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Abstract

This thesis deals with crystal structure and magnetic properties of RCrySis (R = Pr,
Tb, Er) and RCrySisC (R = La, Ce, Pr, Nd) compounds. All prepared samples were
characterized by powder X-ray diffraction and investigated by specific-heat, magneti-
zation and AC-susceptibility measurements in the temperature range 2-900 K and in
magnetic fields up to 9T. The results suggest non-trivial magnetic ordering of the Cr
sublattice in all studied compounds, accompanied with ferromagnetic ordering of the Pr
and Nd magnetic moments below the Curie temperature of 30 and 21 K in PrCrsSisC
and NdCrsSisC, respectively, and possible metamagnetism in CeCrsSisC. For RCrsSis C
compounds, the experimental evidence of Cr magnetism is corroborated by results of
extended first-principles calculations based on the density functional theory.
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Chapter 1

Introduction

The ternary intermetallic compounds of the general composition RTsX, (R = rare
earth, T = transition metal, X = Si or Ge) form one of the largest and intensi-
vely investigated groups of rare-earth-based ternary systems. Among them, the
silicides have attracted much attention owing to the variety of physical behavior
observed.

However, the RT,Si, silicides containing the transition 3d metals larger than
Mn (e.g. RCrySiy compounds) have so far rarely been investigated. Within last
few years, the group of the brand new RCr,SisC compounds was presented, intro-
ducing the only investigated compound — CeCrySi;C. In fact, these compounds
are the C-stabilized structure variants of the RCrySis arrangement with light rare
earths.

The crucial problem in investigation of rare earth materials is the purity of the
rare-earth metals. Therefore, the goal of the thesis is employment of the solid-
state electrotransport technique in order to obtain the highest available purity
of the starting rare earth materials.

The aim of the thesis is to prepare novel compounds of well-defined com-
position and high purity, and to determine their crystal structure and magnetic
properties. The key points can be summarized as follows:

e to prepare single-phase RCrySis and RCrySisC from high-purity constitu-
ents, using rare-earth metals purified by the solid-state electrotransport,

e to characterize them by standard solid-state techniques,

e to investigate intrinsic magnetic properties of the novel compounds by va-
rious experimental techniques like magnetization and heat capacity measu-
rements,

e to propose microscopic mechanism of magnetic ordering in the studied com-
pounds.

The presented diploma thesis is focused on the magnetic properties of the
selected RCrySis and RCrySisC polycrystalline samples and single crystals, pro-
bed by the specific-heat, magnetization and AC-susceptibility measurements. The
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characterization of the prepared compounds by means of the microprobe analy-
sis, powder and Laue diffraction experiments is also presented. Moreover, the
first-principles DFT calculations have been performed for the selected RCrySisC
compounds.

This thesis is organized as following: Chapter 1 presents the aims of the di-
ploma thesis. The theoretical background of the magnetism in metallic systems
is presented in Chapter 2. Experimental techniques including the methods of
syntheses, the characterization and the investigation techniques of the magnetic
properties of the studied samples are described in detail in Chapter 3. Chapter 4
presents the remarks on the crystal structure and previous results of the magne-
tic studies of RCrySi; and RCrsSisC compounds. All obtained experimental and
computational results are discussed and summarized in Chapter 5. Final conclusi-
ons of the diploma thesis are presented in Chapter 6. In addition, references to
the related literature are included.



Chapter 2

Theory

2.1 Magnetism in metals

2.1.1 Free electron model of metals

It is possible to understand a number of important physical properties of some
metals in terms of the free electron model. In this model, the periodic potential
due to the lattice is ignored. The conduction electrons in metals are delocalized
and are able to move freely through the sample — they are known as the itinerant

electrons.
At T = 0, we assume that the electrons fill states up to the Fermi wave

vector kg
ki = 3n°n, (2.1)

where n = N/V is the number of electrons per unit volume.
The energy of the topmost filled level in the ground state (the Fermi level)

is called the Fermi energy
R’k

Er = 2.2
" om, (2:2)
where m, is the mass of one electron.
The density of states at the Fermi level is then
3n mekp
9(&r) = (2.3)

28 (mh)?

2.1.2 Nearly free electron model

The free electron model of metals gives us a good insight into several physical
properties of metals such as the electrical conductivity and thermal conductivity,
but it does not clarify, why some materials are good conductors of electricity and
others are insulators or semiconductors. This is because we ignore the periodic
potential due to the lattice.

11



12 2. Theory

However, if the periodic potential is included as a perturbation, it turns out
that it has very little effect except when the wave vector of the electron is close
to a reciprocal lattice vector. At such points in k-space, energy gaps appear in the
dispersion relation.

Everything mentioned above was treated at 7' = 0. When 7" > 0, the density
of states g(F) is unchanged, but the occupancy of each state is given by the Fermi
function

1
f(E) = E T 11
where p is the chemical potential, which is temperature dependent, and kg is the
Boltzmann constant. At T = 0, f(E) is a step function, taking the value 1 for
E < pand 0 for E > p, respectively. The step is smoothed out as the temperature
increases.
The Fermi surface is the set of points in k-space whose energy is equal to
the chemical potential. If the chemical potential lies in a gap, then the material
is semiconductor or insulator.

(2.4)

2.1.3 Diamagnetism

All materials show some degree of diamagnetism, which is characterized by a weak,
negative magnetic susceptibility x = M/H, where M is the magnetic moment per
volume (the magnetization) and H is the applied magnetic field per unit volume.
For a diamagnetic material, a magnetic field induces a magnetic moment which
opposes the applied magnetic field that caused it. If we consider a solid composed
of N ions (each with Z electrons of mass m,) in volume V' with all shells filled,
at T' = 0 the diamagnetic susceptibility can be expressed as

Z

N € g 5
R ) 2.5
Xd V Gme p <rl> ( )

where e is the charge of electron, p is the permeability of free space and r; is the
radius of the orbital of the i electron in the atom. Diamagnetic susceptibilities
are usually largely temperature independent.

The good examples of the diamagnetic materials are ionic salts and inert noble
gases.

The diamagnetic behavior comes from the diamagnetic contribution of the
valence electrons, but there is also diamagnetic effect arising from the coupling
of the field to the orbital motion of the conduction electrons, known as the Landau
diamagnetism.

Diamagnetism is present in all materials, but it is a weak effect.

2.1.4 Paramagnetism

In practice, we measure the total susceptibility of the bulk induced by a mag-
netic field, which is a superposition of the Langevin diamagnetic susceptibility
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(of the closed-shell ion cores), the Landau diamagnetic susceptibility, and the
Pauli paramagnetic susceptibility (arising from the coupling of the intrinsic spin
of the conduction electrons with the applied field H).

Paramagnetism corresponds to a positive susceptibility so that the applied
magnetic field induces a magnetization, which aligns parallel with the applied
magnetic field, which caused it. Here we consider the atoms, which have a nonzero
magnetic moment because of unpaired electrons. Without the applied magnetic
field, these magnetic moments point in random directions because the magnetic
moments on neighboring atoms interact only very weakly with each other and can
be assumed to be independent. The application of a magnetic field lines them up,
the degree of lining up depends on the strength of the applied magnetic field.

Although an increase of magnetic field tends to line up the spins, an increase
of temperature randomizes them. Therefore, the magnetization of a paramagnetic
material depends on the ratio H/T. The paramagnetic effect is in general much
stronger than the diamagnetic effect, although the diamagnetism is always present
as a weak negative contribution.

Pauli paramagnetism

The conduction electrons also contribute to the magnetic moment of a metal.
Each electron in a metal is either spin-up or spin-down. If we apply the magnetic
field, the electron band is spin-split into two spin subbands. If n; is the number
of electrons per unit volume with spin-up and n| is the number of electrons per
unit volume with spin-down, the magnetization density is

M = pp(ny —ny), (2.6)

where pp is the Bohr magneton.
The Pauli paramagnetic susceptibility is given by

XPauli = /1'2Bg(gF) (27)

As for the conduction electron magnetism, when the magnetic field H is ap-
plied, there are not only the paramagnetic effects but also the diamagnetic effects
(Landau diamagnetism) as we mentioned above. For the free electrons it can
be shown that

XLandau — _%XPauli- (28)

2.1.5 The ground state of an ion and Hund’s rules

The state of an electron in a free atom or ion is described by four quantum
numbers:

e n — principal quantum number

e [ — orbital angular momentum quantum number
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e m;, ms — the respective magnetic quantum numbers

A lot of electrons in the atom are found in filled shells which have no net
angular momentum. However, there may be unfilled shells and the electrons in
these unfilled shells can combine to give nonzero spin and orbital angular mo-
mentum. For given [ there are (2] + 1) possible values of I, (the z component of
0):1,l—1,1—2,...,—1 plus two values for s,: —|—%, —%, so that the shell contains
2(2] 4+ 1) one-electron levels. If the electrons did not interact with each other,
the ionic ground state would be 2(2] + 1)-times degenerate. However, this dege-
neracy is considerably lifted by electron-electron Coulomb interactions as well as
by the electron spin-orbit interaction, which is the interaction of the orbital an-
gular momentum 1 with the spin angular momentum s of an electron. The orbital
momentum interacts more strongly with the spin moment of the same electron
than with the spins of other electrons. The total angular momentum j of each
electron is the resultant of the orbital angular momentum 1 and the spin angular
momentum s:

j=1+s, (2.9)
where the magnitude of j can take the values j = (+s,l4+s—1,...,|l—s+1],|l—s|.

Hund’s rules

As we can see, there are a lot of superpositions of angular momentum quantum
numbers that are possible, but only one minimizes the energy and is the ground
state for a particular ion. This can be estimated using Hund’s rules [1]:

e The state that have the lowest energy have the largest total spin .S, which
is consistent with the Pauli exclusion principle.

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

e Finally, with the satisfaction of the previous two rules, the value of the total
angular momentum .J corresponding to the state of the lowest energy is:

J =|L— S| if the shell is less than half full,
J=L+S if the shell is more than half full.

For atoms with high atomic number Z, the spin-orbit interaction mainly do-
minates and the spin and orbital angular momentum of each electron is coupled
separately. Then the weaker electrostatic interaction may couple the total angular
momentum of each electron. This is called the j-j coupling.

After we have found the values for S, L and .J, we can summarize this ground
state using a term symbol 2°*1 L ;. Here 2541 is the spin multiplicity and the orbi-
tal angular momentum L is represented by one of these letters: S, P, D, F, G, H, . ..
for the values of L: 0, 1, 2, 3, 4, 5, ..., respectively.
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2.1.6 Crystal field

There is a pronounced difference between the rare-earth metals and transition
3d metals in the magnetic behavior due to the crystal field effect. In the rare-
earths, the 4f shell (responsible for paramagnetism of the rare-earth ions) is
well localized inside the ion, and is partly shielded from the environment by
the outer bs and bHp shells, respectively. In the transition 3d metals, 3d shell
responsible for paramagnetism is the outermost shell in the ionic state. The 3d
shell is thus exposed to the intense local electric field produced by the negative
charged electrons in the neighboring ions. This inhomogeneous electrical field is
known as the crystal field (CF).

The crystal field can be treated in the scope of the perturbation theory
as follows. The total energy of the system is represented by the hamiltonian

'H =Ho + Hso + Hcr, (2.10)

where H, is the unperturbed state, Hgo is the spin-orbit coupling term, and Hcp
is the crystal field term.

The relation between the two perturbation terms results into the three general
classes of the CF effect:

e strong CF

Hso < Hcr, 4d and 5d transition metal complexes

e medium-strength CF

Hso < Hcr, 3d transition metal complexes

e weak CF
Hso > Hcr, 4f intermetallic compounds

In the rare-earth ion, the spin-orbit interaction is much larger than the crystal-
field interaction. Owing to this fact, it is usually sufficient to consider only the
lowest multiplet J, given by Hund’s rules. This limitation results in a substan-
tial simplification both in the analysis of the experimental data and theoretical
calculation. Eu*" and Sm3* ion states require the involvement of a higher mul-
tiplet, since the higher multiplet is just 530 and 1500 K above the ground state
multiplet, respectively.

The CF Hamiltonian that describes part of the electron-electron interactions
in the solid state due to the electrostatic interaction of the aspherical 4f charge
density with the aspherical electrostatic field arising from the ion neighborhood,
can be written as

Hcr = ZZA:anfnm(ﬁ)7 (2'11)

where f,,,, are Tesseral harmonics describing the spatial distribution of the charge
associated with the 4f electrons, A" describes the spatial distribution of the
charge surrounding the 4 f electrons.
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Using the Stevens formalism the summation in (2.11) over the 4f electrons
leads to the matrix elements of the total angular momentum. Within the ground-
state multiplet the crystal-field Hamiltonian (2.11) is written in the conventional
form

Her = X3 B O7(J), (2.12)

where O] are the Stevens operators (equivalents) [2] and B]"* are the crystal-field
parameters which are usually evaluated from the analysis of the experimental
data. The parameters B)" can be written as

B = 0,(ri; AL, (2.13)

in which expression terms related to the 4f ion, )}, and term related to the
surrounding charges, A" known as the crystal field coeflicients, are separated.

For the RCrySi; and RCrySisC compounds, the local symmetry of the rare-
earth ion is tetragonal, therefore the CF hamiltonian can be written as

Her = aAJr%) 03 + 8 (A304) 0 + AL 04) + 7 (430°) 08 + AL )04
(2.14)

where «, (3, and 7 correspond to the reduce matrix elements. The CF parameters
can be obtained e.g. from fit of the anisotropic magnetic susceptibility.

2.2 Exchange interactions

The exchange interaction is a very important phenomenon in the theory of mag-
netism. Exchange interactions are responsible for magnetic ordering, in magnetic
materials.

The exchange interaction is in general treated by the Heisenberg model. In the
Heisenberg Hamiltonian, the exchange interaction energy between two ions is ex-
pressed by the spin Hamiltonian
where J;; is the exchange constant (or exchange integral) between two spins S;
and S;. Then the total spin Hamiltonian of the system, summed over all pairs
of ions is

Hspin - —2 Z JZ]SZ . Sj . (216)

The most important simplification of the Heisenberg model is the Ising model,

in which the spin S is replaced by his z-component, S*. The typical example, which

can be described by the Ising hamiltonian is a uniaxial system, like a tetragonal or

hexagonal, with magnetic moments aligned parallel to the high-symmetry c-axis
(quantization z-axis).

HEmE = —2 3" ;8787 (2.17)

i,J
i#]j
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There are two basic types of exchange interactions in solids: direct exchange
and indirect exchange.

2.2.1 Direct exchange

The direct exchange arises from the direct Coulomb interaction among electrons,
from the two neighboring magnetic atoms without the need of an intermediary
(Fig. 2.1). Though this seems the most obvious route for the exchange interaction
to take, the reality in physical situations is rarely that simple. The direct exchange
is typical for the transition 3d metals such as Fe, Co and Ni.

10101

Fig. 2.1: Schematic illustration of direct

exchange, in which the magnetic ions in-

teract because their charge distributions
overlap.

In rare-earths, the 4f electrons are strongly localized and lie very close to
the nucleus, so the direct overlap between the neighboring magnetic 4f orbitals
is negligible. This means that the direct exchange interaction is unlikely to be very
effective in rare-earths. Even in transition metals, where the 3d orbitals extend
further from the nucleus, it is extremely difficult to justify why direct exchange
should lead to the observed magnetic properties.

Thus in many magnetic materials, some kind of indirect exchange interaction
should be taken into the account.

2.2.2 Indirect exchange
Superexchange

In some cases, the materials have magnetic ground state, although there is no di-
rect overlap between the orbitals of the magnetic ions. The magnetic ground state
is caused by the superexchange. It can be defined as an indirect exchange inter-
action between the non-neighboring magnetic ions, which is mediated by atomic
orbitals of a non-magnetic ion, which bridges the two magnetic ions (Fig. 2.2).
The superexchange usually has an antiferromagnetic character. It is typical for
ionic solids, such as MnO and MnFs.

Indirect exchange in metals — RKKY interaction

In metals, the exchange interaction between magnetic ions can be mediated by
the conduction electrons. It is known as the RKKY interaction (named after Ru-
derman, Kittel, Kasuya, Yosida) [4]. A localized magnetic moment spin-polarizes
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Fig. 2.2: Schematic illustration of super-

exchange, in which magnetic ions with

non-overlapping charge distributions in-

teract because both have overlap with
the same non-magnetic ion.

the conduction electrons in its neighborhood and the spin polarization in the
itinerant electrons is felt by the moments of other magnetic ions within range,
leading to an indirect coupling (Fig. 2.3).

~ -
N
N e Lt
/$
¥ -
P -
LI ) -
Iy » Ty

Fig. 2.3: Schematic illustration of indirect

exchange, in which the interaction between

magnetic ions is mediated by the conduction
electrons.

The interaction is long-range and has an oscillatory dependence on the distan-
ce between the magnetic moments. Therefore, depending on the separation be-
tween two ions, the magnetic coupling may be either ferromagnetic or antiferro-
magnetic. This type of interaction has the basic importance in ordering of mag-
netic moments of well-localized electrons and is mostly found in lanthanides and
their intermetallic compounds.

2.3 Types of magnetic ordering

As was mentioned above, in solids different types of magnetic interactions operate
between the magnetic moments. There are several types of magnetic ground state,
which can be produced by these interactions. Further, we will briefly discuss two
of them — ferromagnetism and antiferromagnetism.

2.3.1 Ferromagnetism

A ferromagnet has a spontaneous magnetization — the nonzero magnetic moment
even in the absence of applied magnetic field. All the magnetic moments lie along
one unique direction. We define the saturation magnetization M as the sponta-
neous magnetic moment per unit volume.
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To describe the ferromagnetic structures, we introduce the so-called Weiss
molecular field B,,, describing the interaction, which make the magnetic mo-
ments line up the same way. In fact, this molecular field measures the effect of
the ordering of the system, so we can assume that B, is proportional to the

magnetization
B = \M, (2.18)

where X is the Weiss field constant, which parametrizes the strength of the mo-
lecular field. For a ferromagnet, A > 0. The molecular field is usually extremely
large in ferromagnets due to the large Coulomb energy involved in the exchange
interaction.

At low temperatures, the magnetic moments are aligned by the internal mo-
lecular field. As the temperature raises, thermal fluctuations destroy the mag-
netization, and at a critical temperature T, called the Curie temperature, the
magnetic ordering is destroyed. This model is known as the Weiss model of ferro-

magnetism.
The susceptibility in ferromagnetic materials follows the Curie-Weiss law
C
= 2.19
X=7 9, (2.19)
O — NapZ
3kg

where C' is the Curie constant, 6, is a paramagnetic Curie temperature (which
is positive in ferromagnets), N is Avogadro’s number, and p.g is the effective
moment. In a ferromagnet, according to the Weiss molecular field theory, 0, = Tc.

2.3.2 Antiferromagnetism

The antiferromagnetic state is characterized by an ordered antiparallel arrange-
ment of the electron spins due to the fact that the dominant exchange interactions
in material are negative. In the most simple case, the antiferromagnetic system is
considered as two interpenetrating sublattices — in the first sublattice the magne-
tic moments point up, in the second point down. The nearest neighbors of each
magnetic moment are those on the other sublattice. In both sublattices, there are
also present the particular molecular fields at low temperatures. The molecular
field disappears for temperatures above a transition temperature, known as the
Néel temperature, Ty.

The susceptibility in antiferromagnetic materials is given in analogy with the
Eq. (2.19), but a paramagnetic Curie temperature 6, is negative now. In an ideal
antiferromagnetic material, 0, = —Tx.

2.3.3 Itinerant ferromagnetism

In some materials, there is a strong evidence of the itinerant ferromagnetism in
which the magnetization is caused by the spontaneously spin-split bands. Depen-
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ding on the balance between the kinetic energy and the molecular field energy of
electrons, the ground state of the system may be either ferromagnetic or para-
magnetic. The spontaneous ferromagnetism is possible if

Ug(&r) > 1, (2.20)

where U is the exchange energy of electrons. This condition is known as the Stoner
criterion. If the Stoner criterion is not satisfied, the spontaneous ferromagnetism
will not occur and the system is paramagnetic. However, the susceptibility may
be altered by the Stoner enhancement factor Ssioner

XPauli
— _APauli L Seioner 2.21
X 1—U (SF) XPauliPSt ( )

2.4 Spin-density functional theory

In real systems we cannot ignore Coulomb interactions between electrons and the
effect of exchange interactions on the motion of the electrons. The positions and
motions of all particles are correlated because the particles interact with each
other. Thus the interactions lead to correlations appearing between particles.
Such correlations can be very difficult to deal with theoretically, but a useful and
successful approach is the density functional theory.

In this theory it is recognized that the ground state energy of a many-electron
system can be written as a functional of the electron density n(r). The functional
contains four contributions: a kinetic energy, external-potential energy (electron-
nucleus Coulomb interaction), Hartree electrostatic interaction, and a term called
the exchange-correlation energy that captures all the many-body interactions
beyond the Hartree term. Minimizing the energy functional leads to an equation
which can be used to find the ground state energy.

The problem is that the exchange-correlation energy is unknown. However, we
can use the value of the exchange-correlation energy from known results of many-
electron interactions in a homogenous electron gas. This is called the local density
approximation (LDA). The LDA is exact for a perfect metal (which does have
uniform electron density) but is not so good for systems with wildly spatially
varying electron density.

The extension of density functional theory to include the effects of spin pola-
rization is called spin-density functional theory. In magnetic systems this is used
together with the local spin-density approximation (LSDA) in which the exchange
correlation potential depends not only on the local electron density but also on the
local spin densities (the electron density of spin-up and spin-down electrons).
This technique can be used to perform realistic calculations of electronic band
structure and to obtain quantitative information concerning the spin density of
real systems.
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2.5 Specific heat in metallic systems

The measurement of the heat capacity of solids can provide considerable infor-
mation about the lattice, electronic and magnetic properties of materials. For
example, magnetic phase transitions can be seen as an anomaly in the tempera-
ture dependence of the specific heat. In solids, where the volume depends on the
temperature due to the thermal expansion, we usually measure the specific heat

C, at the constant pressure
dU
=\ == 2.22
c, (dT)p (222)

where U is the energy of the system.
The total specific heat of a metallic system consists of several additive contri-
butions:

e (, — electronic
e C,, — lattice (phonon)
o (Cpag — magnetic

e (', — nuclear

C = Ce+ Con + Chag (2.23)

The nuclear part of the specific heat is related to the hyperfine interaction of
the 4f shell with the nuclear moment of the 4f ion and is only significant at low
temperatures for most of the 4 f ions.

Each contribution and its origin are described in this section.

2.5.1 Electronic part

If we warm up the electrons from absolute zero to temperature 7', the energy
of each particle is not increased by an amount of kg7, but only a fraction
of electrons of the order of T'/Tr can be thermally excited, because only these
lie within an energy range of the order of kgT of the Fermi level. Then the total
electronic thermal energy is

Ur ——kgT, (2.24)

where N is the total number of electrons, and T is the effective Fermi tempera-
ture.
The electronic part of the specific heat is given by

oUu T
Cel = ﬁ ~ NkBT_F ~ ’YT (225)
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The electronic contribution to the specific heat is thus proportional to T'. If we
express the equation (2.25) by means of the density of states at the Fermi level
g(Er) [3], for the specific heat of electron gas we obtain

2

C, = %g(gF)kgT. (2.26)

2.5.2 Phonon part

At the nonzero temperature, the thermal vibrations are present in the crystal
lattice. These vibrations are not independent oscillations of the individual atoms,
each atom interact with its neighbors. These vibrations are treated as the travel-
ling waves in the lattice, which are quantized in momentum and energy and are
known as phonons.

The specific heat of the crystal has the following characters [1]:

e At T = 0, the specific heat is equal to zero.

e At the high temperatures, the value of the specific heat is approaching to the
Dulong and Petit value, which is 3N kg for an ideal monoatomic crystal.

e At very low temperatures, the specific heat follows the 7% law.

There are two theoretical models describing the behavior of the specific heat.
Both models, Einstein and Debye, are discussed below.

Einstein model

The Einstein model is generally used for the approximation of the optical phonon
contribution to the phonon specific heat. Within the Einstein model, we treat the
thermal properties of the vibrations of a lattice of N atoms as a set of 3N inde-
pendent harmonic oscillators in one dimension, each oscillator has the identical
frequency wg. The energy U of N oscillators in the three-dimensional space is

3N hwg,

U = ehWE/kBT _ 1

(2.27)

It is convenient to discuss results in terms of a characteristic temperature 0g
(called the Einstein temperature) defined by

hwg = kpbg. (2.28)
Then the specific heat is described by

t9E>2 eeE/T
(

- (2.29)

In the high-temperature range, the Cy approaches the value of 3Nkg, which
is in the agreement with the Dulong-Petit law. However, for the low-temperature
region, the specific heat drops exponentially while the experimental phonon con-
tribution gives C' ~ T3.
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Debye model

The Debye model of the specific heat replaces all branches of the vibrational
spectrum with three branches (describing the acoustic phonons). Each branch
follows the same linear dispersion relation

w = ck, (2.30)
We can define the characteristic Debye temperature 0p as
th = th’D = k’BQD, (231)

where kp is the maximum inverse interparticle spacing, and wp is the maximum
phonon frequency. Then we can write the formula for the specific heat

TN\? (/T phevdy

In the high-temperature region, the specific heat Cp follows the Dulong-Petit
law. Moreover, at low temperatures the specific heat follows the 7 law, which
is in the agreement with experiments. That’s why the Debye theory is widely
used for explanation of the specific heat of the crystal lattice.

Anharmonicity

Behavior of a real crystal lattice does not completely correspond to the theoretical
models. All the phonon contributions to the specific heat were treated within the
harmonic approximation, in which we assume that there is no thermal expansion.
However, this condition is not satisfied in real crystals, the anharmonic terms
must be taken into the account.

In solid, there are two types of phonon branches: low-energy acoustic phonons
and optical phonons as the vibrational states populated in higher energy levels.
Debye model describes the acoustic phonon branches (3x degenerated) while the
Einstein model is useful to characterize the optical phonons (3n—3 modes, n is the
number of atoms per unit cell). As both models postulate the harmonic oscillators,
they do not consider thermal expansion and thus describe the isochoric specific
heat. In reality, the volume changes with temperature and we measure the isobaric
specific heat C),. Therefore, the anharmonicity corrections must be involved [5].

The total specific heat is then expressed as

QaE;

3n—3
1 1
Cph =R (m CD + ZE 1 ﬁ CE1> s (233)

where R is the universal gas constant, and ap and ag is the anharmonic term for
acoustic and optical phonon branches, respectively.
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2.5.3 Magnetic part

In 4f compounds, a magnetic contribution to the specific heat is associated with
increasing population of the excited localized states. The degeneracy of the 4f
ground state multiplet is lifted by the crystal-field effect and molecular-field inter-
actions. The splitting of the (2.J+1)-fold degeneracy of the ground-state multiplet
due to the crystal field follows the well-known Kramer’s theorem.

However, it is difficult in general to separate the magnetic part from the other
contributions. The so-called nonmagnetic analogues (isostructural compounds
with nonmagnetic rare-earth ion) are therefore taken as a reference for the non-
magnetic part of the specific heat, in order to obtain the magnetic contribution
to the C,.

In the paramagnetic state, the magnetic part of the specific heat is given
by the Schottky-type contribution only. Then the crystal-field level scheme can
be obtained from the analysis of the specific heat in the paramagnetic state.

When we separate the crystal-field part of the specific heat, a contribution
due to the magnetic ordering is finally obtained.



Chapter 3

Experimental

3.1 Sample preparation

3.1.1 Polycrystalline samples — mono-arc furnace

The polycrystalline samples were synthesized in the mono-arc furnace installed
in the Technology Laboratory of the Department of Condensed Matter Physics
(DCMP), Charles University. The samples were four times re-melted to improve
homogeneity. Prior to the sample preparation, the constituent rare-earth elements
had been refined by solid-state electrotransport (SSE).

The mono-arc apparatus consists of the sample chamber, torch, vacuum sys-
tem, water-cooling system and power supply for the arc. First, the constituent
elements are set in the water-cooled copper crucible inside the apparatus. Then
the sample chamber must be evacuated for at least 1 hour and after that the
chamber is filled with the protective argon atmosphere.

For the syntheses, we used the constituent elements of the following purities:
R of 4N, Cr of 4N6, Si of 5N and C of 3N. Each sample was carefully melted
for about 1 minute, initial stoichiometries are presented in Table 3.1.

Compound | R | mg (g) | mer (8) | msi (g) | me (g) | Final mass (g)
PrCr,Si, Pr | 0.8552 | 0.6314 | 0.3411 1.8277
ThCrySi,y Thb | 09774 | 0.6394 | 0.3454 1.9622
ErCr,Si, Er | 1.0717 | 0.6664 | 0.3599 2.0978
LaCr,Si;,C | La | 0.9028 | 0.6757 | 0.3652 | 0.0780 2.0217
CeCrySisC | Ce | 1.0371 | 0.7695 | 0.4160 | 0.0890 2.3116
PrCrySi;C | Pr | 0.9093 | 0.6710 | 0.3627 | 0.0773 2.0203
NdCr,SioC | Nd | 0.9588 | 0.6912 | 0.3733 | 0.0798 2.1031

Table 3.1: The initial stoichiometries and constituent elements for syntheses of RCrySis
and RCr,SioC compounds.
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3.1.2 Single crystals — tri-arc furnace

The single crystals of CeCrySioC and PrCrySisC composition were grown from
about 6 g of melt in the tri-arc furnace at the Department of Condensed Matter
Physics. The apparatus utilizes the Czochralski pulling technique modified for
arc heating and consists of the sample chamber, vacuum system, water-cooling
system, power supplies for the three arcs, and the pulling head with continuously
controllable rotation and translation.

After the sample is set inside the apparatus, the sample chamber is evacuated
for approximately half a day, and subsequently filled with the protective argon
atmosphere. The melt is then heated with three symmetrically-positioned arcs
while the copper crucible is rotating and water-cooled.

We used the tungsten rod (instead of a polycrystalline seed), which was dip-
ped into the melt in the rotating crucible, and then slowly and carefully pulled
upwards with the typical pulling speed 810 mm /hour. The random necking pro-
cedure was performed to form the ingot. The pulling ingot is tapered into the
thin neck, where only a single crystalline grain is propagated. Then the ingot is
slowly broadened. When the satisfactory piece of material has been grown, proper
tapering of the sample separates the crystal from the melt.

3.1.3 Solid-state electrotransport
Introduction

When an electric field is applied to a metal, in addition to the flow of electrons,
a small transport of matter also occurs. This process of mass transport is referred
to as electrodiffusion, electromigration or electrotransport. In the solid state, it is
manifested in (a) self-transport in pure metals arising from the displacement of
atoms into vacancies, (b) the separation of the components of a substitutional
alloy resulting from their different rates or directions of migration, and (c) the
transport of interstitial solutes.

Purification of metals by solid state electrotransport

One application of the electrotransport phenomenon is in the preparation of pure
metals and high-quality metallic crystals. However, the electrotransport process
is very inefficient, and so, in terms of purification per unit of energy consumed,
any technique based on electrotransport would appear to be of limited value.
Nevertheless, techniques have been developed which provide small quantities of
high-purity metals, superior to that produced by alternative methods. Such ma-
terials are highly desirable in experimental solid state research, where the high
purity is a pre-requisite. The purification technique, often referred to as solid
state electrotransport (SSE) processing [6], has certain advantages, particularly
for reducing the concentration of interstitial impurities.
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Principle of SSE processing

During the SSE process, a metallic rod containing initially a dilute uniform con-
centration, C?; of a solute 7 is subjected to a direct current. The rod is heated and
we assume that it attains a constant temperature throughout its length. Further-
more, there is no solute flux through the ends or surface of the rod. The equation
for the solute migration flux J; in the x direction is

dd;

Ji = ~UCiE — D=,
dx

(3.1)

where C; is the actual concentration of the solute ¢, U; is the mobility of the solute
i and F is the electrical field intensity. After a sufficiently long time, the concen-
tration at any point is time-independent (.J;) and a steady state is reached. The
electrotransport flux (towards the anode) balances the back diffusion flux (to-
wards the cathode). The concentration decays exponentially:

C@mw)zl{wp(_25$>. (3.2)

For interstitial solutes (and very short rod), the migration constant K is given by

_ GUEI

K
D )

(3.3)

where [ is the rod length.

SSE apparatus

All rare-earth metals used for preparation of the studied samples were purified
using the SSE apparatus installed in the DCMP. The SSE apparatus consists
of the following compartments:

e Working chamber

The working chamber is equipped with a chamber-baking system. The ba-
king procedure allows degassing of the chamber from residual gases and
possible contaminants.

e Pumping system

The necessary high vacuum in order of 1071 Pa and better in the chamber
during the process is reached by the 4-step pumping system.

e Sample maintaining — fabricated from copper
e Cooling system

e Sample-temperature control
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3.2 Sample characterization

3.2.1 X-ray powder diffraction

All prepared samples were characterized by powder X-ray diffraction (XRD) with
Seifert XRD 7 diffractometer at DCMP working with the Bragg-Bretano geome-
try. The XRD patterns were recorded at room temperature using Cu K, radi-
ation. The 20 scans were performed within 20°-100° range by a 0.04° step with
the 5 second exposition per point. All the XRD data were analyzed by the Ri-
etveld technique [7] using the program FULLPROF for refinement of the crystal
structure.

3.2.2 Laue method

The standard Laue method (in the reflection configuration [9]) has been used both
to determine the single-crystallinity of the grown ingot, and to orient the sample
for further experiments. Laue patterns were taken on Mikrometa apparatus with
Cu radiation. Goniometric head was used to fix a proper orientation of an in-
got. After reaching the required orientation of the sample, the single crystal was
carefully cut for further experiments using a spark cutter.

3.2.3 Scanning electron microscopy

Homogeneity and stoichiometry of the LaCrySisC, CeCrySisC and PrCrySisC
compounds were investigated by field-emission high resolution scanning electron
microscopy (SEM) with MIRA II LMU (TESCAN). The device is equipped with
SE (secondary electrons) and BSE (back-scattered electrons) detectors. The acce-
lerating voltage is in the range 200 V-30kV, and at 30kV, the resolution is 1 nm
and 2nm for SE and BSE detector, respectively.

All three compounds were investigated by EDAX (Energy Dispersive X-ray
analysis), which is the technique used for identifying the stoichiometric composi-
tion of the studied sample.

3.3 Magnetization measurements

Magnetization measurements were performed using two instruments, installed
at the Joint Laboratory for Magnetic Studies: PPMS (Physical Property Mea-
surement System) [10] and MPMS (Magnetic Property Measurement System) —
SQUID magnetometer [11], both from Quantum Design.

3.3.1 PPMS

In the PPMS facility, there are two basic options used for magnetic measure-
ments — ACMS and VSM. Both options are discussed in this section.
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ACMS

All polycrystalline samples were investigated using the standard AC Measure-
ment System (ACMS) option in the temperature range 2-350 K and magnetic
fields up to 9 T. Data have been recorded on fine-powder samples with randomly
oriented grains, fixed by diluted glue in a small gelatine capsule. The mass of
those samples was approximately 40-190 mg, adjusted according to the measured
signal.

The ACMS option enables to measure both the magnetization and the AC
susceptibility. The distinction between the two types of measurements is impor-
tant. During DC measurements, a constant field is applied to the measurement
region and the sample is moved quickly through the detection coils, inducing
a signal in them according to Faraday’s law. This method measures a sample’s
magnetic moment M in an applied magnetic field H at a specific temperature T’
(M = M(H,T)). During AC measurements, an alternating field is applied to the
measurement region and the 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 do not directly measure a sample’s magnetic moment,
but it is very useful for examining the nature of magnetic phase transitions, such
as ferromagnetic transitions. Typically, a magnetic susceptibility diverges at the
critical temperature of a ferromagnetic phase transition.

In the ACMS option, AC measurements are nearly three orders of magnitude
more sensitive than DC measurements — within the AC susceptibility measure-
ment, the samples with the magnetic moment in order of ~ 107° Am? can be
detected, while the DC measurement system can detected the moment in order
~ 1072 Am?.

The AC-susceptibility data for polycrystalline samples were collected in the
temperature range 2—40 K at the frequency f = 1kHz with the amplitude of the
AC-magnetic field A = 1mT.

VSM

All single crystals were investigated using the VSM (Vibrating Sample Magneto-
meter) option. The high-temperature DC magnetization measurements were per-
formed using the VSM Oven option for all studied samples. During the measure-
ment, the sample holder with a sample oscillates near a detection coil, a changing
magnetic flux induces a voltage in the detection coil and this voltage is synchro-
nously detected.

The samples were investigated as small bulk pieces (the samples mass was
3-10mg). Within the VSM option, the sample is mounted on the special paddle-
shaped sample holder using the glue and inserted into the sample chamber.
Then we can perform the magnetization measurement in the temperature range
2-350 K. As for the VSM Oven option, the data can be collected in the tempe-
rature range 300-900 K. For this kind of measurement, the special VSM Oven
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heater stick is required. This heater stick is a device that contains platinum re-
sistor heater, thermometer, and a sample holder for the oven option. The sample
is mounted on the sample holder using alumina cement. Then the sample holder
is wrapped with a thin copper foil, which reduces thermal gradients between the
sample and heater stick. Heating of the sample is achieved by applying current
to the platinum resistor heater. A thermocouple embedded on the back side of
the sample holder measures the temperature in the sample region, and a ther-
mistor at the top connector of the sample holder corrects for heating of the cold
junction.

The PPMS VSM option performs sensitive measurement - the system is able
to resolve magnetization changes of less than ~ 1073 Am?.

3.3.2 SQUID magnetometer

Some additional measurements of DC magnetization and AC susceptibility for
RCr,SiyC compounds were performed with a MPMS facility which uses a SQUID
(superconducting quantum intereference device) and therefore it enables to per-
form one of the most sensitive magnetization measurement. SQUID is a supercon-
ducting ring with a Josephson junction in it, and the ring is able to act like a very
sensitive quantum interferometer. If a sample is passed through the ring, the indu-
ced persistent current is proportional to the magnetization of the sample. In this
case, it is possible to detect the magnetic moments in the order of ~ 1072 Am?.

For this measurement, the polycrystalline samples were used in the same form
as for ACMS measurement. Single crystal of PrCrySi;C was measured in the form
of a bulk piece with the orientation of the magnetic field along the (001) and (100)
crystallographic direction.

In the case of PrCrsSiyC single crystal, we measured AC susceptibility in the
temperature range 15-45 K at frequencies 1 Hz, 10 Hz, 100 Hz and 1 kHz with the
amplitude A = 0.3mT.

3.4 Specific heat measurements

The specific heat measurement was performed with a PPMS (Quantum Design)
facility.

The samples were mounted on the Al,O3 platform (3 mm x 3 mm) using a thin
layer of Apiezon N Grease, which provides the required thermal contact to the
platform. A platform heater and platform thermometer are attached to the bot-
tom side of the sample platform. Small wires provide the electrical connection to
the platform heater and platform thermometer.

The pressure within the probe must be less than approximately 1mTorr,
so that the thermal conductance between the sample platform and the thermal
bath (puck) is totally dominated by the conductance of the wires.
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During a measurement, a known amount of heat is applied at constant power
for a fixed time, and then this heating period is followed by a cooling period of the
same duration. After each measurement cycle — which is a heating period followed
by a cooling period — data are fit in the entire temperature response of the sample
platform to the two tau model, which is used when poor thermal attachment of
the sample to the platform produces a temperature difference between the two.

All polycrystalline samples were investigated by the specific heat measure-
ment. The single crystal of PrCrySisC was measured in several magnetic fields
applied parallel to the (001) crystallographic direction.

The typical mass of the samples was about 5-10 mg. Flat thin samples with the
smooth surface were chosen for the measurement because of the best achievable
thermal contact with the platform.

3.5 First-principles calculations

To obtain direct information about the ground-state electronic structure and
magnetic properties of LaCrySioC and PrCr,SisC, we have applied first-principles
theoretical methods. The ground-state electronic structure was calculated on the
basis of the density functional theory (DFT) within the local spin density appro-
ximation (LSDA) [12] and generalized gradient approximation (GGA) [13]. For
this purpose, we used the full-potential augmented plane wave plus local orbital
method (APW + lo) as implemented in the latest version (WIEN2k) of the origi-
nal WIEN code [14]. The calculations were scalar relativistic and were performed
with the following parameters. Non-overlapping atomic-sphere radii of 2.8, 2.3,
1.6 and 1.2 a.u. (1 a.u. = 52.9177 pm) were taken for R, Cr, Si and C, respectively.
The basis for expansion of the valence states (less than 8 Ry below the Fermi
energy) consisted of more than 800 basis functions (more than 100 APW /atom)
plus R (5s, 5p), Cr (3s, 3p), Si (2p) and C (2s) local orbitals. The Pr 4f states
are localized and were treated in the open-core approximation with the stable
atomic configuration 4 2. The Brillouin-zone (BZ) integrations were performed
with the tetrahedron method [14] on a 168 special k-point mesh (2000 k-points
in the full BZ). We carefully tested the convergence of the results presented with
respect to the parameters mentioned and found them to be fully sufficient for all
presented characteristics of RCrySisC compounds.
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Chapter 4
RCr5Sis and RCroSisC

compounds — Previous results

4.1 Crystal structure

RCr;Si; compounds

The RT3Xs compounds usually crystallize in the ThCr,Sis-type body-centered
tetragonal structure. The ThCrySi; structure type, in which also some of the
RCr,Siy compounds crystallize, has the space group 14/mmm with the standar-
dized atom coordinates:

e Rat2a:0,0,0
o Cratdd: 0,1/2, 1/4

e Siatde: 0,0, z

RCr,Siy a(A) | ¢(A) | c/a z
SmCrsSis | 3.9650 | 10.700 | 2.699
GdCrsSiz | 3.9408 | 10.663 | 2.706 | 0.379
TbhCrySip | 3.9231 | 10.651 | 2.715 | 0.381
DyCrsSis | 3.9073 | 10.632 | 2.721
HoCrySiy | 3.8990 | 10.625 | 2.725 | 0.377
ErCrySi; | 3.8885 | 10.614 | 2.730
TmCrySiy | 3.8774 | 10.605 | 2.735
YbCrySiy | 3.8677 | 10.603 | 2.741
LuCrySiy | 3.8626 | 10.586 | 2.741

Table 4.1: Crystallographic data for the RCrsSis com-
pounds according to [15].
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The atoms are stacked along the c-axis in layers in the sequence R-X-T-X-R-
X-T-X-R...(Fig. 4.1). The unit cell contains two formula units of RCrySis.

The table 4.1 shows the summary of lattice parameters of the RCrySiy com-
pounds according to [15].

Fig. 4.1: Crystal structure of RCrySis com-
pounds.

RCr;Si;C compounds

It has been reported that the ThCr,Sis-type structure is stable only for the rare-
earth ions from Sm to Lu in RCrSi; compounds [15-18]. The RCr,Si; compounds
with the light rare-earth ion do not form a stable phase. Instead, a structure vari-
ant can be stabilized by inserting one carbon atom per formula unit. The crystal
structure can be described as CeMgySis-based tetragonal type (Fig. 4.2), which
is another primitive variant of the ThCrySis-type structure. The atoms occupy
the following positions of the space group P4/mmm:
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e 1R at 1a: 0,0, 0

e 2Cr at 2e: 0,1/2,1/2
e 2Siat 2h: 1/2,1/2, 2
e 1C at 15: 0,0, 1/2

The unit cell contains only one formula unit of RCrySisC.

B —As

Fig. 4.2: Crystal structure of RCrySisC com-
pounds.

4.2 Magnetic properties
RCr>Si,

In the RT5Si; compounds, the transition-metal sublattice exhibits magnetic orde-
ring in some cases [19]. For example, numerous neutron diffraction investigations
of the RMn,Sis-type compounds have proved that the Mn sublattice orders anti-
ferromagnetically below 500 K, whereas the rare-earth magnetic moments exhibit
ordering at much lower temperatures [20]. In contrast, in the RTSiy compounds
with T = Fe, Ni, Co and the corresponding 4d and 5d analogues, the transition
metal subsystem can be classified as a Pauli paramagnet, and only the rare-earth
sublattice orders magnetically [21]. The only reliable report of stable Cr magnetic
moments larger than 1.5up, ordered at least up to 470 K, was given for HoCr,Siy
by Moze et al. [22].

In the following section, the up to date published results of the investigation
of RCrsSis and RCrsSioC compounds, respectively, are listed. We would like to
point out, that the available reports are rare and rather inconsistent.
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TbCr,Si,

TbCrsySiy orders antiferromagnetically below Ty = 2.4 K as presented by Dom-
mann et al. [15]. On the basis of the results of magnetic susceptibility measu-
rement, Dommann et al. obtained the values for an effective magnetic moment
test = 9.4up and a paramagnetic Curie temperature 6, = —37K.

In contrast to [15], Moze et al. [18] presented the paramagnetic Curie tem-
perature of this compound as 6, = —2.6 K. Moreover, they claimed, that the Cr
sublattice orders antiferromagnetically with Néel temperature Ty = 758 K obta-
ined from the differential scanning calorimetry. No long range magnetic order of
the Tb sublattice in TbhCr,Si, is observed by authors of [18].

EI‘CI’zsi2

In ErCr,Sis, the Er sublattice orders ferromagnetically below 2.4 K as revealed the
neutron diffraction experiment performed by Moze et al. [18]. Moreover, no short
range ordering at low temperatures in ErCrySi; was observed by the authors
of [18].

Moze et al. also presented that the Cr sublattice orders antiferromagnetically
with Néel temperature Ty = 692 K, which was observed by the differential scan-
ning calorimetry.

RCI‘zSizC

The only report on the RCrySisC compounds was given by Tang et al. [23]. They
claimed that the CeCr,Siy does not exist, probably due to the large atomic radius
of Ce. Instead, they investigated the structure variant — CeCr,SiyC.

COCI‘z Sl2 C

The CeCrySioC compound was investigated only by the magnetic susceptibility
measurement in the temperature range 300-600 K [23]. The inverse susceptibility
follows a Curie-Weiss law with an effective magnetic moment of peg = 2.83up,
and a paramagnetic Curie temperature of 6, = —299K. The p.s value is not
far off from the free ion value of Ce3* (2.54up). Probably, the Ce is in the Ce®"
ionic state in this temperature range. However, Tang et al. claimed, that the
abnormally large negative 6, value could be rather indicative of a mixed-valence
state of Ce.
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Results and discussion

5.1 Sample preparation

For our investigations, we have prepared the polycrystalline samples of the fol-
lowing compositions (see Table 3.1): PrCrySip, ThCrySis, ErCrySip, LaCrySisC,
CeCr,SiC, PrCrySisC and NdCrySisC. All studied samples were melted success-
fully, only the PrCrySi; composition was extremely reluctant to melting, and
finally resulted in a hard multi-phase material. All RCr,Si,C compounds showed
a good tendency to crystallize (Figs. 5.1 and 5.2), so we decided to prepare also
single crystals.

Fig. 5.1: Polycrystalline sample of Fig. 5.2: Polycrystalline sample of
LaCrsSisC. CeCrySipC.

In sequence, we tried to synthesize three single crystals using the Czochralski
method: LaCrySisC, CeCrySipC and PrCrySisC.

We made three attempts to prepare LaCrySisC single crystal, but the melt-
ingot system became unstable, the melt was overcooled and the final ingot was
found to be polycrystalline. We were more successful with preparation of the
CeCr,Si,C and PrCrySis C single crystals, although we had similar problems with
the overcooling of the melt as with the La compound.
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5.2 Sample characterization

5.2.1 Powder X-ray diffraction

All prepared samples were characterized by powder XRD and found to be single-
phased except the PrCr,Si; compound. The XRD patterns were reliably described
by the proposed crystal structures in all cases. As an example, the observed
and calculated diffraction patterns of ThCrySiy and LaCrySisC are displayed in
Figs. 5.3 and 5.4, respectively.

TbCr,Si
300 H o 2772
o  observed intensity
- o calculated intensity
> 0 I Bragg positions
g 200 7 o
= ’
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c
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Fig. 5.3: Observed and calculated diffraction pattern of TbhCrySis. Tick marks
indicate the calculated Bragg positions.

As we mentioned above, we were unsuccessful to synthesize the PrCrySi, com-
pound. The powder XRD confirmed the multi-phase composition of the com-
pound. The diffraction pattern of this material is displayed in Fig. 5.5. As we
can see, there are a lot of peaks not belonging to PrCrySiy phase. After the XRD
experiment, we decided to stop further investigations of this sample.

As we can see, there is rather poor agreement between the observed and
calculated powder XRD intensities for RCrySipC. The main discrepancy occurs
for the (002), (102) and (004) diffraction peaks. This suggests that the samples
possess a strong preferential orientation along the c-axis. Probably, this is due to
the fact that the samples were measured as-cast and additional heat treatment
may decrease the observed effect in the material.

The lattice parameters and the z parameters of the Si atoms of RCr,Siy and
RCr,SisC compounds obtained on the basis of the Rietveld analysis are listed
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Fig. 5.4: Observed and calculated diffraction pattern of LaCrySisC. Tick marks
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Fig. 5.5: Observed diffraction pattern of PrCrySis. Tick marks indicate the
calculated Bragg positions.
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in Table 5.1.

Compound | a(A) | ¢(A) | c/a V(Ag) 2

TbCrySiy 3.919 | 10.647 | 2.717 | 163.495 | 0.390
ErCr,Si, 3.888 | 10.621 | 2.732 | 160.537 | 0.391
LaCrySipC | 4.065 | 5.420 | 1.333 | 89.539 | 0.231
CeCrySisC | 4.013 | 5.278 | 1.315 | 85.020 | 0.228
PrCrySi,C | 4.022 | 5.340 | 1.328 | 86.389 | 0.228
NdCrsSi,C | 4.018 | 5.333 | 1.327 | 86.097 | 0.232

Table 5.1: Crystallographic data for RCrsSis and RCreSisC obta-
ined by Rietveld analysis at room temperature.

The calculated lattice parameters for RCrySiy are in good agreement with the
pronounced values according to [15]. In the case of RCrySi;C compounds, the
lattice parameters decrease with the increasing atomic number of the rare earth,
which is expected behavior due to the lanthanide contraction. The only exception
is the CeCrySioC compound — the lattice parameters are smaller than those of
the Pr compound. This effect may be caused by the fact that the ionic state of
Ce is Ce** rather than Ce3*.

5.2.2 Laue method

The Laue patterns were taken to examine the single-crystallinity of the grown
ingots of the LaCr,Sis C, CeCrySisC and PrCrySisC composition, and to determine
the crystallographic direction of the chosen piece of ingot.

All the Laue patterns taken for LaCrsSisC confirmed the polycrystallinity of
the whole ingot. The CeCr,Si5C ingot was a single crystal of rather low quality —
the ingot contained a lot of off-oriented small grains. The best result was obtained
for the PrCrySisC compound. The crystallinity of the ingot was checked, and then
the sample was oriented along the (001) and (100) crystallographic direction for
further experiments.

5.2.3 Microprobe analysis

The LaCrySisC, CeCrySioC and PrCrySisC samples were characterized by SEM.
All three samples were found to be single-phased and homogeneous. Moreover,
the stoichiometric composition of each sample was determined by EDAX analysis.
The error of the particular elements concentrations was about 5%. The results
of EDAX analysis are presented in Table 5.2.
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LaCrySiaC | At. (%) | CeCrySiaC | At. (%) | PrCraSisC | At. (%)
La 16 Ce 20 Pr 15
Cr 35 Cr 34 Cr 39
Si 29 Si 30 Si 26
C 20 C 16 C 20

Table 5.2: The ratio of constituent elements for LaCrsSisC, CeCrySioC and
PrCr;SisC compounds obtained by the EDAX analysis.

5.3 RCr;Si; compounds

5.3.1 Specific heat measurements

The specific heat of the RCrySis compounds was measured in the zero magnetic
field in the temperature range 2-300 K. The error of the experimental data of the
specific heat was 0.5-2 % depending on the temperature. The temperature depen-
dencies of the specific heat for ThCrySi; and ErCr,Sis are presented in Figs. 5.6
and 5.7, respectively.
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Fig. 5.6: Specific-heat data of TbhCrySis.
In the case of TbCrySi; compound, there is a broad anomaly observed at

~ 5.2K. According to the Ref. [15], the Néel temperature for this compound
is about 2.4K, which agrees with our magnetization data as shown further.
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Fig. 5.7: Specific-heat data of ErCrsSis.

The discrepancy can be explained as follows.

The anomaly occurs not because of the magnetic ordering only, however, signi-
ficant contribution due to the lower-lying crystal field levels is present. Therefore,
the purely magnetic contribution would be obtained after subtraction of the CF
part, and the Ty-related maximum would appear at temperature closer to the pro-
posed Néel temperature. Unfortunately, attempts to obtained proper description
of the specific heat failed due to several CF schemes obtained.

For ErCr,Sis, there is a significant increase of the specific heat below about
6 K. This anomaly can be treated similarly as in the case of Tbh compound.

According to the Ref. [15], the Néel temperature is less than 1.6 K. This is also
suggested by the measurement of the AC susceptibility discussed in the next
section.

An additional minor anomaly is present at around 10 K. Taking into the ac-
count the results of magnetization and AC susceptibility measurements, we are
not sure about the origin of this effect at the moment. Definitely, it is not a contri-
bution of Er oxide, which ordering temperature is reported as 3.4 K [24]. Probably,
it is caused by a short range order of the Er sublattice or by population of the
crystal field levels.

We propose to synthesize non-magnetic analogue — LuCr,Sis, analyze its spe-
cific heat in detail, and try to subtract the corresponding contributions to the
specific heat for the ThCrySiy and ErCrySis, respectively, more rigorously.
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5.3.2 Magnetization measurements

For both compounds, we performed the detailed study by AC susceptibility (in the
temperature range 2—40 K), and magnetization measurements (in the temperature
range 2-900 K).

The real part of the AC susceptibility as a function of temperature, x'(7), is
displayed in Fig. 5.8. A broad maximum of the AC susceptibility at ~ 3K is ob-
served for ThCrySip. According to [15], it may be the indicative of the magnetic
ordering of the Tb sublattice to the antiferromagnetic state.

In contrast to the Tb compound, the AC susceptibility of ErCrySi, shows
a peak at ~ 2K, which can be attributed to the magnetic phase transition to the
ferromagnetic state according to [18].

1.2

—o— TbCr,Si,
—a— ErCr,Si,

0.0 :
0 10 20 30 40

T(K)

Fig. 5.8: Temperature dependence of the real part of the AC susceptibility for
TbCr,Sis and ErCr,Sis.

Figs. 5.9 and 5.10 shows the temperature dependence of the magnetization
below 100 K in several magnetic fields for ThCrsSi, and ErCr,Siy, respectively.
The low-field curve for ErCr,Sis reflects well the AC-susceptibility data. For both
compounds, the zero-field-cooled (ZFC) and the field-cooled (FC) curves measu-
red in low field coincide down to 2 K. The magnetization is suppressed with the
decreasing magnetic field as expected for ferromagnetic-type of ordering. Except
the low temperature ordering-related anomaly, no additional effects were observed
at higher temperature.

The high-temperature dependence of magnetization of both compounds is plo-
tted in Figs. 5.11 and 5.12, respectively. We can clearly see, that there are no ano-
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Fig. 5.9: Temperature dependence of the magnetization of ThCrySis.
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Fig. 5.10: Temperature dependence of the magnetization of ErCr,Si,.
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malies, which could confirm the antiferromagnetic ordering of the Cr sublattice at
758 and 692 K for ThCr,Siy and ErCrsSis, respectively, according to [18]. As we
are sure with the stoichiometry and homogeneity of our samples, we claim, that
the Cr sublattice does not order down to low temperatures, however, we cannot
exclude simultaneous ordering of the rare-earth and Cr sublattice at ~ 2 K.
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Fig. 5.11: The high-temperature dependence of the magnetization of ThCr,Si,.

Using the results of magnetization measurement in the wide temperature
range (2-900K), we plotted the temperature dependence of the inverse mag-
netic susceptibility for both compounds. Both curves were fitted in the high-
temperature range (400-900 K) using the modified Curie-Weiss law:

C
T-0,

X = Xo + (5.1)

The obtained values of the effective moment p.g and the paramagnetic Curie
temperature 6, for both compounds are presented in Table 5.3. For TbCr,Sis, the
Xo term was found to be negligible, but in the case of the Er compound, it was
found to be of the order 1078 m?/mol and was finally included in the fit.

If we compare the values of the effective moment for Tbh and Er compounds
with the values for the free Th* and Er3* ions, respectively, we can see that for
both compounds, there is some additional paramagnetic contribution, which may
be attributed to the Cr sublattice.

It is important to mention, that the results in Table 5.3 were obtained by the
fit of the high-temperature data. We also fitted the low-temperature data obta-
ining a bit higher values of the 6, (—6K and 6K for TbCrySis and ErCr,Sis,
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Fig. 5.12: The high-temperature dependence of the magnetization of ErCrsSi,.

respectively), and the effective moment of 10.0 and 9.7ug/f.u. for TbCrsSiy and
ErCr,Siy, respectively.

RCr,Siy Xo (m?/mol) 0p (K) | ptesr (up/fu.) | theor. peg (ps/fu.)
TbCrySiy | (0.9 4+0.1)-1071° | —28 +5 10.1£0.5 9.72
ErCr,Si; | (1.1£0.2)-10% | —18+4 | 9.8+05 9.59

Table 5.3: The values of the g term, the effective moment and the paramagnetic Curie tempe-

rature obtained for RCraSiy samples by fitting the 1/x(T) curve to the Curie-Weiss law. The
theoretical values of the effective moment for the free R3* ion is also presented.

It is caused by the fact, that the high-temperature 1/x(7T") curves for both
compounds are not linear. The low-temperature data were recorded on powders,
where the magnetic moments are randomly oriented. The high-temperature data
were measured on bulk pieces, where the preferential orientation of crystallites
results in dominant contribution of one axis - we expect contribution of the crystal
field, which causes curvature of the susceptibility curves. Therefore, the results
of the high-temperature fit depend on the orientation of the bulk piece with
respect to the applied magnetic field during the measurement.

Let’s briefly discuss our results in context of the magnetic structure obtained
by Moze et al. [18]. They proposed antiferromagnetic ordering of the Cr sublattice
with magnetic moment aligned along the c-axis, and ferromagnetic ordering of the
Er moments parallel to the a-axis. If we stand out on the lack of ordering of the Cr
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sublattice, the obtained negative values of 0, suggests, that the antiferromagnetic
exchange is dominant in both compounds.
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Fig. 5.13: Temperature dependence of the inverse magnetic susceptibility of
TbCrySis measured at 4 T.

The evolution of the magnetization isotherms of the both samples with respect
to temperature is displayed in Figs. 5.15 and 5.16.

The Tb compound exhibit the value of the magnetic moment of 5up/f.u.
at 2K and 9T, which continuously decreases down to 4up/f.u. at 30 K. Closer
inspection of the magnetization curves for ThCrySis reveals a remnant of meta-
magnetic transition into a field-induced ferromagnetic state. For better insight
into the effect, we constructed the Arrott-plot for ThCrySiy (Fig. 5.17). The 2K
curve shows a suspicion of S-shape in low fields. Considering the ordering tem-
perature about 2K and measurement on powder sample, we assume, that the
metamagnetic transition must not necessarily results into a significant sharp step
in magnetization curve. Similar character of metamagnetic transition was obser-
ved in isostructural TbFesSiy [25].

At the temperature 2 K, the ErCrySi; compound shows a saturation already
at 2T with the saturation moment of about 8.1up/f.u.. The values of remanence,
M, and coercivity, Hc, were determined as: M, ~ 0.33up/f.u. and He ~ 0.01T.
The results of the saturated magnetic moment are in discrepancy with the values
presented by Moze et al. The ordered moment on Er is reported to be 5.25up
only. If we assume simultaneous ordering of the Cr sublattice, and considering
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Fig. 5.14: Temperature dependence of the inverse magnetic susceptibility of
ErCr,Sis measured at 4 T.
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Fig. 5.15: Magnetization isotherms measured on the ThCr,Siy sample at various
temperatures.
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the reported magnetic moment for Cr 1.36ug, our results are still in discrepancy
with the reported magnetic structure.

Therefore, detailed studies of magnetic ordering in both compounds on single
crystals are desirable in order to determine the proper magnetic structures.

5.4 RCr;SioC compounds

5.4.1 Specific heat measurements

The specific heat of all studied polycrystalline samples was measured at zero
magnetic field in the temperature range 2-300 K. Moreover, we performed the
measurement of the PrCrySisC single crystal along the c-axis at various magnetic
fields in the temperature range 2-150 K.

The temperature dependencies of the specific heat measured at zero magnetic
field for all studied samples are presented in Fig. 5.18. No significant anoma-
lies are found for LaCr,Si;C and CeCrySisC. For PrCrySisC and NdCrySisC, we
observe the C,(T") anomaly at about 30 K and 21 K, respectively. Taking into ac-
count the results of magnetization and AC susceptibility measurements discussed
further, we attribute these anomalies to a magnetic phase transition at the Curie
temperature T, below which the Pr and Nd sublattice orders ferromagnetically.
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Fig. 5.18: Specific heat data of the RCrySisC compounds. The full lines represent the
fit.
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The specific-heat data were further analyzed as a sum of different relevant
contributions (see section 2.5). Since the corresponding data for the La and Ce
compounds do not deviate significantly, we may assume that, in both compounds,
there are just two contributions to the total specific heat: one arising from the
conduction electrons and one from the phonons.

In these compounds, the phonon spectrum consists of three acoustic branches
and 15 optical branches. The specific-heat data were fitted to the formula (2.33),
section 2.5.2. The electronic contribution was treated within the Sommerfeld mo-
del. The fits to the LaCrySioC- and CeCrySipoC-data are represented by full lines in
Fig. 5.18 and all fitted parameters are listed in Table 5.4 (the anharmonic correcti-
ons have not been included in the analysis). Below about 20 K, the specific heat
could not completely be described by the proposed model. There is evidence of an
additional contribution of speculative origin. The inset in Fig. 5.18 demonstrates
a significant deviation from the expected linear C,/T vs T? dependence below
20K in the form of a low-temperature up-turn below 10 K. Because, as will be
shown in the next section, also the magnetic susceptibility exhibits low tempe-
rature anomalies, the enhancement of the low-T" specific heat may be related to
the magnetic behavior of the Cr sublattice.

RCr,5i,C 0l Op | ni | Og1 | n2 | Ope | 3 | Oz | na | Opa

(mJ/molK?) | (K) (K) (K) (K) (K)
LaCr,SisC 14 252 1 3 | 611 | 6 | b4 | 3 | 236 | 3 | 308
CeCrySi,C 13 218 | 3 | 617 6 | 563 | 3 | 247 | 3 | 328

Table 5.4: Results of the specific-heat analysis for LaCrySioC and CeCrySisC. n is the
degeneracy of the phonon branches.

The specific heat of PrCrySisC exhibits, beside the phonon and electron con-
tributions, an additional contribution to the specific heat above 30 K, which can
be attributed to the crystal field acting on the Pr ion. Same effect is observed
above 21 K for NdCr,Si;C. However, analyzing this part in terms of a Schottky
anomaly was not unambiguous because it yields several possible crystal-field le-
vel schemes. The low-T upturn of the C,/T vs T? curve of the PrCrySi;C (inset
in Fig. 5.18) may be due to an additional phase transition below 2K or rather
to a nuclear contribution of the Pr*" ion.

The temperature dependence of the estimated magnetic entropy Spag (0btai-
ned after subtracting the electron and phonon parts, respectively) for PrCrySisC
is represented in Fig. 5.19. Slightly below T, Smag reaches a value of about R 1n 2
and, at about 250 K, it saturates at RIn9, which is the value expected for the
Pr?* ion.

For the PrCr,Si;C single crystal, we also performed the measurement of the
specific heat along the c-axis in magnetic fields 0T, 0.25T, 1T and 5T in the
temperature range 2-150 K. The measured data are presented in Fig. 5.20.

As mentioned above, the zero-field curve shows a considerable anomaly at
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Fig. 5.19: Temperature dependence of the magnetic part of the entropy for
PI’CI‘QSiQC.

about 30 K which is caused by the magnetic phase transition to the ferromagnetic
state below 30 K. This anomaly is suppressed with the increasing applied magnetic
field. On the basis of the measured data we calculated the entropy change of
the sample for various magnetic-field changes, which is plotted in Fig. 5.21. We
can see that (—AS) always shows the maximum (—ASp.x) at T¢ as expected
for a ferromagnet. The value of (—ASy.x) rapidly increases with the increasing
magnetic-field change. The maximum value of the entropy change in AB = 5T
is (—ASmax) = 2.75J/molK.

5.4.2 Magnetization measurements

For all four studied compounds, the detailed magnetization study was performed
in the temperature range 2-900 K. Moreover, we performed the magnetization
measurements for CeCrySisC and PrCrySisC singlecrystals with expectation of the
strong magnetocrystalline anisotropy present in the sample.

AC-susceptibility measurements

The real part of the AC susceptibility as a function of temperature, x'(7), is dis-
played in Fig. 5.22 for all four compounds. The large symmetric peak at about
30 K for PrCrySiyC coincides with the C},/T" anomaly. For NdCr,Si;C compound,
we observe a double peak with maximum at about 22K and a shoulder at
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Fig. 5.20: Temperature dependencies of the specific heat of PrCrySioC single
crystal measured along the c-axis in different magnetic fields up to 5 T.
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Fig. 5.21: Entropy change of PrCr;SiyC single crystal for the various magnetic-
field changes determined from the specific-heat data.
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Fig. 5.22: The temperature dependence of the real part of the AC susceptibility
for RCr,SisC.

about 24 K.

The x/(T) curves for LaCrySioC and CeCrySioC do not show a peak, however,
a sudden increase is observed below about 30 K with inflection points at 18 and
22 K, respectively, reaching broad maxima around 15 and 18 K, respectively. Upon
further cooling, x’ slightly decreases.

For PrCrySi;C single crystal, the AC susceptibility was measured along the
a- and c-axis, respectively. The results of the measurement along the c-axis are
presented in Figs. 5.23 and 5.24. The AC susceptibility reaches the maximum
at To = 30K for f = 1Hz. This position of the maximum is almost intact
with change of the applied AC frequency (shifted to 30.3K for f = 1kHz only).
However, for the increasing frequencies, the tapering of the peaks is observed.
The results of the measurement along the a-axis are very similar to those measu-
red along the c-axis, but with nearly five-times smaller values of the AC suscep-
tibility. It supports the fact, that the c-axis is the easy magnetization axis in the
system.

The imaginary component of the AC susceptibility, x”, in general indicates
dissipative processes in the studied sample. A nonzero imaginary susceptibility in
PrCr,SiyC (Fig. 5.24) indicates irreversible domain wall movement, accompanied
with the energy absorption due to a permanent moment. The shift of the maxi-
mum, AT¢ on the x” per 10® Hz is about 2 K. It can be caused by the dynamics
of the domain walls, which occurs within the probed frequency/energy scale.
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Fig. 5.23: The temperature dependence of the real part of the AC susceptibility
for PrCrsSiyC single crystal measured along the c-axis at various frequencies.

Magnetization measurements

First, the detailed study of the M(T') dependence was performed for all poly-
crystalline samples. For the LaCrySisC and CeCrySioC compounds, the low-field
curve of the temperature dependence of the magnetization agrees well with the
AC-susceptibility data (Figs. 5.25 and 5.26). The ZFC and the FC curves mea-
sured in low field coincide down to 2 K. The 4T curve of LaCrySisC reflects the
character of the low-field data as a smooth inflection at around 40 K.

In contrast, the M(7T) dependence for CeCrySipC measured in 4T increases
below about 40 K resulting in a net saturation at very low temperatures. The 2T
curve exhibits an anomaly around 30 K, which may be attributed to an order-
to-order magnetic phase transition of predominantly antiferromagnetic character.
At closer inspection, the 4 T curve may be considered as somewhat similar to the
2T curve, being shifted to lower temperatures. An explanation of this may be ob-
tained from a neutron-scattering experiment at low temperatures in the relevant
magnetic fields. The very similar low-field magnetization and AC-susceptibility
behavior of LaCrySioC and CeCrySisC, together with the very low values of the
magnetic moment at low temperatures suggest a non-magnetic Ce** ionic state
rather than Ce®" in the latter compound.

In contrast to the La and Ce compounds, the ZFC and FC magnetization
curves for PrCrySioC (Fig. 5.27) furcate at ~ T¢. We observe the same effect
for the NdCrySisC compound (Fig. 5.28). The higher-field magnetization data
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Fig. 5.24: The temperature dependence of the imaginary part of the AC

susceptibility for PrCrySisC single crystal measured along the c-axis at va-

rious frequencies. The maximum value of the x”(7T) is nearly six-times smaller
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Fig. 5.25: Temperature dependence of the magnetization of LaCrySizC.
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Fig. 5.26: Temperature dependence of the magnetization of CeCrySiyC.

for PrCrySisC coincide below 20 K suggesting rapid saturation of the magnetic
moment at magnetic fields larger than 2 T.

For LaCr,SioC and NdCr,Sis C polycrystalline samples, we measured the high-
temperature dependence of the magnetization in magnetic fields 0.1T, 2T and
4'T. No anomalies of M(T') dependencies are observed for both samples, which
indicates that no high-temperature ordering of Cr sublattice occurs in both com-
pounds.

The plot of the inverse magnetic susceptibility exhibits a strong deviation from
the Curie-Weiss behavior in the La and Ce compound as expected (Figs. 5.31
and 5.32). The La compound exhibits the Pauli-type paramagnetism, and the Ce
compound is reported as a valence fluctuator.

In contrast to the La and Ce compounds, the curve for the PrCrySizC (see
Fig. 5.33) could successfully be fitted using the modified Curie-Weiss law (5.1).
We obtained an effective magnetic moment value of (4.0 £ 0.1)up/f.u. and a
paramagnetic Curie temperature 6, = (33 £ 5)K. The y, term was found to
be of the order 107* m®/mol and could be neglected. The enhanced value of
the effective magnetic moment with respect to the theoretical value for the free
Pr®* ion (3.58up/f.u.) suggests an additional contribution beside the localized Pr
moments. One possibility may be a contribution of the Cr sublattice.

The 1/x curve for NdCrySipC is not linear in the whole temperature range,
a small curvature is observed, which is probably due to the crystal field acting
on the rare-earth ions. Moreover, it is an indicative of the magnetocrystalline
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Fig. 5.27: Temperature dependence of the magnetization of PrCrySi;C.
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Fig. 5.28: Temperature dependence of the magnetization of NdCrsSisC.
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Fig. 5.29: The high-temperature dependence of the magnetization of
LaCI'QSiQC.

anisotropy present in the material. Thus the inverse susceptibility of NdCrySisC
was not fitted to Eq. (5.1).

For all studied samples, we measured the M (H) dependence at various tempe-
ratures. The LaCrsSioC curves (Fig. 5.35) may comprise two contributions: one ra-
pidly saturating with saturation moment 0.018up/f.u. at 2K and an additional
linear term. The situation is similar in the CeCrySisC case. A net contribution of
s ~ 0.004up /f.u. at 2 K is superimposed on the linear term. In addition, at 2K a
broad metamagnetic anomaly is seen around 1.5 T, which is shifted to about 2.5 T
at 10 K. All results obtained on LaCr,SisC and CeCr,Si,C indicate the existence
of magnetism of the Cr sublattice with a very small spontaneous magnetization
below 30 K.

In contrast, at 2K, the Pr and Nd compounds show a strong ferromagnetic
component and rapid saturation already at 0.5T. The hysteresis loops for both
compounds are presented in Figs 5.39 and 5.40. The obtained values of coercivity
H¢, remanence M, and saturation moment p5 at 2 K for each compound are listed
in Table 5.5. For both compounds, the value of M, decreases with increasing
temperature and vanishes at the Curie temperature.

The obtained values of the saturation moment for Pr and Nd compounds
are considerably smaller than theoretical values for the free R** ions. But if we
assume that PrCrySisC and NdCrsSisC exhibit strong magnetocrystalline aniso-
tropy, similar to majority of the RT5Si; compounds, we can estimate that the
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Fig. 5.30: The high-temperature dependence of the magnetization of
NdCr,SiC.

10 + LaCr,Si,C

cog 8_

[e)

E 67

o

T 4t

R B=4T

—o— low-T data
—2— high-T data

O L I I !
0 200 400 600 800

T (K)

Fig. 5.31: Temperature dependence of the inverse magnetic susceptibility of
LaCrsSioC measured at 4 T.
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Fig. 5.33: Temperature dependence of the inverse magnetic susceptibility of
PrCrySisC measured at 4 T.
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Fig. 5.34: Temperature dependence of the inverse magnetic susceptibility of
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Fig. 5.35: Magnetization isotherms measured on the LaCr,SisC at various tem-
peratures.
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Fig. 5.38: Magnetization isotherms measured on the NdCrySioC at various
temperatures.
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Fig. 5.39: Hysteresis loop of PrCr,SisC at 2 K.
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Fig. 5.40: Hysteresis loop of NdCr,SisC at 2 K.

RCrySioC | He (T) | My (ps/fu) | ps (us/fu.) | theor. pg for free R3* ion
PrCrySi, C 0.25 1.50 1.80 3.20
NdCr,SiyC 0.19 1.55 1.86 3.27

Table 5.5: The values of coercivity, remanence and saturation moment for PrCrySioC and
NdCr;SisC compounds at 2K.
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magnetic moment along the easy-magnetization axis is about 3.6up/f.u., which
is considerably larger than the saturation moment of free Pr3* and Nd3** ions,
respectively. Therefore, additional contribution, likely arising from the Cr sublat-
tice, is present.

Magnetization measurements of CeCr;,Si,C single crystal

For CeCr,Si,C single crystal, we performed the measurement of both the tempe-
rature and field dependence of the magnetization along the a- and c-axis.

The temperature dependence of the magnetization along the a- and c-axis
is presented in Fig. 5.41. The shape of the 2T curve indicates the antiferromag-
netic behavior below ~ 26 K.

It is evident that there is only a small difference between the measured data
along the a- and c-axis. It could be caused by the low quality of the single crystal
or by the fact, that the CeCrySioC compound is almost isotropic.

The results of the high-temperature magnetization measurement indicate that
there is no magnetic ordering of the Cr sublattice up to 900 K.

On the basis of the measurement of magnetization in the temperature range
2-900 K, we plotted the temperature dependence of the inverse magnetic suscepti-
bility (Fig. 5.43). The strong deviation from the Curie-Weiss behavior is observed
along both crystallographic axes.

The results of the measurement of the M(H) dependence at various tem-
peratures are presented in Fig. 5.44. At 2K, the saturation moment is about
0.006pup/f.u.. As was mentioned above, at 2K, there is a broad metamagnetic
anomaly, which is around 1T in this measurement, and is shifted to about 3T
at 10 and 20 K, respectively.

Magnetization measurements of PrCr,Si,C single crystal

For PrCr,Si,C single crystal, both the temperature and field dependence of the
magnetization was measured along the a- and c-axis.

As we assumed, the PrCrySisC single crystal exhibits strong magnetocrystal-
line anisotropy. Fig. 5.45 shows the temperature dependence of the magnetization
along the a- and c-axis. We can see, that the magnetization measured along the c-
axis is nearly five-times larger than the magnetization measured along the a-axis.
Therefore, the c-axis is the easy-magnetization axis for PrCrySisC.

As for the high-temperature magnetization measurement, the situation is si-
milar to the rest of the studied compounds — no anomalies were found to indicate
the possible high-temperature ordering of the Cr sublattice.

The plot of the inverse magnetic susceptibility measured along the both crys-
tallographic directions (Fig. 5.48) confirms our assumption, that the c-axis is the
easy-magnetization axis of PrCrySisC compound. The 1/y curves shows a devi-
ation from the Curie-Weiss behavior, therefore the Curie-Weiss law was not finally
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Fig. 5.41: Temperature dependence of the magnetization measured on
CeCrsSis C single crystal along the a- and c-axis.
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Fig. 5.42: The high-temperature dependence of the magnetization measured on
CeCrySi2C single crystal along the a- and c-axis.
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Fig. 5.43: The plot of the inverse magnetic susceptibility measured on
CeCrsSisC single crystal along the a- and c-axis measured in the magnetic
field B=4T.
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Fig. 5.44: Magnetization isotherms measured on CeCrsSisC single crystal along
the a- and c-axis.
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Fig. 5.45: Temperature dependence of the magnetization measured on
PrCr,SisC single crystal along the a- and c-axis.
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Fig. 5.46: The high-temperature dependence of the magnetization measured on
PrCr,SisC single crystal along the a- and c-axis.
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Fig. 5.47: The high-temperature dependence of the magnetization measured on
PrCr,SisC single crystal in the magnetic field B = 0.1T.
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Fig. 5.48: The plot of the inverse magnetic susceptibility measured on
PrCr,SisC single crystal along the a- and c-axis in the magnetic field B =4 T.

applied. The anisotropic magnetic susceptibility could be described by a sophis-
ticated procedure involving fit of the crystal field term to the experimental data
as described in the section 2.1.6.

The strong magnetocrystalline anisotropy is also evident from the measure-
ment of the M (H) curves measured at various temperatures (Fig. 5.49). The obta-

ined values of coercivity, remanence and saturation moment at 2 K are presented
in Table 5.6.

PrCrySisC | He (T) | My (us/fu.) | ps (us/fu.)
Bl a 0.30 0.35 0.55
Bllec 0.15 2.10 2.48

Table 5.6: The values of coercivity, remanence and saturation
moment for PrCrySisC single crystal at 2 K.

The saturated magnetic moment at 2K is about 2.5up/f.u. along the c-axis,
and 0.5up/f.u. along the a-axis, respectively. The values suggest the following
scenario of magnetic ordering in the compound. The Pr magnetic moments are
aligned along the c-axis, and they are particularly compensated by the Cr mo-
ments order antiparallel along the c-axis. When the field is applied along the
a-axis, the Cr spins are rapidly reoriented to the field direction and the sublat-
tice magnetization is saturated, as it is not fixed by the orbital contribution.
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The PrCrySisC can be viewed as a ferrimagnet with the two sublattices, the
former with a strong magnetocrystalline anisotropy with the c-axis as the easy-
magnetization direction, the later with much lower anisotropy, but the same easy
axis.

M (ug/f.u.)

MoH (T)

Fig. 5.49: Magnetization isotherms measured on PrCr;Si;C single crystal along
the a- and c-axis.

5.5 First-principles calculations

The total spin-polarized density of electronic states (DOS) from ferromagnetic
LSDA calculations at the experimental equilibrium volume of LaCr,SisC is shown
in Fig. 5.50. The chromium 3d states form the main contribution to the occupied
energy range from —5eV to the Fermi level and a clear exchange shift is visible
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between the spin-up states and the spin-down states. The calculated stable spin
magnetic moment of Cr is about 0.5ug. The precise value depends on the me-
thod used (LSDA or GGA). The unoccupied 4f states are more than 3eV above
the Fermi level (the pronounced spin-up and spin-down peaks). The electronic
structure of PrCrySiyC is very similar to Fig. 5.50 with the 4f states localized
below Fermi level. The itinerant magnetic moment of chromium is larger (0.7ug)
since the moment is now stabilized by the 5d states of Pr which are polarized by
the localized Pr spin moment of about 2up and strongly hybridized with the Cr
3d states. This antiferromagnetic 5d-3d spin polarization further increases the Cr
spin moment in comparison to LaCrySisC.

5.6 Results summary

The most important results of our investigations are summarized in this section.

e We investigated possibilities of formation of the PrCr,Si; phase. The un-
successful synthesis of this compound confirmed the fact, that the RCrySis
phases are not stable for the light rare earths.

e On the basis of the AC-susceptibility measurement, we determined the Néel
temperature for the ThCr,Siy and ErCrySis compounds as 3 and 2K, re-
spectively. Closer inspection of the M (H) dependence revealed a metamag-
netic transition into a field-induced ferromagnetic state in ThCrsSiy, and
a saturation already at 2T in ErCrySis. The obtained values of the effective
moment are 10.1 and 9.8up/f.u. for ThCrySis and ErCrsySis, respectively.

e For LaCr,SiC and CeCr,SisC, the results of the specific-heat measurement
show an additional contribution below 20 K, which may be related to the
magnetic behavior of the Cr sublattice. It is also supported by the magne-
tization and AC-susceptibility measurements.

e We observe the ferromagnetic ordering of the rare-earth sublattice below the
Curie temperature of 30 and 21 K for PrCr,Si;C and NdCr,SisC, respecti-
vely. Both compounds show a strong ferromagnetic component and rapid
saturation in the M (H) dependence. For PrCrySisC, the low-temperature
inverse magnetic susceptibility follows a Curie-Weiss law with an effective
magnetic moment peg = (4.0£0.1)up/f.u. and a paramagnetic Curie tempe-
rature 6, = (33 = 5) K. The obtained value of the effective moment suggests
an additional contribution by the Cr sublattice.

e The results of the magnetization measurements on the CeCrySi;C single
crystal suggest a possible metamagnetic transition around 1T at 2 K. There
is only small difference between the measured data along the a- and c-axis,
probably caused by the low quality of the single crystal.
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Fig. 5.50: Spin-polarized DFT-calculated DOS of LaCrsSisC. Positive numbers mean
spin-up DOS and negative numbers mean spin-down DOS. The Fermi level is set to
Zero energy.



76

5. Results and discussion

e The magnetization and AC-susceptibility measurements performed for the
PrCr,SiyC single crystal confirmed our expectation of the strong magne-
tocrystalline anisotropy. The results indicate, that the c-axis is the easy-
magnetization axis.

e The detailed first-principles calculations were performed for the LaCrySisC
and PrCr,Si,C compounds obtaining the calculated stable itinerant mag-
netic moment of Cr of about 0.5 and 0.7up, respectively.



Chapter 6

Conclusions

We have prepared the polycrystalline samples of RCrySis (R = Pr, Th, Er) and
RCrySi,C (R = La, Ce, Pr, Nd) compositions and single crystals of CeCrySiaC
and PrCr,Si,C. The samples were prepared from the rare-earth metals purified
by the solid-state electrotransport in order to obtain as high purity as possible.
All samples were characterized by XRD and found to be single-phased except the
PrCrySis, which was not further investigated.

The RCr,Si; and RCrySisC compounds were found to be isostructurally crys-
tallizing in the tetragonal structure of the ThCrySis- and the CeMg,Sis-type,
respectively. For TbCrySis, ErCrySis and CeCrySisC compounds, the lattice pa-
rameters obtained on the basis of the Rietveld analysis are in a good agreement
with the previous results [15, 18].

All studied samples were further investigated by specific-heat, magnetization
and AC-susceptibility measurements in the wide temperature range 2-900 K and
in magnetic fields up to 9T. The rare-earth sublattice in the RCrySis compounds
orders magnetically in low temperatures at about 2 K, whilst no high-temperature
ordering of the Cr sublattice was observed.

The measurements performed for the RCrySioC compounds indicate that the
Cr sublattice orders magnetically. This is supported by the first-principles DF'T
calculations for R = La, Pr. The calculated stable itinerant magnetic moment
of Cr is about 0.5 and 0.7up for La and Pr, respectively. However, the high-
temperature magnetization measurements show no anomaly, which could be an in-
dicative of the possible magnetic ordering of the Cr sublattice already at high
temperatures.

In PrCrySioC and NdCrySisC, also the rare-earth sublattice orders ferro-
magnetically with the Curie temperature of 30 and 21K for PrCrySi;C and
NdCr,SiyC, respectively.

The magnetization measurements performed on the PrCr,SisC single crystal
confirmed the presence of the strong magnetocrystalline anisotropy, as expected
for this type of compounds.

The results obtained on the novel intermetallic compounds stimulated our
interest in continuous investigation of magnetism of those ThCrySis-type related

7
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compounds.

We already planned a powder neutron diffraction experiment in order to de-
termine magnetic structures of the RCrySis (R = Tb, Er) and RCr,Si;C (R = La,
Ce, Pr, Nd) compounds. Further experiments on single crystals are in progress
in order to get a better insight into magnetic ordering and magnetocrystalline
anisotropy of the compounds.

After succeeding in crystal-growth of some of the compounds, we would like
to treat the crystals by additional annealing and by solid-state electrotransport,
respectively, to get excellent quality of the material for investigations of trans-
port properties, low-temperature phenomena in the Cr sublattice, and potenti-
ally de Haas van Alphen effect. The knowledge of the electronic structure and
the Fermi surface of the compounds would help to explain unusual phenomena
observed on the macroscopic physical properties.
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