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Abstrakt: Tato práce pojednává o magnetických a elektrických vlastnostech sloučenin 
ErAh, ErCo2 and Er(Co0.975Si0.025)2 v atmosférickém, hydrostatickém nebo jednoosém tlaku. 
Výsledky pro ErAh potvrdily odlišný vliv působení hydrostatického a jednoosého tlaku na 
magnetický moment a AC susceptibilitu. Pro ErC02 and Er(Coo.97sSio.02sh byly provedeny 
detailní studie teploty přechodu T c, flipping-teploty Tp a magnetického momentu. Bylo 
pozorováno, že ErCo2 vykazuje silnou nestabilitu magnetism v Co podmříži spojenou s 
výraznými spinovými fluktuacemi, které se projevují v silném navýšení elektrického odporu 
v okolí nad T c a vedoucí dokonce k rozštěpení T c pod dostatečně vysokým tlakem. 
Substituce křemíku za Co vede ke stabilizaci Co magnetismu. Z výzkumů Tp bylo usouzeno, 
že původ parimagnetismu je určen především výměnnými interakcemi v kobaltové pod
mříži. 

Klíčová slova: itinerantní elektronový magnetismus, ErCo2, vliv tlaku, spinové fluktuace. 
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Abstract: This thesis deals with magnetic and electronic properties ofthe ErAh, ErCo2 and 
Er(Coo.975Sio.02s)2 compounds at ambient, hydrostatic or uniaxial pressure. The results for 
ErAh confirmed different influence ofhydrostatic and uniaxial pressure on the Er-magnetic 
moment and AC susceptibility. As for ErC02 and Er(Co0.975Si0.025)2, detailed studies of the 
transition temperature Te, flipping temperature TF and magnetic moment were performed. It 
was observed that the ErCo2 proves strong instability of Co magnetism accompanied by 
strong spin fluctuations demonstrated as strong enhancement ofthe near-above-Tc anomaly 
and leading even to splitting of the T c under applied pressure. The substitution of Si for Co 
causes stabilization of magnetism in the Co sublattice system. From investigations ofthe Tp, 
it was concluded that origination of parimagnetism is driven mainly by interactions in the Co 
sublattice. 
Keywords: itinerant electron magnetism, ErCo2, pressure influence, spin fluctuations. 
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Chapter 1 Introduction 

Chapter 1 Introduction 

The large family ofthe RE-T (RE= rare earth atoms, T =Mn, Fe, Co, Ni) compounds have 
been for many years matter of special interest because of offering possibilities to study 
various aspects of transition-metal magnetism. While the behaviour of the compounds 
containing Mn, Fe and Ni is more or less explained, the behaviour of materials with Co 
proves still new features. The RECo2 family serves good examples of broad variety 
magnetism of the Co sublattice under different conditions. Studies are frequently 
concentrated in various aspects of itinerant electron magnetism. 
The ErCo2 compound is especially very interesting because the Co sublattice appears on the 
verge of magnetism. A number of experimental and theoretical works was done and one 
could think that the picture of this system is already complete but recently a new 
phenomenon conceming the existence of Co-magnetism in paramagnetic state has been 
discovered. The discovery and description of paramagnetism brought a now momentum in 
the research of RECo2 compounds, which was also the primary motivation of this thesis. 
The envisaged task of the thesis was determination of dependence of the characteristic 
temperature ofparimagnetism TF (flipping temperature) on the substitution of Si for Co and 
on applied hydrostatic pressure by measuring the AC susceptibility in a SQUID mag
netometer using the available pressure cell operating in moderate pressures. Sample 
preparation and characterization was done in the technology, X-ray laboratories of the 
Department of Condensed Matter Physics (DCMP) and in the joint microscopy laboratory of 
DCMP and the Department of Plasma and Surface Science. The entire experiments were 
performed in the Joint Laboratory for Magnetic Studies (JLMS) conducted by DCMP. The 
recent development of pressure cells in JLMS allowed extending the experiments far beyond 
the envisaged tasks owing to measurements of magnetization, AC susceptibility and 
electrical resistivity up to much higher pressures than originally intended. Besides 
determining the alloying and pressure effects on TF further important information 
conceming physics of ErCo2 has been obtained and some interpretation of new features has 
been proposed. In addition a comparative study of the dependence of the magnetic ordering 
temperature and the Er magnetic moment on hydrostatic and uniaxial pressure has been 
pursued. 

The outline of this thesis is organized as the following: Chapter 1 gives the general 
introduction of this thesis, in Chapter 2 general aspects of magnetism of localized- and 
itinerant-electron system are described together with concepts conceming the influence of 
extemal pressure on magnetic phenomena. Chapter 3 resumes important findings about 
ErAb and ErC02 which point to the motivation of our work. Chapter 4 presents the 
experimental techniques and instruments that were used for the magnetic and electrical 
measurements at ambient and under hydrostatic and uniaxial pressure. In Chapter 5 the 
results from magnetic measurements of ErAb single crystal under hydrostatic and uniaxial 
pressure are presented and discussed. Chapter 6 is concemed with all the experiments on 
the ErC02 and Er(Coo.975Sio.02sh polycrystalline samples. Employing magnetic and electric 
measurements at ambient and hydrostatic pressure, we try to give explanation about process 
taking place and improve knowledge about the complex magnetic system. 
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Chapter 2 Theory 

Chapter 2 Theory 

2.1 Magnetism 

In magnetic measurements, we are interested in behaviour of the magnetic moments of the 
studied material with or without applied magnetic field. The measured quantity is usually the 
magnetization (magnetic dipole moment per unit volume), from which the magnetic sus
ceptibility can be calculated as a response of the magnetization on the change of an applied 
magnetic field. 
Existence of stable magnetic moments is expected in ions of transition elements that have 
partially occupied the d- or .f-electron energy states. The magnetic moments of a free 
transition-element ion can be straightforward calculated within the quantum mechanical 
model. When such an ion appears embedded in condensed matter its "magnetic" electrons 
are exposed to various interactions with electrons of neighbouring ions that can modify the 
electron wave functions and hence the magnetic moments. The exchange interactions also 
correlate magnetic moments of neighbouring ions. Frequently this yields a very complex 
situation in a real material that is not easy to treat theoretically. 

In this thesis we handle intermetallics that are composed of rare-earth lanthanide atoms and 
transition-metal atoms. For fully detailed understanding of their magnetic properties 
complicated theoretical calculation would be necessary, but sometimes already simple 
approximations can lead to qualitative clarification. 
Two extreme limits find reasonable theoretical description, magnetism of localized electros 
on one side and magnetism of itinerant electrons on the other. The first case matches well 
behaviour ofmost oflanthanide ions in any chemical environment because their 4f-electron 
wave functions are well shielded from surrounding and so a crystal containing rare-earth 
ions can be treated in first approximation as a collection of free ions with perturbations 
caused by the interactions with ligand surroundings (crystal-field effects) or by the 
interactions with each other (exchange interactions). On the other hand, the much extended 
d-electron wave functions in metals and intermetallics yield a strong delocalisation of 
d-electrons and band theory finds better description in these materials. 

2.1.1 Localized electron model of magnetism 

This part was worked out with the help of following literature: Ashcroft and Mermin [ 1]; 
Blundell [2]. 

Magnetism of free atoms and ions 

The magnetic moment on an atom is associated with the total angular momentum J. The 
actual composition of the J depends on coupling between the orbital and spin angular 
moments of the electrons (spin-orbit coupling). For most of the elements, the L-S coupling, 
also known as Russell-Saunders coupling, holds. This means that the spin-orbit interaction is 
a weak perturbation and the main energy terms are determined by the electrostatic inter
actions that control the values of L and S, i.e. by combining separately the orbital and spin 
angular moments for the electrons. For very heavy atoms (i.e. heavy actinide atoms), the 
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spin-orbit interaction dominates and the spin and orbital angular momentum of each electron 
are coupled separately. Then the weaker electrostatic interaction may couple the total 
angular momentum of each electron (j), which is called the j-j coupling. Further, we will 
consider only the L-S coupling here. 

There is a large number of possible superpositions of angular- and spin-momentum quantum 
numbers but only one minimizes the energy and yields the ground state for a particular ion. 
This can be described by a set ofthe Hunďs rules: 

1. The state that has the lowest energy has the largest total spin S, which is consistent with 
the Pauli Exclusion Principie. 

2. Among the states with the same value of S, the state with the largest total orbital angular 
momentum L has the lowest energy. 

3. With the satisfaction of the previous two rules, the value of the total angular mo
mentum J corresponding to the state ofthe lowest energy is: 

J= IL-SI 
J=L+S 

for n ~ (2!+ 1), 
for n ~ (2l+ 1). 

From the thermodynamic theory the susceptibility is defined as: 

8M 1 82F 1 82M x -----------
- 8H - V 8H2 - V 8H2 

(2.1) 

(2.2) 

where F is the magnetic Helmholtz free energy and LIB is an energy shift ( obtained from the 
second-order perturbation theory) defined as: 

e-/3F = 2:e-,BE„(H) (2.3) 
li 

(2.4) 

Depending on the shell structure of an ion and on the following total orbital and spin angular 
momentum one gets the atomic susceptibility of a solid composed of N such ions. 

(i) The last term from the Eq. 2.4 is independent on Sand L and yields the negative Larmour 
diamagnetic susceptibility of closed (fully occupied electron states) electron shells (cha
racterized by S= O, L =O) of any ion or atom (inner shells): 

(2.5) 

If electron states within outer shell are not fully occupied L or S are nonzero and the first and 
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the second term ofthe Eq. 2.4 plays an important role. 

(ii) In the case of anion or atom with the shells that are one electron short ofbeing half filled 
the ground state J =O (while L =S# O) and consequently second term ofthe Eq. 2.4 is zero 
and the susceptibility is given as: 

(2.6) 

The first term of this equation is the paramagnetic (positive susceptibility), temperature in
dependent, Van Vleck term. 

(iii) Generally, if J #O the ground state is (2J+ 1 )-fold degenerate in zero field. If only 2J+ 1 
states are thermally excited with appreciable probability then the free energy is given by: 

J 
e-/JF = Le-/JrHJ, ; Y =g(JLS)µs (2.7) 

Jz=-J 

The magnetization corresponding to the second term in the Eq. 2.4 is now nonzero and 
temperature dependent and given as: 

N8F N 
M = - -- = -r J B (/3 r J H)' 

V 8H V J 
(2.8) 

where BJ(x) is Brillouin function that is defined as: 

2J + 1 2J + 1 1 1 
B (x) = -- coth-- x - - coth- x 

J 2J 2J 2J 2J 
(2.9) 

For yH << ksT (using the small x-expansion in BJ(x) for x <<l) we obtain for the suscep
tibility so called Curie law: 

(2.10) 

Crystal field effects 

The electrostatic potential of an ion in a solid is in general different than the one of a free ion. 
The charge distribution of the ion environment causes an electrical field with symmetry of 
the environment. Interaction of a localized electron with the field due to surrounding atoms 
or ions is called the crystal field interaction. 
The total energy of the system is given by the Hamiltonian: 

(2.11) 

where Hois the unperturbed energy of free ion, H80 is the spin-orbit coupling term and Hep is 
the crystal field term. 
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(i) In the transition metals, the 3d shells are the outermost ones and the crystal field is much 
larger than spin-orbit coupling. Hunďs rules determine the ground state values of L and S 
and the crystal field is the largest perturbation. 

(ii) In the case of rare-earth metals, the 4f moments are well shielded by the full 5s- and 
5d-shells. The crystal field is much weaker than the spin-orbit coupling and can be con
sidered as a perturbation. Owing to this fact, it is usually sufficient for magnetic properties to 
consider only the lowest mul tip let J (given by Hunďs rul es) which degeneracy is completely 
or partial lifted. In some cases can occur, if J is integer, that the ground state has J2 = O and 
the ground state is then non-magnetic. 
The crystal-field Hamiltonian can be written as: 

(2.12) 
m n 

where Ínm are operators derived from Tesseral harmonics describing the spatial distribution 
of the charge associated with the 4f electrons, Anm describes the spatial distribution of the 
charge surrounding the 4f electrons. 

Interactions 

Until now we assumed free ions i.e. discrete carriers of magnetic moments that do not 
internet with each other. But if there were no interactions then, in the absence of a field, the 
individua} magnetic moments would be thermally disordered, would point in random di
rections, could not sum to a net moment and finally, no long-range order would be observed. 
Generally, there are two types of interactions that yield correlations of pairs of magnetic 
moments - the magnetic dipolar interaction and the exchange interaction. The magnetic 
dipolar interaction is very weak and therefore becomes important only at very low 
temperature region. It cannot serve for the explanation of the ordering in the most magnetic 
materials. 

The exchange interactions are usually treated by the Heisenberg model where exchange 
interaction between two ions is expressed by the spin Hamiltonian. The total spin 
Hamiltonian of the system summed over all pairs of ions is then given as 

(2.13) 
if 

" " 
where Jij is the exchange constant ( or exchange integral) between two spins .s; and S j . 

There are three basic types of the magnetic exchange interactions, which can be responsible 
for creation of magnetic ordered state: 

(i) Džrect exchange. The direct exchange arises from the direct Coulomb interactions among 
electrons from two ions. This type of interactions typically occurs in compounds with d
electron ions in magnetic state because the d-electron orbitals of neighbouring atoms are 
considerably overlapped. This interaction is strong but short-range and it is responsible for 
high ordering temperatures but usually small magnetic moments. 

(ii) Indirect exchange - superexhange. This interaction is typical for materials in which the 
magnetic ions are separated by non-magnetic ions. In this case, the interaction is mediated 
via polarization ofligand state of nonmagnetic ions (Blundell [2]). It arises typically in tran
sition-metal oxides (Lacroix [3]). 
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(iii) Indirect exchange in meta/s - mediated by conduction electrons - RKKY interaction. 
This interaction arises in metallic systems when magnetic moments remain localized, as in 
the rare-earth metals or rare-earth intermetallics. It is caused by the localized magnetic 
moment that spin-polarizes the conduction electrons in its neighbourhood and the spin 
polarization propagates to other magnetic ions within range, leading to an indirect coupling. 
The interaction is long-range and has an oscillatory dependence on the distance between 
magnetic moments. Therefore, depending on the separation between two ions, the magnetic 
coupling may be either ferromagnetic or antiferromagnetic. 

2.1.2 Itinerant electron model of magnetism 

Until now the localized model of magnetism was sufficient as we supposed that band 
character of the electrons could be neglected. At this moment we will describe the other 
extreme limit of magnetism as we will deal with delocalised (itinerant) band electrons which 
properties are described by a new quantum number, the electron momentum k (Mohn [4]). 
These electrons participate either on magnetic or on transport properties. In such a system, 
spontaneously spin-split bands is responsible for the magnetic ordering that is characterized 
by a non-integer value of the atomic moments. Typical examples are the 3d metals Fe, Co 
and Ni. 

Stoner model 

One simple model for itinerant magnetism is the Stoner model (e.g. Lacroix [3] ; Mohn [4] ; 
Givord [5] ; Bushow [6] ; Gignoux et al. [7]) (based on the fact that the carriers ofmagnetism 
are the electrons in the d band [4])) in which the electrons are assumed to be fully delocalised 
characterized by an electronic band structure. The exchange interactions between itinerant 
electrons are given as 

(2.14) 

where nt and n J.. are the number of electrons for each spin state and U is the on-site 

Coulomb repulsion between electrons of opposite spins that tends to increase the number of 
electrons with spin up. Suppose an infinitesimal transfer of electrons from minority to 
majority band - the magnetic state of the system is now dependent whether this becomes 
energetically stable. By this process, energy is gained due to the magnetic contribution L1EM 
to the variation of electron energy and lost due to the occupation of states of higher kinetic 
energies L1EK. The total change of energy L1E is given as 

(2.15) 

where n =nt+ nJ.., m =(nt -ni) ln and N(EF) is the density of states at the Fermi level 

per spin in the paramagnetic state - ferromagnetism is thus favoured by a high density of 
states at the Fermi level. 
Ferromagnetism is obtained when the exchange field splits the spin subband - an infini
tesimal transfer of electron from minority to majority bands becomes energetically stable. 
This is given by the S toner criterion U N(E F) 2:: 1. 

Actually, according to the Stoner criterion one can distinguish more special cases of 
magnetic materials when the Stoner product: 
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(i) U N(E F) < 1 ... the Pauli paramagnetism is observed in applied field, 

(ii) U N(EF) < and ~ 1 ... the compound is close to the onset offerromagnetism and may 

exhibit the collective electron metamagnetism (Wohlfarth et al [8]), 

(iii) U N(E F ) > 1 ... the Stoner criterion is fulfilled but magnetization is small; in this case 

majority carrier (spin up electrons) bands are not completely filled, minority bands are often 
empty (Mohn [ 4 ]); such systems are called the weak itinerant ferromagnets, 

(iv) U N(E F) > 1 „. the majority bands are completely filled and the minority bands are par

tially filled; these compounds are called the strong itinerant ferromagnets. 

Even in the case that the Stoner product is still small to achieve a ferromagnetic state there 
can be still observed a considerable enhancement of the magnetic susceptibility due to the 
positive exchange interaction of the band electrons (lbach and Luth [9]). The exchange 
enhanced susceptibility at T = OK and in a field H is given as ( e.g. Bushow [ 6]) 

(2.16) 

where Xo is the Pauli susceptibility1 and11[1-UN(EF)] is called Stoner enhancement factor. 

In the framework of the Landau theory of phase transitions (where the bulk magnetic 
moment is introduced as the order parameter for the free energy), the temperature depen
dence of magnetic moment and susceptibility can be derived but the inverse susceptibility 
shows T2-behaviour (Mohn [4]). 

Spin fluctuations model 

The simplifying Stoner model is quite successful when describing an itinerant system in its 
ground state but there are disagreements between predicted behaviour and experimental data 
for finite temperatures, mainly in the values of Curie temperature or the temperature 
dependence of susceptibility (Mohn and Khmelevskyi [ 1 O]). An improvement has been a
chieved by introducing thermally induced collective excitations by Moriya [ 11] and later 
involving fluctuations of the spin density (spin fluctuations) by Murata and Doniach [ 12] 
into the systems. Especially, when leaving the Landau theory the original order parameter M 
should be replaced by a new quantity containing the fluctuating magnetic moment also. The 
consequence for the paramagnetic state is that owing to the fluctuations the thermally 
induced local magnetic moments are present even without bulk magnetization. 

2.1.3 Magnetic order 

If in the solid is some of the type of magnetic interaction mentioned above the solid will 
reach ordered state under condition that the magnetic interaction is stronger than thermal 
fluctuations. There are several types of magnetic ground state including ferromagnetism, 
ferrimagnetism, antiferromagnetism, spiral and helical structures or spin glasses etc. It is 
given a short description of orders that proves materials studied by us. 

1 
Is the susceptibility in metallic system ofnon-interacting (no exchange) gas offree electrons given as 'XJJ = 2µ8

2.N(EF)· 
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Ferromagnetism 
A ferromagnetic system proves a nonzero magnetic moment even in the absence of applied 
magnetic field (=spontaneous magnetization). The total field experienced by the magnetic 
moments is given by the applied field and the molecular field ( or Weiss field) 

Htot= H+Hm=H+JoM, (2.17) 

where A is the Weiss-field coefficient, which parameterizes the strength of the molecular 
field and which is A > O for ferromagnets. 
Under the ordering temperature, called Curie temperature T c, all the individua! moments are 
aligned parallel to each other. In the paramagnetic state, the susceptibility of the material 
follows the Curie-Weiss law 

c NA f..L~. 
C=--

3k8 
(2.18) x=T - B 

p 

where C is the Curie constant, ()p is the paramagnetic Curie temperature, NA s1 the 
Avogadro's number and µe.ffis the effective moment. In a ferromagnet, ()p =Te> O 

Ferrimagnetism 
In a ferrimagnetic system, two sublattices A and B with different absolute values of 
corresponding magnetic moments are present. In the ordered state, moments ofin the frame 
of each sublattice are aligned ferromagnetically and the two sublattices are aligned 
antiparallel to each other proving a spontaneous magnetization. 
Above the T c, the paramagnetic inverse susceptibility is given as 

- I T -1 
X = - -xo c 

where AA, AB and AAB and intra- and inter-sublalttice exchange coeffiecients. 

2.2 Electrical transport 

2.2.1 Electrical resistivity 

(2.19) 

The electrical resistivity of a material is a consequence of the scattering of the conduction 
electrons on different scattering-centres. In accordance to the Matthiessen's rule (e.g. 
Singleton [ 13]), the different scattering-processes can be treated as independent of each 
other. Consequently, the resistivity of a material is given as a sum of the particular 
contributions (Ibach and Luth [9]). The main contributors are the temperature independent 
residua! resistivity, the resistivity given by scattering on the phonons and in the case of 
magnetic materials the resistance caused by the spin-dependent scattering of conduction 
electrons on magnetic carriers. 

p(T) =Po+ P ph (T) + Pmag (T) (2.20) 
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Residua/ resistivity 

The residua! resistivity is caused by the electron scattering occurring on dislocations, point 
defects and grain boundaries. These processes are elastic, so no energy transfer between the 
conduction-electron system and the scatterer appears. Scattering on defects is temperature 
independent. 

Phonon scattering 

At room temperature, the electron scattering on phonons contributes mostly to the total 
resistance. Using the Debay model describing the lattice dynamics, the contribution is given 
by Bloch-Griineisen formula: 

(2.21) 

where Cph is an additional parameter and 8n is Debye temperature. In the boarding cases of 
high and low temperatures, respectively, holds: 

pP11 (T) oc T for T>> 8D. 

Pph(T) oc T 5 for T<< 8n, 

Spin-dependent scattering 

(2.22) 

The electrical resistivity depends on whether the material is in a magnetically ordered state 
or not. In the paramagnetic state, the magnetic moments are disordered and the contribution 
to the electrical resistivity is temperature independent if we neglect the crystal field, 
short-range ordering and spin-spin correlations effects. The spin-dependent scattering of 
conduction electrons becomes strongly reduced in a ferromagnetic state. 

2.2.2 Magnetic field influence 

Suppose now, electrons being now affected both by extemal electric and magnetic field. By 
application of an extemal magnetic fi.eld the conduction electron does not get any additional 
drift velocity just their trajectories and also the charge current are influenced. 
The resistivity should be treated as a tensor that is simplified in the case of material with 
cubic symmetry and fi.eld applied in z-direction as followed: 

o J o . 
p

11
(B) 

(2.23) 

where p.l.. and Pil are resistivities in perpendicular and parallel direction of magnetic fi.eld to 
electric current and PH is the Hall resistivity. 

2.3 External pressure and its influence 
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Interatomic distances play the key role in interactions responsible for magnetism in solids. 
The application of a pressure enables to vary them and study the resulted consequences 
without occurring any accompanying effect as by chemical substitutions ( called sometimes 
also "chemical pressure"). The high-pressure experiments are so a valuable tool for obtai
ning the information about the electronic structure and the magnetic character of a material. 

2.3.1 Basic definitions 

Mechanical straining of a body can be described in Cartesian system Xi (i= 1, 2, 3) by a stress 
tensor (Jij with six independent components ( (JiJ = (Jji) (Kamarád [ l 4 ]). Surface stresses acting 
on an intemal plane are typically decomposed into three orthogonal components. One 
component is normal to the stressed surface and represents direct stress ( (Jii) that tends to 
change the volume of a body, the other two components are parallel to the stressed surface 
and represent shear stresses ( O"ij, i i-}) that tend to deform it (Arnold [ 15]). 

Depending on presence of particular components of the stress tensor, types of pressures are 
defined. (Kamarád [ 14]) 

Hydrostatic pressure 
(a liquid or a gas transmitting medium) 

Quasi-hydrostatic pressure 
(a solid transmitting medium) 

Uniaxial pressure 
(without a transmitting medium) 

2.3.2 Pressure influence 

0"11 = 0"22 =0"33 

P=-0-11 =-0"22 =-0"33; o-iJ =0,ii:-j 

0"11 * 0"22 i:-0"33 

P=-l/3Lo-u; o-iJ i:-0,ii:-j 

0"11 i:- 0, CT22 = CT33 = 0 

p =-(Tli /3 

shear stress O"s in a general plane under an 
a-angle to xraxes: o-s = o-11 cos a sin a 

The pressure application results in changes of linear dimensions and volume of the crystal 
lattice and thus in energy changes of a given system. The compressibility and its anisotropy 
should be closely considered when considering the impact of pressure on a crystal lattice. 
The resulting effects are for example variation of exchange interaction, delocalisation of the 
electrons, changes of the atoms-binding character, energy-gap variation, hybridisation or 
core ionisation, leading for example to formation of metallic state in inert gases, changes in 
electrical conductivity or structural transitions (Arnold [I 5]; Sikka and Vijayakumar [16]). 

Localized magnetic moment-systems 

The rare-earth-element ions have localized magnetic moments ( origination in the 4f
electrons) at ambient pressure that are very stable up to very high pressures that are able to 
change the electron occupation of non-filled inner atomic shells or change the 4f-electron 
character from localized to itinerant (Kamarád [ 17]; Sikka and Vijayakumar [ 16]). The pre
ssure influence on the value ofthe transition temperatures Te or TNis mainly connected with 
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the pressure effect on the exchange interaction integral J, where IJI = 3 k Tc,N I 2zS(S+1), k is 

the Boltzmann constant and z is the coordination number, due to relation: 

dlnJ I dlnV =dlnTc,NI dlnV=í, (2.24) 

where r is so called Griineisen parameter. 

Itinerant electrons-systems 

The parameters appearing in the itinerant-electrons model of magnetism, the electron
electron interaction U and the density of states at the Fermi level N(Ep), are very sensitive to 
a variation of interatomic distances. In general, application of a pressure leads to an increase 
in the interaction and to decrease in the N(EF), the particular dependencies being influenced 
by many factors as e.g. the crystal lattice symmetry, coordination number or the short-range 
order of atoms (Kamarád [ 17]). 
For the transition-metal ferromagnets, Wohlfarth et al. [17] derived two limiting cases ofthe 
transition-temperature dependence on pressure. In the strong itinerant ferromagnets, T c 
should increases with pressure as 

and r ~ - 2, - 2 = d ln W Id ln V , (2.25) 

where W is the width of the electron energy band. In the very weak itinerant ferromagnets, T c 
decreases with pressure according to relation 

(2.26) 

where Aw is the Wohlfarth constant and Sis the Stoner factor. 

For systems with fluctuations, the Curie temperature depends linearly on the applied 
pressure as (Mohn et al. [ 4, 1 O]) 

p 
Tc(P) = Tc,o (l-p:), 

c 

where Pc is the critical pressure for the disappearance of magnetism. 

(2.27) 
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Chapter 3 Previous results on studied materials in 

literature and motivations of this thesis 

3.1 Cubic Laves phase structure 

Ali the compounds measured in this work (ErA}z, ErCo2 and Er(Co0.975Si0.025)2) crystallize 
in cubic Laves phase (MgCu2-type structure, belonging to the space group Fd-3m - e.g. 
Konopka et al. [18] ; Iandelli and Palenzona [19] ; Cuong et al. [20-22]) in which the rare
earth ions lie on a diamond lattice. 
As for the ErC02 compound, the unit cell of this structure contains 8 formula units. The 
compound consists of two sublattices whereas the R atoms lie at position (8a) (O, O, O) and 
the remaining space inside the cell at the position (16d) (0.625, 0.625, 0.625) is occupied by 
regular tetrahedral consisting of the Co atoms. 

Figure 3.1 

3.2 Er Al2 compound 

The ErAh compound orders ferromagnetically at Curie temperature Te~ 10-14 K (e.g. Inoue 
et al. [23] ; Levin et al. [24] ; Boucherle et al. [25]). The ordered state is characterized by the 
easy magnetization axis [111] (Purwins et al. [26, 27] ; Levin et al. [24]) and it exists dueto 
the indirect spin exchange interaction between the localized magnetic moments on rare-earth 
atoms via conduction electrons - RKKY (Campoy et al. [28]). Purwins et al. [26] obtained 
saturated magnetic 7.6µ8 indicating a sizeable quenching ofthe free-ion moment. The main 
interest in the past was laid in the studies of the cubic crystalline electric field that is 
experienced by the 4f electrons. 
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3.3 RECo 2 (RE = rear earth atom) compounds 

3.3.1 RECo 2 compounds and itinerant electron metamagnetism 

Introduction 

Within the series of RET2 (RE= rare-earth atoms and Y; T =Fe, Co, Ni) intermetallics, the 
RECo2 family has attracted most attention because of magnetic instabilities in the Co 
sublattice. Ifwe look on the compounds with iron and nickel the situation is not as complex. 
In the REFe2 compounds, the Fe sublattice satisfies the S toner criterion (Giorgetti et al. [29]) 
so the Fe-moments are more or less independent, no matter if the RE-ions bear a magnetic 
moment or not. In RENh compounds, the Ni sublattice ( owing to the position of the Fermi 
level lying in the fiat low density-of-3d-states region) bears no magnetic moment even in 
compounds with magnetic RE-ions (Garcia et al. [30, 31]). But in RECo2, the magnetic mo
ment of the cobalt sublattice depends strongly on the existence of a moment on the RE-sites, 
on its type and the concentration of the RE-ions (Baranov et al. [32]). Because the Co 
3d-band states appear near the critical conditions for magnetic-moment formation, the 
RECo2 compounds offer an opportunity to study various aspects of the itinerant electron 
metamagnetism. The Co magnetic moment may be formed and ferromagnetically ordered in 
a magnetic field which is sufficiently high to induce a metamagnetic transition (MT) connec
ted with a sudden splitting ofthe Co majority and minority 3d subbands. 

The RECo2 compounds with nonmagnetic rare earth element (RE= Y, Lu) are the strongly 
exchange-enhanced Pauli paramagnets that undergo a metamagnetic transition at low 
temperatures by applying a critical extemal magnetic field larger than ~ 70 T (Goto et al. [33, 
34]). 
On the other hand, when the RE elements are magnetic (RE= Dy-Er) the Co metamagnetic 
state may be achieved in zero extemal field due to the large intemal exchange field created 
by the ferromagnetically ordered 4f magnetic moments at the transition temperature Te. In 
other RECo2 compounds with other magnetic RE elements ( except for Ce and Trn), the Co 
bears a stable magnetic moment. When the compounds contain light magnetic RE atoms 
they are ferromagnets (the RE and Co moments are parallel) while the ones with heavy 
magnetic RE atoms are ferromagnets (the Co moments are antiparallel to the RE ones). 
In the compounds ErCo2, HoCo2 and DyCo2, the first-order magnetic phase transition is 
observed at T C· The changes in the 3d-band structure within the series controlled by the 
variation of the lattice parameter ( due to the lanthanide contraction) have been found to be 
the reason for the first-order transition (Khmelevskyi et al. [35]) that should change into the 
second-order one by diluting the magnetic RE atoms (for example by nonmagnetic Y atoms 
(ref. in Hauser et al. [36])) orby applying the pressure (Bloch and Edwards [37]; Inoue and 
Shimizu [38, 39]). In conjunction with electronic structure, the first order transition should 
be dosely connected with the existence of metamagnetic behaviour of the Co subsystem 
(Gratz and Markosyan [ 40]) and numerous experiments are focused on understanding this 
feature. Further, the ErC02 compound is particularly interesting because the intemal ex
change field created by Er moments is just above the critical value for inducing MT in the Co 
sublattice. 

Itinerant electron metamagnetism 

The itinerant electron metamagnetism (IEM) is a field-induced first-order magnetic tran
sition in an itinerant electron system at a critical field, predicted first by Wohlfarth and 
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Rhodes [ 41] for compounds having a highly enhanced Stoner factor and exhibiting a strong 
energy dependency of the density of states (DOS) along with a positive curvature in the 
vicinity of the Fermi level. The transition can be from a paramagnetic into a ferromagnetic 
state or, in the case of ferromagnetic ground state, from a weak ferromagnetic to a strong 
ferromagnetic state (Gratz and Markosyan [ 40]). 

3.3.2 Composition of RECo 2 

It has been reported in many experimental works that for the preparation of a single-phase 
RECo2 sample an excess of the RE component is necessary. The starting composition pro
posed by different authors varies between 1:1.88 and 1:1.95. This off-stoichiometry is 
explained by avoiding the origination ofRECo3 phase (for example Syshchenko et al. [ 42]). 
Gratz and Markosyan [ 40] take notice that the weight loss observed during the melting 
procedure being within 0.1 % (i.e. it is much less to shift the composition to 1 :2) so they do 
not accept the idea of a preferential evaporation of the RE component but they propose the 
off-stoichiometry should be caused by RE-atoms partly occupying the transition metal sites 
in the tetrahedral. Anyway, it is necessary to avoid the origination of the RECo3 phase 
because it is ferromagnetic already at room temperature (Syshchenko et al. [ 42]) and this can 
be harmful to absolute values of magnetic susceptibility data of paramagnetic RECo2.

matrix even if present as a spurious phase of the concentration of fractions of percent. 

3.3.3 Electronic and magnetic properties of the RECo 2 compounds with 
special interest in ErCo2 

In the RECo2 (RE=magnetic rear-earth atoms), the 4f-electron states of the rare-earth atoms 
are well localized which prevents an overlapping between these states and the other atoms of 
the material. The important interaction between the RE and Co atoms is provided via the 
wide 5d-band states of the RE-ions. Because of the positive 4f-5d intra-atomic coupling 
( 4f-electron spin moments are parallel oriented to the 5d ones) the 5d-states become 
polarized and consequently the association of them together with narrow 3d-bands with 
lower energy forms the RECo2 compounds. The electronegativity difference between the 
Fermi energies of the pure metals gives rise to a transfer of the 5d-electrons to the unfilled 
3d-band. Because the screening of nuclear potentials by the electrons is modified, the two 
d-bands draw together. The resulting hybridisation of the 3d and 5d states leads to a 
ferromagnetic coupling between their spins (Gignoux et al. [7]) and consequently, dueto the 
Hunďs rules, the total magnetic moment MR is oriented antiparallel to the transition metal 
moment Mr for heavy and parallel to the Mr for light rare-earth atoms (Gratz and Markosyan 
[ 40]). 
Also, there is created a region of a positive curvature in the DOS From band-structure 
calculations (Garcia et al. and ref. therein [30]), it has been concluded that most of the pro
perties observed in the RECo2 compounds could be understood by considering the Fermi
level position EF that is situated near a local peak of the curve of the DOS. The high value 
together with a special shape of the DOS-curves in the vicinity of the EF give rise to spin 
fluctuations in the 3d-band that are also responsible for the occurrence of IEM. 
In the paramagnetic state, there are spin-disorder scattering on paramagnetic rare-earth 
moments and electron spin-fluctuation scattering depending on the dynamics of spin fluc
tuations in the Co 3d-band (Duc et al. [43 ]). When the temperature is decreased the 4f
moments order ferromagnetically at Currie temperature Te and via the 5d-3d hybridisation 
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they cause a large effective exchange field acting on the Co 3d states (Syshchenko et al. [ 42, 
44, 45]). If this is sufficient to split the 3d majority and minority subbands, the spin 
fluctuations at the Co-sites are quenched and the 3d-band metamagnetic state is induced by 
the first order transition. This occurs as an abrupt jump in specific heat, magnetization, 
susceptibility or electrical resistivity (Imai et al. [ 46] ; Vasylyev et al. [ 4 7] ; Wada et al. [ 48] ; 
Soares et al. ( 49] ; Cuong et al. (20, 50, 51] ; Danis et al. (52] ; Duc et al. [ 43, 53-55] ; Woo et al. 
[56] ; Garcia et al. (30, 31, 57] ; Prokleska et al. [58]), magnetovolume effect and the crystal 
lattice undergoes a rhombohedral distortion (Danis et al. (52]). 

The electronic structure was approved even by microscopic-methods (neutron diffraction 
and XMCD measurement (Moon,et al. (59] ; Herrero et al. (60-62]); Giorgetti et al. [29]) and 
the ferrimagnetic coupling ofEr and Co with magnetic moments µEr = (8.84 ± 0.06) µBand 
µc0 = (0.95 ± 0.03) µB (at SK) was confirmed (Herrero et al. [62]). In the ordered state, the 
Er- and Co-magnetic moments are aligned along the [ 111] direction (Atzmony et al. [ 63 ]). 

3.3.4 Theoretical background 

Introduction 

For appearance of Co-magnetic moments and their ferromagnetic ordering in a RECo2 

system, effective magnetic field must reach the value of the magnetic field necessary for 
inducing the metamagnetic transition of the Co sublattice B0. The effective field can be 
described as (Gratz and Markosyan [40] ; Bartashevich et al. [64]) 

-co -co -co 
Bejf =Brno/ +Bext =BRCo +BcoCo +Bext =nRCoM R +ncocoM Co +Bext. (3.1) 

~co 

where B RCo and B coco are the fields arisen from the intersublattice and intrasublattice ex-
change interactions, respectively, and n Rco and ncoco are the corresponding molecular field 

coefficients. As for the field B f~0 , it is 

(3.2) 

where gJ is the Lande factor associated with the total magnetic momentum h and I is the 
exchange coupling constant (Hauser et al. [36]). Also it especially holds that 

BCo B BCo ejf = ex! - mol · (3.3) 

This follows from the fact that in all RECo2 compounds the MR is larger than the Mc0 and an 
applied field is then parallel to the MR. Also, the molecular field points in the antiparallel 
direction to the MR and so the effective field decreases (for heavy RECo2) with an increasing 
applied field. The Co magnetization can be destabilized ifthe applied field exceeds a critical 
field Ber· After, so called inverse IEM occurs and under higher fields only a long-range 
magnetic order exists in the R sublattice (Bartashevich et al. [ 64 ]). 

The fieldB0 was found experimentallyto beB0 ~ 70 T (Goto et al. (33, 34]). As forthe ErCo2 

compound, the value of molecular field is B~~1 = 190 T, the lowest among the heavy RECo2 

compounds (Gratz and Markosyan [40]), the critical field is 52 T (Bartashevich et al. [64]). 
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As mentioned before, almost all the RECo2 order by the second-order transition (SOT) type, 
just with the exception of DyCo2, HoCo2 and ErCo2. During the years, lot of phenomeno
logical models have been proposed because of describing properly the condition for the first
order transition (FOT) type appearance. 
Considering the Landau expansi on of the magnetic free energy F referred to the 3d-electron
subsystem magnetization, Bloch et al. [37] connected the FOT occurrence at Te with the 
negative sign ofthe Landau coefficient B(T) 

(3.4) 

and with the critical temperature for the B(T) sign change about 200K. Later, this model was 
improved and extended for the IEM theory by Inoue and Shimizu [ 3 8] by expanding the free 
energy in terms of the total magnetization of a system M. 
Contrary, Khmelevskyi and Mohn [35] relate the transition type to lattice parameter and 
certain characteristics of the electronic structure. 

Substitutions and pressure influences 

As mentioned above, the condition for Co-magnetism appearance is dependent on substi

tutions or a pressure application; the intemal field B i;~0 or the critical field B0 are influ

enced ( e.g. Hauser et al. [3 6] ; Yamada [ 65-67]). After, this should be proved by a transition 
temperature shift and even by the change in type of the transition order or the Co-magnetism 
suppression (e.g. Bartashevich et al. [64] ; Cuong et al. [20, 50, 51] ; Garcia et al. [30, 31] ; 
Ishimatsu et al. [68] ; Liu and Altounian [69] ; de Oliveira et al. [70] ; Prokleška et al. [58] ; 
Soares et al. [49] ; Syshchenko et al. [42, 44, 45] ; Vasylyev et al. [47]). 

Hauser et al. observed for the first time separated ordering of the R- and the Co-sublattice for 
some limited concentration range (x1 < x < x2) in the Er1-xYxCo2 system. At the temperature 

that the R sublattice orders, Bi.~0 < B0 , and so T = T;. First with further cooling, the con

ditions for the Co-sublattice are fulfilled and it orders (by the first order transition as follows 
from the metamagnetic character of the process) at T = Tf0 < T~. With further Y-content 

increase, only R-sublattice proves long-range magnetic order and finally even this dis
appears. 
They predict similar effect caused by the pressure application. Based on the Yamada's 
calculation showing that Hcr(P) has to increase with increasing pressure and assuming 

negligible influence of the B Ji~0 by pressure, they anticipate the existence of the critical 

pressure Per. at wich the transition-order type is changed, and a limited pressure range with 
separate transition-temperature appearance. 

3.3.5 Parrimagnetism 

The processes that come about in the paramagnetic state seem to be rather clear, as presented 
further. But recently presented results from Herrero et al. [60-62] has opened question what 
exactly happens at the transition temperature Te. They reminded that already earlier another 
authors concluded from their experiments in existence of Co-magnetic moment in the 
paramagnetic phase ( e.g. Liu and Altounian [71 ]). 

23 



Chapter 3 Previous results on studied materials in literature and motivations of this thesis 

Herrero et al. investigated in detail the ErCo2 paramagnetic phase by means of XMCD2
, 

small-angle neutron scattering and AC magnetic susceptibility measurements as a function 
oftemperature and magnetic field. Analyzing the resulting data, they discovered that the Co 
bears a net magnetic moment well above the ferrimagnetic transition temperature (Fig. 3 .2a) 
that is connected with the occurrence of a short-range magnetic order originating in forma
tion of ferromagnetically coupled Co-magnetic clusters. They denoted this phenomenon as 
parimagnetism. They expect similar behaviour also in the other ferrimagnetic RECo2 

compounds, moreover they suggest that the parimagnetism could be a general feature of 
ferrimagnetic materials. 
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Figure 3.2 (a) Temperature dependency of Co- and 
Er-magnetic moments obtained from XMCD signals, 
together with the total moment M(T) measured in a 
SQUID instrument. The XMCD sígnals were cali
brated dueto neutron diffraction experiments. Notice 
the Co-magnetic-moment behavior around T ~ 60K 
where the antiparallel alignment of Co- and Er
sublattices occurs. (b) Magnetic phase diagram in 
linear and logarithmic scale. The pictures are taken 
from reference Herrero et al. [62 j. 
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They explain the origination ofthe resulting state observable in the system as a consequence 
ofthe competition of an applied and exchange field acting on the Co moments (Fig. 3.2b). At 
low temperatures (under Te), the Co-magnetic sublattice is ordered antiparallel to the Er one 
owing to the dominating Co-Er exchange interactions. At the T c, the Co magnetization 
proves an abrupt jump so that (under low applied magnetic fields - up to 5T) the net 
magnetization decreases significantly but the two sublattices are still antiparallel aligned. 
With further increase of the temperature, the Co magnetization shows an another abrupt 
jump, goes through the zero value and changes its sign (flips) at the flipping temperature Tp. 
Above the Tp, the applied field dominates to the whole system and so the Co- (and Er) net 
magnetization is parallel to it. 
For flipping the orientation of a single Co moment, the Co-Co exchange interactions3 are to 
be overcame. It is energetically favourable if the process takes place in a collective way in 
clusters so that the number of antiparallel Co-Co neighbours is minimized. Such clusters are 

2 
Measurements were performed at the Co Li,3 and Er M4,5 absorption edges - this allows to explore the Co 3d 

and Er 4 f empty states (Herrero et al. [ 62]). 
3 The Co-Co interactions are the strongest interactions in the system. 
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estimated to have size 7-8 A and include from 30 to 50 Er atoms and 60 to 100 Co atoms 
bearing exclusively low-spin moment. 
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Chapter 4 Experimental methods applied 

4.1 Sample preparation 

The single erystal ErAb sample was prepared by Hidenori Miyagawa, a PhD. Student at 
Kyushu University in Japan. 

The polyerystalline ErC02 and Er(Si0.025Coo .. 97s)2 samples were prepared by are melting in 
mono-are fumace in the Technology Laboratory of the Department of Condensed Matter 
Physics (DCMP), Faculty of Mathematics and Physics, Charles University in Prague. For 
the syntheses, constituent elements ofthe following purities were used: Er of 4N, Co of 4N 
and Si of SN. For further improving of the purity, Er-material was either refined by 
solid-state eleetro-transport (ErCo2) or three times pre-melted (ErC01.975Sio.o2s) in mono-are 
fumace. 
For preventing formation of the ErCo3 spurious phase, erbium was added over the 
stoichiometric amount in the final ratio Er:Co, respectively Er:(Co,Si), as 1: 1.95. In order to 
achieve a good homogeneity, the samples were twice remelted and after it the resulting 
polycrystalline ingots were wrapped up in a tantalum foil, sealed in quartz tubes and 
annealed under Ar atmosphere at 850°C for a weak. 

The mono-are apparatus consists of a sample's chamber, a tungsten torch, vacuum system, 
water-cooling system and power supply for the are. The constituent elements are set in the 
water-cooled eopper crucible inside the ehamber, evacuated to a pressure ~ 1.33.10-2Pa and 
then filled by protective argon atmosphere. As the crucible is continuously cooled during 
melting, the surface tension of the melt holds the drop of the material without a thermal 
contact with the material of the crucible and avoids any contamination of the melt 
(Vejpravová [72]). 

4.2 Sample characterization 

4.2.1 X-ray powder diffraction 

The prepared samples were analysed by the powder X-ray diffraction (XRD) at room 
temperature by means of Seifert XRD7 and Bruker diffractometer at DCMP working with 
the Bragg-Bretano geometry. XRD pattems were recorded using the Cu K.a radiation (,1 = 
l .54Á). The 28 scans were performed within 1 O - 130 range by a 0.02-step with a 5 seconds 
exposition per point. Obtained data were analysed by the Fullprof program [73] using the 
Rietveld analysis that refines erystallographic parameters and eventually determines 
impurities if the crystallographic model of the studied sample is known. 

4.2.2 Microprobe analysis 

For proving the quality of prepared sample - their homogeneity and stoichiometry, investi
gation with the field-emission high resolution scanning electron microscope (SEM) giving a 
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over-viewing information about the sample-surface composition and with energy dispersi ve 
X-ray analysis (EDAX) detector identifying in detail the element composition of a chosen 
point. 

4.3 Bulk investigation techniques 

4.3.1 Magnetization measurements 

Measurements of AC magnetic susceptibility and DC magnetization were performed in 
Magnetic Property Measurement System - Superconducting Quantum Interference Device 
(SQUID) magnetometer [74) and Physical Properties Measurement System (PPMS) 
instrument [75) (both from Quantum Design), installed in the Joint Laboratory for Magnetic 
Studies of the Charles University, Faculty of Mathematics and Physics and the Institute of 
Physics ASCR, v.v.i. in the Faculty Campus in Troja. 
Magnetization measurements at ambient pressure were performed either on bars (for a single 
crystal sample) or on powders (for polycrystalline samples ). The measurements at an applied 
pressure were performed on bars. In the case of powders, a fixed-powder or a free-powder 
method were used. The first one imitates the experiment on an ideal poly- crystalline sample 
proving qualitative properties of a magnetic system, the further one allows considering a 
sample as the assembly of small single crystals orienting freely in the direction of an applied 
magnetic field proving quantitative properties of a system. 
Typically, AC-susceptibility data at ambient pressure were collected at the frequencies from 
1 OHz to 1 OkHz with the drive amplitude of the AC magnetic field 0.2 mT. For measurements 
under applied pressure, one had to take into account the sensitivity ofthe used pressure cell to a 
used frequency4 and so f =l and 213 Hz (see further) were used. 

PPMS instrument 

As for DC measurements, a constant field is applied to the measurement region and a sample 
is moved quickly through detection coils, inducing a signal in them according to the 
Faraday's law. Magnetic moment in order io-2 Am can be detected like this. 
During AC measurements, an altemating field is applied to the measurement region and a 
sample is positioned in the center of each detection coil. The detection coils indicate, how 
the applied field is altered by the presence of the sample. This method does not directly 
measure a sample's magnetic moment, but it is very useful for examining the nature of 
magnetic phase transitions. This method allows detecting magnetic moments in order 10-5 

Am. 

SQUID magnetometer 

The SQUID magnetometer [76, 77] is the modification of an extraction magnetometer where 
the variation of magnetic flux due to the movement of a sample is transformed into voltage 
in pick up coils. But in order to increase the sensitivity, there are superconducting-coil rings 
containing two parallel Josephson's junctions. If constant biasing current is maintained in 
the device, the measured voltage oscillates with the changes in phase at the two junctions, 
which depends upon the change in the magnetic flux. Counting the oscillations allows 
evaluating the flux change that has occurred. As a result, it is possible to register magnetic 

4 
The applied field causes vortex currents dependent on the frequency. 
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moments as small as 10-11 Am2
• The magnetometer provides a controlled environment with 

available temperature range from 5K to 300K and fields OT - 5T. 

Demagnetising factor 

The experimental results of magnetic measurements are mostly affected with the so-called 
demagnetising factor [2] , which represents interaction of the "sample geometry" with an 
external magnetic field. When inserting a sample in the magnetic field the intensity of a 
magnetic field around and in the sample will change. The relation between the external He 
and the interna! magnetic field Hi is given as 

(4.2) 

where Hd is the demagnetising field proportional to sample' s magnetization Mas 

- -
H d= DM , (4.3) 

where D is the demagnetising factor- the tensor for a general-shaped sample. For realizing 
the interna! magnetic field from measured data, the method described in Brož [78] was used. 

4.3.2 Electric resistivity measurements 

The measurements of electric resistivity were performed on bar-shaped samples in the 
PPMS [75] and in Closed Cycle Refrigerator instrument [79]. Standard technique for 
electrical-transport measurements, the four-probe AC method, was used both in ambient
and applied-pressure-experiments. The benefit of this method consists in eliminating the 
contribution of contacts in a measured signal (Brož [78]). 
The applied AC current was typically of the amplitude 10 mA and frequency 37 Hz. For 
measurements at ambient pressure, samples were placed in the special puck for electric
transport measurement from Quantum Design (see the Figure 4.1 ), connected with copper 
wires of 100 or 50 µm diameter and attached with a silver paint. Measurements under 
pressures are described in the next chapter. 
The main contribution to the error of measurements comes from determining the sample 
cross-section and the distance between the voltage contacts. 

Top view 
1 cm 

Side view 

Figure 4.1 Puck for electric-transport measurement at ambient pressure from Quantum 
Design. 
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4.4 Pressure techniques 

Depending on the type of desired experiment, hydrostatic clamp pressure cells (CPC) with a 
liquid pressure-transmitting medium, uniaxial-pressure cell or Bridgman-type cell with a 
solid pressure-transmitting medium were used in our measurements. 
Especially for the hydrostatic CPC holds that because of different thermal expansion of the 
pressure transmitting medium and the construction materials of the cells, the pressure 
changes during cooling or heating (see Appendix A) for the experimentally realized diffe
rences among typically used liquid transmitting media [80] . 

Figure 4.2 Hydrostatic clamp pressure cell for ACMS measurements in SQillD magnetometer. Inner 
diameter is 2.5mm and outer diameter is 8.6mm. Upper and lower pressure damping bolts (1,9), plug (2) 
with sealing (3), sample on a holder (4), pressure cell (5), lead pressure manometr (6), piston with Bridgman 
mushroom-type seal (7), piston backup (8). Taken from Ref. [80] . 

4.4.1 Hydrostatic clamp pressure cells 

Magnetization measurement 

For magnetisation and AC-susceptibility measurements, the pressure cell designed by Dr. J. 
Kamarád5 especially for usage in SQUID magnetometer was used (Figure 4.2). The cell
dimension and used material from annealed copper-beryllium-bronze (CuBe) confine the 
measurements under pressures up to ~ 1.2 GP a. A standard Bridgman-type of seal is used on 
a piston (Arnold [15]).; the plug with a sample's holder is sealed by a set of Cu- and plastic
rings. As a pressure-transmitting medium, the spindle oil (OL3) was used. 
Pressure is determined at low-temperature region from the well-known pressure dependence 
of the critical temperature Tc(P) of the superconducting transition of lead. The super-

5 High Pressure Laboratory, Academy of Science, Prague, Czech Republic. 
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conducting temperature Te decreases with applied pressure and the pressure is given as 

P[kb] = {i:(O)-i:(P)}/0.0405, (4.4) 

where the values of Te at ambient and high pressures are derived from temperature 
dependence of AC-susceptibility oflead in the SQUID magnetometer (Arnold [15]). 

Resistivity measurement 

For direct electric-resistivity measurements, the hydrostatic double-layer CPC (composed 
from CuBe and NiCrAl alloy) designed by Dr. Naka6 was used (see Fig. 4.3). The cell is 
originally determined for the PPMS instrument but thanks to appropriate modifications 
experiments were performed also in the Closed Cycle Refrigerator instrument. 
This cell is constructed for measurements under pressures up to 3GPa. Sample and man
ganin manometer are hidden in a teflon container (2. 7mm) filled with a pressure transmitting 
medium (Daphne oil 7373) inside ofthe inner space ofthe pressure cell with diameter 4mm. 
The resistivity of the sample is measured with the standard four-point method (see Fig. 4.4a). 
The copper wires (50 µm) are attached to samples with silver epoxid7 and lead out of the 
pressure cell through the plug and are fixed on the standard electric 
Quantum-Design-connector attached to this plug that allows usage in both the PPMS or 
Closed Cycle Refrigerator. 
Pressure inside this cell is determined by the linear pressure dependence of the electrical 
resistivity of a manganin. The used manganin manometer is prepared as a coil - wound 
bifilarly using the manganin wire, twice spun round with silk. The electrical resistivity at 
room temperature and at ambient pressure of the final coil is about 40-80 .O, the respective 
resistance-pressure dependence is given as 

R(T,P) = R(T,O) [1 + P · a(T)] , 
(4.5) 

p = R(T, P)- R(T,O) 1 
R(T,O) a 

where R(T,P) and R(T, O) are the values of the electrical resistance of the manganin at 
temperature T and at pressure P or at ambient pressure; a(T) is a pressure coefficient of the 
manganin's resistance that depends on the diameter of the manganin (a(293K) = 0.00246 
GPa-1 in our experiments). 

AC-susceptibility measurement 

For AC-measurements under higher pressures, the (previously described) clamped pressure 
cell was especially modified by Mgr. M. Míšek8 so that a miniature coil made of copper wire 
was put directly around the sample. In the time of the running experiments the coil was not 
calibrated so only relative values could have been taken. 

6 
National Institute for Materials Science, Tsukuba, Japan. 

7 
Attachment with silver paint was found as insufficient. 

8 
Department of Condensed Matter Physics, Charles University in Prague, Czech Republic. 
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Figure 4.3 Hydrostatic clamped pressure cell for electric resistivity and AC susceptibility measurements in 
PPMS and CCR instruments. Inner diameter is 4mm, working-space diameter is 2.7mm. Upper and lower 
pressure clamping bolts (1,9); plug (3) with a protective teflon container (4) covering a sample and the 
manganin pressure manometer; Cu sealing (5); pressure cell (6); piston (7). 

Figure 4.4 Detailed view on experiment' s arrangement for the hydrostatic clamped pressure cell. Sample's 
space after electric resistivity measurement (a) - noticeable contacting of the sample and the 
manganin-manometer. Demonstration installation of the miniature coil for a AC-susceptibility measu
rement (b). 

4.4.3 Diamond anvil cells 

For measurements of electric resistivity under very high pressures (above 3GPa), the 
Bridgman type of cell designed by Dr. Griveau9 was used. See Fig. 4.5 and 4.6. 
The design is based on the original principles of diamond anvil cell (Eremets [81 ]). A sample 
is placed in between precisely parallel faces of two anvils that are in our case made from 
tungsten-carbide (TC). The working space is confined by a steatite (MgSi03) gasket ring that 
has in our case an inner diameter of 1 mm. The parameters allow placing of a sample of 
thickness up to 60 µm. The resistivity is measured with help of platinum wires of 20µm.A 
pyrophyllite (A1Sb050H) disc is used as the pressure-transmitting medium. Pressure inside 
the cell is determined by the superconducting transition oflead (see higher). The maximum 
pressure allowed in this cell is 20 GPa (with safe pressure up to 12-13 GPa). 

9 Joint Research Centre, Institute for Transuran Elements, Karlsruhe, Germany. 
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Figure 4.5 Bridgman type of cell for electric resistivity measurement. 1,3 - upper and 
lower anvils (WC), 2 -working space of lmm arisen from a steatite-gasket confinement, 
4,5 - anvil support (CuBe), 6 -pressure cell body (CuBe), 7 - adjusting screw 

Figure 4.6 Detailed view on experiment' s arrangement in a Bridgman-type of cell. Ideal installation (a) (not 
prepared for our measurements); sample (1) and lead pressure manometer (2), pairs ofvoltage contacts for 
sample and manometer (3), shared current contacts (4) - used owing to the fact that sample and manometer 
are in a touch (5). Installation for experiment on ErCo2 sample. 

4.4.2 Uniaxial pressure cell 

For uniaxial-pressure experiments of magnetisation and AC susceptibility, the miniature u
niaxial pressure cell designed by Dr. J. Kamarád10 for the SQUID magnetometer was used 
(Fig. 4.7). 

lO High Pressure Laboratory, Academy of Science, Prague, Czech Republic. 
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Before a usage, the force developed on a system is calibrated for appropriate screw
displacement. Oriented single crystal is placed between ZrO-ceramic pistons and smoothly 
squeezed-up to a sample yield stress by a force ofup to 20 kN produced by Belleville springs 
(Kamarád et al. [82]). 

Figure 4.7 Uniaxial pressure cell for ACMS measurements in SQUID magnetometer. Squeezing 
screw from CuBe (1 ), set ofBelleville springs (2), pressure cell from CuBe (3), ZrO-ceramic pistons 
(4), fixing screw from CuBe (5) 
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Chapter 5 Properties of Er Ali compound 

5.1 Results and discussion 

On a single crystal of ErAh compound, magnetic measurements (magnetization and AC 
susceptibility) along the magnetic easy axis were performed at ambient pressure and under 
applied hydrostatic and uniaxial pressure in appropriate pressure cells. 

5.1.1 Magnetic properties at ambient pressure 

The field dependent magnetization M(H) measurements were performed at 2 K and around 
the transition temperature, from 5 K to 15 K with a 0.8 K-step. Selected curves are presented 
in Fig. 5. la. The temperature dependent AC susceptibility measurement x(T) were done 
under zero applied DC magnetic field. The transition temperature was determined as T c = 

l lK from the position ofthe x(T) peak (Fig. 5. lb). Nearly the same value can be determined 
from the Arrott -plot analysis of magnetization data (Arrott [83 ]) of magnetization data. 

8 

6 

-::i 4 
~ 
3 3 

::1. 

.,. 

ErAl
2 

single crystal 

-T=5K 
--o-- T= 9K 
- .i. T= 10.6K 
---v T = 11.4K 

+ T= 12.2K 
„.,-,. T = 15K 

O.O 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 

µoH; (T) 

1.0 b) f. 

-::i .é 0.8 

-~ 

~0.6 
:o 
a 
~ 0.4 

"' :i 

"' ~ 0.2 • 

5 

I '. . . 
~ . 

• • ErAl2 single crystal 

I \ 
•, 

10 15 20 25 

Temperature (K) 

30 

Figure 5.1 Magnetisation isotherms at selected temperatures around Te (a) and real part of AC 
susceptibility (b) ofErA12 single crystal showing the transition Te= 1 lK. Measured on sample in a straw. 

5.1.2 Magnetic properties under hydrostatic pressure 

Magnetic properties under applied hydrostatic pressure were measured at two values of 
pressure, 0.07 GPa and 0.6 GPa. The magnetization curve M(H) were measured at 2 K. The 
temperature dependent AC susceptibility x(T) was measured from 30 K beyond the transi
tion temperature. 
The obtained results showed that the total magnetic moment (at 4 T) does not change in the 
used hydrostatic-pressure range. This supports well the expected scenario of behaviour of 
the well localized 4f-electron states of the Er3

+ ions under a hydrostatic pressure. The 
4f-electron states are well localized and also covered by 5f-electron states and so they are 
hard to influence by a pressure application. Further, the hydrostatic pressure causes the sym
metric decreasing of lattice parameter of the cubic structure so it can be assumed that the 
surrounding of an erbium ion is not changed. 
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Data from the x(T) measurements showed that the curves shift slightly towards higher 
temperatures with increasing hydrostatic pressure as expected for an 4felectron ferr
magnet. 

5.1.3 Magnetic properties under uniaxial pressure 

Uniaxial-pressure experiments were done up to~ 0.2 GPa. The magnetization as a function 
ofmagnetic fieldM(H) was measured 5 K. Thex(T) dependence was measured in the same 
conditions as in hydrostatic pressure. 
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Figure 5.3 Field dependent magnetization at temperature 5K (a) and real part of AC susceptibility (b) of 
ErAl single crystal under various applied uniaxial pressure. The insets show a development of the total 
magnetic moment (at 4.5T) (a) and ofthe imaginary part of AC susceptibility (b) with applied pressure 
under same condition as the main graphs. 

The Fig. 5.3a shows the obtained M(H) results in decreasing field, confined for better 
resolution just on the region above 1 T. It is seen that the total magnetic moment (at 4 T) 
increases continuously with increasing uniaxial pressure even the nominal values of the 
applied pressure are three times smaller than in case of hydrostatic pressure application. This 
can be explained so that by the uniaxial compression the changes in the lattice parameters are 
anisotropie. Consequently, the symmetry for the Er-ion neighbourhood is modified and the 
corresponding changes of crystal-field parameters may, in principle, yield an enhancement 
of the Er-magnetic moment. Further experimental and theoretical studies are desired to 
confirm this scenario. 
Fig. 5.3b displays the data for x'(T) and x"(T) in the vicinity of the transition temperature. 
One can see that the uniaxial-pressure appliance up from 0.13 GPa causes a dramatic change 
in shape with respect to the original curve. This resembles the effect of DC magnetic field 
application observed by Levin et al. [24] who ascribed it to domain walls movements and 
domain magnetization rotations. It could mean that the domain structure present in the 
sample in the moment of uniaxial-pressure application changed dramatically. Obviously, it 
may be expected that the reduced symmetry of the crystal lattice induced by the uniaxial 
pressure leads to growth of certain domains on account of some other. 
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Chapter 6 Properties of Er(Co 1_xSix) 2 compounds 

with X = 0, 0.25 

6.1 Results and discussion 

6.1.1 Structure and composition analysis 

The crystal structure of the prepared compounds of ErC02 and Er(Coo.97sSio.02s)2 was 
characterized on powdered samples at room temperature by means of the X-ray powder 
diffraction analysis (see Fig. 6.1 ). Only the reflections corresponding to the expected cubic 
C15 Laves phase have been revealed. The refined values of the lattice parameters a = 
714.4 pm and 715.5 pm for ErC02 and Er(Coo.915Sio.025)2, respectively, are in a good agree
ment with data in the literature (Cuong [84] ; Daniš et al. [52]). 
Homogeneity and stoichiometry of the prepared material was also proved on the Micro
probe (see Fig. 6.2). From the qualitative point of view, both samples show the dominant 
desired matrix phase with tiny islands of spurious phases. The impurity phases are basically 
the Er metal, cobalt and erbium-oxides. The detailed concentration analysis was hampered 
by the fact that the involved low-energy Er- and Co-peaks, respectively, were influenced by 
a high background and the higher-energy peaks were considerably over-lapping which 
caused enhanced uncertainty in determining the concentrations and consequently the Er
concentration has been underestimated. 
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Figure 6.1 Observed diffraction pattern of ErCo2 
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Er(Cos;i;i_eeo Ta 2 7 11111 · , 
MAI) · Ell4DK HV 16111\V • WO 16.G mtll ,______.., 

Figure 6.2 Pictures from SEM ofErCo2 (a) and Er(Co0•975Si0.025) 2 (b) compounds 

6.1.2 Magnetization behaviour 

Magnetization behaviour at ambient pressure 

The temperature dependent magnetization measurements M(T) of the ErCo2 and 
Er(Coo.97sSio,02s)2 compounds at ambient pressure were performed under applied 0.1 T DC 
magnetic field up from 4 K. The observed transition temperatures Te= 33 Kand 42 K for 
ErC02 and Er(Coo.975Sio.02s)2, respectively, are in a good agreement with literature ( e.g. 
Syshchenko et al. [ 42]; Cuong et al. [84]). Abrupt changes at the Te indicate the pronounced 
first-order transition. 

The magnetization curves M(H) at ambient pressure were measured on free-powder samples 
at 2 Kand around the transition temperature, from 28 K to 37 K with a lK-step and from 
35 K to 65 K with a 3K-step for ErC02 and Er(Coo.97sSio.025)2, respectively. 
As for the 2K-magnetization curves, the measured total magnetic moment for 
Er(Coo.97sSio.02s)2 is slightly higher than the one for ErC02. Because of comparing with the 
data in literature, two ways of analysing were used. The magnetization at 5 T is M 5r = 
6.88 µBand 7.03 µB for the ErC02 and the Er(Coo.97sSio.02sh compound, respectively. When 
using the law of approach to saturation (Cuong [84]) 

M(H) = Ms (1-~ -:2 )+xH . (6.1) 

where Ms is the saturated magnetization, A is parameter connected with magnetic inho
mogeneities, B is parameter connected with magnetic anisotropy and x is the high-field 
susceptibility. Then Ms = 7.11 µB and 7.19 µB for the ErC02 and the Er(Coo.975Sio.02s)2 
compound, respectively. 

The Co-magnetic moment of our materials can be calculated from the total magnetic 
moments (presented higher) if we suppose the ordered Er moment µEr = 9 µBand antiparallel 
alignment of the Er and Co moments. The obtained values of Co-magnetic moment 11 

decreases slightly from 0.95 µBto 0.91 µB for ErC02 and the Er(Coo.975Sio.02s)2, respectively. 

11 
Calculated from the Ms obtained from the low of approach of the saturation. 
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This is in contrast with the pronounced tendency (see further), nevertheless, taking into 
account the variability of the Co-moment values presented in literature (µc0 = 0.9 - 1.07 µB 
and 1.13 µB for ErCo2 [20, 21, 51, 68. 85] and for Er(Coo.97sSio.02s)2 [20, 50, 51] , res
pectively), the inconsistency can be tentatively accounted to differences in sample 
preparation. 

Tahle 6.1 Ohserved changes in Te and µc0 for RE(Co1_xSiJ2 system (RE= Er, Ho_, Dy) 

Er Hob Dyc 
X 

Tc(K) µco (µB/at)a Tc(K) µco(µB/at) Tc(K) µco (µBlat) 

o 32.6 1.07 78 1.00 142 1.0 

0.025 44 1.13 95 1.03 142 1.15 

0.500 54 1.20 112 1.06 148 1.20 

0.725 64 1.00 115 1.05 146 1.18 

0.100 68 0.88 112 0.88 146 1.08 

a .. Taken from Cuong et al. [ 51] ; 
b .. Taken from Duc et al. [86] ; 

Tahle 6.2 Ohserved changes in Te for RE(Co1_xAlxh system (RE= 
Er, Ho, Di) 

Er Ho Dy 
X 

Tc(K) Tc(K) Tc(K) 

o 32.6 75 140 

0.025 60 90 162 

0.500 70 120 180 

0.725 90 140 190 

0.100 120 160 200 

Taken from Duc et al. [87] ; 

The experiments where one ( or both) elements is substituted by some another one help us to 
improve knowledge about processes in the studied system and importance of particular in
teractions. It can be helpful to compare influence of substitution on similar systems. When 
substituting Si in the RECo2 (RE = Er, Ho, Dy) the resulting tendency is similar - with 
increasing Si-amount (until a certain value; varying for individua! RE) both the Te and the 
induced Co-magnetic moment µc0 increase (see Tahle 6.1 ); the enhancement of Te is much 
milder than the one observed for Al-substitution (see Tahle 6.2). In (Y,Lu)Co2 system, Al or 
Si substitution leads to an enhancement of the Co susceptibility and also an increase of the 
µc0 (for low x-amounts) was affirmed (Duc et al. [86, 87]). It was also confirmed that Al or Si 
substitution causes decrease of critical field He (Murata et al. [88]). 
One of the latest theoretical work (Khmelevskyi et al. [35]) dealing with the RECo2 family 
pointed out that the Co-Co distance is one of the critical parameter for the Co-magnetic 
moment formation pointing on the compounds that have the largest lattice volume (TbCo2 -
PrCo2, Gignoux et al. [7] and ref. therein) and that prove a stable Co magnetic moment even 
above the transition temperature. But when comparing the effects of Al and Si substitution 
that prove different influence on the room-temperature lattice parameter (increasing for Al 
and almost invariable for Si substitution12) we see that the lattice-parameter size cannot be 

12 This trend holds also for other compounds from the RECo2 series (Duc et al. [20, 86, 89] ; Cuong et al. [20]). 
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decisive. The changes that occur with additional substitution x are very complex. Firstly, 
with increasing x, the number of Co atoms per unit cell reduces (Cuong et al. [ 51, 84 ]). It 
changes the number of 3d-electrons and the nearest-neighbour Co-Co distance leading to an 
energetic shift ofthe bands and ofthe Fermi level and to an effective reduction ofthe overlap 
integral of 3d wave function and band narrowing. As a result, a full splitting of majority and 
minority subbands happens. Further, exchange interactions between Er- and Co-sublattice 
are changed which leads to a T c-shift. Modification in the effects due to different sub
stituents are associated with a different degree of the 3d-p hybridization (Aoki et al. [90] , 
Duc et al. [86 ]). 

Selected magnetization curves are presented in the Fig. 6.3a and 6.4a. It can be seen that the 
samples show the pronounced metamagnetic transition (MT) at temperatures T c 
accompanied by hysteresis on the magnetic curves. Also with increasing temperature the 
critical field necessary for the MT increases and the magnetization step gradually di
minishes. The metamagnetic behaviour is more evident from the S-shaped curves in Arrott 
plots in Fig. 6.3b and 6.4b. 
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temperatures around the transition temperature showing the metamagnetic transition above the Te= 
33 K. 
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Magnetization behaviour under pressure 

Magnetization properties under applied hydrostatic pressure up to ~ 1 GPa were measured 
for exploring the development of the Co-magnetic moment. The experiments were per
formed in the appropriate hydrostatic CPC. {The given pressure values were determined at 
the Pb superconducting-transition temperature.) 

Temperature dependent ZFC and FC magnetization measurements M(T) were performed in 
the temperature range 4 - 70 K during heating under 0.1 T applied DC magnetic field. In the 
Fig. 6.5 are presented the results for FC measurements. One can see that in both cases the 
transition temperature shifts towards lower temperatures with an increasing pressure. The 
same tendency approved also the ZFC curves. It is also interesting to inspect the M(T) 
dependences which clearly show already qualitative differences in the behaviour above T c 
that allow us to suggest much weaker role of spin fluctuations in the Si-doped sample. 
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Magnetization curves M (H) were measured at 2 K in the field range O - 7 T during increasing 
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and decreasing of the applied field. The Fig. 6.6 displays the obtained results in decreasing 
field, confined for better resolutionjust on the region above 1 T. In both cases, the pressure 
application leads to an increase ofthe total magnetic moment in field of7 T. At the first sight 
the magnetization in the Si-doped sample saturates much better which also points to a much 
smaller role of spin fluctuations in this material. 
When supposing that the pressure has just a negligible influence on the rare-earth moment13 

then the change of the total magnetic momentµ with a pressure is given approximately by the 
change of the Co moment µc0 with pressure. Then it means that the Co moment decreases 
with increasing pressure. This effect was confirmed earlier by Cuong et al. [51, 84] who 
studied the Co-moment formation under pressure also by means of magnetovolume effect 
and who observed reduction ofthe volume expansion with applied pressure. 
For the ErC02 compound, the value of 8µcc/8P- - Yi 8µ/8P = 0.0133 µB/f.u. can be estimated 
from a roughly linear fit of the data (inset in Fig. 6.6a). As for the Er(Co0.975Si0.025)2 
compound, the pressure derivatives (see inset in Fig. 6.6b) of the Co moment are con
siderably smaller (and the µco(P) development is not linear) which also points to higher sta
bility of the Co-magnetic moment (reduced role of spin fluctuations) caused by the 
Si-substitution. 

6.1.4 AC susceptibility behaviour 

AC susceptibility behaviour at ambient pressure 

The AC susceptibility measurements XAc of both the ErCo2 and the Er(Co0.975Si0.025)2 
compounds were performed in the range 300 - 2 K, in various applied DC magnetic fields 
and at various excitation frequencies from 1 O - 10000 Hz. Examples of obtained data are in 
Fig. 6. 7a-d. The results are in a good agreement with the data in literature (see e.g. Herrero et 
al. [60-62] ; Cuong et al. [50, 84] ; Oner et al. [91 ]; Prokleska [92]). 

ErC02 

As for the ErCo2, the real part of AC susceptibility data x'(T) shows a sharp peak at Te 
(= 33 K) followed by a paramagnetic decay. at higher temperatures. The x"(T) data also 
coincides T c in this case. The T c value determined from AC susceptibility data is in a good 
agreement with the transition temperature determined from the magnetisation and resistivity 
measurements. At lower temperatures, the x '(T) dependence shows a shoulder around 20 K 
that coincides with a broad maximum on the x' '(T) curve14 whereas no anomaly ofthis kind 
is seen in AC susceptibilities measured on the Si doped sample. Also this difference between 
magnetic behaviour of ErCo2 and Er(Coo.97sSio.02s)2 can be understood within the scenario 
considering dramatic change in the role of spin fluctuations connected with Si substitution 
for Co. 
The paramagnetic 1 lx' (T) data are linear except for the deviation around 100 K (inset in Fig. 
6. 7b) which is in agreement with the results of Herrero et al. [ 60-62] ascribed by these 
authors to the flipping of the Co moments at Tp - 100 K. In the x '(T) data, this anomaly is 
les s visible. It is clearly more evident in the 1 lx' (T) data and the corresponding susceptibility 
contribution can be separated from nearly linear dependence in the immediate surrounding. 
In the imaginary part x' '(T) data, the anomaly position can be determined just at frequency 

13 
The 4f-electron states are well localized and consequently the value ofthe Er magnetic moment is intact by 

pressure-induced variations of interatomic distances. 
14 

This was already pointed out by Oner et al. r9 I l but without explanation. 
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f= IO kHz, at lower frequencies the data are very noised and cannot be used- see Fig. 6.7b . 
Nevertheless, the high frequency .curve does not prove peak-like-shape as presented in the 
Herrero et al.-results. In our case appearance of the anomaly can be attributed with the step
decreased value of x' '(T) with increasing temperature - see the inset in Fig. 6. 7b. 
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Er(Coo_975Sio . 025) 2 

Also here the temperature dependence of the real part of AC susceptibility data x '(T) shows 
a peak at the Te(= 42 K) followed by a paramagnetic decay at higher temperatures (Fig. 
6.7c). In comparison with ErCo2, the peak is rather smooth, nevertheless it also coincides 
with the temperature ofthe maximum value ofx''(T). 
Also in this compound, an anomaly in the paramagnetic phase was discovered at TF~ 70 K 
that is shifted to lower temperatures in comparison with the ErCo2 compound. The observed 
anomaly was very strong in the x"(T) data even at low frequencies. The anomaly was 
studied in detail as a function of the excitation frequency and magnetic field. It is clearly 
observed that the peak is suppressed by the field of O. 7 T (see the inset in Fig. 6. 7d). Within 
the frame of accuracy of our data it was not possible to determine any shift connected with 
frequency and field change as was presented by Herrero et al. [60-62] . 

These two magnetic phenomena characteristic for ErC02 (and Er(Co0.975Si0.025)2), the critical 
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temperature Te and the flipping temperature Tp, respectively, must be intimately connected 
with the electronic structure and exchange interactions. Knowing the composition and 
crystal structure one may consider two sublattices - the Er and Co one - and consequently the 
Er-Er and Co-Co intrasublattice exchange interactions and Er-Co intersublattice exchange 
interactions are in the game. 
Herrem et al. [62] suggest that the anomaly at Tpis connected with the fact that the Er and Co 
moments (!) would like to align antiparallel to each other (Er-Co interaction) but dueto a 
strong Co-Co interaction an individua! flipping of the Co is not possible and it is necessary 
that this happens in a collective way - in the clusters. If the Co-magnetic moments were 
really stable at high temperatures like the Fe moments in REFe2 the direct Co intrasublattice 
exchange interactions would lead to ferromagnetic ordering also in YCo2 and LuCo2 and the 
Te value of ErCo2 would be much higher than the Te actual value. 
As for the Te, the accepted scenario (Syshchenko et al. [ 45]) suppose that the 3d-states of Co 
hybridize with the 5d-states of Er which gives rise to the indirect exchange interaction with 
the 4felectron magnetic moments of the Er ions. This interaction is apparently enhanced 
when p-electrons are brought by the substitution of Si atoms in the Co sublattice which is 
manifested by the considerably increased Te value of the Er(Co0.975Si0.025)2 with respect to 
the Te of ErC02. 
As observed, the effect on Tp with Si-substitution is opposite (TF decreases) which leads us 
to assume that the "ferromagnetic" clustering of Co-magnetic moment, or rather their 
precursors, in the paramagnetic range must be driven also by the Co intrasublattice exchange 
interaction. Further details of physics around the Tp conceming detailed determination of 
clustering process may be unambiguously discussed only after relevant microscopic 
experiments (neutron scattering, XMCD, µSR) are done in future. 

AC susceptibility behaviour under pressure 

The temperature dependent AC-susceptibility measurements x(T) under hydrostatic pressure 
of ErC02 and Er(Coo.91sSio.02s)2 were performed in the temperature range from 120 K down 
beyond the transition temperature. On each compound, two series of measurements were 
done - the first one in the CPC designed for the SQUID magnetometer, the second one in 
CPC for the PPMS instrument employing a special coil. 

ErC02 

In Fig. 6.8a,c are shown the results in the temperature region around the transition 
temperature Te. One can see that the AC-susceptibility curve changes significantly its 
character under pressure - it changes the position, width and amplitude. 
For practical reasons we will associate here the transition temperature with the maximum of 
the derivative of ax '/8T (Fig. 6.8b,d) which allows us to determine reasonably e.g. splitting 
ofthe transition temperature of the Er and Co sublattice15, respectively. From the evolution 
ofthex'vs. Tand 8 X '/8Tvs. Tcurves onemaydeduce that the Tedecreases initiallylinearly 
up to approximately 1.4 GPa, varying with ar d8P = - 6.6 ± 0.2 K.GPa-1. The measurements 
under pressures beyond ~ 1.7 GPa prove clearly appearance of two partially overlapped 
X '(T) maxima. This should be the behaviour predicted by Hauser et al. [36] when the two 

15 
We are aware a of certain inconsistency in comparison with determination of Te in the previous chapter 

where the value of the Te has been taken as the temperature of the x '(T) maximum. 
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separate magnetic phase transitions are present - the lower, first-order-transition 16 

temperatures corresponding with Tf0 and the higher, second- order-transition temperatures 

corresponding with Tt. Up to 2.4 GPa, the Tf0 -branch development continues in the linear 

tendency ofthe Te but the Tt branch deviates, varying as 8rt !8P = - 2.9 ± 0.1 K.GPa-1
, if 

roughly estimated with a linear tendency. Summarizing results are shown in the phase 
diagram Te vs. Pin the Fig. 6.9. 
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Figure 6.8 The temperature dependence of real part of AC susceptibility and the corresponding 
temperature derivations of ErCo2 compound under various hydrostatic pressures taken in the CPC for 
the SQUID magnetometer (a,b) and in the CPC for the PPMS instrument with a special coil (c,d). The 
amplitudes of x'(T) are normalized with respect to curve under the lowest pressure. The denoted 
pressure values were determined at room temperature. The data-point symbols in plots b and d 
correspond to same pressure as in plots a and c, respectively. 

For approving the scenario of the splitting of the Te in Tf0 and Tt, the x'(T) data were 

fitted so that it was assumed that the measured curves are a convolution of two curves 
representing the Er and Co magnetic-moment behaviour, respectively. The highest-pressure 
curves were successfully fitted with two Gauss curves moving apart each other with 
increasing pressure. An example is showed in Fig. 6.1 O. 

16 
The scenario introduced by Hauser et al. is based on considering the Co sublattice ordering at lower 

temperature than ordering of the Er sublattice when the conditions for metamagnetism in the Co sublattice are 
modified by sufficient external pressure. 
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Figure 6.9 Phase diagram of transition 
temperature vs. hydrostatic pressure of 
ErCo2 focused on the temperature region 
around the transition temperature. Both sets 
of measurements are included. One can 
clearly see the predicted (Hauser et al. [36]) 
transition-temperature splitting at ~ 1.4GPa. 
The red lines show estimated linear fits of 
the data. The denoted pressure values were 
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Figure 6.10 Fit (red line) ofmeasuredx'(7) 
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In Fig. 6.11 a are shown the results of ErCo2 compound for temperature region around the 
flipping temperature Tp. (Herrero et al. [60-62]). For easier analysis the data were processed 
as followed: the original data x '(1) were inverted into llx '(T), the anomaly was subtracted 
supposing that the purely paramagnetic data would follow the Curie-Weiss law (linear 
temperature dependency - at least in the nearest vicinity of the Tp); the final data were taken 
in absolute values. lt can be clearly seen that the curves shift towards lower temperatures 
with increasing pressure. 
Further, the temperatures maxima of such derived curves, were taken for a rough analysis as 
the comparative value of the Tp. However, because of noised data, these were sometimes not 
definite and so just for better clarity the curves were also fitted by a Lorenz function. The 
Fig. 6.11 b shows a phase diagram TF vs. P. As for the fitted data, each set of measurements 
shows roughly a linear tendency but shifted from each other. This could be most probably 
attributed to differences in each set of measurements ( due to differences between used 
instruments ). 
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Figure 6.11 The temperature dependence ofthe 
separated anomaly realted to the flipping 
temperature TF of ErCo2, under various hyd
rostatic pressures (a). The orresponding phase 
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11 o temperature. 

In the Fig. 6.12 are presented selected x'(T) curves in the temperature region around the 
transition temperature. One can see that also for this compound the x '(T) behaviour is 
considerably intluenced by applying extemal hydrostatic pressure. 

In comparison with the parent compound (ErCo2), the amplitude of the x'(T) increases 
gradually at a high rate for pressures up to 2.6 GPa where it reaches almost 20times higher 
value than at ambient pressure. Beyond 2.6 GPa, the amplitude does not increase anymore, 
nevertheless the x'(T) peak becomes broader. The splitting of the Er- and Co-sublattice, 
respectively, ordering temperatures observed for ErC02 is not evident in the case of 
Er(Co1_xSix)2 at available pressures although the gradual broadening of the x'(T) beyond 2.6 
GP a maybe considered as a precursor of such splitting. Measurements at higher pressures are 
desired to confirm whether the Te splitting appears also here. As for the development of the 
transition-temperature with pressure, Te vs. P (where the Te is determined from the maxima 
ofthe Bx '/81), the Te decreases up to 1.7 GPa, varying as BTel BP = - 9.4 ± 0.8 K.GPa-1

, if 
roughly approximated with a linear dependency. Around 1. 7 GP a, the de- pendency deviates 
and varies approximately as BT dBP = - 3.0 ± 0.4 K.GPa-1

. 

As for the pronounced anomaly around TF, this was observed only up to pressure 1.2 GPa. 
The corresponding phase diagram is presented in Fig. 6.13 . With increasing pressure, the 
character of the inverse x'(T) gets more deviated from an ideal linear dependency and it is 
not possible to separate the anomaly. So it cannot be excluded that the anomaly does not 
disappears at higher pressures. 
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Summarizing, from our measurements around the TF follows that a pressure application has 
a similar influence on the flipping-temperature development as the applied magnetic field 
has (Herrero et al. [ 60-62]). For reminding, the flipping of the orientation of a Co moment 
happens in a collective way in clusters because it is energetically favorable. During the 
flipping process the Co-Co exchange interaction should be overcome and the clustering 
allows minimizing the number of antiparallel Co-Co neighbours. The pressure application 
leads to decreasing Co-Co distances and consequently an enhanced overlap of 3d-wave 
functions of neighbouring Co atoms that on one side may enhance the exchange interaction 
in the Co sublattice buton the other hand the 3d electrons become more delocalized and the 
Co magnetic moment further suppressed. Which of the two effects becomes dominant 
cannot be answered at this stage ofunderstanding. 
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Figure 6.13 Phase diagram TF vs. P of 
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anomalies. Both sets of measurements 
are included. The pressure values 
denoted were determined for the room 
temperature. 

Electrical resistivity behaviour at ambient pressure 

The temperature dependencies of the electrical resistivity p(T) of ErCo2 and 
Er(Coo_975Sio,02s)2 compounds at ambient pressure are shown in Fig. 6.14 a, b. The data are in 
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a good agreement with those reported earlier (Cuong et al. [50, 51 ]; Hauser et al. [36, 93] ; 
Daniš et al. [52]). Both curves show the pronounced first-order magnetic phase transition at 
the Curie temperature Te clearly approved by the step-like resistivity drop ascribed to the Co 
3d-moment formation (Syshchenko et al. [ 44, 45]) and by a hysteresis in temperature. Both 
curves show a tendency to saturate with increasing temperature that was attributed to the 
spin-fluctuation scattering of the 3d-band (Baranov et al. [32]). In the case ofErC02, there is 
a characteristic anomaly in the vicinity of the transition temperature - an enhancement of 
resistivity when approaching Te from higher temperatures - which has been ascribed to the 
critical conduction-electron scattering on spin fluctuations in the itinerant d-band 
(Syshchenko et al. [ 44, 45]). 
With the Si-substitution, the Te shifts to higher temperatures and the anomaly disappears 
(where the transition temperature Te was determined as the maximum point of the 8p/T8 
curve). The residua! (po) increases considerably with the Si-substitution for Co and that is an 
obvious consequence of the substitutional disorder in the Co sublattice. 
The near-above-Tc anomaly characteristic for resistivity data of the parent compound is 
missing in data obtained for the Si-substituted sample. This result further corroborates the 
scenario of the diminished role of spin fluctuations that has been deduced already from 
magnetization and AC susceptibility behaviour of the Si-doped sample as discussed in 
previous chapters. 
The phenomena connected with Co-moment flipping are not reflected in the resistivity data 
in the vicinity of the corresponding Tp neither for ErC02 nor for Er(Co0.975Sio.02s)2 within 
the sensitivity and accuracy of our measurement. The effect of the Co-moment flipping is 
very subtle and consequently it is hidden in the sea of conduction-electron scattering on 
spin-fluctuation events in the paramagnetic range. 
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Figure 6.14 Temperature dependence of electrical resistivity of ErCo2 (a) and Er(Co0.975Si0.025h (b) 
compounds measured in zero applied magnetic field and at ambient pressure. Both samples show a 
step-like resistivity drop approving the first order phase-transition. 

Electrical resistivity behaviour under pressure 

The temperature dependences of the electrical resistivity of ErCo2 and Er(Co0.975Sio.o2s)2 
under applied hydrostatic pressure were measured in the clamped pressure cell up to 3 GPa 
and in the Bridgman-type cell up to 8 GPa. The experiments in higher pressures for 
Er(Coo.975Sio,02s)2 were in progress in the time of finalizing this thesis and the results are 
therefore not included. 
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ErC02 

The electrical-resistivity measurements p(T) of ErCo2 under hydrostatic pressure were per
formed up to 8 GPa The obtained results up to 3 GPa (Fig. 6.15a) are in a very good 
agreement with literature data (Hauser et al. [36, 93] ; Syshchenko et al. [ 42, 44, 45)). The 
experiments in higher pressures were affected with inappropriate shape of the sample and its 
location (Fig. 4.6b) which led to a non-hydrostatic spread pressure in the measured part 
(Eremets [81] ; Hauser et al. [36)). The character of the curves roughly corresponds to the 
expected behaviour presented in literature (Syshchenko et al. [ 42, 44, 45)). 
The measured data (Fig 6.15a) clearly reveal that the pressure affects significantly the 
resistivity behaviour. The magnetic ordering transition temperature decreases with 
increasing pressure and beyond 1.6 GPa the anomaly related with Te considerably changes 
its character, so that actually it is difficult to decide whether and where the transition happens 
and ofwhich type it is. Nevertheless, for quantitative treatment, (as for the ambient case) the 
maximum point of temperature derivative of the resistivity-curve a p!BT is taken as the 
transition temperature Te. From the Te vs. P dependency (Fig. 6.15b,• ) one can see that the 
Te decreases with increasing pressure linearly up to 2.46 GPa, varying with BTdBp = -(6.96 
± 0.30) K.GPa-1

• Probably beyond 2.9 GP a, the dependency would deviate from the original 
linear one and level off towards a pressure independent value as demonstrated by the ex
periments performed by Syshchenko et al. [ 42, 44, 45]. 
Further, the original anomaly in the T c-vicinity becomes gradually enhanced with increasing 
pressure up to 3 GP a. The residua! resistivity value remains almost intact. 
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the range 0.8 - 1.6 GPa as the one where the expected transition- temperature splitting happens. 

The values of the transition temperature obtained at various pressures correspond perfectly 
to the transition temperature Te and further to the Tcco determined from the AC-susceptibility 

measurements but no evident transition-temperature splitting is observed. Further analysis is 
needed that would ascertain the splitting even from the resistivity data. Hauser et al. [36] 
used for indicating the temperature derivative of the resistivity pointing on the appearance of 
the minimum in these curves. Nevertheless, some minimum is always present even at 
ambient condition following from the character ofthe transition-temperature vicinity. When 
analysing the relative amplitudes of these features, we can see that the starting tendency of 
the data at lower pressures deviates at the 1.6 GPa (Fig. 6.16b,V). So it can be roughly 
estimated that a change happens between the pressures 0.8 and 1.6 GPa. This range would be 
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in a good agreement with the results obtained from the AC-susceptibility measurements. 
Recently, Ishimatsu et al. [68] studied pressure influence (up to 4.2 GPa) by means of 
XMCD and X-ray Absorption Spectroscopy and discovered that the system develops 
through different magnetic regimes depending on the value of applied pressure. They 
observed significant changes in measured spectra above 1 GPa and concluded that the 
density of empty electronic states above the Fermi level decreases and also the Fermi level 
shifts. Further, they showed that a pressure increase leads to the 5d-electron-state 
localization resulting in decreased 3d-5d hybridisation. They also confirmed increased 
electronic perturbation with applied pressure. For P 2: 3GPa they observed unaltered spectra. 
The boundary-pressure values suggested by them are in very good agreement with the ones 
confirmed by our experiments. 

The scenario of processes in the ErCo2 can be following: At ambient pressure, the system 
orders at Te owing to sufficiently strong exchange field able to split the 3d majority and 
minority subbands; the exchange field acts on the 3d-electron band via 3d-5d hybridisation. 
The scattering on spin fluctuations, present in the paramagnetic phase and demonstrated by 
anomaly enhancement near the T c, is suppressed abruptly as the spin fluctuations are 
quenched. A pressure application causes the 3d-electron-band broadening, consequently 
their incomplete splitting and lower induced Co-magnetic moment. Increase of the pressure 
leads to increasing of the critical field He necessary to the metamagnetic transition of the Co 
moment approved as decrease of the T c. Also the spin-fluctuation enhancement gets still 
stronger until the critical pressure Pc ~ 1.6 GP a. At Pc, the 3d-5d hybridisation is disturbed 
and so the Co moments do not order at the same moment as the Er ones. Above 3 GPa, the 
electronic structure probably stabilizes which is supported also by almost disappearance of 
the spin fluctuations. The induced Co-magnetic moment should finally disappear at ~ 4GPa 
(Hauser et al. [36] ; Syshchenko et al. [45]). 

Er(Coo.97 5Sio.025) 2 

In Fig. 6. l 6a p(T) curves are presented for several values of hydrostatic-pressure appliance. 
The obtained results in low pressures are in a good agreement with literature (Cuong et al. 
[ 50, 51, 84)). It can be seen from the measured data that the character of the curves is just 
very slightly affected by the pressure. 
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Within the entire pressure range of our experiment, no dramatic changes were observed. The 
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transition temperature Te (determined from 8p/8T-curve) decreases continuously with 
increasing applied pressure as shown in Fig. 6. l 6b. For all pressures, the resistivity curves 
prove a discontinuous change at the Te, corroborating the original conclusion on the first
order-type transition. Further, the high-temperature resistivity under pressure keeps not only 
a similar character but even the absolute value as to the unpressurized sample. The residual 
resistivity p0, on the other hand, increases continuously with increasing pressure, which 
contrasts to the p0-behaviour of ErC02. 
The near-above-Te anomaly observed for ErCo2, but missing in ambient-pressure data 
measured on Er(Co0.975Sio.02s)2, has not emerged when the sample was under pressures up to 
3 GPa. This points to the better stability of the Co-magnetic moment owing to the Si
substitutions for Co. 
As expected, no indication ofthe Co-moment flipping in the vicinity ofthe corresponding TF 
neither for ErCo2 nor for Er(Co0.975Si0,025) 2 has been observed in the resistivity data even in 
pressures up to 3 GPa. 

6.2 Conclusions 

In conclusion, we have prepared polycrystalline samples of ErCo2 and Er(Co0.975Si0.025)2, 
characterized the crystal structure (the cubic Laves phase in both cases) by X-ray powder 
diffraction and composition by EDX microprobe. 
For these materials we measured temperature dependencies of the electrical resistivity and 
AC susceptibility, and the magnetization curves at representative temperatures. All the 
measurements were done at ambient and high hydrostatic pressure in order to study impact 
of changes of interatomic distances on the main magnetic characteristics. 
We have observed the influence of the Si substitution and application of pressure on the Co 
magnetic moment, Curie temperature Te and the flipping temperature TF and tried to 
formulate a scenario of physics of ErCo2 considering variations of electronic structure and 
exchange interactions. 

1. Low pressures (up to 2-3 GPa) lead to strong destabilization of the system in the 
vicinity of the transition temperature proveď by enhancement of the spin fluctuations 
and splitting of the transition temperature. At high pressures the system is stabilized 
proveď by re-decrease of the spin fluctuations and almost pressure independent 
transition temperatures of Er- and Co-magnetic sublattice. 

2. With Si substitution the lattice parameter remain unaltered but Er- and Co-sublattice 
exchange interactions are changed leading to higher ordering temperature. The 
substituted system is stabilized demonstrated in missing anomaly near above the Te. 
The substituted electronic system is more sensitive to relative Er- and Co-sublattice 
distances proveď by stronger pressure dependency up to ~ 1.5 GPa as for the parent 
ErCo2 system (see Fig. 6.17). 

3. The induced Co-magnetic moment decreases linearly with the applied pressure (up to 
studied lGPa). The Si substitution causes changes in density of states (a p-d hybri
disation plays a significant role) resulting in a stabilizer moment and so pressure 
influence is smaller than in the parent system. 

4. On the other hand, the Si substitution has a negative influence on the Co-clusters 
formation. Although the Co-Co exchange interactions should decrease due to 
increased relative Co distances it is proveď that arisen p-d hybridisation is stronger 
resulting in stronger Co-Co-exchange interactions and decrease in flipping 
temperature. From the pressure experiments follows this hybridised system is more 
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sensitive to pressure application as the original one. 

To confirm and further refine the proposed scenario XMCD experiments with appropriate 
pressure cells are strongly desirable. 
In addition, we have pursued a comparative study of the influence of hydrostatic and 
uniaxial (along the easy magnetization direction) pressure, respectively, on Te and Er 
magnetic moment in the ErAb single crystal. To explain the obtained changes of the Er 
magnetic moment with uniaxial pressure a scenario considering variation of crystal field 
parameters has been proposed. 
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