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Title: Electronic properties and structure of selected rare earth and uranium 
compounds; influence of impurities 
 
Author: Jiří Pospíšil 
 
Abstract: This thesis is devoted to studies of influence of impurities and/or chemical 
varieties on magnetic and superconducting properties of selected metallic materials 
containing rare earth and uranium. The research generally consisted of the defined 
preparation of studied materials, detailed composition and structure characterisation, 
experiments focussed on determination of mutually related magnetic, transport and 
thermal properties followed by data analysis of relations between material 
composition/quality and material properties. The technology phase was carried out 
in two ways – 1) preparation of the best pure materials as possible and 2) controlled 
doping of pure materials. Three main study cases have been chosen:  
 SmPd2Al3 – the representative of the complex magnetism of the Sm3+ ion, the so far 
unexplored superconductor YPd2Al3 were selected as the RE materials candidates 
and the controversial ferromagnetic superconductor UCoGe. 

The key ingredient of the initial technology phase was the refining the 
commercially available best element metals to the laboratory best achievable purity 
grade by the unique Solid State Electrotransport (SSE) method. SSE has been also 
applied for refining a compound, namely UCoGe.  

A high-quality SmPd2Al3 single crystal has been prepared and characterized 
within this work, to our knowledge the world wide only crystal of this material. The 
detailed measurements of electronic properties of this crystal allowed determining 
for the first time the anisotropic magnetism of this material with the specific aspects 
of the Sm3+ ion physics.  

YPd2Al3, originally selected as a non-f-electron analogue to SmPd2Al3, has 
been found by us as a new superconductor in the REPd2Al3 group of materials. TSC 
is strongly sample dependent – 0.6 K in the as cast samples and 2.2 K in the 
annealed samples. The observed superconducting behaviour of YPd2Al3 was 
discussed in terms of BCS concept and influence of internal stresses of the material. 

A considerable influence of sample state and purity was found in the case of 
UCoGe. While the as cast samples were poor superconductors and paramagnets the 
annealed samples were characterized by a robust superconductivity at TSC ≈ 0.7 K 
and anomalous magnetic ground state. The ferromagnetism did not develop and 
only strong spin fluctuation regime was found below 2 K. The unique phase 
diagram of the UCoGe has been established on the basis of all experimental results. 
A ferromagnetic state develops under the low (10 mT) magnetic field, which leads 
to an anomalous increase of TSC. The large high-quality single crystals fabricated by 
targeted growth processes revealed the strong magnetocrystalline anisotropy and 
existence of the uniaxial spin fluctuations at high temperatures (≈ 100 K) but after 
none of them exhibited superconductivity. Superconductivity has not appeared even 
after proper thermal treatment. The doping has a strong influence on both 
magnetism and superconductivity of UCoGe. The transition metals promote the 
ferromagnetism – the TC increased almost up to 10 K but only on the narrow 
concentration region (0-10 %). Contrary the transition metals the Th doping 
suppresses the ferromagnetism. The superconductivity is instantly suppressed by 
doping (1 %) which supports the unconventional UCoGe superconducting state in 
accordance with the Gorkov Abrikosov theory predictions. 



  



  

 

Název práce: Elektronové vlastnosti a struktura vybraných vzácně zeminných a 
uranových sloučenin; vliv nečistot 
 
Autor: Jiří Pospíšil 
 
Abstrakt: Tato práce pojednává o studiu vlivu nečistot na magnetické a 
supravodivostní vlastnosti vybraných materiálů obsahujících prvky vzácných zemin 
a uran. Výzkum je zaměřen na definovanou přípravu studovaných materiálů, 
detailní chemickou a strukturní analýzu a na experimenty zaměřené na stanovení 
vzájemných relací mezi složením/čistotou materiálů a jejich magnetismem a 
transportními vlastnostmi. Výzkum byl veden dvěma směry – 1) příprava co 
nejčistších možných materiálů a 2) řízené dopování čistých materiálů. Pro studium 
byly vybrány 3 typy materiálů. SmPd2Al3 s komplexním magnetismem samaria a 
dosud nepřipravená sloučenina YPd2Al3 reprezentují vzácně zeminné materiály. 
UCoGe s kontroverzní koexistencí feromagnetismu a supravodivosti reprezentuje 
uranové materiály. 

Klíčovou technologíí celé práce je čištění kovů o co nevyšší komerční 
dostupné čistotě metodou Solid State Electrotransport (SSE). SSE proces byl 
aplikován také na sloučeninu UCoGe. 

Sloučenina SmPd2Al3 byla úspěšně připravena ve formě monokrystalu 
v průběhu této práce jako jediný existující krystal v současnosti. Detailní měření 
elektronových vlastností na připraveném krystalu dovolila studium anizotropního 
magnetismu ve smyslu specifického fyzikálního chování Sm3+ iontu.  

Bylo shledáno, že sloučenina YPd2Al3 je nový supravodič ve skupině 
materiálů o složení REPd2Al3. TSC je silně ovlivněna tepelným zpracováním – 
0,6 K v zakaleném a 2,2 K v žíhaném vzorku. Supravodivost je diskutována ve 
smyslu BCS teorie a vlivu materiálového pnutí. 

Silný vliv žíhacího procesu a čistoty vzorků byl objeven v případě 
sloučeniny UCoGe. Zakalené vzorky jsou téměř nesupravodivé a paramagnetické. 
Oproti tomu byla objevena supravodivost na žíhaných materiálech při TSC ≈ 0,7 K  
spolu s anomálním magnetickým stavem. Feromagnetismu nebylo dosaženo a 
rozvinuly se pouze silné spinové fluktuace pod 2 K. Na základě experimentálních 
dat byl sestaven fázový diagram sloučeniny UCoGe, kde se feromagnetismus 
objevuje až v magnetickém poli (10 mT), což následně vedlo k neobvyklému růstu 
TSC. Měření monokrystalů UCoGe potvrdilo silnou magnetokrystalovou anistropii a 
existenci jednoosých spinových fluktuací ve vysokých teplotách (≈ 100 K). Přesto 
všechno žádný monokrystal připravený standardní metodou nebyl supravodivý ani 
po žíhání. Dopování mělo značný vliv jak na magnetismus tak na supravodivost 
UCoGe. Dopování transitivními kovy zvyšovalo TC v omezeném koncentračním 
rozsahu (0-10 %) až k 10 K. Oproti tomu Th feromagnetismus potlačilo. Dopování 
mělo zásadní vliv na supravodivost, která byla okamžitě potlačena už při 1 % 
obsahu dopujícího prvku. Rychlé potlačení supravodivosti je výsledek podporující 
nekonvenční supravodivost sloučeniny UCoGe ve smyslu Gorkov Abrikosov teorie. 
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1. Impurity concept 

1.1. Influence of impurities on modern materials 
Impurities are substances inside a confined amount of liquid, gas, or solid, 

which differ from the chemical composition of the matrix. Impurities are either 
naturally occurring or added during synthesis of a desired product. During 
production, impurities may be purposely, accidentally, inevitably, or incidentally 
added into the substance. 

The level of impurities in a material is generally defined in relative terms. 
Standards have been established by institutions that attempt to define the permitted 
levels of various impurities in a manufactured product. Strictly speaking, then, a 
material’s level of purity can only be stated as being more or less pure than some 
other material. The removal of impurities is usually done chemically. No matter 
which method is used, it is usually impossible to separate an impurity completely 
from a material. The reason that it is impossible to remove impurities completely is 
of thermodynamic nature and is predicted by the second law of thermodynamics. 
Removing impurities completely means reducing the entropy of the system to zero. 
This would require an infinite amount of work and energy as predicted by the 
second law of thermodynamics. What one can do is to increase the purity of a 
material to as near 100 % as possible or economically feasible. 

Impurities can be destructive when they obstruct the working nature of the 
material but also constructive as it is demonstrated in the following examples. 

Semiconductors are materials with electrical conductivity due to electron 
flow intermediate in magnitude between of a conductor and an insulator. These 
materials completely changed modern life and led to enormous development of all 
human activities. Silicon is used to create most semiconductors commercially. The 
electronic properties and the conductivity of a semiconductor can be changed in a 
controlled manner by adding very small quantities of other elements, called 
“dopants”, to the intrinsic material. In crystalline silicon typically, this is achieved 
by adding impurities as boron or phosphorus to the melt and then allowing the melt 
to solidify into the crystal. This process is called "doping". So impurities are 
constructive in this case. 

The opposite effect is observable in silicon solar cells. The solar energy is 
potentially capable of supplying most of the global need for the primary energy, and 
it is expected to become an alternative source for fossil fuels as a clean energy. The 
effect of impurities on solar cells is a complex effect. Impurities can preferentially 
segregate at grain boundaries and defects such as dislocations, where their electrical 
behaviour may be quite different than when dissolved in the interior of the grain. 
Such behaviour affects the efficiency of the solar cells1-3. The effect of various 
elements as impurities on the efficiency of silicon solar cells is demonstrated in 
Figure 1-1.  

When an impure liquid is cooled to its melting point the material, 
undergoing a phase transition, crystallizes around the impurities and becomes a 
crystalline solid. If there were no impurities then the liquid is said to be pure and 
can be super cooled below the melting point without solidifying. This occurs 
because the liquid has nothing to condense around so the solid cannot form a natural 
crystalline solid. The solid is eventually formed when a dynamic arrest or glass 
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transition occurs, but it forms into an amorphous solid - a glass, instead, as there is 
no long-range order in the structure. 

 

 
Figure 1-1 The sensitivity of (single crystal) silicon solar cell performance to various impurities. 
Figure is taken from Ref.1. 

 
Impurities play an important role in the nucleation of other phase transitions. 

For example, the presence of foreign elements may have important effects on the 
mechanical and magnetic properties of metal alloys. Iron atoms in copper cause the 
renowned Kondo effect where the conduction electron spins form a magnetic bound 
state with the impurity atom. Magnetic impurities in superconductors can serve as 
generation sites for vortex defects. Point defects can nucleate reversed domains in 
ferromagnets and dramatically affect their coercivity. In general, impurities are able 
to serve as initiation points for phase transitions because the energetic cost of 
creating a finite-size domain of a new phase is lower at a defect. In order for the 
nucleus of a new phase to be stable, it must reach a critical size. This threshold size 
is often lower at an impurity site. 

1.2. Aim of the work 
Impurities in materials are a fascinating subject of materials science as it has 

been hinted in the previous chapter. One of the most frequently studied materials in 
fundamental physics are the strongly correlated electrons systems where can occur 
phenomena as the heavy fermion state, exotic magnetic states or unconventional 
superconductivity.  

The aim of the thesis is to study influence of impurities and/or chemical 
varieties on magnetic and superconducting properties of selected metallic materials 
containing rare earth and uranium metals. Two groups of materials have been 
chosen as highly potential candidates.  

The first group of materials are the rare earth intermetallics of the general 
composition (U)REPd2Al3. These materials are structurally well ordered and 
defined. In spite of this fact, the magnetic state of Sm analogue is still not solved 
although this compound seems to be a hot candidate for the study of the samarium 
magnetism. Numerous papers treat this compound and all results are apparently 
strongly affected by sample quality. There are wide differences in the results 
between different papers even such regarding the so elementary question as how 
many magnetic transitions is presented. Another compound in this group is the Y 
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analogue. This compound was not reported in literature yet. Presence of 
superconductivity can be expected similar to numerous Y compounds. This 
compound with the high symmetry crystal structure can be promising tool for study 
of material quality on superconducting state. 

The second group of materials treated in this thesis are uranium 
intermetallics. The uranium is an unique element, which lies on the boundary 
between the localized behaviour rare-earth 4f-electron and the delocalized d-
electron states of transition metals. This property destines the uranium compounds 
for exotic physics where various, frequently “incompatible” physical phenomena 
can emerge and even coexist. One of the most fascinating objectives of 
contemporary physics is the investigation of materials where superconductivity 
coexists with magnetic order or strong magnetic correlations. Interesting candidates 
of such materials just come from group of uranium intermetallics. One of the most 
intriguing examples of such behaviour is the UCoGe compound. Many years 
UCoGe was believed to be a “boring” paramagnetic material until Huy has 
announced the coexistence of ferromagnetism and superconductivity at 2007. 
UCoGe orders ferromagnetically at TC = 2.5 K and superconductivity occurs at 
TSC = 0.7 K. The reported coexistence of weak itinerant ferromagnetism and 
superconductivity is highly unusual and this experimental finding strongly desires 
theory of superconductivity to be developed where additional mechanism as spin 
fluctuations, proximity of quantum critical point (QCP) or triple pairing symmetry 
of Cooper pairs are expected. Nevertheless, all the mentioned effects are strongly 
sample state and purity dependent. To date the influence of the material state is still 
not plausibly solved. On the basis of these findings UCoGe represents one of the 
best possible materials in which the influence of impurities on material behaviour 
can be studied. 

Our research was guided in two philosophical directions, which are 
graphically demonstrated in the following picture and four methods were chosen for 
impurity influence study with respect to the experimental instrumentation of the 
DCMP technological labs.  

 

1.2.1. Impurity elimination 
Impurity elimination was carried out using the following technological 

possibilities. 
• The simplest access to this topic is the preparation of the materials only from 

high purity components. Unfortunately the purity of the commercially 
offered elements is limited and often not high enough. It is especially critical 
in the case of rare earth elements and uranium. The unique refinement 
technique of metals using Solid State Electrotransport (SSE) has been 
implemented in DCMP technology laboratories. The studied compounds 
have been synthesised using the best possible purity elements refined using 
SSE.  

• The second way how to significantly improve purity of materials, is making 
use of the natural crystallization process. It is a well-know fact that the 

Impurity elimination

as it is possible.

Controlled doping of

of origin material.

Impurity elimination

as it is possible.

Controlled doping of

of origin material.



 18 
 

crystal growth leads to elimination of the foreign atoms from the crystal 
lattice. The single crystals were prepared in this technology phase. 

• The last method is also connected with SSE. The SSE technique is known 
for many years but it always was used only for the refinement of elements as 
the input components for the synthesis of new materials. A completely new 
approach was used in this stage. An additional refinement process in the SSE 
device was applied on the already synthesized compounds from refined 
components. 

1.2.2. Controlled doping 
Controlled doping is a technically simpler method than the previous ones. 

The philosophy of the doping is a substitution of the original atoms in the crystal 
lattice by foreign atoms. Such doping can change electronic structure of the mother 
material when the doping atoms are not isoelectronic with the replaced atoms. 
Another effect is the contraction or expansion of the unit cell of the original crystal 
structure. 

The impurity elimination techniques were used for both selected group of 
materials both REPd2Al3 and UCoGe. The effect of the refinement during 
crystallization was chosen in the case of the REPd2Al3 compounds, while all the 
refinement methods were applied within the UCoGe study.  

The influence of the controlled doping on magnetic and superconducting 
properties will be studied in UCoGe, when the Co ions were substituted by another 
transition metals like Fe, Ni or Ru. The U atoms will be doped by Th. 

The determination of the impurity influence on the magnetic and 
superconducting properties of selected materials is one of the expected results of 
this work. Including the potential involvement on the other physical properties, in 
general. 

Entire part of work is materials characterization using various techniques as 
X-ray diffraction, EDX analysis, magnetization, resistivity, heat capacity, neutron 
diffraction in wide range of external variables as temperature and magnetic field. 
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The thesis is arranged to 10 chapters. The impurity concept and motivation 
of the work are represented in the chapter 1. Chapter 2 is devoted to theoretical 
questions of magnetism and superconductivity. Experimental aspects – sample 
preparation, characterization techniques and refinement techniques including Solid 
State Electrotransport are arranged in the chapters 3 and 4. Introduction to the 
selected rare earth and uranium intermetallics is in the chapter 5. Chapters 6, 7 and 8 
are devoted to the experimental results. Preparation and refinement of materials 
using Solid State Electrotransport is described in the chapter 6. Results of the 
research of REPd2Al3 compounds are presented in the chapter 7. Results of the 
research on the uranium intermetallics are discussed in the chapter 8. General results 
of the work and future plans are summarized in the chapters 9 and 10. 
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2. Magnetism and superconductivity-basic 
concepts 

2.1. Magnetism 
Magnetism represents a class of fascinating physical phenomena that is 

intimately connected with the behaviour of electrons in materials. The nuclear 
particles with spin also give rise to magnetic phenomena, but these are characterized 
by a much weaker (nearly 2000 times) magnetic response. This chapter is mostly 
devoted to the “electronic” magnetism. Although the properties of lodestone 
(magnetite) were already known to the Ancient Greeks by 800 BC, magnetism 
remains even nowadays a field of e permanently growing interest. The interest is on 
the one hand motivated by the outstanding magnetic and related electronic 
properties of novel materials, which find frequent use in everyday modern life. 

2.1.1. Free ions (localized electron magnetism) 
Probably the best starting point when approaching the magnetism in 

materials is to consider the magnetic behaviour of isolated ions of individual 
elements in the Periodic table. Theoretically this problem can be solved within the 
basic principles of quantum theory. 

2.1.1.1. Ground state of a free ion 
In quantum theory the single electron states are described by the quantum 

numbers l and s, when the quantum number l expresses the orbital momentum of the 
electron and s is the electron spin. The quantum number l may reach the values from 
(+l) (-l) i.e. 2l + 1 values and the spin can have two values +1/2 and – 1/2. The 
maximum number of electrons which can be placed in a subshell of an ion is 
2(2l + 1). This gives 10 electrons in a d subshell and 14 electrons in an f subshell. 
For pronounced magnetic properties the transition elements characterised by an 
incompletely filled d-electron shell (3d, 4d, 5d metals) and/or a f-electron shell 
(lanthanides – 4f and actinides – 5f) are of particular importance. Electrons in these 
shells usually bear stable magnetic moments consisting of a spin and orbital 
component, respectively. The behaviour of the electrons within the ion is 
predominantly governed by the strong electrostatic Coulomb interaction, by Pauli 
Exclusion Principle (which does not allow two electrons to be in the same quantum 
state) and by the relativistic spin-orbit (s-o) interaction. The s-o coupling in ions of 
most of elements is much weaker then the Coulomb interaction and therefore it can 
be considered as a small energy perturbation of the system leading to the Russell-
Saunders (also L-S) coupling approximation. In this case the ground state is 
characterised by the ion quantum numbers of spin (S) and orbital (L) angular 
momentum and by the total angular momentum (J)∗. The combination of the 
individual electron angular momentum numbers l and s minimizing the energy of 
the system can be estimated using the Hund's rules4. The magnetic ground states of 
lanthanide ions satisfying Hund's rules are listed in Table 2-1. 
                                                 
∗ In ions of heavy elements (especially in heavier actinides), where the relativistic effects become much 
stronger, the energy of spin-orbit interaction is too large to be treated as a small perturbation and the conditions 
for L-S coupling may be no more valid. Consequently, some one-electron orbital and spin moments may couple 
yielding the one electron angular momentum number j. In this case j-j coupling or intermediate coupling 
(various combinations of L-S and j-j coupling) may be controlling formation of the magnetic ground state. The L 
and S are no more good quantum numbers and the ion ground state is characterised only by J. 
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Similar, the 5f electron states actinide free ions are be populated and U3+ 
(U4+) would be expected to be an analogy of Nd3+ (Pr3+). 
 

4fn S L J V μsat (μB) μeff (calc.) 
(μB) 

μeff (exp.) 
(μB) Ions 

4f0 0 0 0 1S0 0 0 dia La3+; 
Ce4+ 

4f1 1/2 3 L – S = 5/2 2F5/2 2.14 2.54 2.3 - 2.5 Ce3+ 

4f2 1 5 L – S = 4 3H4 3.20 3.58 3.4 - 3.6 Pr3+ 

4f3 3/2 6 L – S = 9/2 4I9/2 3.27 3.62 3.5 - 3.6 Nd3+ 

4f4 2 6 L – S = 4/2 5I4 2.40 2.68 - Pm3+

4f5 5/2 5 L – S = 5/2 6H5/2 0.71 0.85 1.4 - 1.7 Sm3+

4f6 3 3 L – S = 0 7F0 0 0 3.3 - 3.5 Eu3+ 

4f7 7/2 0 L + S = 7/2 8S7/2 7.00 7.94 7.9 - 8.0 Gd3+; 
Eu2+ 

4f8 3 3 L + S = 6 7F6 9.00 9.72 9.5 - 9.8 Tb3+ 

4f9 5/2 5 L + S = 15/2 6H15/2 10.00 10.65 10.4 - 10.6 Dy3+ 

4f10 2 6 L + S = 8 5I8 10.00 10.61 10.4 - 10.7 Ho3+ 

4f11 3/2 6 L + S = 15/2 4I15/2 9.00 9.58 9.4 - 9.6 Er3+ 

4f12 1 5 L + S = 6 3H6 7.00 7.56 7.1 - 7.6 Tm3+

4f13 1/2 3 L + S = 7/2 2F7/2 4.00 4.54 4.3 - 4.9 Yb3+ 

4f14 0 0 L + S = 0 1S0 0 0 dia Lu3+; 
Yb3+ 

Table 2-1 Filling of electron levels of the 4f-metals5-7. 
 

2.1.1.2. Ion in a magnetic field 
The theory of the (magnetization) magnetic susceptibility of a free ion 

(isolated from other ions, not interacting with other ions) is based on the calculation 
of the energy changes induced by an external magnetic field using the second order 
perturbation theory, which leads to Equation 2-1: 
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Equation 2-1 
 

where two first terms are paramagnetic the last one is diamagnetic. The first term is 
called Zeeman’s term; second one is van Vleck’s and the third one expresses 
diamagnetic contribution. In quantum mechanic the single electronic states are 
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described using quantum numbers l and s, when the quantum number l expresses 
orbital momentum of the electron and s spin. Quantum number l may reach values 
from (+l) (-l) i.e. 2l + 1 and two values for s- +1/2 and –1/2. It means that n 
electrons fill 2(2l + 1) electrons levels. The filling of the levels by electrons follows 
Hund’s rules. 

When Equation 2-1 is solved with the quantum numbers describing a 
particular ground state of an atom or ion, several particular solutions can be 
obtained, as discussed further. Magnetic behaviour is characterised by the 
magnetisation (M) and the susceptibility (χ), which are defined as the first and 
second derivative, respectively, of the energy change with respect to the magnetic 
field expressed by Equation 2-2 and Equation 2-3, respectively: 
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where: E0 is energy, V – volume and H – magnetic field. 

Diamagnetism 
The first two terms in Equation 2-1 vanish in case of L = 0 and S = 0 and one 

is left with a weak negative response called diamagnetism (Equation 2-4): 
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Equation 2-4 
 
where: e is electron elementary charge, m – electron mass, N – number of electrons, 
μ0 – vacuum permeability constant and ri - mean value of the square of ion radius. 

The genuine diamagnetism is typical for atoms or ions with the full valence 
sphere, which are for example rare gases, ions of alkali metals or metals like copper, 
silver or gold. The typical values of the diamagnetic susceptibility are between 10-11 
- 10-13 m3/mol. Note that any full (closed) electronic shell provides a diamagnetic 
response, i.e. once an atom or ion contains closed shells, these provide a 
diamagnetic contribution to susceptibility. 

Van Vleck paramagnetism 
Another special case is connected with the nonzero S and L values, however, 

compensating J = L – S = 0. This electron state appertains to the electronic 
configuration d4 of transition-metal ions and f6 of lanthanide and actinide ions. In 
these cases the first term of the Equation 2-1 vanishes and the susceptibility is 
expressed by Equation 2-5: 
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where: N is number of electrons, μB – Bohr magneton and En – energy. The first 
term in called van Vleck paramagnetic susceptibility and it is apparently 
temperature independent. 

Paramagnetism  J > 0 case 
In this case all the three terms in Equation 2-1 are nonzero. The first term is 

significantly larger than the latter two, which can be neglected in the first 
approximation. The ground state is (2J + 1) times degenerated in this case and the 
calculation of susceptibility requires the diagonalisation of a (2J + 1) dimensional 
matrix.  

As a result the z projection of the spin and orbital moment combine to yield 
the total angular moment (Equation 2-6): 
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Equation 2-6 
 

where gJ is Landé g-factor (Equation 2-7): 
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The result is valid only for the (2J + 1) dimensional set of states, which leads 
to a degenerated ground state in the zero external magnetic field. The degeneracy 
can be removed in a magnetic field when the ground state is split to (2J + 1) 
equidistant levels or due to interactions in a solid yielding various split energy 
schemes. 

The maximum magnetic moment of a free ion is (which may be used when 
calculating the spontaneous moment in the ordered magnetic state) (Equation 2-8): 
 

Jg J Bμμ =  

Equation 2-8 
 

where gJ’ is Landé g-factor, μB – Bohr magneton and J – total angular momentum. 
After applying statistical physics, the formula for the magnetization 

(Equation 2-9) can be derived (and the magnetization of a material can be calculated 
from it): 
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where N is number of electrons gJ  – Landé g-factor, μB – Bohr magneton and J – 
total angular momentum, B – magnetic field, kB  – Boltzman constant and T – 
temperature and BJ is the Brillouin function defined as (Equation 2-11): 
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The argument (Equation 2-11): 
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Equation 2-11 
 
is the ratio of the Zeeman energy of the magnetic moment in the external field to the 
thermal energy where μ is magnetic moment, B – magnetic field, kB  – Boltzman 
constant and T – temperature. 

The saturated magnetization of a material, which can be achieved in 
sufficiently high magnetic fields, in which BJ → 1 (Equation 2-12): 
 

JNgM J Bμ=  

Equation 2-12 
 
where N is number of electrons gJ  – Landé g-factor, μB – Bohr magneton and J – 
total angular momentum. 

For small x values (i.e. for sufficiently low magnetic fields and sufficiently 
high temperatures) the Brillouin function is linear, which allows deriving a simple 
expression for the temperature dependence of the paramagnetic susceptibility: 
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which is the well known Curie law (Equation 2-13), where C is the Curie constant 
(Equation 2-14) bearing information about the effective moment μeff of an ion 
(Equation 2-15): 
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Equation 2-15 
 

2.1.1.3. Sm magnetism 
From Table 2-1 one can read that the ground state multiplet of the Sm3+ ion 

is characterised by J = 5/2 (6H5/2). When analysing the magnetic data of numerous 
materials containing the Sm3+ ions, some difficulties have often been encountered, 
which can be attributed to the unique properties of the Sm3+ ion. The key reason for 
the observed discrepancies between the real properties and the expected free 3+ ion 
is that the energy intervals between the consecutive J multiplets are relatively 
narrow, e.g., the first excited multiplet of J = 7/2 is only about 1500 K above the 
ground state multiplet of J = 5/2. Therefore, the virtual transitions among the 
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multiplets through the off - J matrix elements of the Hamiltonian may appear and 
the thermal populations of the excited J levels have considerable influence on the 
magnetic properties8. 

Moreover the spin and the orbital part of the localized 4f moment are 
“antiferromagnetically” coupled (J = L – S) owing to the spin-orbit interaction, the 
large cancellation between them occurs for the ground multiplet of J = 5/2 and a 
rather reduced value (0.71 μB) ground state magnetic moment is expected. 
Consequently, this makes the contribution of the conduction electrons to the total 
magnetic moment quite substantial9-12. 

Furthermore, the magnetic behaviour of the Sm3+ ion could be significantly 
modified in solids by the crystal field and the exchange interactions13-18 which may 
lead to multiple magnetic phase transitions, etc. 

In this work will be demonstrated the peculiar behaviour of Sm by results of 
study of the SmAl2Pd3 compound. 

2.1.2. Ions in solids 
When an ion appears in a solid it is naturally exerted to interactions with the 

surrounding ions and on metals also with the conduction electron see, which may 
considerably modify the original “free-ion” wave functions with the inevitable 
impact on the character and mutual behaviour of individual magnetic moments and 
the ultimate consequences in the material magnetic properties. These interactions 
may be considered either as:  

i) single-ion ones (crystal field interaction) influencing the character of the 
magnetic moment of the actual ion (size and orientation with respect to the crystal 
lattice due to confronting the symmetry of wave functions and symmetry of the 
crystal field), 

ii) pair or two-ion ones (dipole-dipole interaction, exchange interaction) 
correlating the orientation within pairs of moments and having necessary 
implications in the collective behaviour of the ensembles of magnetic moments 
leaving, especially their spontaneous long-range ordering, yielding pronounced 
behaviour of magnetic materials. 

2.1.2.1. Crystal field (CF)  
An atom (ion) in a solid has a net magnetic moment in cases when an inner f 

electron shell is incomplete so that the individual electronic moments do not cancel 
completely. A magnetic RE ion, when placed in a solid, is subject to numerous 
forces, absent for free ion, which in general significantly influence magnetic 
properties of a given system. When leaving apart the valence fluctuating and heavy-
fermion 4f electron systems, these forces represent merely a perturbation of the free 
ion f shell state and the ionic magnetic moment can be considered as well localized. 
Two of these perturbations which are particularly important are treated in this thesis.  

One is an interaction of the incomplete f shell electrons with the crystal field 
(CF) produced by the neighbouring core charges and valence electronic charge 
density, the other is the magnetic coupling with neighbouring ionic moments which 
can result in cooperative effects. The magnetic behaviour of f electron systems is 
described using microscopic Hamiltonians reflecting the general symmetry 
properties of the system under consideration. The parameters of these Hamiltonians 
are either determined from experiment or calculated using various theoretical 
models. This paragraph is mainly focused on the trivalent f ions. This oxidation state 
strongly dominates in the RE elements. The electrons from the outer 6s, 5d shell in 
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the RE atoms (7s, 6d shell in An atoms) participate in the chemical bonding. It 
follows from ab-initio calculations that the asphericity in the charge density of these 
electrons influences significantly the CF splitting of the f electron states19. Standard 
description of the outer electron states is based on the effective one-electron 
Hamiltonian which contains kinetic energy and potential energy describing the 
interaction with the ionic cores and charge density of remaining valence electrons 
involved in the bonding of condensed matter. The effective one-electron approach 
for intermetallic systems can be formulated using Density Functional Theory (DFT). 
The (2J + 1)-fold degenerate energy levels of 4f or 5f ions in a compound are split 
by the CF interaction. Impact on the magnetic properties is important: it ”quenches” 
the orbital contribution to ionic magnetic moments, which in combination with the 
spin-orbit coupling, is the principal source of magnetic anisotropy. Further physical 
properties influenced by the CF interaction include the magnetoelastic properties20, 
the specific heat21 and transport properties22. 

2.1.2.2. Interactions between magnetic moments and magnetic 
ordering 

Magnetic properties of many materials are characterized by a spontaneous 
long-range magnetic order, which is characterised by the periodic arrangement of 
the magnetic moments within the crystal lattice. It is obvious that the magnetic 
ordering should be controlled by some interactions between the magnetic moments 
correlating their orientation throughout the lattice. If such interactions did not exist 
the magnetic susceptibility should reach very high values at low temperatures but no 
long range magnetic ordering would not be established. The magnetic ordering 
exists at temperatures lower than a certain critical temperature (Tc) characteristic for 
a particular material. The critical temperature should be somehow connected with 
the energy of the interaction needed to overcome the thermal energy kBTc, which is 
disturbing the correlations between magnetic moments. 

The typical energy of the well known magnetic dipolar interaction, which 
might be considered as the driving force of the magnetic ordering, is rather low to 
provide any magnetic ordering at temperatures considerably higher than 1 K. There 
should be present another interaction, much stronger, because some critical 
temperatures are even higher than 1000 K (e.g. pure Co or Fe). These strong 
interactions are the exchange interactions, which originate from the electrostatic 
interaction between two electrons arising because the charges of the same sign cost 
energy when they are close together and save energy when they are apart. 

Formally, the exchange interaction between spins can be described by the 
Hamiltonian (Equation 2-16): 
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Equation 2-16 
 

where Jij is the exchange integral and 
∧∧

ji SS are the local spins at the i-th and j-th 
sites. The positive (negative) value of ijJ  promotes the parallel (antiparallel) 
orientation of the two spins. The exchange integral is usually considerably 
depending on the distance between the two ions bearing the spins. This dependence 
is determined by the particular microscopic mechanism of the exchange interaction. 
In this respect we distinguish several types of exchange interactions, which are in 
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principle either direct or indirect (mediated by a nonmagnetic ion placed between 
the two interacting ions or by conduction electrons:     

Direct exchange interaction 
This interaction is characteristic for transition metals (i.e. Mn, Fe, Co, Ni) in 

which the “magnetic” wave functions of the neighbouring ions overlap considerably 
and in fact participate in metallic bonding. The direct interaction is by rule very 
intensive but rather short range, because the respective electron wave functions 
decay fast with the distance from the ion centre. The value of the exchange integral 
reaches up to Jij ≈ 102 – 103 K.  

Indirect exchange interactions 
i) Superexchange is best represented by a non-metal compounds with ionic 

bonding in which between two 3d transition element ions in the crystal structure is 
placed a non-magnetic ion with the unfilled p-states (oxides, pnictides) where the 
polarized electron is transferred to the neighbour owing to the ionic bonding 
process. In this way, the exchange interaction is mediated between moments of the 
two moments residing on the transition metal ion.  

ii) Exchange interaction mediated by hybridization is a certain analogue of 
the superexchange in intermetallics when the “magnetic” wave functions of 
interacting ions separated by a nonmagnetic ion hybridise with its valence electron 
states. As a consequence the hybridised states of the mediating ion become 
polarized and mediate the communication between spins of the two “magnetic” 
ions. In this way a considerable moment (seen well by the polarized neutron 
diffraction experiment can emerge also on the originally “nonmagnetic“ ion as has 
been demonstrated e.g. for URhAl23. 

iii) Exchange interaction mediated by conduction electrons (RKKY 
interaction) is the interaction inherent to metals.     

The name comes from capitals of names four scientists Ruderman-Kittel-
Kasuya-Yoshida24-26 who discovered it independently and formulated an appropriate 
model. The interaction is mediated via the conducting electrons which more or less 
freely travel across the crystal. The interaction is rather weak in comparison to 
previous cases but long-range and periodic because of properties of the mediators – 
conduction electrons. The RKKY interaction plays a considerable role in the 
lanthanide intermetallics because the 4f wave functions are well embedded in the 
lanthanide ion have no potential for direct exchange interaction27. RKKY interaction 
is schematically demonstrated in the Figure 2-1. 

 

 
Figure 2-1 Schematic view of the mechanism of the RKKY interaction; Figure is taken from Ref.28. 

 
The exchange integral derived from the RKKY model is given by the 

expression (Equation 2-17):  
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where JRKKY is the exchange integral, r is the distance from the centre of the ion and 
kF is the radius of the Fermi surface (the RKKY model has been formulated for a 
spherical Fermi surfaces). The typical development of the exchange integral is 
displayed in the Figure 2-229. 
 

 
Figure 2-2 The periodic character of the RKKY interaction; the amplitude decreasing with 1/r3. 

 
2.1.2.3. Types of magnetic ordering 

As we mentioned above a natural result of an exchange interaction 
correlating the pairs of magnetic moments residing on different ions in the crystal 
lattice is the spontaneous long-range ordering magnetic moments, the periodic 
arrangement of the magnetic moments throughout the lattice. Two basic magnetic 
types of magnetic ordering are ferromagnetism and antiferromagnetism. Other, 
more complex and/or exotic types of magnetic ordering (see e.g. Ref.30) will be 
mentioned only marginally here.  

Ferromagnetism 
The simplest example of a ferromagnet is a material with one type of 

magnetic moments all spontaneously arranged parallel at temperatures below the 
critical temperature, which is called Curie temperature TC. This magnetic structure 
has the same periodicity as the underlying crystal structure and yields a spontaneous 
(in the absence of the applied magnetic field) magnetization (within a ferromagnetic 
domain) which vanishes for T > TC. For a ferromagnet in an applied magnetic field 
B a complex microscopic many body problem should be solved. 
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Equation 2-18 
 

An elegant and simple solution brought P. Wiess introducing the molecular 
field approximation in which he formally replaced the sum of all exchange 
interactions of i-th spin with neighbouring spins by a molecular field. It is 
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frequently called exchange field (we sign it EB
→

) and can be formally taken as a 
certain internal magnetic field. The proportionality between the exchange field and 
the magnetization of the system is given by the Equation 2-19: 

 
→→

⋅= MB E ν  

Equation 2-19 
 
where ν is called the Weiss coefficient or molecular field coefficient. After 
substituting B + BE for B in Equation 2-9 for magnetization and deriving the 
paramagnetic susceptibility, we obtain the well known Curie-Weiss law (Equation 
2-20): 
 

pΘ−
=

T
Cχ  

Equation 2-20 
 
where the paramagnetic Curie temperature Θp = ν C, i.e. is proportional to the 
effective exchange interaction energy. The typical temperature behaviour of the 
spontaneous magnetization (Ms), the paramagnetic susceptibility and inverse 
paramagnetic susceptibility are shown in the schematic Figure 2-3. Note that the 
value of Θp as well as the Weiss coefficient is positive for a ferromagnet. The 
inverse susceptibility is a linear function of temperature (similar to the Curie law) 
but the straight line faces towards the intercept with the temperature axis at Θp > 0. 
 
 

 
Figure 2-3 Temperature dependence of magnetization, susceptibility and inverse susceptibility of a 
ferromagnet. 

Antiferromagnetism 
The simplest antiferromagnetic arrangement is a collinear arrangement of 

magnetic moments with the antiparallel coupling between the nearest neighbour 
magnetic sites. The periodicity of the antiferromagnetic structure is usually different 
from the crystallographic periodicity at least along one main crystallographic axis. 
The long-range antiferromagnetic ordering is stable below the Néel temperature TN. 
A simple antiferromagnet can be imagined in terms of two intergrown 
ferromagnetic sublattices which are coupled antiparallel. The sublattice spontaneous 
magnetization emerges for T < TN. The bulk spontaneous magnetization of the 
antiferromagnet is zero, because the neighbour antiparallel pairs of moments fully 
compensate. The idea of the sublattices, which has been formulated by L. Néel31, 
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allows deriving the formula for the temperature dependence of the susceptibility. At 
temperatures above TN the inverse paramagnetic susceptibility is also linear function 
of temperature expressed again by the Curie-Weiss law (Equation 2-21): 

 

pΘ−
=

T
Cχ  

Equation 2-21 
 

With the paramagnetic Curie temperature Θp = (νAA + νAB) C/2, where 
νAA > 0 is the Weiss coefficient of the (ferromagnetic) intrasublattice interaction and 
νAB < 0 is the coefficient of the (antiferromagnetic) intersublattice interaction. 
Typically νAA < − νAB and consequently Θp is negative, although the opposite sign 
may be realized in some specific cases. 

One can also derive that TN = (νAA − νAB) C/2. In the case νAA < < − νAB, 
Θp = − TN.  

Figure 2-4 displays the typical temperature dependence of the susceptibility 
(green curve) and reciprocal susceptibility (blue curve) of an antiferromagnetic 
material. The value of Θp can be obtained from extrapolation the 1/χ vs. T line 
below TN and further to negative temperatures. 

 

 
Figure 2-4 Typical susceptibility and inverse susceptibility behaviour of an antiferromagnet. 

 
The molecular field approximation and the Néel sublattice theory of 

antiferromagnetism are have many limitations and can be applied only in simple 
cases. They are hardly applicable to many real systems characterised by complex 
magnetic structures due to complex hierarchy of exchange and crystal field 
interactions and complex geometry of magnetic sublattices. Nevertheless, the 
conclusion concerning the temperature dependence of the paramagnetic 
susceptibility and the relation of Θp with the effective exchange interaction have a 
more general validity. 

The susceptibility behaviour for T < TN can be also derived using the Néel 
sublattice theory. There are two different χ(T) branches for two perpendicular 
directions of applied magnetic field, respectively. 

2.1.2.4. Magnetocrystalline anisotropy  
The magnetic anisotropy is the dependence of the internal energy of a 

system on the direction of the spontaneous magnetisation. An energy term of this 
kind is called magnetic anisotropy energy. The magnetocrystalline anisotropy 
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couples the direction of a magnetic moment the crystal symmetry of a particular 
material. Anisotropy can also be related to mechanical stress in the system and this 
is known as magnetostrictive anisotropy. 

Owing to the magnetocrystalline anisotropy the magnetization curves 
measured in fields applied along different crystallographic directions, respectively, 
are frequently different. The direction giving the largest magnetization signal is 
called the easy magnetization direction. Most frequently one can meet either the 
easy-axis (uniaxial) or easy-plane anisotropy. 

A very important consequence of the CF interaction is that the 
magnetocrystalline anisotropy arises due to the directional dependence of the energy 
of a 4f charge cloud in the crystal field, thereby inducing a preferential orientation 
of the 4f magnetic moments with respect to crystallographic axes. The shape 
differences of the 4f cloud (which may be shaped like a cigar or a pancake) are 
reflected in the sign of the second-order Stevens factor, and lead to different easy 
magnetization directions among analogous materials where the rare-earth ions 
experience the same CF32. 

In U intermetallics the crystal field interaction is overshadowed by other 
considerably stronger interaction (2 ion 5f-5f interaction, which gives rise to an 
enormously strong anisotropy. Further details are discussed in section 2.1.4. 

The anisotropy in the magnetically ordered state frequently extents to the 
paramagnetic region, where it is usually realized in the anisotropic susceptibility, 
which at high temperatures follows the Curie-Weiss law with the same effective 
moment but with the value of Θp varying from one crystallographic direction to 
another, respectively. The anisotropy of the Θp values is the basic characteristic of 
the system in paramagnetic region. In the strongly anisotropic uranium 
intermetallics the hard magnetization is nearly temperature independent and the 
fitting with the Curie-Weiss law leads to enormously large negative Θp values 
amounting several hundred K. 

2.1.3. Magnetism of delocalized electrons in metals and 
intermetallics 

2.1.3.1. Free electron model, Pauli paramagnetism 
The free electron model is the most appropriate to the conduction electrons 

in metals contrary to the free-ion model, which is best representing the behaviour of 
localized electrons isolated from interactions with surroundings. In the free electron 
model the periodic potential due to the crystal lattice is ignored and the electrons fill 
the states within the energy band up to the Fermi wave vector kF and Fermi energy 
EF. Each k-state in a metal can be double occupied owing to the two possible spin 
states, i.e. each electron has either spin-up (↑) or spin-down (↓). In a magnetic field 
(B) along the z-axis, the spin-up (spin-down) electrons decrease (increase) the 
energy by μBB. Consequently the spin-up and spin-down subband, respectively, 
shift and the number of ↑ states increases on account of the ↓ states (see Figure 2-5) 
which give rise to the magnetization (Equation 2-22): 
 

Bnn  M B )( ↓↑ −= μ  

Equation 2-22 
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where n↑ and n↓ is the number of electrons per unit volume with spin-up and spin-
down, respectively. The total number of electrons in the unit volume n = n↑ + n↓. 

 

 
Figure 2-5 Density of states showing splitting of energy bands in a magnetic field. The splitting is 
shown greatly exaggerated. 
 

The susceptibility of the free electron gas, called Pauli susceptibility (the 
free electron energy band has a parabolic shape) can be than expressed as Equation 
2-23: 
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Equation 2-23 
 

2.1.3.2. Spontaneously spin-split bands, magnetic ordering in 
itinerant electron system 

The values of the spontaneous magnetic moments in the ferromagnets like 
Fe, Co and Ni are considerably lower than one would expect from the free-ion 
model even if the orbital moment is quenched (which frequently happens to the 3d 
states in a medium crystal field). Also there are numerous evidences that the 3d 
wave functions in these metals are far from the free-ion character because of 
considerable participation of the 3d electrons in metallic bonding. Consequently, the 
3d electron states are no more located in energy levels but distributed in energy 
bands. They are, however, far from the free electron picture because within this 
scenario the spin-up and spin-down subbands cannot split spontaneously (in absence 
of external magnetic field) because the splitting of the two subbands would increase 
the energy of the system. This energy cost can, however, be compensated by the 
sufficient intratomic Coulomb energy U. It can be derived that the ferromagnetism 
with a spontaneous magnetization can emerge in the band electron (also called 
itinerant electron) system when the well-known Stoner criterion is satisfied 
(Equation 2-24): 
 

U N(EF) ≥ 1 
Equation 2-24 
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where N(EF) is the density of states at the EF. 
If the Stoner criterion is not satisfied the material remains paramagnetic with 

the susceptibility (Equation 2-25): 
 

)(1 F

P

EUN−
=

χχ  

Equation 2-25 
 
which is enhanced with respect to the Pauli susceptibility by the Stoner 
enhancement factor 1/(1- U N(EF)). 

The Stoner model33,34 is a far too simple approach to be capable of 
explaining all the aspects of magnetism in metals and intermetallics and therefore 
numerous advanced theories and theoretical approaches (including the ab initio 
calculations of electronic structure employing, i.e. Density functional theory) are 
currently applied. Nevertheless the Stoner model allows for basic considerations 
about trends in magnetism within the class of metals and intermetallics with respect, 
e.g. to application of external pressure. 

2.1.3.3. Density functional theory in magnetism 
The Density functional theory (DFT) including spin and orbital moment is 

the basis of the most modern electronic structure calculations. It has been reviewed 
e.g. by Eschrig in 199635 and many others so it is only briefly outlined here. The 
main point of the Kohn-Sham procedure is to subdivide the total energy into large 
contributions that are either well-known functionals (kinetic energy, external 
potential energy and Hartree energy) and a much smaller remaining part exchange 
correlation energy Exc. Therefore approximations applied to the latter part are 
expected to introduce only reasonably small errors. However all known 
approximations to Exc cannot be systematically improved. On the other hand the 
calculations are carried out without adjustable parameters. One of the major tasks of 
the DFT is the first principles description of the ground-state magnetic order. 

There is a great variety of possible magnetic ground states, for example; 
Pauli paramagnetism in YPd2Al3 (studied in this work), ferromagnetism in α-iron, 
hcp-Co and fcc-Ni. The stability of nonmagnetic electronic structure for YPd2Al3 
and the instability of the Fe, Co and Ni electronic structure with respect to the 
formation of a ferromagnetic structure can be studied with the help of the Stoner 
criterion. The density of electronic states (DOS) has a peak at the position of the 
Fermi energy (Fe, Co, Ni) that indicates the instability of the nonmagnetic state. The 
selfconsistent spin-polarized DFT calculations results in the ferromagnetic state 
with the magnetic moments which are close to the observed value 2.2 μB (Fe), 1.6 
μB (Co) and 0.6 μB (Ni). In the calculations of the magnetic structure discussed up to 
now the spin orbit coupling (SOC) was not taken into account. However, the 
dependence of the energy of the system on the direction of the magnetic moments 
with respect to the lattice is a property of primary importance in numerous technical 
applications which are primarily related to existence of SOC. The influence of the 
SOC on the formation of the magnetic structure increases further when one moves 
from the 4f systems to the 5f systems. Magnetic ordering in itinerant magnets is 
driven by the spin density, but the orbital contribution to the magnetic moment is 
responsible for magnetocrystalline anisotropy energy. In iron, cobalt and nickel the 
calculated orbital magnetic moment are, respectively, 0.08 μB, 0.14 μB and 0.05 μB. 
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However, the calculated orbital moments are smaller than measured36,37. The 
improvement is obtained from so-called orbital polarization (OP) energy 
contribution37.  

In recent years UCoGe (also studied at this thesis) has attracted much 
attention, as it was reported to become superconducting in a weakly ferromagnetic 
state38. The total energy calculations based on DFT shows that the ferromagnetic 
state is a more stable than the paramagnetic one and itinerant nature of uranium spin 
(orbital) moment and significant cobalt spin moment 0.4 μB were obtained39. 
However, in the case of UCoGe the discrepancy between polarized neutron 
diffraction (PND) measurements40 and DFT calculations is significant in the 
external magnetic field B = 3 T. At higher magnetic field B = 12 T the strong 
magnetic fluctuations are suppressed and the agreement between PND and DFT is 
more reasonable39,40. Therefore it can be concluded that the strong magnetic 
fluctuations are presence in the ground state of UCoGe which is beyond the scope 
of the present status of ground state DFT calculations but the dynamical mean field 
theory (DMFT) would be able to involve the fluctuations of magnetic moments41.  

2.1.4. Magnetism in lanthanide and actinide intermetallics 

2.1.4.1. Character of the 4f and 5f electron states and the 
implications for magnetism  

Since the majority of 4f electron density in lanthanides is deeply embedded 
within the core of an ion the interaction of the 4f states with environment is very 
weak. This fact is well documented by the results of neutron spectroscopy 
experiments42, which have revealed for majority of lanthanides (RE = Pr, Nd, Gd-
Tm) a negligible mixing of the 4f states with the conduction and other electron 
states. Consistently, the observed ground state magnetic moments of regular 
lanthanide ions usually well agree with the corresponding RE3+ free-ion values 
(gJμBJ) calculated within the LS coupling scheme. Some discrepancies between the 
corresponding experimentally determined and calculated moments can be attributed 
to CF effect which can lift the orbital degeneracy of the 4f states and this effect may 
be combined with the transitions between the ground state and the upper multiplets 
in the Sm case. 

The 5f wave functions in lanthanides are more extended in space, and thus 
exposed to a much stronger interaction with the metallic environment, compared to 
the 4f case. Consequently, the 5f electrons in actinides are, as a rule, delocalized due 
to their participation in bonding, and hence a considerable hybridization of the 5f 
states with the valence states of neighbouring atoms (5f-ligand hybridization) in the 
crystal lattice. 

The delocalisation of the 5f electrons has serious consequences. The most 
important one is that the 5f states form a more or less narrow 5f band intersected by 
the Fermi energy EF (the 5f bandwidth is of the order of several eV) rather than 
discrete energy levels characteristic for the 4f states in lanthanides. Consequently, 
the magnetic moments are due to the delocalized 5f electrons are much smaller than 
expected for the free U3+ or U4+ ion, respectively, and in the a broad-band limit the 
5f electron moment can dissolve leaving behind only a somewhat enhanced 
“conduction electron like” susceptibility. This situation resembles to a certain extent 
the 3d transition metals. UCoGe studied thoroughly in this work serves a typical 
example of the material appearing close to broad-band limit. 
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The exchange interactions between the existing 5f moments in actinide 
intermetallics considerably involve the corresponding 5f wave functions and are 
therefore typically much stronger than for the 4f moments interacting usually only 
via the conduction electrons (RKKY interaction). The impact of delocalisation on 
magnetic excitations is even more dramatic. No CF excitations could be observed 
by inelastic neutron scattering in the vast majority of uranium intermetallics studied 
so far. Instead, one observes typically a rather broad quasielastic response reflecting 
the 5f-moment instability in analogy to, e.g., cerium mixed valence materials. 

The delocalized 5f states in U intermetallics gives rise to an essentially 
different mechanism of magnetic anisotropy based on a two ions (5f-5f) interaction, 
which will be still discussed. 

2.1.4.2. Uranium magnetic moments 
As it has been mentioned already above, a vast majority of U-intermetallics 

form a 5f band present at EF. Therefore the band picture is an appropriate starting 
point for describing the electronic structure. Consequently, the magnetic moments 
and their ordering can be understood within the scenario of the spontaneous splitting 
of spin-up and spin-down sub-bands forming a net spin magnetic moment. 

An important difference between the 3d metals and the light actinides is the 
relation between the energy of the spin-orbit coupling (Es-o) and the energy band 
width (W). In 3d metals W3d >> Es-o band because the s-o coupling is weak. 
Contrary, in the light actinides W5f ~ Es-o. Due to the strong s-o interaction, typically 
a large orbital moment is induced, which is antiparallel to the spin moment in 
accord with the third Hund's rule43. 

Another important consequence is that in cases in which directions of spin 
and orbital moments are not imposed by symmetry, the interatomic interactions can 
disturb their mutual collinearity, existing for free ion due to the axial symmetry of 
the problem. On the other hand, if the symmetry of the crystal is high and the 
direction of the spin moment is parallel to a crystal symmetry axis passing through 
the atom, the two atomic moments will be collinear as a consequence of symmetry 
properties44. 

2.1.4.3. Hybridization of the magnetic electrons states with the 
neighbour ion electrons states 

Generally two one-electron mechanisms can be considered as affecting the 
ionic character of the 5f states. The first one is the 5f electron hopping due to an 
overlap of the 5f wave functions from neighbouring U-sites leading to formation of 
the 5f band. Clearly the most important parameter in the uranium compounds is the 
U-U spacing (the distance between the centres of two nearest neighbour uranium 
ions). It has been recognized long time ago (Hill 1970), that in U-compounds with a 
small U-U spacing (dU-U) one often finds a superconducting, non-magnetic ground 
state, whereas for large dU-U the ground state is non-superconducting, often 
magnetic. The critical values of the parameter called the Hill limit was considered to 
be between 340 and 360 pm. It is worth to note that dU-U in the “ferromagnetic 
superconductor” UCoGe studied in this work falls into this critical region.  

Naturally, the occurrence of magnetic ordering is determined by a Stoner-
type criterion (see Equation 2-24). Since the number of the 5f electrons per ion is 
always between 2 and 3 in U-intermetallics (no sizeable charge transfer can take 
place in the absence of polar bonding) and the Coulomb interaction varies only a 
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little in different types of materials, it is finally the width of the 5f band given by the 
5f-5f overlap which affects the occurrence of magnetism. 

The spin-orbit coupling and the 5f-ligand hybridization make the whole 
electronic structure strongly dependent on the mutual coupling of magnetic 
moments and their orientation with respect to crystal axes. Performing calculations 
with magnetic moments forced into different directions can yield estimates of the 
type and strength of magnetic anisotropy45. The anisotropy energy is typically found 
to be of the order of mRy per unit cell, i.e., hundreds Kelvin, which is often found in 
experiment, too. 

The hybridization has actually a dual role. In the first approximation it is a 
primary mechanism of the destabilization of 5f moments, in the second 
approximation, because the spin information can be conserved in the course of the 
hybridization process, it leads to an indirect exchange coupling. The maximum 
ordering temperatures can be consequently expected for a moderate strength of 
hybridization, because a strong hybridization completely suppresses magnetic 
moments, whereas a weak one leaves moments intact, but their coupling is weak. 

A relatively simple model which leads to qualitatively realistic results has 
been worked out by Cooper and co-workers46, on the basis of Coqblin-Schrieffer 

approach to the mixing of ionic f-states and conduction-electron states47. 
Considering an ion-ion interaction as mediated by different covalent-bonding 
channels, the strongest interaction is for those orbitals, which point along the ion-
ion bonding axis, which represents the quantization axis of the system. The two 5f 
ions maximize their interaction by compression of the 5f charge towards the 
direction to the nearest 5f ion. This has serious impacts on magnetic anisotropy, 
because it means population of the 5f states with the orbital moments perpendicular 
to the bonding axis. This interaction prefers a strong ferromagnetic coupling of 
actinide atoms along the bonding direction, whereas there is no special general 
tendency to ferro- or antiferromagnetism perpendicular to it, where the interaction is 
much weaker, and can be comparable to the "background" isotropic exchange 

interaction of the standard RKKY type. 
Since the spin-spin exchange interaction is essentially isotropic, it is the 

magnetocrystalline anisotropy which orients magnetic moments relatively to 
crystallographic axes. The mechanism usually responsible for this phenomenon in 
lanthanide intermetallics with well-localized 4f states is the single-ion CF 
interaction. 

The involvement of delocalized 5f states in U intermetallics (being involved 
in anisotropic covalent bonding) implies an essentially different, two-ion (5f-5f) 
interaction, which plays a major role in the anisotropy. The strong spin-orbit 
interaction is a necessary pre-requisite in both cases. 

2.1.5. Fermi-liquid and non-Fermi liquid behaviour 

2.1.5.1. Fermi liquid 
The Fermi-liquid model of Landau48 predicts certain temperature 

dependences at sufficiently low temperatures (often < 1 K) for physically 
observable quantities. For example, the specific heat C, divided by temperature T, 
follows C/T constant, the magnetic susceptibility also becomes independent of 
temperature and the electrical resistivity ρ behaves as ρ0 + AT2. The Fermi-liquid 
model is the correct description of the low-temperature measurable parameters of a 
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metal provided that the electron interactions become as T→0 temperature 
independent and are short ranged in both space and time49,50. 

2.1.5.2. Non-Fermi liquid 
Although the Fermi-liquid theory has been successful in description of the 

low-temperature behaviour of many compounds even many actinide systems with 
very strong electronic correlations are well described in terms of Fermi-liquid 
theory. In recent years, the cases where the Fermi-liquid scenario does not apply 
have attracted much attention. The main macroscopic properties of the systems that 
have been identified as non-Fermi liquids are a diverging specific heat divided by 
temperature, c/T, a diverging magnetic susceptibility χ and a non-quadratic electric 
resistivity ρ � Tα with α < 2.  

At present there is no theoretical model that yields a universal description of 
non-Fermi liquid behaviour. Several models were put forward in order to describe 
the microscopic mechanisms that lead to non-Fermi liquid behaviour. By comparing 
the measured temperature dependencies of c/T, χ and ρ, it might be possible to 
determine, which model describes the system best. Proximity to a quantum critical 
point is one of the most frequent model, which is briefly explained in the next 
chapter. 

2.1.6. Quantum phase transition and quantum critical point 
Well-known phase transitions, like paramagnetism to magnetic order or 

from a metallic state into a superconducting one, occur at finite temperature. They 
are often called thermal phase transitions. Here macroscopic order is destroyed by 
thermal fluctuations for increasing temperatures.  

A different class of phase transitions shows a transition at zero temperature 
where thermal fluctuations are suppressed and such transitions are called quantum 
phase transitions QPT. It was pointed out by Hertz51 that when a non-thermal 
control parameter r such as pressure, magnetic field, or chemical composition is 
varied to access the transition point. Long-range order is destroyed solely by 
quantum fluctuations at certain points called quantum critical QCP where r = rc. 
Common characteristic of the quantum phase transitions is a qualitative change in 
the system properties.  

Quantum phase transition and existence of the quantum critical point are 
schematically displayed in the Figure 2-6. 

 

 
Figure 2-6 Schematic presentation of phase diagram with presence of QCP. Picture is taken from 
Ref.52 
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Experimental and theoretical developments in the last decades have made 
clear that the presence of such quantum phase transitions plays an important role in 
the so-far unsolved puzzles in heavy-fermion compounds, see e.g. Ref.53. The 
physical properties of the quantum fluctuations, which can destroy long-range order 
at absolute zero temperature, are quite distinct from those of the thermal fluctuations 
responsible for traditional, finite-temperature phase transitions52,54,55. 

At the quantum critical point, the low-temperature thermodynamics is 
characterized by collective modes corresponding to fluctuations of the order 
parameter, rather than by single-fermion excitations as in a Fermi liquid. Therefore, 
non-Fermi-liquid properties arise. The temperature dependencies strongly depend 
on the dimensionality d of the system and on the nature of the interactions.  
. 

d = 3 d = 2 
 

z = 3 z = 2 z = 3 z = 2 

C/T -ln(T/T0) γ - βT1/2 T-1/3 -ln(T/T0) 

ρ T5/3 T3/2 T4/3  T 

Table 2-2 Predicted scaling behaviour of spin fluctuation model for the temperature dependence of 
C/T and ρ at QCP. 
 

For a ferromagnet z = 3, for an antiferromagnet z = 2. The dependencies are 
summarized in Table 2-255-58 based on Millis-Moriya spin-fluctuation model. 
Another important relations are well described for example in Refs.49,50,59. 

2.2. Superconductivity – an introduction 
Superconductivity was discovered in 1911 by H. Kamerlingh Onnes when 

he found that the element mercury went resistanceless below the critical temperature 
TSC = 4.1 K60, and 25 years were to pass before Meissner and Ochsenfeld (1933) 
found that superconductors also exclude magnetic flux61. Two years later in 1935 
the London brothers proposed a simple theory to explain the Meissner effect62. In 
1950 Ginzburg and Landau advanced a macroscopic theory that described 
superconductivity in terms of an order parameter, and they provided a derivation 
Ginzburg –Landau theory. 

Generally, two types of the standard superconductors are distinguished in 
accordance with their behaviour in the magnetic field. 

While B < BC, the magnitude of the diamagnetic moment increases with 
increasing external field, in order to preserve a zero total magnetic field inside the 
superconducting material. For a Type 1 superconductor, once B = BC, the transition 
to the normal superconducting state is a sudden one.  For B ≥ BC, the diamagnetic 
moment vanishes and the total magnetic field inside the material becomes equal to 
the external field. Similarly, the electrical resistivity suddenly reappears at B = BC, 
and superconductor has returned to its normal state (Figure 2-7).  

With Type 2 superconductors, the graphs for diamagnetic moment and 
resistivity are somewhat different. In Type 2 superconductors, the critical field 
(labelled BC1 in the Figure 2-7) signals a much more gradual return to the normal 
conducting state.  Instead of the diamagnetic moment dropping immediately to zero, 
the decline is much more gradual, and the normal conducting state is not achieved 
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until a field BC2 is reached. At this point, the resistivity returns to its normal value, 
and the magnetic field inside the conductor is equal to the external field. 
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Figure 2-7 Diamagnetic moment and resistivity behaviour of the type 1 and type 2 superconductors. 

 
Type 1 superconductivity is exhibited by most of the elements that exhibit 

superconductivity.  Most alloys that exhibit superconductivity show Type 2 
behaviour.  Type 2 superconductors form the basis of “superconducting magnets” 
because of their ability to carry high currents without any losses in the 
superconducting phase, and also the fact that they remain superconducting even in 
relatively high magnetic fields. 

The 1935 theory of the London brothers provides the first and second 
London equations, which relate the electric and magnetic fields E and B, 
respectively, inside a superconductor to the current density J. 

The constant of proportionality in these expressions is the London 
penetration depth λL (Equation 2-26): 

 
)/( 2

0 eNm sL μλ =  

Equation 2-26 
 
where Ns is the density of superconducting electrons. The London penetration depth 
characterizes the typical distance to which a magnetic field penetrates into a 
superconductor62. Typical values of the λL range from 50 to 500 nm. 

In 1957 Bardeen, Cooper, and Schrieffer63,64 (BCS) proposed the general 
microscopic theory of superconductivity that quantitatively predicts many properties 
of superconductors and is now widely accepted as providing a satisfactory 
explanation of the phenomenon. There are various levels of approximation in which 
the BCS theory has been applied, and some of them are commented upon in the next 
section. 

The mathematical underpinning of the BCS theory is so complex that it will 
not be of much benefit to summarize its general formulation, so this section will 
emphasize predictions that are often compared with experiment. These predictions 
arise mainly from the homogeneous, isotropic, phonon-mediated, square well, s-
wave coupling simplification of the BCS theory, and many superconductors, to a 
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greater or lesser extent, have been found to satisfy these predictions. Some of them 
are as follows: 

A superconductor has an energy gap Eg = 2Δ. The energies in the normal and 
superconducting states are (Equation 2-27): 
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Equation 2-27 
 
where ξ is the energy in the absence of a gap measured relative to the chemical 
potential μ. 

The dimensionless electron-phonon coupling constant λ is related to the 
phonon density of states Dph(ω). The approach comes from the model of the free 
electrons with the spherical Fermi surface. Superconductors are characterized as 
having weak (Δ ≪ 1), intermediate (Δ ≈ 1), and strong (Δ ≫ 1) coupling. The 
electron-electron interaction potential V0 for Cooper pair bonding has an attractive 
elect-phonon part measured by λ and a repulsive screened Coulomb part μ0

*. This 
provides the approximate expression for the transition temperature (Equation 2-28).  

 
( )[ ]*/1exp13.1 cDSCT μλθ −−=  

Equation 2-28 
 

The BCS theory predicts that at TSC there is a jump in the electronic specific 
heat from its normal state value Ce = γT (γ - Sommerfeld coefficient) to its 
superconducting state value TSC given by (Equation 2-29). 

 

43.1=
SC

SC

T
C
γ

 

Equation 2-29 
 

Below TSC, the BCS theory predicts that the specific heat Csc(T) depends 
exponentially on the inverse temperature (Equation 2-30): 

 
[ ]TkaC BSC /exp Δ−=  

Equation 2-30 
 
where Δ = 1.76 kBTSC, and a is a constant. 

The isotope effect involves the claim that for a particular element the 
transition temperature TSC depends on the mass M of the isotope as follows 
Equation 2-31. 

 
.constTM SC =α  

Equation 2-31 
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2.3. Non-BCS superconductivity 
Unlike the standard superconductors, these superconductors cannot be 

explained by the BCS theory in the previous chapter and they display a rich variety 
of the unexpected properties.  

Generally two classes of the materials appertain to this group – heavy 
fermion superconductors and unconventional superconductors.  

While the heavy fermion superconductivity is connected only with the 
unusual electronic states the existence of the unconventional superconductivity 
needs additional mechanisms coming from the additional symmetry braking within 
the superconductivity transition. 

Special class of the unconventional superconductors are materials where the 
superconductivity coexists with a magnetic order. 
Recently, a new class of superconductors appeared, namely the class of 
superconducting ferromagnets, which are certainly good candidates for 
unconventional superconductivity due to the dominance of ferromagnetic 
interactions of the electrons, which naturally favour a spin-parallel coupled 
superconducting state. Prominent members are the uniaxial ferromagnets UGe2

65,  
URhGe66 and UCoGe38. 

2.3.1. Heavy fermion superconductivity 
One of the common features of the heavy fermion superconductors is the 

large values of the electronic specific heat coefficient at TSC, order of a few 
hundreds to even thousands mJ/molK2, indicating the heavy quasiparticles 
participate in the superconducting pairing67,68. The pairing mechanism in heavy 
fermion superconductivity is not simply understood yet, which is also a problem in 
high Tsc superconductors, there is an idea that the superconducting pairing is 
mediated by magnetic interaction, so called, magnetic glue69 The deeper 
introduction to theory of HFSC can be found in following references68,70-73.  

Superconductivity in these systems arises from the pair formation of these 
heavy quasiparticles. CeCu2Si2

74 was the first example, later several U-based 
compounds like UBe13

75, UPt3
76,77, URu2Si2

78, UPd2Al3
79, and UNi2Al3

80 were 
discovered with unusual superconducting properties and a coexistence with 
antiferromagnetic order. For a long time CeCu2Si2 has been the only Ce-based 
heavy-fermion superconductor at ambient pressure, until in 2001 CeCoIn5

81, and 
CeIrIn5

82, and in 2003 the noncentrosymmetric CePt3Si83,84 have been synthesized. 
Most of the other Ce-based heavy-fermion superconductors discovered during the 
past few years become superconducting only under high pressure. CeRh2Si2

85, 
CePd2Si2

86, CeCu2Ge2
87, CeIn3

69, and CeRhIn5
88 can be tuned by pressure to show 

superconductivity. 

2.3.2. Unconventional superconductivity 
In the standard superconducting materials the superconductivity is mediated 

by electron-phonon coupling which gives rise to Cooper pairs in the most 
symmetric form, nowadays called s-wave pairing. Physical behaviour of such 
superconductors well follow predictions of the microscopic model formulated by 
Bardeen, Cooper, and Schrieffer63. Nevertheless the interactions can favour 
anisotropic pairing. The question regarding the unconventional superconductivity 
was opened by Anderson and Morel89 and Balian and Werthamer90 investigated this 
general type of superconductivity with the prospect of superfluid 3He, in which a 
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spin-fluctuation mechanism is assumed to be responsible for the creation of p-wave 
pairs91.  

In contrast to the s-wave superconductors the 3He A- and B-phases are 
characterized by Cooper pairs with angular momentum 1 and spin-triplet 
configuration. This was the beginning of the era of unconventional 
superconductivity, condensates of Cooper pairs of lower symmetry, in contrast to 
the conventional superconductors with the most symmetric Cooper pairs. There is 
growing evidence that p-wave pairing is not limited to superfluidity only, but that 
there are superconductors where antiferromagnetic and ferromagnetic spin 
fluctuations, respectively, give rise to the pair attraction.  

Accordingly, the pairing can be classified by the orbital quantum number l, 
which takes for singlet pairing the values 0, 2, 4, ..., and the pair states are labelled 
by letters s, d, g, .... Consequently, the pairing is referred to as s-wave pairing (l = 
0), d-wave pairing (l = 2), and so on.  

Comparing the symmetry of the orbital part to the symmetry of the Fermi 
surface leads to a classification into conventional and unconventional 
superconductors. Superconductors, where both symmetries are the same, are 
labelled conventional superconductors, whereas a lower point group of symmetry of 
the pair potential characterizes an unconventional superconductor. This 
classification is illustrated in Figure 2-8. 

 

 
Figure 2-8 Illustration of the classification into conventional and unconventional superconductors by 
symmetry. Both panels show the Fermi surface cross-section (thick line) in the basal plane of a 
tetragonal crystal. The thin lines show: a) amplitude of the order parameter of a conventional 
superconducting state; b) amplitude of the order parameter of an unconventional superconducting 
state. 

 
So the key point in unconventional superconductivity is that more than one 

symmetry can be spontaneously broken at the phase transition. Above TSC, the 
system has a symmetry group, which includes crystal, spin rotation and global 
gauge symmetries. This simply means that all of these transformations leave the 
thermodynamic state of the system unchanged. Mathematically the complete 
symmetry group is represented by a product of these individual symmetry groups 92 
(Equation 2-32). 

 
GRUG ××= )1(  

Equation 2-32 
 

Here Gcrys is the crystal space group, which would be cubic, hexagonal, etc., 
depending on the material. R is the group of rotations of electron spins (unitary 
transformations in two dimensions because of the electron spin of 1/2. U(1) is the 
group of global gauge symmetries. 
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Therefore, an equivalent definition of conventional/unconventional 
superconductivity in terms of symmetry is that for conventional superconductors 
only gauge symmetry U(1) is broken at the phase transition, while additional 
symmetries are broken at the phase transition in unconventional superconductors. 
The conventional superconducting state has the full point symmetry of the crystal 
lattice, i.e. it belongs to the identity representation. For the rest of superconducting 
states, which belong to non-identity representations, the point-symmetry properties 
are broken. An important but not compulsory consequence of the broken point-
group symmetry is the existence of zeroes in the order parameter, so called nodes, 
i.e. the order parameter vanishes at points or lines on the Fermi surface. This leads 
to a gapless excitation spectrum, which alters the low-temperature behaviour of 
many physical properties in the superconducting state. In particular, power laws  ~ 
Tn are observed instead of an exponential temperature dependence, and the exponent 
n is determined by the topology of the nodes. Some examples for the gap symmetry 
and the corresponding nodal structure are displayed in Figure 2-9. 

The deeper theory of the unconventional superconductivity can be found in 
following reference71,92-98.  

 
Figure 2-9 Some examples of the gap symmetry. The isotropic gap with A1g symmetry (nodes), the 
polar gap (line node), the gap with E1u symmetry and the gap with E2g symmetry (both with point 
and line nodes) are shown (from left to right). 

2.3.3.  Influence of impurities 
A large number of papers are devoted to study of influence of paramagnetic 

impurities on the transition of a metal into a superconducting state. It is well known 
that the mechanism responsible for superconductivity is the formation of the bound 
electron pairs in a singlet state. The exchange interaction between electrons and 
spinning impurity atoms leads to nonconservation of the electron spin, which may 
affect the formation of the Cooper pairs so the spin of impurities should inhibit the 
appearance of the superconducting correlation, e.i., cause a decrease in TSC

99-101. 
This access is known as Abrikosov-Gorkov theory of pair breaking by magnetic 
impurities and was evolved for conventional s-wave superconductors 102,103. From 
the early days, impurity doping was one of the most important tools for identifying 
the nature of the pairing state and microscopic properties. A classical experimental 
study of the role of magnetic impurities in conventional superconductors was 
carried out by Woolf and Reif104. Both magnetic and nonmagnetic impurities are 
pair breakers in unconventional superconductors, and often impurity suppression of 
superconductivity is an early hint of the unconventional pairing state. The study of 
the effect of impurities on unconventional superconductors is still a developing 
field102. 
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The critical spin fluctuations, which mediate the superconductivity in non - 
BCS superconductors were studied in detail in the Maki105, Moriya106 or Fulde107 
works within the influence of the impurities on critical spin fluctuations. Although 
the influence of the impurities on unconventional superconductivity is often 
predictable any general rule was not found in the case of spin fluctuations. The 
impurities can both enhance and also suppress the critical spin fluctuations, which 
mediate the superconductivity. The enhancement of the spin fluctuations due to the 
impurities was found in the high temperature cuprate superconductors108,109. On the 
other hand the strong TSC suppression was found in the metallic system UPt3 due to 
the impurities110,111. Nevertheless there is not clear whether the TSC drop is 
connected rather with the spin fluctuations suppression or with the pair braking on 
the basis of Abrikosov-Gorkov theory. 

There is only one exception – noncentrosymmetric superconductor CePt3Si. 
Surprisingly, the values of both the critical temperature and the upper critical field 
in polycrystals are higher than in single crystals. This is opposite to what was 
observed in other unconventional superconductors and also disagrees with 
theoretical predictions assuming that the polycrystalline samples are intrinsically 
“more disordered” than the single crystals112-114. 



 45 
 

3. Experimental part 

3.1. Sample preparation 

3.1.1. Polycrystalline samples 
The technology lab of the DCMP is equipped by simple arc furnace for 

preparation of metallic polycrystalline samples. Typical mass of the samples is 
between 3-5 g (Figure 3-1). 

Preparation of the samples consists from few technological steps. 
 

1. Stoichiometrical amounts of the elements are weighted and placed into the 
Cu crucible inside the chamber. 

2. The chamber is evacuated. Usual vacuum level is 10-3 mbar. 
3. The chamber is rinsed by (6N) argon before melting and small piece of Ti is 

melted before the sample melting. The chamber is filled by high purity (6N) 
argon. The argon atmosphere works as a protective environment and also as 
charge carrier because the arc cannot burn in vacuum. 

4. The melt is heated by arc on a water-cooled cooper crucible. The melt is 
usually melted three or four times up to reach proper sample homogeneity. 
 
The cooper crucible can be replaced by an ingot mould, which is used for 

preparation of the metallic rods for single crystal growth using floating zone method 
or for refinement of the rod using SSE (Figure 3-2). 

 

 
Figure 3-1 Right picture displays monoarc furnace for preparation of polycrystalline sample. The 
detail of the crucible is shown in the left one. 
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Figure 3-2 Monoarc furnace with installed ingot mould. 

 

3.1.2. Single crystals 
Three methods of single crystal growth are available in the DCMP 

technological lab. It is possible to use modified Czochralski technique in a tri-arc 
furnace, floating zone method using four mirrors optical furnace and crystal growth 
from metallic solutions – FLUX method115,116. Proper description in the following 
chapters will be focused on the two first methods which were used for the samples 
preparation.   

3.1.2.1. Czochralski technique 
Two types of the furnaces with arc heating system were used for crystal 

preparation within the thesis – triarc furnace made in VAKUUM Praha in DCMP 
laboratory (Figure 3-3) and tetraarc furnace in NIMS Tsukuba in Japan (Figure 3-4). 
The advantage of the tetraarc furnace is better heating homogeneity and suppression 
of the thermal gradients. The preparation of the single crystal consists from a few 
technological steps. 

 
1. Stoichiometrical amounts of the elements are weighted and placed on the Cu 

crucible inside the chamber. The vapours pressures of the selected 
elements must be considered. Small additional amounts of the elements 
with high evaporation can be used to reduce the effect of the stoichiometry 
loss during the long process of the single crystal growth. 

2. Chamber is evacuated and the walls are heated to desorb gases and water. 
Usual vacuum level is 10-6 mbar. 

3. The chamber is filled by high purity (6N) argon after proper evacuation up 
to ¼ atm. overpressure.  
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4. Then the melt is heated by three or four symmetrically arranged arcs on a 
water-cooled cooper crucible. Homogeneity of the heating is provided by 
rotation of the crucible (5-10 RPM – rotations per minute). 

5. The melt is touched by an unsmeltable material – seed rod (usually tungsten) 
and pulled up with synchronous rotation of the seed and crucible. 

 

 
Figure 3-3 Right picture displays triarc furnace for preparation of single crystals using Czochralski 
technique. The detail of the crucible and electrodes is shown in the left one. 

 

 
Figure 3-4 Growth of single crystal using Czochralski technique in the tetraarc furnace. The second 
crucible in the upper part of the picture is Ti getter. 
 

Unfortunately only particular group of materials is suitable for crystal 
growth using Czochralski technique and lot of tricks is necessary to know to govern 
a successful experiment.  
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The most important parameter is to have a homogenous melt at equilibrium 
thermal state before crystal growth start. A few ways exist how to reach the 
homogenous melt. The most successful way suitable mainly for intermetallics is 
preparation of the polycrystalline sample before experiment. Then the experiment is 
possible to start with piece of pure and homogenous compound.  

Thermal equilibrium is important at the start and during the crystal growth. 
When the melt is overheated the surface tension is low and the melt simply slip 
down from the rod. The low surface tension leads to too flat melt. It induces high 
thermal gradients inside the melt due to higher thermal contact with crucible and 
these gradients strongly disturb the crystal growth.  

The philosophy of the crystal growth is to find the thermal equilibrium state 
when the surface tension is high enough to hold the melt. The mechanical force 
which is induced by pulling of the crystal and is opposite to gravitation force leads 
to pear-shape of the melt. It leads to reduce of the thermal contact with crucible and 
power of the arcs can be reduced. This effect reduces the thermal gradients inside 
the melt and supports fine crystal growth.  

The typical size of the crystal grown from the used triarc and tetraarc 
furnace is several centimetres of length and diameter of 3-6 mm. 

Another very important parameter is phase diagram of the selected elements. 
When the compound melts incongruently the melt does not keep in touch with its 
melt and peritectic reaction between the pulled solid and melt completely destroys 
the crystal ingot. Unfortunately phase diagrams are unknown for majority of the 
ternary compounds.  

3.1.2.2. Floating zone method 
Four-mirror optical furnace with halogen lamps (4 x 1000 W) model FZ-T-

4000-VI-VPM-PC made by Crystal Systems Corp. Japan) were used for the crystals 
growth. The preparation of the single crystal consists from a few technological 
steps. 

 
1. Preparation of the polycrystalline rod of the considered material. 
2. Proper adjusting of the mirrors and bowls using by calibration holder and 

mirror see Figure 3-5.  
3. The chamber with rod is evacuated. Usual vacuum level is 10-6 mbar. 
4. The chamber is filled by high purity (6N) argon up to various overpressures. 

The argon atmosphere works as a protective environment. The process runs 
in argon flow ≈ 0.25 – 0.5 dm3/min. Then four bowls heat the rod up to 
melting point temperature. Homogeneity of the heating is provided by 
rotation of the upper and lower shaft.  

 
The selection rules for materials suitable for growth of the crystal are similar 

to previous Czochralski technique – only congruently melted materials with low 
vapour pressure.  

The comparison of the triarc furnace and optical furnace clearly leads to 
result that both techniques have same advantages and disadvantages. 

The most considerable disadvantage of the optical furnace is preparation of 
the polycrystalline rod of the sample before single crystal growth. Lots of 
intermetallic materials are extremely fragile and cracks are presented in the bulk 
after melting. These rods are very responsive to hits and the rods are very often 
broken when installed to the chamber. Another problem is size of the rod. Usual 
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diameter is 5 mm and lengths more than 10 cm. So lots of material is spent during 
the growth. It is real problem when noble metals are components of the rod 
moreover when milligrams samples are large enough many times in modern 
research techniques. 

On the other hand the floating zone method is characterized by many 
advantages. One of them is very stable and homogenous principle of the heating. 
The temperature distribution inside the melting zone in a four mirrors furnace is 
displayed in the Figure 3-6 and it is shaped almost in regular ring. The arcs in the 
arc furnace are unstable and can very simply induce thermal gradients and melt the 
pulled crystal. Contamination of the melt by seed rod is also necessary considered. 

Another advantage of the four mirrors furnace is mechanism of the heating – 
absorption of the light so all types of materials is possible growth while only metals 
(conducting materials) can be heated by arcs. 

Generally, floating zone method (four mirror furnace) is more sensitive 
technique with respect to heating and thermal stability. The accurate conditions lead 
to growth of the large and well-defined single crystals than using by modified 
Czochralski method in the triarc furnace. 

 

 
Figure 3-5 Open hot zone with adjusting mirror in the four mirrors furnace. 

 

 
Figure 3-6 Thermal profile of the hot zone in the four mirrors furnace. 

 



 50 
 

3.1.3. Sample annealing 
One of the most important step in the materials science is annealing of the 

samples both polycrystalline and single crystals. Materials after preparation are 
called being in as-cast state. Materials in such state contain lot of cracks, high 
material stress and proper occupancy of the atoms is not achieved. This state is 
induced by fast cooling of the melt after stopping of the arcs in the arc furnaces. 
Equilibrium state is reached by annealing. Samples after annealing are called being 
annealed. Atoms occupy proper sites and material stress is released. Samples are 
annealed in a sealed quartz tubes. The samples are usually wrapped to tantalum foil 
before annealing to avoid the reaction with silicon from the quartz tube walls. 

Special vacuum-line was developed for evacuating of the quartz tube in 
DCMP lab. The typical vacuum is below 1·10-6 mbar. 

The sealed samples are annealed in the furnace at proper conditions 
(temperature), which strongly depend on the properties of each material. 

3.2. Sample characterization 
Sample characterization is very important part of each material research. 

Physical properties of the studied materials can be affected when significant amount 
of impurities is presented. It is important mainly in magnetic studies where 
ferromagnetic impurities can strongly affect the bulk properties of the weakly 
magnetic compounds. Mainly two methods were used for samples analysis - powder 
X-ray diffraction (XRPD) and microprobe analysis - Energy Dispersive X-ray 
Analysis (EDX).  

Single crystals quality and their orientation were analysed using Laue 
method. 

The quality of the materials refined using SSE was also studied via indirect 
parameter RRR (Residual Resistivity Ratio). 

3.2.1. Powder X-ray diffraction 
XRPD is method suitable for phase analysis and structure of materials in 

atomic scale. The result of the method is description of the materials with respect its 
crystal structure and additional phases can be detected as additional reflections in 
the pattern.  

Two XRPD diffractometers is possible to use in DCMP; Bruker D8 Advance 
and Siefert XRD7. Both were set up in the Bragg-Brentano geometry using the Cu 
Kα1 (doublet) radiation (λ = 0.1540562 and 0.1544300nm). 

The small pieces of bulk samples are pulverized in an agate mortar under the 
acetone and measured glued by apiezon on a glass plate. 
Rietveld method117 is used for patterns analysis. The analysis is carried out FullProf 
program118. The crystal structure of the materials were solved based on analysis of 
the lattice parameters, free Wyckoff positions, thermal vibrations, occupancy and 
texture, which were the solved parameters. 

3.2.2. Microprobe analysis 
The microprobe analysis is very convenient technique to analyse foreign 

phases in the samples. The analysis was performed on a scanning electron 
microscope (SEM) Tescan Mira I LMH119 equipped by an energy dispersive X-ray 
detector (EDX) Bruker AXS. The principle of the method is analysis of the X-ray 
radiation emitted by interaction of the sample with high voltage (usually 15kV) 
electron beam. Each element has a characteristic X-ray radiation. The position of 
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the lines on energy scale characterized element and intensity is proportional to the 
element content in the sample. 

The quality of the analysis strongly depends on surface properties of the 
sample so perfect polishing of the surface up to mirror surface is necessary. The 
EDX analysis is considered as a surface method. Typical penetration depth of the 
electrons is up to 0.5 μm. The value strongly depends on the electron energy. It is 
very important to consider this volume when small particles are analysed. 

3.2.3. Laue method 
Laue method in the back reflection arrangement was used for determination 

of single crystals quality and their orientations. The Laue patterns were taken on 
Micrometa 600 apparatus with the polychromatic Cu-radiation with 30 kV potential. 
The patterns were recorded on photostimulable phosphor plate (PSP plate). This 
technique has lot of advantages than the classical films. No solutions are necessary 
to evaluate the patterns. The patterns are saved directly in the digital form using 
special scanner - Scanner Vista Scan (Duerr). In addition, the sensitivity of the PSP 
plates is significantly higher than classical films. Recording the pattern can take 
only few minutes. The last important advantage of the PSP plates is that they are 
erasable - the life time is about 1000 records. 

The single crystals quality is considered based on sharpness of the 
reflections and orientation of the crystal based on pattern symmetry. 

3.2.4. Residual resistivity ratio 
Residual resistivity ratio (RRR) is indirect method to study purity of metallic 

(conducting) materials. The total resistivity of the material has few components. All 
components are temperature dependent with only one exception. The residual 
resistivity is induced by scattering of the conducting electrons on the lattice defects 
and impurities atoms and so it is influenced by amount of these defects. The RRR is 
calculated as a ratio between the sample resistivity at room temperature and 
resistivity at temperature of the liquid helium when others components of resistivity 
are negligible. The higher RRR the lower content of the defects and impurities in 
the sample. The RRR can be simply described by Equation 3-1. 

 
HeRTRRR ρρ /=  

Equation 3-1 
 

3.3. Macroscopic investigation techniques 
All macroscopic – magnetization and transport investigations were 

performed using the PPMS - Physical Properties Measurements System, and MPMS 
- Magnetic Properties Measurements system developed by Quantum Design120. 
PPMS is an open-architecture, variable temperature-field system that is optimised 
for variety of experiments. At the bottom of the sample chamber is a 12-pin 
connector pre-wired to the system electronics. This connector allows plug in a 
removable sample insert or sample “puck” and offers convenient access. The 
standard configuration allows to measure in the temperature range 1.9 - 400 K 
(1000 K). In addition, 3He closed-system enables to investigate heat capacity and 
transport properties down to 0.35 K. PPMS devices equipped with 14 T and 9 T 
superconducting coils. 
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Figure 3-7 Schematic view into the 12-pin connector in PPMS with installed sample puck. 

 

3.3.1. Magnetization measurement 
All magnetization measurements were carried out using PPMS and MPMS 

equipments. Two types of measurement are installed in PPMS device - extraction 
method (ACMS) and vibration method (VSM). 

3.3.1.1. Vibration method 
The basic measurement is 

accomplished by oscillating the sample 
near a detection (pickup) coil and 
synchronously detecting the voltage 
induced. By using a compact 
gradiometer pickup coil configuration, a 
relatively large oscillation amplitude (1-
3 mm peak) and a frequency of 40 Hz, 
the system is able to resolve 
magnetization changes of less than 10-6 
emu (Figure 3-8) at a data rate of 1 Hz. 
The measurement works in the 
temperature range 1.8 – 1000 K and 
magnetic field 0 – 14 T. 

 
Figure 3-8 Left panel - VSM sample holder; right panel – VSM motor sample with coils. 
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3.3.1.2. Extraction method 
The ACMS utilizes a DC measurement technique called Extraction 

Magnetometry. Moving a magnetized sample through the detection coils induces a 
voltage in the detection coil set. The amplitude of this signal is proportional to the 
magnetic moment and speed of the sample during extraction. The DC servomotor 
employed in the ACMS can extract the sample at a speed of approximately 100 cm 
per second, thus significantly increasing the signal strength over conventional 
extraction systems. The measurement works in the temperature range 1.8 – 350 K 
and magnetic field 0 – 14 T. 

 

 
Figure 3-9 Coil set for extraction measurement of magnetization. 

 

3.3.1.3. AC susceptibility measurement 
AC magnetic measurements, in which an AC field is applied to a sample and 

the resulting ac moment is measured, are an important tool for characterizing many 
materials. Because the induced sample moment is time-dependent, AC 
measurements yield information about magnetization dynamics, which are not 
obtained in DC measurements, where the sample moment is constant during the 
measurement time. In AC magnetic measurements, a small AC drive magnetic field 
is superimposed on the DC field, causing a time-dependent moment in the sample. 
The detection circuitry is configured to detect only in a narrow frequency band, 
normally at the fundamental frequency. 

Thus, the AC magnetic susceptibility measurement yields two quantities: the 
magnitude of the susceptibility, χ, and the phase shift, ϕ  (relative to the drive 
signal). Alternately, one can think of the susceptibility as having an in-phase, or 
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real, component χ' and an out-of-phase, or imaginary, component χ". The two 
representations are related by Equation 3-2: 

 

( )'''''

2''2''

/arctan          sin

          cos

χχϕϕχχ

χχχϕχχ

==

+==  

Equation 3-2 
 

3.3.1.4. SQUID magnetometer (MPMS) 
Commercial SQUID (Superconducting Quantum Interference Device) 

magnetometer system from Quantum Design, San Diego (magnetic properties 
measurement system MPMS)120 was used. The sample is located in the centre of a 
superconducting solenoid producing magnetic fields up to 7 Tesla. The sample 
space is filled with helium at low pressure at temperatures ranging from 2 to 400 K. 
The sensitivity of the system is 10-8 emu or 10-11 Joule per Tesla in RSO mode. The 
magnetic signal of the sample is obtained via a superconducting pick-up coil with 4 
windings (Figure 3-10). When the sample is moved up and down it produces an 
alternating magnetic flux in the pick-up coil, which leads to an alternating output 
voltage of the SQUID device. By locking the frequency of the readout to the 
frequency of the movement (RSO, reciprocating sample oscillation), the 
magnetometer system can achieve the extremely high sensitivity for ultra small 
magnetic signals as described above. 

 
Figure 3-10 Work principle of the SQUID magnetometer. 

 

3.3.2. Heat capacity measurement 
The heat capacity measurements were performed on PPMS equipment. The 

heat capacity was measured using relaxation method as a function of temperature 
and magnetic field in the temperature range 1.8 – 300 K and field range 0 – 14 T. 
Low temperature measurement was performed using 3He insert down to temperature 
0.35 K. The samples were polished to small plate form with typical mass around 
few milligrams. Thermal contact between sample and sample platform were 
Apiezon N or H. The puck for measurement of the heat capacity with platform 
detail is displayed in the Figure 3-11. 
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Figure 3-11 Heat capacity puck on the left figure with detail on sample platform on the right one. 

 
Heat capacity of metallic material has few components22,121. First of them is 

component of the free electrons Ce another contributions are phonon part Cph of the 
specific heat, magnetic contributions Cmag and nuclear contributions Cn. Total 
specific heat can be summarized in relations Equation 3-3: 

 
nmagphetotal CCCCC +++=  

Equation 3-3 
 

3.3.2.1. Electron specific heat 
Contribution of the free (conducting) electrons is typical only for metals and 

metallic compounds. Electron contribution is negligible at high temperatures and it 
is almost temperature independent. Only small part of electrons in the range kBT 
near Fermi surface can absorb energy and slightly increase this contribution during 
heating of materials. Electron part of specific heat is described by Equation 3-4: 

 

T
E

TnkC
F

B
e γ==

22  

Equation 3-4 
 

where kB is Boltzman constant, n number of free electron in a unite volume and EF 
Fermi energy. 

3.3.2.2. Phonon part of specific heat 
Phonon part is dominant part of the heat capacity mainly in the high 

temperatures. This part is connected with lattice vibrations. The simplest model 
describing phonon part was classical Dulong – Petit law where specific heat was 
defined as Equation 3-5. 

 
RC ph 3≈  

Equation 3-5 
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This law valid only for limiting group of elements and totally expires at low 
temperature because the lattice vibrations are quantized. 

Einstein and Debye suggested new theories. Einstein’s model considers 
vibration modes as independent quantum harmonic oscillators. Debye model is 
described using Equation 3-6 where characteristic material constant θE - Einstein 
temperature is defined in the form of Equation 3-7: 
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Equation 3-6 

B
E k

hνθ =  

Equation 3-7 
 

Debye model considers material as elastic continuum where elastic waves 
are presented. Debye's model better describes specific heat mainly at low 
temperatures. Specific heat is described by Equation 3-8 where characteristic 
material constant θD - Debye temperature is defined (Equation 3-9): 
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Equation 3-9 
 

Both models reach quite good agreement with experimental data. 
Nevertheless the deviations are still observed due to the expansion effect of the 
matter when it is heated or only ideal harmonic oscillations are considered in both 
models. On the basis of this behaviour anharmonic corrections (anharmonicity) are 
established (Equation 3-10) where αD and αE are corrections elements. 
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Equation 3-10 
 

3.3.2.3. Magnetic part of specific heat 
Magnetic contribution is connected with population of localized states. 

These localized states (multiplets) are splitted by crystal field (CF) of surrounding 
ions on 2J + 1 levels. Magnetic part of the specific heat is defined by Schottky 
contributions in paramagnetic region where Δi note energy of the splitted levels 
(Equation 3-11). 
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Magnetic part of the specific heat is narrowly connected with magnetic 
entropy according to Equation 3-12. 
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Magnetic entropy saturates at value (Equation 3-13). 
 

( )12ln += JRSmag  

Equation 3-13 
 

3.3.2.4. Specific heat of superconductors 
Transition of material to superconducting state is connected with appearance 

of an anomaly on specific heat data. Lot of quantities can be deduced from specific 
heat data which enter into the universal relations predicted by BCS weak-coupling 
theory (Equation 3-14): 
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Equation 3-14 
 

Additional parameters regarding the gap symmetry is possible deduced from 
the specific heat behaviour below the temperature of superconducting transitions. 
Potentialities are listed in the Table 3-1. 

 
Cp(T) Gap symmetry 

TkBe /Δ=  symmetric 
T gapless 
T2 polar (lines zeros) 
T3 axial (point zeros) 

Table 3-1 Heat capacity behaviour for various types of superconductors. 
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3.3.3. Resistivity measurement 
The AC electrical resistance (R) measurements were performed on PPMS 

apparatus using the ACT option. A standard four-probe AC method was used. 
The resistance was measured using 3He insert in the temperature range 300 - 

0.35 K. The current and voltage contacts were made using copper wires glued by 
silver suspension. Two independent channels were available to measure two 
samples in one run. The ideal shape of the sample is long beam (0.5mm x 0.5mm x 
2-10 mm). 

Matthiessen’s rule is used for description of the total resistivity. Based on 
this rule the resistivity of the matter consists from few components and each 
component is connected with different scattering process of conducting electrons. 

The Matthiessen’s rule is summarized in the Equation 3-15 and graphically 
in Figure 3-12. 

magphotot ρρρρ ++=  

Equation 3-15 
 

 
Figure 3-12 Resistivity contributions based on Matthiessen’s rule. 

 
where ρ0 is residual resistivity, ρph is resistivity due to phonon scattering and ρmag a 
spin-disorder term. 

The temperature dependence of the electrical resistivity corresponds to the 
well-known Bloch-Grüneisen law. The constant C includes the electron-phonon 
coupling constant, the atomic masses of the different types of atoms and the 
characteristic temperature θ D for the phonons. It follows Equation 3-16 for the high 
temperature region. 
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Equation 3-16 
 

Magnetic contribution is temperature independent in the paramagnetic 
region and where electrons are scattered randomly arranged magnetic moments. The 
resistivity is proportional to De Gennes factor122 (Equation 3-17). 
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( ) ( )11 2 +−≈ JJgmagρ  
Equation 3-17 

 
The magnetic order leads to kink in resistivity data as is presented in the 

Figure 3-12. Temperature evolution of the resistivity in the magnetically ordered 
state is influenced by type of the order and dispersion of the quasiparticles involved 
in the interaction with conducting electrons. The temperature dependence of the 
magnetic contribution can be simply expressed by universal expression (Equation 
3-18). 

X
mag T≈ρ  

Equation 3-18 
 

For ferromagnetic materials is solution proportional to X = 2 for T<< Tc or X 
= 4 for antiferromagnetic materials at T << TN. 

3.4. Microscopic investigation techniques 
The most suitable technique how to studied microscopic origin of the 

magnetism is neutron diffraction.  

3.4.1. Neutron diffraction 
Neutrons are subatomic particles that act like waves-like X-rays and 

electrons. Since the wavelength of ‘‘thermal’’ neutrons is similar to the distance 
between atoms, they have the potential for providing details of structure on the 
atomic scale. There are a number of advantages of using neutrons: 

 
• Neutrons are electrically neutral, unlike electrons, which have a negative 

charge. They can therefore penetrate deeper into materials, and are even 
more penetrating than X-rays.  

• Neutrons interact with the tiny central nuclei of atoms, while X-rays are 
scattered by the surrounding clouds of electrons. Neutrons can then locate 
atoms more precisely and scattering from point objects is strong even at 
high scattering angles.  

• More importantly, the scattering power of atoms for neutrons does not 
depend on the atomic mass number, as it does for X-rays and electrons. 
This means that light atoms such as hydrogen and oxygen scatter neutrons 
as strongly as heavy atoms like lead  

•  Even more importantly, neutrons act like tiny magnets, they have the spin 
1/2, and are a unique tool for determining the magnetic structure of 
materials. 

• Finally, the energy of thermal neutrons is similar to the energy of vibration 
of atoms in solids, and other types of ‘‘excitations’’ involving magnetism 
the energies of X-rays are very much higher. Neutrons can then be used to 
study the dynamics of materials, and the forces between atoms. 
 

Three various neutron diffractometers for materials study were applied - two 
in Helmholtz Zentrum in Berlin (HZB) and one in Institut Laue-Langevin in 
Grenoble (ILL). 
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3.4.1.1. E5 Four-Cycle Diffractometer (HZB) 
E5 is a conventional four-circle diffractometer. The wavelength of 0.09 nm 

allows the investigation of single crystals with unit cell volumes of up to 2 nm3; the 
maximum value for a cell length is limited to 2.5 nm. The instrument is equipped 
with a two-dimensional position sensitive 3He-detector, 90 x 90mm2 in area (32 x 
32 pixels), which is used in single reflection mode. The efficiency of detection is 
85% at 0.1 nm. The monochromator take-off angle is fixed at 42°, which causes a 
rather coarse resolution at the larger scattering angles, where generally the bulk of 
the data is recorded. The scheme of the diffractometer is displayed in the Figure 
3-13. 

 

 
Figure 3-13 Scheme of the E5 four cycles diffractometer in HZ Berlin. 

 

3.4.1.2. E9 powder diffractometer (HZB) 
The instrument is dedicated to the determination and refinement of crystal 

structures with unit cell volumes up to 1000 Å3.  
Since the main objective of the instrument is the determination and 

refinement of crystal structures high diffraction angles of 2θ ≈ 105° at the 
monochromator are normally used. A sapphire single crystal filter of total thickness 
of 110 mm in the primary beam is used to reduce the number of epithermal 
neutrons. The detector bank consists of 64 x 10’-collimators in front of 64 3He 
single detector tubes. The angular distance between two detectors is nominally 2.5° 
2θ. By step scanning this interval a diffraction pattern is obtained covering a total 
range of 160° 2θ. The effective height of each of the detector tubes is 150 mm. The 
resulting vertical detector aperture is about 7°. The scheme of the diffractometer is 
displayed in the Figure 3-14 

3.4.1.3. D3 single crystal diffractometer (ILL) 
D3 is a very modular polarized neutron instrument connected to the renewed 

hot neutron source of the high flux reactor of the ILL. It uses readily exchangeable 
Co92Fe8 and Heusler (Cu2MnAl) polarizing monochromators within removable 
shielded cassettes in symmetric Laue geometry. Wavelength change 0.25 ≤ λ (Å) ≤ 
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0.84 is an automatic online operation, including the insertion of the appropriate 
resonant harmonic filter. The incident flux is about 107 n/cm2 s with Heusler and 
about 5 times less with Co92Fe8. With P3He ≥ 70%; the standard deviation of the 
measured magnetic structure factors will be reduced by 1.5–2 depending on the 
incident wavelength used. A non-polarized option (Cu-monochromator) is also 
available, for experiments requiring both short wavelengths and high magnetic field 
(up to 10 Tesla). All details are in Ref.123. 

 

 
Figure 3-14 Scheme of the E9 powder diffractometer in HZ Berlin. 

 
 

 
Figure 3-15 Scheme of the D3 diffractometer in ILL Grenoble. 
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3.5. List of performed experiments 
 
 P S A SS X LD ED HC R M AC 3R 3H 3A D3 E5 E9

SmPd2Al3  X X  X X X X X X X       
YPd2Al3 X  X  X  X X X X X X  X    
UCoGe X X X X X X X X X X X X X X X X X 

U(CoT)Ge X  X  X X X X X X X X X     
(UTh)CoGe X  X  X X X  X X X X      

Table 3-2 P - polycrystalline sample, S – single crystal, A – annealing, SS – SSE processing, X – X-
ray powder diffraction, LD – Laue diffraction, ED – EDX analysis, HC – heat capacity, R – 
resistivity, M – magnetization, AC – AC susceptibility, 3R – resistivity with 3He, 3H – heat capacity 
with 3He, 3A – heat capacity with 3He, D3 – polarized neutron diffraction, E5 – single crystal 
neutron diffraction, E9 – neutron powder diffraction. 
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4. Purification of the metals and compounds 
The most usual source of lanthanides is monazite or monazite sand, 

bastneazite or samarskite which are mixed source of lanthanides (Figure 4-1)124,125. 
Lanthan, cerium and neodymium have majority in these nature minerals and 

other elements are contained only in trace amounts. Unfortunately any high quality 
nature source of the separated lanthanides does not exist due to their chemical 
similarity. Originally, the lanthanides did not have any significant industry 
utilization hundred years ago when have been discovered. The actual situation is 
completely different and both lanthanides and their compounds have used in all 
fields of human activities including the science126. 

 

 
Figure 4-1 Source of the lanthanides the left one – monazite; the right one samarskite 
 
The chemical properties of the lanthanides are very similar. Contrary their 

magnetic properties are completely different and sensitive to chemical environment. 
It is reason why the study of the magnetic properties of their compounds requests 
high purity input elements. The best purity of commercial lanthanides is 99.9 –
 99.98 % but it is not enough to study so fine effects of the actual scientist research. 
To date the most usual separation techniques of the lanthanides such as column 
chromatography, distilling127, sublimation techniques or zone melting128 are limited 
already mentioned lanthanides chemical similarity and high reactivity. The details 
of chemical processes are described in following references129-135. Solid State 
Electrotransport (SSE) is practically one possible technique how to reach higher 
purity of the lanthanides than the 99.98 %. There is important to mention that the 
SSE is also useful tool for single crystals growth136-138. 

4.1. Purity  
Purity of materials is defined various ways and units. It depends on which 

type of material state is described – solid, liquid, gas or solution. The most usual 
units are listed in the Table 4-1. The other units are specially used in case of the 
metals. Well-known units are hallmarks which are used mainly for noble metals 
purity definition. The hallmarks for purity of the silver gold and platinum according 
to Czech Assay Office are displayed in the Figure 4-2 Figure 4-3 and Figure 4-4. 
The numbers below the hallmarks mark mass of the noble metal in the 1000g of 
alloy. The hallmark no.4 in the case of gold (585/1000) marks 14 carat gold.  
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Unit Unit definition 

percentage by weight 
(mass fraction) (%)100⋅=

totalm
mw  

percentage by volume 
(volume fraction) (%)100⋅=

totalV
Vw  

molar concentration 
MV
mc =  

ppm parts per million 
ppb parts per billion 

other  
Table 4-1 Table of purity units. 

 
The carat is another unit defines purity and mass of the noble metals or 

diamonds. It means that one unit is used for definition of two different parameters. 
Carat in the sense of mass unit is defined as 1 carat = 200 mg. It comes from 

mass of seed of the plant Ceratonia siliqua which was used for mass definition of 
metals and gemstones in the middle age in Arabia139.  

Carat in the sense of purity unit is defined as (Equation 4-1) 
 

alloy

gold

m
m

X ⋅= 24  

Equation 4-1 

 

 
Figure 4-2 Hallmarks for definition of the silver purity140. 

 

 
Figure 4-3 Hallmarks for definition of the gold purity140. 

 

 
Figure 4-4 Hallmarks for definition of the platinum purity140. 
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4.2. Purity levels 
A few purity levels of chemicals are defined according to Czech State 

Standard (ČSN 650102). The levels and their definitions are listed in the Table 4-2. 
 

Purity level Definition 
č. - čistý 

pure 
> 98 % 

not should be presented 
mechanical impurities 

ch.č. -  chemicky čistý 
chemically pure 

99 – 99.8 % 
impurity max. 0.001 % 

no mech. impurities 
p.a. - pro analýzu 

for analysis 
> 99.8 % 

impurity max.10-3 – 10-5 % 
zv.č. - zvláště čistý 

extra pure 
> 99.9 % 

impurity max.10-5 – 10-7 % 
Table 4-2 Table of the purity levels. The impurities limits are arranged in the second column. 

  

4.3. Solid State Electrotransport 
Because the purification of the rare earth metals using SSE is a lengthy 

process, it is impractical in most circumstances to hope to accumulate sufficient 
empirical knowledge of the effects of different processing temperatures, run lengths 
and sample shapes to be able to determine experimentally the ideal processing 
conditions for each element. Nevertheless a few theoretical approaches exist to 
explain the SSE process. 

4.3.1. Principle of SSE processing 
When an electric field is applied to a metal, in addition to the flow of 

electrons, a small, net transport of matter also occurs. This process of mass transport 
is referred to as  
• Electrodiffusion 
• Electromigration 
• Electrotransport 

and few type of phenomena occur in solid medium such as 
• self -transport in pure metals arising from the displacement of atoms into 

vacancies 
• the separation of the components of a substitutional alloy resulting from 

their different rates or directions of migration 
• the transport of interstitial solutes. 
 

The orders of magnitude of the electrotransport velocities in the different 
systems are indicated in Table 4-3. 

 
Form of migration species Electrotransport velocity per unit 

field (ms-1/Vm-1) 
Self 10-14 – 10-12 

Substitutional solutes (differential mobilities) 10-11 – 10-10 
Interstitial solutes 10-10 – 10-7 

Table 4-3 Observed mobilities in metal systems. 
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As almost all the current is carried by electrons, the electrotransport process 
is very inefficient, typically 10-8 moles transported per Faraday of charge in the case 
of self-transport. When a direct current passes through a metal the charge carriers 
(electrons) possess considerable momentum, which may be transferred to the metal 
ions. 

 

Drag force Electrostatic 
force

Electron flow

Ion

Electron
Anode Cathode

Drag force Electrostatic 
force

Electron flow

Ion

Electron
Anode Cathode

 
Figure 4-5 Forces acting on an ion during electrotransport. 

 
Therefore, in addition to the force exerted on the metal ions by the electric 

field, there is a “drag force” resulting from momentum exchange (Figure 4-5). The 
resultant net force is then (Equation 4-2): 

 
0)( i

ei
ii eEZ

e
ZeEF =−=

δ
 

Equation 4-2 
 
where Zi is the effective valence of the ion. The direction of the resultant force on 
ion i is, therefore, determined by the sign of Zi

0 e.i., by the relative values of Zi and 
δei/e. 

If: 
• Zi > δei/e, so that the electrostatic force is greater than the drag force, the 

resultant force is cathode-directed; 
• Zi < δei/e, so that the electron-drag force predominates, the resultant force is 

anode-directed. 
The ion will migrate with a terminal velocity, vi, given by (Equation 4-3): 
 

iii BFv =  

Equation 4-3 
 

where Bi is the absolute mobility. 
Numbers of attempts were made to describe quantitatively the 

electrotransport process in metals and derive expressions for the drag force and the 
resultant net force. The various treatments may be classified into three categories - 
irreversible thermodynamics, semi-empirical and quantum-mechanic method141. 
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4.3.2. Theoretical models 

4.3.2.1. The dynamical model 
The physical mechanism depends on momentum transfer from the current 

carriers to the scattering centres. The scattering rate is sufficiently high to justify 
approximating the effect as a continuous force. The original rather complicated 
formula (not shown) may be simplified if the Fermi surface is closed and the 
relaxation time approximation it reduces to expression for drag force: 

 

j
eN

mF
ii

ei τ

*

=  

Equation 4-4 
 
where j is the current density, τi is the mean time between collisions ( = lei/ve, where 
lei is the mean free path and ve is the electron velocity) and m* is the effective 
electron mass. 

The sign of the drag force depends on the sign of m* and hence, on the 
curvature of the Fermi surface. Calling the electron energy ε, then  
• If ∂2ε/∂2k > 0 the force is in the same direction as the electron flow, i.e., 

towards the anode.  
• If ∂2ε/∂2k < 0 the force is cathode directed and the electrons act like holes. 

In determining the net force acting on an ion undergoing electrotransport it 
has been assumed that the electrostatic component is due to the interaction of the 
electric field with the unscreened ion142,143. 

4.3.2.2. Polarization model 
Polarization model considers both the direct polarization effects and the 

effects arising from the displacement of the Fermi surface due to the passage of an 
electric current. The analysis which is based on a free electron model and first order 
Born approximation scattering showed that all ions at lattice sites, including 
substitutional ions, experience a direct force from the electric field, whereas 
interstitial ions do not because of a complete screening effect by the charge carriers. 
The polarization due to the displacement of the Fermi surface gives rise to a force, 
which is parallel to and proportional to the applied electric field. 

The resultant net force may be written in terms of the resistivity of the 
impurity in the matrix. This is the same result as that obtained in the previous model 
for the case of a totally screened interstitial ion. The velocity of the migrating ion is 
given by Equation 4-5 which by using Ohm's law becomes: 

 

fkT
ZeD

jv ii
e

0
0ρ

=  

Equation 4-5 
 

This indicates that at a given temperature, the velocity of transport is 
proportional to the current density. 

The main differences between the models is that dynamical model is 
assumed that the only force acting on the ion at the stable point is the direct 
electrostatic force, whereas in the polarization model the electrostatic force is 



 68 
 

augmented by a force arising from the modification of the electronic charge 
distribution by the neighbouring vacant site. 

4.3.3. Practical limitations 

4.3.3.1. Approach to the steady state 
For the common interstitial impurities in rare earth metals, the transport 

direction is invariably from cathode to anode, Z* being negative. During SSE 
conditions is eventually approached when the forward motion of ions owing to 
electrotransport equals the backward movement due to diffusion. Therefore 
impurity electro-migration does not proceed to completion, but approaches a steady 
state condition. The impurity concentration at any point along a sample at steady 
state is usually calculated as Equation 4-6138,144: 

 

)exp(0, Ex
D
UEl

D
UCC tx −=∞→  

Equation 4-6 
 
where x is the distance along a sample of length l with an initial impurity 
concentration C0, U is mobility, Z* - effective valence and D - diffusion coefficient. 
The D for lanthanides are listed here141,145. 

This equation clearly illustrates the importance of sample dimensions in 
SSE, since the longer the sample, the greater is the impurity redistribution 
theoretically attainable.  

4.3.3.2. The electric field 
The processing temperature affects the values of U, D and E, but although U 

and D both increase with increasing temperature, the critical U/D ratio is often not 
strongly temperature sensitive, whereas the magnitude of E inevitably is. Useful 
improvements in the theoretically attainable impurity distributions with increasing 
temperature are predictable from Equation 4-6 as a consequence of the increases in 
E, which result from increasing the current through the sample in order to reach 
higher temperatures138. 

For the principal impurities in rare earth metals, the reported U and D values 
increase with increasing temperature and consistently show rapid rises on passing 
into the high temperature b.c.c. phase (where one exists)128,141. Thus by processing 
at the highest temperature which could be reached without risk of melting the 
sample, advantages would appear to exist in both the time required for SSE and 
probably in the degree of purification attainable in practice because of excessive 
volatilisation from samples at such temperatures. Therefore a balance often has to 
be struck between processing temperatures, times and volatilisation rates to attain 
the optimum purification conditions138. 

4.3.3.3. Flux through the ends 
A state of zero flux at the ends of the rod is probably impossible to achieve 

in practice. It is difficult to obtain contacts for the electrical current that do not react 
with the metal at the processing temperature, or are not themselves a source of 
contamination due to diffusion or electrotransport of impurities into the rod. 

One-way is to employ “cold contacts” the temperature of the ends of the rod 
are maintained some several hundreds of degrees below that of the major portion of 
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the rod. A second way which has been used to overcome this problem is to butt-
weld length of rod previously purified by SSE processing to the end of the specimen 
rod. 

4.3.3.4. Contamination by environment 
Potential contamination of the specimen during processing by its 

surrounding atmosphere is one of the most important parameter determining 
fruitfulness of the SSE process. It has been shown that at pressures > 10-9 Torr such 
contamination can seriously limit the amount of purification possible. It is only 
recently, with the development and use of ultra high vacuum systems, that this 
problem has been overcome. 

4.3.3.5. Types of impurities 
It is clear that whether or not a metal may be effectively and efficiently 

purified by SSE processing depends on the mobilities of the impurities. Because of 
the low mobilities of most substitutional solutes it would require impractical 
processing times in the order of months for effective purification with respect to 
these impurities. To achieve a high purity product, the rod should initially contain as 
low concentration of the slow-moving substitutional impurities as possible. 

4.3.4. SSE instrument 
Two SSE instruments are installed in the DCMP lab. The first of them was 

prototype (Figure 4-6) and on the basis of experiences with this instrument was 
developed second one. The main advantage of the second instrument is a new 
holder for three samples to reduce time scale of the processing. Tree high current 
supplies (up to 400 A) were developed. The preparation of the samples consists 
from few technological steps. 

 
1. The rod of material (pure element, single crystal etc.) is installed to the 

sample holder as it is shown in the Figure 4-7. This step is very important 
part because proper conducting contact must exist between the rod and 
holder as a protection before the holder-melt and contamination of the rod. 
The ends of the rod can be wrapped by tantalum thin foil and they are fixed 
to the steel tubes to protect them before cooper contamination. 

2. Closing the vacuum chamber and proper evacuation using by turbo pump up 
to vacuum 1·10-9 mbar with parallel baking of the chamber up to 
temperature 350°C to desorb gases and water from the chamber walls. 

3. The baking is switched of and the chamber is evacuated by using ion pump 
and Ti-sublimation pump more than 1·10-10 mbar. 

4. The measuring of composition of the residual gases is activated using mass 
spectrometer. 

5. The high current supply is started and high current is step by step increased 
up to reach temperature of the rod which is slightly lower then the melting 
point of the refined material. 

The experiment usually runs few weeks up to saturation of the sample 
electrical resistivity. 
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Figure 4-6 SSE prototype. 1-scroll pump; 2-nitrogen bottle; 3-mass spectrometer and Ti sublimation 
pump; 4-turbopump; 5-ion pump, 6-high current supply, 7-vacuum chamber; 8-control unit 
 

 

 
Figure 4-7 SSE sample holder with installed rod (UCoGe rod 2). 
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It is necessary to store the rods sealed under the vacuum in glass capsules 
because of strong lanthanides affinity to hydrogen which is desorbed during the SSE 
process  

4.3.5. Purification of elements using SSE 
As it was mentioned in the part devoted to the principle of the SSE, 

characteristic conditions are necessary for the refinement of each element. The next 
chapters will be focused on the conditions for all lanthanides and few actinide 
metals during the SSE process. 

Yttrium Scandium 
Both elements are characterized quite high melting point. Due to the low 

vapour pressure process can run in the high vacuum. The conditions are described 
for Sc in Ref.146 and for Y in Ref.147. It was found that the Fe, Co and Ni are fast 
migrating elements in the Sc and Y148,149 with diffusion coefficient of 10-5-10-6 
cm/sec. It was achieved RRR up to 520 for Sc146 or 570 for Y136 after the SSE 
process. 

Lanthanum 
This element is characterized by lower melting point then Sc or Y. It was 

found that the migration velocities of the carbon, nitrogen and oxygen strongly 
depend on the crystal structure of the lanthanum. All three solutes have negative 
effective valences in the both lanthanum allotropes with markedly higher mobilities 
and diffusivities in the γ-form. Iron, chromium and niobium were also found to have 
negative Z* values and high mobilities in the γ-lanthanum but any movement of 
zirconium or yttrium was not observed under the same conditions150. 

Cerium 
The cerium is characterized by very low temperature of the melting point. 

Experiment runs under the vacuum at temperature range 600 – 700°C where cerium 
exists in the fcc γ-phase. The iron and cobalt are moved toward the anode effectively 
the silver is moved to cathode151. 

Praseodymium 
The praseodymium has higher melting point then the cerium. During the 

SSE process transforms from α to β phase at temperature 795°C. The process runs 
at high vacuum. The highest reported RRR for the praseodymium was found 240152 
but RRR can be affected by the grains orientation138. 

Neodymium 
Neodymium is similar to the praseodymium in terms of the number of 

phases, transformations temperatures and melting point. Its purification and crystal 
growth using SSE proved to be far more complicated. The vapour pressure of the 
neodymium within the SSE processing temperature is about two orders of 
magnitude higher than the praseodymium, but still acceptable. The process can run 
under the vacuum153 or under the Ar atmosphere to reduce the temperature138. The 
maximum achieved RRR was 120153. 
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Samarium 
Samarium has vapour pressure at its melting point two orders of magnitude 

higher than the dysprosium and holmium. For extended of the SSE processing, 
temperature process runs under the 0.7 bar of Ar. Even at these temperatures, 360 K 
below the melting point, whiskers formation are a problem and no significant 
purification was detected either by RRR measurements or by metallography138. 

Gadolinium 
Gadolinium process runs under the vacuum. Although the electromigration 

velocities of the oxygen, carbon and nitrogen are reportedly higher in the bcc phase 
(above 1235°C) it was calculated that at such temperatures volatilisation would 
severely curtail run times, hence all processing are performed in the hcp phase154. 
The usual RRR after SSE process is around 250155. 

Terbium 
Because of the low vapour pressures, it is determined that the SSE 

processing in vacuum would have to be in the high temperature phases.138 The 
analyses also suggested the electrotransport of the nitrogen and ixigen towards the 
anode156. The highest achieved RRR was found 400138. 

Dysprosium 
Dysprosium has moderately high vapour pressure. An inert gas environment 

for SSE is essential, although even with the gas pressure of up to 1 bar problem 
owing to volatilisation is still encountered. During the SSE processing of this 
element, the re-condensation of the vapour leads to the formation of whiskers on the 
sample surface. The usual achieved RRR is around 125157. 

Holmium 
Same rules like for dysprosium valid for the holmium138. 

Erbium 
Erbium is characterized by enormous vapour pressure so SSE processing is 

taking under an inert gas. Process is successful regards redistributing oxygen, 
nitrogen and hydrogen impurities, giving results comparable with those obtained 
with lower vapour pressure rare earths under the vacuum. Oxygen, hydrogen, 
nitrogen and probably carbon impurities migrate towards anode direction158. 

Uranium 
Uranium process runs under the vacuum and high temperature up to 980-

1130°C. Iron is moved with the highest velocity to the anode as well as Ni but not 
so fast. The Mn and Cu are completely removed due to the evaporation as well as 
Mg but Mg is not removed fully. Concentration of the Mg, Al and Cr reaches 
minimum at the middle-point159. The SSE is also powerful tool to remove the 
carbon from uranium160. 

Thorium 
Thorium process runs under the vacuum and high temperature up to 1500°C. 

Molybdenum and rhenium are found to be fast diffusers. Tungsten is migrating 
somewhat slowly. The movement of zirconium is considerably less and all four 
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solutes are found to migrate in the same direction as the electron flow161. Vanadium 
is found to have the highest electric mobility, followed by niobium and tantalum162. 

4.4. ICP (Inductively Coupled Plasma) 
ICP technique was used for chemical analysis of rare earths elements refined 

using by SSE. Following chapter represents basic aspects this analytical method. 
Many analytical techniques exist with various detection, principles and 

limits to analyse composition of metals. ICP (Inductively Coupled Plasma) with 
Mass Spectrometry detector was chosen. One of the great advantages to ICP-MS is 
extremely low detection limit for a wide variety of elements. Some elements can be 
measured down to part per quadrillion range while most can be detected at part per 
trillion levels. The metal analysis was carried out using 1997 vintage of VG 
Elemental (now Thermo Corporation) Plasma Quad 3 quadrupole ICP mass 
spectrometer with enhanced sensitivity (S-Option), shielded cool plasma 
(PlasmaScreen), 220 positions Gilson autosampler and online dilution/hydride 
generation apparatus (PrepLab). The mass spectrometer is equipped with a 
simultaneous (pulse counting/analogue) single SEM AF 214 detector that allows 
measurements of a wide range of concentrations in automatic mode. 

In a typical application, metals are placed in solution by acid digestion. The 
solution is sprayed into flowing argon and passed into a torch, which is inductively 
heated to approximately 10000°C. At this temperature, the gas and almost 
everything in it is atomised and ionised, forming plasma, which provides a rich 
source of both excited and ionised atoms. The simple scheme of ICP MS and 
principle of analysis are displayed in Figure 4-8.  

 

 
Figure 4-8 Schematics of inductively coupled plasma mass spectrometer. 
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5. Introduction to selected groups of materials 

5.1. REPd2Al3 compounds 
The REPd2Al3 materials entered to the scientific interest when the famous 

heavy fermion antiferromagnetic superconductors UPd2Al3 and UNi2Al3 were 
discovered79,80. 

The isostructure REPd2Al3 compounds crystallize in hexagonal symmetry 
belonging to the P6/mmm space group and PrNi2Al3 type structure. It is 
corroborated that the structure is a CaCu5-type derivative, with Pd and Al atoms, 
respectively, replacing the Cu atoms on two crystallographically distinct structure 
sites. The structure is highly symmetric, which is clearly visible in the Figure 5-1 
and Figure 5-2 where projections along to crystallographic axes (210) and (001) are 
presented. Due to the well-known lanthanide contractions both lattice parameter c 
and lattice parameter a decrease with heavier RE atoms (see Table 5-1). 

 
Compound a (Ǻ) c (Ǻ) Ref. 

YPd2Al3 as-cast 5.372 ± 0.001 4.193 ± 0.002 [Actual work] 
YPd2Al3 annealed 5.3704 ± 0.0006 4.1932 ± 0.0007 [Actual work] 

LaPd2Al3 5.5082 4.2267 Ref.163 
CePd2Al3 5.4709 4.2157 
PrPd2Al3 5.4569 4.2117 
NdPd2Al3 5.4419 4.2069 
SmPd2Al3 5.4131 4.1997 
GdPd2Al3 5.3924 4.1941 
UPd2Al3 5.3650 4.1860 

Ref.164 

Table 5-1 Lattice parameters of the all RE(U)Pd2Al3 compounds. 
 

The REPd2Al3 are characterized wide variety of physical properties like, 
heavy fermion behaviour, practically all types of magnetic orders and 
superconductivity, as well. Another advantage is that single crystal preparation is 
quite simple and physical properties can be studied on the well-defined samples. 
The last reason why the REPd2Al3 are so popular is already mentioned their high 
symmetry and simple unit cell, which is simply attainable for verification by various 
theoretical models and calculations. 
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Figure 5-1 REPd2Al3 crystal structure projection along the (210) axis. 

 

 
Figure 5-2 REPd2Al3 crystal structure projection along the (001) axis. 

 

LaPd2Al3 
The LaPd2Al3 compound is the most frequently prepared compound in 

whole 123-group of materials because it is always used as a nonmagnetic analogue 
for subtraction of the phonon part of the specific heat. On the other hand the 
behaviour of this compound is still unclear. This compound is sometimes published 
as a superconductor with TSC = 0.85 K165. Nevertheless one publication presents 
LaPd2Al3 as a superconductor with sharp drop of resistivity at TSC = 2 K166. Another 
important parameters of the LaPd2Al3 compound are γ = 8.07 mJ/molK2 and 
θD = 180.5 K167. 

CePd2Al3 
Physical behaviour of the compound was studied mainly in the single crystal 

form168 because different behaviour was observed in the polycrystalline samples and 
single crystals169. Polycrystalline samples are antiferromagnets with TN = 2.7-
2.9 K170-172 and it was presented being very close to the magnetic-nonmagnetic 
boundary in the Kondo-lattice phase diagram173 while single crystals are 
nonmagnetic174. Later was found that CePd2Al3 is not close to a quantum critical 
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point between a magnetically ordered and a paramagnetic phase but between an 
AFM and FM order167 at temperature 0.8 K. The XPS spectra showed clearly 
trivalent Ce ion175. For CePd2Al3, the CF Hamiltonian splits the sixfold-degenerate 
ground-state J multiplet 2F5/2 of Ce3+ into three doublets164. The compound is 
characterized by magnetic propagation vector (0,0,1/2)176. 

PrPd2Al3 
The magnetic behaviour of the PrPd2Al3 compound is paramagnetic177 and it 

is fully driven by the CF effect because the ground state is singlet178 and the first 
excited level is almost 60 K far164. 

NdPd2Al3 
The NdPd2Al3 compound orders antiferromagneticaly in the temperature 

range 5.2 – 7.7 K176,179-181, which is in good agreement with theoretical 
calculations182. The temperature of the transition strongly depend on sample quality 
and namely on the lattice parameter a176.  

The ordered Nd moment of 2.28 ± 0.07 μB at saturation lies in the basal 
plane and it is oriented perpendicularly to the propagation vector k (1/2,0,0). The 
symmetry is lowered from the hexagonal to the orthorhombic structure176,181 at the 
magnetic phase transition. The tenfold-degenerate ground state J-multiplet 4I9/2 of 
the Nd3+ in NdPd2Al3 is decomposed into the five doublets. 

SmPd2Al3 
The SmPd2Al3 is very interesting compound in the group. Many works were 

done on this material and situation is not clear regarding either magnetic phase 
diagram or number of the magnetic transitions, which is demonstrated in the Table 
5-2. This unclear situation was main motivation to study this compound more 
deeply within the impurity concept. Results of the research will be presented in the 
chapter 7. 

 
Property Source Anomaly location (K) 

  TC T1 T2 T3 
Cp Ref.183 12 4.3 4  
χ Ref.183 12 4.3 4  
χ Ref.184 12 4.3 ??  
ρ Ref.184 12 4.3   
Cp Ref.180 12 4.7  3.7 
χ Ref.179 12 4.3   

Table 5-2 List of critical temperatures of magnetic transformations of the SmPd2Al3 compound. 
 

The valence of the Sm3+ ion is almost trivalent183. The ground state J = 5/2 
multiplet is splitted to the three doublets. In addition the huge energy gap between 
ground state and first excited multiplet 130 K was found185. The energy separation 
between ground (J = 5/2) and the first-excited (J = 7/2) multiplets is only 1400 K186 
so it is necessary to consider this effect, which strongly affects the magnetic 
behaviour. Van-Vleck contribution is expected to contribute more substantially to 
the magnetic susceptibility. Contrary to all other compounds the easy axis 
magnetization is oriented along the c-axis. 
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Unfortunately any neutron diffraction data do not exist due to the high Sm 
absorption of the thermal neutrons. 

GdPd2Al3 
The specific heat and magnetic susceptibility measurements demonstrate 

that GdPd2Al3 magnetically orders at temperatures 16.8 K and 13.3 K187. The high 
magnetic field data and 155Gd Mössbauer spectra predicted that the magnetic 
structure is not collinear187-189. It was also later confirmed and stacked triangular 
lattice arrangement of the antiferromagnetic structure was established on the basis 
of resonant magnetic X-ray diffraction190. 

The experiments revealed an expected initial collinear c-axis order at TN1 
followed by an additional in-plane order at TN2, while at the same time ground state 
is a helically ordered state of a very long incommensurate period of approximately 
700 Å190. 

5.2. U-based superconductors 
More than 30 years ago Berk and Schrieffer191 showed that, in the 

paramagnetic phase, the phonon-induced, s-wave superconductivity in exchange 
enhanced transition metals is suppressed by ferromagnetic spin fluctuations, in the 
neighbourhood of the Curie temperature. At the same time a theory of 
superconductivity coexisting with long-range ferromagnetic order was developed by 
Larkin and Ovchinnikov192, and by Fulde and Ferrell193 for magnetic-impurity-
induced ferromagnetism in metals. Without experimental evidence for the 
coexistence of superconductivity and ferromagnetism, this theory has been of 
academic interest only194 until ferromagnetic superconductor UGe2 was 
discovered65.  

Generally few main types of the uranium superconductors can be 
distinguished – the standard simple superconductors, the superconductors where 
superconductivity coexists with magnetic order and the superconductors where 
superconductivity exists at the ambient pressure or it is high pressure induced.  

In the Table 5-3 is a list of few examples of the uranium superconductors 
with their critical temperatures. The parameters of such superconductors often 
follow the BCS predictions. The origin of the superconductivity was explained on 
the basis of Hill’s limit, which predicts higher delocalisation of the uranium 5f 
electrons and their participation on the conducting band in such compounds.  

 
γ-U 2.1 K UAl2Ge2 1.6 K 
UCo 1.5 K UGa2Ge2 0.87 K 

U6Mn 2.4 K UAl2Si2 1.34 K 
U6Fe 3.8 K U3Ir 1.24 K 
U6Co 2.6 K U3Os 0.16 K 
U6Ni 0.4 K U3Si 0.56 K 
URu3 0.145 K U2Ti 0.38 K 

Table 5-3 The list of the uranium BCS superconductors195-197. 
 
Nevertheless few compounds in the Table 5-3 (U6Fe and U6Co) have an 

enhanced γ coefficient and they could partly belong to the further group of 
superconductors. 

This unique group of uranium superconductors is characterized heavy 
fermion behaviour and a few such superconductors can coexist with AFM or FM 
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order in addition. The non s-wave superconductivity origin was distinguished in 
these superconductors. Additional mechanisms of the creation of superconductivity 
connected with existence of the magnetic fluctuations near QCP often appear in 
these materials.  

Parameters of the most famous uranium non-BCS superconductors are 
digestedly displayed in the Table 5-4. Non-BCS superconductors are generally 
characterized very high γ coefficient, anomaly high critical fields and strong 
sensitivity on all types of impurities.     
 

 TSC 
(K) 

TC 
TN 
(K) 

pc 
(Gpa) 

Easy 
axis of 
magn. 

HC2(0) 
axis (T) 

μ sat 
(μB/f.u.) 

d 
(U-U) 

(Å) 

γ 
(mJ/ 

molK2) 

Structure 
type 

Space 
group 

SC 
type OP 

UPt3 
0.5
4 

5 
AFM  a c 2.2 0.02 4.1 430 MgCd3 P63/mmc (p) E2u 

UIr 0.1
4 

46 
FM 

2.5 
2.7 (10-1) (10-1) 

0.26 0.5  50 PbBi P21 (p)  

UBe13 0.9      5.1 1100 NiZn13 Fm-3c p  

URu2Si2 1.3 17.5 
AFM  c a 13 

c 2.8 0.03  180 ThCr2Si2 I4/mmm d B1g 
B2g 

UNi2Al3 1 4.6 
AFM  ab a 0.93 

c 0.76 0.1 4.0 120 PrNi2Al3 P6/mmm p E1 

UPd2Al3 2 14 
AFM  ab c 4 

ab 3 0.85 4.2 150 PrNi2Al3 P6/mmm d A1g 

UGe2 0.8 
53 

(27) 
FM 

1.0 1.6 a a 2 
c 5 1.43 3.8 

3.5 35 ZrGa2 Cmmm p  

URhGe 0.2
5 

9.5 
FM  c 

a > 30 
b 9-14 
c 0.7 

0.4 3.5 160 TiNiSi Pnma p  

UCoGe 0.7 2.5 
FM  c 

a 30 
b 20 
c 0.6 

0.05 3.5 60 TiNiSi Pnma p  

Table 5-4 The list of the basic structure, magnetic and superconducting properties of the non-BCS 
uranium superconductors68,75,77,79,79,80,80,198-239. 
 

UBe13 is representative of the ambient pressure uranium heavy fermion 
superconductivity with the extremely high γ coefficient 1100 mJ/molK2. 

The UPt3, URu2Si2 UPd2Al3 and UNi2Al3 compounds represent the 
superconductors where superconductivity coexists with an antiferromagnetic order.  

All previous compounds are the ambient pressure superconductors. Unique 
material is UIr where the superconductivity is pressure induced. The 
superconductivity occurs in the characteristic pressure where the ferromagnetic 
order is disappeared. UIr also represents superconductor with absence of the 
inversion symmetry.      

The most interesting class of superconductors are uranium ferromagnetic 
superconductors. Superconductivity is pressure induced in the UGe2 case while the 
URhGe and UCoGe compounds are ambient pressure ferromagnetic 
superconductors.  

This work deals with the uranium superconductors where superconductivity 
coexists with FM order. Due to this fact the last three UGe2, URhGe and UCoGe 
superconductor in Table 5-4 are discussed in the following chapters in detail. 

UGe2 
UGe2 crystallizes in the orthorhombic ZrGa2-type structure (space group 

Cmmm)207,240. The unit cell, with dimensions a = 4.036 Å, b = 14.928 Å, and 
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c = 4.116 Å, contains four formula units. The nearest neighbour distance dU−U is 
equal to 3.82 Å at zero pressure, but is possibly reduced to about 3.5 Å at 1.3 GPa, 
due to a slight flattening of the chains207 (see Figure 5-3). 

 

 
Figure 5-3 Crystal structures of the UGe2 and URhGe. Picture is taken from Ref.198. 
 
This would compare well with the Hill limit of 3.5 Å. In UGe2 ferromagnetic 

order at ambient pressure is found below the Curie temperature TC = 52 K. The 
magnetic moment is directed along the a-axis, with a saturation value of 1.4 μB/U at 
ambient pressure201. Magnetic measurements indicate a very strong 
magnetocrystalline anisotropy241. TC is suppressed for increasing pressures and 
finally vanishes at a pressure of PC = 1.5−1.6 GPa. Within the ferromagnetic phase, 
a second transition occurs. At ambient pressure, this transition takes place at TX = 30 
K, but is not pronounced. As the pressure is enhanced, TX goes to temperature 0 K, 
but the transition itself gets better observable. At a pressure of P = 1.2 GPa, TX = 0 
K Below TX the magnetic moment is enhanced and therefore the temperature region 
between TC and TX was named the weakly polarized phase, whereas the lower 
temperature region T < TX was called the strongly polarized phase242. The origin of 
this transition is still not understood. Superconductivity is found only in a limited 
pressure range between 1.0 and 1.5 GPa with a maximum transition temperature of 
Ts ≈ 0.7 K. In this pressure range, the magnetic moment is still appreciable (1 
μB/U). The pressure dependence of the ferromagnetic transition temperature TC, the 
transition temperature within the ferromagnetic state TX, and the superconducting 
transition temperature Ts, is shown in Figure 5-4. The data points were obtained 
from measurements with various techniques65,199,200,203,208. In a very small pressure 
region below PX, the pressure at which TX = 0, the transition at TX is reported to be 
first order202, in contrast to second order at lower pressure. However, Tateiwa et 
al.243 found on the basis of specific heat measurements that the transition is only 
weakly first order or even second order. The PM-WP phase transition at TC 
unambiguously changes from second to first order around 1.2 GPa208,244. The phase 
diagram of UGe2 is displayed in the Figure 5-4.  
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Figure 5-4 Phase diagram of UGe2. Figure is taken from55. 

 

URhGe 
The second uranium based compound discovered to show superconductivity 

within its ferromagnetic state is the ternary intermetallic URhGe66. It crystallizes in 
the orthorhombic TiNiSi-type structure with space group Pnma245. The unit cell, 
with dimensions a = 6.87 Å, b = 4.33 Å, and c = 7.51 Å, contains four formula 
units. The nearest neighbour distance of the uranium atoms is equal to dU−U ≈ 
3.44 Å246, which compares well with the Hill limit. However, the shortest U-Rh and 
U-Ge distance dU−Rh ≈ 2.99 Å and dU−Rh ≈ 2.9 Å suggest that the hybridization 
between the uranium atom and the ligands plays an important role in the 
delocalisation of U 5f states. Theoretical works247,248 have supported this hypothesis. 
Neutron diffraction experiments on single-crystalline URhGe246,249 revealed a 
collinear ferromagnetic order below TC = 9.6 K with ordered U moments of 0.35 - 
0.42 μB along the c axis. No component of the ordered moment was observed along 
the a axis, which acts as the hard magnetic direction for the magnetization. In 
addition to the neutron-diffraction experiments, the ferromagnetic order in single-
crystalline URhGe was studied by specific-heat, magnetization, and electrical 
resistivity246, which showed a sizeable influence of applied magnetic fields on the 
ferromagnetic order and on the ferromagnetic spin fluctuations in the bc plane.  

URhGe has attracted much attention because of the unusual coexistence of 
superconductivity (Tsc = 0.25 K) and ferromagnetism (TC = 9.5 K)66. From the 
beginning it was believed that ferromagnetic spin fluctuations, which are strongly 
enhanced near a quantum critical point, are the “glue” between the electrons 
forming a Cooper pair. Indeed, field induced superconductivity was found210 at the 
magnetic field at which a spin reorientation in the plane bc plane takes place (12 T), 
inducing new fluctuations. The famous phase diagram of the URhGe is displayed in 
the Figure 5-5. 
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Figure 5-5 The B/T phase diagram of URhGe. The figure is taken from210. 

 
When ferromagnetism is tuned towards a QCP by applying a component of 

magnetic field in the material’s easy magnetic plane, superconductivity survives in 
progressively higher fields applied simultaneously along the material’s magnetic 
hard axis. Although superconductivity never occurs above a temperature of 0.5 K in 
the URhGe case, it can survive in extremely high magnetic fields, exceeding 28 T211 
(Figure 5-6). 

 
Figure 5-6 The μ0H/T phase diagram of URhGe when magnetic field is applied along the hard axis 
magnetization. The figure is taken from211. 
 

Hydrostatic pressure increases the hybridization of the 5f electrons with 
band states leading to a suppression of the ordered moment. But this hybridization 
also enhances the exchange coupling, thus increasing the Curie temperature 
although the superconductivity is suppresed209. 

The p-wave superconducting state is supposed in URhGe case250. 

UCoGe 
Physical properties of UCoGe have been intensively re-investigated during 

last years. It was believed that UCoGe is a paramagnetic material down to liquid 
helium temperatures251,252. UCoGe is isostructural with the URhGe. The lattice 
parameters are a = 6.845 Å, b = 4.206 Å and c = 7.222 Å215 and the distance dU-U is 
close to the Hill’s limit. 
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In 2007, a coexistence of FM and SC at temperatures TC = 3 K and TSC = 0.7 
K38,253 with extremely low ordered moment 0.03 μB was discovered and UCoGe got 
to the centre of interest. The magnetic state was studied by variety of methods like 
μ−SR spectroscopy, Co-NMR, thermal expansion or neutron diffraction40,254-256 and 
long range FM was confirmed. 

PND (polarized neutron diffraction) experiments on UGe2
201,257 URhGe258, 

and URhSi259 (the latter compounds are isostructural to UCoGe) show that FM is 
due to itinerant uranium 5f electrons, and the magnetic moment values are in good 
agreement with those derived by electronic structure calculations260. However, in 
the case of UCoGe the discrepancy between magnetization measurements215 and 
calculations is large39,261. The calculations predict a small moment μU = 0.1 μB at the 
U site due to an almost complete cancellation of the orbital μU

L and spin μU
S U 

magnetic moment. In addition, a much larger moment μCo = 0.2 – 0.5 μB is 
predicted at the Co atom. The magnetic moments on the U and Co sites are expected 
to orient parallel261,262 or antiparallel39 and consequently it is argued that the 
magnetic structure is quite complex and, for instance, magnetic stripe order261 or an 
antiferromagnetic spin arrangement39 have been proposed. 

PND experiments on UCoGe conducted to identify the different 
contributions to the bulk magnetization in the normal phase: in low magnetic fields 
the magnetization density is predominantly centred at the U atom, but in a large 
field (12 T) a substantial Co moment develops, which is directed antiparallel to the 
total U moment. The magnitude of the Co moment grows faster than that of the U 
moment. Such a high polarizability of the Co 3d orbitals is highly unusual and 
reflects the proximity to a magnetic quantum critical point of UCoGe in zero 
magnetic field40. 

The superconducting state was studied in deep as well. UCoGe shows an 
anomalous anisotropy of the upper critical field, μ0Hc2. The value of the μ0Hc2 for 
μ0H || b-axis (μ0Hb

c2) in the orthorhombic crystal structure is strongly enhanced with 
decreasing temperature with an S-shape and reaches nearly 20 T at 0 K. The 
temperature dependence of μ0Ha

c2 shows upward curvature with a low temperature 
value exceeding 30 T, while μ0Hc

c2 at 0 K is very small (≈ 0.6 T). Contrary to 
conventional ferromagnets, the decrease of the Curie temperature with increasing 
field for μ0H || b-axis marked by an enhancement of the effective mass of the 
conduction electrons appears to be the origin of the S-shaped μ0Hb

c2 curve. These 
results indicate that the field-induced ferromagnetic instability or magnetic quantum 
criticality reinforces superconductivity. Magnetic field induces the FM instability 
accompanied by the enhanced m* of the conduction electrons, consequently SC is 
stabilized, as illustrated in the S-shaped μ0Hb

c2 curve for μ0H || b-axis in UCoGe 
(Figure 5-7)212,263. Deguchi et al. found that UCoGe is the first material in which 
ferromagnetism robustly survives in the superconducting state based on their AC 
and DC susceptibility measurements and a spontaneous vortex state without the 
Meissner state is realized in UCoGe264. 

Many studies were performed on UCoGe under the pressure (in standard 
pressure cells or negative pressure induced by hydrogen doping). The hydrogenation 
at 8 bars and 5 bars results in a change of the crystal structure from orthorhombic 
(TiNiSi structure type) to hexagonal (ZrBeSi structure type) with H content below 2 
H/f.u. For one of such β-hydride, UCoGeH1.7 the Curie temperature increases from 
3 K up to 50 K and spontaneous moment from 0.03 μB/f.u. to 0.05 μB/f.u.. An α-
hydride of UCoGe (ΔV/V – 0.25 %) with hydrogen concentration 0.1 H/f.u. was 
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obtained at 2 bars. It has same crystal structure as a pure compound and surprisingly 
exhibit no magnetic order265. 

 

 
Figure 5-7 Upper critical fields of UCoGe with respect all crystallographic axes. Clear S-shape field 
evolution of the μ0Hb

c2 is presented in both panels. Figure is taken from Ref.212. 
 

Many works were done when negative pressure is applied-see Refs.213,214,266. 
Ferromagnetism is smoothly depressed and vanishes at the critical pressure pc ≈ 1.4 
GPa. Near the ferromagnetic critical point, TSC goes through a maximum and 
superconductivity is enhanced. The obtained p-T phase diagram is manifestly 
different from that of other superconducting ferromagnets, notably because 
superconductivity is enhanced near pc and persists in the paramagnetic phase at least 
up to 2.2 GPa213-S2 region in the Figure 5-8. 
 

 
Figure 5-8 Anomalous p-T phase diagram of UCoGe. Picture is taken from Ref.213. 
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The symmetry-group considerations267,268 tell that this state (which is 

labelled S2) differs from the superconducting state (labelled as S1) in the 
ferromagnetic phase. 

An influence of the doping on magnetic and superconducting state, 
respectively, was also studied. Ferromagnetic order and superconductivity are 
progressively depressed with increasing Si content on Ge-site and simultaneously 
vanish at a critical concentration xcr = 0.12. The non-Fermi-liquid temperature 
variation in the electrical resistivity near xcr and the smooth suppression of the 
ordered moment point to a continuous ferromagnetic quantum phase transition269. It 
as recognized91,103 that triplet SC is extremely sensitive to scattering at nonmagnetic 
impurities and defects. Therefore, it is surprising that SC survives until doping 
concentrations of 12 atomic % of Si. The depression of non-s-wave SC by 
nonmagnetic impurities can be modeled using a generalized form270,271 of the 
Abrikosov-Gorkov pair-breaking theory. A recent example is provided by the 
defect-driven depression of p-wave SC in the paramagnet Sr2RuO4

272. In the case of 
the UCoGe1−xSix alloys, however, the defect-driven depression of TSC is partly 
compensated by TSC increasing due to chemical pressure. 

On the other hand UCoGe doping on Co-site by Fe, Ni or Ru lead to support 
of FM273,274. Similar effect was observed in the U(RhCo)Ge or U(RhRu)Ge 
systems253,275 A striking difference between Co and Si doping on the one hand and 
Ru doping on the other hand is that the first two substitutions are isoelectronic, 
while the latter depletes the d-band. 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. 

There is important to mention that all exotic properties of UCoGe are 
strongly sample dependent and only in the well-treated samples with RRR higher 
than 20 can be FM and SC observed276,277. 
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6. Preparation of metals using SSE 
Generally lots of works were published about the purification of the rare 

earth metals using SSE as it was demonstrated in the Chapter 4.3.5. The main idea 
of the SSE instruments in the DCMP laboratory is production of the pure elements 
for further technologies and research. Due to this fact the experiments were mainly 
focused on purification of the cerium, praseodymium and uranium rods. 
Nevertheless the SSE technology was extended about new working field – 
refinement of the polycrystalline intermetallic compounds or their single crystals. 
While the refinement of the rare earth metals seems to be close topic the refinement 
of the compounds is a completely new access. This working field is promising way 
to reach of the new technological aspects of material research. Of course it will be 
due to the long time consuming SSE process long way. 

6.1. Praseodymium refinement 
Praseodymium is one of the most often used elements in the DCMP labs so 

the first purification process was focused on the refinement of this element. The rod 
with diameter of 6 mm and length of 10 cm was refined. The SSE equipment was 
properly evacuated up to vacuum 1·10-10 mbar before experiment. Electrical 
resistivity of the rod was measured during whole process and composition of the 
residual gases was also analysed by the mass spectrometer in 15 min. intervals. The 
whole process took 90 days. The RRR of the rod was measured and chemical 
composition was studied using ICP – MS method. The time evolution of the process 
is displayed in the Figure 6-1.  

The resistivity increase and sharp jump on resistivity is appeared (Figure 6-1 
a). This behaviour is characteristic for the elements existing in various allotropic 
modifications. The jump in the resistivity data is appeared due to the transformation 
of the α-Pr to β-Pr at temperature 795°C. This transformation was simply used for 
the rod temperature estimation because very unfavourable accident is to uverburn of 
the rod during the process. The melting point of the Pr is 931°C so it was evident 
that there was still a space for the current increase. 

Very important data are displayed in the c) panel of the Figure 6-1. Huge 
amount of the hydrogen was desorbed from the bulk of the rod. Generally, the high 
affinity of the lanthanides to hydrogen is their characteristic property. Unfortunately 
it is undesirable because the hydrogen in the interstitial positions can simply 
changed physical properties of the intermetallics278 which are subject of this thesis. 

The purity of the refined Pr was studied using ICP technique. The results are 
digestedly summarized in the Table 6-1. It was found that the major impurities in 
the Pr are Cr, Cu, Zn, Sr, Y, La, Ce, Nd, Tb, Dy, Th and mainly Fe. The presence of 
other lanthanides was expected due to their chemical similarity. The refinement of 
the rod led to significant improvement of the impurities content. The best result was 
reached in the iron case where the concentration decreased more than one 
magnitude from ≈180 ppm to ≈15 ppm after the process. It is in good agreement 
with the previous results where Fe was presented as the element with extremely 
high migration rate161. 
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Figure 6-1 Time evolution of the Pr refinement. Panel a) represents evolution of the resistivity of the 
rod, panel b) represents current intensity and panel c) displays composition of the residual gases. 

 

 
Figure 6-2 Rod of the refined Pr. 

 
The element with the second highest content was Ce where concentration 

decreased from ≈ 220 ppm to ≈140 ppm. Generally the SSE process suppressed the 
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concentration of other lanthanides about 50 %. Quite high concentration of the Th 
was found in the Pr, but it is not so surprising result when general formula 
(Sm,Gd,Ce,Th)PO4 of the monazite sand is considered. The SSE process reduced 
the Th concentration almost seven times. 

Another parameter which signify SSE process are sharp zones on the rods152 
(see Figure 6-2), but this effect does not directly correspond with the impurities 
content. 

Conclusion of the Pr SSE refinement is that the process led to significant 
improvement of the purity on the basis of analysis of the residual gases and ICP 
analysis. 
 

Element Element content before 
refinement (ppm) 

Element content after 
refinement (ppm) 

52Cr 29.284 27.746 
65Cu 36.861 34.832 
66Zn 17.457 2.739 
88Sr 9.827 2.226 
89Y 7.721 6.776 

139La 11.938 9.004 
140Ce 218.448 139.350 
146Nd 36.838 23.519 
159Tb 74.520 38.648 
163Dy 23.127 18.901 
166Er 9.933 9.510 
232Th 7.476 1.154 

Fe 180.422 15.618 
Table 6-1 ICP analysis of the Pr rod. 

 

6.2. Uranium refinement 
Uranium (natural isotope composition) is another element, which was 

treated by SSE. The purity of the uranium, which is used in the DCMP 
technological lab for sample preparation, is 99.85 %. The major impurities are C, Si, 
Al and Fe on the basis of certificate from the Institute of Nuclear Fuels in Prague. 
The mass of the rods is 89 g, diameter of 7 mm and 10 cm of length. The size and 
high melting point of the uranium (1132°C) required development of a new type of 
current supply with maximum current 400 A. Uranium like praseodymium has three 
allotropic modifications. 

 
• α (orthorhombic) uranium - stable up to 667.7°C 
• β (tetragonal) uranium - stable from 667.7°C to 774.8°C 
• γ (body-centred cubic) uranium - stable from 774.8°C to the melting point. 
 

The existence of the tree allotropes is very handy to estimate the temperature 
of the rod and to avoid the overburn. 

Resistivity of the rod, current in the rod, vacuum level (Figure 6-3) and 
composition of the residual gases (Figure 6-4) were analysed during the process. 
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Two high jumps appear in the resistivity data (Figure 6-3 a). The first one 
which is marked by the red arrow is linked to the α → β uranium structure 
transition whereas the second one (blue curve) to the β → γ uranium phase 
transition. So the uranium treatment ran in the γ-phase. The maximum temperature 
of the rod was approximately 900°C on the basis of visual observation. 

The sharp increase of the ion current in IPG pump was observed at the 
temperature of α → β (Figure 6-3 c) transformation. The analysis of the residual 
gases pointed to the hydrogen and nitrogen which were desorbed – most intensive 
peaks in the Figure 6-4. Hydrogen desorption (gases generally) is very important 
effect of the SSE process, because physical properties of the uranium intermetallics 
can be strongly influenced by this hydrogen. Hydrogen can induce a negative 
pressure in the samples or change electronic structure of the compounds265,279-282.  

Resistivity of the rod increased during the phase transformations. 
Nevertheless when the high temperature γ-phase was reached the resistivity started 
to drop. Drop of the resistivity is connected partly with the purity improvement and 
partly with the recrystalization process283,284 which can lead up to the single crystal 
growth136-138,155,160,285,286. 

As it was mentioned in the first paragraph the carbon is major impurity in 
the uranium. Previous research found carbon as a well migrating element in the 
uranium160 so significant improvement can be expected regarding this element. 
Similar situation valid for the Fe159. Oxygen is stored in the uranium in the uranium 
oxides form. When the grey surface layer was removed from the uranium rod after 
the process XRPD analysis confirmed the UO2. It is well known from the SSE 
theory that the direction of the migration is different for various elements 
(impurities) so some elements are concentrated near the cathode and some one at the 
anode. Unfortunately the direct chemical analysis of the uranium was not performed 
due to the economical reasons. Nevertheless the effect of the accumulation of 
different elements near the cathode and anode is observable by distinct colouring of 
the ends of the rods (see Figure 6-5). 
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Figure 6-3 Time evolution of the U refinement. Panel a) represents evolution of the resistivity of the 
rod, panel b) represents current intensity and panel c) displays gas current. 
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Figure 6-4 Composition of the residual gases during the uranium treatment. Hydrogen and nitrogen 
were major gasses solved in uranium.  
 

 
Figure 6-5 Photo of the refined uranium rods. 

 

6.3. UCoGe polycrystalline rod 1 
The refinement of the pure elements is traditional using of the SSE 

technique and lot of information exists to date. It is reason, why area of the interest 
was focused on refinement of the intermetallics rods = compounds. The UCoGe was 
chosen as a good candidate due to the high interplay between samples behaviour 
and their quality. The SSE offered a chance to obtain the best defined UCoGe 
samples as it is possible. 

Special ingot-mould had to be developed for preparation of the 
polycrystalline rods. The technology of rod preparation is described in the chapter 
3.1.1 and displayed in the Figure 3-2. The rod (diameter of 7 mm and length of 
100 mm) was prepared in exact stoichiometric elements ratio and SSE process was 
applied. The SSE uranium and degas Co were used. Conditions of the process are 
summarized in the Figure 6-6. Visualization of the temperature (colour of the rod) 
of the rod during the SSE process is presented in the Figure 6-7. 
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Figure 6-6 Time evolution of the UCoGe refinement. Panel a) represents evolution of the resistivity 
of the rod, panel b) represents current intensity and panel c) displays gas current. 
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Figure 6-7 Colour of the UCoGe rod during the SSE process. Upper panel ∼ 100 A, middle panel ∼ 
180 A, lower panel ∼ 250 A. 
 

The SSE process led to significant resistivity decrease. The resistivity of the 
rod drops almost five times although the temperature was 4 times higher in the 
thermodynamic scale. Such high resistivity drop is most probably connected mainly 
with the recrystalization process when the grain boundaries were removed. 
Practically any gases evaporation was not detected during the whole process 
because the SSE gas free uranium was used for the rod synthesis. The structure and 
composition of the rod were studied using XRPD and EDX analysis and significant 
improvement in terms of reduction of the impurities was found. These results will 
be discussed in the chapter 8.1 in detail. The rod is marked as SSE1. 

Nevertheless one result is important to mention. The SSE process led to 
elements evaporation in the high dynamic vacuum (∼ 1·10-10 mbar). The EDX 
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analysis found decrease of the Co and mainly Ge concentration inside the rod. This 
result well corresponds with the vapour pressures of the pure elements (Figure 6-8). 
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Figure 6-8 Vapour pressures of the pure U, Co and Ge. 

 
The vapour pressure of the Ge is more than 6 magnitude higher than the U 

one at temperature 1300°C where UCoGe has melting point. This experience was 
taken into account of the second UCoGe rod processing. 

6.4. UCoGe polycrystalline rod 2 
During the refinement of the first UCoGe polycrystalline rod was found Ge 

and Co evaporation. The second rod (same size) was prepared using same 
technology way as the previous one but with 1.5 % of the Co and 3 % of the Ge 
excess to balance their evaporation during the SSE process. No SSE refined U and 
no degas Co were used for the rod synthesis. 

The conditions of the process are displayed in the Figure 6-10. The 
maximum current was 250 A, which is about 25 A less then in the case of the first 
rod. Resistivity of the rod dropped almost 4 times.  

The analysis of the residual gases, which were desorbed from the rod, 
composed mainly from the nitrogen and hydrogen. The major gas was nitrogen. 
Amount of the gases were much higher than during the first rod processing. This 
difference comes from the type of used elements for the rod synthesis. The nitrogen 
is desorbed from the non-degas Co and hydrogen from the commercial uranium. 
The residual gas analysis is displayed in the Figure 6-9. 

The SSE process led to significant reduction of the impurities amount in the 
both rods but these results will be discussed in the chapter 8.1 together with the 
influence on physical behaviour in detail. The second rod is marked as SSE2.  
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Figure 6-9 Composition of the residual gases during the UCoGe rod 2 treatment. Hydrogen and 
nitrogen were major gasses evaporated from the rod. 
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Figure 6-10 Time evolution of the UCoGe refinement. Panel a) represents evolution of the resistivity 
of the rod. Panel b) represents current intensity. 
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7. Rare earths intermetallics 

7.1. SmPd2Al3 
The localized 4f-electron magnetism of lanthanide ions is by rule 

characterized by stable magnetic moments, which reflect the population of energy 
levels of the ground-state multiplet determined by total angular momentum J and 
split by crystal-field (CF) interaction. 

 Sm represents an exception to this rule: Sm magnetism is not governed only 
by the ground-state multiplet J = 5/2 since the first (and second) excited multiplet 
J = 7/2 (J = 9/2) are only 0.1293 eV (0.2779 eV) higher287. Therefore the 
temperature dependence of the paramagnetic susceptibility at temperatures up to 
about 400 K is influenced by populating the CF split levels of the first and second 
excited multiplets via the temperature-independent Van Vleck terms288 and 
therefore it does not obey the Curie-Weiss law. A typical 1/χ vs. T plot for a Sm 
compound is strongly non-linear and usually exhibits a maximum around 400 K 
which is very sensitive to CF and exchange interaction186. As has been mentioned in 
the introduction part (see Table 5-2) the situation regarding number of magnetic 
transitions is still unclear. The anomalous behaviour can be also due to impurities, 
which is typical for Sm intermetallics. 

This work is focused on preparation a high quality single crystal of the 
compound SmPd2Al3 and proper description of this well-defined material. 

7.1.1. Experimental and computation details 
The SmPd2Al3 single crystal has been grown in a triarc furnace by the 

Czochralski pulling method. The single crystal was a 20-mm-long cylinder with a 
diameter of 3–4 mm. The crystal quality was checked by the Laue technique. The 
Laue technique was also used for the crystal orientation. A small part of the crystal 
has been pulverized in an agate grinding mortar and XRPD data have been recorded 
on a Seifert powder diffractometer. The XRPD data were analysed by means of the 
Rietveld profile procedure117 using the program FullProf118. The final composition 
of the crystal was checked by EDX analysis. Samples appropriate by shape for the 
magnetization and specific heat measurements have been cut by a fine wire saw. 
The sample for the magnetization measurements had the form of a small beam 
(1 x 1 x 1.5 mm3) with the rectangular planes oriented perpendicular to the 
crystallographic axes a and c, respectively. The two specific-heat samples were 
small plates (1.5 x 1.5 x 0.2 mm3) with the main-plate plane perpendicular to the a 
and c axis, respectively. The orientation of each prepared sample was subsequently 
revised again by Laue technique.  

The specific heat Cp(T, μ0H), magnetization M(T, μ0H)  and AC (T, μ0H) 
susceptibility (χac) dependencies were measured using the Quantum Design PPMS 
and MPMS equipment, respectively. The specific heat was measured at 
temperatures from 1.8 to 300 K in magnetic fields up to 9 T. The magnetization was 
measured in the temperature range from 1.8 to 400 K and in magnetic fields 0 – 
14 T. The AC susceptibility was measured from 1.8 to 30 K in an ac magnetic field 
with the amplitude of 0.03 mT and the frequency of 497 Hz. The magnetic field was 
applied along the a and c axis, respectively.  

To obtain direct information about the ground-state electronic structure and 
magnetic properties, theoretical first principles methods were applied. The ground-
state electronic structure was calculated by Doc. Diviš on the basis of density-
functional theory (DFT) within the local spin-density approximation (LSDA)289 and 
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generalized gradient approximation (GGA)290. For this purpose, the full-potential 
augmented plane wave plus local-orbitals method (APW+lo) as implemented in the 
latest version (WIEN2K) of the original WIEN code was used291. The calculations 
of first principles of the crystal-field interaction were performed using the method 
described in Refs.292,293. 

7.1.2. Results and discussion 

7.1.2.1. Sample preparation and characterization 
The SmPd2Al3 single crystal has been successfully prepared but the 

preparation of the single crystals of Sm compounds is far not trivial. The high 
evaporation of the Sm at high temperature (see Figure 7-1) is always a source of 
problems during the single crystal growth mainly due to the change of the melt 
composition. The effect of the high Sm evaporation is usually solved by usin a 
higher amount of Sm in the melt than given by the stoichiometry. Fortunately the 
melting point of the SmPd2Al3 compound is very low and the thermodynamic 
stability high so the Sm evaporation was negligible. The pulling rate was also very 
high 12 – 14 mm/hour. Lower pulling rates induced instability of the melt. 
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Figure 7-1 Vapour pressures of the pure Sm, Pd and Al at high temperatures. 

 
The single crystal quality was confirmed by the Laue method. The Laue 

pattern is displayed in Figure 7-2. The pattern confirmed a high quality single 
crystal with very sharp spots.  

The XRPD data contained only the reflections compatible with a hexagonal 
structure of the PrNi2Al3 type (Figure 7-3) (space group P6/mmm) with lattice 
parameters a = 5.4143 Å, c = 4. 2004 Å, which are in good agreement with 
published data183. The proper 1:2:3 stoichiometry of the grown crystal confirmed by 
EDX analysis within the accuracy of the method. No spurious phase has been 
located. The area analysis and concentrations gradients were also carried out and no 
concentration gradients have been detected. 
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Figure 7-2 Laue pattern of the SmPd2Al3 single crystal. 
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Figure 7-3 XRPD pattern of the grinded small piece of the SmPd2Al3 single crystal. 

7.1.2.2. Specific heat 
The CP vs. T data were collected by two series of measurements in a 

magnetic field applied along the a and c axis, respectively. In zero magnetic field a 
large and sharp λ-shape anomaly in the CP(T) dependence, peaking at 12.4 K has 
been detected and three much smaller peak like anomalies located at 4.4, 3.9, and 
3.4 K, respectively (see Figure 7-4). 
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Figure 7-4 Specific heat data of the SmPd2Al3 measured along the c-axis. Upper panel displays wide 
temperature range, the lower one only low temperature region. 

 
These temperatures are tentatively denoted as TC, T1, T2, and T3, 

respectively. The 12.4 K anomaly becomes gradually enhanced with increasing 
magnetic field applied along the c axis (μ0H || c), though it remained “pinned” at 
nearly the same temperature (it moves only very slightly to higher temperatures). 
Although such evolution is rather unusual, the magnetization and resistivity data 
presented below confirm that this specific-heat anomaly is apparently associated 
with the onset of a ferromagnetic ordering in SmPd2Al3 and 12.4 K is the Curie 
temperature of this material. The low-temperature anomalies, which were smeared 
out in fields (μ0H || c) higher than 1 T, were presumably associated with order-order 
magnetic phase transitions. The 12.4-K peak remained nearly intact in the magnetic 
field up to 9 T applied along the a-axis (not shown in the figure), thus confirming a 
strong magnetocrystalline anisotropy in the ferromagnetic state. On the other hand, 
the low-temperature group of anomalies became continuously smeared out with an 
increasing field (μ0H || a) (not shown in the figure). This result indicates that the low 



 99 
 

temperature phases (T1 - T3) have nonzero components (probably antiferromagnetic) 
in the basal plane of the hexagonal structure.  

For proper comparison, in the following discussion of results along with 
existing literature data on SmPd2Al3, all existing information are collected together - 
the temperatures of anomalies of specific heat, magnetization in very low fields, AC 
susceptibility, and electrical resistivity in Table 7-1. It is immediately apparent that 
there is an unambiguous response of all measured properties to the onset of 
magnetic ordering slightly above 12 K whereas the situation is not so 
straightforward in the features observed between 3 and 5 K. 

 
Property Source Anomaly location (K) 

  TC T1 T2 T3 
Cp Ref.183 12.5 4.3 4  
χ Ref.183 12.5 4.3 4  
χ Ref.184 12.5 4.3 ??  
ρ Ref.184 12.5 4.3   
Cp Ref.180 12.5 4.7  3.7 
χ Ref.179 12.0 4.3   
Cp [This work] 12.4 4.4 3.9 3.4 
χ’   [This work] 12.5 4.5 --- 3.7/3.4
M [This work] 12.3 4.4 --- 3.4 
ρ [This work] 12.4 4.4 --- 3.4 

Table 7-1 Magnetic transitions in SmPd2Al3 compound. 
 
The temperature dependence of the specific heat of SmPd2Al3, which is 

presented over a wide temperature range in Figure 7-5, was considered to be a sum 
of the electronic Cel, phonon Cph, magnetic Cmag, and Schottky CSch contribution, 
respectively (Equation 3-3). 
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Figure 7-5 Separation of total specific heat of the SmPd2Al3 on individual components including the 
magnetic entropy. 
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The most significant is the phonon contribution mainly at higher 
temperatures and this contribution has been evaluated within the aforementioned 
Debye and Einstein model294,295, the results being listed in Table 7-2. The values of 
the phonon contribution have then been subtracted from the raw specific-heat data. 
As input data for the used model, the values of γ = 6.0 mJ/molK2 296 TD = 180 K167 
and figures of degeneration of the four phonon optical branches 2-5-3-5297 were 
taken. The remaining values were analysed by testing all the free parameters in 
order to reach the best agreement with experimental data based on the equation 
listed hereafter for the other specific-heat contribution. 

 
Branches Degeneracy θ  (K) α (10-4 K-1) 
θD  191 5.0 
θE1 2 103 5.0 
θE2 5 210 4.5 
θE3 3 154 4.0 
θE4 5 420 3.0 
Table 7-2 Phonon spectra of the SmPd2Al3 compound. 

 
The value found for the Sommerfeld coefficient was γ = 7 mJ/molK2, which 

is a typical figure that may be expected and measured in Sm intermetallics 
compounds296. The temperature evolution of the magnetic entropy was also 
analysed (Figure 7-6). In the temperature range 1.8 – 20 K was observed a high 
jump up to the value Rln2 and was presumed that the magnetic ground state of our 
compound is a doublet. Further increase of temperature led to a gradual growth of 
magnetic entropy. The values for entropy should reach the value Rln6, when the 
energy of the third doublet is achieved but unfortunately this doublet is above room 
temperature. 
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Figure 7-6 Analysis of magnetic contributions to the specific heat of SmPd2Al3. The magnetic 
entropy is represented by blue curve. 
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Specific-heat data were measured up to 400 K but the data were strongly 
affected by the transformation of apiezon at temperatures above 250 K and it was 
inappropriate to solve the absolute value of entropy from the experimental data in 
this temperature range. A huge energy gap of 130 K was observed between the 
ground and the first excited state (see Table 7-3), respectively, which is in good 
agreement with the findings in Ref.183 and theoretical calculations performed by 
M. Diviš. The existence of the third doublet, indicated to be around room 
temperature, motivated us to measure magnetization up to 400 K, because a strong 
influence of CF on the susceptibility behaviour was expected, as will be discussed 
later. 

 
Levels Energy (K) 

Δ1 0 
Δ2 130 ± 15 
Δ3 300 ± 40 

Table 7-3 CF spitting of the ground state multiplet of the SmPd2Al3 compound. 
 

7.1.2.3. AC susceptibility and magnetization 
The temperature dependence of the susceptibility was measured in the AC 

magnetic field applied along the a and c axes, respectively, (Figure 7-7). The a-axis 
data were characterized by a very low, nearly temperature-independent signal free 
of any considerable anomaly exceeding signal noise, whereas the data measured in 
the ac field applied along the c-axis exhibited three anomalies, presumably 
indicating magnetic phase transitions.   
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Figure 7-7 Temperature dependence of AC susceptibility of the SmPd2Al3 compound. 

 
When cooling, the c-axis data exhibited a sudden upturn commencing at 

TC = 12.4 K, a shoulder at 4.5 K and a sharp peak at 3.7 K. The latter two features 
may be tentatively associated with the magnetic phase transitions at T2 and T1, 
respectively, when comparing the data in Table 7-1. The dramatic difference 
between the magnetization curves measured at 1.8 K in the magnetic field applied 
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along the a and c axis, respectively (Figure 7-8) corroborated, in agreement with the 
specific-heat and AC susceptibility data, the conclusion that the magnetocrystalline 
anisotropy in SmPd2Al3 is uniaxial and the easy-magnetization direction is the 
crystallographic c-axis. 
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Figure 7-8 Hysteresis loops of SmPd2Al3 measured along the a and c crystallographic axes. 

 
Whereas the magnetic moment in the field along the c-axis is dominant and 

saturates above 2 T, a very weak paramagnetic like linear (in higher fields) response 
is observed in the field along a. The slight nonlinearity and hysteresis observed in 
the loop measured along the hard-magnetization axis is rather a parasitic projection 
from the c-axis magnetization due to an imperfect geometry of the experiment 
(slight misorientation of the sample, mosaicity, etc.) than intrinsic hard axis 
behaviour. The c-axis magnetic moment of 0.19 μB/f.u. at 1.8 K observed in 7 T is 
about four times lower than the expected ordered moment for the ground-state 
multiplet of the free Sm3+ ion (gJμB = 0.71 μB), which is presumably responsible for 
the entire magnetic behaviour of SmPd2Al3. The magnetic moment of the ground 
state was roughly estimated from crystal field calculations. Semiquantitative 
agreement was obtained with the experimentally observed moment at 1.8 K. For 
simplicity, the exchange interaction was not included in calculations because of its 
complex nature. 
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Figure 7-9 Virgin curves of the SmPd2Al3 measured in μ0H || c orientation at various temperatures. 

 
The step like shape of the c-axis curve in fields weaker than 2 T was fully 

reproducible and is apparently connected with the specific features of samarium 
magnetism in SmPd2Al3. The detail view of the magnetization loops for μ0H || c is 
presented in Figure 7-9. A series of four metamagnetic like transitions can be 
identified on the 1.8-K virgin magnetization curve. The onsets of transitions denoted 
by arrows can be found at 0.03, 0.35, 0.5,and 0.75 T, respectively. The transitions in 
lower fields can still be traced on the curve measured at 2.5 K but are already gone 
at temperatures 3.4 K and higher. The magnetization loops measured at 1.8 and 2.5 
K exhibited not only some metamagnetic like features but also pronounced 
hysteresis. All these features vanished at temperatures from 3.4 K. This implies that 
the ground-state phase, which forms at T3 is antiferromagnetic and apparently rather 
complicated. The magnetization curves measured at T3 < T < TC, however, still 
exhibited a strong tendency to saturate as usually found in ferromagnets. The Arrott-
plot analysis298 of the magnetization curves confirmed the value of TC = 12.4 K. 
Above this temperature, the typical paramagnetic response of the magnetization to 
the magnetic field applied parallel to the c axis was observed. In fields parallel to 
the a-axis, the magnetization remains very weak and nearly temperature 
independent below TC irrespective of the dramatic development in the c-axis 
magnetization.  

The temperature dependence of the magnetic moment was also measured in 
several constant magnetic fields applied along the c-axis; the results are shown in 
Figure 7-10. In very low fields the value of the magnetic moment sharply increases 
below TC, which is in a good agreement with the anomaly observed in the specific 
heat and AC susceptibility data as well as with the evolution of the magnetization 
loops with temperature. 
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Figure 7-10 Temperature evolution of the magnetization of SmPd2Al3 in various magnetic fields. 

 
The evolution of 3.4 K anomaly with the increasing magnetic field, as well 

as the evolution of the magnetization curves with temperature decreasing below 
5 K, resembled a transition to a low-temperature antiferromagnetic state, which is 
stable only in very low magnetic fields.  

The bifurcation of the thermomagnetic curve in the ZFC and FC branches 
appears at temperatures below 3.6 K (Figure 7-11) simultaneously with the 
emerging hysteresis of the magnetization curves. 

T (K)
2 3 4 5 6

μ 
(μ

B/
f.u

.)

-0.04

0.00

0.04

0.08

0.12

0.16

0.20

0.24
μ0H =0.01 T
μ0H = 0.1 T 
μ0H = 0.5 T  
μ0H = 1 T 

ZFC
FC 

 
Figure 7-11 Temperature dependence of the FC and ZFC curves measured at various magnetic 
fields. 
 

The bifurcation point shifts to lower temperatures with increasing the 
magnetic field. However, an alternative interpretation can also be considered. It 
involves a ferromagnetic component to the magnetic order at the lowest 
temperature. If all four zero-field ordering transitions are linked to the field-induced 
transitions, then the lowest-field one may be linked to the ferromagnetic transition at 
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12.4 K, and would be in fact the coercive field at which the sample becomes a 
single domain, as far as the ferromagnetic component is concerned. The developing 
difference (Figure 7-11) between the ZFC and FC magnetization can be considered 
as a direct evidence of emerging coercivity, which in turn is linked to 
ferromagnetism.  

A specific issue of magnetism in SmPd2Al3 is the involvement of the 
populated CF levels of the first and the second exited multiplet. This is well 
documented by the extremely broad Schottky contribution to the specific heat (see 
Table 7-3), and, in addition, a necessary impact on the magnetization 
(susceptibility) behaviour at elevated temperatures would be expected. The 
temperature dependence of the inverse susceptibility μ0H/M is strongly nonlinear 
for both field directions, i.e., it does not follow the Curie-Weiss law. The data in 
Figure 7-12, however, can be well fitted by the modified Curie-Weiss law299 
(Equation 7-1) between 15 and 150 K: 

 

PT
C

θ
χχ

−
+= 0  

Equation 7-1 
 

where the temperature-independent term χ0 may be attributed to temperature 
independent van Vleck contribution, which is due to the small energy difference 
between the ground-state multiplet J = 5/2 and the first excited multiplet J = 7/2. 
The fit yields the values for the paramagnetic Curie temperature θp = −21.3 K and 
the effective Sm moment μeff = 0.87 μB, which is in a good agreement with the value 
of 0.85 μB expected for the Sm3+ free ion; χ0 = 1.15·10−8 m3/mol. The considerable 
deviation from the fit line at higher temperatures can be attributed to the population 
of the second excited multiplet.  
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Figure 7-12 Temperature evolution of reciprocal susceptibility of SmPd2Al3 measured along the c 
axis. The red curve presents the Curie-Weiss modified law fit. 
 

To see the impact of magnetism on electrical transport temperature 
dependence of the electrical resistivity was also measured for current along c (see 



 106 
 

Figure 7-13). A clear cusp around 12.5 K has been detected, which is in good 
agreement to the onset of ferromagnetism at TC determined by other experiments 
discussed above and also with results presented in the literature183,184. Another cusp 
like anomaly is seen around 4 K which coincides with T2. 
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Figure 7-13 Temperature dependence of electrical resistivity of SmPd2Al3 measured with current 
applied along the c-axis. The arrows mark temperatures of transitions. 
 

7.1.2.4. Electronic structure and CF calculations 
The calculated GGA electronic density of states (DOS) of SmPd2Al3, using 

the experimentally determined lattice parameters, is shown in Figure 7-14(a). The 
occupied part of the DOS has a width of 9.5 eV. The first region, from –9.5 eV to –
4.8 eV, consists mainly of the free electron-like states from the interstitial region 
and the Sm-6s, Pd-5s, Al-3s and Al-3p states from AS spheres (see Figure 7-14 b-
d). The following band group from –4.8 eV to the Fermi level represents mainly the 
Pd-4d states hybridising with the Sm-5d and Al-3p states. The unoccupied states 
above the Fermi level have predominantly the Sm-5d character with an admixture of 
the Pd-4d and Al-3p states and the large contribution from free electron-like 
interstitial region (Figure 7-14 b-d). The energy position of the localized Sm 4f5 
states is correctly below the Fermi level. Spin polarized LSDA and GGA 
calculations were also performed in order to estimate the value of the hybridization 
induced Pd and Al magnetic moments (4f in core and 4f in band as a Bloch states) 
and found values less than 0.1 μB and 0.01 μB, respectively. 

The Fermi level for SmPd2Al3 is situated at the descending part of the DOS 
yielding N(EF) = 2.51 states eV-1 f.u.-1. The orbital analysis of the DOS shows that 
mainly the Pd-4d, Pr-5d and Al-3p states contribute to the total DOS at EF. The 
value of the DOS at EF is too small to cause a spontaneous magnetic polarization of 
the Pd-4d states. The value of N(EF)  corresponds to an electronic specific heat 
coefficient γ  = 5.9 mJ mol-1 K-2, which is somewhat lower than the γ value of 7.0 
mJ/ molK2 derived from our specific heat data. This points to a rather low value of 
the mass-enhancement coefficient λ = 0.18 for SmPd2Al3 (γexp. = (1 + λ) γband) 
indicating a weak electron-phonon interaction. 
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Next, the magnetic susceptibility was calculated on the basis of the CF 
scheme. The microscopic CF Hamiltonian for the Sm atomic configuration 4f5 in 

the hexagonal symmetry has four independent parameters m
nA . The reliable CF 

parameters were obtained for NdPd2Al3 compound by fitting the inelastic neutron 

data in Ref.164,178. The obtained values are 0
2A  = -386 K, 0

4A  = 42 K, 0
6A  = 6.8 K 

and 6
6A  = -134 K. At first we decided to check these values by our first principles 

calculations. The first principles calculation of the crystal field parameters leads to 

the following values: 0
2A  = -307 K, 0

4A  = 25 K, 0
6A  = 1.9 K and 6

6A  = -88 K for 
SmPd2Al3 using the GGA form Ref.118 of the exchange-correlation potential. The 

second-order CF parameter 0
2A  has correct sign, which determines the easy c-axis 

of SmPd2Al3 at low temperatures in agreement with the analysis of our 
susceptibility and magnetization data.  

The other parameters have also the correct sign and similar values 
comparing to the CF parameters resulting from analysis of inelastic neutron data in 
164,178. Moreover the calculated gap between the ground and the first excited doublet 
is more than 100 K in agreement with the Schottky specific heat analysis and this 
fact is also supported the reliability of the both CF parameter sets obtained above. 
Since the theoretical approach is semiquantitative only290 may be stated that the 
consistent description of the CF interaction in SmPd2Al3 compound is obtained. It is 
important to emphasize that a similar temperature dependence of magnetic 
susceptibility has been calculated, which has an intersection of curves along c- and 
a-axis (see Figure 7-15), as was found by the experiment. The intersection was not 
obtained using the CF acting on the ground state multiplet J = 5/2 only so it requires 
at least the CF acting on J = 5/2, J = 7/2 and J = 9/2 quantum subspace. Note that no 
intersection has been obtained from the theory published by Liu186. The detailed 
comparison would require a correct description of the exchange interaction in the 
paramagnetic region above 12.6 K since the simple molecular-field and CF model 
was found to provide only a semiquantitative agreement with our experimental data 
and therefore is definitely too crude for the description of our measured 
paramagnetic susceptibility versus temperature data. Therefore, it was also decided 
not to fit the measured data by the too crude molecular field and CF model 
approach. 
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Figure 7-14 Density of states of SmPd2Al2 compound. 
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Figure 7-15 Paramagnetic susceptibility as a function of temperature of SmPd2Al3 calculated using 
CF model. Calculated curves for the CF parameters from NdPd2Al3 (a) and for our first principles 
calculated CF parameters for SmPd2Al3 (b) and calculation the CF acting on the ground-state 
multiplet J=5/2 only (c). Experimental data are displayed in the bottom panel (d). 
 

7.1.3. Conclusions 
A single crystal of SmPd2Al3 has been successfully prepared. The 

magnetization, AC susceptibility, and specific-heat measurements of the crystal 
exposed to magnetic fields applied along the principal crystallographic axes 
revealed a strong uniaxial magnetocrystalline anisotropy (even in paramagnetic 
state) with a easy-magnetization direction in the c axis, which is in contrast to the 
easy-plane anisotropy reported for other compounds in the REPd2Al3 group. The 
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four magnetic transitions were observed in temperature dependence of the specific 
heat at temperatures T3 = 3.4 K, T2 = 3.9 K, T1 = 4.4 K, and TC = 12.4 K, 
respectively, and detected in part also in magnetization, AC susceptibility, and 
electrical resistivity data, point to a complex magnetic phase diagram for SmPd2Al3. 

Although this material becomes ferromagnetic below TC = 12.4 K, an 
antiferromagnetic ground state seems to become established at low temperatures. 
The series of four metamagnetic transitions detected at 0.03, 0.35, 0.5, and 0.75 T, 
respectively, underlines the complexity of the Sm magnetism, which is 
characterized by a small Sm magnetic moment and a complex interplay of crystal-
field and exchange interactions. The principal role of CF interaction has been 
confirmed by ab initio calculations and our comparison of calculated and 
experimental paramagnetic susceptibility data. To prove the validity of the scenario 
of the multiphase magnetic diagram, as well as on the magnetic phase transitions 
indicated in the work suitable microscopic experiments are strongly desired; 
namely, neutron diffraction and μ-SR spectroscopy. The high neutron absorption by 
Sm for a standard thermal neutron wavelength implies that a hot neutron beam 
would be necessary for a successful neutron-diffraction experiment with the 
SmPd2Al3 crystal. 

7.2. YPd2Al3 
In the course of investigations of magnetism in the REPd2Al3 intermetallic 

compounds was felt a need of another non-f-electron analogue besides LaPd2Al3, 
namely YPd2Al3. Since the YPd2Al3 compound has not been yet reported the 
problem of performing entire metallurgy and structure study of such material was 
started and followed by investigation of magnetic, transport and thermodynamic 
properties with respect to temperature and applied magnetic fields. The appearing of 
the superconductivity was also expected, which is characteristic for many Y 
intermetallic compounds300-303. 

For closer understanding of physics of YPd2Al3 ab initio electronic structure 
calculations for this material were also performed.  

7.2.1. Experimental and computation details 
The polycrystalline sample of YPd2Al3 was prepared by melting the 

stoichiometric amounts of elements (purity of Y - 99.9 %, Pd - 99.95 %, Al - 
99.9999 %) in mono arc furnace. Half of the sample was subsequently wrapped in a 
tantalum foil, sealed in silica tubes and annealed at 700°C for 14 days. Both the 
samples (as cast and annealed) were characterized and studied by the same 
experimental and computation methods as SmPd2Al3 compound with exception 
Laue diffraction (see chapter 7.1.1). Only the AC susceptibility and electrical 
resistivity were measured also with a 3He option down to 350 mK. AC susceptibility 
was measured using a home-made magnetometer304.  

7.2.2. Results and discussion 

7.2.2.1. Sample preparation and characterization 
A polycrystalline sample of the YPd2Al3 compound has been successfully 

synthesized. Small pieces of the as-cast and annealed sample, respectively, were 
powdered in agate mortar and XRPD data were collected. Any significant difference 
between patterns of as-cast and annealed sample was not observed. Practically all 
reflections can be assigned to the PrNi2Al3–type structure type, i.e. YPd2Al3 
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crystallizes in the hexagonal crystal structure belongs to the space group P6/mmm. 
The determined lattice parameters for this compound at room temperature 
a = 5.372 ± 0.001 Å, c = 4.193 ± 0.002 Å (a cast sample) and 
a = 5.3704 ± 0.0006 Å, c = 4.1932 ± 0.0007 Å (annealed sample) are close to values 
for GdNi2Al3 and UNi2Al3 as can be seen in Table 7-4. 

There were few additional reflections observed in the powder pattern besides 
these corresponding to the YPd2Al3 structure signalising presence of a spurious 
phase in the sample. The intensity of reflections appertain to impurities was slightly 
suppressed in the annealed sample pattern in comparison to as-cast one. The change 
of lattice parameters and volume cell after annealing was negligible (see Table 7-4). 
Subsequently, FE-EDX analysis was performed on different locations of the 
annealed sample. The elementary analysis confirmed the majority of YPd2Al3 
compound in all surveyed samples. Two types of spurious phases have been 
identified. In particular tiny amounts of Y2O3 and probably a non-stoichiometric 
compound with the composition close to YPd6Al3 were analysed. 

 
Compound a (Ǻ) c (Ǻ) Ref. 

YPd2Al3 as-cast 5.372 ± 0.001 4.193 ± 0.002 [Actual work] 
YPd2Al3 annealed 5.3704 ± 0.0006 4.1932 ± 0.0007 [Actual work] 

LaPd2Al3 5.5082 4.2267 Ref.163  
CePd2Al3 5.4709 4.2157 
PrPd2Al3 5.4569 4.2117 
NdPd2Al3 5.4419 4.2069 
SmPd2Al3 5.4131 4.1997 
GdPd2Al3 5.3924 4.1941 
UPd2Al3 5.3650 4.1860 

Ref.164 

Table 7-4 Lattice parameters of whole series REPd2Al3 compound. 
 

 

YPd6Al3

Y2O3

 

Figure 7-16 Picture of surface of the annealed sample from Scanning Electron Microscope with use 
BSE detector to emphasis the phase composition. The small white grains are the nonstoichiometric 
phase of YPd6Al3. The square black grains are Y2O3. 
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The impurities were localized mainly on grain boundaries (see Figure 7-16). 
These compounds can be responsible for the additional reflections in XRPD 
patterns. The area analysis was carried out and concentrations gradients were 
studied, as well. Any concentrations gradients and hence we expect uniform 
distribution of all elements were not recorded. The results of EDX analysis support 
the results of XRPD and declare majority of amount of the YPd2Al3 compound. 
Generally, the structure analysis confirmed, that the annealing process at 700°C led 
to only minor crystallographic material changes, although it was enough to change 
significantly physical properties as will be presented further. 

7.2.2.2. Resistivity measurements 
Resistivity data of the as cast and annealed samples were measured and 

significantly different behaviour was observed (Figure 7-17).  
The temperature of the superconducting transition (TSC) of the as-cast 

sample was observed to be only 0.6 K while a considerably higher TSC = 2.2 K was 
found for the annealed sample. The TSC vales were determined as a maximum of the 
curve of temperature dependence of dR/dT. The main reason for the discrepancy can 
be the material stresses and imperfect occupancy of atoms sites in the as cast sample 
presumably due to rapid cooling which have not allowed reaching the equilibrium 
state. 
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Figure 7-17 Temperature evolution of the electrical resistivity of the as-cast and annealed sample, 
respectively, with apparent drop of the resistivity to 0 at TSC. The temperature of SC transition of the 
annealed sample TSC = 2.3 K is significantly higher than for as-cast sample TSC = 0.6 K. 
 

The magnetoresistance data reflect the typical suppression of the 
superconducting state by the magnetic field manifested by decreasing TSC with 
increasing field as is shown in the Figure 7-18.  
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Figure 7-18 Magnetoresistance curves measured at various temperatures. 
 
The values of the critical fields at various temperatures from available 

magnetoresistance data were determined. The values of critical fields were taken as 
the maximum of the magnetic field dependence of dR/dμ0H. The critical fields are 
plotted in Figure 7-19 (square dots).  

 

T (K)
0.0 0.5 1.0 1.5 2.0 2.5

μ 0H
C

2(
T)

 (m
T)

0

200

400

600

800

1000

1200
a.c. susceptibility data
model
resistivity data

YPd2Al3

AC susceptibility data
μ0HC2(0) = 825 mT
TSC = 2.2 K

μ0H'C2 = 700 mT/K

 

Figure 7-19 Evolution of the critical magnetic fields obtained from resistivity and AC susceptibility 
data. 

 
From the square law (Equation 7-2):  
 

])/(1)[()( 2
2020 SCCC TTTHTH −= μμ  

Equation 7-2 
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the value of μ0HC2(0) = 1.25 T has been calculated. It was found, that the square law 
is not a suitable fit for the critical fields obtained from the magnetoresistance. The 
value μ0HC2(0) was also tried to estimate from Werthamer-Helfand-Hohenberg 
(WHH)305 formula (Equation 7-3) within the weak-coupling BCS theory. 
 

( ) SCTTCC TdTdHH
SC=−= /693.0)0( 220μ  

Equation 7-3 
 

The value μ0HC2(0) = 960 mT has been determined, which is closer to the 
value obtained later using square law from AC susceptibility data. The 
superconducting coherence length ξ(0) was estimated based on Ginzberg-Landau 
formula for an isotropic tree-dimensional superconductor (Equation 7-4): 

 
2

020 )0(2/)0( πξμ Φ=CH  

Equation 7-4 
 
and ξ(0) = 192 Å has been obtained. The deviation of the μ0HC2(T) from square 
law, obtained based on resistivity measurement, was motivation to measure 
existence of bulk superconductivity using AC susceptibility. 

7.2.2.3. AC susceptibility measurements 
The homemade AC magnetometer was used to found out the temperature, 

where the annealed sample is macroscopically in the superconducting state.  
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Figure 7-20 The picture shows the temperature evolution of the AC susceptibility in various 
magnetic fields. Sharp steps on curves are visible at temperatures, when the YPd2Al3 sample become 
superconducting and consequently are macroscopically diamagnetic. To clarify the figure, only 
selected curves are plotted. 

 
The measurement was performed for the same annealed sample, which was 

used for resistivity measurements. The result of this experiment is shown in the 
Figure 7-20. A comparable piece of tin as a standard was used during the 
measurements. A sharp step at 3.7 K has been found, which corresponds of Sn (data 
not shown). Whereas the transition of Sn was sharp, a broadened transition in the 
temperature range 2.2 – 1.7 K has been recorded in case of YPd2Al3. It can be 
induced by mechanical stress inside the sample and small composition 
inhomogeneities. Unfortunately fine measurement to obtain value of the Meissner 
fraction properly (for example like Ref.306) can not be performed. Only a relative 
value change of the AC susceptibility was possible to compare between the standard 
(Sn) and the sample. The susceptibility change was similar to the SC transition of 
the similar piece of Sn. Therefore, it was supposed that majority of the sample was 
in the SC state. The temperature of the superconducting transition of YPd2Al3 is 
marked by arrow at 2.2 K. This temperature was verified by the AC susceptibility 
measurement using SQUID magnetometer, as well. The result is displayed in the 
Figure 7-21.  
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Figure 7-21 Temperature dependence of real and imaginary part of AC susceptibility. The black 
arrow marks TSC = 2.1 K in the curve of real part of AC susceptibility. 

 
The onset of the real part of AC susceptibility at 2.1 K corresponds to the 

result from the homemade ac magnetometer. The maximum of the imaginary part is 
slightly below 2 K. 

All the values of the critical fields from different experiments are plotted 
together in the Figure 7-19. The circles represent the results of AC susceptibility 
measurements. The coloured curve represents the square-law fit. The significant 
deviation of the resistivity data from the square law is clearly visible whereas the 
AC measurement provided much better result, where the square law is a very good 
approximation. In zero field, TSC = 2.2 K according to AC susceptibility data. The 
value of the critical field μ0HC2(0) = 825 mT determined from the AC susceptibility 
data, which is lower than the corresponding result from resistivity data. 

7.2.2.4. Specific heat measurements 
Specific heat data measured on the annealed sample confirmed the SC 

transition although the peak at TSC transition was rather weak (see inset of the 
Figure 7-22). 
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Figure 7-22 Temperature dependence of the specific heat of the annealed sample. The blue curve 
represents model based on Debye and Einstein model. The low temperature detail is shown in the 
inset of the figure. 

 
The temperature dependence of the specific heat was fitted based on Einstein 

and Debye model using Equation 3-4 and Equation 3-10 with a correction to 
anharmonicity. The values of Debye and Einstein temperatures and degeneracy of 
Einstein modes are listed in Table 7-5.  

 
Branches Degeneracy θ (K) α (10-4 K-1) 

θD  200 1.0 
θE1 3 380 2.0 
θE2 5 211 1.0 
θE3 2 130 2.0 
θE4 5 550 2.0 

Table 7-5 Phonon spectrum of YPd2Al3 compound obtained on the basis of Debye and Einstein 
model. 

 
The phonon spectrum is similar to lanthanide analogues (see Ref.185). The 

Cp/T vs. T2 data were fitted by a linear function and the value of Sommerfeld 
coefficient γ = 7.2 mJ/moleK2 was obtained. The value denoted a quite low density 
of states at Fermi level. The value of the ( ) SCTp TC

SC
γ/Δ  was also tried to estimate 

which should be 1.43 based on BSC weak-coupling theory. The value 0.2 was 
found, which is lower than is expected. It is supposed that the sample did not reach 
the SC state at one certain temperature and the SC transition was broadened due to 
the existence of the mechanical stress inside the sample. It can be reason of the so 
anomaly weak jump in the specific heat data, which is smeared to the certain 
temperature region. The AC susceptibility data also shown similar broaden 
transition. 
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7.2.2.5. First principles calculations 
The experimental magnetic susceptibility in the normal state is temperature 

independent and the value is close to 1.9·10-8 m3/mole. The theoretical value of 
7.7·10-8 m3/mole calculated by using well known equation for Pauli susceptibility 
(Equation 7-5) provides only right order with the experimental value. The 
overestimation of theoretical value is probably connected with approximate 
exchange correlation functional used in our first principles DFT calculations. 

 
)(2

FB ENμχ =  

Equation 7-5 
 
The total density of electronic states (DOS) from GGA calculations at 

experimental equilibrium is shown for YPd2Al3 in Figure 7-23a. The occupied part 
of the DOS has a width of 9.5 eV. The lowest band region, from –9.5 to –4.8 eV, 
originates mainly from free electron like states from the interstitial region and the Y 
5s, Pd 5s, Al 3s and Al 3p states from the AS spheres (see Figure 7-23. 8b -8d). The 
following band group from –4.8 eV to the Fermi level represents mainly the Pd 4d 
states hybridising with the Y 4d and Al 3p states. The unoccupied states above the 
Fermi level have predominantly the Y 4d character with an admixture of the Pd 4d 
and Al 3p states and the large contribution from the free-electron like interstitial 
region (Figure 7-23 8b – 8d).  

The spin polarized LSDA and GGA calculations were also performed in 
order to estimate the value of the hybridization induced Pd and Al magnetic 
moments and found negligible values. The Fermi level for YPd2Al3 situated at the 
descending part of the DOS yielded N(EF) = 2.56 states/eV. The orbital analysis of 
the DOS shows that mainly the Pd 4d, Y 5d and Al 3p states contribute to the total 
DOS at EF. The value of the DOS at EF is too small to cause a spontaneous magnetic 
polarization of the Pd 4d states. The value of the DOS at EF for YPd2Al3 
corresponds to an electronic specific heat coefficient γ = 6.0 mJ mole-1 K-2, which is 
somewhat lower than the γ value of 7.2 mJ mole-1 K-2 derived from our specific heat 
data. This points to a rather low value of the mass-enhancement coefficient λ = 0.19 
for YPd2Al3 (γexp = (1 + λ) γband ) indicating a weak electron-phonon interaction in 
the YPd2Al3 compound.  

The first superconducting temperature relation presented by McMillan is 
based on the minimum set of three parameters (averaged Debye temperature θD, 
mass-enhancement coefficient λ and a Coulomb pseudopotential μ*), which found 
extensive applications in the analysis of superconductors. Starting with the full 
Eliashberg equations, McMillan introduced ad hoc assumptions on the nature of the 
spectral function and assumed further that TSC depends on spectral function only 
through λ. Performing numerical solutions of the Eliashberg equations McMillan307 
derived so-called “McMillan-formula” (Equation 7-6).  
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Equation 7-6 
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Figure 7-23 Total DOS (a) and atom-projected DOS [(b) – (d)] of YPd2Al3. The projected Y DOS 
[(b) bold line], Pd [(c) bold line], Al [(d) bold line], and the interstitial region [(d) dashed line] are 
shown. Fermi level is adjusted at zero energy. 

 
Using Debye temperature θD = 200 K obtained from specific heat data, 

mass-enhancement coefficient λ = 0.19 and a Coulomb pseudopotential μ* = 0.13 
TSC less than 1 mK was found.  

It is important to note that result from McMillan formula is especially very 
sensitive to the particular value of the mass-enhancement coefficient λ which is the 
result of our combined analysis of experimental specific heat data end first-
principles calculations based on the DFT with approximate exchange correlation 
functional. For example the value of λ = 0.6 gives TSC ~ 1 K which is quite close to 
experimental value TSC = 2.1 K. It is also important to point out that used Coulomb 
pseudopotential μ* = 0.13 which is a common practice to follow suggestion of 
McMillan for all transition metals and their compounds. Therefore the calculations 
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using McMillan formula can be taken as a starting crude estimate of TSC only307. 
One possible reason of limited applicability of McMillan formula for YPd2Al3 
might be a complex nature of the phonon spectra in YPd2Al3. The actual high value 
of TSC can be tentatively attributed to the coupling of electrons to special phonon 
modes.  

It is also useful to compare the performance of LSDA and GGA with respect to 
the equilibrium volume of YPd2Al3. The theoretical c/a ratio was calculated and 
found to almost coincide with the experimental one. Therefore the experimental c/a 
ratio was used and kept constant in the calculations. The LSDA value of equilibrium 
volume is smaller and deviates from the experimental value by more than four 
percent. This is a typical deviation usually obtained in LSDA calculations. Both the 
GGA methods290,308 tested in this work perform better than LSDA. The GGA from 
Ref.308 is superior and provides the volume V/V0 = 0.99 larger than LSDA gives. 
Finally the GGA from Ref.290 is overestimating the experimental volume and 
provides the V/V0 = 1.017. 

7.2.3. Conclusions 
YPd2Al3 compound was successfully synthesized the in polycrystalline form. 

This material was found to be superconducting at temperature 2.2 K. The unit cell 
size is close to that of GdPd2Al3 to heavy lanthanides and is in very good agreement 
with theoretical DFT value obtained using GGA. The low value of the coefficient γ 
= 7.2 mJ/moleK2 denotes the low density of state at Fermi level, which was 
confirmed by theoretical calculations, showing when the 4d-states of Y ion are 2-4 
eV above the Fermi level. Low mass enhancement (λ = 0.19) was also revealed, 
which indicates a weak electron-phonon interaction. According the straightforward 
use of McMillan formula the theoretical value of the superconducting temperature is 
too low below 1 mK. Therefore it was tentatively proposed that the observed 
superconductivity might for example result from the coupling of electrons to special 
phonon modes in the YPd2Al3 complex phonon spectra. All superconducting and 
other parameters for YPd2Al3 compound are digestedly presented in the Table 7-6.  
 

Parameter Value 
TSC specific heat 2.45 K 

TSC resistivity 2.3 K 
TSC AC susceptibility 2.2 K 

TSC theoretical < 0.001 K 
μ0HC2(0) WHH 960 mT 

μ0HC2(0) square law 825 mT 
γ  experimental 7.2 mJ mole-1 K-2 

γ theoretical 6.0 mJ mole-1 K-2 
ξ(0) GL 192 Å 
ΔC/γΤSC 0.2 
θD 200 K 
λ  0.19 

Table 7-6 Superconducting and other parameters for YPd2Al3. 
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8. Uranium intermetallics 

8.1. UCoGe – technological aspects 
The chapter deals with influence of the sample preparation on 

superconducting and magnetic properties of the well-known ferromagnetic 
superconductor UCoGe. UCoGe was reported as a week FM with TSC ≈ 2.5 K38 and 
superconducting below TSC ≈ 0.7 K38. The exotic coexistence of ferromagnetism 
and superconductivity is strongly sample dependent and only few samples can take 
pride in thereby276. SC and FM appear only in the well-treated samples. Several 
series of polycrystalline and single crystalline samples were studied to find a 
connection between sample quality and coexistence of the mentioned effects. To 
achieve the best possible quality of materials the samples were treated using by 
standard way of the annealing under the vacuum or refined using SSE facility.  

Four types of samples were studied and each batch will be discussed 
separately. The chapter reports on magnetic and superconducting properties of a 
polycrystalline samples, single crystal obtained as a large grain from polycrystalline 
button, single crystal prepared using Czochralski pulling method and single crystal 
prepared using floating zone method. 

8.1.1. Experimental methods 
All prepared samples were characterized using the XRPD method using 

standard Bragg-Brentano geometry and scanning electron microscopy by EDX 
analysis. The single crystal quality was investigated by Laue technique, as well. 

The resistivity and heat capacity were measured as a function of temperature 
and magnetic field in the temperature range 0.35 - 300 K and magnetic filed 0 – 
14 T with excitation current 0.1 mA 

The magnetization and AC susceptibility were measured in the temperature 
range 1.8 – 350 K and in magnetic fields up to 7 T. The temperature dependence of 
the AC susceptibility (comprising the real, χ’ and the imaginary, χ’’ parts) was 
recorded with the stationary magnetic fields of 1; 2; 4; 6; 8 and 10 mT. 

In addition to the crystal structure of the crystal prepared using the floating 
zone method was evaluated using neutron diffraction in E5 neutron diffractometer 
in HZB Berlin. Crystal structure of the polycrystalline samples were also studied in 
E9 neutron diffractometer in HZB Berlin in temperature range room temperature - 
1100°C 

8.1.2. Sample preparation: 
The four groups of samples were prepared and their marks and used 

treatment procedures are digestedly arranged in Table 8-1.  
The polycrystalline samples of UCoGe (P, P900C) were prepared by arc 

melting of the stoichiometric amounts of high-purity components (U – 99.85 %, Co 
– 3 N, Ge – 5 N). Half of each sample was subsequently annealed at 900°C for 10 
days. Then the samples were slowly cooled down to suppress internal stresses (the 
samples are marked as P900C). From a large enough polycrystalline sample of 7g 
mass a single crystal of 2-3mm3 size could be extracted (marked as C and C900C in 
as-cast and annealed state, respectively, see Table 8-1 and was subjected to further 
experiments. 
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Sample label Sample 
crystallinity 

Preparation 
technology 

Sample 
treatment 

P – as-cast 
P900C - annealed 

Polycrystalline 
button Arc melting Annealing at 

900°C 
SSE1 
SSE 2 

Polycrystalline 
rod Arc melting SSE 

C- as-cast 
C900C - annealed Single crystal Arc melting Annealing at 

900°C 
CC- as-cast 

CC1200C – annealed Single crystal Czochralski Annealing at 
1200°C - 900°C   

OC – as-cast 
 OC900C – annealed 
OC1200C - annealed 

Single crystal Optical floating 
zone 

Annealing at 
900°C and 

1200°C - 900°C 
Table 8-1 Overview of the prepared materials, annealing processes and sample-marking. 

 
Two polycrystalline rods (SSE1 and SSE2) were used for SSE refinement. 

As the previous samples, the rods were prepared by arc melting. The dimensions of 
the rods were typically 7 mm in diameter and 80 mm in length. A rod marked as 
SSE1 was prepared from exact stoichiometry UCoGe, while the rod SSE2 contained 
about 1.5 % more Co and 3 % more Ge with respect to the stoichiometry. The 
refinement of the rods was performed using the SSE device with vacuum 1·10-10 
mbar and electrical current of 350 A. The samples were kept slightly below the 
melting point for 30 days. The electrical resistivity of the rod was measured in situ 
and the composition of residual gasses was detected during the entire experiment 
period. The current was gradually decreased during 6 hours at the end of the 
process. 

Single crystals marked as CC were grown in a triarc furnace for a modified 
Czochralski method under the Ar (6N) protective atmosphere from high-purity 
components (U – SSE, Co – 3 N, Ge – 5 N) in the stoichiometric ratio 1.01:1:1. The 
starting stoichiometry was chosen on the basis of previous Huy wor215. Few crystal 
growth regimes were tried. The most successful experiments were carried out with 
very low rotation of the crucible and seed (2 revolutions per minute) and growth 
speed of 6 mm/hour (4 mm/hour at the necking process). The total mass of the 
melted material played an important role in the process, as well. Best single crystal 
growth was with melt mass around 6-7 g, because the strong surface tension helped 
to elevate the melt owing to crystal pulling and thermal contact between the melt 
and crucible was strongly reduced. It led to an additional decrease of the arc heating 
current and reduction of the thermal gradients inside the melt. Typical ingot grown 
by Czochralski method is shown in Figure 8-1. The crystals were annealed for 1 day 
at 1200°C and then slowly (1 K/min) cooled down to 900°C where they were kept 
for 20 days. It is a similar procedure to that described by Huy et.al.276. Such crystal 
is marked as CC1200C. 

Polycrystalline precursors for the growth of the OC crystals in the optical 
floating zone furnace were prepared in the form of rods (diameter of 5 mm, length 
of 100 mm) in the identical way as the samples SSE1 and SSE2. The chemical 
composition was always 1:1:1 and elements of the same purity were used as in the 
case of CC crystals. 
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Figure 8-1 Single crystal prepared using modified Czochralski pulling method. 

 
Stoichiometry 1:1:1 was chosen on the basis of positive experience with the 

polycrystalline sample purity with the same composition. Crystal growth was 
performed under the Ar (6N) protective atmosphere at overpressure 1.5 bar and 
0.5 dm3/min argon flow. Various growth regimes were tested. Although the 
chamber was always properly evacuated before each experiment, a small amount of 
an extrinsic phase covered the hot melted zone and disturbed the crystal growth. 
The crystal growth without rotation of the upper and lower shaft was preferred on 
this account with pulling velocity 6 mm/hour. Significant influence of the necking 
process was found in the case of UCoGe. The velocity of the upper shaft was 
slowed down to 1 mm/hour from the original speed 6 mm/hour and rod begun 
thinner. A neck with diameter around 1.5 mm was usually reached and clear 
selection and propagation of one grain was initialised at this place. The final size of 
the crystal was of 5 mm in diameter and 40 mm length. The crystal is displayed in 
the Figure 8-2. 

 

 
Figure 8-2 Single crystal prepared using floating zone method. 

 

8.1.3. Results and discussion 

8.1.3.1. Crystal structure and sample composition: 
The polycrystalline samples P and P900C were characterized low cohesion 

and high fragility due to numerous cracks in the bulk (Figure 8-3). Preparation of 
the samples with suitable shapes for measurements turned out to be difficult. One 
has to bear also in mind that cracks can strongly influence the values of specific 
resistance of the samples. On the other hand, all single crystals were very compact 
and hard materials without any cracks and preparation of the appropriate samples 
for various measurements was very easy. 

Tiny amounts of spurious phases were detected by EDX chemical analysis in 
the polycrystalline samples P and P900C. The representative bulk composition of 
this UCoGe type sample, which was used for all measurements on polycrystalline 
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materials is shown in Figure 8-4. Three additional phases were identified inside – 
lighter grey areas are particles of pure non- reacted uranium, darker grey areas are 
grains of U3Co4Ge7 phase and light cubic crystals are regions of with U3O8 
composition. It was found, that the way, to reduce content of the impurities (U + 
U3Co4Ge7) is to increase the total mass of the sample up to 7g. Appearance of the 
U3O8 (and eventually UO2) is not linked to the atmosphere purity during the arc 
melting but to the presence of oxides inside the used uranium.  

 

100μm100μm

 
Figure 8-3 Surface of the polycrystalline sample obtained using Scanning Electron Microscopy. 
Figure shows typical example of the large cracks, which are presented in the bulk of the sample. The 
cracks induce high fragility of the polycrystalline samples. 
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Figure 8-4 Sample composition of the polycrystalline UCoGe. The light grey oval grains are non-
reacted uranium, the big dark grains are U3Co4Ge7, the light grey square grains are U3O8 and the light 
grey matrix is UCoGe. 
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This problem can be minimized by using uranium which was refined by 
SSE. The SSE uranium was consequently used for preparation of all the following 
materials (single crystals). The chemical analysis of the main UCoGe phase 
confirmed the stoichiometric ratio (1:1:1). 

Total quantity of impurities was estimated to be of about 3–4 %. 
No significant difference was observed between the phase composition of the as-
cast and annealed sample, respectively. The area scans did not confirm existence of 
any concentration gradients of the elements. 

The powder X-ray diffraction confirms majority volume of UCoGe phase 
both as-cast (P) and annealed samples (P900C) but several small additional peaks 
were observed. Majority of the additional peaks belong to the U3Co4Ge7 phase. 

Two possible structure models for UCoGe were applied to solve the crystal 
structure. The TiNiSi-type structure belongs to Pnma space group and CeCu2-type 
structure belongs to Imma space group come on force. The systematic extinction of 
reflections according to the rule h+k+l=2n for body-centred lattice in the case Imma 
space group was studied. Any significant difference was observed between 
diffraction patterns of the P and P900C samples and any extinction of the 
reflections. The area of interest was focused mainly on angle range 2θ =10°-50° 
where can be observed demonstrable extinction of the reflections of the planes 
(111), (102) and (201). The intensity of selected reflections was low (almost 
background intensities) but still observable (Figure 8-5). 
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Figure 8-5 XRPD patterns of the P900C sample. The Imma model (upper panel) and Pnma model 
(lower panel) were used to evaluate the data. 
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The lattice parameters of the P and P900C samples are listed in the Table 

3-1.  
 a (Å) b (Å) c (Å) V (Å3) 

P 6.8499 4.2074 7.2299 208.3677 
P900C 6.8471 4.2081 7.2263 208.2134 

Table 8-2 Lattice parameters of P and P900C samples. 
 
Although the physical properties of these samples are quite different as will 

be described later, the annealing process at 900°C led to negligible change of the 
lattice parameters, a contraction of the unit cell observed after annealing was about 
0.08 %. 

The doubts about crystal structure and influence of the annealing process on 
microstructure (possible atoms mixing between the Co and Ge sites) of UCoGe 
motivated our neutron diffraction experiment at high temperatures. The experiment 
was carried out at E9 neutron diffractometer in HZB in temperature range of room 
temperature – 1100°C, which is the highest possible temperature allowed for 
uranium materials in the given institution. The energy of the neutrons was 1.798 Å. 
UCoGe rod with a diameter of 5 mm and the length of 60 mm had to be sealed in 
high quality quartz tube under the vacuum of 5·10-7 mbar before experiment (Figure 
8-6). UCoGe in form of the rod was the cause of the high texture and quartz tube 
walls of high background, which had to be sensitively subtracted.  

 

Figure 8-6 Polycrystalline rod of UCoGe sealed in quartz tube and prepared for neutron diffraction 
experiment. 
 

The systematic extinction of reflections was studied on the basis of the same 
rule as in the case of the powder X-ray diffraction. The angle range of 2θ  = 25°-45° 
was mainly area of interest where demonstrable extinction of the reflections of the 
planes (111), (102), (201) and (210) can be observed (reflections are marked by 
arrows in Figure 8-7). If the structure had changed from Pnma to Imma during the 
temperature increase the selected reflections should have started to become extinct. 
Nevertheless, all the mentioned reflections were conserved during the heating 
process. Only a slight shifting to lower angles appeared as a result of the expansion 
of unit cell (Figure 8-7). Thus, UCoGe keeps clearly the TiNiSi-type structure. The 
unit cell volume expanded by 5%, uniformly along all three crystallographic main 
axes. The experiment could not cover the temperature range 1100 - 1250°C where 
Huy et al. annealed their samples276 and also in our case the highest temperature 
(1100°C) was kept only for 3 hours. A possible phase transition at higher 
temperatures cannot be excluded. 



 127 
 

111
102

2θ

25 30 35 40 45

I (
ar

b.
 u

ni
ts

)

0

2

4

6

8

10
RT
600°C
900°C
1100°C

201 210

 

Figure 8-7 Temperature evolution of the neutron diffraction pattern of UCoGe. The arrows mark 
reflections, which should become extinct when the Pnma-Imma transformation occurred. 
 

Another type of the polycrystalline samples re rods refined using SSE. Both 
rods were after SSE treatment cut and polished into four different zones marked as 
1, 2, 3 and 4, respectively. No. 1 was close to the holder (electrode), No. 2, 3, 
respectively were 7, 14 mm apart towards the centre and No. 4 at the centre of the 
rod. The parts of the rod close to holder were colder then the middle part due to 
water-cooling of the electrode. The EDX analysis detected significant reduction of 
the impurity content inside the SSE refined samples. While the 1-part close to the 
electrode had similar content of the impurities as the P-type polycrystalline sample, 
the middle part 4 was practically impurity free. One can see the improving effect in 
Figure 8-8 and Figure 8-9. The Figure 8-8 is SSE1-rod with starting composition 
1:1:1 and the Figure 8-9 is SSE2-samples with staring composition 1:1.015:1.03. 
The right panels in the couples have 5 times higher magnification than the left ones. 
Two simultaneous effects occur during the SSE process. The annealing process at 
high temperature removes the mechanical stress inside the sample. Thank to the 
high temperature ≈ 1300°C, which is unattainable in quartz tube, the second effect – 
chemical reaction in solid-state could appear. The dissolving of the Co and Ge from 
the U3Co4Ge7 phase enriches the UCoGe matrix with these elements. This is well 
demonstrated in the SSE2 rod, where Co and Ge concentration was lower in 1 and 2 
part because of presence of Co and Ge-rich impurities. However, simultaneously 
runs also an antagonistic effect - the evaporation of the above-mentioned elements. 
(see vapour pressures of elements in the Figure 8-47). The most significant 
evaporation is evaporation of the Ge that can be detected simply by the EDX (Table 
8-3).  

The effect intensifies at high temperatures suggesting that the evaporation is 
the strongest in the middle of the rod. Based on the SSE1, this was the reason for 
non-equiatomic starting composition of the SSE2 rod by increasing the Co and Ge 
concentrations. About 20 A lower current was also applied during the refinement 
process. All these measures led to a more stable concentration of the all elements 
inside the SSE2 rod (see Table 8-3). 
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Zone SSE1 SSE2 

1 U1.00Co0.97Ge0.97 U1.00Co0.97Ge0.88 

2 U1.00Co0.97Ge0.89 U1.00Co0.96Ge0.94 

3 U1.00Co0.92Ge0.93 U1.00Co1.00Ge0.95 

4 U1.00Co0.96Ge0.87 U1.00Co0.96Ge0.95 

Table 8-3 Chemical compositions of the samples from all parts of the polycrystalline rods SSE1 and 
SSE2. 
 

The elements concentrations are normalized on U concentration because 
uranium content remains almost unchanged during the SSE process. The uranium 
concentration is untouched due to very low uranium vapour pressure. The vapour 
pressure of the Co is ≈ 10-7 mbar and 10-5 mbar for Ge at 1300°C while vapour 
pressure of the uranium is only 10-11 mbar. 

The XRPD patterns were recorded for samples from both rods and the lattice 
parameters are listed in Table 8-4. 

 
SSE1 SSE2 Zone a (Å) b (Å) c (Å) V (Å3) a (Å) b (Å) c (Å) V (Å3) 

1 6.8475 4.2063 7.2278 208.180 6.8451 4.2063 7.2282 208.118 
2 6.8482 4.2076 7.2287 208.291 6.8473 4.2068 7.2297 208.253 
3 6.8520 4.2066 7.2295 208.380 6.8500 4.2060 7.2309 208.330 
4 6.8518 4.2074 7.2297 208.420 6.8518 4.2062 7.2317 208.418 

Table 8-4 Lattice parameters of the samples from all parts of the polycrystalline rods SSE1 and 
SSE2. 

 
The refinement process has a negligible effect on the value of lattice 

parameter b. Nevertheless, the increase of the lattice parameters a and c was 
observed in direction from 1 to 4 along the both rods. The correlation between the 
Co and Ge content and the lattice parameters a and c can be identified - the lower 
concentration of Co and Ge the longer lattice parameters a and c. 

 
 a (Å) b (Å) c (Å) V (Å3) 

C 6.8499 4.2074 7.2299 208.368 
C900C 6.8471 4.2080 7.2260 208.199 

CC 6.8478 4.2063 7.2295 208.238 
CC1200C 6.8476 4.2061 7.2288 208.202 

OC 6.8478 4.2062 7.2289 208.238 
OC1200C 6.8479 4.2065 7.2283 208.216 
OC1200C* 6.8303 4.1791 7.2169 206.003 

Table 8-5 Lattice parameters of all the single crystal types of in as-cast and annealed state. The 
annealing process led to contraction of the structure along the a and c axis. The star-marked data 
were obtained using neutron single crystal diffraction. 
 

Another effect, which always occurs during the SSE process, is the gas 
evaporation. The rare earths elements and uranium are able to absorb into lattice cell 
several hydrogen equivalents. On the other hand cobalt well absorbs nitrogen. Both 
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mentioned gases were desorbed during SSE process, which is digestedly displayed 
in the Figure 6-9. When the electrical current was increased another batch of gases 
was desorbed. Mainly the present hydrogen, which is always absorbed in all non-
SSE treated samples, can strongly affect UCoGe behaviour as was found in 
Adamska et al. works265,309. 

The lattice parameters of UCoGe single crystals are listed in Table 8-5. All 
samples show a small reduction of the of the unit-cell volume after annealing. 
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Figure 8-8 Figure shows set of pictures from various parts of polycrystalline rods SSE1 of UCoGe 
refined by SSE. The left picture in the couple is surface-overview and second picture demonstrates 
fine composition of the sample. The part 1 was close to holder (electrode) while the part 4 comes 
from the middle of the rod. 
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Figure 8-9 Figure shows set of pictures from various parts of polycrystalline rods SSE2 of UCoGe 
refined by SSE. The left picture in the couple is surface-overview and second picture demonstrates 
fine composition of the sample. The part 1 was close to holder (electrode) while the part 4 comes 
from the middle of the rod. 
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The crystal structure of the OC1200C was studied using single crystal 
neutron diffraction as was described in the experimental part. Neutrons with the 
wavelength λ = 0.8962 Å were used and 1463 reflections were recorded. The lattice 
parameters are listed in the Table 8-5 and the fractional positions of the atoms in the 
Table 8-6.  

 
 x/a y/b z/c 

U 0.01000 0.25000 0.20719 
Ge 0.80369 0.25000 0.58720 
Co 0.21140 0.25000 0.58287 

Table 8-6 Fractional positions of the atoms in OC1200C crystal obtained from neutron single crystal 
diffraction. 

 
The data are star-marked and the lattice parameters obtained from single 

crystal diffraction are significantly lower than the data from the powder X-ray 
diffraction performed on the same sample. The EDX analysis and Laue patterns 
(Figure 8-10) of all crystals confirmed high quality single crystals without presence 
any spurious phases. The single crystal diffraction and EDX analysis also confirmed 
elements ratio 1:1:1 and negligible mixing between Co and Ge atoms.  

 
Figure 8-10 Laue pattern of the UCoGe OC single crystal. 

 
The results of this structure study is that materials in the as-cast state are under 

the strong internal stresses which induce a negative pressure inside the samples and 
consequently the annealing process removing the stresses always led to a slight 
structure compression. This stress can be simply induced when mechanically 
treating the sample. This is well demonstrated by the lattice parameters of the 
OC1200C sample. The lattice parameters of the annealed OC1200C sample in the 
powder form are only slightly lower in comparison to the as-cast OC sample. On the 
other hand the lattice parameters from OC1200C single crystal neutron diffraction 
are significantly lower, when the sample was cut fine wire saw. On the basis of this 
finding all the samples for measurements were prepared only using the fine wire 
saw. 

8.1.3.2. Magnetic measurements 
Already first results of magnetization measurements on as-cast and annealed 

polycrystals (P and P900C) confirmed huge contrast in their magnetic behaviour. 
The hysteresis loops of the P and P900C samples are shown in Figure 8-11. The 
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shape of the loop of the P sample clearly demonstrates the non-magnetic ground 
state down to temperature 1.8 K whereas the loop of the P900C samples shows on 
ferromagnetic like behaviour with a week hysteresis. However, some evidences, that 
P900C has not an usual FM ground state were observed. (Figure 8-12). 
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Figure 8-11 Magnetization hysteresis loops of the P and P900C samples measured at the 
temperature of 1.8 K. No hysteresis and remanence was observed for the P sample. The remanence 
of the P900C sample was 0.015 μB/f.u. and coercive field 2.5 mT. The virgin curve of the P900C 
sample is anomalously S-shaped and out of the hysteresis loop. 

 
The first important point is the unusual behaviour of the virgin curve of the 

hysteresis loop, which is always outside of the hysteresis loop (inset of Figure 8-11). 
This effect was also detected in C900C single crystal and UCoGe doped by 
transition metals. Where the loops had a FM shape but the virgin curves were 
strongly S-shaped and significantly outside of the loops273. 

The second point is that magnetic moment strongly increases with increasing 
magnetic field and no saturation was observed up to the magnetic field of 7 T. The 
magnetization continuously increases as the ferromagnetic spin fluctuations are 
gradually getting frozen by increasing magnetic field. Similar behaviour of 
magnetization curve was observed e.g. in UCoAl310, a well-known itinerant electron 
metamagnet, in which the moment along the easy magnetization direction does not 
saturate in magnetic field up to 35 T. The role of the induced magnetic moment of 
Co should be taken into account, as well. The Co moment has been found to be 
antiparallel to the U moment and a ferrimagnetic ordering is established40. 

 As shown in Figure 8-12, the temperature dependence of AC magnetic 
susceptibility of both P and P900C samples was measured in several low external 
magnetic fields. The zero-field signal shows a peak at the expected TC

38. In 
magnetic fields of 2 mT and 4 mT, an enhancement of the signal is observed while 
with further increase of the applied magnetic field the peak is suppressed and 
pushed to higher temperatures. These results correlate with the evolution of virgin 
curve. The enhancement of the peak in AC susceptibility data in the fields of 2 mT 
and 4 mT and the related S-shape of the virgin curve leads us to the hypothesis that 
the P900C sample is in the strong ferromagnetic spin fluctuations regime on the 
verge of FM and the FM state can be induced and stabilized by a low stationary 
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magnetic field in the mT range. Finally in higher stationary fields the AC 
susceptibility peak becomes gradually smeared and shifted to higher temperatures, 
which is typical for a ferromagnet but also to an itinerant electron metamagnet 
above the critical field. 
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Figure 8-12 Real parts of AC susceptibility of the P and P900C samples measured in various DC 
fields. No anomaly was detected in the P sample while clear anomaly around temperature 2.5 K was 
distinguished in P900C sample. Anomalous increase of the AC susceptibility was observed in DC 
magnetic fields 0-4 mT. 
 

All the magnetic measurements were carried out on the same bulk samples 
as also used for resistivity measurements. The well-annealed samples may be 
considered as free of internal stresses. It was found that internal stress strongly 
influences the magnetic behaviour and can be introduce even by pulverising the 
bulk samples. The comparison between as cast, annealed (and pulverised) and 
annealed bulk samples is presented in Figure 8-13.  

Contrary to "bulk" polycrystalline samples the magnetic transition in 
pulverised polycrystals is shifted to lower temperature (below ~ 1.8 K). In addition, 
the enhancement of the AC susceptibility peak in low DC magnetic fields, which 
was detected in bulk P900C sample (Figure 8-12), is not conserved in powdered 
sample (Figure 8-13). These results are reproducible and show enormous sensitivity 
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of the magnetic properties of UCoGe on sample fabrication, namely presence of 
internal stress.  
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Figure 8-13 AC susceptibility of the P and P900C samples measured in various DC fields. No 
anomaly was detected in the P sample while clear anomaly around temperature 2.5 K was 
distinguished in P900C sample. Anomalous increase of the AC susceptibility was observed in DC 
magnetic fields 0-4 mT.   

 
While the influence of annealing on magnetic properties was studied in the P 

and P900C samples case, the influence of the chemical composition is studied in the 
SSE refined samples. The chemical compositions of the whole set of the samples 
are listed in the Table 8-3 A gradual decrease of the Co and Ge content within the 
refined rod is distinguished mainly in case of the SSE1 rod.  

The AC susceptibility results of the samples, which were taken from four 
parts of the both rods are displayed in the Figure 8-14. The 1-sample from the SSE1 
rod and the 2-sample from the SSE2 rod are characterized by FM order and robust 
superconductivity. Although the anomaly connected with the onset of 
ferromagnetism in the AC susceptibility data is quite broadened in the case SSE1-1 
a clear anomaly was found for the SSE2-2 sample. The conclusion on ferromagnetic 
ordering is corroborated by magnetization curves observed on these two samples, 
which are presented in the Figure 8-15. There is a significant difference in 
comparison to P900C sample-loop. The virgin curves of both presented SSE 
samples are in the middle of the loops and the enhancement of the AC susceptibility 
in low magnetic fields was not found.  

The existence of the FM order was detected mainly in case of the SSE1-1 
and SSE2-2 sample. The chemical composition of these samples is close to 1:1:1 in 
contrast to the other samples, where Co and Ge loss is more significant. 
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Figure 8-14 AC susceptibility of the samples from all parts of the SSE1 and SSE2 rods measured in 
zero DC magnetic field. 
 

Single crystal magnetization data partly confirmed the results of the 
magnetic measurements performed on polycrystalline samples.  

The AC susceptibility data and hysteresis loops are displayed in the Figure 
8-16 and Figure 8-17. While anomaly was shifted strongly below 1.8 K in the C 
sample the clear anomaly was found in the curve of the C900C sample. AC 
susceptibility of the C900C sample was measured down to temperature 0.35 K in 
detail and whole peak-anomaly was recorded. These data are published in the 
Ref.304 and the sample is marked as No.1. 

The AC susceptibility was studied with applied low DC fields and similar 
enhancement of the susceptibility occurred as in the case of P900C sample. The 
enhancement effect will be discussed in detail based on ferromagnetic spin 
fluctuations model in chapter 8.2.  

The behaviour of the hysteresis loops of C900C sample is similar to P900C 
sample. 

 



 137 
 

    UCoGe 
SSE 2 part 2

μ0H (T)
-8 -6 -4 -2 0 2 4 6 8

-150

-100

-50

0

50

100 T = 2 K
T = 15 K

    UCoGe 
SSE 1 part 1

μ 
(m

μ B
/f.

u.
)

-150

-100

-50

0

50

100

150
T = 2 K
T = 15 K

-10
20

10

10

5

-10

20

-20

-20

μ0H (mT)

-20 2010-10

-10

10

-5

μ0H (mT)

 
Figure 8-15 Hysteresis loops of the sample 1 from SSE1 rod and 2 from SSE2 rod. Weak coercive 
fields (≈ 2 – 3 mT) were observed for both loops measured at temperature 1.8 K. 
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Figure 8-16 The real parts of the AC susceptibility measured on C and C900C crystals along the c-
axis. No anomaly was observed in the C case down to temperature 1.8 K. The clear anomaly 
appeared in the C900C sample. 

 
The magnetization curves were with respect to principal crystallographic 

axes; while in as cast sample (C) the a-axis is the easy magnetization direction, in 
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annealed sample (C900C) it is the c-axis. It is supposed that the change can be 
connected with change of the crystal structure, however as we discussed above our 
X-ray diffraction experiments could not reliably distinguished possible change from 
Pnma from Imma crystal structure was not due to week intensity of the key 
reflections. 

Generally, the magnetization data of the C900C sample showed that UCoGe 
is uniaxial “FM” with easy magnetization direction along the c axis. Magnetization 
does not saturate up to magnetic field 5 T due to Co moment develop40 which is 
similar as in the case of P900C sample. 
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Figure 8-17 Hysteresis loops of the C and C900C single crystal measured at temperature 1.8 K. The 
sample was measured in identical orientation and anomalous swap of the easy axis magnetization 
was observed. Significant increase of the remanent magnetization in the C900C in comparison with 
C was detected. The small jumps in the magnetizations along the a and b axis are due to the small 
miss-orientation of the sample during the measurement. 

 
The AC susceptibility data of the OC and CC crystals before and after 

annealing at 900°C or one day 1200°C and three weeks at 900°C are displayed in 
the Figure 8-18 and Figure 8-19. No anomaly at all has been found for these 
crystals. 

The magnetization curves measured at 1.8 K document paramagnetism 
(although strongly anisotropic) identical in both OC samples (as cast and annealed, 
respectively) (Figure 8-20), which proves that the annealing effect was negligible. 



 139 
 

The AC susceptibility of the OC1200C was measured down to temperature 
0.35 K and peak was really appeared at temperature 0.5 K. The figure is published 
in Ref.304 and sample is marked as No.3 there. It means that ferromagnetism is 
presented in this compound but at lower temperature than in the case of the 
annealed polycrystals. 
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Figure 8-18 Temperature dependence of the AC susceptibility of the OC, OC900C and OC1200C 
single crystals. Negligible effect of the annealing process on magnetic properties is clearly visible. 
Annealing at neither 900°C nor 1200°C leads to enhancement of magnetism towards a ferromagnetic 
state. 
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Figure 8-19 Temperature dependence of the AC susceptibility of the CC1200C single crystal. 
Negligible effect of the annealing process on magnetic properties can be concluded - the anomaly is 
shifted below 1.8 K although the DC magnetic field applied during AC susceptibility measurement 
leads to an enhancement of the magnetism with anomaly shifted up to 10 K in magnetic field 1 T.  
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AC susceptibility of the CC1200C crystal was also measured under various 
magnetic fields. The anomaly appeared and shifted up to temperature 10 K in the 
magnetic field of 1 T (Figure 8-19). 

 

UCoGe OC crystal

μ0H (T)

0 2 4 6 8

μ 
(μ

B/
f.u

.)

0.00

0.05

0.10

0.15

0.20

0.25

0.30
μ0H II c OC
μ0H II b OC
μ0H II a OC
μ0H II c OC900C

 
Figure 8-20 Magnetization curves of the OC and OC900C single crystals measured at 1.8 K. 
Negligible effect of the annealing is well documented, especially for data obtained along the c-axis 
(easy axis magnetization). 
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Figure 8-21 Magnetization curves of the OC single crystals measured at 1.5 K in pulse high 
magnetic field. No saturation of the magnetic moment was observed (c easy-axis magnetization) up 
to 60 T. 
 



 141 
 

Magnetization of the OC crystal was also measured using pulse magnetic 
field at temperature 1.5 K. No sign of the saturation of magnetic moment was found 
up to 60 T (Figure 8-21). 

The results of the magnetic study of the single crystals prepared using 
Czochralski method and floating zone method contradict all the previous results. 
While the annealing process always had clearly improving effect on magnetic 
properties of the polycrystalline samples and single crystal obtained as a grain from 
polycrystalline button really negligible changes were observed in the magnetic 
properties of the single crystals prepared using standard growth methods. No one 
prepared single crystals was found being robust ferromagnet in spite of proper heat 
treatment and crystal structure characterization results (EDX, XRPD, neutron 
diffraction), which confirmed single crystals comparable with crystals published in 
Ref.276 where superconductivity was appeared. The key to find the proper UCoGe 
structure lies more deeply and we would like to analyse crystal structure our crystals 
using atomic scale methods like TEM (Transmission Electron Microscopy) to solve 
the crystal structure precisely. 

8.1.3.3. Thermodynamic and transport measurements 
As a first point it is important to mention here for keeping of the maximum 

transparency that the measurements of the resistivity were performed on same 
pieces of the samples, which were used for previous magnetization measurements. 

Series of resistivity measurements on all types of samples in the as-cast and 
annealed states were performed. The results of the resistivity data just like 
magnetization data confirmed several differences in behaviour between the as-cast 
and annealed sample, respectively. The typical example of various resistivity 
behaviour is shown in the Figure 8-22 where are presented samples P and P900C.  

The annealed P900C sample is robust superconductor below temperature 0.7 
K according to resistivity data, which are shown in the inset of the Figure 8-22, 
whereas the as-cast sample only hints superconductivity. The values of ρ0 were 
obtained from the square root approximation of the experimental data down to 
temperature 0 K. The ρ0 of the as-cast sample is 7 times higher in comparison to 
annealed sample. The high resistance of the as-cast sample cannot be explained only 
by lower quality and pure stress relaxation. Large amount of structure defects and 
the large cracks in the sample that were presented in the Figure 8-3 may be 
considered as partly responsible for the high resistivity values. The P-sample for 
resistivity measurements was considerably bigger in comparison to the annealed 
P900C-sample and probability of the presence of cracks, which can enhance the ρ0, 
is higher. The main part of the research was focused on low temperature behaviour 
of the electrical resistivity under the low stationary magnetic field. The resistivity 
results of the P900C sample, where the anomalous behaviour of the AC 
susceptibility and hysteresis loops was found, are displayed in the Figure 8-23. 
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Figure 8-22 Figure presents temperature dependence of the electrical resistivity of the P and P900C 
samples. The RRR of the P900C sample (≈ 8) is higher than RRR P sample (≈ 3). The robust SC was 
detected in the P900C sample at TSC = 0.7 K. On the other hand only week drop of resistivity was 
observed in case of the P sample below temperature 0.5 K. 

 

UCoGe
P900C

T (K)
0.56 0.60 0.64 0.68 0.72

R
/R

0

0.0

0.2

0.4

0.6

0.8

1.0
μ0H = 0 T
μ0H = 2 mT
μ0H = 6 mT
μ0H = 10 mT  
μ0H = 25 mT 
μ0H = 50 mT 

 
Figure 8-23 Low temperature electrical resistivity of the P900C samples measured in low magnetic 
fields. The anomalous increase of the TSC in magnetic field interval 0-10mT is clearly distinct. 

 
Data were sensitively recorded in magnetic fields interval 0-50mT. An 

anomalous increase of temperature of SC transition up to magnetic field 10mT 
occurred. TSC moved from temperature 0.66 K in the zero magnetic field to 0.68 K 
in the magnetic field 10mT where the maximum temperature SC transition was 
detected in the case of our P900C sample. The resistivity curve measured in the 
magnetic field of 25 mT exhibits only slightly lower TSC-value like the curve 
measured in zero magnetic field and we estimate the values of magnetic field where 
the curve overlaps the zero resistivity curve at magnetic field 20mT. The unusual 
behaviour of the electrical resistivity around TSC clearly shows, that the P900C 
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sample cannot be in the pure FM state and it influences also the SC state. Very 
broad maximum around 2.5 K was observed in the resistivity data of the P900C 
sample (Figure 8-22) while no anomaly was detected for the as-cast sample, which 
is in good agreement with magnetization data. 

The resistivity data are consistent with specific heat behaviour displayed in 
Figure 8-24.  
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Figure 8-24 Temperature dependence of the specific heat in the form Cp/T of the P and P900C 
samples of the UCoGe measured in absence of magnetic field. The inset of figure shown low 
temperature behaviour where is clearly evident differences between behaviour of the P and P900C 
samples – clear jumps at temperatures 2.5 K and 0.8 K are visible. 

 
There is no anomaly seen on the Cp vs. T dependence of the P sample on the 

other hand a broad bump appears in P900C sample at ∼ 2 K, which is connected 
with ferromagnetic spin fluctuations. Sharp increase of the heat capacity at 
temperature 0.8 K marks was considered as non-Fermi liquid behaviour311,312. 
Nowadays results clearly support the upturn due to SC263.  

Similar scenario was observed in the C900C single crystal. The temperature 
evolution of the resistivity in various magnetic fields is displayed in the Figure 8-25 
and the low temperature area in the Figure 8-26 in detail. The robust 
superconductivity appears at the temperature slightly above 0.6 K and a well visible 
shoulder anomaly was found above 2 K. 
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Figure 8-25 Temperature dependence of the electrical resistivity of the C900C sample measured in 
various magnetic fields in the FC and ZFC regime. Clear jumps at temperatures 2.5 K and drop of 
resistivity at 0.7 K are visible on curve measured in zero magnetic field. Both anomalies were 
smeared by magnetic field. 
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Figure 8-26 Temperature dependence of the electrical resistivity of the C900C sample measured in 
various low magnetic fields. The anomalous increase of TSC was detected in magnetic fields 0-
10 mT. 
 

When a magnetic field was applied the peak at 2 K was suppressed. In 
addition to the anomalous suppression of the resistivity in the wide temperature 
range is characteristic for resistivity behaviour measured along the c-axis. The high 
magnetic field 14 T practically removed the maximum at 30 K, which is connected 
with anisotropic ferromagnetic spin fluctuations59,276,313  – the data well-follow T5/3 
low in the temperature range 3 – 15 K. This resistivity suppression in the magnetic 
field of 14 T in comparison to the zero-field resistivity curve was observed 
practically up to temperature 80-100 K, which is in good agreement with 
temperature found by Ihara et al. et their 59Co NMR study313.  

The low magnetic fields behaviour of the resistivity around TSC is similar to 
behaviour of the P900C sample. The anomalous increase of the TSC from 0.630 K to 
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0.655 was observed - see the marking by coloured arrows. The maximum TSC-value 
was reached for the magnetic field of 2.5 mT, which is a lower field than for the 
P900C sample. The resistivity evolution in the low magnetic fields is discussed in 
next chapter in detail. 

There is a similarity between specific heat data of the P900C sample and 
C900C sample, respectively, which are displayed in Figure 8-27. 
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Figure 8-27 Temperature dependence of the specific heat in the form Cp/T of the C900C sample 
measured in various magnetic fields. Clear jumps at temperatures 2 K and 0.7 K are visible in zero 
magnetic field. Both anomalies were smeared in magnetic field. For clarity, only every tenth point is 
shown. 

 
The same bump at 2 K and a sharp increase at 0.7 K were found in specific 

heat data. Heat capacity study was likewise performed on the C900C sample with 
low magnetic field (10 mT) and small grow of heat capacity data in the range 0.4 – 
2 K was observed, which supported the magnetization and resistivity data and 
presumption of the enhancement of the spin fluctuation in low magnetic fields up to 
reach FM state. The additional increase of the field led to drop and smear of the 
anomaly. 

The resistivity of the SSE rods samples from all parts were also studied (see 
Figure 8-28). The robust superconductivity appears in the samples SSE1-1 and 
SSE2-2. There is, however, an important difference between behaviour of the 
P900C, C900C samples, and the superconducting samples prepared using SSE. The 
two SSE samples showed the AC susceptibility and the magnetization curves in the 
critical region typical for a ferromagnet. No initial increase of the TSC was found in 
these two SSE samples when was reproduced the experiment of the influence of low 
magnetic field on TSC in the resistivity measurement. Another SSE samples were not 
superconducting except for the SSE2-1 sample, which exhibited only the onset of 
the transition at 0.4 K. 
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Figure 8-28 Temperature dependence of the electrical resistivity of the samples from all parts of the 
SSE1 and SSE2 rods. The colored arrows mark samples for which robust superconductivity is 
observed. 

 
The electrical resistivity of the CC.. and OC.. crystals showed hint of 

superconductivity on the susceptibility data including for the CC1200C crystal, 
which is represented in Figure 8-29. Very broaden transition appears below 
temperature 0.5 K but the sample did not reach the pure superconducting state down 
to lowest temperature of our device - 0.35 K. Similar situations is repeated in the 
case of the OC1200C crystal Figure 8-30. Practically identical type of the broaden 
transition appears at temperature 0.5 K.  

The anisotropy of the electrical resistivity could be studied in the case of the 
OC1200C sample. The high temperature resistivity behaviour was similar to C900C 
sample where strong anomaly appears at temperature 30 K. The anomaly is related 
to spin fluctuations as was explained thereinbefore. The standard metallic resistivity 
was found when the current was applied along the b-axis.  
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Figure 8-29 Temperature dependence of the electrical resistivity of the CC1200C sample measured. 
Only a hint of the superconductivity and a very broad transition is found around 0.5 K. 
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Figure 8-30 Temperature dependence of the electrical resistivity of the OC900C sample measured 
along the b and c axes. Only a hint for the superconductivity and a very broad transition is found at 
0.5 K. The strong anisotropy of the resistivity behavior was also observed. The resistivity along the b 
axis behaves metallic-like whereas the resistivity along the c-axis anomalously increases down to 30 
K where a sharp peak appears followed by a strong fall-off. 
 

Generally, the annealing process published in Ref.276 had not influence on 
superconducting state of the CC and OC crystals.  
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8.1.4. Conclusions 
A series of polycrystalline samples of UCoGe were prepared using standard arc 

melting, refined using SSE and single crystals prepared by various techniques - 
Czochralski pulling method, floating zone method and the grain extracted from a 
polycrystalline button. All samples were thermally treated. Simple annealing 
process at 900°C in polycrystalline samples and process reported in Ref.276 for 
single crystals were used. 

The relations between magnetic and superconducting behaviour and the 
composition of samples were found. The set of complex results of magnetic and 
thermodynamic properties was acquired, which clearly shown that the sample 
preparation way and used technology is crucial observing ferromagnetism and 
superconductivity. A dramatic difference between the as-cast and annealed samples 
has been clearly observed. The crucial for the ferromagnetism and 
superconductivity seems to be the fact that the annealing process leads to a 
contraction of the unit cell, which may be connected with removing residual stresses 
in the sample. The well-annealed UCoGe samples of the proper stoichiometry by 
rule show both ferromagnetism and superconductivity. However these phenomena 
can probably be hampered by internal stresses induced back by pulverizing or only 
the careless working these samples. The powdering of the samples for powder X-ray 
diffraction could probably led to increase of the lattice parameters when XRPD with 
single crystal diffraction data are compared. 

When the materials, in which a robust superconductivity was simply possible to 
find, are grouped (samples P900C, C900C, SSE1-1 and SSE2-2) one can see 
comparable chemical compositions, which are always close to the stoichiometry of 
1:1:1. The Co and Ge concentration deficit, which was observed in certain sections 
of the SSE samples has been found to be associated by suppression of 
superconductivity.  

The X-ray and EDX characterization of samples always confirmed the majority 
of the UCoGe phase and various content of the spurious phases in the samples. 
A real piquancy of the complex study seems to be the samples with the highest 
content of spurious phases contrary of absence of these cooperative phenomena in 
pure single crystals free of spurious phases.  

The SSE refinement of the UCoGe polycrystalline rods turn out to be an 
efficient process of removing spurious impurities up to reach high quality single-
phase samples. The evaporation of the Co and Ge during the process, however, 
yielding the deviation from the exact 1:1:1 stoichiometry and it is necessary to take 
it into account. The SSE2 rod where we increased the Co and Ge concentration by 
about 1.5 % and 3 %, respectively, is characterized by better homogeneity and 
physical properties. Unlike the P900C and C900C samples, which are only in strong 
spin fluctuation regimes the SSE1-1 and SSE2-2 samples behaved as the genuine 
ferromagnetic superconductors. 

The magnetic states and superconducting state, respectively, in all prepared 
samples are digestedly summarized in Table 8-7. 
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Label Magnetic state Superconductivity 

P – as-cast 

P900C - annealed 

PARAMAGNET 

SF below 2.5 K 

< 0.35 K 

TSC = 0.66 K 

SSE1-1 

SSE2-2 

FM    TC = 2.5 K 

FM    TC = 2.5 K 

TSC = 0.75 K 

TSC = 0.80 K 

C- as-cast 

C900C - annealed 

PARAMAGNET 

SF below 2.5 K 

not measured 

TSC = 0.63 K 

CC- as-cast 

CC1200C – annealed 

PARAMAGNET 

PARAMAGNET 

< 0.35 K 

< 0.35 K 

OC – as-cast 

 OC900C – annealed 

OC1200C - annealed 

PARAMAGNET 

PARAMAGNET 

PARAMAGNET 

< 0.35 K 

< 0.35 K 

< 0.35 K 

Table 8-7 List of prepared materials and their magnetic and superconducting properties. 
 

8.2. UCoGe - crystal from polycrystalline button  
As discussed above existence of the ground state long-range FM order and 

SC is strongly sample dependent. Two samples P900C and C900C in previous work 
were found robust superconductor although serious doubts about existence of long 
range FM exist. Although some groups claimed that in UCoGe SC can coexists with 
long-range FM in this chapter will be reported on the lack of zero-field (ZF) FM 
order in a high-quality superconducting single crystal of UCoGe, probed by bulk 
measurements and confirmed on the microscopic level using strictly zero-field 
neutron polarimetry (ZFNP). 

The general question of this chapter is whether the ZF ground state in 
UCoGe is indeed a uniform long range FM or whether UCoGe represents a system 
with critical ferromagnetic spin fluctuations (FM-SFs). 

8.2.1. Experimental details 
The structural, magnetic and resistivity characteristic methods were 

described in the previous chapter 8.1.1. 
In addition, to touch the magnetic state of the single crystal in strictly zero 

magnetic field the polarized neutron diffraction was carry out in D3 diffractometer 
in ILL Grenoble. The diffraction patterns were recorded in the temperature range 
0.15 – 15 K. 

8.2.2. Sample preparation and characterization 
The single crystal of UCoGe was isolated from a large polycrystalline button 

as a plate of dimensions: 2 x 1 x 0.5 mm3. The crystal was wrapped in Tantalum foil 
(99.95%) sealed in vacuum 1·10−7 mbar in a quartz tube and annealed at 900 °C for 
10 days. X-ray powder diffraction of small piece of the crystal found orthorhombic 
crystal structure (Pnma space group) with lattice parameters a = 684.71 nm, 
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b = 420.81 nm, and c = 722.63 nm. EDX analysis confirmed chemical composition 
of the crystal in the elements ratio 1:1:1.  

The results of magnetization and resistivity data, which are discussed latter, 
support the high quality of the used crystal. Magnetic moment of 0.055 μB/f.u. was 
observed extrapolation of the magnetization data to temperature 0 K and magnetic 
field 0.01 T, which is comparable with Ref.215. The magnetization does not saturate 
with increasing the magnetic field. The value of the magnetic moment at 1.8 K in 
the magnetic field of 7 T is 0.17 μB/f.u. These results together with the parameter 
RRR = 20 confirmed the high quality of the studied crystal. 

 

1 mm1 mm

 
Figure 8-31 SEM (SE) picture of the C900C crystal. 

 

8.2.3. Experimental results 

8.2.3.1. Magnetization measurements 
In the original paper by Huy et al.38 the formation of the FM state was 

manifested by the appearance of a maximum at around 2.5 K on the temperature 
dependence of the AC susceptibility (see Figure 8-32).  
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Figure 8-32 Low temperature AC susceptibility (real part, χ’) for external DC fields, μ0Hext applied 
parallel to the c axis and the AC-driving field  (μ0HAC = 0.1 mT).  
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Experiment with the C900C single-crystal under similar conditions (the AC 
magnetic field, μ0HAC = 0.2 mT, and the external DC field applied along the easy 
axis) revealed no clear anomaly around TC in the temperature dependence of the real 
part of the AC susceptibility, χ’ when measured in ZF. However, an abrupt 
enhancement of the signal with a symmetric maximum with increasing DC 
magnetic field up to 2 mT is observed. With further increasing field, the signal 
becomes continuously suppressed the maximum becomes broader and continuously 
extends to higher temperatures. The AC susceptibility results suggest, that in ZF, at 
temperature T = 2.0 K, a paramagnetic state with strong critical anisotropic 
ferromagnetic fluctuations is established in our sample. 

8.2.3.2. Resistivity measurements 
The coexistence of the critical FM-SFs and the USC state was subsequently 

explored by detailed measurements of the electrical resistivity and MR as shown in 
Figure 8-33. The bulk SC state has been confirmed by measuring of the Meissner 
effect, as well304.  
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Figure 8-33 Upper panel - low temperature electrical resistivity normalized to the value at 0.75 K 
measured with electrical current and magnetic field applied along the c axis. Lower panel - low 
temperature magnetoresistance measured along the c axis normalized to values obtained at field 5 T 
applied along the c axis. In the inset, measurement at 0.6 K is shown. 
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The principal observation is a transient increase of the TSC under applied 
magnetic field in low fields. First, the TSC (determined as the inflection point on the 
resistivity curve) moves from 0.64 to 0.66 K as the field is increased from B = 0 T 
to B = 2 mT, respectively. It moves down, to the initial ZF values, for a field of 10 
mT, and finally monotonously decreases with increasing the magnetic field, as 
expected for any SC system. This unusual field dependence is supported by the MR 
measurements at temperatures in the vicinity of the TSC. The MR curve exhibits a 
clear minimum in a field of 10 mT, which becomes continuously smeared out with 
increasing temperature. Although all these data support the idea that in the absence 
of a magnetic field UCoGe does not posses static long-range FM order; it does not 
prove unambiguously that the FM is really missing. Other order types that include 
even ferrimagnetism as suggested by ab initio calculations39 cannot be principally 
excluded. 

8.2.3.3. Polarized neutron diffraction experiment 
In order to probe the zero field ground state of UCoGe on a microscopic 

level a special type of polarized neutron diffraction experiment was performed. In 
the simplest polarized neutron diffraction, one records Bragg reflection intensities I± 
(Q) ∝ |FN(Q) ± FM(Q)|2, where the + and − sign refer to up and down polarization 
directions of the incoming neutron beam and calculates the so-called flipping ratios 
(FR)  FR(Q) = I+(Q) / I−(Q). For Bragg reflections of either pure nuclear or 
magnetic origin absence of the interference term leads to FR = 1.00. From 
mathematical formula39,314 describing the influence of individual nuclear and 
magnetic contributions to measured FRs, it follows that off diagonal elements, if 
different from zero, indicate possibly a complicated non collinear magnetic order. 

In the case that UCoGe exhibits FM order, it was expected that the sample 
would consists from magnetic domains forcing these elements to be close to zero. 
On the contrary, diagonal elements would be in this case lower than 1.00 due to 
beam depolarization. The experiment was carried out using CRYOPAD 
polarimeter314 in D3 diffractometer at the ILL with polarized neutrons, λ = 0.825 Å. 
All the measured data were consequently corrected for both polarizer and analyzer 
efficiencies. The philosophy of the experiment was simple and straightforward - if 
there is any long-range FM order present in the sample, significant deviations from 
1.00 in the diagonal components of the FR matrix below the TC must be observed. 
To optimize the resulting statistical error for fixed measurement time the approach 
described in detail in Ref.315 was used. 
The crucial proof, however, is provided by the described ZFNP experiment. An 
example of FR matrices determined for the (202) and (301) Bragg reflections at two 
different temperatures are listed in Table 8-8. 

One well above and the other well below the suggested ferromagnetic phase 
transition TC = 2.5 K. First, all off-diagonal elements are negligible and within error 
bars equal to zero. Second, all diagonal elements are close to 1.00. This is not 
surprising for data taken at 15 K as at this temperature is UCoGe not magnetically 
ordered. However, diagonal elements are equal to 1.00 below the proposed TC and 
even below TSC (not shown). The same observation was made also for all other 
measured Bragg reflections suggesting that the ZF conditions that are necessary 
prerequisite for conservation of the neutron polarization within the CRYOPAD 
zero-field chamber are fulfilled in this case at all temperatures. This is possible only 
if UCoGe is not ferromagnetic in the whole temperature range. 
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   Pout 
T (K) hkl Pin +(x) +(y) +(z) 
15.0 202 +(x) 1.018(9) -0.002(11) -0.005(11) 
15.0  +(y) -0.030(11) 1.007(9) 0.024(11) 
15.0  +(z) 0.005(11) 0.013(12) 0.999(11) 
1.15 202 +(x) 1.009(11) 0.033(13) 0.002(13) 
1.15  +(y) -0.007(14) 1.019(12) 0.011(15) 
1.15  +(z) 0.012(15) 0.01(2) 1.002(13) 

      
15.0 301 +(x) 0.97(2) -0.05(2) -0.04(2) 
15.0  +(y) 0.00(2) 1.02(2) X 
15.0  +(z) 0.01(2) X 1.00(2) 
1.15 301 +(x) 1.00(2) -0.01(2) -0.01(3) 
1.15  +(y) -0.02(3) 0.98(2) 0.01(3) 
1.15  +(z) -0.03(3) 0.02(3) 1.05(3) 

Table 8-8 The list of flipping ratios for 202 and 301 Brag reflections measured on UCoGe C900C 
single crystal above and below the suggested ferromagnetic phase transition TC ~ 2.5 K. In 
parenthesis the statistical errors according to Ref. 16 are shown. 

  
This result is in clear contrast μ-SR experimental results by de Visser et 

al.254 for a polycrystalline sample. To explain the apparent controversy is recalled 
that polycrystalline UCoGe samples have often larger magnetization than single 
crystals that need to be carefully heat treated. Moreover, positive muons sense local 
moments on another time window than neutrons and other local probes. The 59Co 
nuclear quadrupole resonance (Ref.316) measurements also on polycrystalline 
sample led to conclusion that UCoGe is in self-induced vortex state having about 
30% of the volume superconducting. It is also important to note that the internal 
field (μ0Hloc) deduced from μ-SR (Ref.254) is 15 mT. This field is about four orders 
of magnitude larger than the residual field inside the CRYOPAD chamber. So even 
if the sample would consist from FM domains, resulting stray field would destroy 
the neutron polarization. When considering the values of the relaxation rate (Δ) ~ 
0.3 ms−1 and internal field (μ0Hloc) ~ 15 mT in UCoGe254, the specific μ-SR time 
window ranges from 10−7 to 10−6 s, which fairly covers that of the PN scattering. 
Therefore, the sample aggregation state and/or interference of the probe with the 
sample, respectively, play an important role in interplay of FM-SC. 

8.2.4. Discussion 
A delicate interplay between the quantum criticality and superconductivity 

(SC), explicitly in the vicinity of the ferromagnetic quantum critical point (FM-
QCP), represents the decisive factor in magnetically driven SC.66,210,211,250 Recently, 
Huy et al.38,215 reported on UCoGe, which is typified as a weak ferromagnet that 
undergoes a subsequent transition at the critical temperature, TSC = 0.8 K into a FM-
SC coexistence regime. The magnitude and anisotropy of the upper critical field 
suggest p-wave SC. UCoGe is unique among other FM superconductors because of 
its low TC = 2.5 K and a very small spontaneous magnetic moment of ~ 0.07 μB

215, 
indicating the proximity of FM instability. Although ab initio calculations39 
suggested the existence of an appreciable moment on Co atoms in zero field, 
polarized neutron-diffraction (PND) experiments carried out on a single-crystalline 
sample show that magnetism is predominantly due to 5f electron states and Co 
moments exist only at high magnetic fields.40 The UCoGe case has been anticipated 
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as the first example of material with an unconventional SC (USC) stimulated by 
critical fluctuations associated with a FM-QCP. In other words, the FM spin 
fluctuations (FM-SF), sensitively tuned by an external magnetic field serve as a 
control parameter mediating the onset of SC. According to Doniach317 and Berk and 
Schrieffer,191 the phonon-induced s-wave SC in an exchange-enhanced transition 
metals is suppressed by FM-SF in the neighborhood of the TC, generally. 

In contrast, the Fulde-Furrel-Larkin-Ovchinnikov theory192,193 allows for a 
SC state with a spatially modulated order parameter (OP) coexisting with a long 
range FM order in metallic systems induced by FM impurities. The spin-correlation 
theory of the FM state, based on the interactions mediated by SF between the 
fermions proposes an enhancement of the pairing correlations through theFM-SF.194 
The SC phase diagram based on this approach comprises two SC phases. The s-type 
is established in the FM state, however, the p-type state exists in the paramagnetic 
region on the border of the FM instability and is expected to vanish at the QCP. On 
the microscopic scale, the critical temperature of the SC transition depends on the 
difference of the pairing interaction and density of states at the Fermi level, 
respectively, for the particles with the opposite orientation of the corresponding 
pseudospin. In principle, the competition of the stimulating and suppressing effects 
on TSC in FM-SCs determines the phase diagrams of these unique materials.  

The crucial point for the nature of the SC state controlled by FM-SFs that is 
relevant for UCoGe is the nature of the zero-field (ZF) state just above TSC.  

The presented experimental results (AC susceptibility, resistivity and ZF-
PND) let conclude that the SC in prepared UCoGe crystal can develop in spite of 
lack of the long-range uniform FM order. On the basis of experimental results, an 
approximate low-temperature magnetic phase diagram is proposed inn Figure 8-34. 
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Figure 8-34 Suggested magnetic phase diagram of UCoGe single crystal for magnetic field applied 
along the c axis. 

 
There are two essential questions about the proposed phase diagram. The 

first is a competition of FM-SF against the robust FM state. The second point is the 
classification of the two generally different SC states related to the phase SF-SC and 
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FM-SC, respectively. The major controversy points to the nature of the low-field SC 
state related to the phase SC-SF. Two fundamentally diverse scenarios can come 
into question.  

In the first, the two SC states are of different symmetries. In zero-field, the 
order parameter is expected to be isotropic resulting in the only allowed s-type SC, 
but when the robust FM state is reached, the anisotropy of the Fermi surface is fully 
developed and the unconventional p-type can be formed. The proposed mechanism 
can be supported by the theory of Blagoev194 which claims, that for weakly FM 
metals the coexistence of longitudinal SF and a gapless Goldstone mode allows 
formation of both the s-wave and the p-wave-type318 SC. The crucial discrepancy is, 
that the p-type should occur in the paramagnetic limit and the s-type in the FM.  

On the other hand, significant changes were observed in the FM related AC 
susceptibility, which can be explained by a change in the anisotropy and dynamics 
of the SF. Isotropic SF in the vicinity of the crossover point (potential QCP) 
therefore suggest possibility of the two SC states with a different symmetry. The 
effect of FM domains in USC can be also considerd, so the SC phases have the 
same symmetry of the OP. For an orthorhombic system, there are four classes, and 
two pars of equivalent corepresentations, which in general have a different TSC. The 
equivalent corepresentations correspond to the same SC phase but each of them 
describes the substate in magnetic domains319 with the magnetic moment with 
orientation parallel or perpendicular to the magnetic field direction. Crossover may 
be observed either between the two states of the two corepresentations, or 
homogenize the FM state by the applied magnetic field, so the proper p-type SC 
state320 is established within one of the corepresentations. In general, there is no 
reason for competition between the two in general analogs SC phases. It can be 
proposed, that the anomalous behavior of TSC in the SF-SC phase is not due to the 
crossover between two different corepesentations of the same group, but rather due 
to the magnetic field influences on the critical FM-SF, which is the governing factor 
conditioning the phase line of the SC state.  

8.2.5. Conclusions 
In conclusion, relation of SC and FM was investigated in UCoGe in strictly 

zero-field conditions. The results of the research can be summarized in two 
fundamental observations: 

1) a fully robust SC state in spite of no long-range FM order in zero 
magnetic field and ambient pressure, which is in good agreement with work on 
polycrystal277 and  

2) an enhancement of the TSC under applied small magnetic fields in the 
vicinity of the SC and FM phase lines.  

B-T phase diagram (Figure 8-34) was proposed comprising the critical 
phenomena in low magnetic fields on the border of the SC region. Finally, results 
suggest a crossover between two SC phases, in analogy to the observations at 
elevated pressures by Slooten et al.213. 

8.3. Influence of doping by Fe, Ni, Ru on UCoGe 
magnetic and SC state 

This study was motivated by the unique properties of the UCoGe compound 
mainly its famous p-T phase diagram where SC can simply survive in area where 
FM is smeared213,214 (see Figure 5-8). On the other hand, the strong connection 
between FM and SC was found when UCoGe was doped by Si in the Ge site. 
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Ferromagnetic order and superconductivity are progressively depressed with 
increasing Si content and simultaneously vanish at a critical concentration 
Sicr = 12%. So the predictions about co-existence of FM and SC based on two 
parallel researches are in contradiction. 

Similar research is followed where FM SC URhGe was doped by Ru and 
existence of FM QCP was expected. FM order in URhGe can be suppressed by 
replacing Rh by Ru and vanishes at 38 at % Ru275,321-323 where FM QCP was found. 

Thermal, transport, and magnetic properties of UCo1−xTxGe doped 
compounds (where T = Fe, Ni and Ru) were investigated here. Two groups of 
materials were prepared. First of them is UCoGe doped by 1 and 5 % mentioned 
elements to study interplay between SC and FM. The second group of materials is 
UCoGe doped only by Ru in a wide concentration range 10-90 % with step 10 % to 
study evolution of FM.  

8.3.1. Experimental and computation details 
The UCo1-xTxGe (where x = 0.01 and 0.05 for Ni and Fe and 0.01 and 0.05, 

0.1 – 0.9 for Ru, respectively) polycrystalline samples were prepared by arc melting 
of stoichiometric amounts of metallic components (U - 2N, Co - 3N, T - 3N, Ge - 
5N, where T = Fe, Ni and Ru) in the exact stoichiometric ratios in a water-cooled 
copper crucible under Ar (6N) protective atmosphere. Half of each sample was 
subsequently annealed at 900°C for 10 days to achieve good homogeneity and then 
slowly cooled to avoid internal stresses. 

All samples were characterized by the same methods as the UCoGe sample 
in the chapter 8.1.1 with the exception of neutron diffraction. 

To obtain reasonable information about the ground state magnetic properties 
of the UCo1-xTxGe (T = Fe and Ni) alloys, first principles theoretical methods was 
applied. The ground state electronic structure was calculated on the basis of density 
functional theory (DFT) within local spin density approximation (LSDA)289. For 
this purpose, we used the full-potential augmented plane wave plus local orbitals 
method (APW + lo), as implemented in the latest version (WIEN2k) of the original 
WIEN code291. 

8.3.2. Results and discussion 

8.3.2.1. Crystal structure and samples characterization 
All doped UCoGe samples were successfully prepared by arc melting in 

required quality.  
The UCoGe samples defined by EDX analysis have been found consisting of 

the majority desired phase. The stoichiometric concentration of additional elements 
Fe, Ni Ru was around 3-4 % according to EDX analysis in the sample with 5% 
expected substitution. The lower detected concentration than the expected value 
may be due to the reduced sensitivity of the used technique in the low concentration 
range. Tiny amounts of spurious phases, usually the pure non-reacted Uranium and 
the UCo2Ge2 phase, were detected. They have negligible effect on experimental 
data. Elements uniform distribution was performed by area EDX analysis. No 
concentration gradients were indicated in any sample, which confirmed the good 
quality of prepared sample (see Figure 8-35).  

The powder X-ray diffraction of all the samples confirmed the orthorhombic 
TiNiSi-type structure of all UCo1-xTxGe compounds both, in the as-cast (P) and 
annealed (P900C). Only several very weak additional reflections were observed as 
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spurious phases, which is in good agreement with EDX analysis. The analysis of the 
lattice parameters of all doped UCoGe compounds showed that the as cast samples 
were under the negative pressure like pure UCoGe. 

 

 
Figure 8-35 EDX analysis of 5 % Fe doped UCoGe. The colour fields displays distribution of 
elements in the samples. The higher colour intensity is the higher content of element is. Any 
concentration gradients were found in the case of the doping elements (Fe). 

 
The annealing led to reduction of the volume cell (see Table 8-9). The lattice 

parameters change is in the 1 and 5 % doped so small in comparison to pure UCoGe 
due to low content of the doping elements and similar Co, Ni and Fe atomic 
diameter324. It is also important to mentioned here - while UNiGe compound is 
isostructure325,326 with UCoGe the UFeGe compound is exception in UTX 
compounds and crystallizes in itself UFeGe structure type326,327. 
 

 a (Å) b (Å) c (Å) V (Å3) 
UCoGe P 6.8499 4.2074 7.2299 208.368 

UCoGe P900C 6.8471 4.2081 7.2263 208.213 
1 % Ni P 6.8489     4.2089 7.2293 208.394 

1 % Ni P900C 6.8475 4.2041 7.2259 208.016 
5 % Ni P 6.8591 4.2105 7.2241 208.634 

5 % Ni P900C 6.8550 4.2082 7.2254 208.433 
1 % Fe P 6.8478 4.2078 7.2269 208.237 

1 % Fe P900C 6.8477  4.2078 7.2294 208.306 
5 % Fe P 6.8374 4.2028 7.2263 207.656 

5 % Fe P900C 6.8438 4.2068 7.2321 208.216 
Table 8-9 The lattice parameters of doped UCoGe compounds in the as cast and annealed states. 
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The influence of Ru doping on UCoGe crystal structure in more detail was 
studied, because the Ru radius is significantly larger than Co324. The linear change 
of lattice parameters was found in whole concentration region from pure UCoGe 
lattice parameters to pure URuGe lattice parameters251. It means that substitution 
well follows Vegard’s law328 (see Figure 8-36).  

The smallest lattice change was found in the case of lattice parameter a – the 
contraction about ~ 2 % whereas expansion of other lattice parameters was 
significantly higher about 4 % for both. Described behaviour led to expansion of the 
unit cell about ~ 6 %.  
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Figure 8-36 Evolution of lattice parameters and volume cell of UCoGe doped by Ru. The linear 
change of all parameters was found and doping followed Vegard’s law. 
 

The expansion of volume cell had surprisingly opposite influence on 
interatomic distance d(U-U). The nearest interatomic distance d(U-U) is in a-
crystallographic axes direction, but it is direction where contraction of the structure 
was detected so d(U-U) fully copied this trend251,266. The d(U-U) distance decrease from 
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3.48 Å for pure UCoGe to 3.40 Å for pure URuGe. The similar volume cell trend 
was describe in U(RhRu)Ge system, but the changes were not so significant due to 
nearer lattice parameters of the pure analogues322,323. 

8.3.3. Experimental and calculation results 
Resistivity and magnetic measurements confirmed the transition to a 

ferromagnetic state for all the as cast and annealed samples doped by 1 and 5 % T-
elements, respectively, except for the paramagnetic UCo0.99Ni0.01Ge. The values of 
TC and the spontaneous magnetic moments are listed in the Table 8-10.  

 

P900C Tc 
(K) 

Mag. 
moment at 
1.8K and 

10mT (μB) 

Mag. moment 
at 1.8 K and 

5T 
(μB) 

1% Ni <1.8 0.002 0.11 
1% Fe 4 0.037 0.11 
1% Ru 4 0.036 0.11 
5% Ni 5.5 0.032 0.18 
5% Fe 6.5 0.048 0.13 
5% Ru 7.5 0.053 0.14 

UCoGe38 3 0.030 - 
Table 8-10 Evolution of TC, and magnetic moments in 1 and 5 % T-metals doped UCoGe. The 
values of the spontaneous magnetic moments of doped compounds shown slight increase in 
comparison to UCoGe 

 
Temperature evolution of the magnetization of the 1 and 5 % doped 

compound are displayed in the Figure 8-37. The stabilization of the magnetic 
moment and increase of the TC value are evident for all the substituted samples, 
which is in a good agreement with the theoretical calculations for the 5 % Ni and Fe 
- doped compounds, which are presented later.  
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Figure 8-37 Temperature evolution of magnetization of 1 and 5 % doped compounds measured in 
magnetic field 10 mT. 
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The hysteresis loops of all the doped compounds have a classical shape 
expected for ferromagnetic materials with very fast saturation (in magnetic field by 
10mT) but with almost negligible coercive field in the range by 1mT. Typical 
example of the loops is displayed in the Figure 8-38 where loops of 5 % Fe-doped 
compound are presented (above and below TC). The increasing concentration of the 
selected doping elements yields increasing spontaneous magnetic moments (Table 
8-10).  
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Figure 8-38 Hysteresis loops of 5 % Fe-doped UCoGe measured below and above TC. 

 
Any compounds do not obey Curie Weiss law. The high temperature inverse 

susceptibility is described by modified Curie-Weiss low (MCW) (Equation 7-1) 
where χ0 represents a temperature independent contribution. The strong 
magnetocrystalline anisotropy, observed in single-crystalline URhGe246 and 
UCoGe215 s samples, hampers the proper analysis of the susceptibility of the 
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 UCoGe the easy axis (c-axis) susceptibility 
measured on a single crystal does follow a MCW behaviour with URhGe θ ≈ TC = 
9.5 K, as demonstrated in Ref.66. For polycrystals, the best fits to MCW behaviour 
were obtained in the temperature range 50 - 300 K (see Figure 8-39). The results are 
summarized in the Table 8-11. χ0 value is about of ~ 10-8

 m3/mol for all compounds. 
The overall upward shift of the curves within increasing T-elements contents 
indicates an increasing (antiferromagnetic) interaction strength θ. 
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Figure 8-39 Temperature dependence of inverse susceptibility for 1 (upper panel) and 5 % (lower 
panel) T-metals doped UCoGe. The line curves present the results of the MCW model. 

 
Doping element Content 

(%) 
χ0 (10-8m3/mol) θp (K) μeff (μB) 

1 1.592 -16 1.59 Fe 5 1.286 -20 1.43 
1 1.650 -12 1.55 Ni 5 1.520 -22 1.62 
1 1.883 -13 1.54 Ru 5 1.736 -20 1.41 

Table 8-11 The magnetic constants of UCoGe doped by transition metals based on magnetization 
measurement. 

 
The transition to a ferromagnetic state in all the relevant doped samples was 

clearly confirmed by a sharp peak in the temperature dependence of the AC 
susceptibility. The results are digestedly shown together with resistivity data in the 
Figure 8-40.  
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Figure 8-40 Temperature dependence of electrical resistivity (top-part) and AC susceptibility (down-
part) measured in zero magnetic field. The sharp peaks on the AC susceptibility and anomalies on the 
resistivity date occur in the same temperature confirmed ferromagnetic transition.  

 
The Ni – doped compounds show a somewhat specific evolution of 

magnetism, which seems to have common features with the analogous U(Co,Ni)X 
compounds. This may be connected with the fact that UNiGe and generally the 
UNiX compounds are antiferromagnetic materials325,329-331. 

Calculated U spin magnetic moments along the c-axis of 1.2 μB is 
compensated by an oppositely oriented orbital magnetic moment of 1.1 μB

39 in pure 
UCoGe. Therefore, the total magnetic moment of uranium is very small, about 0.1 
μB. The calculated Co spin magnetic moment, which is antiparallel to the uranium 
spin moment amounts to -0.43 μB. The orbital magnetic moment of Co has a small 
value of -0.05 μB

39. The Co moment is probably fluctuating so what remains is the 
small but stable total magnetic moment of uranium. 

For both the substituted alloys studied theoretically (5 % Fe and Ni-doped 
compounds) a stable ferromagnetic ground state has bee found. In UCo0.95Fe0.05Ge 
the calculated uranium spin magnetic moments along c-axis of 0.9 μB is 
compensated by an oppositely oriented orbital magnetic moment of 0.95 μB. 
Therefore similar to the pure UCoGe the total magnetic moment of uranium is very 
small (about 0.05 μB). The calculated spin magnetic moment of cobalt (iron) is 
-0.2 μB and orbital magnetic moment is negligible. Again the Co (Fe) moment is 
fluctuating leaving the small but stable total magnetic moment of uranium. This is 
in agreement with the analysis of our experimental data for UCo0.95Fe0.05Ge alloys 
presented above. 

The calculated uranium spin moments along c-axis of 0.95 μB is 
compensated by the antiparallel orbital magnetic moment of 1.0 μB in 
UCo0.95Ni0.05Ge. Similar to the UCo0.95Fe0.05Ge alloys the total magnetic moment of 
uranium is very small (about 0.05 μB). The calculated spin magnetic moment of 
cobalt (nickel) is -0.18 μB (orbital magnetic moment is negligible). Co(Ni) moment 
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is assumed fluctuating whereas small but stable total magnetic moment of uranium. 
This fact agrees with the analysis of our experimental data for UCo0.95Ni0.05Ge 
alloys presented above. 

The resistivity data support the results acquired from magnetization 
behaviour. The obvious anomaly on the temperature dependencies of the electrical 
resistivity was observed near TC indicated by the AC susceptibility. The results of 
the resistivity and magnetization measurement are digestedly displayed in Figure 
8-40. 

The low temperature behaviour of the electrical resistivity of all the 
compounds can be described by the quadratic low except for the Ni-doped 
compounds. The transition into the superconducting state was observed only in the 
1%-doped compounds. The TSC of the Ru and Ni-doped compounds is below 0.35 
K, the Fe-doped compound starts to transform into the SC state at around 0.8 K. The 
superconducting transition of the Fe-doped compound is very broad. No compound 
reaches the pure superconducting state down to the minimum temperature 
achievable in our equipment (0.35 K). 

The magnetization and resistivity data were supported by heat capacity 
measurements (Figure 8-41). The TC–related clear anomaly appeared in the Fe and 
Ru doped compound, respectively while no anomaly was detected on Ni – doped 
compound. 
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Figure 8-41 Heat capacity data of the 1 % transition metals doped UCoGe. The inset shows 
temperature dependence of the Cp/T where anomalies are better distinguished. 
 

The broadening of the SC transition can be induced by the substitutional 
disorder of (Co,T) - Ge. The stabilization of the magnetic moment in the 5%-doped 
compounds is accompanied by the loss of superconductivity. The enhancement of 
TSC by low magnetic field, which was observed in UCoGe277, was not detected due 
to the stable magnetic moment in doped materials.  

The substitution of UCo1-xTxGe by Fe and Ni were extended by work of J.J. 
Hamlin et al.274. They studied the substitution of the UCo1-xTxGe up to x = 1 and 
results are displayed in the Figure 8-42 and Figure 8-43. 
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Figure 8-42 Temperature T vs. composition x phase diagram of UCo1-xFexGe. Picture is taken from 
Ref.274. 
 

 
Figure 8-43 Temperature T vs. composition x phase diagram of UCo1-xNixGe. Picture is taken from 
Ref.274. 
 

The substitution of either Ni or Fe into UCoGe initially yields an increase in 
TC. At higher dopant concentrations the ferromagnetic state crosses over to 
paramagnetism in UCo1-xFexGe and antiferromagnetism in UCo1-xNixGe274 which is 
in good agreement with this work results and predictions273. 

Similar study was performed with Ru. Polycrystalline samples of UCo1-

xRuxGe with composition x = 0.1 – 0.9 were prepared to extended previous research 
where only influence of the 1 and 5 % transitions metals doping was studied. The 
structure evolution was discussed in previous part and evolution of lattice 
parameters is displayed in the Figure 8-36. 

The Ru doping strongly increase the TC up to temperature 8 K (10 % of Ru) 
where the top is presented. Additional increase of the Ru concentration caused fall 
of TC and sample was already paramagnetic at critical Ru concentration of 30 %. 
This trend kept up to pure URuGe compound. The results are supported by 
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magnetization curves (Figure 8-44) and AC susceptibility measurements (Figure 
8-45) and digestedly summarized in the phase diagram in the (Figure 8-46). 
 

Content 
(%) 

χ0 (10-8m3/mol) θp (K) μeff (μB) 

1 1.592 -16 1.59 
5 1.286 -20 1.43 
10 1.650 -18 1.49 
20 1.656 -24 1.44 
30 1.672 -40 1.42 
70 1.266 -91 1.17 

Table 8-12 Table of magnetic parameters of UCoGe doped by Ru based on MCW law. 
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Figure 8-44 Temperature dependence of magnetization curves of UCoGe with various Ru contents. 
 

Similar behaviour was detected in many U-pseudoternary systems like 
U(Co,Ru)Al332, U(Rh,Ru)Al333 or U(Rh,Ru)Ge322,323. Although UCoAl and URuAl 
are not isostructural with URhGe, URuGe or UCoGe334-336, the similarity of the 
magnetic features of the system is evident.  

UCoAl exhibits a paramagnetic ground state. Metamagnetic transition to a 
ferromagnetic state with uranium magnetic moments parallel to the c axis occurs at 
low temperatures when a field of 0.7 (1) T is applied in this direction334,337,338. 
URuAl has been found to be paramagnetic down to 20 mK310,339 and URhAl is 
ferromagnetic below 35 (27) K23,339. Although UCoAl and URuAl are paramagnetic 
down to low temperatures, ferromagnetism is observed in a wide concentration 
range of quasiternary solid solutions UCol-xRuxAl. Both the Curie temperature and 
the spontaneous magnetization reach their maximum values of 60 K and 0.6 μB/f.u., 
respectively in UCo0.7Ru0.3A1332. 
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Figure 8-45 Temperature dependence of real (upper panel) and imaginary (lower panel) part of AC 
susceptibility.  
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Figure 8-46 Phase diagram of UCoGe doped by Ru. The maximum TC was appeared at 10 % doped 
compound while 30 % doped compound was already paramagnetic. 
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As the prominent mechanisms affecting the size of U magnetic moments and 
their ordering, the overlap of the 5f wave functions of neighbouring U atoms and the 
hybridization of the U 5f states with the s,p,d valence states of ligands (T and X 
atoms) is considered. Both mechanisms induce two important effects in actinide 
compounds: firstly delocalisation of the U 5f states, leading ultimately to wash-out 
of the magnetic moments, and secondly exchange interactions correlating the U 5f 
magnetic moments via direct 5f-5f and indirect exchange involving non-f states. 

It is evident from the structure consideration that these effects are strongly 
anisotropic in the ZrNiAl-structure family. The close packing of U and T atoms in 
the basal plane probably results in both a non-negligible 5f-5f overlap and a strong 
5f-d hybridization involving the transition metal d states, which compresses the 5f 
charge density towards the basal plane. Since the 5f states with strong spin orbit 
interaction promote orbital magnetic moments, which are indeed observed 
experimentally340 a strong uniaxial anisotropy with magnetic moments locked along 
the c axis is an inevitable element of magnetism leading to Ising-like systems.  

Another consequence of the 5f-5f overlap and the 5f-d hybridization within 
the basal plane is a strong ferromagnetic coupling of the U magnetic moments 
involved. This situation leads to magnetic structures built up of ferromagnetic basal-
plane layers. Inspecting the crystal structure may be deduced that along the c-axis 
both 5f-d (U-T) and 5f-3p (U-Al) hybridization should be considered. The first type 
should dominate for earlier d elements (Ru), whereas it ceases with additional filling 
of the d-shell, leaving the 5f-3p hybridization channel gradually more important and 
may be speculated that the former type leads preferably to a ferromagnetic type of 
U-U coupling along c, whereas the latter tends to an antiferromagnetic type of 
coupling. 

Starting from URuAl, the 5f-d hybridization becomes reduced when partly 
substituting Rh, Co or Ni for Ru, which allows formation of the U 5f magnetic 
moments (coupled ferromagnetically within the basal plane) for a certain 
concentration of the substituent, but the moments are relatively small and the 
interaction along c is ferromagnetic. When proceeding with the substitution further, 
the U moments increase in magnitude, but the coupling along c weakens, and finally 
upon the decay of 5f-d exchange polarization the 5f-3p channel overtakes the 
dominance, leading to relatively weak antiferromagnetic coupling along c. Thus the 
reduction in the exchange coupling along c leads to a final decay in the ordering 
temperature, despite the fact that strong coupling along the other two dimensions 
persists.332.  

Ferromagnetic ordering appears for relatively low values of x ~ 0.25333 in 
URu1-xRhxAl system. 

The specific behaviour of the U(Co,Ru)Ge system can be found based on 
results of these previous research and mainly on behaviour of the U(Rh,Ru)Ge 
system, which is isostructural and URhGe compound is in addition to isoelectronic 
with UCoGe. In case of doping of the Rh-site in URhGe by Ru induce initially TC 
increase, but then decreases linearly as a function of x and is completely suppressed 
for xcr ≈ 0.3855,321,323, which is very similar result as U(Co,Ru)Ge system. The FM 
evolution can be discussed with respect of the effect of external pressure with the 
shrinkage of the a-axis due to Ru-substitution (see Figure 8-36). Change of volume 
affects the overlap of the f- and d-orbitals, and therefore, leads to a change in energy 
of the f-band. In addition to Ru substitution removes electrons from the d-band and 
U f-electrons are able to fill the space of the so created holes (see decreasing of the 
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ueff of uranium in Table 8-11). This enhances the f-d hybridization341 and TC is 
affected. The Fermi level is also lowered and approaches to the f-band55,323.  

8.3.4. Conclusions 
Series of polycrystalline samples with composition UCo1−xTxGe where 

T = Fe, Ni, and Ru; x = 0.01 and 0.05 an also x = 0.1 and 0.9 for Ru were 
successfully prepared. XRPD and EDX analysis confirmed majority of the desired 
phase in all samples and no detectable concentration gradients have been found. All 
the samples crystallized in TiNiSi structure type. Any crystal structure change was 
detected even in the Fe doped compounds, where UFeGe crystallizes in different 
structure type. The Ru wide range doping led to expansion of the volume cell with 
respect to Vegard’s law and Ru diameter. On the other hand the nearest d(U-U) was 
reduced. Magnetic and resistivity measurements confirmed ferromagnetic transition 
for all prepared compounds with x = 0.01 and 0.05 except for UCo0.99Ni0.01Ge. The 
doping by the transition elements yields stabilization of the magnetic moment of U, 
and TC increases with increasing the doping-elements concentration but only in 
certain concentration range. The ferromagnetism is smeared out at 22 % content of 
iron274 and 30 % of Ru where ferromagnetic QCP occurred. The Ni doping led to 
continuous magnetic structure change from FM to AFM at concentration 50 %274 
with respect of AFM UNiGe magnetic order.  

Although the doping stabilised the magnetic moment and enhanced TC the 
superconducting state of UCoGe has been strongly suppressed with increasing TC. A 
hint of superconductivity was occurred only in 1 % doped samples and no one 
reached the robust superconducting state at temperature 0.35 K. No sign of 
superconductivity was detected in 5 % doped samples. 

The magnetic and resistivity behaviour was discussed based on unit cell 
volume, which affects the overlap of f- and d-orbitals and reduction of electrons 
from the d-band in Ru doped compounds, which enhances the f-d hybridization341 
and also affects TC. 

8.4. (UTh)CoGe system 
The (U,Th)CoGe system is sequel of the doping story of the UCoGe to 

understand the magnetism and consequence with SC. Taking into account the 
difference in the size between U and Th ions, the Th atoms can be considered 
inducing a negative chemical pressure in UCoGe342. Another parameter of the Th 
doping is that the Th were proven to be delocalized and unlike the U f-states or the 
rare-earth metals343 and can be considered as a tetravalent344. Th compounds are 
also often superconductors343,345. 

The ThCoGe compound was prepared as an analogue of the UCoGe 
compound but magnetic ordering of the ThCoGe is still not clear. Possible weakly 
exchange enhanced itinerant ferromagnetic ordering in the ThCoGe associated with 
the Co 3d-band electrons is expected. The ThCoGe compound crystallizes in the 
BaPtSb-type structure (space group P-6m2)346. It is worthwhile to note that the 
analogous uranium compound UCoGe crystallizes in the orthorhombic TiNiSi-type 
structure. 

8.4.1. Experimental details 
The U1-x ThxCoGe (where x = 0.01 and 0.05) polycrystalline samples were 

prepared by arc melting of stoichiometric amounts of metallic components (U - 2N, 
Th - 3N, Co - 4N, Ge - 5N, in a water-cooled copper crucible under Ar (6N) 
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protective atmosphere. Half of each sample was subsequently annealed at 900°C for 
10 days to achieve good homogeneity and then slowly cooled to avoid internal 
stresses. 

All samples were characterized by the same methods as the transition metals 
doped UCoGe sample in the chapter 8.1.1 with the exception of neutron diffraction. 

8.4.2. Results and discussion 

8.4.2.1. Crystal structure and sample characterization 
All samples were successfully prepared by the arc melting. Any significant 

evaporation during the melting was not observed due to low vapour pressure of all 
used elements (see Figure 8-47). The powder X-ray diffraction of all the samples 
confirmed that the majority volume of UCo1-xTxGe phase both, in the as-cast (P) 
and annealed (P900C) samples crystallizes in the orthorhombic TiNiSi-type 
structure; only several very weak additional reflections due to the spurious phases 
were observed. Any difference of the patterns was detected between the as-cast and 
annealed samples. 
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Figure 8-47 Vapour pressures of the elements in the U1-xThxCoGe system. 

 
The number of reflection was conserved but their intensity were slightly 

changed in comparison to pure UCoGe (see Figure 8-48). The intensities change is 
induced rather by higher texture, because fractional coordinates were negligible 
affected in comparison to pure UCoGe.  

The Th doping induced expansion of the structure along the a and b axes 
while any change was detected with respect the c-axis (Figure 8-49). However there 
is useful to consider that only 1 and 5 % concentration of the doping elements is too 
low concentration to be absolutely sure about the volume change trend. Although 
the ThCoGe compound is not isostructure with UCoGe, the doped compounds kept 
the TiNiSi structure type of the UCoGe. 
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Figure 8-48 XRPD pattern of the annealed U0.95Th0.05CoGe compound. 
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Figure 8-49 Influence of the Th doping on lattice parameters of UCoGe. 

 

8.4.2.2. Magnetic and transport measurements 
The AC susceptibility measurements shown significant difference between 

the behaviour of the 1 and 5 % doped samples. Also strong influence of the 
annealing process on the magnetization behaviour of the as cast and annealed 
samples was found. Temperature dependences of the AC susceptibility of the 1 and 
5 % Th doped UCoGe samples are displayed in Figure 8-50 and Figure 8-51. 
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AC susceptibility behaviour of the 1 % Th doped samples is similar to the 
behaviour of the pure UCoGe polycrystalline samples. The anomaly is shifted 
below temperature 1.8 K in the case of P sample and summit is not visible. On the 
other hand the summit occurs in the annealed sample and also the effect of the 
enhancement of the AC susceptibility also appears in the low DC magnetic field 
(2 mT). 
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Figure 8-50 Temperature dependence of the AC susceptibility of the 1 % Th doped UCoGe. The 
upper panel represents behaviour of the as cast sample while lower panel annealed sample. 
 

Additional increase of the DC magnetic field in both type of samples led to 
shift of the anomaly to the higher temperatures (see the cyan curves). On the basis 
of this behaviour 1 % Th doped sample was in the similar spin fluctuations regime 
as the pure UCoGe. The origin of this behaviour was discussed in the previous 
chapters. 
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Figure 8-51 Temperature dependence of the AC susceptibility of the 5 % Th doped UCoGe. The 
upper panel represents behaviour of the as cast sample while lower panel annealed sample. 
 

The AC susceptibility behaviour of the 5 % doped samples was in the clear 
contrast to all previous doped compounds both Th and transitions metals. While the 
transition metals doping (Fe, Ni and Ru) led to strong increase of the TC almost up 
to 10 K independently on the sample treatment state the situation in the Th case is 
completely opposite. The Th doping led to suppression of the magnetism and the 
summits of the AC susceptibility are not visible neither as cast nor annealed 
samples. Also the effect of the enhancement of the AC susceptibility under the low 
DC magnetic fields was not conserved. Nevertheless the summit of the AC 
susceptibility occurred at temperature 2.7 K in the case of annealed sample when 
the DC magnetic field was 0.1 T. 
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Figure 8-52 Temperature dependence of the magnetization of the 1 and 5 % Th doped UCoGe 
sample both as-cast and annealed state. The data were measured in magnetic field 10 mT. 

 
Temperature behaviour of the AC susceptibility was supported by 

temperature dependence of the magnetization, which is presented in the Figure 8-52. 
Only weak hint of the saturation is observable at temperature 2 K in the green curve, 
which represents the annealed 1 % Th doped sample. It is in good agreement with 
the AC susceptibility where the appropriate summit appeared. Another distinct 
relation regarding the value of the value of the magnetic moment is clear evident in 
Figure 8-52. The magnetic moments of the annealed samples are almost twice 
higher than the moments of their as cast analogues which support importance of the 
sample treatment in the UCoGe story.  

The difference between the transition metals doping and Th doping of the 
UCoGe is best visible on the absolute values of the magnetic moments. The 
magnetic moments of the 1 % transition metals doped UCoGe was around 
30 mμB/f.u. and 50 mμB/f.u. in the case of 5 % doped compounds (see Table 8-10) 
whereas the magnetic moments of the Th doped compounds are almost 4 times 
lower. The magnetic moments of the Th doped compounds are also lower than the 
magnetic moment of the pure UCoGe. Second difference in comparison to the 
transition metals doping is that the magnetic moment of the 5 % Th doped 
compound is lower than the magnetic moment of the 1 % Th doped compound. 
Although certain region occurred in the transition metals doped compounds where 
the TC and magnetic moments increased the Th doping leads to instaneous TC and 
magnetic moment suppression. Th doping in the UCoGe case represents effect of 
the doping by nonmagnetic analogue, which has also strong influence on electrical 
resistivity and mainly unconventional superconductivity. 
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Figure 8-53 Hysteresis loops of the 1 % Th doped UCoGe samples. The upper panel represents as 
cast sample the lower panel annealed samples. The insets show low field region of the loops. 
 

The hysteresis loops of the 1 % Th doped UCoGe are shown in the Figure 
8-53. The curves were measured at temperatures 1.8 and 5 K. The hysteresis of 
7 mT is observable in the loop of the annealed sample and also small hysteresis 
below 5 mT is observable in the case of as cast sample. The 5 K loops represent 
paramagnetic behaviour with no sign of hysteresis.  

Similar situation surprisingly occurs in 5 % Th doped compounds (Figure 
8-54) which should be in paramagnetic state on the basis of the AC susceptibility 
and temperature dependence behaviour of the magnetization. The hysteresis of the 
5 % Th doped compound is markedly lower then the values for 1 % doped 
analogues. The found hysteresis value for the as cast sample is 2 mT and 3 mT for 
the annealed sample, respectively. It can be only speculated regarding the origin of 
the survive hysteresis of the 5 % doped compounds. Hysteresis can come from the 
small fractional volume of the undoped UCoGe mater and certain inhomogeneities 
of the Th distribution can be presented and affect the loops. 

Second speculation regarding the loops behaviour can be influence of the Co 
unstable magnetic moments, which are more weakly compensated by antiparallel 
uranium moments and can develop in the magnetic field40. 
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Figure 8-54 Hysteresis loops of the 5 % Th doped UCoGe samples. The upper panel represents as 
cast sample the lower panel annealed samples. The insets show low field region of the loops. 
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Figure 8-55 Electrical resistivity of the 1 % Th doped UCoGe in the as cast and annealed state. 
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The electrical resistivity of the 1 % Th doped compounds is displayed in 
Figure 8-55. The influence of the Th doping on superconductivity of the UCoGe is 
inspectional. The Th doping suppressed the superconductivity. Only weak hint of 
the superconductivity is presented at the lowest temperatures and there is not any 
significant difference between the as-cast and annealed samples. Any hint of the 
superconductivity was not found in the 5 % doped samples (picture is not 
presented). Nevertheless the weak bumps appear around temperature 3 K similar to 
pure UCoGe both in the as cast and annealed sample. 

The strong influence of the Th doping on the superconductivity is important 
result in terms of influence of impurities on unconventional superconductors. Such 
strong influence of magnetic (transition metals doping) and also nonmagnetic 
impurities on the superconducting state clearly points to the unconventional 
superconductivity of the UCoGe with respect to Gorkov and Abrikosov predictions. 
The nonmagnetic impurities works as a Kondo holes and causes the break of the 
periodicity and additional scattering process in the unconventional 
superconductor342.  

8.4.3. Conclusions 
The series of the polycrystalline samples with the composition U1−xThxCoGe 

where x = 0.01 and 0.05 were successfully prepared. XRPD analysis confirmed 
majority of the desired phase in all samples and any only few very weak reflections 
were found. All samples kept the TiNiSi structure type although the ThCoGe 
compound is not isostructure. Only hardly detectable volume cell expansion was 
found with increasing Th content.  

Magnetic and resistivity measurements confirmed the strong suppression 
both ferromagnetism and superconductivity. Hint of the superconductivity was 
occurred only in the 1 % doped samples and no one reached the robust 
superconducting state at temperature 0.35 K. No sign of the superconductivity was 
detected in the 5 % doped samples. 

The most important results of this study is that the Th had a strong influence, 
as a nonmagnetic impurity, on the UCoGe superconducting state, which clearly 
points to unconventional type of the UCoGe superconductivity. 
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9. Summary and general conclusions 
Results of the work can be divided to two groups. The first group of results 

is connected with technological development of the DCMP lab. The second group is 
connected with successful preparation of specific samples (single crystals, SSE-
treated compounds) and with results of targeted measurements of magnetic, 
transport and thermal properties to understand the influence of impurities and 
composition In the next paragraphs the relations between samples purity and their 
physical behaviour. 

9.1. Development in the technology laboratory 
The technology labs of DCMP are equipped various devices for metallic 

samples preparation and characterization. The main development was done on SSE, 
optical furnace, triarc furnace. 

9.1.1. SSE 
Before this work, the DCMP lab contained one SSE device developed in 

collaboration with Vacuum Praha company within the PhD. work of Dr. Poltierová 
Vejpravová. The refinement process in SSE is very lengthy and capacity of the 
device could not satisfy the department needs. Therefore we have decided to 
construct one more device (SSE2). 

To enhance the capacity of SSE2 an upgrade of the SSE sample holder has 
been designed allowing simultaneous treatment of 3 rods. Each of the three channels 
have also been equipped by a 400 A power supply developed in cooperation with 
Foton Nová Paka.  

Moreover, both the SSE devices have been fully digitalized including 
automatic data saving software in collaboration with the Dicont Praha company. 

9.1.2. Optical furnace 
The new Four-mirror optical furnace with halogen lamps (4 x 1000 W) 

model FZ-T-4000-VI-VPM-PC made by Crystal Systems Corp. Japan) has been 
purchased and installed in the DCMP technology lab in 2008. The furnace is 
primary dedicated to ceramics in the air or oxygen atmosphere. For intermetallics 
we need a pure inert atmosphere avoiding oxidation of the treated sample. Therefore 
a special evacuating systems capable of evacuation of the growth chamber up to 
1·10-6 mbar has been constructed in collaboration with Vacuum Praha. 

9.1.3. Triarc furnace 
Triarc furnace is in the DCMP technological lab since 1995. The furnace 

electronics has not been properly produced. At the beginning of the work on this 
thesis it was rather out of date and unreliable. In collaboration with Dicont the 
electronics has been reconstructed fully digitalized and equipped with a new highly 
effective closed water-cooling circuit. 

9.2. Results of research 
Research of the thesis was focused on three branches: 

• Refinement of the rare earths elements, uranium and intermetallic compounds 
using SSE technique. 
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• Influence of impurities and samples state on magnetism and superconductivity 
of rare earths intermetallics. 

• Influence of impurities and samples state on magnetism and superconductivity 
of uranium intermetallics. 

The original results achieved within the thesis work are summarized in the 
following chapters. 

9.2.1. Refinement of metals and compounds using SSE 
In the field of refinement of the pure metals, we have validated the SSE 

process and refined numerous ultra pure metals needed for the synthesis of the 
following compounds. All results obtained on the refined pure metals confirmed 
that the high effective refinement process was successful. The chemical analysis of 
the Pr rod in which the content of the ferromagnetic iron was reduced by more than 
90 %. Another successful result was reached in the uranium rods refinement. 
Commercial uranium was contaminated by carbon and uranium oxide particles. 
When the refined uranium has been used for sample preparation no spurious 
particles have been found in the prepared compounds. This has confirmed the 
successful U refinement process. 

Also a novel type of treatment was successfully tested in the SSE device 
when SSE process was applied on intermetallic compounds. This approach offers a 
completely new approach how to improve quality and simultaneously control 
stoichiometry of the studied compounds, which has been demonstrated on UCoGe. 
Samples, casted in the monoarc furnace contained 3 - 5% of spurious phases. These 
samples refined in the SSE device were impurity free after process and no spurious 
phase has been detected. In addition, the SSE process had not only refinement effect 
but also the physical properties of the “nominally UCoGe” rods were significantly 
different in comparison to samples prepared standard arc melting. While UCoGe 
samples prepared in the arc furnace were characterized by spin fluctuation regime 
around temperature 2.5 K samples refined in the SSE were ferromagnets with 
TC = 2.5 K.  

9.2.2. Rare earth intermetallics 
Our structural study confirmed existence of the new non-f-electron 

analogue, YPd2Al3, in the REPd2Al3 group. The lattice parameters of the new 
compound are most similar to GdPd2Al3. By magnetic, transport and heat capacity 
measurements we have discovered YPd2Al3 to be a superconductor with the 
transition temperature TSC = 2.2 K. The TSC value has been found to be strongly 
sample dependent. While the annealed sample is superconducting at 2.2 K, TSC of 
only 0.6 K has been determined for the as cast sample although lattice parameters 
and amount of the impurities were nearly identical for both samples. These results 
clearly manifest the importance of the annealing process in the materials research, 
when removing mechanical stress. The mechanical stress can considerably influence 
physical properties like superconductivity in YPd2Al3 or magnetism, which will be 
discussed later.  

A single crystal of SmPd2Al3 has been successfully prepared and reported 
for the first time. The single crystal allowed the magnetocrystalline anisotropy study 
and also magnetic phase diagram could be studied in detail, because of high phase 
purity achieved. It is important result of the work because the correct number of the 
magnetic transitions was unknown to date due to absence of well-defined samples. 
It is also another general result of the materials state study that single crystal growth 
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is an effective tool for the sample purity improvement. SmPd2Al3 exhibits a 
complex magnetic phase diagram matching four magnetic phase transitions and the 
swap of easy and hard magnetization axes. Obviously some metamagnetic phase 
transitions occurred when a magnetic field was applied. These anomalous 
phenomena are intimately connected with populating the low laying 1st and 2nd 
multiplets of the Sm3+ ion. The experimental results were found to be in good 
agreement with results of theoretical calculations. SmPd2Al3 serves a promising 
example for the future study of Sm magnetism, which will be further discussed in 
Future works and plans. 

9.2.3. Uranium intermetallics 
UCoGe represent the example of the most striking influence of sample state 

on physical properties. While magnetism and superconductivity were only weakly 
developed in the as cast polycrystalline samples the annealed samples exhibited a 
robust superconductivity around 0.65 K but ferromagnetism was not fully 
developed. The mechanism of formation of superconductivity via critical 
ferromagnetic spin fluctuations was suggested for such samples on the basis of 
magnetic, thermodynamic, transport and neutron diffraction experiments. 

Contrary this result, no sign of superconductivity and magnetism was 
detected in the series of prepared UCoGe crystals. The robust superconductivity was 
not developed neither in the as cast nor annealed single crystals although the crystal 
structure study confirmed their high quality. The reason of it will be subject of our 
future research.  

The purity influence on physical behaviour of the UCoGe samples was 
studied as well. One part of the research was guided by the philosophy of preparing 
the as pure as possible sample - the SSE refined rods in the SSE.  

The second group of the UCoGe samples were systematically doped by 
selected transitions metals and thorium, respectively. The transition metal doping 
led to strong development of ferromagnetism with increase of TC whereas the 
superconductivity was always quickly suppressed. This behaviour corroborated the 
scenario of the superconductivity promoted by the critical ferromagnetic spin 
fluctuations. The Th doping did not changed the magnetic state of UCoGe anyhow 
markedly but SC was suppressed so. It is important to consider here the Gorkov and 
Abrikosov relations describing the strong influence both the magnetic and 
nonmagnetic impurities on unconventional superconducting state. The Th doping 
can represent a typical example of such behaviour. 

The SSE process removed all spurious impurities in the polycrystalline rods 
of UCoGe. It is a key result of the first using the SSE for compound refinement. 
Several mechanisms occurred during refinement process one of which is most 
important-chemical reaction in the solid state, which is unattainable within standard 
annealing process. Only the SSE refined samples of UCoGe exhibited a robust 
superconductivity coexisting with the bulk ferromagnetism. 

When all results of the work are summarized one general fact is found. 
Materials state and impurity content are two crucial parameters in the materials 
research which knowledge can fundamentally contribute to understanding of many 
observed exotic phenomena. 
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10. Future plans 
One of the most important results of the present work is connected with 

successful refinement of the intermetallic compounds in the SSE device when the 
amount of the spurious phases can be removed almost to zero content due to 
chemical reactions in the solid. 

There is a plan to replace all used commercial rare earth metals and uranium 
by refined elements in the SSE. In addition, with SSE2, there is a new possibility to 
apply the SSE process on all interesting and promising materials. It will allow study 
physical properties on the highest achievable quality samples. In general, it is a 
unique opportunity for the research of so exotic physical phenomena as the already 
presented coexistence of ferromagnetism with superconductivity, on materials, 
which are not affected by impurities. 

Availability of the high-quality SmPd2Al3 single-crystal enabled a case study 
of peculiarities of the physics of the Sm3+ ion. Although we have achieved several 
important results in this case still many important questions remain opened, 
especially the behaviour of the magnetic system on microscopic scale. Regarding 
this fact, future work will be focused on single crystal neutron diffraction. Although 
Sm is an element with one of the highest neutron absorption, there is a possibility 
for reducing this problem use “hot” neutrons and solve not only the magnetic phase 
diagram but also mechanisms during the magnetic structure transformations. 

Finally, many questions are still open in the case of UCoGe. Although, a 
wide series of the UCoGe samples and mainly single crystals have been obtained 
within the work no targeted growth provided single crystal was not exhibited robust 
superconductivity. Nevertheless, the high magnetocrystalline anisotropy occurs 
concerning the high temperature spin fluctuations around temperature 30 - 40 K, 
which are connected with superconductivity. The potential existence of the 
magnetism and superconductivity on such crystals under high pressure cannot be 
still excluded. The future work will be focused on hydrostatic but also uniaxial 
pressure experiments on these single crystals. The potential enhancement of spin 
fluctuations under the pressure can assist developing superconductivity. Such results 
can lead to proper understanding of the mechanism of the formation of 
superconductivity creation mechanism in the ferromagnetic materials. 

Nevertheless the question why all prepared single crystals are not 
superconducting is still not answered. That is why future work will be also focused 
on preparation of another series of the single crystals, their thermal treatment and 
potential SSE refinement to improve their quality. 

In the other hand the doping effect had significant influence on the UCoGe 
behaviour. Transition metals doping led to stabilization of the UCoGe magnetic 
order whereas Th doping had only negligible influence on magnetism although 
superconductivity was also suppressed. There is still the potential to increase the Th 
content in the UCoGe and found stoichiometry where symmetry of the structure is 
changed. There is a question what happened with magnetism, because the magnetic 
state of the pure ThCoGe is also unclear. 
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