.5. Specific heat 
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Figure 7.6 Temperature dependence of the specific heat of UCoGe divided by temperature 
c/T in zero field. The solid line represents an estimate of the lattice contribution together with 
an electronic term of 50.4 mJ/molK2. Left panel: c/T in the temperature range 0.1 - 1 K 
measured on sample #3. Right panel: c/T in T > 0.5 K measured on sample #2. 

In Fig. 7.6, we show the temperature dependence of the specific heat of UCoGe measured 

in zero field. The right panel shows c/T versus T of sample #2 measured in the Van der 

Waals - Zeeman institute in a specific heat set-up employing an adiabatic method down to 

0.5 K. The FM transition results in a broad peak and the Curie temperature TC = 3 K is 

identified by the inflection point in c/T at the high T side of the peak. TC determined in this 

way agrees well with TC determined by the magnetization and transport data.  
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The lattice contribution to the specific heat, clat = βT 3, is estimated by fitting the data in the 

temperature range 4 K < T < 10 K. We obtain β = 0.54×10-3 J/molK4, which gives a Debye 

temperature θD of 220 K (Eq. 4.6). The linear term in the electronic specific heat amounts 

to 0.057 J/molK2, which indicates UCoGe is a correlated metal, but the electron interactions 

are relatively weak. The magnetic entropy Smag involved in the magnetic transition by 

integrating cmag/T versus T is 0.3% of Rln2 (i.e. the value for a local moment S = ½ system). 

Such a small value is expected for a weak itinerant ferromagnet [161]. 

As mentioned, TS,onset as determined by the ac-susceptibility equals 0.38 and 0.61 K for 

samples #2 and #3, respectively. Consequently, we cannot probe the SC transition with our 

in-house specific heat set-up which has a low temperature limit of 0.5 K. Low temperature 

specific heat data (0.1 - 1 K) have been measured in a dilution refrigerator at the University 

of Karlsruhe (in collaboration with the group of Prof. H. von Löhneysen) using a 

compensated heat loss method.  

In the left panel of Fig. 7.6 we show the zero-field specific heat plotted as c/T versus T of 

sample #3 in the temperature range 0.1- 1 K. The data show a broad superconducting 

transition with an onset temperature of 0.66 K, which is almost equal to the temperature at 

which the resistance becomes zero. A rough estimate for the step size of the idealized 

transition (dashed line in Fig. 7.6) in the specific heat using an equal entropy construction 

(at TS ≈ 0.45 K) is Δ(c/TS)/γ ≈ 1.0, which is smaller than for a conventional SC (the BCS 

value is 1.43) [32] but comparable to the value for URhGe [36]. 

The temperature variation of the specific heat divided by temperature c/T of UCoGe 

(sample #2) measured in fields up to 0.3 T in the temperature range 0.5 - 6 K is presented in 

Fig. 7.7. The analysis of data shows that the magnetic entropy Smag of 0.3% of Rln2 is 

constant and independent of the magnetic field. The linear term in the electronic specific 

heat γ  slightly decreases with increasing magnetic field. The anomaly around TC associated 

with the FM transition is significantly smeared out and shifts to higher temperatures. A 

similar variation of c/T versus T near TC in fields has been observed in URhGe [119], and is 

probably related to the strong magneto-crystalline anisotropy (UCoGe is a uniaxial 

ferromagnet with an ordered moment pointing along the orthorhombic c-axis, see 

Section 7.3.2). Additionally, the field dependence of the specific heat in UCoGe can be 

discussed in terms of the quenching of spin fluctuations. Theoretical studies for weak 
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itinerant ferromagnets predict that the magnetic contribution to the specific heat of 

compounds, like Sc3In [162], is governed by spin fluctuations [163], which may be 

quenched in a large magnetic fields [164]. As a result, the peak near TC becomes less 

pronounced and shifts to higher temperatures. 
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Figure 7.7 The temperature dependence of the specific heat of UCoGe (sample #2) plotted 
as c/T versus T in fields of 0, 0.1, 0.2 and 0.3 T. 

7.2.6. Muon spin relaxation and rotation 

In order to investigate the weak itinerant ferromagnetism of UCoGe on a microscopic scale 

we have carried out muon spin relaxation and muon spin rotation experiments. In the μSR 

technique the muon is employed as an extremely sensitive probe for magnetic signals 

[54,55]. The main objectives of our experiments were twofold: (i) to investigate whether 

weak ferromagnetism is a bulk property of our samples, and (ii) to provide hard proof for 

the coexistence of ferromagnetism and superconductivity. As regards the first objective, 

one should realize that the magnetization data, as measured with the squid technique, and 

the specific heat data cannot exclude that the weak magnetic signal and the small value of 

the magnetic entropy are due to a small amount of a secondary phase (2%) which orders 

ferromagnetically with a large moment of ~ 1.5 μB. Since the muon localizes at an 

interstitial site, it probes the local field and it therefore allows one to discern magnetically 

inequivalent sample regions. Consequently, μSR is an excellent technique to probe the bulk 
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nature of weak ferromagnetism. As regards the second objective, the ac-susceptibility and 

specific heat data cannot completely exclude that ferromagnetism is (partially) expelled 

from the sample when superconductivity sets in. It is therefore of paramount importance to 

follow the ferromagnetic signal to deep in the superconducting state by the μSR technique.  

A new batch (#4) of polycrystalline UCoGe was prepared and subsequently annealed. The 

RRR value amounts to 30 and the ferromagnetic and superconducting transitions occur 

around 3.0 K and 0.7 K, respectively (see Fig. 7.3). Zero-field (ZF) μSR experiments were 

performed at the Paul Scherrer Institute (Villigen). Data were collected in the General 

Purpose Spectrometer (GPS) in the temperature range 1.6 - 10 K and in the Low 

Temperature Facility (LTF) in the temperature range 0.02 - 5.5 K. In order to measure in 

the GPS and LTF simultaneously, we prepared two μSR samples taken from the same 

UCoGe batch.  In order to compare the weak magnetic signal of UCoGe with that of a 

doped sample with pronounced magnetic order, we carried out, in addition, ZF μSR 

experiments on polycrystalline URh0.4Co0.6Ge, which has a Curie temperature TC = 19.9 K 

and an ordered moment  m0 = 0.22 μB/f.u. (see Chapter 6). 

In the paramagnetic state the muon depolarization P(t) of UCoGe in ZF is best described by 

the standard Kubo-Toyabe function [165]: 

)
2
1exp()1(

3
2

3
1)( 2222 tttP KTKTKT Δ−Δ−+=             (7.1) 

Here ><=Δ 2BKT μγ  is the Kubo-Toyabe relaxation rate, with γμ the muon 

gyromagnetic ratio (γμ/2π = 135.5 MHz/T) and <B 2> the second moment of the field 

distribution at the muon site. The Kubo-Toyabe function describes the case of an isotropic 

Gaussian distribution of static internal fields centered at zero field. A typical spectrum 

taken in the GPS at T = 5.5 K is shown in the upper panel of Fig. 7.8. The best fit using     

Eq. 7.1 is obtained for a Kubo-Toyabe relaxation rate ΔKT = 0.298 ± 0.003 μs-1. Spectra 

taken in the paramagnetic regime show ΔKT is independent of temperature, which suggests 

the depolarization is due to a static distribution of cobalt nuclear moments (I = 7/2,                

μCo = 5.23 μN, abundancy 1).  

At low temperatures, in the ferromagnetic state, the spectra show a spontaneous μ+ 

precession frequency ν  and are dominated by the depolarization signal of an isotropic 

polycrystalline magnet with a Lorentzian field distribution: 
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Figure 7.8 Time dependence of normalized muon spin  polarization of the 
polycrystalline compound UCoGe in zero magnetic field (upper panel) in the 
paramagnetic phase, at 5.5 K, and (lower panel) in the ferromagnetic phase, at 0.02 K. 
The solid lines represent fits of Eq. 7.1 and Eq. 7.2 to the data taken at 5.5 K and 0.02 
K. Notice the horizontal scales are different. 
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The “⅓ term” is due to the component of the ordered moment parallel to the initial muon 

spin direction, while the “⅔ term” is due to the orthogonal components, which give rise to a 

precession of the muon spin with frequency ν (here φ is a phase factor). Best fits were 

obtained using exponential damping factors, exp(-λ1t) and exp(-λ2t). In the lower panel of 

Fig. 7.8 we show a typical spectrum taken in the LTF at a very low temperature T = 0.02 K. 

The spontaneous muon precession frequency ν = 1.953 ± 0.004 MHz, and the damping 

rates are λ1 = 0.157 ± 0.006 μs-1 and λ2 = 2.399 ± 0.035 μs-1. In all LTF spectra a small 

fraction of the signal (13% of the full asymmetry) is due to muons that localize in the silver 

sample holder (the UCoGe sample does not completely cover the silver sample support). 

This background signal was determined by fitting the high-temperature LTF spectra (at      

5 K) with two Kubo-Toyabe contributions. One with ΔKT = 0.298 ± 0.003 μs-1 due to the 
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cobalt nuclear moments and the background contribution with a fixed small value           

ΔKT = 0.01 μs-1 due to silver nuclear moments.  
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Figure 7.9 The temperature dependence of the asymmetries (signal amplitudes), AM 
and AKT, determined by fitting the data to Eq. 7.3. 

In the intermediate temperature regime, i.e. in the range of the ferromagnetic transition, the 

GPS spectra are best described by the sum of the limiting depolarization functions:  

)()()( tPAtPAtP KTKTMM +=                                                       (7.3) 

with the normalization AM + AKT = 1 (notice for the LTF spectra one has to add the small 

contribution from the silver holder as a third term). In Fig. 7.9 we show the temperature 

variation of AM and AKT determined in this way, which confirms the magnetic transition in 

these polycrystalline samples is relatively broad. The un-renormalized asymmetry is almost 

equal to the value obtained at T = 10 K in transverse field geometry (TF = 50 G). This 

shows ferromagnetic order is found in the whole sample volume. 

The temperature variation ν(T) as deduced from the LTF spectra is shown in Fig. 7.10 and 

tracks the macroscopic magnetization M(T). For T  ≤ TC, the data are well described by the 

relation  
βανν ))/(1()( *

0 TTT −=                                                                     (7.4) 

By fitting the data to Eq. 7.4, we obtain values of the spontaneous frequency ν0 = 1.98 MHz  
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for T → 0, the critical temperature T* = 3.02 K > TC, α = 2.3, and the critical value β = 0.4 

which is close the theoretical value predicted for 3D Ising-like magnet. The frequency        

ν  > ν0 = 2 MHz measured at low temperatures, corresponds to an internal field Bi ~ 0.0148 

T at the muon localization site. These data provide unambiguous proof for magnetic order 

being present in the whole sample volume. Moreover, magnetic order persists in the 

superconducting state. Interestingly, in the superconducting state the precession frequency 

shows a small decrease of about 2%, indicating magnetism and superconductivity interact.  
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Figure 7.10 Temperature dependence of the muon precession frequency ν(T) of the 
polycrystalline sample UCoGe in zero magnetic field. Inset: The ν(T) curve of the 
polycrystalline sample URh0.4Co0.6Ge in zero field. The solid lines represent fits of the 
data to Eq. 7.4. 

The ZF μSR spectra measured on the doped sample URh0.4Co0.6Ge in the GPS in the 

temperature range 5 - 25 K further corroborate the analysis for pure UCoGe. Using a 

similar analysis, we obtain the temperature variation ν(T) of the compound URh0.4Co0.6Ge, 

as shown in the inset of Fig. 7.10. Using the 3D Ising-like model (Eq. 7.4) to fit the ν(T) 

data for URh0.4Co0.6Ge we obtain T* = 20.1 K > TC , ν0 = 14.05, α = 2.2 and β = 0.4. The 

values for α and β are similar to the ones derived from the magnetization data (see Section 

6.3.2). The frequency at low temperatures is a factor ~ 7 larger than the one of UCoGe, in 

agreement   with  the  ratio  of   the  ordered  moments  (~ 7.5)   as  deduced   from   the  dc- 
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magnetization measurements (see Table 6.3).  

In summary, the μSR data on polycrystalline UCoGe provide unambiguous evidence for 

bulk ferromagnetism, which coexists with superconductivity. The μSR spectra at low 

temperatures are adequately described by the depolarization function for a polycrystalline 

magnet. Our analysis indicates that muons localize at one single stopping site. This may be 

further corroborated by calculating the local field (experimental value Bi ~ 0.0148 T) due to 

the electronic and nuclear dipolar moments for different interstitial sites, as well as by 

calculations of the dipolar tensor Adip in combination with Knight shift experiments on a 

single-crystalline sample (see e.g. Ref.[54]). As regards the superconducting state, it will be 

highly interesting to investigate the inhomogeneous field distribution due to the flux line 

lattice, in order to extract the penetration depth. Preliminary experiments in the LTF on our 

polycrystalline samples show, however, that the μSR spectra are dominated by the 

relatively large internal field Bi ~ 0.015 T due to ferromagnetism. Experiments on single-

crystalline samples are required in order to shed more light on this issue.  

7.2.7. Upper critical field Bc2 

By studying the temperature dependence of the upper critical field, Bc2(T), we obtain 

important information about the nature of the SC state. Normally, the upper critical field is 

obtained from the resistively measured superconducting transition curves. Here we use a 

simple model to analyse the upper critical field.  It is based on Ginzburg-Landau theory for 

type-II superconductors, and under the very crude assumption of a spherical Fermi surface, 

has been applied to A15 compounds [166] and heavy fermion systems [167]. The analysis 

of Bc2(T) yields microscopic parameters of the SC state (i.e. the coherent length ξ) and the 

normal state (i.e. the mean free path  ℓ), using the relation 
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where SS   is that  part  of  the Fermi surfaces, on  which Cooper  pairs are  formed; R(ℓ) is  a 

parameter  which varies  between R = 1  in the dirty and R = 1.17 in the clean limit; γ  is the  

linear term in the electronic molar specific heat. Notice that all parameters are in SI units. 

In the clean limit (ρ0 small, ℓ  à ξ) the first term mainly contributes to B′c2. Whereas, in the 

dirty limit (ρ0 large, ℓ á ξ)  B′c2 is determined by the second term. Subsequently, the 
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microscopic parameters (i.e. ℓ, ξ) can be calculated as below, where the quantities a and b 

are give by 1.533×l06 Ω and 6.61×l0-26 J/K 
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Figure 7.11 Upper frame: Resistive superconducting transition of UCoGe (sample #3) 
measured in magnetic fields (from right to left) of 0, 0.02, 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 
0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.2, 1.4, 1.6, 1.8 and 2.0 T. Lower frame: Upper critical 
field (Bc2) of polycrystalline UCoGe determined by the midpoints of the resistive 
transitions measured in fixed magnetic fields. The solid lines indicate a quasi-linear 
behaviour of Bc2 with dBc2/dT = -7.2 T/K and -5.2 T/K for samples #2 and #3, 
respectively, and extrapolate to superconducting transitions in zero field at 0.30 K and 
0.60 K. 

In Fig. 7.11, the temperature dependence of the upper critical field (Bc2) for samples #2 and 

#3 is shown. The curvature (or tail) of Bc2 is attributed to sample inhomogeneities and 

anisotropy. The quasi-linear behavior of Bc2(T) at high fields extrapolates to 
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superconducting transitions in zero field at 0.30 K and 0.60 K. These values are close to the 

onset temperatures of the diamagnetic signal. From the slope of the upper critical field 

dBc2/dT (near TS) and the values of γ and ρ0, we can make a crude estimate using Eq. 7.6 

and Eq. 7.7 for the coherence length ξ and the mean free path ℓ. For sample #3,         

dBc2/dT = -5.2 T/K and the measured ρ0 = 28.8 μΩcm and we calculate ξ ≈ ℓ ≈ 200 Å. 

However, as cracks in the polycrystalline samples affect the absolute resistivity values (see 

section 2.4) we normalize the resistivity value at 300 K by the value obtained for single 

crystalline UCoGe: ρ(300 K) > 300 μΩcm (see Section 7.3). With RRR = 27 we then 

obtain ρ0 = 12 μΩcm and calculate ξ ≈ 150 Å and ℓ ≈ 500 Å. This indicates sample #3 

satisfies the clean-limit condition (ℓ > ξ), a prerequisite for unconventional SC [168]. For 

the less pure sample #2 we find ξ ≈ 200 Å and ℓ ≈ 300 Å. The value of the upper critical 

field at low temperatures exceeds the BCS Pauli paramagnetic limit [166,169]           

(Bc2,Pauli = 1.83TS ≈ 1 T for sample #3), which for spin-singlet pairing is only possible in the 

case of strong spin-orbit scattering. On the other hand, the absence of Pauli limiting is 

expected for a triplet superconductor with equal-spin pairing state [170]. This is confirmed 

by the study of Bc2(T) of single-crystalline UCoGe, see Section 7.3.3.  

7.2.8. Discussion 

Coexistence of ferromagnetism and superconductivity 

The experimental results obtained on the polycrystalline samples prove that FM and SC 

coexist in UCoGe at ambient pressure. The magnetization data demonstrate UCoGe is a 

weak itinerant ferromagnet with a Curie temperature TC = 3 K and a small ordered moment 

m0 = 0.03 μB. The FM transition is furthermore corroborated by a weak maximum in the ac-

susceptibility χ′ac(T), a broad hump in the resistivity ρ(T) and a small peak in the specific 

heat c(T) near 3 K. The bulk character of ferromagnetism is provided by the large size of 

the negative peak in the linear coefficient of thermal expansion α(T) at TC [171]              

(see Fig. 7.12) and the spontaneous muon precession frequency ν observed in the whole 

sample volume (see Fig. 7.10) below 3 K. Upon lowering temperature, superconductivity 

occurs. The resistive onset temperature which depends on the quality of samples reaches a 

value of 0.8 K for the best sample.  Proof for bulk SC is obtained by the broad peaks in the 

specific heat (see the left panel of Fig. 7.6) and in the thermal expansion (see Fig. 7.12). 
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Figure 7.12 Temperature variation of the coefficient of the linear thermal expansion for 
UCoGe (sample #3) (data taken by A. Gasparini [171]). The large negative contribution 
below ~ 5 K is due to FM order. The dashed line gives the idealized transition in α(T) with 
Δα = -1.1×10-6 K-1. The total relative length change ΔL/L = (L(0.23 K) - L(T))/L associated 
with magnetic order is obtained by integrating αmag(T) (i.e., the difference between the 
experimental data and the linear term α = aT with a = 1.1×10-7 K-2 expected in the absence 
of FM order) and amounts to +1.9×10-6 K-1. The peak below ~ 0.6 K is the thermodynamic 
signature of the SC transition. In a field of 1 T, applied along the dilatation direction ΔL/L, 
the magnetic transition is smeared and SC is not resolved. 

Co-existence of FM and SC is demonstrated by thermal expansion and μSR data. The total 

relative length change associated with SC, obtained by integrating αS(T), amounts to     

ΔL/L = -0.1×10-6 K-1 and is small compared to the length change ΔL/L = +1.9×10-6 K-1due 

to magnetic ordering (see caption of Fig. 7.12). Moreover, the spontaneous muon 

precession frequency associated with an internal field of ~ 200 G at the muon localization 

site is still observed at temperatures below TS. This proofs that magnetism is not expelled 

below TS and coexists with SC. 

Proximity to a ferromagnetic quantum critical point 

In addition to the small ordered moment and low Curie temperature, the T 5/3 temperature 

dependence of the resistivity for T > TC locates UCoGe close to the ferromagnetic 

instability (i.e. the limit TC → 0 K), in accordance with the SCR theory. The proximity to 
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the ferromagnetic critical point can be further investigated using the Ehrenfest relation for 

second order phase transitions dTC/dp = VmTC
-1Δα/Δc (with the molar volume                   

Vm = 3.13×10-5 m3/mol). From the estimated step size in the thermal expansion and specific 

heat at TC we calculate dTC/dp = -0.25 K/kbar. This shows that the critical pressure pc at 

which magnetism vanishes is low (an upper-bound for pc assuming a linear suppression of 

TC is ~ 12 kbar). In the same way we find that the superconducting transition temperature 

increases with pressure at a rate dTS/dp ≈ 0.023 K/kbar. In the scenario of the coexistence 

of p-state superconductivity and ferromagnetism [105], the increase of TS with pressure 

places UCoGe in the phase diagram on the far side of the maximum in the superconducting 

dome with respect to the critical point (see Fig. 7.13). Accordingly, upon applying pressure, 

TS is predicted to pass through a maximum before vanishing at the magnetic critical point. 

The derived pressure dependences of TC and TS for UCoGe have an opposite sign compared 

to the measured values for URhGe. In URhGe TC shows a monotonic increase under 

pressures up to 120 kbar [120], and TS is suppressed with pressure. The positive pressure 

dependence of TS in UCoGe may explain the large difference in onset temperatures for 

superconductivity in the transport and bulk properties. Positive stress at the grain 

boundaries could cause a small volume fraction of the samples to have a larger TS.  

 
Figure 7.13 Schematic phase diagram in the temperature-pressure plane for a 
ferromagnetic superconductor. Two superconducting phases (grey) with up-spin pairing 
(I) and down-spin pairing (II) are contained in the ferromagnetic phase. 
Superconductivity and ferromagnetism coexist. After Ref.[107]. 

On the other hand, the difference of a factor of 7 in the size of the ordered moment m0 (for 

URhGe the powder-averaged moment m0 = 0.21 μB [36]) and the opposite pressure effects 
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on TC and TS seem to indicate that UCoGe and URhGe represent two different cases of 

magnetically mediated SC. Indeed the recent observation of field-induced SC [38] in 

URhGe was taken as evidence for SC stimulated by a spin rotation in the neighborhood of a 

quantum phase transition under high magnetic field. In the case of UGe2 the situation is 

again different as the FM to paramagnetic transition at the critical pressure becomes first 

order [34]. Moreover, evidence [86,110] is available that SC is driven by a changing Fermi 

surface topology associated with a metamagnetic jump in the magnetization. Consequently, 

unlike URhGe and UGe2, UCoGe may present a genuine case of SC at a FM quantum 

critical point. 

Following the publication of our discovery that UCoGe is a new ambient pressure 

ferromagnetic superconductor [171], several groups have initiated research on UCoGe. 

Two groups [172,173] confirmed the coexistence of ferromagnetism and superconductivity 

in polycrystalline samples. A detailed Co nuclear magnetic resonance and nuclear 

quadrupole resonance study on a powdered sample was carried out by Ohta et al. [172]. 

Knight shift measurements and the nuclear spin relaxation rate 1/T1 confirmed 

ferromagnetic fluctuations which possess a quantum critical character above TC = 2.5 K. 

The onset of superconductivity was identified at 0.7 K, below which 1/T1 starts to decrease 

in 30 % of the volume fraction due to the opening of the superconducting gap.  

Recently, also electronic structure calculations for UCoGe have been performed. De La 

Mora and Navarro [174] used a Linearized Augmented Plane Wave method based on the 

Density Functional Theory, where the strong correlations in uranium where included via the 

Local Density Approximation with a Hubbard term (LDA+UH). The band structure 

calculations result in large localized moments on the U and Co sites. For the ferromagnetic 

calculation the U moment (1.7 μB) and the Co moment (-0.65 μB) are antiparallel and a net 

moment of ~ 1 μB results. This moment is much larger than the experimentally observed 

moment (0.03 μB). However, the authors argue that a non-collinear antiferromagnetic spin-

arrangement of the uranium moment, resulting from the Dzyaloshinskii-Moriya interaction, 

gives rise to a weak ferromagnetic moment. Diviš [175] used a relativistic full-potential 

Augmented Plane Wave plus local orbitals method and the full-potential local-orbitals 

method. A stable ferromagnetic ground state was obtained, with a small uranium moment 

of 0.1 μB as a result of an almost complete cancellation between the spin (1.2 μB) magnetic 

moment and the antiparallel orbital (-1.1 μB) magnetic moment.  However, also a small 
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moment of 0.2-0.4 μB was obtained at the Co site. Diviš argues that the small ferromagnetic 

moment of UCoGe could result from the antiparallel arrangement of the U and Co moments. 

This would imply however, a complex magnetic structure, for which experimental evidence 

is lacking. The DOS at the Fermi level is mainly due to the hybridization between the Co-

3d and U-5f states and results in a specific-heat γ -value of 0.0127 J/molK2, which is almost 

a factor 5 smaller than the experimental value. The exchange splitting amounts to 0.109 eV.  

7.3. Single crystalline UCoGe 

7.3.1. Sample preparation and characterization  

  

Figure 7.14 Left panel: X-ray Laue picture (top) of as-grown single crystalline 
UCoGe (bottom). Right panel: EPMA micrograph of the as-grown single crystal, 
which shows the single-phase nature U:Co:Ge 1:1:1. 

A polycrystalline batch with nominal composition U1.01CoGe was prepared by arc melting 

the constituents (natural U 3N, Co 3N and Ge 5N) in a water-cooled copper crucible under 

a high-purity argon atmosphere. Next, a single-crystalline rod was pulled from the melt 

using a modified Czochralski technique in a tri-arc furnace under a high-purity argon 

atmosphere. Fig. 7.14 shows the as-grown single-crystal, which is 4 - 5 mm in diameter and 

40 mm in length. EPMA analysis confirmed the single-phase nature of the grown crystal. 

The measured composition is U0.9886Co1.0124Ge0.9971 within an experimental error of ≤ 0.015. 

Single-crystallinity  was  checked   by   X-ray Laue  backscattering.   Samples   for  various  
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Figure 7.15 Left panel: Magnetization as a function of temperature in a field B of 0.01 T 
applied along the principal axes of as-grown single-crystalline UCoGe as indicated.  
Right panel: Temperature dependence of the electrical resistivity measured on as-grown 
single-crystalline UCoGe with RRR  > 5. (As the crystal was not oriented the direction of 
the current is not specified). 

measurements were cut by spark erosion.  

The temperature dependence of the resistivity and the magnetization of the as-grown 

single-crystal of UCoGe are represented in Fig. 7.15. The data show the sample has poor 

ferromagnetic and SC properties compared to polycrystalline UCoGe sample. The RRR > 5.  

Superconductivity is observed below an onset temperature of 0.33 K, while the hump 

associated to FM transition in ρ(T) is very weak.  The magnetization data suggest the 

sample may undergo a magnetic transition with a Curie temperature below 2 K. The M(2K) 

values obtained for the as-grown  single-crystal  are  lower  than  those  obtained  for  the  

polycrystalline  samples.  Clearly, disorder suppresses FM and SC.  

However, we succeeded in significantly improving the sample quality by an annealing 

procedure. Small pieces cut by spark-erosion were wrapped in tantalum foil and annealed in 

an evacuated quartz tube for one day at 1250 oC and 21 days at 880 oC. A similar annealing 

procedure was applied to URhGe [41]. EPMA analysis shows that the annealed pieces are 

homogenous and the single-phase nature remains with composition U0.9752Co1.0178Ge1.0069 

within the error of ≤ 0.015. Resistivity measurements on the annealed samples show that 
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the RRR increases  to 30 and  proper  FM  and  SC  transitions  appear  at  2.8 K  and  0.6 K, 

respectively (see Fig. 7.16). These transition temperatures are in good agreement with those 

obtained for the best polycrystalline samples. The data reported in the remainder of this 

chapter are all taken on annealed single-crystalline UCoGe. 
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Figure 7.16 Left panel: X-ray Laue pattern of annealed single-crystalline UCoGe taken 
along the c-axis. Right panel: Temperature variation of the resistivity of annealed single-
crystalline UCoGe for a current I || a. Arrows indicate the Curie temperature TC = 2.8 K 
and the onset temperature for the superconducting transition TS,onset = 0.6 K. The solid 
lines represent fits of the data to  ρ ~ T 2 and ~ T 5/3 for the temperature ranges below and 
above TC, respectively. The residual resistivity ρ0 = 10.2 μΩcm and RRR = 30. 

7.3.2. Magnetic properties 

The temperature dependence of the magnetization M(T) of single-crystalline UCoGe 

measured in a field of 0.01 T applied along the principal crystallographic axes is shown in 

Fig. 7.17. The TC = 2.8 K is given by the inflection point in M(T) for B || c or the 

temperature at which dM(T)/dT has a minimum measured along the principal axes. TC 

determined in this way agrees well with TC deduced from the Arrott plots (see Fig. 7.18) 

and the location of the sharp kink in the resistivity curve (see Fig. 7.16). The magnetization 

curve for B || c M(T) is well fitted to the relation M(T)2 = M0
2(1 – (T/T*)2), as predicted for 

weak itinerant ferromagnets [176], with T* ~ TC and the ordered moment M0 = 0.06 μB/f.u.  

Fig. 7.19  displays  the  field  dependence  of  the  magnetization M(B) of  single-crystalline  
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UCoGe measured in fields up to 5 T along the a, b and c axis at a temperature of 2 K. In 

accordance with M(T), the anisotropy in the data shows that  UCoGe is an uniaxial FM with  
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Figure 7.17 Magnetization as a function of temperature in a field B of 0.01 T applied along 
the principal axes of annealed UCoGe as indicated. The dashed line presents the fit to the 
relation M(T)2 = M0

2(1 – (T/T*)2) (see text). Inset: Temperature variation of the reciprocal 
susceptibility of UCoGe single-crystal measured in a field of 1 T. The solid line is the best 
fit to a MCW law in the temperature range 50 - 300 K.  
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Figure 7.18 Arrott plots of the magnetization of single-crystalline UCoGe with the isotherms 
measured (from top to down) at T = 2, 2.4, 2.7, 3.0, 3.3, 3.8 and 4.5 K. The isotherm through 
the origin determines TC = 2.8 K. Notice the different horizontal and vertical scales. 
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Figure 7.19 Field dependence of the magnetization of single crystalline UCoGe measured in 
a field up to 5 T along the a, b and c axis at 2 K. The solid line for B || c  represents a fit to 
Eq. 4.3. 

the ordered moment pointing along the c axis. By fitting the M(B) curve for B || c to the 

empirical exponential function Eq. 4.3, the spontaneous magnetic moment is estimated at 

MS > 0.07 μB/f.u. This value is in agreement with the value M0 = 0.06 μB/f.u obtained from 

M(T) for B || c and the powder averaged value MS,powder = 0.03 μB/f.u. > ½MS,c-axis (see Table  

6.3). For B || a, b the induced magnetization is small. The large initial increase in M(B) for 

B || c is related to the relatively high temperature of 0.7TC at which the data are taken.  

The reciprocal susceptibility of the UCoGe single-crystal measured in a field B = 1 T along 

the c-axis in the temperature range 2 - 300 K is shown in the inset of Fig. 7.17. The 

magnetic susceptibility fitted to a MCW law in the temperature range 50 - 300 K yields     

χ0 ~ 10-8 m3/mol, an effective moment peff = 2.15 μB/f.u. and a small paramagnetic Curie 

temperature θ ≈ -1 K. 

7.3.3. Unusual upper critical field Bc2 

The suppression of superconductivity was investigated by resistivity measurements for a 

current along the a-axis in fixed magnetic fields applied along the orthorhombic a 

(longitudinal configuration), and b and c axis (transverse configuration), as shown in 

Fig. 7.20. Superconductivity appears below the onset temperature of 0.6 K. The SC 
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transition width ΔTS > 0.1 K. The temperature at which SC is suppressed, TS, is taken by the 

mid-points of the transitions. In a field ΔTS gradually increases to 0.15 K at the highest 

fields    (5 T). In an applied field the FM state rapidly forms a mono domain (B < 0.01 T) 

and we did not observe any hysteric behavior in Bc2. The main results are shown in 

Fig. 7.21. At least three remarkable features appear in the data:  

(i) the large value of Bc2(0) ≈ 5 T for  B || a, b 

(ii) the large anisotropy, Bc2,||a > Bc2,||b  à Bc2,||c , of a factor ~ 10 

(iii)  for all B-directions Bc2(T) has a pronounced upturn when lowering the temperature.  

Clearly, this behavior is at odds with standard BCS spin-singlet pairing. 
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Figure 7.20 Temperature variation of the resistivity of single-crystalline UCoGe for a 
current I || a in various magnetic fields B || a, b, and c. 

Let us first address the large Bc2,||a,b (0). The Pauli paramagnetic limit for a weak coupling 

spin-singlet superconductor is Bc2,Pauli(0) = 1.83TS [169]. By including the effect of spin-

orbit coupling a comparable Bc2(0) value [177] results. Combined Pauli and orbital limiting 

could therefore in principle account for the small value Bc2,||c(0), but not for the large 

Bc2,||a,b(0) values. Also a strong-coupling scenario is unrealistic as this would involve a huge 
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coupling constant  λ ≈ 20 [178]. The absence of Pauli limiting for B || a,b therefore points 

to a triplet SC state with equal-spin pairing (ESP). A prerequisite for triplet pairing is a 

sufficiently clean sample, i.e. a mean free path ℓ larger than the coherence length  ξ [168]. 

An estimate for ℓ and ξ  can be extracted from the (large) initial slope Bc2,||a,b/dT = -7.9 and   

-8.4 T/K by using Eq. 7.6 and Eq. 7.7. With the specific heat coefficient  γ = 1.82 ×103 

J/K2m3 and ρ0 = 10.2×10-8 Ωm we calculate ℓ ≈ 900 Å and ξ ≈ 120 Å and conclude our 

single crystal satisfies the clean-limit condition. Notice that for B || c, B′c2 attains the low 

value 0.7 T/K, and Eq. 7.5 does not yield proper results. 
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Figure 7.21 Temperature dependence of the upper critical field of UCoGe for B along the 
principal axes. The dashed lines show the calculated dependence for a superconducting 
gap function with axial (along c axis) and polar symmetries (along a and b axis) (see 
text). Inset: Bc2(T) for B || a, plotted together with the polar state functions for two 
superconducting phases with zero-field transitions at 0.46 and 0.52 K.  

The order parameter in an orthorhombic itinerant ferromagnetic superconductor with spin-

triplet pairing and strong spin-orbit coupling has been worked out by Fomin [111] and 

Mineev [112]. Under the assumption that the exchange splitting of the Fermi surface is 

sufficiently large, such that the pairing between electrons from spin-up and down bands is 

negligible, equal-spin pairing will give rise to two-band superconductivity with gap 
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functions Δ↑↑(R,k) = -η1(R)f-(k) and Δ↓↓(R,k) = η2(R)f+(k), where η1,2 are the order parameter 

amplitudes. From the symmetry-group analysis for an orthorhombic uniaxial FM it follows 

that only two SC gap-structures f±(k) are possible. Assuming that the ordered moment m0 is 

directed along the z axis, then the SC gap has zeros (nodes) parallel to the magnetic axis   

(kx = ky = 0, A phase) or a line of zeros on the equator of the Fermi surface (kz = 0, B phase). 

In other words, the A phase has a gap function of axial symmetry with nodes along m0 and 

the B phase has a gap of polar symmetry with a line of nodes perpendicular to m0.  

Table 7.1 Parameters of the normal and of the superconducting state of (annealed) single-
crystalline UCoGe. The residual resisitvity ρ0 = 10.2 μΩcm and the superconducting 
transition temperature TS = 0.52 K are obtained in zero-field. 

Parameter  Units B || a  B || b  

B′c2 slope of Bc2(T) at TS T/K 7.9  8.4  
SS effective Fermi surface 1020 m-2 1.75 1.69 
m* effective mass me 94 96 
υF Fermi velocity m/s 4611 4455 

ξ  BCS-coherence length 10-8 m 1.22 1.18 
ℓ total mean free path 10-8 m 8.76 9.07 
λL London penetration depth 10-8 m 123 127 
GL Ginzburg-Landau parameter   - 98 104 

The effect of an anisotropic p-wave interaction on Bc2 has been investigated by Scharnberg 

and Klemm [179].  For a p-wave interaction that favors one direction over the other two, a 

polar state has the highest TS, while conversely, if the p-wave interaction is weakest in one 

direction an axial state is favored. Since the SC gap is fixed to the crystal lattice by spin-

orbit coupling, Bc2 in general will show a strong anisotropy. We first consider the case of a 

polar state with the maximum gap direction along the uniaxial direction m0 || c (i.e. the 

strength of the pairing interaction along c is stronger than in the ab plane, Vc > Vab). The 

upper critical fields have been calculated for B in the plane of the nodes (B ⊥ m0) (CBS = 

Completely Broken Symmetry state) and B || m0 along the maximum of the gap (polar state) 

[179]. For Vab = 0 their ratio for T → 0 is given by Bc2,⊥(0)/Bc2,||(0) = 0.466(mab/mc)1/2, 

where mab/mc reflects the anisotropy in the effective mass. For our orthorhombic material 

mab/mc is of the order of 1 and the model predicts Bc2,⊥(0)/Bc2,||(0)  is ~ 1/2. This is at 
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variance with the results in Fig. 7.21 where the anisotropy ratio ~ 10 and we conclude that a 

polar gap cannot explain the anisotropy in Bc2. For the axial state (nodes along m0 || c and 

the maximum gap in the ab plane) the anisotropy in Bc2 is reversed [179] Bc2,⊥(0) > Bc2,||(0). 

This is the situation in UCoGe. Bc2,||(T) has been calculated in Ref. [180] (Anderson-

Brinkman-Morel (ABM) state), but calculations for Bc2,⊥(T) are not at hand. However, since 

the gap is maximum one may assume that Bc2,⊥(T) can be represented by the polar function. 

In Fig. 7.21 we compare the anisotropy in Bc2 calculated in this way, with the experimental 

results. We conclude that the measured anisotropy supports an axial state, but the model 

calculations do not track the experimental results at lower T. This is due to the pronounced 

positive curvature in Bc2(T), which we discuss next.  

For B || a and b the slope -dBc2/dT has initial values of 7.9 and 8.4 T/K but increases to 11.4 

and 12.1 T/K at lower T. For B || a the increase is rather abrupt (kink-like) and takes place 

in a narrow T range centered around 0.33 K (see inset in Fig. 7.21), while for B || b the 

increase is more gradual. An overall smooth increase of Bc2 is observed for B || c. We stress 

that if we define TS in another way, like by TS,onset or by the 10% or 90 % points (measured 

by the drop in resistance) the absolute values for Bc2 change slightly, but the upward 

curvature remains. An upward curvature in Bc2(T) was also reported for the polycrystalline 

samples (see Section 7.2.7).  

Several appealing explanations for a kink (B || a) or upward curvature (B || b) in Bc2(T) have 

been given in the literature, of which a cross-over between two phases in a two-band 

ferromagnetic superconductor [106] is perhaps the most interesting. Mineev and Champel 

[106] have evaluated the linearized Ginzburg-Landau equations including gradient terms 

for a cubic two-band FM superconductor with gaps Δ↑↑ and Δ↓↓. Depending on the strength 

of the pairing interactions measured by g1 = V↑↑〈|f-(k)|2N0↑(k)〉 and g2 = V↓↓〈|f+(k)|2N0↓(k)〉 

(here N0↑,↓ is the angular dependent density of states) and a number of anisotropy 

coefficients, an upturn in Bc2(T) is predicted. In the more anisotropic situation of an 

orthorhombic system, calculations are more tedious, but also then a cross-over between 

ESP states in field is possible. Notice that in the two-band model it is not a priori known 

what the ground state is (|↑↑〉 or |↓↓〉), as this depends on g1 and g2 and the anisotropy 

coefficients. 
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In order to illustrate the possibility of the two-band superconductivity scenario we have 

plotted in the inset in Fig. 7.21 the polar state functions [180] for two SC phases with zero-

field transition temperatures of 0.46 and 0.52 K. A description with two polar gaps tracks 

the experimental data down to T  > 0.16 K, but fails there below. Note however that in the 

two-band model of Ref. [106] only one superconducting transition appears in zero-field, as 

the second phase is induced by the magnetic field. Bulk measurements, like specific heat, to 

probe the superconducting transition of our single crystals, have not been performed yet. 

Another interesting scenario for an upwards curvature in Bc2 is a rotation of the quantization 

axis of the ESP state from along m0 at low fields, towards the field direction in high fields. 

The upward curvature in Bc2,|| c is then possibly explained by the field not being perfectly 

aligned along c. Scharnberg and Klemm [179] have also investigated the possibility of a 

kink in Bc2. For the axial symmetric case a kink appears for B || c for a specific ratio of the 

strength of the pairing interaction, namely Vc/Vab < 0.866, which could give rise to a 

transition from the Scharnberg-Klemm state to the polar state. However, an upturn is not 

predicted for B directed in the ab plane. The only other unconventional superconductor 

which shows a clear kink in Bc2 is the heavy-fermion material UPt3 [181]. Here the kink is 

attributed to the intersection of two Bc2(T) curves of the two SC phases [182] even in the 

absence of a magnetic field. The split transition is attributed to the coupling of a two-

component order parameter, belonging to the E1g or E2u representation in the hexagonal 

crystal, to a symmetry breaking field. 

7.3.4. Discussion  

The occurrence of SC in a FM material is naturally explained [105] by the formation of 

Cooper pairs with parallel spin. Within the symmetry classification for orthorhombic 

itinerant FM spin-triplet superconductors [106] the SC gap is predicted to be anisotropic 

with point nodes along the magnetic moment direction or line nodes in the plane 

perpendicular to the moments.  

In UCoGe the proximity to the magnetic instability, the defect sensitivity of TS, and the 

absence of Pauli limiting are all in agreement with such a scenario. The study of the upper 

critical field of single-crystalline UCoGe results in an axial SC gap with nodes along the 

moment direction. 

In  the case of  FM superconductor URhGe, which  belongs  to the same symmetry class  as  
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UCoGe, the upper critical field has been investigated by Hardy and Huxley [41]. Bc2, 

measured on single-crystals with RRR’s of 21 and 34, i.e. comparable to the value of the 

UCoGe single crystal, also show a large anisotropy. The data do not show any sign of an 

upward curvature and are well described by the model functions for a polar state with a 

maximum gap parallel to a, and for the CBS state [179] with nodes in the direction of b and 

c. This polar gap structure takes into account the easy-(bc)-plane nature of the 

magnetization: m0 = 0.42 μB points along c, but for B || b rotates towards the b axis [38]. 

Surprisingly, superconductivity reappears when the component of the applied field along 

the b axis reaches ~ 12 T [38] and the ordered moment rotates towards the b axis. 

Compelling evidence is at hand that in the high-field as well as in the low-field SC phase, 

superconductivity is stimulated by critical magnetic fluctuations associated with the field-

induced spin- reorientation process. Near the quantum critical point an acute enhancement 

of Bc2 is observed [104] and superconductivity survives in fields as large as 28 T applied 

along a. It will be highly interesting to investigate whether the apparent lack of saturation 

of Bc2 for T → 0 in UCoGe has a similar origin, namely the proximity to a field-induced 

quantum critical point. 

7.4. Conclusion 

In conclusion, we have discovered a new member of the family of ferromagnetic 

superconductors: UCoGe. Measurements of the magnetic, transport and thermal properties 

on polycrystalline samples provide solid evidence for bulk superconductivity below 0.6 K, 

which coexists with bulk weak itinerant ferromagnetism with a Curie temperature of 3 K. 

Magnetization measurements on single-crystalline samples show that UCoGe is a uniaxial 

ferromagnet with the ordered moment m0 = 0.06 μB directed along the orthorhombic c-axis. 

Transport measurements were used to determine the magnitude and anisotropy of the upper 

critical field Bc2. The upper critical field data support unconventional p-wave 

superconductivity and point to an axial SC gap function with nodes along the moment 

direction m0. The pronounced upward curvature (B || b) or kink (B || a) observed in the Bc2 

curves suggests UCoGe is a two-band ferromagnetic superconductor [105-107].  

Since SC occurs right on the borderline of FM order at ambient pressure, UCoGe offers a 

unique testing ground to investigate the long-standing issue of SC stimulated by critical 

spin-fluctuations associated with a magnetic quantum critical point. 



 

8.   Suppression of ferromagnetism and 
    superconductivity in UCoGe doped 

with Si 

8.1. Introduction 

In the previous chapter, we have reported an extraordinary finding: the compound UCoGe 

is a new member of the small group of ferromagnetic superconductors. The small ordered 

moment and low Curie temperature locate UCoGe close to the ferromagnetic instability. 

The occurrence of superconductivity on the borderline of ferromagnetic order suggests 

UCoGe may present an example of triplet SC mediated by ferromagnetic spin-fluctuations. 

Using the Ehrenfest relation for second order phase transitions, we predicted that UCoGe is 

placed on the left side of the superconducting dome with respect to the critical point in the 

p-T phase diagram as illustrated in Fig. 7.13. It will to be very interesting to investigate the 

properties of UCoGe with respect to the proximity to a ferromagnetic quantum critical point 

(FM QCP) by applying mechanical pressure. However, such studies have not been 

performed yet. 

In this chapter, we follow a different route and show that the magnetic instability in UCoGe 

can be approached by using chemical pressure, like reported for the suppression of 

magnetism in URhGe due to Ru doping in Chapter 4.  

Suitable dopants for alloying UCoGe in search for the magnetic instability are Ru and Si. 

According to literature, among the neighboring TiNiSi isostructural UTX compounds only 

URuGe and UCoSi have a paramagnetic ground state [39,40,154]. The unit cell volume of 

URuGe is larger than that of UCoGe [39], and the electron configurations of Co (3d metal) 
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and Ru (4d metal) are different. Therefore, we expect that substitution on the Co site of Ru 

will lead to a rather complex hybridization changes, and the application of a negative 

chemical pressure.  On the other hand, the unit cell volume of UCoSi is smaller than the 

one of UCoGe [39,40], and Ge and Si are isoeletronic. This indicates that in the case of 

substitution of Si on the Ge site the f-d hybridization associated with the magnetic order  

predominantly be influenced by the volume effect. We therefore decided to alloy UCoGe 

with Si in order to suppress ferromagnetism in UCoGe [183].    

In this chapter, we report our investigation of the magnetic and transport properties of 

polycrystalline UCoGe1-xSix samples. The results show that ferromagnetism and 

superconductivity, which is confined to the FM phase, are both suppressed with increasing 

Si content and vanish at a critical concentration xcr ≈ 0.12. The observed NFL temperature 

dependence of the electrical resistivity and the smooth suppression of the ordered moment 

suggest a continuous FM QPT at xcr. Similarly to URh1-xRuxGe, these results open up an 

opportunity to investigate critical ferromagnetic spin-fluctuations of a ferromagnetic 

superconductor at ambient pressure.  

8.2. Sample preparation and characterization  

Polycrystalline UCoGe1-xSix samples with x in the range 0 ≤ x ≤ 0.20 and x = 1 were 

prepared from nominal compositions U1.02Co1.02(Ge,Si) by arc-melting the constituents      

U (3N purity), Co (4N purity) and Ge, Si (5N purity) under a high-purity argon atmosphere. 

The weight loss was less than 0.1 %. The as-cast buttons were annealed for 10 days at    

875 oC. The samples were cut by spark erosion in a bar-shape for the different experiments.  

The EPMA analysis showed that the samples were homogeneous with 98 % of the sample 

volume forming the main matrix and about 2 % of secondary Uranium rich phases. The 

ratio between Ge and Si in our samples could not be determined exactly. In this chapter, the 

compositions of the UCoGe1-xSix samples are taken as the nominal compositions.  

The lattice parameters of the UCoGe1-xSix alloys determined by X-ray powder diffraction 

are presented in Fig. 8.1. The b and c lattice parameters show a linear decrease, while the a 

parameter remains almost constant. The values obtained for the compounds UCoGe and 

UCoSi (a = 6.876 Å, b = 4.108 Å and c = 7.154 Å) are in good agreement with literature 

values [40].  Following Vegard’s law, the unit cell volume Ω decreases linearly at  a rate  of  
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Figure 8.1 Lattice parameters of UCoGe1-xSix as a function of the Si concentration x 
measured at room temperature.  
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Figure 8.2 Upper frame: Temperature variation of the dc-magnetization measured in a 
field B = 0.01 T of UCoGe1-xSix. For x  ≥ 0.05 the Curie temperature could not be 
determined from tha data. Lower frame: Temperature derivative of the magnetization.  
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0.059 Å3/at.% Si.  

The shortest Uranium-Uranium distance, dU-U, calculated from the structural parameters, 

attains an almost constant value 3.47 ± 0.01 Å in the whole series. 

8.3. Magnetic properties 
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Figure 8.3 Arrott plots of the magnetization of UCoGe1-xSix alloys. Left panel: x = 0.02 
with isotherms measured (from top to bottom) at T = 2.0, 2.2, 2.3, 2.5, 2.7 and 3.2 K. 
Right panel: x = 0.14 with isotherms measured (from top to bottom) at T = 2.0, 2.2, 2.5 
and 3.0 K. The isotherm through the origin determines TC = 2.5 K for x = 0.02. The 
ground state for x = 0.14 is paramagnetic. 

The temperature variation of the magnetization M(T) measured in a field of 0.01 T and its 

derivative dM(T)/dT for the UCoGe1-xSix alloys are shown in Fig. 8.2. The magnetic order 

is monotonically suppressed upon Si doping. The Curie temperatures deduced from 

(dM(T)/dT)min agree well with those deduced from the Arrott plots (see Fig. 8.3). For x = 0 

and 0.02 we find TC = 3 and 2.5 K, respectively. For samples with x ≥ 0.05, the 

ferromagnetic transition is not observed in the measured temperature interval above 2 K. 

The Arrott plots clearly indicate a paramagnetic ground state for x = 0.14.  

In Fig. 8.4, the field dependence of the magnetization of the UCoGe1-xSix series measured 

in  fields  up to  5 T at 2 K  is shown. The spontaneous moment MS, extracted  by fitting  the  
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Figure 8.4 Left panel: Field dependence of the magnetization of UCoGe1-xSix alloys 
measured in a field up to 5 T at 2 K. The solid lines represent fits to Eq. 4.3 for the 
ordered compounds. Si concentrations are (from top to bottom) x = 0, 0.02, 0.05, 0.08, 
0.1, 0.14 and 1. Right panel: The spontaneous moment MS of UCoGe1-xSix as a function 
of Si concentration.  
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Figure 8.5 Temperature variation of the reciprocal susceptibility of UCoGe1-xSix alloys 
measured in a field of 1 T. The dotted lines are the best fits to the MCW law in the 
temperature range T = 50 - 300 K. Notice for x = 0.1 the data is plotted down to 50 mK. 
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experimental M(H) data to Eq. 4.3, reduces with increasing Si content and smoothly goes to 

0 in the concentration range 0.10 < x < 0.14 (see the right panel of Fig. 8.4). This is a strong 

indication that the FM to paramagnetic transition as a function of x is a continuous phase 

transition.  

The reciprocal susceptibility of UCoGe1-xSix measured in a field B = 1 T in the temperature 

range 2 - 300 K is shown in Fig. 8.5. The curves for various amounts of Si doping are 

similar, which indicate a weak variation with Si concentration. In the temperature range    

50 - 300 K, the susceptibility can be well described by the MCW law with a temperature 

independent susceptibility χ0 ~ 10-8 m3/mol and an effective moment, peff ~ 1.6 ± 0.1 μB/f.u. 

Some magnetization parameters of the series are listed in Table 8.1.  

Table 8.1 The Curie temperature TC and the parameters MS, peff  and θ of the UCoGe1-xSix 
alloys as deduced from the magnetization data. 

x-Si TC (K) MS ( μB/f.u.) peff (μB/f.u.) θ (K) 

0 3.0 0.028 1.67 -15.7 
0.02 2.5 0.023 1.60  -26.6 
0.05    - 0.019 1.67  -20.8 
0.1    - 0.009 1.60 -36.5 
0.14    - 0.005 1.61 -38.7 

8.4. Electrical resistivity 

In Fig. 8.6, the temperature dependence of the electrical resistivity divided by the resistivity 

at room temperature ρ/ρRT of UCoGe1-xSix with x in the range 0 ≤ x ≤ 0.2 is shown. Upon Si 

doping the residual resistivity values ρ0 increase (see Table 8.2) and the residual resistance 

ratio RRR of 27 for x = 0 rapidly drops to a value of ~ 4 for x ≥ 0.1. With increasing x the 

hump associated with the ferromagnetic transition shifts to lower temperature and becomes 

less pronounced.  

As shown in Section 7.2.3 for pure UCoGe the resistivity is well described by the self 

consistent renormalization (SCR) theory for (clean) weak ferromagnets [82,158,159]. The 

theory predicts that the resisitivity due to spin fluctuations has a T 2- and T 5/3-dependence 

at temperatures below  and above  TC, respectively. For doped UCoGe1-xSix, the temperature    
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Figure 8.6 Temperature dependence of the electrical resistivity divided by the resistivity 
at room temperature ρ/ρRT of UCoGe1-xSix for 0 ≤ x ≤ 0.2. Si concentrations are (from 
bottom to top) x = 0, 0.02, 0.04, 0.06, 0.08, 0.1, 0.14 and 0.2. 
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Figure 8.7 Left panel: The electrical resistivity ρ in arbitrary units of the UCoGe1-xSix 
alloys versus  T n. Si concentrations are (from bottom to top) x = 0, 0.02, 0.04, 0.06, 0.08, 
0.1, 0.14 and 0.2. The solid lines represent the fits of the data to ρ ~ T n. Right panel: The 
exponent n of the electrical resistivity of UCoGe1-xSix determined by ρ ~ T n versus Ru 
concentration. The horizontal dotted line indicates n = 2. 
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dependence of the resistivity is strongly influenced by disorder (e.g. as observed in the 

URh1-xRuxGe alloys). This hampers a discussion of the resistivity in terms of the SCR 

theory, and we restrict the analysis to fits of the data to ρ = ρ0 + AT n for TS < T < TC. Upon 

Si doping, the value of the exponent n extracted by taking the best fit over the largest          

T interval (see Fig. 8.7) is reduced and attains a NFL value n ≈ 1 for x = 0.1. Notice that 

close to the critical point the temperature range for the fit becomes very small and the value 

of n should be interpreted with care. At higher x, the exponent of the resistivity increases 

and reaches a value n = 2 for x = 0.2, which indicates the FL behavior is recovered. 

Below 1 K, superconductivity is found (see Fig. 8.6), which coexists with FM. The resistive 

transition temperature TS, which is defined as the mid-point of the resistivity drop is 

monotonically suppressed with Si substitution.  For x ≥ 0.14, SC is not observed anymore 

in the measurements down to 50 mK.  

8.5. ac-susceptibility 

Upon approaching the magnetic instability, the hump in the transport data associated with 

the ferromagnetic order of UCoGe1-xSix becomes less pronounced, while via the 

magnetization data, we could only determine the Curie temperature (T > 2 K) of samples 

with x ≤ 0.02. Therefore, we used the ac-susceptibility technique to follow the magnetic 

ordering temperatures down to the mK regime. 

Ac-susceptibility measurements have been carried out at a low frequency of 16 Hz and in a 

small driving field of ~ 10-5 T. In Fig. 8.8, the temperature dependence of the ac-

susceptibility of UCoGe1-xSix is presented. The maxima in χac locate FM transitions. For 

pure UCoGe, the ordering peak is located at TC = 2.8 K. This indicates TC defined by χac is 

somewhat smaller than the value deduced from the magnetization data. With increasing Si 

doping, the peak becomes weaker, broadens and gradually moves to lower temperatures, as 

shown in the inset of Fig. 8.8. The χac measurements performed down to 50 mK show that 

FM order vanishes for x  ≥  0.14.     

The superconducting transition is observed as a rapid drop in χac to a large diamagnetic 

value. For x = 0 the onset transition temperature in χac TS,onset is 0.62 K. At this temperature 

the resistive transition is complete (R = 0). At the lowest temperature χac reaches a value of 

70% of the ideal screening value χS = -1/(1 - N) (here N ≈ 0.08 is the demagnetizing factor 
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of our samples). Just like the FM order, superconductivity is progressively suppressed by 

replacing Ge by Si. For x ≥ 0.14, we did not observe any sign of superconductivity for 

temperatures down to 50 mK. 
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Figure 8.8 Temperature dependence of the ac-susceptibility of the UCoGe1-xSix alloys for 
x = 0.0, 0.04, 0.06 and 0.14. The inset shows ac-susceptibility around the FM transition 
for x in the range 0 ≤ x ≤ 0.2.  

Table 8.2 The critical temperatures TC and TS deduced from magnetization, transport 
and susceptibility data, and the parameters ρ0, n and A obtained by fitting the resistivity 
to ρ = ρ0 + AT n (Eq. 4.5) for UCoGe1-xSix. 

TC (K) TS (K) 
x-Si 

M(T) χac(T) ρ(T) χac(T) 
ρ0 (μΩcm) n A (μΩcm/Kn) 

0 3.0 2.82  0.77 0.62   26 2   5.54 
0.02 2.5 2.35  0.67 0.57   49 1.80   7.09 
0.04    - 1.80 0.54 0.46   77 1.53 10.24 
0.06    - 1.27 0.42 0.33 110 1.36 12.83 
0.08    - 0.77 0.29     - 119 1.14 11.45 
0.1    - 0.37 0.15     - 214 1.02 12.78 
0.14    -     -     -     - 154 1.87   5.22 
0.2    -     -     -     - 193 2   3.48 
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8.6. Discussion  

8.6.1. T-x phase diagram 

From the M(T), ρ(T) and χac(T) data presented above, we construct a temperature-

composition phase diagram TC,S(x) for UCoGe1-xSix, as given in Fig. 8.9. With increasing   

Si doping, both the Curie temperature and the superconducting transition temperature are 

monotonically reduced to zero.  TC is suppressed quasi-linearly, at least till x = 0.08, at a 

rate dTC/dx = -0.25 K/at.%Si. By extrapolating TC(x) → 0 we arrive at a critical Si 

concentration for the suppression of FM order xcr = 0.11. While a tail in TC(x) appears for   

x > 0.08. TS, determined resistively by the midpoint of the resistive transition, is suppressed 

somewhat faster than linear, initially at a rate dTS/dx = -0.06 K/at.%Si. The TS(x) values 

measured by χac(T) for x ≤ 0.06, signal the onset bulk SC and follow the same trend. For     

x  ≥ 0.14 where the magnetism is completely suppressed, we did not observe any sign of the 

SC state in the samples. Thus we conclude superconductivity is confined to the 

ferromagnetic state. By making a smooth extrapolation of the phase lines, we obtain a 

critical concentration for Si doping xcr ≈ 0.12 at which both SC and FM order vanish.  
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Figure 8.9 Temperature-composition phase diagram T(x) of UCoGe1-xSix. The Curie 
temperature TC and the superconducting transition temperature TS are determined from 
M(T), ρ(T) and χac(T). The dashed lines serve to guide the eye. 
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8.6.2. Hybridization phenomena 

In order to compare the volume effects due to Si alloying and hydrostatic pressure, we take 

a value for the isothermal compressibility κ = -V -1(dV/dp) of 0.8 Mbar-1 [121]. A simple 

calculation shows that 1 at.% Si corresponds to a chemical pressure of 0.34 kbar. As 

mentioned in Chapter 7, for pure UCoGe the calculation based on the Ehrenfest relation for 

second order phase transitions predicts that upon applying pressure TC is reduced at the rate 

of -0.25 K/kbar, whereas TS increases at a rate of ~ 0.023 K/kbar. Using these values we 

estimate a decrease of TC of -0.085 K and an increase of TS of 0.0078 K per at.% Si. These 

calculated values differ from the values deduced from the experimental data               

(dTC/dx = -0.254 K/at.%Si, dTS/dx = -0.067 K/at.%Si), which show that TC is suppressed 

three times faster and that TS gradually decreases with Si content. As regards 

superconductivity, clearly adding impurities strongly reduces TS, which largely 

compensates the effect of the chemical pressure.   

Similar to the case of URhGe doped with Ru, Co or Si, the evolution of magnetism in the 

UCoGe1-xSix alloys can be explained by the Doniach picture [28] or LMTO band-structure 

calculations [142] in which the strength of the long-range magnetic order is connected to 

the strength of the f-d hybridization. Upon doping the smaller Si atoms the 5f-3d 

hybridization strength increases, ferromagnetic order is reduced and vanishes at xcr ≈ 0.12. 

The critical behavior in the resistivity and magnetization data provide evidence for a 

continuous FM QPT, as observed in URh1-xRuxGe [184]. Near the critical concentration xcr, 

the exponent n of the resistivity reduces to a minimum value of ~ 1 which is much smaller 

than the value n = 5/3 predicted for a FM QCP [80-82]. This is attributed to the disorder in 

the doped samples. For x > xcr the exponent n recovers the FL value of 2. Correspondingly, 

the ordered moment MS smoothly decreases and goes to 0 near xcr.   

However, additional investigations, like specific heat studies, are needed in order to put the 

evidence for a FM QCP at xcr > 0.12 on a firm footing. 

8.6.3. Dependence of superconductivity on disorder 

In the above, we have presented evidence that the SC state is always contained within the 

FM phase. This is in accordance with a scenario of SC mediated by ferromagnetic spin-

fluctuations [105,109,185,186]. On the other hand, TS of unconventional superconductors is 

extremely impurity sensitive, not only to magnetic impurities but also to non-magnetic 



Polycrystalline UGeCo1-xSix 119 

impurities. In the case of UCoGe, replacing Ge by Si is like introducing non-magnetic 

impurities in a triplet superconductor. Consequently, SC is destroyed due to pair-breaking 

effects. However, the defect-driven suppression of TS is partly compensated by TS 

increasing due to chemical pressure. Also, one may speculate that upon approaching of the 

FM QCP, FM fluctuations stimulate triplet SC even more effectively stronger. Obviously, 

more experiments are needed to unravel the different pairing and de-pairing contributions 

to TS in this system. 
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Figure 8.10 The superconducting transition temperature TS as a function of 1/RRR of the 
UCoGe1-xSix alloys. The solid line is a fit of the data to the Abrikosov-Gor’kov pair-
breaking function shown in Eq. 8.1 (for details see text). 

Using a generalized form of the Abrikosov-Gor’kov (AG) theory [187] for the case of non-

magnetic-impurities in unconventional superconductors, we can model the suppression of 

TS as a function of doping level with an implicit relation for TS [168,188-190].  
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where  Ψ is the digamma function, TS0 is the superconducting transition temperature of the 

superconductor in the absence of impurities, and  α = Ñ/2τ kBTS0 is the pair-breaking 

parameter withτ the lifetime due to elastic (nonmagnetic) potential scattering. Often α is 

taken to be proportional to  ρ0 or 1/RRR. (A recent example is provided by the defect-driven  
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suppression of p-wave SC in the paramagnet Sr2RuO4 [190].) 

In Fig. 8.10, we show the suppression of TS of the UCoGe1-xSix series as a function of 

1/RRR, rather than the doping level. The data compare well with the generalized AG theory 

(Eq. 8.1) where we used α = 3.3/RRR as the best-fit parameter. This provides additional 

proof for an unconventional superconducting state in UCoGe1-xSix. The detailed analysis of 

the variation of TS due to Si doping can be found in Ref.[183]. 

In conclusion, we have investigated the suppression of ferromagnetism and 

superconductivity in polycrystalline UCoGe doped with Si via magnetization, transport and 

ac-susceptibility measurements. Both SC and FM order are depressed upon Si doping and 

vanish at the same critical concentration xcr ≈ 0.12. The SC phase is confined to the 

magnetic phase in accordance with a scenario of superconductivity mediated by critical FM 

fluctuations. The critical behavior in magnetization and transport data suggest a continuous 

FM QPT at xcr. Further studies (i.e. specific heat measurement) are needed carried out in 

order to clarify this point. Nevertheless, these results offer a unique route to investigate the 

emergence of superconductivity near a FM QCP at ambient pressure. 



Summary 
 

 

 

 

In recent years, quantum phase transitions (QPTs), defined as second-order phase 

transitions occurring at absolute zero temperature T = 0 K, have attracted much attention. In 

contrast to classical phase transitions which are driven by thermal fluctuations at finite 

temperatures, QPTs are driven by quantum fluctuations and occur as a function of a non-

thermal control parameter, such as pressure, magnetic field or chemical substitution. 

Strongly correlated metals, notably heavy fermion systems (HFSs) based on the f-electron 

elements Ce, Yb, or U, are very suitable to investigate magnetic-to-nonmagnetic QPTs due 

to their low magnetic ordering temperatures and an exchange interaction which can  be 

tuned relatively easily using a (non-thermal) external control parameter. Near the quantum 

critical point (QCP) where the QPTs takes place, these systems exhibit a novel ground state, 

the so-called non-Fermi liquid (NFL) state, which exhibits strong departures from the 

standard Landau Fermi liquid state commonly observed in strongly correlated metals. 

Moreover, the study of QCPs has led to the discovery of novel unconventional 

superconducting states located at the borderline of antiferro- or ferromagnetic order. These 

superconducting states cannot be explained by the standard Bardeen-Cooper-Schrieffer 

(BCS) theory. Evidence is at hand that these unconventional superconducting states are 

mediated by antiferro- or ferromagnetic spin fluctuations. Interestingly, superconductivity 

(SC) and ferromagnetism (FM) coexist in the itinerant magnets UGe2, URhGe, UCoGe 

(this thesis) and possibly UIr when tuned to a QCP. This discovery came as a big surprise 

as normally SC and FM are competing ground states. Explanation of these new phenomena 

is a challenging task for both experimental and theoretical condensed matter physicists.  

In this thesis, we have presented our search for ferromagnetic QCPs in the uranium-based 

intermetallics UTX where T is the transition metal Rh, Ru or Co, and X is the p-electron 

element Ge or Si. One of the results of special interest is that we have discovered a new 

ferromagnetic superconductor at ambient pressure UCoGe. In the next paragraphs we 

summarize the main results presented in this thesis. 
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In Chapter 4, evidence for a FM QCP in the polycrystalline URh1-xRuxGe series is 

presented. Upon alloying URhGe with Ru, ferromagnetic order (for x = 0 the Curie 

temperature TC = 9.5 K), after an initial strengthening, is depressed and vanishes at the 

critical Ru concentration xcr = 0.38. At xcr, the thermal and transport properties show NFL 

temperature dependencies: (i) the specific heat c/T ∼ ln(T/T0) over one and a half decades in 

T, and the γ (x)-value (i.e. c/T0.5K) attains a concomitant maximum; and (ii) the exponent n 

of the resistivity ρ ∼ T n attains a minimum value with n(x) = 1.2. Additionally, the ordered 

moment m0 is smoothly suppressed with increasing x. These observations provide 

convincing evidence that URh1-xRuxGe is the first 5f-electron system that can be tuned 

through to a continuous FM QCP at ambient pressure by doping. Upon application of a 

large magnetic field (B < 10 T) the xcr = 0.38 compound is pushed away from the QCP and 

the Fermi-liquid state is recovered (ρ  ∼ T 2).  

In Chapter 5, the magnetic instability in the URh1-xRuxGe series is further studied by 

investigating a single-crystalline sample with x ≈ xcr = 0.38 in high-magnetic field. In zero 

field, ρ ~ T n with n ≈ 1.2 for a current applied along the principal axes, and the specific 

heat divided by temperature c/T shows a (quasi)logarithmic T dependence. The field 

dependence of the magnetization measured in magnetic fields up to 50 T at T = 4.2 K 

reveals a strong anisotropy of the easy-(bc) plane type with the a-axis as the hard-

magnetization direction. The specific-heat data in a magnetic field (B < 12 T) applied along 

the c-axis show that the system can be tuned away from the FM QCP and that the Fermi-

liquid state is recovered. 

In Chapter 6, the evolution of ferromagnetism in polycrystalline samples of the URhGe1-xSi 

and URh1-xCoxGe series is investigated via magnetization and resistivity measurements. For 

all samples, the resistivity data show a Fermi-liquid temperature dependence ρ(T) ~ T 2. In 

the case of Si doping on the Ge site, ferromagnetism is not significantly changed: 

TC  = 9.5 K is constant for x ≤ 0.2 and increases slightly up to 10.4 K for x = 1. However, in 

the case of Co doping on the Rh site, TC shows an increase up to 20 K for x = 0.6, is then 

depressed for larger Co concentration, and attains a value TC = 3 K for x = 1. Surprisingly, 

superconductivity below 0.8 K is found to coexist with ferromagnetism at ambient pressure 

for the end-member of the Co-doping series, UCoGe.  

Chapter 7 is devoted to a thorough characterization of the new ferromagnetic 

superconductor UCoGe. The magnetic, thermal and transport data taken on polycrystalline 
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UCoGe provide proof of the coexistence of bulk FM and SC. The magnetization data 

indicate polycrystalline UCoGe to be a weak itinerant ferromagnet with a Curie 

temperature TC = 3 K and a small ordered moment of 0.03 μB. The bulk nature of the FM 

order is demonstrated by the large step in the coefficient of linear thermal expansion at TC 

and the observation of a spontaneous muon precession frequency (ν = 2 MHz for T → 0) in 

the whole sample volume below TC. Proof for bulk SC is obtained by broad peaks in the 

specific heat and in the coefficient of thermal expansion at TS
bulk = 0.66 K. Moreover, the 

thermal expansion and μSR data demonstrate coexistence of the FM and SC. The proximity 

to a magnetic instability, the absence of Pauli limiting in the upper critical field and the 

defect sensitivity of TS indicate UCoGe is a triplet superconductor, with Cooper pairing 

most likely mediated by critical magnetic fluctuations. This is further corroborated by 

experiments on single-crystalline samples.  

Experiments on single-crystalline UCoGe show that the magnetic and superconducting 

properties are strongly anisotropic. Magnetization measurements show that UCoGe is a 

uniaxial ferromagnet with the ordered moment m0 = 0.06 μB directed along the 

orthorhombic c-axis. The upper-critical field Bc2(0) determined in transport measurements 

has a value Bc2(0) ≈ 5 T for B || a, b which is much larger than the value Bc2(0) ≈ 0.5 T 

obtained for B || c. The large anisotropy in Bc2 supports the ideal of unconventional 

superconductivity in UCoGe with an axial SC gap function with nodes along the moment 

direction m0. In the Bc2 curves, a pronounced upward curvature or kink for B || b or B || a is 

observed. These data from UCoGe may be the first experimental indication for the 

existence of a two-band ferromagnetic superconductor.  

In Chapter 8, we have reported the depression of FM and SC in the polycrystalline 

UCoGe1-xSix series via magnetization, ac-susceptibility, and transport measurements. Upon 

Si doping, ferromagnetic order and superconductivity are both depressed and vanish at the 

same critical concentration xcr ≈ 0.12. Near xcr, a NFL temperature dependence of the 

electrical resistivity is observed and the exponent n(x) attains a minimum value n ≈ 1. The 

magnetization data reveal the ordered moment is depressed smoothly, which points to a 

continuous FM quantum phase transition at xcr. Superconductivity is confined to the 

ferromagnetic phase, which provides further support for the existence of magnetically-

mediated superconductivity. These results offer a unique route to investigate the emergence 

of superconductivity near a FM QCP at ambient pressure. 



Samenvatting 

 
 

 

Sinds enkele jaren staan kwantum faseovergangen, d.w.z. tweede-orde faseovergangen bij 

het absolute nulpunt T = 0 K, sterk in de belangstelling. In tegenstelling tot klassieke 

faseovergangen, die gedreven worden door thermische fluctuaties bij eindige temperatuur, 

worden kwantum faseovergangen gedreven door kwantumfluctuaties en komen tot stand 

door het veranderen van een niet-thermische control parameter, zoals druk, magneetveld of 

chemische substitutie. Sterk gecorreleerde elektronsystemen, in het bijzonder zware-

fermion systemen met de f-elektron elementen Ce, Yb of U, zijn zeer geschikt om 

magnetische kwantum faseovergangen te bestuderen omdat de magnetische 

ordeningstemperaturen relatief laag zijn en de exchange interactie gemakkelijk gevarieerd  

kan worden onder invloed van een uitwendige niet-thermische control parameter.  Bij het 

kwantum-kritisch punt waar de kwantum faseovergang plaats vindt, vertonen deze 

systemen een nieuwe grondtoestand, de zogeheten niet-Fermi-vloeistof toestand, die sterk 

afwijkt van Landau’s standaard Fermi-vloeistof toestand die gewoonlijk waargenomen 

wordt in sterk gecorreleerde elektronsystemen. Bovendien heeft het onderzoek aan sterk 

gecorreleerde elektronsystemen geleid tot de ontdekking van nieuwe supergeleidende 

toestanden op de rand van antiferro- of ferromagnetische ordening. Deze supergeleidende 

toestanden kunnen niet verklaard worden met behulp van het standaard Bardeen-Cooper-

Schrieffer model voor supergeleiding. Er is thans bewijs voorhanden dat deze 

ongebruikelijke supergeleiding bewerkstelligd worden door antiferro- of ferromagnetische 

spinfluctuaties. Van uitzonderlijk belang is dat supergeleiding en ferromagnetisme 

coëxisteren in de itinerante ferromagneten UGe2, URhGe, UCoGe (dit proefschrift) en 

misschien UIr wanneer deze tot vlakbij een kwantum-kritisch punt gebracht worden. Deze 

ontdekking kwam als een grote verrassing, aangezien supergeleiding en magnetisme elkaar 

normaliter uitsluiten. Het verklaren van deze nieuwe fenomenen is een grote uitdaging voor 

natuurkundigen, zowel experimentatoren als theoretici, werkzaam op het gebied van de 

gecondenseerde materie.  
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In dit proefschrift worden de resultaten gepresenteerd van een speurtocht naar 

ferromagnetische kwantum-kritische punten in uranium intermetallische verbindingen met 

de samenstelling UTX, waarbij T het overgangsmetaal Rh, Ru of Co is en X het p-elektron 

element Ge of Si. Een van de opvallendste resultaten is dat een nieuwe ferromagnetische 

supergeleider ontdekt is bij normale druk: UCoGe. Na een korte inleiding (Hoofdstuk 1), 

een beschrijving van de gebruikte experimentele opstellingen (Hoofdstuk 2) en een 

introductie tot de relevante theorieën (Hoofdstuk 3), worden in een vijftal hoofdstukken de 

resultaten van het onderzoek gepresenteerd.  

In Hoofdstuk 4 wordt experimenteel bewijs geleverd voor een ferromagnetisch quantum-

kritisch punt in de reeks van URh1-xRuxGe verbindingen. Door URhGe te legeren met Ru 

wordt de ferromagnetische ordening (voor x = 0 is de Curie temperatuur, TC, gelijk aan 

9.5 K) na een initiële versterking onderdrukt en verdwijnt bij een kritische Ru concentratie 

xcr = 0.38. Bij xcr vertonen de thermische en transporteigenschappen niet-Fermi vloeistof 

gedrag: (i) de soortelijke warmte c/T ∼ ln(T/T0) over anderhalve decade in temperatuur, 

waarbij de γ waarde (c/T0.5K(x)) een maximale waarde bereikt; en (ii) de exponent n van de 

temperatuursafhankelijkheid van de weerstand ρ ∼ T n bereikt een minimale waarde met 

n(x) = 1.2. Het geordende moment m0 wordt geleidelijk onderdrukt met toenemende x. 

Deze waarnemingen leveren overtuigend bewijs dat URh1-xRuxGe het eerste 5f-elektron 

systeem is dat getuned kan worden tot een tweede-orde ferromagnetische kwantum 

faseovergang bij atmosferische druk door legeren. Onder invloed van een sterk 

magneetveld (B < 10 T) wordt de verbinding met xcr = 0.38 weggedreven van het quantum-

kritisch punt en wordt de Fermi-vloeistof toestand hersteld  (ρ  ∼ T 2). 

In Hoofdstuk 5 wordt de magnetische instabiliteit in de URh1-xRuxGe reeks verder 

onderzocht door metingen aan een éénkristal, met samenstelling x ≈ xcr = 0.38, in sterke 

magneetvelden. In nul veld, vinden we ρ ~ T n met n ≈ 1.2 voor een meetstroom langs de 

hoofdkristalassen. De soortelijke warmte gedeeld door de temperatuur, c/T, vertoont een 

(quasi)logaritmische temperatuursafhankelijkheid. De veldafhankelijkheid van de 

magnetisatie gemeten in magneetvelden tot 50 T bij T = 4.2 K toont een sterke anisotropie 

met de makkelijke richting voor magnetisatie in het bc-vlak en de a-as als harde richting. 

De soortelijke warmte gemeten in een magneetveld (B < 12 T) gericht langs de c-as laat 

zien dat de x ≈ xcr = 0.38 verbinding weggedreven kan worden van het kwantum-kritisch 

punt en dat de Fermi vloeistof toestand hersteld wordt.  
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In Hoofdstuk 6 wordt de ontwikkeling van ferromagnetisme in polykristallijne preparaten 

van de URhGe1-xSi en URh1-xCoxGe reeksen onderzocht, door middel van magnetisatie en 

weerstandsmetingen. Voor alle preparaten werd gevonden dat de weerstand bij lage 

temperatuur een Fermi-vloeistof gedrag vertoont, ρ(T) ~ T 2. Si substitutie op het Ge rooster 

heeft een geringe invloed op het ferromagnetisme: TC  = 9.5 K is constant voor x ≤ 0.2 en 

neemt slechts in geringe mate toe tot 10.4 K voor x = 1. Echter, in het geval van Co 

substitutie op het Rh rooster, neemt TC sterk toe tot 20 K voor x = 0.6, maar wordt 

onderdrukt voor hogere Co concentraties, en bereikt tenslotte een waarde van TC = 3 K voor 

x = 1. Verrassend is dat in de zuivere UCoGe verbinding tevens supergeleiding optreedt 

met een overgangstemperatuur TS = 0.8 K. Supergeleiding coëxisteert met ferromagnetisme 

bij atmosferische druk.  

Hoofdstuk 7 is gewijd aan een gedegen karakterisatie van de nieuwe ferromagnetische 

supergeleider UCoGe. De magnetische, thermische en transportdata gemeten aan 

polykristallijne preparaten leveren bewijs voor de coëxistentie van bulk ferromagnetisme en 

supergeleiding. Magnetisatiemetingen laten zien dat polykristallijn UCoGe een zwakke 

itinerante ferromagneet is met een Curie temperatuur TC = 3 K en een klein geordend 

moment van 0.03 μB. Ferromagnetisme is een bulk verschijnsel, hetgeen wordt aangetoond 

door de grote stap in de thermische uitzettingscoëfficiënt bij TC en de spontane muon-

precessie frekwentie (ν = 2 MHz voor T → 0) waargenomen beneden TC in het hele 

preparaatvolume. Bewijs voor bulk supergeleiding wordt geleverd door brede pieken in de 

soortelijke warmte en de thermische uitzettingscoefficient bij TS
bulk = 0.66 K. Bovendien 

leveren de thermische uitzettingsmetingen en de μSR data onomstotelijk bewijs dat 

ferromagnetisme en supergeleiding coëxisteren. De nabijheid van een magnetische 

instabiliteit, de afwezigheid van de Pauli limiet in het bovenste kritische veld en de defect 

gevoeligheid van TS, duiden er alle op dat UCoGe een triplet supergeleider is waarbij de 

formatie van Cooper paren bewerkstelligd worden door kritische magnetische 

spinfluctuaties. Verder bewijs hiervoor wordt geleverd door experimenten aan een 

éénkristal.  

Experimenten aan éénkristallijn UCoGe laten zien dat de magnetische en supergeleidende 

eigenschappen sterk anisotroop zijn. Magnetisatiemetingen tonen aan dat UCoGe een 

uniaxiale ferromagneet is met het geordende moment m0 = 0.06 μB gericht langs de 

orthorhombische c-as. Het bovenste kritische veld Bc2(0) bepaald door transportmetingen 

heeft een waarde Bc2(0) ≈ 5 T voor B || a, b die veel groter is dan de waarde Bc2(0) ≈ 0.5 T 
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voor B || c. De sterke anisotropie in Bc2 levert steun voor een ongebruikelijke 

supergeleidende toestand met een axiale supergeleidende gapfunctie met nulpunten langs 

de richting van het magnetisch moment m0. De Bc2 curve heeft een sterke opwaartse 

kromming of knik voor B || b of B || a, respectievelijk. Dit wijst er op dat UCoGe 

mogelijkerwijs de eerste twee-band ferromagnetische supergeleider is.  

In Hoofdstuk 8 wordt de onderdrukking gerapporteerd van ferromagnetisme en 

supergeleiding in een reeks van polykristallijne UCoGe1-xSix preparaten zoals bepaald door 

middel van metingen van de magnetisatie, ac-susceptibiliteit en elektrische weerstand. 

Wanneer Si gesubstitueerd wordt voor Ge, worden ferromagnetisme en supergeleiding 

beide onderdrukt en verdwijnen bij één en dezelfde kritische concentratie xcr ≈ 0.12. Bij xcr 

vertoont de elektrische weerstand een niet-Fermi vloeistof temperatuurgedrag en de 

exponent n(x) bereikt een minimale waarde n ≈ 1. De magnetisatie laat zien dat het 

geordend moment geleidelijk onderdrukt wordt, hetgeen op een tweede-orde 

ferromagnetische kwantum faseovergang duidt. Supergeleiding is beperkt tot de 

ferromagnetische fase, hetgeen additioneel bewijs levert dat supergeleiding bewerkstelligd 

wordt door magnetische interacties. Deze resultaten beiden een unieke mogelijkheid om het 

ontstaan van supergeleiding bij een ferromagnetisch kwantum-kritisch punt te onderzoeken. 
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