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Abstrakt: Predmétem této prace je studium magnetického fazového diagramu
pseudoternarniho systému UCo,Ru;_,Al. Czochralského metodou byly tspésné
pripraveny tii ruzné monokrystaly o slozeni UCog19Rugg1Al, UCoq27Rug 73Al
a UCog40RugeoAl. Slozeni bylo potvrzeno EDX analyzou a kvalita monokrys-
tali byla ovérena Laueho metodou. Krystalografické parametry byly stanove-
ny rentgenovou praskovou difrakci. Analyza namérenych dat potvrdila silnou
jednoosou magnetokrystalovou anizotropii (snadny smér magnetizace v ose ¢) a
existenci tvrdé a mékké feromagnetické faze. Pro UCog49RuggoAl byla urcena
Curieova teplota Tc = 41 K a pro prechod z feromagneticky mékké faze do fer-
omagneticky tvrdé faze pri 35 K. UCog97Rug 73Al1 prechazi do feromagnetického
stavu (mékka faze) pii T = 18 K a mékka faze prechazi do tvrdé pii teploté
okolo 7 K. Sloucenina UCoq 19Rug g1 Al zustdva paramgnetickd do 2 K. Analyza
teplotni zavislosti mérného tepla a elektrického odporu ukazuje na chovani odlisné
od Fermiho kapaliny, coz souvisi s blizkosti kvantové kritického bodu.
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Abstract: Motivation of this thesis is a study of magnetic phase diagram of
the pseudoternary system UCo,Ru;_,Al. Three single crystals UCoq 19Rugg1Al,
UCog27Rug.73Al and UCoq 40Rug g0Al have been successfully prepared by Czochral-
ski method. Composition was confirmed by EDX analysis and quality of single
crystals was checked by Laue method. Crystallographic parameters and occupan-
cies were determined by X-ray powder diffraction. Data analysis confirmed strong
uniaxial magnetocrystalline anisotropy (c¢ is the easy magnetization axis) and ex-
istence of hard and soft ferromagnetic phase. Curie temperature T = 41 K was
determined for UCoq 40Rug.60Al and phase transition from the soft ferromagnetic
phase to the hard one takes place at 35 K. UCoq27Rug 73A1 becomes ferromag-
netic at T = 18 K and the transition from the soft to the hard ferromagnetic
phase takes place somewhere around 7 K. UCog 19Rug g1 Al is paramagnetic down
to 2 K. Analysis of the temperature dependence of resistivity and heat capacity
reveals signatures of non-Fermi liquid behaviour due to proximity of quantum
critical point.
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1. Introduction

Rare-earth intermetallics are group of intensively studied compounds in mod-
ern solid state physics. The scientific interest is given by large variety of physical
features of these compounds. The unique physical phenomena observed in many
rare earth intermetallic have origin in character of their 4f electon states, which
are well localized. Although all rare earth intemetallics are studied the main
interest is focused on Ce and Yb compounds nowadays. Both elements are char-
acterized by unstable valence state 3+ simple affecting by external variables. The
effects like magnetism, superconductivity, even their coexistence, heavy fermion
behaviour or quantum critical features are frequently observed in these materials.
However, intermetallics of these elements are not only ones that are character-
ized by so interesting properties. Both elements have actinide counterparts which
are characterized by similarly wide scale of the physical properties. One of the
interesting elements among actinides is uranium and its intermetallics. Uranium
intermetallics are very interesting thanks to anomalous properties of the urani-
um 5f electron states. They are just on the border between the localized and
itinerant character and their character can be strongly affected by external vari-
ables like applied magnetic field, pressure and chemical doping. The change of
5f electron states leads to very interesting behaviour and phenomena which were
already listed for Ce compounds.

One of the interesting group of uranium compounds are ternary intermetallics.
One of these are UTX compounds, where U stands for uranium, T stands for tran-
sition metals, which are frequently from second half of 3d- , 4d- and 5d- series,
and X stands for p-elements from IITA, IVA and VA groups of periodic table.
UTX compounds , which study is subject of this thesis can crystallize in two
structural models [1]. First is orthorhombic Ti-Ni-Si type or hexagonal Zr-Ni-Al
type [1]. Zr-Ni-Al type of UTX compounds are interesting for their wide range
of physical features. Strong magnetocrystalline anisotropy is typical for UTX
compounds of Zr-Ni-Al type [1]. It is presented in all uranium intermetallics in
which 5f elctron states contribute to magnetic moments. Extra focus was also
concentrated on physical behaviour of pseudoternary systems when the evolution
of physical properties was studied between two parent compounds. Such studies
usually bring unexpected behaviour, where for example dome of stable magnetic
state can exist between two paramagnetic neigbours. Such type of behaviour
was found in many systems like UCo,Ru;_Al [2], where UCoAl and URuAl are
paramagnets or UNi Fe; (Al [3], where UNiAl is antiferromagnetic and UFeAl is
paramagnet.

1.1 Motivation of the thesis

Motivation of my thesis is study of the phase diagram of UCo_ Ru,Al com-
pound already mentioned in introduction. The constructed phase diagram on the
basis of study of polycrystals predicts existence of two magnetic phases (Figure
1.1) [2]. The suggested phase diagram predicts that both phases should decay
separately via two quantum critical points from point of view of today science
with increasing Ru content. Such behaviour is unique because similar phase dia-



gram was found in UGe,; compound, where two magnetic phases appear naturally.
They are called strongly and weakly polarized ferromagnetic phase. Both can be
destroyed by external pressure and quantum critical point appears. Surprisingly
superconductivity originates at this region covered by ferromagnetic dome [4].
In my thesis we investigate character of magnetic phases of UCo,Ru; Al and
potential presence of quantum critical point or points in UCo;_,Ru,Al by mea-
surement of thermal, magnetic and electrical properties. We estimated interesting
concentrations in the UCo,Ru;_ Al system and grown three crystals with Co con-
centration x = 0.19, x = 0.27 and x = 0.40. Expected results and motivation of
my work is verification of the existence of two magnetic phases in UCo;_ Ru,Al
system and study the structure and mechanism of decay of the expected phases.

UCo,_,Ru, Al

0.0 0.2 04 0.6 0.8 1.0
Ru content x

Figure 1.1: Dependence of Curie temperature T on concentration of Ru in
UCo;_xRuyAl system [2].

1.2 Outline of the Thesis

This work has 8 chapters including this Introduction. Second part is brief
theoretical overview of topics and terms used in this thesis. Next part includes
description of used experimental techniques. Fourth part focuses on overview of
information about UTX compounds of Zr-Ni-Al type. Results are summarized in
chapter 5, which are divided in results for each crystal. Discussion of results is
in Chapter 6. Final conclusions are summarized in Chapter 7 which is followed
by Chapter 8 -Future plans.



2. Theory

2.1 Magnetism

Magnetism in materials is created by magnetic moments of individual ions.
In classical physics a magnetic moment is represented by electric current [ in a
small loop of the area S. The magnetic moment is then given by:

w=1S (2.1)

The direction of magnetic moment is normal to the area of current loop. For
magnetic moments of atoms/ions, we need to find some useful unit. For that
we use the mass of electron m, and charge —e orbiting in hydrogen atom. Then
electrical current can be interpreted as electron circulation and we get:

—e —ev

I=—=— 2.2

T 2mr (22)
Where T is the orbital period, v is the velocity and r is the radius of the orbit. In
quantum mechanics [5], we know that the angular momentum of electron ground
state is:

mevr = h (2.3)
From that one can get the magnetic moment of electron:
9 evr —eh eh
Ww=mr 7 2 B HB 2 (2.4)

where pp is the Bohr magneton and is used as unit of magnetic moments on
atomic scale.

Solids consists of very large number of atoms with their own magnetic mo-
ments. To summarize their effects we define magnetization M as magnetic mo-
ment per unit volume. M is considered to be a vector field inside the solid. In
special cases where relation between magnetization M and magnetic field H is

linear we get:
H=xM (2.5)

The solid in this situation is called linear material. y is called magnetic suscep-
tibility. Relation between magnetic induction B and M in the linear material is
given by:

B =g (M +xM) = po (1 +x) M = pop M (2.6)

Where g is the permeability of vacuum and p, is the permeability of the material.

2.1.1 An atom/ion in magnetic field

Each electron in atom/ion has the spin angular moment [5] S and the or-
bital angular moment L. The total orbital angular moment L of electrons in an
atom /ion is:

Z
hL = Z i X Dy (2.7)
i=1

5



where Z is total number of electrons in the atom/ion, r; is the position of the 4"
electron and p; is its momentum. For an atom/ion we get Hamiltonian [5]:

4 2
HO - Z <2me + V;) <28>

Qfg - is the kinetic energy of the i electron and Vj is the potential energy of

the i'" electron. Placing atom/ion into the magnetic field of induction B changes
the Hamiltonian and the new Hamiltonian will be [5]:

where

H=H,+ (L+gS)B+8€ S (Bxn) (2.9)

€ =1

where g is the g-factor. The term ug (L + ¢S) B represents the atom’s/ion’s own
magnetic moment and is called paramagnetic. The term % 2 (Bxm)is
known as diamagnetic moment. We can find two responses of matter on ap-
plied external magnetic field. We distinguish diamagnetic (diamagnetism) and

paramagnetic (paramagnetism).

2.1.2 Diamagnetism

Diamagnetic substances have a negative susceptibility. If we apply an exter-
nal magnetic field then an opposite magnetic moment is induced. Diamagnetism
can be only explained by the quantum mechanics. Ignoring the paramagnetic
term in equation (2.9), we get diamagnetic susceptibility defined as:

Z

Nepg 2
=— E : 2.1

—

where N is the number of atoms/ions in the volume V. From equation (2.10) one
can see that the susceptibility is negative and temperature independent. Diamag-
netism is typical for atoms with full electron shells, because of zero total angular
momentum.

2.1.3 Paramagnetism

Opposite of diamagnetism stands paramagnetism. An externally applied
field on paramagnetic material will induce a parallel magnetization with respect
to the external magnetic field. Paramgnetism can be only observed in materials
containing ions with unpaired electrons. Ignoring fact that magnetic moment is
quantized and can only point in some directions is called the semiclassical treat-
ment of paramagnetism. In this approximation the paramagnetic susceptibility
is given by:

_ NoMer C

_ _ ¢ 211
XT3k T (2.11)

where n is the number of magnetic moments per unit volume, p.g is the effective
magnetic moment and kg is Boltzmann constant. The equation (2.11) is known
as Curie’s law (C is Curie constant characteristic for every material) and shows
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that the magnetic susceptibility is positive, inversely proportional to temperature
and independent on the external applied magnetic field.

It is also important to note that most of paramagnetic ions contain closed
inner shells, which responds to magnetic field diamagnetically. The paramagnetic
term is several orders larger than the diamagnetic one.

2.1.4 Magnetic interactions

The paramagnetic susceptibility can reach high values in low temperatures,
but there is no explanation for various magnetic ordering found in many mate-
rials. The correlations between magnetic moments of ions which may yield long
range magnetic ordering are mediated by magnetic interactions. Thanks to the
magnetic interaction, communication among the magnetic moments is available
and explain existence of a long range magnetic ordering. The most simple mod-
el considers the interaction between two electrons. From this model we obtain
simple exchange Hamiltonian [5]

H=-275,8, (2.12)

where S and S5 are appropriate quantum numbers and J is exchange constant
or exchange integral.

Phenomena of exchange interactions is important for the long range magnetic
ordering. This effect is purely quantum mechanical. Model for two electrons can
be generalized to a many-body system. The Hamiltonian introduced by the
Heisenberg model:

H=-2) J5;S; (2.13)

i>j

Direct exchange: Interactions of electrons of neighbouring atoms via an ex-
change interaction is known as direct exchange. If wave functions of neighbouring
atoms have sufficient overlap, exchange integral reaches values around 102 - 103
K and then the direct exchange can be realized. This can be found in 3d, 4d,
5d and 5f atoms/ions. Direct exchange is interaction without any intermediary
and only between neighbouring atoms therefore it can be classified as short range
interaction.

Figure 2.1: Schematic of the direct exchange interaction. Arrows represent mag-
netic moments.

Indirect exchange: The indirect exchange interaction (also known as su-
perexchange) is interaction between the non-neighbouring magnetic ions mediat-
ed by a non-magnetic ion which is placed between the magnetic ions. Exchange

7



integral has value around 10" — 10? K. This kind of interaction can be found in
compounds 3d, 4d, 5d, 4f and 5f compounds with p and d elements.

T, - ~

T ., P e, — .

s N S N N N
4 V“
[ \
\J “Y|
‘ /
\ /
\ /
\ /
\ J 4 \ X, /
\\ ’/ . r . \\ /‘, \\ A \, '

e — S — e S - -

Figure 2.2: Schematic of the indirect exchange interaction. Arrows represent
magnetic moments.

RKKY: In rare metals and their compounds we can find special sort of
indirect exchange interaction called RKKY (after Ruderman, Kittel, Kasuya and
Yosida) [6, 7, 8]. Mediators in this case are conduction electrons which interact
with electrons in magnetic ions. For large r the interaction can be described by:

cos (2kgr)
3

JrKKY X (2.14)
Where ky is Fermi surface radius. Values of exchange integral can reach 10° — 102
K. This interaction long-range character which becomes effective for lanthanides,
which are characterized by strongly localized jf-electrons excluding the direct
exchange.

Figure 2.3: Schematic of the RKKY exchange interaction. Arrows represent
magnetic moments.

2.1.5 Magnetic structures

If the energy of thermal motion is low enough and the energy of exchange
interaction exceeds it then the magnetic moments spontaneously order below
certain critical temperature and form a magnetic structure, a long range periodic
arrangement of moments. In general the magnetic structures can be ferromagnetic
and antiferromagnetic.

Ferromagnetism : In a simple ferromagnet all magnetic moments lie in one
unique direction.This spontaneous magnetic ordering appears below the Curie
temperature T. To describe behaviour of simple ferromagnet one can use Weiss

8
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\ v v

Figure 2.4: The basic types of magnetic ordering. Arrows represent magnetic
moments.

model. The Weiss model approximate the action of the exchange interaction
with an effective magnetic field called Weiss (molecular) field B, [5]. Further,
we assume that molecular field is linearly dependent on magnetization:

B =AM (2.15)

where ) is a constant which parametrizes the strength of the molecular magnetic
field, it is temperature independent and positive for ferromagnets. The prob-
lem can be now treated as paramagnet placed in magnetic field B + B, The
paramagnetic susceptibility will be:

po M C

_ e ¥ 2.16
YT B+Ba) T (2.16)
Where C'is Curie constant. If we substitute (2.15) in (2.16) we obtain:
M C
(2.17)

XTWB ~ T—C

For T' = CX = T¢ susceptibility has singularity. At this temperature a sponta-
neous magnetizations emerges. From (2.17) we get Curie-Weiss law:

. C
T — 6p

where Op is paramagnetic Curie temperature. In Figure 2.1.5 typical dependence
of magnetization and susceptibility on temperature can be seen for ferromagnets.

Antiferromagnetism: A simple antiferromagnet has antiparallel adjacent
magnetic moments and the exchange integral J is negative. For antiferromag-
nets we get critical a temperature at which the magnetic moments order called
Néel temperature Ty. The simple antiferromagnet can be described as system a
composed of two interpenetrating sublatices where the magnetic moments of one
sublattice points up and the other ones point down. The magnetic susceptibility
at temperatures above Ty follows also Curie-Weiss law. In general we can say
that Curie-Weiss law: o

T — 6p
represents behaviour of paramagnets, ferromagnets and antiferromagnets. Gp of
simple paramagnet is zero, whereas ©p of a simple ferromagnet (antiferromagnet)
is positive(negative). The paramagnetic Curie temperatures of real systems are
often different from theory and therefore it needs to be treated individually.

X (2.18)

X = po + (2.19)

9
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Figure 2.5: Temperature dependence of susceptibility, inverse susceptibility and
the spontaneous magnetization of a ferromagnet. T¢ is the Curie temperature.

2.1.6 Magnetism in 3d, 4f and 5f materials and their
intermetallics

3d magnetism — band ferromagnetism (itinerant ferromagnetism):
In band ferromagnetism electrons near Fermi energy Ep from spin-down band
with energy Ep — AFE are taken to Er and their spin is flipped and placed in
spin-up band where they sit with energies from Ep to Er + AE. The number of
electrons moved can be expressed as g (Er) 0 E//2 and increase in energy JFE. The
total change in energy is g (Fr)0FE/2 x 0E. The total change of kinetic energy
AEKE 1s: 1
AFEkg = 59 (Ex) (0E) (2.20)
The energy cost in form of kinetic energy is compensated by energy of inter-
action of magnetization with molecular field. The density of up-spins is n, =
1 (n+ g (Er)0E) and density of down-spins is nq = 3 (n — g (Er) 6E). Therefore
magnetization is M = ug (n, —nq), if we assume each electron has magnetic
moment of 1 pp. The energy of molecular field is [5]:

M
1 1 1
AEpp = — /uo)\M'dM’ = —é,uo)\MQ = —EpouQB)\ (ny — nd)2 = —EU(g (Er) (SE)2

i (2.21)

where U = popu3 A is measure of Coulomb energy which corresponds to molecular
field which is due exchange interaction which is due coulomb energy. The total
change of energy AE:

AE = ABe + ABpe = £g (Br) GV (1 - Ug (B))  (2.22)

The magnetic moments spontaneously align if AF < 0 which is implies that:
Ug(Er) > 1 (2.23)

Which is known as Stoner criterion [5]. Large density near Fermi energy and
strong Coulomb effects are required for ferromagnetic instability.
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4f magnetism - localized magnetism: Majority of 4f electron density is
deeply embedded inside the core of a lanthanide atoms. This leads to weak inter-
action with environment. This fact is documented thanks to neutron spectroscopy
experiments [9] which have revealed negligible mixing of 4f states of majority of
lanthanides with conduction and valence electron states of neighbouring atoms.
In band magnetism the angular moment L is very small thanks to the delocal-
ization of 3d states, and thus we consider only spin. In 4f magnetism, thanks to
the localized states we must consider angular moment and spin. Result of this is
total angular moment J, defined as J = L + S [5]. Observed ground magnetic
states agree well with the corresponding RE?" free ion values calculated within
L-S coupling scheme.

5f magnetism: In actinides the 5f wave function extends more in space
and interacts more with metallic environment. In actinides 5f electron states
change from localized to delocalized-like and uranium is right in the middle of
this transition. Thanks to this we can observe lots of effects and they can be
induced by external variables like magnetic field, doping and pressure. The 5f
electron states are delocalized in actinides because of their participation in bond-
ing and considerable hybridization with the valence states of neighbouring atoms.
This has serious consequences. The most important one is that the 5f states form
a more or less narrow 5f band intersected by the Fermi energy FEp rather than
discrete energy levels. Consequently, the magnetic moments due to the delocal-
ized 5f electrons are considerably smaller than expected for free U3* or U4 ion.
In case of strong delocalization the 5f electron magnetic moment disappears.
The strength of the exchange interaction between corresponding 5f moments in
actinide intermetallic is much stronger than for the /f moments interacting only
via the conduction electrons (RKKY interaction).

Hill limit Generally two one-electron mechanisms can be considered as af-
fecting the ionic character of the 5f states. The first one is the 5f electron hopping
due to an overlap of the 5f wave functions with neighbouring U atoms leading to
formation of the 5f band and their delocalization. In this mechanism is the U-U
spacing (the distance between centres of two nearest uranium ions) is the crucial
parametr. In uranium compounds with small U-U(dy.y) spacing non-magnetic,
frequently superconducting ground state is found, whereas for larger dy.y the
ground state is often magnetic. The critical value for dy.y where the character
brakes is known as Hill’s limit and is empirically considered to be between 340
and 360 pm. Many exceptions can be show in which the hybridization of the
5f electron states with valence electron states of neighbouring atoms (5f-ligand
hybridization) plays a crucial role (Figure 2.6) [1].

2.1.7 Quantum phase transition and quantum critical
point

Most common phase transition, like paramagnetism to magnetic order or
from a metallic state to superconducting one, occur at finite temperatures. In
these transitions the macroscopic order is destroyed by thermal fluctuations for
increasing temperatures. For phase transition at zero temperature, where ther-
mal fluctuations are suppressed, a different class of phase transitions occur. Such
a transition is called quantum phase transitions (QPT). It was pointed out by
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Figure 2.6: Hill’s plot

Hertz [10] that when non-thermal control parameter p like pressure, magnetic
field or chemical composition is varied to access the transition, then long range
order is destroyed only by quantum fluctuations at certain points called quantum
critical points (QCP), where p = p.. Usual characteristic of QPT is a qualitative
change in the system properties. Experiments and theoretical development in
the last decade has made clear that presence of such QPT plays important role
in unsolved problems of heavy-fermion compounds. The physical properties of
the quantum fluctuations are different from the thermal fluctuations responsible
for common, finite-temperature phase transitions. At the quantum critical point,
the low-temperature thermodynamics is characterized by collective modes corre-
sponding to fluctuations order parameter, rather by single-fermion excitations as
in Fermi liquid. Therefore non-Fermi-liquid properties arise. The temperature
dependencies strongly depends on dimensionality of the system and nature of
interactions in the system. Schematics phase diagram is shown in Figure 2.7.

T

ordered state disordered state

<1 »
QCP ¢

Figure 2.7: Schematic phase diagram showing ordered and disordered state. Red
arrow represents classical phase transition. Quantum phase transition at zero
temperature is represented by green arrow.
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2.2 Heat capacity

The heat capacity (HC) represents amount of heat per unit mass of the
system, required to increase its temperature by one. If it is measured in constant
pressure, then it is called the isobaric heat capacity or for constant volume, then
it is called the isochoric heat capacity. Whole HC is given as sum of the terms
that can be expressed with equation:

Cp = Cpn+ Co + Ciag + C' (2.24)

Where C}, is the isobaric heat capacity.

2.2.1 Electronic heat capacity Cg

Electronic heat capacity C represents electron contribution to the heat ca-
pacity. From classical model we have the electronic heat capacity for metals equal
to 1.5 R [11], but this is true only at high temperatures. For low temperatures
we have to approach problem from quantum mechanics view, where we take in
account electrons as fermions obeying Fermi-Dirac statistic. Therefore only some
small part of electrons states which are near the Fermi level can be excited. To
calculate the value of the electron contribution to the heat capacity we must con-
sider that the temperature increases from 0 K to 7" evokes the changes of internal

energy:
AU = n (Ep) k3T? (2.25)

where n (EF) is the density of electrons states at Fermi level. Er is Fermi energy
level. The electronic heat capacity is a derivation of integral energy with respect
to the temperature:

_OAU

Ca =~ =2n (Ep) k3T = ~T (2.26)

Where 7 is a coefficient that represents linearity of the electronic heat capacity.

2.2.2 Phonon contribution Cpy

Phonon contribution Cpy, represents the phonon contribution to a heat ca-
pacity. It dominates for high temperatures and it is realized by the thermal
fluctuations of the crystal lattice. The first model for a heat capacity was done
by Dulong and Petit (1819). They thought that heat capacity has constant value
of Cp,, = 3NR. For high temperatures this model corresponds well, but for low
temperatures it fails, where heat capacity decreases and reaches zero for 0 K.
Einstein came with model which assumed that all atoms in a solid behave like
linear quantum harmonic oscillators and vibrate independently on each other. So
the heat capacity given by Einstein model is [12]:

Og ) 2 exp —QTE )
C =3R| — 2.27
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Where 6 is the Einstein temperature defined by:
Op = — (2.28)

Einstein model reaches zero for 0 K and 3N R for high temperatures. But from
experiments it was observed that the heat capacity varies as T2 at low tempera-
tures and not exponentially as predicted by Einstein model. Debye (1912) came
with model which corresponded more to the experimental data. He realized that
at low-temperature vibrations of solid can be described by acoustic branches. He
calculated the distribution of frequencies that correspond to acoustic waves in
isotropic continuous solid. His model describes the heat capacity with equation
[12]:

D

C 9R(T)3/Tﬂdx (2.29)
ph,D — @D / <€‘T _ 1)2 :

Where Op = h“D is the Debye temperature and x = This model reaches zero

k T
for 0 K and 3N R for high temperatures and it varies like 7% at low temperatures,
which corresponds better with experimental data than the Einstein model. For
better description of heat capacity we have to include anisotropic anharmonic
terms in the phonon contribution [13]. We can describe the phonon spectrum with
modified Debye and Einstein models for acoustic and optical branches separately.
We will use equation described by C.A.Martin [14]

7D
Con=R 3%:3 1 Tip X (1p) N ( )3 /
- — 1 - o4pT [exp (zi5) — 1]2 1— OéDT /
(2.30)
Where «; g and ap are the anharmonic coefficients and zp = %,

2.2.3 Magnetic contribution Ciyag

A free ion in zero external magnetic field has spherically symmetrical function
of electron density. The symmetry is significantly deformed when the ion is placed
inside the crystal lattice, where is surrounded by other ions and electrons. The
ion is than surrounded by the electrical crystal field caused by the electrostatic
interaction. The electronic crystal field has the symmetry reflecting the symmetry
of crystal lattice. Presence of crystal field brings the Schottky effect that splits
formerly degenerated energy levels up to (2J + 1) levels. J is the total angular
moment of the specific ion. The magnetic contribution C,,e to the heat capacity
is then dominated by the Schottky contribution. Csq, for the compounds in
paramagnetic state that can be expressed by the formula [15]

r Z(NH AZexp (_Al) B (Z 2J+1 AQeXP( Tl)>2 (2.31)

T
T2 Z(2J+1 exp (_ Az) Zgiéﬂ) exp (_%)

T
Where T is temperature, 4, is the energy gap between ground state and the i
energy level. The magnetic contribution also increases entropy of whole system.

C1Sch
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For high temperatures it gives the limit value

Smag = RIn (2J + 1) (2.32)
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3. Experimental methods

3.1 Sample preparations

3.1.1 Preparations of polycrystalline samples

Polycrystalline samples were prepared in a monoarc furnace. Stoichiometric
amount of the elements were weighted in stoichiometric composition and placed
on the Cu crucible. Then the chamber of monoarc is evacuated up to 1076 — 107
mbar with simultaneous heating of walls, crucible and also weighted elements
to release the absorbed gasses on surfaces. After proper evacuation the whole
chamber is filled with the high purity Ar (6N), working as a protecting atmosphere
and charge carrier. The melting is realized by arc which can go up to 170 A. The
sample is remelted three or four times and the sample is flipped to reach the best
possible homogeneity.

3.1.2 Preparations of monocrystalline samples

Preparation single crystals takes more time than preparing the polycrys-
talline samples. Wide scale of method is available to prepare monocrystalline
samples with different principles of crystals growth. I have used the Czochralski
method.

Czochralski method

The principle of the Czochralski method is vertical pulling of the crystal from
the melt on seed rod. As a seed rod can be used an inert tip of material which is
not dissolved in the melt (usually tungsten rod). The best case is when already
grown crystal can be used as the seed rod. Various types of furnaces exist with
different heating mechanisms. I have used furnace with arc heating equipped
with three symmetrically arranged arcs. Stoichiometric amounts of the elements
were prepared and placed in Cu crucible. If one or even more elements exceed the
vapour pressure of another elements, it must be taken into account. Possible way
is weighted over stoichiometric amount of that elements to prevent loss and secure
amount of element in the sample. It is also important to have homogeneous melt
and to reach thermal balance. Homogeneous melt can be achieved by pre-melting
of the elements into polycrystalline sample, which is then placed in the triarc fur-
nace instead of pure non-reacted elements. Then the furnace is evacuated down
to 1075 mbar with simultaneous baking of the walls to desorb the bounded gases.
After that, the chamber is rinsed with 6N Ar up to 0.3 bar overpressure to prevent
the leaks into the chamber. Melting is started and homogeneity of the heating
is secured by rotation of the Cu crucible with the melt. Seed rod (tungsten in
my case) is dipped inside the melt when stabilized and then is slowly pulled up
with simultaneous rotation in opposite direction to copper crucible. Czochralski
method can be used only for limited number of materials. Thermal balance is
critical parameter during the whole crystal growth process. If the temperature of
the melt is too high the surface tension is low and the melt flattens, which leads
to reduction of the crystal diameter. When the surface tension is high enough the
constant diameter of the crystal is hold. Whole crystal growth is controlled by
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the current in arcs, which changes the temperature and by speed of translation of
the seed rod upwards (which is typically around millimetres per hour). Enough
skills to work with the furnace is crucial parameter.

3.1.3 Sample annealing

Materials after preparation contain many mechanical defects and proper oc-
cupancy of the atoms is not achieved. Also mechanical strain is often presented.
This is thanks to fast cooling of the materials in triarc furnace when process is
finished. Samples for annealing are wrapped into tantalum foil and placed in
quartz tube. The tantalum foil prevents reaction between sample and silicon
from tube to contaminate the annealed sample. The tube is finally sealed up to
vacuum 10~% mbar with simultaneous baking of the tube up to 300 °C to desorb
gasses. Parameters of the annealing treatment strongly depend on the properties
of material — phase diagram, melting point.

3.2 Sample characterization methods

The characterization of samples is very important in material research. Pres-
ence of impurities significantly affects physical properties of samples. It is impor-
tant in magnetic studies because ferromagnetic impurities can strongly affect the
bulk properties of weakly magnetic compounds. Three methods were used for
analysis of samples. Powder X-ray diffraction (XRPD) and microprobe analysis -
Energy Dispersive X-ray Analysis (EDX) for finding impurities. Lau method for
determination of single crystal quality and their orientation.

3.2.1 X-ray methods

X-rays are part of electromagnetic radiation spectrum. They are character-
ized by their typical wavelength from 0.1 nm to 10 nm. One of the conditions
for diffraction on sample is that the wavelength of the X-ray must be of the same
order as interatomic distances. X-rays are generated by x-rays tubes, in which
electrons are accelerated by high voltage and after collision with target of anode
the X-rays are emitted. Anodes are typically made from Fe, Co, Ni, Mo, Cu, Zr,
W ete. For each X-ray tube we have specific spectrum of X-rays, which depends
on target material and accelerating voltage. All X-ray methods work on the basis
of Bragg’s Law [16]:

2dsin (0) = nA (3.1)

The integer n is the order of corresponding reflection, A is the wavelength of
the X-rays, 6 is Bragg’s angle which gives deviation from diffraction planes hkl
distanced by d.

X-ray powder diffraction

X-ray powder diffraction is analytical X-ray method used for structural
analysis of materials. It is based on the idea, that if we have numerous of little
grains of the material than it must exist one that is oriented in way, that it has
their plains oriented to satisfy (3.1). As result, we get diffractogram which shows
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dependence of reflected intensity on diffraction angle 26. We have used Bruker
AXS D8 Advance X-ray diffractometer with Cu X-ray tube in Brag-Brentano
geometry for measuring powder diraction (Figure 3.1). In Brag-Brentano geome-
try detector and X-ray tube are placed in constant distance from powder sample
and their distance changes accordingly to rotation of sample about the main axis
of the diffractometer. The detector rotates with double angular frequency than
sample. It secures that the angle between impacted and diffracted beams is the
Bragg’s angle @ for the specific plane hkl.

detector
focusing circle
F2

monochromator

x-ray lamp

F1 receiving slit

sanﬁi@/ 26

Figure 3.1: Bragg - Brentano geometry of X-ray diffractometer

goniometer circle

Rietveld method was used for analysis of patterns. It is important to know
approximate structure parameters. Diffractogram from approximate structure
parameters is plotted and compared with measured diffractogram. Least square
algorithm is used to match the theoretical model with measured data. The po-
sition of peaks in diffractogram depends on lattice parameters and positions of
atoms. To characterize peak shaps mathematic functions like Gauss’s function
or Cauchy’s function are used. Height of peaks depends on structural parame-
ters. The analysis is carried out by FullProf program [17]. The analysis of lattice
parameters, occupancy, and free Wyckoff positions were used to solve crystal
structure of the materials.

Laue method

Laue method with back reflection geometry was used for determination of
quality and orientation of our single crystals. Micrometa 600 with Cu X-ray tube
with 30 kV voltage was used for measuring. Laue method works with polychro-
matic X-ray. In this continuous spectrum exists some wavelengths which fulfil
Bragg’s law. The result is image of reciprocal crystal lattice of the single crystal.
The crystals are checked and oriented by placing on goniometer head and rotated
to find the expected orientation. Reflection are detected on image plate join with
metallic cylinder. X-ray scanner is used to read image plates. Scanned image is
analysed using of LauePattern software or with Orient Express software.



Scanning electron microscope

Scanning electron microscope(SEM) is one of the types of electron micro-
scopes. SEM Tescan Mira I LMH [18] was used, where electron beam is produced
in Schottky cathode. In our microscope we use two types of detectors to produce
final image: secondary electrons (SE) and backscattered electrons (BSE) detecter.
BSE are based on electric scattering of electrons on material. Intensity of BSE
depends on atomic number of material. Heavy elements backscatter electrons
with larger intensity. This can be used to reveal tiny amounts of spurious phases
and elements. Energy Dispersive X-ray Spectroscopy (EDX) is one of the analysis
methods used in SEM. It is used to determine chemical composition of materials.
Accelerated electrons can eject electron from its orbitals and then electron from
outer shell takes its places simultaneously emitting energy in the form of x-rays.
This x-rays are detected. The composition is calculated on the basis of atlas of
X-ray spectra implemented in the software. The amount of the each elements is
given by intensity of the spectra - characteristic lines. Bruker AXS analyzer was
used with Esprit software with implemented ZAF correction.

3.3 MPMS

Magnetic Properties Measurement System made by Quantum Design and
equipped with SQUID (superconducting quantum interference device) was used to
measure magnetization. The sample is positioned in the center of superconducting
solenoid and between SQUID detection coils. Temperature range of sample space
is between 1.8 K to 400 K for MPMS. Maximum magnetic field which can be
reached are 7 T created by superconducting magnet. The sensitivity of SQUID
magnetometer is around 1078 emu.

3.4 PPMS

Physical Properties Measurement System developed by Quantum Designs
for measuring physical properties of materials in wide range of temperatures and
up to magnetic field of 14 T (our device). Sample can be put in various types
of inserts, specific for each measurement. Insert with sample is placed in cooling
annulus which is positioned in the center of superconducting magnet. Every insert
has universal connector which secures transport of measure data to computer.
Special closed system with 3He can be added to cool the samples down to 0.35
K. Detail of PPMS is in Figure 3.2.
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Figure 3.2: Schematic of PPMS probe and detail of lower part [19].

3.4.1 Heat capacity measurement

Heat capacity measured using PPMS equipment can be measured as function
of temperature in the temperature interval 1.8 - 400 K and also with applied
external magnetic field up to 14 T. The relaxation method was used. The sample
must be shaped into the small plate with flat plane to have proper thermal contact
with heater. Apiezon N or H (each type is used for different temperature range)
are used to glue the samples to the platform. Puck for measuring heat capacity
is in Figure 3.3. More details about measuring heat capacity can be found in

manual [19)].
&\Q‘T‘%

RS

Figure 3.3: Puck for heat capacity measurements [19].

3.4.2 ACT resistivity measurements

PPMS equipment was used to measure ACT resistivity. The four terminals
method was used for measurement with current of resolution of 0.02 pA and
maximum value of 2 A, and voltmeter with sensitivity of 1 nV at 1 kHz. The
available frequencies of the AC current range from 1 Hz to 1 kHz. The samples
in the form of long beam are the best for resistivity measurement. The sample
is contacted by four gold wires, where two inner contacts are connected to the
voltage detector and two outer contacts are connected to current supply. Special
puck for ACT is used and two samples can be measured simultaneously (Figure



3.4). The AC resistivity as function of temperature can be measured from 0.35
K to 400 K and in applied external magnetic field up to 14 T.

Figure 3.4: Puck for ACT measurements [19].
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4. UTX compounds

UTX is family of compounds where T stands for transition metal atom and X
for p-element from the groups ITITA, IVA and VA of the periodic table. UTX com-
pounds can crystallize in orthorhombic Ti-Ni-Si structure, which is ordered type
of CeCuy structure or in hexagonal Zr-Ni-Al structure derived from Fe,P—type
structure [1]. One of the differences between orthorhombic structure of Ti-Ni-Si
type and hexagonal structure of Zr-Ni-Al type is two positions for transition metal
in Zr-Ni-Al structure and one position in Ti-Ni-Si structure. The Zr-Ni-Al struc-
ture is also well defined layer system where two types layer are presented. The
stacking of layers U-T1 and T2-X is typical for this structure type which is also
the key to physical properties of the hexagonal UTX compounds. The layered
system where many U neighbours has each uranium atom is crucial parameter for
the UTX physics together with indirect interaction among UT1 layers via T2X
layer. This structure system is often responsible for strong magnetocrystalline
anisotropy between ¢ and a axis. When typically the properties in the basal
plane seems to be isotropic. We focus on UTX compounds which crystallize in
hexagonal Zr-Ni-Al structure. Schematic view for UTX compound in Zr-Ni-Al
structure are in Figure 4.1. Most of the hexagonal structures are of Zr-Ni-Al
type, but there exist other hexagonal structures types like Celna-type [1].

Figure 4.1: Hexagonal UTX structure of Zr-Ni-Al type. For Zr-Ni-Al structure
is typical stacking of U-T and T-X planes

URuAl is paramagnetic down to 20 mK [20]. URuAl shows properties sim-
ilar to spin-fluctuation system. The huge uniaxial magnetocrystalline anisotropy
in paramagnetic state was found in single crystal [21, 22]. peg = 2.97 up was ob-
served above 300 K from Curie-Weiss law and paramagnetic Curie temperature
Op = - 170 K and peg = 2.45 pp was found between 100 K and 300 K and para-
magnetic Curie temperature @p = - 92 K [23]. The susceptibility is characterized
by a broad maximum around 50 K. This shows that URuAl is close to magnetic
ordering. The dy_y distance is 359 pm [2].

UCoALl is paramagnetic down to low temperatures with huge magnetocrys-
talline anisotropy, but if we apply magnetic field about 1 T along the c-axis at
temperatures below 17 K, a metamagnetic trasition is observed [24]. Heat capac-
ity and electrical resistivity do not show any anomaly near 17 K [24]. Co atoms
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does not contribute substantially to magnetism in UCoAl. Magnetic susceptibil-
ity shows broad maximum around 17 K in low magnetic fields [25]. peg = 1.6
pp/U and Op as 33 K were estimated thanks to modified Curie-Weiss law above
70 K [25]. Magnetism in UCoAl is strongly dependent on doping as shown in
[26, 27, 28, 29, 2]. Ferromagnetic state can be induced by only small doping of
transition metal [29, 28, 2]. UCoAl richness of phenomena is reason for studying
it.

UCo,Ru;_xAl is pseudoternary UTX compound. Polycrystalline samples
were prepared by Andreev et.al. [2]. Ferromagnetic dome was found for solution
of two paramagnetic compounds. The phase diagram is shown in Figure 1.1.
AC susceptibility measurements show two phase transitions of second order [2].
One from ferromagnetic state to other one for compounds with concentration x
between 0.5 to 0.75.

UCoGa is characterized by huge magnetocrystalline anisotropy. It orders
ferromagnetically below T = 47 K [20, 30, 31]. Purwanto et. al. deduced
magnetic moments of U atoms in ferromagnetic state of 0.74 +0.03 up per atom
[31]. Nakotte et. al. obtained magnetic moment in ferromagnetic state 0.74 ug
per uranium atom [30]. UCoGa shows existence of two phases which is similar to
UCoxRuy_ Al [30].

Three typical magnetic states are found in UTX compounds of Zr-Ni-Al
type and these compounds can be divided in them. All of these compounds show
strong uniaxial anisotropy. Characters of these compounds are shown in Figure
4.2.

Antiferromagnetic state: UNiAl [1, 32]; UNiGa [33, 34, 1]; URhIn [35, 36]; UPdGa
(37, 38].

Paramagnetic state: URuGa [1, 20].

Ferromagnetic state: UCoSn [1, 20, 39, 40, 41]; URuSb [40]; URhALI [22]; URhGa
[1], URhSn [42, 41, 43].

UTx
Fe,P (ZrNiAl) - type

35
/ Tc, Tn (K)

Figure 4.2: Magnetic characters of UTX compounds of Zr-Ni-Al type [1].
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5. Results

5.1 Samples preparation

We have planed growth of crystals of compositions UCog 19Rug g1 Al
UCog27Rug.73A1 and UCog 40Rugg0Al. Polycrystalline precursors were prepared
before growth of single crystals. High evaporation of Al had to be taken into
account. One percent of stoichiometric amount of Al was added to compensate the
evaporation. Polycrystalline precursors were melted for three times and flipped
between each melting to achieve better homogeneity. The typical mass of the
precursors was 11 g. Then prepared polycrystalline precursors were placed inside
the triarc furnace. Single crystals have been grown by Czochralski method. Melt
was heated by three symmetrically arranged arcs. Tungsten tips have been used
as the seeds. The length of grown crystals was typically from 4 to 6 cm with
diameter between 4 - 6 mm. The quality of all single crystals has been tested by
Laue method. All single crystals were wrapped in tantalum foil, sealed in quartz
tube under vacuum 107% mbar and annealed for 5 days in 900°C.

5.2 Single crystals characterization

5.2.1 Laue method

Quality of all grown crystals was verified by Laue method. It proved that
grown single crystals were truly single crystals. We were also able to orient all
crystals with respect to crystallographic axes using Laue method. One example
of the diffractogram taken by Laue method is in Figure 5.1.

5.2.2 EDX analysis

All prepared single crystals were checked for presence of spurious phases,
composition and concentration gradients. Representative images taken by SEM
are summarized in Figure 5.2. No sign of the concentration gradients of the
dopants has been observed. Results of the EDX analysis are in Table 5.1. Re-
sults of EDX are important for us to determine real composition of samples and
resulting position in the phase diagram.

Table 5.1: Comparison between nominal concentrations in of the single crystals
and concentrations obtained by EDX analysis.

Expected concentration Concentration determined by EDX analysis

UCog.19Rug g1 Al UCog.22Rug.7sAl
UCog.27Rup.73Al1 UCog.30Rug.70Al
UCog.40Rug oAl UCog.44Rug 56Al
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Figure 5.1: Diffractogram recorded by Laue method of the single crystal
UCoq.40Rug.60Al

TioZ 44
SEM MAG: 2574 x HV- 15.0 kV WD: 16.6 min

Figure 5.2: Images taken by SEM. A) shows UCogi9Rugg;Al, B) shows
UCOQ.27RUO.73A1 and C) shows UCOO,40RUO,60A1.
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5.2.3 Reuslts of XRPD

A small part of every sample has been pulverized in the agate mortar and
characterized with the XRPD. Results for all crystals are in Tables 5.2, 5.3 and
5.4. Lattice parameters as a function of concentration are shown in Figure 5.4.
With increasing concentration of cobalt lattice parameters tend to be smaller.
Example of diffractogram and fitted model is in Figure 5.3. It is very important
to determine occupancy, because of two positions for transition metal are pre-
sented in the Zr-Ni-Al structure and preferential occupancy of 1b is expected [3].
Evaluation of our data by Reitveld method shows different result, when position
2c¢ is preferably occupied by Ru (Table 5.4). However we have suggested the pref-
erential occupancy of Ru for all single crystals. The verification of the models by
single crystal diffraction is highly desirable.

15005 UCo, ,Ru, (Al
1000 . e measured data
fitted data
—— difference
500

Intensity (arb. units)

-500

20 40 60 80 100
20

Figure 5.3: Measured and analysed data from XRPD for UCoq 40RuggoAl.

Table 5.2: Lattice parameters as determined by XRPD evaluation.
Co [%] 40 27 19
a[A] 6858 6.870 6.880

c[A] 3970 3.981 3.997
vV [A%] 161.20 162.72 163.85
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Table 5.3: Position of atoms with open parameters on positions U - 3¢ and Al -
3f determined by XRPD evaluation.

Co [%] 0 21 19

x of U theoretical 560 560 560
x of U analysed  581.17 583.72 582.83

x of Al theoretical 250 250 250
x of Al analysed  216.05 177.27 205.85

Table 5.4: Occupancy of atom position as given by XRPD evaluation.
Co [%] 40 27 19

Ru 10 pos. predicted  0.05  0.0608 0.0675
Ru 1b pos. analysed 0.0321 0.0316 0.0539
Ru 2c¢ pos. predicted 0.1 0.1217 0.135
Ru 2c pos. analysed 0.1179 0.1509 0.1459
Co 1b pos. predicted 0.0334 0.0225 0.0158
Co 1b pos. analysed 0.0512 0.0571 0.0294
Co 2c¢ pos. predicted 0.0667 0.045 0.0316
Co 2c¢ pos. analysed 0.0487 0.0158 0.0294

6.885 , , , : ' 4.000
6.880 | = 1399
-
6.875 | UCo Ru, Al 3990
~ . 13985 —
< 6.870 | Lattice parameters | = =<
«© 13.980 ©
6.865 1 13.975
6.860 | 13.970
6.855 : : : : : 3.965

15 20 25 30 35 40 45
Co concentration (%)

Figure 5.4: Dependence of lattice parameters on concentration of Co in
UCoxRuy Al
5.3 UCog40RugepAl single crystal study

We expected to find two magnetic phases on the basis of phase diagram
(Figure 1.1) - magnetically soft one and hard one. The phase transition from

paramagnetic state to ferromagnetic soft one should manifest around 45 K. The
phase transition from soft one to hard one should be around 38 K.
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5.3.1 Magnetization measurements

Magnetization measurements have been done on sample of small block shape
with approximate size 1x1x5 mm?, when rectangulars planes were oriented along
a and c crystallographic axis. Both DC and AC magnetization measurements were
done on same sample with respect to both crystallographic orientations. We mea-
sured hysteresis loop at 4.5 K (Figure 5.5). Hysteresis loop for external magnetic
field applied along c-axis shows ferromagnetic behaviour with almost rectangular
shape. The value of hysteresis is about 0.5 - 0.6 T. We have determined saturat-
ed magnetic moment of 0.44 ug/f.u. in magnetic field of 5 T applied along the
c-axis at temperature 4.5 K. Hysteresis loop for external magnetic field applied
along the a-axis shows paramagnetic behaviour, which confirms strongly uniaxial
behaviour and c-axis as easy magnetization axis.

0.4 TUCo 4oRu, (Al
02 |T=45K
=S
o
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=
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w,H (T)

Figure 5.5: Hysteresis loop of UCog4RuggAl compound for external magnetic
field applied along the c-axis and a-axis in 4.5 K.

The temperature dependence of AC magnetic susceptibility was measured
in temperature range from 10 to 70 K, because we expect phase transitions in
this range on the basis of phase diagram. Real part of AC susceptibility has
maximum value at 37 K, which moves slowly to higher temperatures with higher
frequencies (Figure 5.6). Imaginary part of AC susceptibility has maximum value
at temperature 36 K, which moves to higher temperatures with higher frequencies
as well (Figure 5.6). Imaginary part of AC susceptibility also shows sign of
anomaly around 41 K in Figure 5.6. This effect is probably also in real part of
AC susceptibility, but it is not so well visible. Existence both effects suggests
existence of the expected phase transitions. No sign of anomaly has been found
for AC susceptibility measured along the a-axis.
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Figure 5.6: Real and imaginary part of AC susceptibility at different frequencies
of UCog4RuggAl compound for AC magnetic field applied along the c-axis.

Measurement of temperature dependence of magnetization has been done in
various external magnetic fields applied along both c-axis and a-axis. Magneti-
zation along c-axis shows strong increase of magnetization at temperature 40 K
(Figure 5.7). Nevertheless two phase transition were found. The first transition
from paramagnetic state to ferromagnetic one is at T = 41 K. The second one
at 35.5 K. Spontaneous magnetic moment was determined at 4.5 K and external
magnetic field of 0.01 T as fispont = 0.39 pp. Spontaneous magnetic moment along
a-axis determined on 4.5 K and 0.01 T as jspont =1.4 mpup is 279 times smaller
than spontaneous moment along c-axis. This confirms uniaxial anisotropy.

UCo, 4Ry, Al
HoHlle

—— p,H=001T
—e— uH=1T

0.0

0 20 40 60 80 100
T(K)

Figure 5.7: Temperature dependence of magnetization of UCog4RuggAl com-
pound measured in various external magnetic field applied along the c-axis.

We have also plotted reciprocal susceptibility as a function of the temper-
ature in various magnetic fields - see Figure 5.8. The nonlinear behaviour was
found. Paramagnetic part of the data can be well evaluated by Curie Wiess law
(2.19) with parameters Op = 42.6 K, pp = 1.15 - 107m?® - mol™! and effective
magnetic moment of uranium peg = 1.78 ug.
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Figure 5.8: Temperature dependence of inverse susceptibility of UCog4RuggAl
compound in various external magnetic fields applied along the c-axis.

The found anomalies in temperature dependence of magnetization and AC
susceptibility motivated us to measure the set of hysteresis loops in the critical
interval between 20 - 42 K in detail with fine temperature steps. Hysteresis loops
at different temperatures are shown in Figure 5.9. Hysteresis loop at 20 K is
characterized by shape typical for hard ferromagnet (almost rectangular shape).
This trend is kept up to 30 K. Additional increase of temperature leads to change
of shape of the loops to shape typical for soft ferromagnets with S-shape. The
loops above 42 K have paramagnetic shape.

T T

Figure 5.9: Hysteresis loops of UCog4RuggAl compound measured at various
temperatures.
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The measured hysteresis loops were also used for estimation of the Curie
temperature construction of the Arrott plot [44]. Magnetization curves were
measured near predicted critical temperature. Obtained Arrott plot is shown in
Figure 5.10. The Curie temperature was obtained by linear fit for data in different
temperatures. The resulted Curie temperature is T = 39.7 K
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Figure 5.10: Arrott plot of UCoq 4RugAl compound in various external magnetic
fields applied along the c-axis.

5.3.2 Resistivity measurements

Resistivity measurement (ACT measurement) has been done using four probe
method. The measured sample had shape of block and approximate dimension of
1x1x5 mm? and it is the same which was used for magnetization measurement.
Resistivity was measured for current applied along the c-axis and a-axis. Resis-
tivity along the c-axis was also measured in external magnetic fields of 1 and 5
T in longitudinal arrangement. The resistivity data measured along the c-axis
shows significant anomaly at 41 K (Figure 5.11). The observed anomaly starts to
smear in applied magnetic field of 1 T (Figure 5.12). When we have studied the
data in detail we could observe weak deviation of the trend below major anoma-
ly. The weak effect is well visible on first derivative of data at temperature T
= 35 K which can sign cross between the magnetically soft phase and hard one
as expected in this crystal. The drop of resistivity has T2 character below 35 K,
when trend above this temperature is affected by already mentioned second weak
anomaly. Low temperature dependence of resistivity measured along the a-axis
has a metallic-like character with continuous drop.
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Figure 5.11:  Temperature dependence of the electrical resistivity for

UCog4RugeAl compound for current applied along the a-axis and c-axis on left
and first derivation of the polynomial fit of measured resistivity data for current
applied along the c-axis on right.
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Figure 5.12: Temperature dependence of electrical resistivity for UCog4Rug Al
compound for current applied along the c-axis in different external magnetic fields
in longitudinal arrangement.

5.3.3 Heat capacity measurements

We have measured heat capacity on sample of mass of 3.09 mg in zero exter-
nal magnetic field and in external magnetic field of 1 T applied along the c-axis.
We show only data from 4 K to 100 K in Figure 5.13 for better clarity, because we
did not find any effects in higher temperatures. We have detected weak anomaly
at temperature 34.5 K in zero magnetic field. This transition becomes broad-
en (almost disappear) with applied magnetic field. We used Debye model for
analysis of the heat capacity from 4.2 K to 50 K (Figure 5.14). Then we could
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also evaluate magnetic part of heat capacity. Resulted Debye temperature was
Op = 189.7 K. Coefficient v was determined v = 50.3 mJ/mol - K2.
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Figure 5.13: Temperature dependency of heat capacity of UCog4RugpgAl com-
pound.

30

25 ¢

20 r

15 ¢

C_(J/molK)

P
S

O  measured data
—— fitted data

0 10 20 30 40 50
T (K)

Figure 5.14: Measured data and Debye model of heat capacity of UCog4RuggAl
compound.

5.4 UCog.27Rug 73Al single crystal study

We expected to find only magnetically soft phase with respect to the phase
diagram in Figure 1.1. Phase transition should manifest around 20 K.
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5.4.1 Magnetization measurements

Magnetization measurements have been done on sample similar to sample of
UCog40Rug.0Al compound.

We measured hysteresis loops in 1.8 K for external magnetic field applied
along the a-axis and c-axis. Hysteresis loops in Figure 5.15 shows ferromagnetic
behaviour for external magnetic field applied along the c-axis and paramagnetic
behaviour along the a-axis, which confirms strongly uniaxial behaviour when
the c-axis is easy magnetization axis. The value of hysteresis is 0.35 T. Shape
of the loop stands between hard ferromagnetic (almost rectangular) and soft
ferromagnetic (S-shape). Saturated magnetic moment was determined at 1.8 K
in external magnetic field of 7 T as 0.32 ug/f.u..
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Figure 5.15: Hysteresis loop of UCoq.27Rug.73A1 compound for external magnetic
field applied along the c-axis and a-axis in 1.8 K.

Temperature dependence of the magnetization was measured by the same
way as for UCoq 40Rup60Al compound (Figure 5.16). One phase transition from
paramagnetic phase to soft ferromagnetic one was found. Determined value of the
Curie temperature is T = 18.7 K. Spontaneous magnetic moment was determined
at 4.5 K in external magnetic field of 0.01 T as fispon = 0.15 pp. Spontaneous
magnetic moment for measuring along the a-axis was determined at 4.5 K in
external magnetic field of 0.01 T as pgpont = 0.11 mpup and it is 1364 times
smaller than spontaneous magnetic moments along the c-axis, which confirms
strong uniaxial anisotropy.
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Figure 5.16: Temperature dependence of magnetization of UCoq7Rug 73Al com-
pound in various external magnetic field along the c-axis and a-axis.

Reciprocal magnetic susceptibility was evaluated and plotted by the same
way as for UCog40Rug Al compound (Figure 5.17). The nonlinear behaviour
was found. The parameters are jg = 1.89 - 10%m3 - mol~!, paramagnetic Curie
temperature Op = 19.1 K and effective moment of uranium peg = 2.67 ug.
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Figure 5.17: Temperature dependence of inverse susceptibility of UCoq o7Rug.73Al
compound in various external magnetic field applied along the c-axis.

Temperature dependence of AC susceptibility was measured in temperature
interval 1.8 K to 50 K, because of expected phase transition on the basis of phase
diagram. Real part of AC susceptibility has maximum at 17.5 K and imaginary
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part at 16.5 K, respectively. Both temperatures move to higher temperatures
with higher frequencies. Measured data are shown in Figure 5.18. The width
of anomaly of AC susceptibility suggests existence of phase transition below 10
K. No sign of anomaly has been found for AC susceptibility measured along the
a-axis.
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Figure 5.18: Temperature dependence of AC susceptibility of UCogo7Rug.73Al
compound for various frequencies of AC magnetic field applied along the c-axis.

Similar reason as in the case of UCoq 49RuggoAl compound motivated us to
measure the set of hysteresis loops around critical interval between 10 - 25 K in
detail with fine temperature steps. Hysteresis loops at different temperatures are
shown in Figure 5.19. Hysteresis loop at 10 K is characterized by shape typical for
soft ferromagnet (S-shape). This trend is kept up to 25 K. Additional increase of
temperature leads to change of shape of loops to shape typical for paramagnets.
The loops above (including) 25 K have paramagnetic shape.
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Figure 5.19: Hysteresis loops in different temperatures of UCoq97Rug73A1 com-
pound for external magnetic field applied along the c-axis.
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Curie temperature T = 17.2 K was calculated using Arrott plot - see Figure
5.20.
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Figure 5.20: Arrott plot of UCog27Rug 73Al compound at various temperatures.

5.4.2 Resistivity measurements

Samples from magnetization measurement were used for resistivity measure-
ment.

Electrical resistivity was measured for current applied along the c-axis and a-
axis. Electrical resistivity was also measured for applied current along the c-axis
in various external magnetic fields in longitudinal arrangement. The resistivity for
current applied along the a-axis shows metallic behaviour and slight upturn in low
temperatures (Figure 5.21). The explanation for the behaviour can be projection
of the c-axis or bad contacts. We plan to re-measure the data. Determined
resistivity at 300 K for current applied along the a-axis is p = 5.17 107% Q - m.
The resistivity measured along the c-axis shows unusual behaviour around 19 K,
when it starts to grow with lowering temperature. This effect can be suppressed
by magnetic fields and disappears between magnetic field of 8 and 11 T as shown
in Figure 5.22. Disappearance of resistivity growth in magnetic field suggests
magnetic origin than structural one. Now we do not have any reasonable model
to describe such type of behaviour in detail.
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Figure 5.21: Temperature dependence of electrical resistivity UCog 27Rugr3Al for
current applied along the c-axis and a-axis.
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Figure 5.22: Temperature dependence of electrical resistivity UCog o7Rugr3Al for
current along the c-axis in different external magnetic fields in longitudinal ar-
rangement.

5.4.3 Heat capacity measurements

The mass of used sample was 8.27 mg. Heat capacity was measured in zero
magnetic field and in magnetic field of 14 T applied along the c-axis. Measured
heat capacity is displayed in Figure 5.23. Heat capacity data shows no sign of
phase transition and in addition to even magnetic field up to 14 T applied along
the c-axis does not affect heat capacity in any observable way. We have evaluated
magnetic part of heat capacity Ciae using Debye model for UCog 4Rug Al in low
temperatures. Temperature dependence of magnetic part of heat capacity divided
by temperature is shown in Figure 6.8. We can see kind of linear behaviour which
can sign presence of non-Fermi liquid behaviour. We had determined coefficient
v = 69.4 mJ/mol - K?. Data are shown elsewhere.
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Figure 5.23: Temperature dependency of heat capacity of UCog7Rug 73Al com-
pound. Only zero field data are shown.

5.5 UCog.19Rugg1Al single crystal study

In this study we expected to find only paramagnetic phase with respect to
phase diagram in Figure 1.1.

5.5.1 Magnetization measurements

Magnetization measurements has been done in similar way as for two previ-
ous ones. The strong magnetocrystalline anisotropy is conserved when the c-axis
still has character of the easy magnetization axis (Figure 5.24).
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Figure 5.24: Hysteresis loops of UCog 19Rugg1Al compound at temperature 1.8
K for magnetic fields applied along the c-axis and a-axis.

Reciprocal susceptibility was evaluated and plotted by the way as for UCog 49Rug oAl
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(Figure 5.25). Parameters of fit were po = 1.03 - 107%m? - mol™!, paramagnetic
Curie temperature Op = 1.2 K and effective moment of uranium peg = 2.03 pg.
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Figure 5.25: Temperature dependence of inverse susceptibility of UCoq 19Rug.g1 Al
compound in various external magnetic fields applied along the c-axis.

5.5.2 Resistivity measurements

Samples from magnetization measurement were used for resistivity measure-
ment. The resistivity for current applied along the a-axis shows almost no change
down to low temperatures (Figure 5.26). Determined electrical resistivity at 300
K for current applied along a-axis is p = 2.56 107° Q - m. The resistivity for the
c-axis behaves like 7%, where x = 1.49. The value of exponent can sign existence
of quantum criticality [45].
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Figure 5.26: Temperature dependence of electrical resistivity UCoq 19Rugg; Al for
current applied along the c-axis and a-axis.
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5.5.3 Heat capacity measurements

Heat capacity was measured on sample of mass of 1.71 mg. Heat capacity
data show sign of phase transition at 33 K which did not disappears in applied
external magnetic field up to 14 T (Figure 5.27). The zero effect of the external
magnetic field up to 14 T on the anomaly can suggest existence of structural
phase transition, but such type of transition is not expected and we suppose only
artefact effect of the measurement. Magnetic part of the heat capacity divided by
temperature shows sign of non-Fermi liquid behaviour (Figure 6.8). Coefficient
had been determined v = 63.9 mJ/mol - K2
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Figure 5.27: Temperature dependence of heat capacity of UCoq 19Rugg1 Al com-
pound.
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6. Discussion

Concentrations of grown single crystals determined by EDX analysis are close
to our intended single crystal concentrations as is shown in Figure 6.1. Expected
effect of intended concentration should be still observable.

UCo, ,Ru Al

1 1 |

0.0 0.2 04 0.6 0.8 1.0
Ru content x

Figure 6.1: Concentration dependence of Curie temperature of UCo;_,Ru,Al
system. Full lines shows intended concentration of single crystals and interrupted
lines show concentrations determined by EDX analysis.

Figure 6.2 shows hysteresis loops of UCog49RuggoAl, UCog27Rug.73Al and
UCop.19Rug.s1Al together at the lowest measured temperatures. The saturated
magnetic moment evidently decreasing with increasing Ru content and also shape
of the loops has clear trend. While UCog 19Rugg;Al has behaviour typical for
a paramagnet, both loops of UCogo7Rug73Al and UCoqg49RuggoAl compound
behave ferromagnetically, when S-like shape cross to almost rectangular shape
for UCog 490Rug.60Al. The results well correspond with phase diagram when the
UCog 40Rug.goAl should behave like hard ferromagnet. Nevertheless the shape of
the loop of the UCog27Rug.73Al crystal is not far from the rectangular shape, as
well. We cannot exclude presence of hard phase with respect to chemical analysis
data which shifted our crystal to the left in the phase diagram. The birth of the
magnetically hard phase can be presented in the lowest temperatures.
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Figure 6.2: Hysteresis loops of UCo,Ru;_,Al for x = 0.40, x = 0.27 and x = 0.19.

Figure 6.3 shows temperature dependence of AC susceptibility of all crys-
tals. The AC susceptibility data for UCog 49Rug.60Al shows two anomalies which
correspond to phase transitions as expected. The first phase transition from para-
magnetic phase to the soft ferromagnetic one is at Tx = 41 K and the second one
from soft ferromagnetic state to hard ferromagnetic one at 35 K. The anomaly
in AC magnetic susceptibility data of UCoq97Rug73Al has maximum at 17.5 K
which corresponds to phase transition from paramagnetic phase to soft ferromag-
netic one. The width of anomaly suggests existence of other phase transition at
temperature range between 5 - 10 K. Existence of the second anomaly can be
explained by position of our crystal in the phase diagram. AC magnetic suscep-
tibility data for UCoq 19Rugg1 Al shows no anomaly down to lowest temperatures
which is expected for a paramagnet.

0.05 . ‘ ‘ 1.2 ' ' '
UCo,Ru, Al —o— i:g.;g UCo Ru,_ Al —o— x=0.19
0.04 1 p Hle ~040 | Loy o 7
Ko —&— x=040 H
R ~og noHile
= 0.03 .
£ £ 06
= 0.02 =
= =04
0.01 | 02t
0.00 0.0
10 20 40 50 10 20
T (K) T (K)

Figure 6.3: Temperature dependence of AC susceptibility of UCo,Ru;_,Al com-
pounds for x = 0.4, x = 0.27 and x = 0.19.

The comparison of temperature dependence of magnetizations for all sin-
gle crystals in Figure 6.4 shows rapid increase of magnetization (spontaneous

magnetization). The found values are pispont0.40 = 0.44 pp/fu. and fispont.0.27 =

43



0.17 pg/f.u.. The spontaneous magnetic moment for UCog 49Rug goAl is 2.6 times
bigger than for UCog97Rug 73Al. Not only the temperature dependence of mag-
netization are different for all compounds. Fits of temperature dependencies of
inverse magnetic susceptibility by modified Curie-Weiss law are shown in Fig-
ure 6.5. The Curie paramagnetic temperature from modified Curie-Weiss law for
UCog.19Rug g1 Al is 1.2 K. This would mean existence of some ferromagnetic phase
near this temperature but no effect in resistivity measurements was found which
would confirm this.
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Figure 6.4: Temperature dependence of magnetization of UCo,Ru;_ Al com-
pounds for x = 0.4, x = 0.27 and x = 0.19.
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Figure 6.5: Temperature dependence of inverse magnetic susceptibility of
UCoxRu;_4Al for x = 0.4, x = 0.27 and x = 0.19.

Electrical resistivity for UCoq 19Rugg1Al has classical metallic-like character

with no sign of any effect (Figure 6.6). Contrary to the first case, temperature
dependence of electrical resistivity of UCogo7Rug73Al shows sudden rise at 20
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K and the trend is conserved down to 0.4 K. This anomalous upturn is hardly
suppressed by application of high external magnetic field along the c-axis as is
shown in Figure 5.22. This is sign that the effect is of magnetic origin and not
of structural one. Now we do not have any reliable explanation of this behaviour
on the basis of performed macroscopic studies. Finally UCog4Rug.g0Al shows
first drop of resistivity at T = 41 K. Nevertheless not only one transition is
detectable in this region. The second weak anomaly is found around 35 K. It
is in good agreement with suggested phase diagram where cross between the
magnetic phases is expected. We have also inspected the temperature trends of
the resistivity data and we have found that UCog49Rugg0Al is characterized by
T? trend typical for Fermi liquid behaviour while UCoq j9Rug g1 Al represents 1@
(x = 1.49) trend signing non-Fermi liquid features and possible presence of QCP.
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Figure 6.6: Temperature dependence of electrical resistivity of UCo,Ru;_,Al for
x = 0.4, x = 0.27 and x = 0.19.

Heat capacity data of UCo,Ru;_,Al for x = 0.4, x = 0.27 and x = 0.19 are
shown in Figure 6.7. No sign of anomaly was found in temperature dependence
of the heat capacity data of UCog27Rug73Al and UCoq 19Rugg1Al. Such result
is expectable for UCog 19Rugg1Al, but kind of anomaly was expected in the case
of UCog.27Rug 73Al. We can conclude that the transition from the paramagnetic
state to the soft ferromagnetic state is not visible because of itinerant character
of the soft ferromagnetic phase (the change of magnetic part of entropy is ze-
ro) [1]. The other phase transition (potential transition to the hard phase) for
UCog27Rug.73Al is not visible because of it is probably located in lower temper-
atures than were achieved. Same reason comes into force (zero entropy change
for transition to soft ferromagnetic phase from paramagnetic phase) for detect-
ing only one anomaly in UCog 49Rug oAl which corresponds to phase transition
from soft ferromagnetic phase to hard one. The anomaly at temperature 35 K is
suppressed by external magnetic field applied along the c-axis. Magnetic parts
of heat capacity of UCog27Rug.73A1 and UCog 19Rug g1 Al were determined using
Debay model for UCog 40Rugg0Al (Figure 6.8). Linearity of the temperature de-
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pendence of magnetic heat capacity divided by temperature in logarithmic scale
is sign of possible existence of non-Fermi liquid behaviour.
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Figure 6.7: Temperature dependence of heat capacity of UCo,Ru;_, Al for x =
0.4, x = 0.27 and x = 0.19.
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Figure 6.8: Magnetic part of heat capacity divided by temperature in logarithmic
scale for UCoq 19Rug g1 Al and UCog o7 Rurs Al
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7. Conclusions

The study of single crystals of the UCog19RugsiAl, UCog27Ruz3Al and
UCog.40RugpAl compounds confirmed that they all crystallize in the hexagonal
ZrNiAl-type structure for all the three compounds. The crystals were investi-
gated by measuring magnetization (magnetic susceptibility), heat capacity and
electrical resistivity as functions of temperature and magnetic fields. For all three
crystals we have found strong uniaxial anisotropy with the easy magnetization
axis along the c-axis which is a common feature of all the isostructural UTX
compounds.

Magnetization data confirm existence of two ferromagnetic phases - soft at
higher temperatures and hard ground state phase (Figure 7.1), which were pre-
dicted by polycrystalline study [2]. The soft ferromagnetic phase seams to have
entirely itinerant character as implied from missing anomaly of the heat capacity
at T (no entropy change at T¢). We demonstrate the presence of the two mag-
netic phases in the UCog49RuggAl crystal in set of figures where are displayed
all measured physical quantities (Figure 7.1). Two colour lines mark the critical
temperatures. The evidence of both anomalies is not detectable in all quanti-
ties. The transition to the magnetically soft phase from paramagnetic state is
detectable by AC susceptibility, DC magnetization and resistivity. Transition
from the soft phase to the hard phase is in addition visible in specific heat data.

We have found a signs of proximity of a quantum critical point for
UCog.19Rug51Al and UCoq27Rug73Al compounds. We suppose presence of QCP
and non-Fermi liquid behaviour on the basis of evaluated critical parameters of
temperature dependence of heat capacity and electrical resistivity. We expect
sign of non-Fermi liquid behaviour from linearity of temperature dependence of
magnetic heat capacity divided by temperature in logarithmic scale and non-
integer value of the critical exponent of the temperature dependence of electrical
resistivity, which were found in UCoq 19Rug g1 Al and UCog27Ruz3Al. The two fer-
romagnetic phases UCo;_,Ru,Al compounds resemble situation in UGes which is
also characterized by two ferromagnetic phases and quantum critical point which
is located between those two ferromagnetic phases and surprisingly, supercon-
ductivity appears there [4]. The unsolved question of our work is if only one
quantum critical point with wide area of non-Fermi liquid behaviour is presented
in UCo;_,Ru,Al system or two different quantum critical points for each phase
which are not fully separated. Both these scenarios will be subject of further
research.

All important parameters of all compounds are summarized in Table 7.1.
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Table 7.1: List of the parameters for UCoqg19RuggiAl, UCogo7Rurs3Al and
UCOQ.40RU60A1.

UCOQ_lgRU81A1 UCOO.27RU73A1 UCOO_40RUGOA1

Ts—n [K] from HC - - 34.5

ép [K] ; ; 189.7

v [mJ - mol™t - K72 63.9 69.4 50.3
Tc [K] from ACT - - 41
Ts—u [K] from ACT - - 35
Tc [K] from AC - 17.5 41
Ts—u [K] from AC - - 35
Te [K] from M/T . 18.7 41.3
TS—>H [K] from M/T - - 35.5
Tc [K] from Arrot - 17.2 39.7
Op [K] 1.2 19.1 12.6

eft [10B] 2.03 2.67 1.78

1o [10~*m? - mol~] 1.03 1.89 1.15

Hsat [/ : 0.32 (T = 1.8 K) 0.44 (T = 4.5 K)

Hspont [11B/T.u.]

(o H=0.01T) 0f 8 K) 0.15 ( 8K) 0.39 ( 5 K)
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Figure 7.1: Phase transitions in UCoq 49Rug goAl. Red line represents phase tran-
sition between paramagnetic and soft ferromagnetic phase and green line repre-
sents transition between soft ferromagnetic phase and hard one.
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8. Future plans

Pseudoternary UCo,Ru;_Al system shows very interesting physical proper-
ties, which were studied only by macroscopic techniques available in our depart-
ment, but detail information regarding the microscopic origin of the observed
effects are still missing. Study of potential existence of quantum critical point or
points and their properties is subject of future research. We have already applied
to LLB for a polarized neutron diffraction experiment to investigate magnetic
state of UCoq.40RugoAl. Moreover we plan to submit a proposal to the spectrom-
eter PANDA in FMR II for inelastic neutron study. We also have in mind to
carry out measurements of bulk physical properties of the other two compounds
under hydrostatic and uniaxial pressure and tune the magnetic state to quantum
critical point by pressure.
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