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Abstract: This thesis focuses on the study of magnetic properties of three 5f
electron itinerant ferromagnets UCo0.990Ru0.010Al, UCoGa and URhGa and in-
vestigation of their phase diagrams. The single crystals of high-quality were
prepared by Czochralski method for all three compounds. The physical proper-
ties at ambient pressure were studied by macroscopic methods (magnetization,
electrical transport and heat capacity measurements) and also by magnetic force
microscopy (MFM). The measurements were done under various external condi-
tions (high pressure, low temperatures, high magnetic field). Through all these
measurements and external conditions we investigated the interesting physical
properties and the ferromagnetic phase diagrams.
Effect of different conditions during the preparation and the thermal treatment
on UCoGa was studied on two different single crystals. We show that annealing
leads to improved quality of samples and the gallium evaporation from the melt
during the growth leads to lower quality in parts of the ingot closer to melt. MFM
images of UCoGa below the ordering temperature show domain branching and
narrow magnetic domains wall made only of neighboring atoms with opposing
moments.
We have grown first ever single crystal of URhGa with ferromagnetic ordering
temperature TC = 41 K. Anomalous maximum in temperature derivative of elec-
trical resistivity and minimum at magnetoresistivity, were observed well below
the ordering temperature. We attribute this to the effect of magnetic fluctua-
tions.
The values of critical exponents of UCoGa and URhGa are explained by the re-
sults of renormalization group model for the 2D Ising system with long-range
interactions. The range of long-range interactions is proportional to ordering
temperature TC as determined from our results and comparison with the results
in the literature.
The phase diagrams of UCoGa and URhGa show a quite different behavior. In
UCoGa the ordering temperature is suppressed by applied pressure until tricrit-
ical point (TCP) is reached at pTCP ∼ 6 GPa and TTCP ∼ 30 K. By applying
pressure the ordering temperature increases in URhGa. The ordering tempera-
ture increases as an effect of low itineracy/high localization of 5f -electron states.
UCo0.990Ru0.010Al is ferromagnet with TC = 16 K. With applied pressure the
phase diagram copies the discontinuous phase diagram of BKV theory together
with thermodynamic constraints. The TTCP is lower than the temperature of
the critical endpoint (CEP) of pure UCoAl. Ruthenium doping is a source of
quenched disorder, which leads to suppression of TTCP.
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Abstrakt: Tato práce je zaměřená na studium magnetických vlastnost́ı tř́ı r̊uzných
itinerantńıch feromagnet̊u obsahuj́ıćı 5f elektrony a jejich fázových diagramů –
UCo0.990Ru0.010Al, UCoGa a URhGa. Pro všechny sloučeniny byly připraveny
monokrystaly vysoké kvality Czochralského metodou v tř́ı obloukové peci. Fyzi-
kálńı vlastnosti za normálńıho tlaku byly studovány makroskopickými metodami
(měřeńı magnetizace, elektrického transportu a měrného tepla) a také mikroskopíı
magnetických sil. Měřeńı byla provedena v širokém spektru vněǰśıch podmı́nek
a jejich kombinaćı (vysoký tlak, ńızké teploty, vysoké magnetické pole). Pomoćı
těchto měřeńı a vněǰśıch podmı́nek jsme studovali zaj́ımavé fyzikálńı vlastnost́ı a
fázové diagramy.
Vliv r̊uzné př́ıpravy a tepelného zpracováńı byl zkoumán na dvou monokrystalech
UCoGa. Ž́ıháńım lze doćılit zlepšeńı kvality monokrystalu. Vypařováńı galia z
taveniny vede k jeho nedostatku během r̊ustu krystalu, což se projev́ı horš́ı kva-
litou v částech ingotu bĺıže k tavenině. Na obrázćıch z mikroskopie magnetických
sil bylo pozorováno větveńı domén a úzké doménové stěny tvořené pouze atomy
s magnetickými momenty v opačném směru.
Připravili jsme v̊ubec prvńı monokrystal URhGa. V teplotách pod teplotou
přechodu TC = 41 K jsme pozorovali maximum v teplotńı derivaci elektrického
odporu a minimum v magnetoresistivitě. Toto chováńı je zp̊usobeno magnet-
ickými fluktuacemi.
Hodnoty kritických exponent̊u UCoGa a URhGa odpov́ıdaj́ı hodnotám z modelu
renormalizačńıch grup pro 2D Ising̊uv model s interakcemi s dalekým dosahem.
Na základě našich výsledk̊u a výsledk̊u v literatuře lze ř́ıci, že dosah interakćı je
př́ımo úměrný teplotě přechodu.
Fázové diagramy UCoGa a URhGa se výrazně odlǐsuj́ı. V UCoGa teplota pře-
chodu je potlačena aplikaćı tlaku a za trikritickým bodem (pTCP ∼ 6 GPa a
TTCP ∼ 30 K) feromagnetické uspořádáńı úplně zmiźı. Aplikace tlaku u URhGa
vede k zvýšeńı teploty fázového přechodu. Tento nár̊ust je zp̊usoben ńızkou iti-
nerantnost́ı/silnou lokalizaćı 5f elektronových stav̊u. UCo0.990Ru0.010Al je fero-
magnet s TC = 16 K. Fázový diagram UCo0.990Ru0.010Al je identický s nespojitým
fázovým diagramem z BKV teorie a splňuje všechny termodynamické podmı́nky.
V porovnáńı s čistým UCoAl je TTCP v UCo0.990Ru0.010Al ńıže než teplota kr-
itického bodu TCEP v UCoAl. Nı́zká teplota trikritického bodu je zp̊usobeno
poruchami, přičemž hlavńım zdrojem těchto poruch je dopováńı rutheniem.
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Introduction
Study of the phase transitions is an important part of condensed matter re-

search and physics in general. In recent years a large focus was on the examination
of quantum critical point (QCP) – the second order phase transition at absolute
zero. This is mainly realized in the antiferromagnetic systems by tuning the
phase transition by external tuning parameter, like pressure or chemical doping.
The investigation of QCPs is of large interest as different exotic phenomena like
superconductivity are often found at or near QCP. For ferromagnets the tuning
of the phase transition does not always lead to QCP as was theoretically shown
by Belitz et al. in [1]. This theory is often called BKV theory based on author’s
names (Belitz-Kirkpatrick-Vojta).
The BKV theory proposes four different types of the phase diagram of a weak
metallic ferromagnet [2]. They can be divided into two classes, with one of them
furthermore divided to three other possibilities based on the amount of disorder.
First type describes situation where the ferromagnetic transition is suppressed
until critical point is reached and ferromagnetic phase changes into an antiferro-
magnetic phase or the spin-density wave phase. Second type covers the scenario
where ferromagnetic transition is continually suppressed and its disappearance
depends on the amount of the disorder. For clean ferromagnets (no or low disor-
der) the second order phase transition at tricritical point (TCP) changes into the
first order phase transition at sufficiently low temperatures and then is quickly
suppressed to absolute zero. At the tricritical point first order metamagnetic
transition appears under application of finite magnetic field. The metamagnetic
transition is the first order phase transition from paramagnetic phase into the
field-induced ferromagnetic phase. By further increasing of tuning parameter,
the metamagnetic transition is suppressed to absolute zero into a QCP (in some
literature quantum critical wingpoint (QCWP)). In weakly disordered ferromag-
nets the second order ferromagnetic phase transition is tuned into a QCP and
in strongly disordered ferromagnets no QCP is observed, instead, disorder effects
like spin-glass freezing and quantum Griffiths effect are observed.
The phase diagram for the clean itinerant ferromagnet is often called discontin-
uous phase diagram due to presence of the first order phase transition. This
phase diagram is found only in few compounds as the compounds need to have
a low ordering temperature and the samples must be of good quality. The most
know compound exhibiting discontinuous phase diagram is ZrZn2, where TCP
was found at TTCP = 5 K and pTCP = 1.65 GPa [3]. Large part of these com-
pounds are uranium-based ferromagnets. Some examples are URhGe in which
the ferromagnetic transition is tuned by applying magnetic field along one the
hard axis and at the HTCP superconductivity is found at low temperatures [4].
In UGe2 two TCPs are found and therefore two metamagnetic transitions, and
at one of the TCPs superconductivity is also observed [5, 6]. UCoAl and URhAl
are two compounds which crystallize in the same hexagonal ZrNiAl structure
[7, 8] and both exhibit part of or complete discontinuous phase diagram. The
TCP of URhAl is reached at pTCP ∼ 5.2 GPa [9]. UCoAl is paramagnetic to the
lowest temperatures, but metamagnetic transition is induced by applying small
magnetic field ∼ 0.7 T [7]. By applying pressure the metamagnetic transition is
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suppressed until it completely disappears at pQCWP = 2.9 GPa and HQCWP = 13 T
[10]. The TCP in UCoAl is extrapolated to be in “negative” pressures [11], but
ferromagnetic ground state can be induced by doping (e.g. ruthenium on cobalt
positions [12, 13]). In the same group as URhAl and UCoAl other UTX (T -
transition metal, X - p metal) ferromagnets can be found [14]. This makes it in-
teresting group for study of change of discontinuity phase diagram as a function
of ordering temperature and ordered moment as the crystal structure and the
origin of the magnetic ordering is identical in the whole ZrNiAl group of UTX
family.
In this thesis we investigate in detail three different compounds UCo0.990Ru0.010Al,
UCoGa and URhGa. UCo0.990Ru0.010Al is ferromagnet with TC = 16 K. We study
the evolution of magnetism and compare the phase diagram of UCo0.990Ru0.010Al
to the current knowledge about discontinuous phase diagram and to results ob-
tained on pure UCoAl. We chose UCoGa and URhGa as they are both iso-
electronic to URhAl. In the case of UCoGa our results show that the ordering
temperature is suppressed by pressure and resulting phase diagram is compared
to the case of URhAl. Additionally, the effect of different preparation and thermal
treatment in UCoGa, and effect of strong magnetocrystalline anisotropy together
with weak interaction on magnetic domain structure was investigated. We pre-
pared first single crystal of URhGa and report its physical properties. The effect
of pressure on the ordering temperature of URhGa shows uncommon behavior
for system from ZrNiAl group and we explain this behavior. The system dimen-
sionality of UCoGa and URhGa is determined from the critical exponents.
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1. Theory

1.1 Magnetism
Magnetization M in solids comes from magnetic moments µ of individuals

atoms. Basic definition of magnetic moment is

µ = IS (1.1)

where I is electric current going through loop of the area S and direction of
magnetic moment µ is a vector normal to the area of current loop. Magnetization
M is sum of all magnetic moments per volume unit and therefore is also vector.

In special cases where relation between magnetization M and magnetic field
H is linear we get

H = χM .

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

B = µ0 (M + χM ) = µ0 (1 + χ) M = µ0µrM ,

where µ0 is the permeability of vacuum and µr is the permeability of the material.
In general magnetic field inside of solid (Bi) is different than applied magnetic
field (Ba). This difference is due to magnetization of solid creating its own
magnetic field. The inner field depends on magnetization and on shape and
dimension of sample as

Hi = Ha − DM ,

where D is the demagnetizing factor depending on shape and dimensions of solid.
To estimate magnetic moments of atoms/ions, we can think of electric cur-

rent I as a electron of mass m and electric charge −e orbiting around nucleus.
For that we use the mass of electron me and charge −e. This could be then
interpreted as

I = −ev

2πr
, (1.2)

where v is the velocity of electron and r is the radius of the orbit. From quantum
mechanics [15], we know that the angular momentum of electron ground state is

mevr = ℏ. (1.3)

Using equations 1.1, 1.2 and 1.3 we get

µ = πr2I = −evr

2 = −−eℏ
2me

= −µB ; µB = − eℏ
2me

,

where µB is the Bohr magneton and is used as a unit of magnetic moments on
atomic scale.
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1.1.1 An atom/ion in magnetic field
Each electron orbiting in atom/ion has the spin angular moment S and the or-

bital angular moment L [15]. The total orbital angular moment L of all electrons
in an atom/ion is

ℏL =
Z∑︂

i=1
r i × pi

and total spin angular moment of atom/ion will be

S =
Z∑︂

i=1
Si

where Z is total number of electrons in the atom/ion, r i is the position of the i
electron, pi is its momentum and Si is its spin angular moment. For hydrogen-like
free atom we get Hamiltonian [15]

ˆ︂H 0 = p2

2me
− Ze2

r
(1.4)

where p2

2me
is the kinetic energy of the electron and second term is potential energy

of electron. The 1.4 can be extended to ion with more electrons by including term
for electron-electron interaction. Even with with inclusion of e-e interaction 1.4
only holds for atoms with small Z, in atoms with higher Z special relativity
correction must be considered. Relativistic correction to non relativistic equation
for free atom/ion leads to three additional terms

ˆ︂H 0 =
Z∑︂

i=1

(︄
p2

i

2me
− p4

i

8m3
ec

2 − Ze2

ri

)︄
−

Z∑︂
i,j

e2

|ri − rj|

+ ℏ2

8m3
ec

2 4πZe2δ (ri) + g
1

4m2
ec

2
1
r

dVc

dr
(L · S) ,

(1.5)

where c is the speed of light, g is gyromagnetic factor of spin and Vc is the central
potential. First corrections is p4

i
8m3

ec2 , which comes from relativistic correction
of kinetic energy. Second is the Darwin term ℏ2

8m3
ec2 4πZe2δ (ri) and affects only

s orbitals. Last term is the spin-orbit interaction g 1
4m2

ec2
1
r

dVc
dr

(L · S) and it is
especially important in elements like uranium.
Placing atom/ion into the magnetic field of induction B changes the Hamiltonian
and the new Hamiltonian will be [15]

ˆ︂H = ˆ︃H 0 + µB (L + gS) · B + e2

8me

Z∑︂
i=1

(B × ri)2 . (1.6)

The term µB (L + gS) · B represents the atom’s/ion’s own magnetic moment and
is called paramagnetic. The term e2

8me

∑︁Z
i=1 (B × ri)2 is known as diamagnetic

contribution. We can find two responses of matter on applied external mag-
netic field, depending on which term is prominent. We distinguish diamagnetic
(diamagnetism) and paramagnetic (paramagnetism) response.
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1.1.2 Diamagnetism
Diamagnetic substances have a negative magnetic susceptibility. If we apply

an external magnetic field then a magnetic moment in opposite direction is in-
duced. Ignoring the paramagnetic term in 1.6, for example because of zero S and
L (all electron shells are filled), and for B parallel to z axis,we can then write

(B × ri)2 = B2
(︂
x2

i + y2
i

)︂
.

First-order energy shift in the ground state energy will be

∆E0 = e2B2

8me

Z∑︂
i=1

⟨︂
0 | x2

i + y2
i | 0

⟩︂
(1.7)

where | 0⟩ is the ground state wave function. For spherically symmetric atom we
can write ⟨x2

i ⟩ = ⟨y2
i ⟩ = 1

3 ⟨r2
i ⟩ and 1.7 can be written as

∆E0 = e2B2

8me

Z∑︂
i=1

⟨︂
0 | r2

i | 0
⟩︂

.

Consider solid composed of N ions (each with Z electrons of mass me) with all
shells filled in volume V , magnetization (at T = 0 K) can be then derived as

M = −∂F

∂B
= −N

V

∂∆E0

∂B
= −Ne2B

6me

Z∑︂
i=1

⟨︂
0 | r2

i | 0
⟩︂

where F is Helmholtz free energy. Diamagnetic susceptibility can be extracted
as χ = M/H ∼= µ0M/B and we get diamagnetic susceptibility defined as

χ = −Ne2µ0

6V me

Z∑︂
i=1

⟨r2
i ⟩.

One can see that the susceptibility is negative and temperature independent.

1.1.3 Paramagnetism
If the second term in 1.6 is dominant, than substance behaves as paramagnet.

By applying external magnetic field on paramagnetic substance, magnetic mo-
ment parallel with external field is induced. Ignoring quantification of magnetic
moment and that it can point only in certain directions (semiclassical treatment
of paramagnetism), we get temperature dependent paramagnetic susceptibility
in form

χ = nµ0µeff

3kBT
= C

T
(1.8)

where n is the number of magnetic moments per unit volume, µeff is the effective
magnetic moment of ion and kB is Boltzmann constant. The effective magnetic
moment can be written as

µeff = gJµB

√︂
J (J + 1)
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where J is the total angular momentum quantum number and gJ is the Landé
g-factor.
The 1.8 is known as Curie’s law (C is Curie constant characteristic for every mate-
rial) and shows 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, but the paramag-
netic term is several orders larger than the diamagnetic one.

1.1.4 Magnetic interactions
In large number of solids different magnetic states than paramagnetic or dia-

magnetic can be present. Collective ordering of magnetic moments is observed
and magnetic interactions between magnetic moments must be taken into ac-
count. The most simple model considers an interaction between two electrons of
two different atoms. From this model we obtain simple exchange Hamiltonian [15]

ˆ︂H ex = −2JS1 · S2

where S1 and S2 are appropriate quantum numbers and J is exchange constant
or exchange integral. For positive (negative) value of J magnetic moments will
be parallel (antiparallel).

Model for two electrons can be generalized to a many-body system. One of the
models for many-body system is Heisenberg model, which considers interaction
between nearest neighbors and d-dimensional order parameter. The Hamiltonian
introduced by the Heisenberg model is

ˆ︂HHeis = −
∑︂
⟨i,j⟩

JijS i · Sj

where J is nonzero only for the nearest neighbors.
Direct exchange: If the wavefunctions of electrons on different ions responsible
for magnetic ordering directly overlap than we talk about direct interaction. The
exchange integral for this interaction reaches values around 102 - 103 K and it
is realized in 3d, 4d, 5d and 5f ions. Direct exchange is interaction without any
intermediary and only between neighboring atoms therefore it can be classified
as short range interaction (Figure 1.1).

Indirect exchange: The indirect exchange interaction (superexchange) is in-
teraction between the non-neighboring magnetic ions mediated by a non-magnetic

Figure 1.1: Schematic of the direct exchange interaction. Arrows represent mag-
netic moments [16].

8



ion (usually p or d element) sitting between the magnetic ions (Figure 1.2). The
exchange integral has value around 100 - 102 K. This kind of interaction can be
found in compounds with 3d, 4d, 5d, 4f and 5f compounds.

Figure 1.2: Schematic of the indirect exchange interaction. Arrows represent
magnetic moments [16].

RKKY: In rare earth metals and their compounds we can find special sort
of indirect exchange interaction called RKKY (after Ruderman, Kittel, Kasuya
and Yosida) [17, 18, 19]. The interaction is mediated by polarized conduction
electrons which interact with localized 4f electrons (Figure 1.3). 4f electrons
cannot interact directly because of their localized character. For large r the
interaction can be described by

JRKKY ∝ cos (2kFr)
r3

where kF is Fermi surface radius and thanks to the cosine function, the type of
magnetic ordering depends on the distance between ions.

Figure 1.3: Schematic of the RKKY exchange interaction. Arrows represent mag-
netic moments [16]. Small arrows represent conduction electrons which interact
with localized 4f electrons (large arrows).

Dzyaloshinskii-Moriya interaction: In some magnetic materials anisotropic
and antisymmetric interaction originating from the spin-orbit interaction can ap-
pear called Dzyaloshinskii-Moriya interaction. It is interaction between two spins
Si and Sj of magnetic ions described by Hamiltonian

ˆ︂H DM = dij · (Si × Sj)

where dij is Dzyaloshinskii vector. It favors spins to be perpendicular. This
can lead to observation of weak ferromagnetism in antiferromagnets. By includ-
ing spin-orbit interaction to Anderson’s superexchange theory Moriya explained
origin of this interaction.
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1.1.5 Magnetic ordering
Lowering temperature we reach point, where energy of thermal fluctuations

of magnetic moments is smaller than energy of exchange interaction and spon-
taneous magnetic ordering occurs while breaking the time reversal symmetry.
This point is called critical temperature. Depending on sign of exchange integral,
type of interaction present and values of magnetic moments we observe different
long-range magnetic structures.

Figure 1.4: Two basic types of magnetic ordering. Arrows represent magnetic
moments [16].

Ferromagnetism: In a simple ferromagnet all magnetic moments align in
one unique direction (Figure 1.4). Spontaneous magnetic ordering appears below
the ordering temperature - Curie temperature TC. The simple ferromagnet can
be described by Weiss model, where the exchange interaction is approximated
by effective magnetic field Bmf [15], called molecular field, which acts on all
magnetic ions inside solid. Since molecular field depends on ordering of system
we can expect it depends on magnetization

Bmf = λM (1.9)

where λ is a temperature independent constant which parameterizes the strength
of the molecular magnetic field and is positive for ferromagnets. The problem can
be now treated as paramagnet placed in external magnetic field B and molecular
field Bmf. The paramagnetic susceptibility will be

χ = µ0M

(B + Bmf)
= C

T
(1.10)

where C is Curie constant. If we substitute 1.9 in 1.10 we obtain

χ = M

µ0B
= C

T − Cλ
.

At T = Cλ = TC, susceptibility has singularity. At this temperature a sponta-
neous magnetization emerges. By noting Cλ as Weiss temperature ΘP we get
Curie-Weiss law

χ = C

T − ΘP
(1.11)

which describes paramagnetic behavior in temperatures above the phase transi-
tion. The value of ΘP is connected to the strength of exchange interaction. In
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Figure 1.5: Temperature dependence of susceptibility χ, inverse susceptibility 1/χ
and the spontaneous magnetization of a ferromagnetMS [20].

Fig. 1.5 we can see typical temperature dependence of magnetization and suscep-
tibility of a ferromagnet.

Antiferromagnetism: In a simple antiferromagnet nearest neighbor mag-
netic moments are oriented antiparallel and the exchange integral J has negative
value (Figure 1.4). In antiferromagnets, critical temperature TN at which the
magnetic moments order is called Néel temperature. The simple antiferromagnet
can be described as a system composed of two interpenetrating sublattices, where
the ordering on both sublattices can be described as ferromagnet, but magnetiza-
tions of sublattices point in opposite directions. The paramagnetic susceptibility
at temperatures above TN follows also Curie-Weiss law in 1.11, but Weiss tem-
perature is negative due to the negative value of the exchange interaction.

Curie-Weiss law can be generalized into modified Curie-Weiss law

χ = χ0 + C

T − ΘP

where χ0 represents temperature-independent contribution to paramagnetic sus-
ceptibility. For simple paramagnet ΘP should be zero but in reality different val-
ues can be observed due to exchange interaction in the material. ΘP of a simple
ferromagnet (antiferromagnet) is positive (negative). The Weiss temperature of
real systems are often different from Curie temperature or Néel temperature and
therefore need to be treated individually. Behavior of susceptibility near phase
transition is described by critical exponent which depends on the universality
class of the system (see sec. 1.3.1.).

1.1.6 Magnetism of 3d, 4d, 5d, 4f and 5f ions in metals
3d, 4d, and 5d magnetism band ferromagnetism (itinerant ferro-

magnetism): Free ion approximation mentioned above can be used for localized
d and f electrons, but in most cases of 3d, 4d, and 5d ions in metals it is not
applicable. The wave functions of 3d, 4d, and 5d transition metals strongly over-
lap with neighboring atoms leading to d electron being delocalized. Delocalized
electrons lose orbital moment, therefore spin moment is responsible for magnetic
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moment of d electrons. These d electron states form wide energy bands, which
can spontaneously split based on the direction of spin, leading to band ferromag-
netism (itinerant ferromagnetism).

To explain band ferromagnetism lets take few electrons from EF − δE to EF
from spin-down band with energy and put them into spin-up band with energy
between EF and EF + δE and flip their spin. The number of electrons moved can
be expressed as g (EF) δE/2 and the increase in energy is δE per electron. The
total change in energy is g (EF) δE/2 × δE. The total change of kinetic energy
∆EKE is

∆EKE = 1
2g (EF) (δE)2 .

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 nu =
1
2 (n + g (EF) δE) and the density of down-spins is nd = 1

2 (n − g (EF) δE). There-
fore magnetization is M = µB (nu − nd), if we assume each electron has magnetic
moment of 1 µB, then the energy of molecular field created by magnetization
is [15]

∆EPE = −
M∫︂
0

µ0λM ′dM ′ = −1
2µ0λM2 =

− 1
2µ0µ

2
Bλ (nu − nd)2 = −1

2U (g (EF) δE)2

where U = µ0µ
2
Bλ is the measure of Coulomb energy. Molecular field originates

from exchange interactions and exchange interaction is part of Coulomb interac-
tion, therefore U is Coulomb energy. The total change of energy is

∆E = ∆EKE + ∆EPE = 1
2g (EF) (δE)2 (1 − Ug (EF)) .

The magnetic moments spontaneously align if ∆E < 0, which implies

Ug (EF) ≥ 1.

This is known as Stoner criterion [15]. Large density near Fermi energy and
strong Coulomb effects are required for ferromagnetic instability. Even when the
Stoner criterion is not satisfied magnetic susceptibility may be altered. Taking
the magnetization as described by the interaction above and also considering
applied magnetic field we can write the ∆E as

∆E = M2

2µ2
Bg (EF) (1 − Ug (EF)) − MB. (1.12)

Minimizing 1.12 leads to

M

µ2
Bg (EF) (1 − Ug (EF)) − B = 0.

With susceptibility defined as χ = M

H
, resulting paramagnetic susceptibility is

χ = µ0µ
2
Bg (EF)

1 − Ug (EF) = χP

1 − Ug (EF) ,
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where the term (1 − Ug (EF))−1 is known as Stoner enhancement and χP =
µ0µ

2
Bg (EF) is Pauli paramagnetic susceptibility. Large enhancement of para-

magnetic susceptibility can be observed in metals close to ferromagnetism due to
their high density of electrons near Fermi surface (e.g. Pd).

4f magnetism - localized magnetism: Majority of 4f electron density
lies deeply inside of lanthanide atoms, while the outer shell is made of d and s
electrons. The chemical bonding is mainly due to outer shells, which also shield
4f electrons leading to weak interaction with the environment. This fact is doc-
umented thanks to neutron spectroscopy experiments [21] which have revealed
negligible mixing of 4f states of majority of lanthanides with the conduction and
valence electron states of neighbouring atoms. In band magnetism the angular
moment L is very small thanks to the delocalization of d states, and thus only
spin is considered. In 4f magnetism due to the localization of electronic states we
must consider both, angular moment and spin. Rare earth metal atoms are heavy
ions in which relativistic contributions must be considered. Spin-orbit coupling
introduces the total angular momentum J , defined as J = L + S [15]. Observed
ground magnetic states agree well with the corresponding RE3+ free ion values
calculated within the spin-orbit coupling scheme for most 4f ions.

5f magnetism: 5f wave function of light actinides extends more into space,
having an itinerant character, while 5f wave function in heavy actinides lies deep
inside the atom. On border of these two groups lies uranium in which character
of 5f wave function can be tuned by external variables like pressure, external
magnetic field and chemical doping leading to diversity of interesting phenom-
ena. Similarly to lanthanides the spin-orbit coupling for 5f electrons must be
also considered due to heavy ions.
Due to their extended character, 5f electron states interact with neighboring
ions leading to delocalization. Delocalization leads to narrow band of 5f electron
states at the Fermi energy EF and reduction of the magnetic moment than ex-
pected for U3+ or U4+ ion. No crystal field excitations are observed in inelastic
neutron scattering, but broad quasielastic response is observed due to instability
of 5f moments. High density of states at EF leads to high values of Sommerfeld
coefficient.
Ionic character of the 5f states is affected by overlap of 5f wave functions cen-
tered on neighboring 5f -sites. Important parameter for overlap is the distance
between two nearest uranium ions (dU−U). In compounds with small dU−U super-
conducting non-magnetic state is found, whereas for large dU−U magnetic non-
superconducting ground state is often found. Value of dU−U where one behavior
changes to other one is between 340 - 360 pm and is called Hill limit [22]. The
occurrence of magnetism is mainly affected by the width of 5f band which is
affected by the 5f − 5f overlap. The dependence of 5f band width on atomic
distance can be expressed as Wf ≈ W 0

f (R0/R)6, where W 0
f is the band width for

R0. Several exceptions to Hill limit as shown in Fig. 1.6 can be found.
5f-ligand hybridization strongly affects ionic states, especially for large dU−U,

where it can dominate. Overlap integrals and energy degeneracy of the two types
of state plays a role in determining if magnetism is present. In U compounds
with transition metals the energy degeneracy of 5f and d states is prominent
parameter. While the 5f states of strongly electropositive uranium are pinned
at EF, the right end d elements are electronegative leading to narrowing of the d
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Figure 1.6: Hill’s plot

band and shifting to higher binding energies. This causes reduction in the 5f − d
overlap leading to smaller hybridization. Uranium compounds with transition
metals from the right end often exhibit magnetism, and the 5f electron states
are magnetic due to their presence at the EF.
Similarly to the magnetism of 3d metals, the magnetism of uranium comes from
spontaneous splitting of spin-up and spin-down band forming net spin magnetic
moment. In 3d metals the energy of spin-orbit interaction is smaller than the
width of 3d band, but in light actinides the energy of spin-orbit interaction is
comparable to the width of 5f band. Because of the large spin-orbit interaction
a large orbital moment is induced, which is antiparallel to the spin moment of U.
The total angular momentum of 5f states is then given by J = L + S. The ratio
of orbital and spin moment reflect the degree of delocalization. Least delocalized
compounds show ratio close to the ratio of the free ion (UO2, USb), while mag-
netically ordered materials which are itinerant have this ratio close to one (UFe2,
UNi2). But in some compounds increased ratio can be observed even though they
are considered itinerant ferromagnet.
The exchange interaction has different regimes due to variable degree of 5f de-
localization. In compounds with small dU−U the direct overlap of 5f − 5f func-
tions leads to direct exchange interaction inside the 5f band. In compounds
with higher dU−U, antiferromagnetism start to appears. For dU−U > 400 pm,
direct 5f − 5f overlap is negligible and hybridization starts to play role. The hy-
bridization destabilizes 5f magnetic moments but also leads to indirect exchange
coupling.
The magnetic anisotropy of the 5f intermetallics is quite strong, with the aniso-
tropy field estimated to reach 102 to 103 T. The strong magnetocrystalline aniso-
tropy is observed in all uranium compounds exhibiting 5f contribution to the
magnetic moments, with few exceptions (e.g. U4Ru7Ge6 [23]). From the sys-
tematic occurrence of different types of anisotropy in U intermetallics with well
defined U-U coordination, the easy magnetization axis is perpendicular to the
nearest U-U links. If the links are found in different directions in plane than the
easy magnetization is perpendicular to this plane. For U ions forming linear chain
easy magnetization plane appears. This is called two ion anisotropy because it
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comes from interaction of two ions, while the single ion anisotropy originates from
ion interaction with crystal electric field.

1.2 Spin fluctuation theory
The itinerant electron theory of ferromagnetism explains the ground-state

properties but has difficulty explaining properties at finite temperatures like
Curie-Weiss behavior above TC or even temperature of ferromagnetic phase tran-
sition [24]. These difficulties arise mainly due to the mean field of the on-site
Coulomb interaction U . To improve the model for itinerant electron ferromag-
netism spatial-density fluctuations were taken into account.
Random-phase approximation considering collective nature of magnetic fluctua-
tions and spin fluctuations was used to develop better understanding of ferro-
magnetism in itinerant systems [25, 26, 27]. The largest advancement was devel-
opment of self-consistent renormalization (SCR) theory by Moriya and Kawaba-
ta [28, 29, 30], where the dynamical susceptibility and the free energy are renor-
malized in a self-consistent way. The important result of this theory is reduction
of TC in comparison to the itinerant electron model and new mechanism for the
Curie-Weiss magnetic susceptibility. In SCR theory thermal magnetic fluctua-
tions are important part. Even though the theory succeeded in many different
ways some problems were present, like discontinuity in temperature dependence
of spontaneous magnetization at TC. To explain this behavior new treatment of
SCR theory was developed by Takahashi [24] in which effect of zero-point spin
fluctuations is taken into account.
In Takahashi’s spin fluctuation theory the total amplitude of the local spin fluc-
tuations is composed of both the thermal spin fluctuations and the zero point
fluctuations. The Takahashi’s spin fluctuation theory assumes that the total
amplitude of the local spin fluctuations is constant with temperature. This as-
sumption was confirmed with experiments (MnSi [31]) and also by theoretical
calculations (Moriya’s SCR theory [32]). The local spin fluctuation spectrum is
related to the imaginary part of the dynamic magnetic susceptibility in small
energy ω and wave vector q spaces [24]

Imχ (q, ω) = χ (0)

1 +
(︃

q

κ

)︃2
ωΓq

ω2 + Γ2
q

, Γq = Γ0q
(︂
κ2 + q2

)︂
,

where q ≡ |q|, κ is the inverse of magnetic correlation length and Γq is the
damping constant, which is inverse of the lifetime of the fluctuation with the
wave vector q. The spectrum can be parameterized by two energy scales. First
energy scale characterizes the distribution widths of the spin fluctuation in the
energy spaces

T0 = Γ0q
3
B

2π
,

where qB is the zone-boundary wave vector. Second energy scale characterizes
the spin fluctuation in the wave-vector spaces

TA = N0q
2
B

2χ (0) κ2 ,
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where N0 is the number of atoms in the crystal.
The Landau expression of free energy Fm (M) in Takahashi’s spin fluctuation
theory is expressed as

Fm (M) = Fm (0) + 1
2a (0) M2 + 1

4b (0) M4,

a (0) = 1
(gµB)2 χ (0)

, b (0) = F1

(gµB)4 N3
0

,

where g is Lande’s g-factor and F1 is the mode-mode coupling term - the coef-
ficient of the M4 term. The magnetization M at the ground state is expressed
as

H = F1

(gµB)4 N3
0

(︂
−M2

0 + M2
)︂

M, F1 = 2T 2
A

15cT0
,

where c = 0.5 and M0 is the spontaneous magnetic moment. The parameter F1
can be obtained from the slope of Arrot’s plot at low temperatures

F1 = N3
A (2µB)2

kBξ
, (1.13)

where NA is the Avogadro’s number and ξ is the slope of the Arrot plot at low
temperatures [33]. The two energy scales T0 and TA can be then expressed using
F1 as (︃

TC

T0

)︃ 5
6

= µ2
s

5g2C 4
3

(︃15cF1

2TC

)︃ 1
2

, (1.14)

(︃
TC

TA

)︃ 5
3

= µ2
s

5g2C 4
3

(︃ 2TC

15cF1

)︃ 1
3

, (1.15)

where C 4
3

is a constant
(︂
C 4

3
= 1.006089..

)︂
and µs is the spontaneous magnetic

moment and can be expressed

µ2
s = 12T0

TA
C 4

3

(︃
TC

T0

)︃ 4
3

.

Just from the measurement of magnetization curves at low temperatures and
determining TC, one can determine the parameters F1, T0 and TA from the Taka-
hashi’s spin fluctuation theory.
The ratio of TC

T0
characterizes the degree of itineracy of magnetic electrons in the

spin fluctuation theory. If the TC
T0

≪ 1, then the magnetic electrons are strongly
itinerant. Similarly the ratio µeff

µs
, proposed by Rhodes and Wohlfarth [34], de-

fines the measure of itineracy of magnetic electrons. In Takahashi’s theory the
ratio µeff

µs
can be described as function of TC

T0
as [24]

µeff

µs
=
⎛⎝ 1

10C 4
3

dy
dt

⎞⎠− 1
2 (︃

TC

T0

)︃− 2
3

≃ 1.4
(︃

TC

T0

)︃− 2
3

, (1.16)

where y is the inverse magnetic susceptibility and t is reduced temperature t = T
T0

.
In materials with strongly itinerant magnetic electrons the ratio µeff

µs
is large, while

it reaches its minimum µeff
µs

= 1 for the localized electrons.
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1.3 Phase transitions
Matter can exist in different phases depending on external and internal ther-

modynamic variables. These phases have different physical properties and tran-
sition from one to other is facilitated by changing the external thermodynamic
parameters (temperature, pressure, magnetic field, etc.). Most prototypical sub-
stance is water, which exhibits three different phases: solid (ice), liquid (wa-
ter) and vapor (steam). Generally phase transition includes symmetry breaking
process (cooling liquid into solid breaks the translational symmetry, magnetic
transition breaks the time-reversal symmetry). Phase transition can be thermo-
dynamically classified in two ways.
First classification was introduced by P. Ehrenfest, which is based on the ther-
modynamic potentials and their derivatives [35]. The order of lowest derivative
of the Gibbs free energy which is discontinuous while crossing phase transition is
the order of the phase transition. In case of the first order transition Gibbs free
energy is continuous but its derivatives: entropy and volume are discontinuous
at the phase transition. For the second order transition volume and entropy are
continuous but their derivatives are discontinuous. This can continue further on.
Modern classifications divides phase transitions into first order transitions and
continuous phase transitions. First order transitions are defined by latent heat,
which is fixed amount of heat per volume, which is absorbed or released during
the phase transitions (e.g. freezing of water, melting of ice) and is connected to
the discontinuous change of entropy. On the other hand continuous phase transi-
tions are characterized by diverging susceptibility, infinite correlation length and
power-law behavior near the critical point (e.g. ferromagnetic transition).

1.3.1 Continuous transitions
Phase transitions from nonmagnetic to magnetic order or from metallic state

to superconducting state are mostly classified as a continuous phase transition.
To understand continuous phase transition lets consider magnetic transition from
paramagnetic to ferromagnetic phase. Order parameter in this system can be
described by magnetization M . By approaching the phase transition interesting
behavior is observed. For example spatial correlations of the order parameter
become long-range near the phase transition leading [36] to

⟨M(x)M(y)⟩ = f (|x − y|/ξ)
where f is correlation function depending on the spatial distance between x and y
and correlation length ξ. The correlation length ξ depends on system and de-
scribes how fast the correlation function decays. Approaching the critical point
the correlation length diverges, usually as a power law and can be characterized
as

ξ ∝ t−ν

where ν is correlation length critical exponent and t is dimensionless parameter
characterizing distance from the critical point. For transition at finite TC, we can
use t = |T − TC|/TC as dimensionless parameter. At criticality, when correlation
length diverges, order parameter correlations decay as power law

⟨M(x)M(y)⟩t=0 ∝ |x − y|−d−2+η
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where η is critical exponent characterizing the space correlation between order
parameters at t = 0 and d denotes spatial dimensionality of system.
Similarly to correlations in space, we can describe effects in the temporal behavior
of system. We can describe time it takes a system to return to the equilibrium
state after it has been disturbed as equilibration time τC. As the phase transition
is approached equilibration time starts to diverge and behaves like a power of
correlation length

τC ∝ ξz ,

where z is critical exponent describing this dependence. We can define critical
frequency scale ωC based of equilibration time. The critical frequency scale goes
to zero as criticality is approached as

ωC (t → 0) ∝ 1/τC → 0.

Critical exponents z, ν and η characterize the power law behavior of various
observables near the critical point. Other critical exponents are β, γ and δ. β
describes emergence of the order parameter below the phase transition

M (t → 0) ∝ tβ. (1.17)

γ describes divergence of the order parameter susceptibility close to the phase
transition, in our case defined as χ = M/B since B is conjugate field to magne-
tization

χ (t → 0) ∝ t−γ. (1.18)
γ can differ for temperatures above and below phase transition.

δ describes dependency of the order parameter on its conjugate field at the
phase transition, which in our case is external magnetic field B

M (t → 0) ∝ B1/δ.

As one can see β, γ and δ can be easily determined for ferromagnets. Other
important critical exponent is α which describes behavior of heat capacity C
near the phase transition

C (t → 0) ∝ t−α.

Similarly to γ exponent α can also have different values at temperatures above
and below the phase transition.

This critical exponents are related to each other by scaling relations [37]

νd = 2 − α = 2β + γ = β (δ + 1) = γ
δ + 1
δ − 1 (1.19)

and [38]
2 − η = γ

ν
= d

δ − 1
δ + 1 , (1.20)

where d is dimension of system. From these equations only two critical expo-
nents are independent. The rest can be calculated from 1.19 and 1.20. Some
phase transitions share same critical exponents even when the physical systems
in which they occur are different. This behavior is called universality and these
phase transitions belong to the same universality class. Universality classes are
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characterized by spatial dimension of a system and dimension of the order pa-
rameter. Critical exponents were calculated for different model systems, which
represent different universality classes, and some are shown in Table 1.1.

Most of considered models for ferromagnets have short-range exchange inter-
action in form J (r) ∼ e− r

ξ , for example the ones shown in Table 1.1. In these
models the interaction between magnetic moments falls off rapidly with distance.
In some cases, e.g. mobile electrons in itinerant electron system, the interaction
can be long range. This will lead to change of universality class and critical expo-
nents are shifted towards the ones of the mean field model. Fisher et al. [39] have
done renormalization group theory analysis for systems with weak long-range in-
teraction of form J (r) ∼ 1

rd+σ , where σ is the range of interaction. The model is
valid for σ < 2. The critical exponent γ for these systems can be expressed as

γ = 1 + 4
d

(︃
n + 2
n + 8

)︃
∆σ + 8 (n + 2) (n − 4)

d2 (n + 8)2

⎡⎢⎢⎢⎢⎣1 +
2G

(︄
d

2

)︄
(7n + 20)

(n − 4) (n + 8)

⎤⎥⎥⎥⎥⎦∆σ2, (1.21)

where ∆σ = σ− d
2 , G

(︂
d
2

)︂
= 3− 1

4

(︂
d
2

)︂2
and n is dimension of the order parameter.

One example of system with weak long range interactions is nickel. Critical
exponents of nickel are slightly shifted from 3D Heisenberg behavior towards
mean field values due to the long-range interactions [40].

1.3.2 Quantum phase transition and quantum critical
point

Long range order parameter fluctuations have energy ℏωC which goes to zero
as the phase transition is approached due to energy scaling law

ℏωC ∝ tνz .

For ℏωC > kBT , where kBT is thermal energy, quantum mechanics will be im-
portant. But as ℏωC goes to zero near the phase transition, then in general
ℏωC ≪ kBT and thermal fluctuation are dominant in asymptotical behavior near
the phase transition.
By having the phase transition at 0 K and reached by non thermal parameter r,
no thermal fluctuations would be present and quantum fluctuations would domi-
nate. The transitions at absolute zero temperature are generally called quantum

Table 1.1: Critical exponents β, γ and δ for different models with short range
interaction.

Model β γ δ
Mean field 0.50 1 3
3D Ising 0.325 1.241 4.818
2D Ising 0.125 1.75 15
3D XY 0.349 1.318 4.78
3D Heisenberg 0.366 1.395 4.811
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Figure 1.7: Schematic phase diagram in the vicinity of QCP. a) Order is present
only at zero temperature. b) Order exists at finite temperature. Thick solid line
is the boundary between ordered and disordered phase [41].

phase transition (QPT). This phase transition is not reachable in laboratories
due to the thermodynamic limitations. But its presence in phase diagram still af-
fects physics at finite temperatures near it leading to interesting phase diagrams.
Generally two different cases can be distinguished in the most peculiar scenario –
presence of the quantum critical point (QCP).
First case is described in Fig. 1.7a. In this case there is no ordering at finite

temperature, only at zero temperature. Three different regimes will be observed
at finite temperatures separated by crossover. In the thermally disordered state
thermal fluctuations destroy long-range order, but in quantum disordered state
the quantum fluctuations destroy long-range order. In between these two states
is the quantum critical region, where both type of fluctuations are important.
It is near the critical parameter rc with boundaries defined by the condition
ℏωc ∝ |r − rc|νz and the state is visible to quite high temperatures. The physics
in the quantum critical region is controlled by the thermal excitation of the quan-
tum critical ground state. Unusual finite temperature properties are observed in
vicinity of QCP, like unconventional power laws and non-Fermi liquid behavior.
In second case shown in Fig. 1.7b. the ordered phase exists at finite temper-
atures. By increasing r the temperature of phase transition is suppressed until
the temperature of phase transition is at T=0 for some rc. The quantum critical
regime is again observed above quantum critical point at rc accompanied by in-
teresting behavior as mentioned above. The phase transition must be continuous
as in first order phase transition there are no fluctuations of the order parameter
which would lead to quantum critical behavior. First order transition keeps its
first order character even if it is located at absolute zero.

1.4 Electrical resistivity
In metals different contributions to electrical resistivity are present. These

contributions are based on scattering phenomena of conduction electrons. If
these scattering phenomena are independent then it is possible to divide electrical
resistivity to individual contributions. This principle is called Matthiessen’s rule
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and the result could be expressed as

ρtot = ρ0 + ρph-e + ρe-e + ρmag

where ρ0 is residual resistivity, ρph-e is electron-phonon scattering, ρe-e is electron-
electron scattering and ρmag is magnetic scattering.
Residual resistivity is temperature independent. It originates from scattering
of electrons on defects in the lattice. This term survives down to absolute zero
and because it is proportional to amount of disorder it can be used to estimate
the quality of crystal.
Electron-phonon scattering originates from the thermal motion of atoms. De-
scription is based on scattering of electrons on phonons, where electrons can
absorb or emit phonons. This scattering can be generally described as

ρph-e = A
(︃

T

ΘD

)︃n ∫︂ T/ΘD

0

xn

(ex − 1) (1 − e−x)dx

where T is temperature, A is constant typical for particular metal and ΘD is De-
bye temperature. For electron-phonon scattering the n has value of 5, the value
of n changes based on the scattering.

For T ≫ ΘD electrical resistivity increases linearly with increasing tempera-
ture. In T ≪ ΘD electron-phonon contribution is proportional to T 5, known as
Bloch T 5 law. At low temperatures other scattering contributions can become
main contributor [42]. For example in transition metals the s-d electron scatter-
ing leads to T 3 behavior of electrical resistivity [42].
Electron-electron scattering is based on Fermi-liquid theory. Landau showed
that interacting fermions, in our case electrons, can be described by system of
non-interacting quasiparticles. The Fermi-liquid theory for example explains the
increased effective mass. The contribution of Fermi liquid to electrical resistivity
behaves as ρ = AT 2. In most compounds the contribution is small in comparison
to electron-phonon contribution. The T 2 behavior is observed in heavy-fermion
materials (lanthanides, actinides) due to their narrow f band near EF. The pa-
rameter A scales with Sommerfeld coefficient γ resulting [43] in Kadowaki-Woods
ratio A

γ2 ≈ 1 · 10−5µΩ · cm · K2 · mol2 · mJ−2.
Magnetic scattering can be divided into two contributions. First can be de-
rived by SCR theory. Ueda and Moriya showed [44] that in weak ferromagnets at
low temperatures electrical resistivity behaves as ρ ∼ T 2. It is difficult to differ
between spin-fluctuation contribution and electron-electron scattering due to the
same temperature dependency.

Second contribution originates from scattering of electrons on magnons. If the
magnon dispersion is gapped than it will lead to additional term as described [45]
by Andersen et al. The relation is

ρe−m = bT
(︃

1 + 2T

∆

)︃
e− ∆

T

where b is coefficient of electron-magnon scattering and ∆ is gap in magnon spec-
trum. The term was derived for localized ferromagnets. As uranium magnetism
can be characterized to be between localized and itinerant character depending
on compound, the application of this relation to uranium compounds is limited.

At high temperatures above the phase transition the magnetic contributions
is temperature independent and is called spin disorder contribution.
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Magnetoresistivity
By applying magnetic field to material its electrical resistivity in general will

change. The magnetic field affects the conduction electrons due to Lorentz force,
but also physical phenomena behind the different contributions to electrical re-
sistivity are affected, leading to field dependence of electrical resistivity. These
different contributions can increase or decrease electrical resistivity with applied
magnetic field, with two or more contributions present.

One of the positive contributions to electrical resistivity arises from cyclotron
orbital motion of conduction electrons. This contribution decreases with increas-
ing temperatures and is therefore seen mostly at low temperatures. The orbital
contribution obeys Kohler’s rule [46]

∆ρorb

ρ
= f

(︄
H

ρ

)︄
,

where ∆ρorb is the orbital contribution and f is characteristic function of sample.
In the limit of weak magnetic field the contribution is given as

∆ρorb

ρ
∼
(︄

H

ρ

)︄2

,

Negative magnetoresistivity in ferromagnets mostly comes from spin fluctuations.
Applied magnetic field suppresses spin fluctuations, therefore suppressing mag-
netic contribution to the electrical resistivity. In weak magnetic fields magne-
toresistivity is proportional to H2 in the paramagnetic regime and to H in the
ferromagnetic state [47]. The largest decreases of magnetoresistivity in ferromag-
nets is seen near the TC, as the magnetic field strongly affects the order parameter
fluctuations near the continuous phase transition.

1.5 Hall effect
Hall effect is induced by applying external magnetic field B = (0, 0, Bz) per-

pendicular to the applied electric current j = (jx, 0, 0), which produces electrical
field perpendicular to both B and j, called Hall voltage VH. Hall effect is charac-
terized by Hall coefficient defined as

RH = Ey

jxBz
= − 1

ne

where Ey is the induced electrical field, e is electron charge and n is charge carrier
density. The Hall coefficient can be positive or negative if the majority of carriers
are electrons or holes, respectively. If two type of carriers are present than the
dependence of Hall coefficients on density of charge carriers changes to

RH = σ2
hRh + σ2

e Re

(σh + σe)2 ,

where σh,e is the conductivity of holes/electrons and Rh,e is Hall coefficient for
holes/electrons.
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1.5.1 Anomalous Hall effect
Anomalous Hall effect (AHE) is mostly found in ferromagnetic compounds and

it is proportional to magnetization. It is caused by the broken time-reversal sym-
metry which is caused by the spin-orbit interaction [48]. Three effects contribute
to AHE: intrinsic contribution, skew scattering and side-jump scattering. The in-
trinsic contribution is only dependent on the band structure of perfect crystal and
therefore is always present. The skew scattering originates from disorder in per-
fect crystal and comes from chiral features which appear in the spin-orbit coupled
ferromagnets. Lastly, the side-jump scattering can be described as scattering of
Gaussian wave packet by a spherical impurity with spin-orbit interaction, which
displaces the wave packet by k transverse to k. The relation for anomalous Hall
effect is phenomenological where all the contribution are added together leading
to

ρAH = M
(︂
aρ + bρ2

)︂
(1.22)

in which, ρAH is the anomalous part of Hall resistivity, a is coefficient for skew-
scattering and b is coefficient for intrinsic and jump scattering contributions since
both depend on electrical resistivity in the same way. Anomalous Hall effect does
not directly depends on applied magnetic field but indirectly through magnetiza-
tion and electrical resistivity in 1.22.

1.6 Heat capacity
The heat capacity (HC) represents amount of heat required to increase tem-

perature of a system by one kelvin. If it is measured at constant pressure, then
it is called the isobaric heat capacity Cp. For constant volume it is called the
isochoric heat capacity CV. Similar to electrical resistivity HC can be separated
to additive contributions

Cp = Cph + Cel + Cmag + C ′,

where Cp is the isobaric heat capacity, Cph is the lattice contribution, Cel is
contribution from electrons, Cmag is magnetic contribution and C ′ are other con-
tributions (e.g. nuclear contribution).

1.6.1 Phonon contribution to heat capacity
Lattice contribution Cph to heat capacity is represented by phonons. Phonons

are collective modes which represent vibrations of atoms in lattice. At low tem-
peratures the lattice contribution is best described by the Debye model, in which
dispersion of phonons is described by acoustic branches. Lattice heat capacity of
isotropic continuous solid is described as

Cph,D = 9R
(︃

T

ΘD

)︃3
ΘD
T∫︂

0

x4ex

(ex − 1)2 dx,

where ΘD = ℏωD
kB

is the Debye temperature and ωD is maximum frequency of
acoustic vibrations. At high temperatures the Debye model reaches the correct
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Dulong-Petit law of C ≈ 3kBNA and at low temperatures it is proportional to
βT 3 with β as

β = 12π4NAkB

5ΘD
.

At higher temperatures new contribution appears better described by the Einstein
model. Einstein assumed that all atoms in a solid behave like linear quantum
harmonic oscillators and vibrate independently of each other. The heat capacity
given by Einstein model is [49]

Cph,E = 3R

(︄
ΘE

T

)︄2 e
ΘE
T(︃

e
ΘE
T − 1

)︃2 ,

where ΘE is the Einstein temperature defined by

ΘE = ℏωE

kB

Einstein model reaches zero for 0 K and 3kBNA for high temperatures.

1.6.2 Electronic heat contribution to heat capacity
Electron heat capacity Cel represents electron contribution to the heat capac-

ity. Electrons are fermions and therefore obey the Fermi-Dirac statistic. Due
to high Fermi energy only electrons close to Fermi energy can be excited and
contribute to heat capacity at low and moderate temperatures. The electronic
heat capacity can be described as

Cel = π2

3 k2
BTg (EF) ,

where g (EF) is density of states at the Fermi energy and γS = π2

3 k2
Bg (EF) is

Sommerfeld coefficient that represents the linearity of electronic heat capacity.
Density of states at the Fermi energy is proportional to effective mass of electron
at EF, therefore Sommerfeld coefficient is proportional to effective mass of elec-
tron.
At sufficiently low temperatures phonon contribution is proportional to T 3 and
the low temperature heat capacity can be described by

C = γST + βT 3,

which enables us to determine the Sommerfeld coefficient. If the material is mag-
netic additional contribution to heat capacity is present even at low temperatures
and must be taken into account.

1.6.3 Magnetic contribution to heat capacity
Magnetic contribution to heat capacity can have different forms depending

on the origin of magnetic ordering. In systems where magnetic moment can be
considered localized the dominant contribution is Schottky contribution. It is

24



based on splitting of degenerate ground state of free ion by crystal field. Total
magnetic entropy of these systems is given by

Smag = R ln (2J + 1) ,

where R is molar gas constant and J is total angular momentum of ion.
Additional contribution can originate from magnons, in similar way as described
for electrical resistivity. Magnon contribution for ferromagnets will have form [50]

Cmag ∼ T 3/2.

The contribution is similar to phonons at low temperatures due to magnons and
phonons both being bosons. If high magnetic anisotropy is present additional
exponent term appears [45]

Cmag ∼ T 1/2e(− ∆
T ),

where ∆ is the gap in magnon spectrum.
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2. Experimental methods

2.1 Sample preparations
Polycrystalline precursors were prepared by arc melting. For melting monoarc

furnace with water-cooled copper crucible and tungsten electrode was used. Sto-
chiometric amount of elements were put into a crucible. The monoarc chamber
was evacuated down to 10−6 mbar and walls were heated during evacuation to
desorb gases. To melt elements we filled chamber with high purity argon (6N),
which simultaneously functions as protective atmosphere and charge carrier. To
achieve better homogeneity of polycrystal, precursor is flipped and remelted sev-
eral times.

2.1.1 Czochralski method
One of the most used techniques for single crystal growth nowadays [51], in

science and industry, is Czochralski method [52]. It is used only for conductive
materials because of its limitations. At the beginning, precursor is melted in
crucible and seed rod is lowered inside, just below the surface of melt. For seed rod
a single crystal of desired product can be used or other material with high melting
point. Seed rod is then pulled up from the melt with speed ranging between 2 to 15
millimeters per hour, while melt crystallize on the seed rod. Seed rod and melt
are rotating in opposing directions to create growth-friendly conditions inside
the melt. The main control parameter of growth is the temperature of melt.
By heating it up we decrease the diameter and can start “necking procedure”.
During necking only one grain is selected to achieve single crystal. After necking
is finished the temperature of melt is lowered to increase diameter and obtain
large single crystal. Success of whole procedure depends on many parameters
and makes it difficult.
Our samples were prepared in custom made tri-arc furnace, where melting is
done by three tungsten electrodes and precursor is placed on water-cooled copper
crucible. As seed rod we used tungsten rod. Whole growth procedure is done in
argon protective atmosphere, kept at higher than atmospheric pressure to prevent
leaks.

2.1.2 Sample annealing
After growth single crystals contain many mechanical defects, proper occu-

pancy of the atoms may not be achieved and mechanical strain is often present.
This is thanks to fast cooling of the materials in tri-arc furnace when process is
finished. Samples for annealing are wrapped into tantalum foil and placed into
quartz tube. The tantalum foil prevents reaction between sample and silicon in
the tube, which would contaminate the annealed sample. The tube is evacuated
down to 10−6 mbar while simultaneously baking the tube up to 300 ◦C to desorb
gasses. Afterwards the tube is closed. Parameters of the annealing treatment
strongly depend on the properties of materials phase diagram and melting point.
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Figure 2.1: Bragg - Brentano geometry of X-ray diffractometer

2.2 Sample characterization methods
The characterization of samples is very important in material research. Pres-

ence of impurities and other phases significantly affects physical properties of
samples. Magnetic measurements can be strongly affected by ferromagnetic im-
purities. Four methods were used for analysis of samples. Powder X-ray diffrac-
tion (XRPD), microprobe analysis – Energy Dispersive X-ray analysis (EDX) for
finding impurities, Laue method for determination of quality of single crystal and
their orientation and inductively coupled plasma optical emission spectroscopy
(ICP OES) to determine correct composition.

2.2.1 X-ray methods
X-rays are photons characterized by their wavelength ranging from 0.1 nm to

10 nm. One of the conditions for diffraction on a sample is that the wavelength
of the X-rays must be of the same order as the interatomic distances in sample.
In laboratories X-rays are generally generated by X-ray tubes, where accelerated
electrons collide with anode target and X-rays are emitted. Different materials
(Cu, Fe, Ni, Mo, W etc.) for anode are used, because of their characteristic
spectrum. To select only one wavelength monochromators are used. All X-ray
diffraction methods work on the basis of Bragg’s Law [16]

2dhkl sin (θ) = nλ, (2.1)

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

X-ray powder diffraction

X-ray powder diffraction is analytic X-ray method used for structural anal-
ysis of materials. It is based on the idea that by having numerous little grains
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of the material there must exist several grains which are oriented in the way,
that satisfies 2.1. As a result, we get diffractogram which shows dependence of
reflected intensity on diffraction angle 2Θ. We have used Bruker AXS D8 Ad-
vance X-ray diffractometer with Cu X-ray tube in Brag-Brentano geometry for
measuring powder diraction (Figure 2.1). In Brag-Brentano geometry detector
and X-ray tube are placed in constant distance from powder sample and angle
between source and detector changes accordingly to rotation of sample about
the main axis of the diffractometer. The detector rotates with double angular
frequency than the sample. This secures that the angle between impacted and
diffracted beams is the Bragg’s angle Θ for the specific hkl diffraction [53].
To analyze diffraction patterns we used Rietveld method. It is important to
know approximate structure parameters. Diffractogram from approximate struc-
ture parameters is plotted and compared with measured diffractogram. Least
square algorithm is used to match the theoretical model with measured data.
The position of peaks in diffractogram depends on lattice parameters and posi-
tions of atoms. To characterize peak shapes mathematic functions like Gauss’s
function or Cauchy’s function are used. Height of peaks depends on structural
parameters. The analysis is carried out by FullProf program [54]. 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. Laue diffractometer made by Pho-
tonic Science with Cu X-ray tube and voltage up to 35 kV was used. Laue method
is based on having polychromatic X-ray spectrum in which some wavelengths ful-
fill Bragg’s law for given crystal structure and orientation. This leads to multiple
diffractions which create 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 desired orientation. Reflection are detected by CCD camera. Scanned
image is analyzed using software provided by Photonic Science.

2.2.2 Energy Dispersive X-ray (EDX) analysis
Backscattered electrons (BSE) detector for EDX analysis is part of scanning

electron microscope (SEM) Tescan Mira I LMH [55], which was used, with elec-
tron beam produced by Schottky cathode. Except BSE detector SEM also has
detector for secondary electrons (SE). BSE detector is based on elastic scattering
of electrons on atom. Heavy elements backscatter more electrons which leads to
higher intensity. This can be used to reveal tiny amounts of spurious phases and
elements. EDX is one of the analysis methods used in SEM. It is used to deter-
mine chemical composition of materials. Accelerated electrons can eject electron
from inner orbitals of atom and then electron from outer shell takes its places
while simultaneously emitting energy in the form of X-ray photon. The energy
of emitted X-rays is characteristic for each elements, because it depends on elec-
tronic configuration of element. The composition is calculated on the basis of
atlas of X-ray spectra implemented in the software. The amount of the each
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(a) Sample of mass ∼ 10
mg is placed into volumet-
ric flask.

(b) Sample was completely
dissolved.

(c) Volumetric flask com-
pletely filled with water.

Figure 2.2: Dissolving sample of UCo0.995Ru0.005Al for ICP OES.

elements is given by intensity of the characteristic lines. Bruker AXS analyzer
was used with Esprit software to calculate composition.

2.2.3 Inductively coupled plasma optical emission
spectroscopy

For samples with low amount of doping EDX was not able to determine real
stochiometry. ICP OES is more precise and therefore was used to determine
stochiometry. For ICP OES samples are dissolved in acid and mixed with water
into solution (Fig. 2.2) which is then turned into aerosol inside the machine. The
aerosol is then led inside a argon plasma chamber. Electrons of atoms are excited
from ground state in plasma. When electrons return to ground state energy is
released in form of photon, which has energy characteristic for each atom. This
light is then collected by spectrometer and is used to determine composition and
stochiometry.

2.3 Measurements at low temperatures
Measurements of magnetic properties were done in Magnetic Properties Mea-

surement System made by Quantum Design and equipped with SQUID (supercon-
ducting quantum interference device). Most of physical properties were measured
using Physical Properties Measurement System made by Quantum Design. Mea-
surements to lower temperatures than achievable in PPMS were done in dilution
refrigerator or cryostat made by Cryogenic with lowest available temperature 30
mK. In dilution refrigerator maximum magnetic field of 9 T can be reached while
in Cryogenic’s cryostat maximum field of 20 T can be reached.
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2.4 Magnetic Properties Measurement System
Magnetic Properties Measurement System made by Quantum Design [56] and

equipped with SQUID (superconducting quantum interference device) was used
to measure magnetization and AC susceptibility. For magnetic measurements
two different options are available: Reciprocating Sample option (RSO) and Ex-
traction option. The RSO measures sample by moving it rapidly and sinusoidally
through the SQUID. In extraction option sample moves upward through the
SQUID. During movements SQUID output voltage is readout at several points.
After collecting data from one scan magnetic moments of sample is computed.
In AC susceptibility AC magnetic field is applied to the sample. Only response
of magnetic moment to the AC magnetic field is detected by the detection cir-
cuit. Both real and imaginary part of AC susceptibility are obtained. Available
frequencies of AC magnetic field range from 0.0003 to 1 512 Hz and amplitude of
the field from 0.0001 Oe to 3.9 Oe.
Temperature between 1.8 K to 400 K can be achieved in sample space. Maximum
magnetic field of 7 T can be created by superconducting magnet.

2.5 Physical Properties Measurement System
Physical Properties Measurement System developed by Quantum Designs [56]

is used for measuring physical properties of materials at wide range of tempera-
tures and up to magnetic field of 14 T or 9 T. Sample can be placed into various
types of inserts, specific for each measurement. Insert with sample is placed in
sample chamber which is positioned at the center of superconducting magnet.
Every insert has universal connector which secures transport of measured data
to read-out electronics. Different possible measurement are mentioned below and
detail of sample space arrangement of PPMS is in Figure 2.3.

Heat capacity measurement
Heat capacity can be measured as function of temperature in the interval 0.35 -

400 K and also with applied external magnetic field up to 14 T. Heat capacity

Figure 2.3: Schematic of PPMS probe and detail of lower part [56].
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is measured at constant pressure. The relaxation method was used. The heat is
applied at constant power and then cooling period of the same duration follows.
After these two periods, the whole temperature response is fitted by model that
accounts for both thermal relaxation of the sample platform to the bath tem-
perature and the relaxation between the sample platform and the sample itself.
Pressure during measurement is kept at ≈ 0.01 mbar to minimize thermal trans-
port through the atmosphere inside.
Best sample shape is small plate with polished plane, which has best thermal
contact with the sample platform. Sample platform is suspended via eight ther-
mally conducting wires, which provide electrical connection to thermometer and
heater. Apiezon N or H (each type is used for different temperature range) are
used to provide thermal contact between the sample and sample platform. Puck
for measuring heat capacity is in Figure 2.4. More details about measuring heat
capacity can be found in the manual [56].

Figure 2.4: Puck for heat capacity measurements [56].

Electrical properties measurements
To measure electrical resistivity four probe method with alternating current

was used. AC current of resolution of 0.02 µA and maximum value of 2 A, and
voltmeter measures with sensitivity of 1 nV at 1 kHz are used. The available
frequencies of the AC current range from 1 Hz to 1 kHz. Four (gold or copper)
wires are spot-welded on the sample (Fig. 2.5a). Two outer wires are used as
source of known electric current. Two inner wires are used to measure voltage drop
between them. The voltage leads draw very little current, so the current passing
through the sample and the potential gradient can be measured to high degree
of accuracy, virtually eliminating the effects of lead and contact resistance. From
know distance of voltage wires and sample dimensions we can calculate electrical
resistivity.
For Hall effect measurement similar arrangement as for electrical resistivity was
used. Hall voltage is measured perpendicular to applied current and applied
external magnetic field. Two additional golden wires were spot-welded on the
sample opposite of each other as shown in Fig. 2.5a. Due to misalignment of
wires Hall voltage was measured in magnetic fields pointing out of sample and
into sample to subtract contribution from electrical resistance, which is symmetric
in field while Hall voltage is asymmetric in field.
Special puck for ACT option in PPMS is used and two samples can be measured
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simultaneously for resistivity or one sample can be measured while measuring
electrical resistivity and Hall effect (Fig. 2.5b).

Magnetic force microscopy
Magnetic force microscopy (MFM) is specialized option for atomic force mi-

croscopy (AFM). AFM is mainly used to map topography with resolution in
nanometers. The main part of AFM is made of small tip connected to cantilever,
laser and photo diode. Tip interacts with surface of the sample through atomic
forces (Fig. 2.6). Laser is reflected from the cantilever and to the photo diode. As
the cantilever moves the reflection of laser then moves with respect to the photo
diode. From this movement the force on surface be calculated.
The scanning of sample in reality is done in three different modes. First, con-
tact mode where the tip is kept in constant distance from the surface. Second,
tapping mode in which cantilever is driven to oscillate up and down near or at
its resonance frequency using small piezoelectric actuator. When the tip comes
closer to the surface, forces on surface cause the amplitude of cantilever to change.
Lastly, in non-contact mode the cantilever is oscillated at or above its resonant
frequency, but the tip does not come in contact with sample surface. The shape
of the tip effects the measurement as the sharper tip will have better resolution
due to its interaction with smaller part of the surface. Due to the shape of the
tip being round or parabolic it is harder to detect steep walls or overhangs. The
tip can be damaged or destroyed by incorrect manipulation (e.g. collision with
sample surface) which causes the tip to break or part of sample to stick onto
the tip, leading to worse signal and resolution. This can be avoided by correct
operation and having as smooth as possible surface.
The MFM is based on the tip having its own magnetic moment and interact-
ing with magnetic moments on the surface. The magnetic moment of the tip is
mostly perpendicular to sample surface but special tips with moments parallel
are also commercially available. The scanning is mostly done in tapping mode far
above the sample surface as the atomic forces are weaker and magnetic forces are
stronger and results in image of magnetic signal. The magnetic forces measured

(a) (b)

Figure 2.5: a) Chart of arrangement for measuring electrical resistivity and Hall
effect. I+ and I- are current wires, V+ and V- are wires for measuring voltage,
VH+ and VH- are wires for measuring Hall effect. b) Puck for ACT measure-
ments [56].
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Figure 2.6: Basic illustration of Atomic Force Microscope.

are not magnetic domains directly but magnetic stray fields above the sample
created by magnetic domains.
The AFM and MFM measurements were performed using a low-temperature
atomic IC force microscope - attoAFM/MFM Ixs inserted into the chamber of
the Quantum Design PPMS. PPP-MFMR probes have been used with hard-
magnetic coating (coercivity of about 300 Oe). The MFM measurements were
done at a lift-height of 80-100 nm in the constant-height mode. For the force
contrast, the frequency modulation mode was used, i.e. the cantilever oscillates
at its resonance frequency, while the change of resonance frequency df represents
the magnetic-force contrast (shift to higher frequencies represents repulsive force).
The residual field of the PPMS 14 superconducting magnet was minimized prior
to the MFM measurement. This allowed to measure zero-field-cooled images with
(almost) equal distribution of up- and down-magnetized domains.

Hall probe magnetic measurements
The ordinary Hall effect is linearly proportional to external magnetic field

and therefore sensitive to any change of this magnetic field. Hall probes made by
Arepoc [57] were used to measure magnetic moments in pressure cell. The sample
was placed on the hall probe in a way that magnetic moment is perpendicular
to active area of hall probe. Measurements can be done as function of applied
magnetic field or temperature, and the measured signal is proportional to:

Rm = R0B + RA (1/B) , (2.2)

where R0 is ordinary Hall effect coefficient of the Hall probe, B is the total
magnetic field, which is produced by the solenoid and the magnetic field produced
by sample and RA is contribution from quantum oscillation of Hall probe which
are inversely proportional to sum of all magnetic fields. Quantum oscillations
of Hall probe are not always present and depend on quality of the probe. The
temperature dependence shows no contribution of quantum oscillation as large
magnetic fields are needed, but temperature dependence of ordinary Hall effect
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coefficient of the Hall probe can affect results. The equation 2.2 was used to
obtain magnetic signal from the sample, but sample’s magnetization produces
magnetic field dependent on magnetic field produced by the solenoid, making the
quantum oscillation only subtractable when sample is paramagnetic.

2.6 Pressure cells
Hydrostatic pressure compresses crystal lattice and therefore changes physical

properties of material. Basic principle of pressure cell is filling inside of pressure
cell with pressure transmitting medium (solid, liquid or gas) and placing sample
inside the medium. As the cell is closed pressure in the medium increases and
same pressure is applied to the sample. Maximum achievable pressure in pressure
cells generally depends on material they are made of and construction of pressure
cell.
One of the pressure we used was piston pressure cell for MPMS Fig. 2.7 [58]. It is
made from copper-beryllium alloy which is quite hard and has low magnetic sig-
nal. The extraction option and AC susceptibility can be measured using this pres-
sure cell. The cell is designed to reach the maximum pressure of 1.2 GPa safely.
Two different liquid pressure mediums were used - spindle oil or Daphne 7373 oil.
Value of pressure is determined using superconducting transition of lead. Small
piece of lead is placed together with the sample into the cell. Pressure dependence
of superconducting temperature of lead can be found in [59].
For high pressure experiments in MPMS, “turnbuckle” diamond anvil cell was
used [60]. Sample is placed between two diamond anvils which then apply pres-
sure to the sample through Daphne 7373 oil. The whole cell is 7 mm long and
7 mm in diameter and is made of copper-beryllium alloy. Maximum achievable
pressure is 10 GPa. Sample space depends on size of culets of used diamonds.
Pressure in cell is determined by ruby fluorescence.
Other measurements were done in piston cell (Fig. 2.8). The cell is made of two
alloys: copper-beryllium alloy and nickel-chromium-aluminum alloy. The maxi-
mum safely achievable pressure is 3 GPa. The cell can be used in PPMS, dilution
refrigerator or Cryogenics cryostat. Daphne 7373 and Daphne 7474 oils were used
as pressure mediums. Manganin electrical resistivity at room temperature was
used to determine value of pressure [61]. With lowering temperature pressure
decreases due to contractions in the pressure medium. Difference in pressure be-
tween room temperature and low temperature for Daphne 7373 and Daphne 7474
can be found in theses of Mı́̌sek [62] and Staško [63]. The cell was used for mea-
suring electrical resistivity (four probe method), Hall effect and magnetization by
Hall probes.
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Figure 2.7: CuBe clamp pressure cell used in MPMS [64].

Figure 2.8: Multilayered clamp pressure cells made from CuBe and MP35N [64].
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3. Metallic quantum
ferromagnets

Quantum phase transitions (QPTs) have become an important research area
of different fields of modern condensed matter physics, such as metal-to-insula-
tor [65, 66], superconductor-to-insulator [67], superconductor-to-metal [68] and
magnetic or electric order–disorder transitions [65, 2, 69, 70, 71, 72]. QPTs occur
at zero temperature, and can be triggered by varying a non-thermal control pa-
rameter as external pressure, chemical composition or magnetic field and driven
by a corresponding change of quantum fluctuations between phases. Among
these, magnetic QPTs are of special interest as they can have different physical
origins and their nature depends on the type of the magnetically ordered state.
While quantum critical points and quantum criticality in many itinerant and lo-
calized antiferromagnetic systems have been identified and well investigated, for
ferromagnetic systems theory predicts a first-order QPTs for sufficiently clean
systems rather than critical points [1, 73], but available experimental evidence is
rather limited.

For weak itinerant ferromagnets it has been shown [1, 73] that, at sufficiently

Figure 3.1: Possible phase diagrams for metallic quantum ferromagnets [2].
a) Discontinuous phase diagram with metamagnetic wings, b) second order fer-
romagnetic transition is suppressed into QCP due to disorder, c) suppression of
ferromagnetic phase and appearance of SDW or AFM phase and d) high amount
of disorder leads to appearance of tail-like phase diagram accompanied by spin
glass-like behavior or quantum Griffiths effects.
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low temperatures, the phase transition is generally first order with a tricritical
point (TCP), which separates the line of first-order transitions at low tempera-
tures from the line of the second-order transitions at higher temperatures (shown
in Fig. 3.2a). In general case by suppressing the second order phase transition,
the TCP is reached, the phase transition changes into first order one. The ferro-
magnetic phase transition is first order one due to the coupling of soft electronic
modes to fluctuations of magnetization. The free energy density of weak fer-
romagnet as described by Belitz et al. in [73] for three-dimensional system is

f = −hm + tm2 + νm4 ln
(︂
m2/m2

0 + T 2/T 2
0

)︂
+ um4, (3.1)

where m is the order parameter, t describes distance from the criticality, u de-
scribes importance of fluctuations and h is the conjugated field to the order
parameter, m0 and T0 are microscopic magnetization and temperature, respec-
tively. The term νm4 ln (m2/m2

0 + T 2/T 2
0 ) is responsible for the first order phase

transition and also describes the so-called “metamagnetic wings” in finite mag-
netic fields (see later). Parameter ν comes from the mode-mode coupling, and is
proportional to microscopic spin-triplet interaction amplitude.
At TCP another first order phase transition from paramagnetic to ferromag-
netic state appears [73], which is induced by applying magnetic field, therefore
it is a metamagnetic transition (Fig. 3.2a). With increasing tuning parame-
ter the field increases while temperature interval, where the transition is of the
first order, decreases until it completely disappears at quantum critical wing-
point (QCWP) (Fig. 3.2a). For each value of the tuning parameter above TCP
and below QCWP there is characteristic temperature and field called critical end-

(a) (b)

Figure 3.2: a) Schematic discontinuous phase diagram from [74]. The transparent
red line is the second order phase transitions, which then changes to the first order
transition (blue dashed line from TCP to QPT). The thick red line between
TCP and QCWP is the line of CEPs. b) Schematic cut of phase diagram at
constant tuning parameter between QPT and QCWP. The thick black line is the
first order metamagnetic transition, which ends at CEP (yellow point). Above
CEP crossover between the paramagnetic and induced ferromagnetic transition
is observed.
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point (CEP). For temperatures below TCEP the metamagnetic transition is of the
first order, while at TCEP and above the metamagnetic transition has continuous
character, shown in Fig. 3.2b.
Kirkpatrick and Belitz in [75] found from the third law of thermodynamics that
the metamagnetic wing is perpendicular to the T = 0 K plane. Behavior near the
TCP was described by Tafour et al. [74] from basic thermodynamic principles.
They found that the lines of seconds order transition, first order transition and
CEPs in T -p projection of T -p-H phase diagram should have the same slope at
the TCP. In H-p projection line of CEPs has to be tangent to H = 0 line and in
T -H projection line of CEPs has to be tangent to H = 0 line. The schematic dis-
continuous phase diagram fulfilling these constraints is in Fig. 3.2a. The shape
of metamagnetic wing close to QCWP differs for each compound and in some
cases different shapes are reported for same compound. Asymptotical decrease-
like behavior was reported for UGe2 [76], ZrZn2 [3] and UCoAl [10]. The sharp
drop at the QCWP is seen in URhGe [77] but also for UCoAl as reported by
Aoki et al. [78] and Belitz et al. [73] obtained similar shape from their calcu-
lations based on the free energy [73]. As for now, any description for shape of
metamagnetic wing nearv the QCWP similar to ones for behavior at the TCP or
for T = 0, is not known. This could be due to temperature interval of metamag-
netic transition being half-opened interval [0,TCEP), which could lead to problem
determining behavior close to the QCWP, since there is always a point above 0 K,
where the first order metamagnetic transition can occur.
In some materials coexistence of two different phases is observed even away from
the coexistence curve of ferromagnetic transition, creating stable heterogeneous
phase. Kirkpatrick and Belitz [79] explained this phenomenon by considering
quenched disorder and fluctuations as source of static droplets of minority phase
in majority phase. This is not possible for second order phase transition due to
the constraints on critical exponent ν [79].
Sang et al. [80] theoretically predicted that increasing disorder will suppress
temperature of the TCP until it disappears completely and instead of the QPT
a QCP is observed (Fig. 3.1b). By further increasing disorder, the QCP is avoided
by appearance of disorder effects (e.g. spin glass-like behavior) (Fig. 3.1d). In
some compounds new phase appears after suppression of ferromagnetic phase.
These phases have mostly antiferromagnetic or spin density wave like charac-
ter (Fig. 3.1c).

Transport properties in metallic quantum ferromagnets
Electric resistivity of clean ferromagnets at low temperatures shows non-

Fermi-liquid behavior. New possible mechanism explaining this behavior was
derived by Kirkpatrick and Belitz [81]. The mechanism is based on magnon me-
diated interband scattering of electrons in different subbands of exchanged-split
conduction band in the presence of weak disorder, while still in ballistic regime.
This will lead to behavior of electrical resistivity proportional to T 3/2.
In some materials (e.g. ZrZn2) T 5/3 behavior is observed at low temperatures.
This can be explained by two contributions – T 2 contribution coming from the
Fermi-liquid origin and T 3/2 from the contribution mentioned above. It is there-
fore difficult to determine if the exponent of temperature dependency is due to
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(a) ZrZn2 (b) UGe2

Figure 3.3: a) Phase diagram of ZrZn2. Blue area indicates the ferromagnetic
phase and grey area indicates the metamagnetic phase transition, while green
surface is crossover temperature Tm. MQCP is identified as QCWP. Inset shows
field dependence of temperature of critical endpoint [82]. b) Phase diagram of
UGe2. Blue area with green points is the ferromagnetic phase. Blue surface with
blue points is the first order metamagnetic phase transition. Red line is second
order phase transition for ferromagnetic phase, while for metamagnetic wings it
is line of critical endpoints [76].

non-Fermi liquid behavior or some other contributions are present. This is even
more difficult close to the first order transition due to the phase coexistence in-
duced by quenched disorder as mentioned above.

3.1 Weakly ferromagnetic compounds
Here we describe some of the recent interesting examples of ferromagnetic

compounds following above discussed scenarios.

ZrZn2

ZrZn2 is prototypical compound exhibiting discontinuous phase transition. It
is a 3D itinerant ferromagnet, which crystallizes in cubic C15 structure. The
Curie temperature was reported at 28.5 K and the ordered magnetic moment
is small (µ = 0.17µB/f.u.). TCP was found at pressure pTCP = 1.65 GPa and
temperature TTCP = 5 K [3] (Fig. 3.3a). First order metamagnetic transition
disappears just above 2.02 GPa and at ∼ 0.2 T [82]. Another crossover transition
from low field to high field phase is observed in ambient pressure around 5 T. By
extrapolation, this transition should reaches zero field at ∼ -0.6 GPa.

UGe2

UGe2 is considered to be an Ising ferromagnet. Two different ferromag-
netic phases are observed at ambient pressure. At TC = 52 K weakly polarized
phase appears, while at lower temperatures crossover to strongly polarized phase
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(a) URhGe (b) YbNi4 (P1−xAsx)2

Figure 3.4: a) Phase diagram of URhGe [77]. Yellow surface is the ferromagnetic
phase and orange one are the metamagnetic wings. b) Phase diagram YbNi4
(P1−xAsx)2 [84]. The green area is for ferromagnetic phase.

is observed [83]. This crossover changes to the first order transition at CEP
pCEP = 1.16 GPa, TCEP = 7 K. Near pCEP dome of superconductivity is observed
with its maximum TSC = 0.8 K at pCEP. By further increase of hydrostatic pres-
sure the TCP is reached at TTCP = 24 K and pTCP = 1.42 GPa (Fig. 3.3b).
Metamagnetic wings were reported by Kotegawa et al. [76]. They have asymp-
totical shape with the QCWP at pQCWP ∼ 3.5−3.6 GPa and HQCWP ∼ 17−19 T.

URhGe

URhGe crystallizes in orthorombic TiNiSi crystal structure. It is a ferromag-
netic superconductor with TC = 9.5 K and TSC = 0.25 K. By applying external
magnetic field along the b-axis (perpendicular to easy magnetization axis) both
transitions are suppressed (superconductivity much more quickly) and the TCP
is reached just above 4 K and HTCP ∼ 12 T [77] (Fig. 3.4a). Near HTCP dome
of superconductivity reappears [4]. By applying additional field along the c-axis
(easy magnetization axis) the metamagnetic transition can be observed [77]. The
shape of the metamagnetic wings is more round-like with sharp drop and the
QCWP is located at Hc ∼ 1 T and Hb ∼ 13.5 T.

YbNi4P2

YbNi4P2 is considered to be a one-dimensional ferromagnet with TC= 0.15 K.
It crystallizes in ZrFe4Si2 structure, where Yb atoms are arranged in well sepa-
rated chains. Interesting physical properties were reported for this compounds
(magnetic moment in ab-plane, even though c-direction is the easy magnetization
axis). To investigate suppression of the ferromagnetic phase transition, single
crystal with arsenic doping on phosphorus site were prepared. No first order
transition was found and ferromagnetic QCP was estimated to be at 1% of ar-
senic [84] (Fig. 3.4b). The behavior near the QCP is not explained by any
existing theory. One of the reason for missing TCP comes from basic premise of
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(a) LaCrGe3 (b) Nb1−yFe2+y

Figure 3.5: a) Phase diagram of LaCrGe3 [87]. Light blue area is the ferro-
magnetic phase and the dark blue are the metamagnetic wings. Green surface
is modulated antiferromagnetic phase and LP is the Lifshitz point. b) Phase
diagram of Nb1−yFe2+y [88]. T0 is temperature which indicates ferromagnetic
instability. Buried FM QCP is avoided and does not affect behavior near SDW
QCP.

BKV theory, which predicts TCP only for 2D and 3D systems. The quasi-one
dimensionality of YbNi4P2, its other physical properties and unusual behavior
near the QCP make it interesting for research.

LaCrGe3

LaCrGe3 is a ferromagnet with TC = 85 K and ordered magnetic moment
at low temperature 1.25 µB/Cr [85]. There are two ferromagnetic phases - high
temperature one and low temperature one. By applying hydrostatic pressure TC
is suppressed [86]. At 1.3 GPa Lifshitz point is located in which new transi-
tion appears. This is a transition to modulated AFM phase with small Q vector
which is observed up to 5.2 GPa (Fig. 3.5a). The TCP is located around 1.6 GPa
and 40 K. At the TCP high temperature ferromagnetic phase dissipates. The first
order transition line is between the ferromagnetic phase and the antiferromag-
netic phase. Above 2.1 GPa two metamagnetic first order transitions appear [87],
creating the metamagnetic wings as in discontinuous phase diagram. Field in-
duced phase transition are from modulated AFM phase to the first ferromagnetic
phase and then to the second ferromagnetic phase. Above 2.5 GPa AFM and the
first ferromagnetic phase are separated by paramagnetic region. The QCWP is
located approximately at 30 T and around 3 GPa.

Nb1−yFe2+y

In stochiometric NbFe2 incommensurate long-wavelength spin-density wave
(SDW) phase appears at 10 K [89]. For iron rich phase (y > 0.01) Nb1−yFe2+y
orders ferromagnetically, but above ferromagnetic phase SDW phase is observ-
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Figure 3.6: Phase diagram of UCoAl determined by Kimura et al. in [10].

able up to y ≈ 0.02. Temperature of the SDW transition is suppressed with
increasing Nd and disappears at y ≃ -0.015. Near this concentration logarith-
mic dependence of heat capacity is observed, which is expected for ferromagnetic
QCP. But temperature dependence of electrical resistivity exhibits T 3/2 behavior,
expected for antiferromagnetic QCP. The strange behavior is explained by using
Landau expansion in terms of two order parameters [88]. Friedmann et al. [88]
showed that the TCP of SDW phase can be suppresses into quantum tricriti-
cal point (QTCP) (Fig. 3.5b). Divergent uniform susceptibility near the QTCP
causes strong FM fluctuations to contribute to specific heat near SDW QCP.
These FM fluctuations dominate only above crossover temperature specific for
heat capacity, whereas in electrical resistivity the specific crossover temperature
may be higher.

UCoAl

UCoAl crystallizes in hexagonal ZrNiAl structure. It is 5f electron paramagnet
down to the lowest temperatures. By applying external magnetic field of ∼ 0.7 T
along the c-axis at low temperatures, metamagnetic transition of the first order
into induced ferromagnetic state is observed [7, 90]. Broad maximum in magnetic
susceptibility is observed around 20 K and no considerable anomaly is observed in
electrical resistivity and heat capacity around this temperature. This broad peak
is connected to metamagnetism similarly as in LuCo2 and YCo2 [91]. Metamag-
netic transition changes from crossover regime to the first order phase transition
at CEP at ∼ 11 K [90]. Temperature of the CEP is suppressed and critical field
is increased by applying hydrostatic pressure. Magnetic phase diagrams were
published by Aoki et al. [78] and Kimura et al. [10]. Both groups report QCWP
at different pressures and magnetic fields, Aoki et al. at 1.5 GPa and 7 T [78]
and Kimura et al. at 2.9 GPa and 13 T [10]. Interestingly similar evolution of
critical field with applied pressure are observed. Kimura et al. in [10] discusses
that they observed some anomalies at 1.5 GPa and Aoki et al. in [78] identified
them as the QCWP.
By extrapolating pressure evolution of CEP, it is found that critical field goes
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to zero at ∼ -0.2 GPa. Therefore TCP and consequently ferromagnetic phase
cannot be reached by hydrostatic pressure, but ferromagnetic phase was reported
to be induced by uniaxial pressure [92] or doping [93].
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4. ZrNiAl compounds from UTX
family

URhGe and UCoAl both belong to the UTX family (T - transition metal,
X - p-metal), which can be divided to two groups based on the crystal structure:
orthorombic TiNiSi and hexagonal ZrNiAl. We will further on discuss only Zr-
NiAl group. Hexagonal ZrNiAl structure is shown in Fig. 4.1. The structure does
not have center of symmetry and there are two positions for transition metal (T1
and T2). Planes of U-T1 and T2-X alternate along the c-axis creating ZrNiAl
structure. All compounds exhibit strong magnetocrystalline anisotropy with the
c-axis as easy magnetization axis, while behavior in basal plane seems to be com-
pletely isotropic.

Figure 4.1: Hexagonal UTX structure of ZrNiAl type, shown with the c-axis
direction perpendicular to the plane. U-T1 and T2-X planes are stacked along
the c-axis.

Many ZrNiAl compounds order magnetically at low temperatures as can be seen
from Fig. 4.2. Majority of magnetic moments is found on uranium and only
small moments is observed on transition metal [94]. Magnetic moment of ura-
nium comes from the 5f electron states. In comparison to 4f electron states,
uranium 5f electron states are less localized (more extended) in space. This
leads to overlap with electron states of neighboring uranium atoms and other
close atoms. The shortest distance between two uranium atoms is found in the
basal plane, but transition metal atoms in the basal plane are even closer, there-
fore the 5f electron states hybridize with neighboring uranium 5f and transition
metal d electron states in the basal plane, which leads to observed strong mag-
netocrystalline anisotropy. The strong spin-orbit interaction leads to magnetic
moment oriented along the c-axis, making it the easy magnetization axis.
The Curie temperature is relatively small for all compounds and UCoAl exhibits
metamagnetic wings of discontinuous phase diagram, it would be expected that
more ZrNiAl compounds follow the same phase diagram. First compound, other
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Figure 4.2: Magnetic characters of UTX compounds of ZrNiAl-type [14].

than UCoAl, to exhibit the discontinuous phase diagram was URhAl reported
by Shimizu et al. [9]. URhAl is considered to be 2D Ising ferromagnet with
TC = 28 K [95]. The TCP is located at pTCP ∼ 4.8-4.9 GPa and TTCP ∼ 11 K [9].
Possibility to explore properties of the discontinuous phase diagram as a function
of physical properties, while keeping the same crystal structure makes this group
interesting for research. Below we summarize recent results on ZrNiAl compounds
relevant to this thesis:
UCoxRu1−xAl is pseudoternary compound. Polycrystalline samples were pre-

pared by Andreev et al. [93]. Ferromagnetic dome was found with both com-
pounds, UCoAl and URuAl being paramagnetic in the ground state. Already
for 1 % of Ru ferromagnetism is stabilized with TC = 16 K. This was confirmed
on single crystalline sample [96]. Coexistence of paramagnetic and ferromagnetic
phase near TCP was found in single crystal of UCo0.995Ru0.005Al [96].
UCoGa orders ferromagnetically at TC = 47 K [7, 97, 98]. Purwanto et al. [98]
deduced magnetic moments of U atoms in ferromagnetic state of 0.74±0.03 µB/U
Nakotte et. al. on single crystal obtained [97] magnetic moment in ferromagnetic
state of 0.65 µB/U. UCoGa and URhAl are isoelectronic, which makes phase di-
agram of UCoGa interesting to compare with the URhAl one.
URhGa was prepared only in polycrystalline form. Different Curie temperatures
were reported. Andreyev et al. [99] reports TC = 44 K and Sechovsky et al. [100]
reports TC = 41 K. Spontaneous magnetic moment of 1.2 µB/f.u. was found [101].
URhGa is also isoelectronic with regards to URhAl and UCoGa. More impor-
tantly atoms in U-T1 plane are the same in URhGa and URhAl, only difference
coming from the crystal structure parameter a and p-metal element. This offers
interesting possibility to compare behavior of these two compounds.
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5. Results

5.1 UCoGa

5.1.1 Samples preparation and its influence on the
physical properties

Two single crystals of UCoGa were prepared in different conditions to exam-
ine the effect of a single crystal growth and the effect of a thermal treatment on
the quality of single crystals. Different measurements of physical properties were
done to characterize the quality of the single crystals.
Polycrystalline precursors of UGe2 and UCo2 (SSE purified U, Co 3N5 and Ga 7N)
were melted together to obtain polycrystalline UCoGa. For both growths tung-
sten seed was used with pulling rate of 10 mm/h. The crucible was set to rotate
2.5 rpm clockwise for both single crystals. The first single crystal rotated counter-
clockwise with speed 4 rpm and for second single crystal its rotation was turned
off. Single crystals were wrapped in tantalum foil and annealed in ∼ 10−6 mbar
vacuum in quartz tube.
Melting temperature was determined by differential scanning calorimetry on piece
of polycrystalline ingot, with resulting TM = 930 K. Two pieces of the second single
crystal (SC2A), from part of ingot closer to the neck, were wrapped and annealed
for 3 weeks in 900◦C and 800◦C. Both crystals showed similar properties, there-
fore we refer only to the one annealed at 900◦C. First single crystal (SC1) was also
annealed at 900◦C, resulting in the piece SC1A900. Annealing did not change
crystallinity or composition, which would be observable. We also examined piece
of second single crystal closer to end of the ingot (labeled SC2C).
To determine the quality of single crystals we measured magnetic properties and

Figure 5.1: Temperature dependence of magnetization of the studied crystals of
UCoGa in the magnetic field of 0.01 T applied along the c-axis.
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Figure 5.2: (a, left) Temperature dependence of heat capacity of the studied single
crystals of UCoGa near the ferromagnetic transition. (b, right) Magnetization
curves of the studied single of UCoGa crystals measured at 1.8 K in the magnetic
field applied along the c-axis.

electrical resistivity. In Fig 5.1 we show temperature dependence of magnetiza-
tion. Almost all samples have TC close 48 K, expect SC2C which TC = 44 K as
can be seen from Table 5.1. This was also confirmed by heat capacity (Fig. 5.2a).
Magnetization curves were measured for all samples at low temperatures, shown
in Fig. 5.2b. Different samples show different coercivity, but in all of them co-
ercivity exponentially decreases with temperature and disappears around 26 K.
This behavior was described for soft ferromagnets in [102], in which coercive field
is directly proportional to pinning factor k. Resulting relation for pinning factor
can be written as

k (T ) = k (0) e− T
βTC , (5.1)

where β is critical exponent for pinning constant. From Fig. 5.3 and Table 5.1 one
can see that all temperature dependencies behave similarly. Resulting Hcoer (0)
is proportional to square root of defect density density due to defects acting as
pinning centers of domain walls [103]. Resulting relative density of defects can be
found in Table 5.1. All samples are compared to SC2A900 since it has the lowest
coercive field, therefore the lowest density of defects.
Other way to get an information about quality of samples is to measure electrical
resistivity to lowest temperature. By extrapolating electrical resistivity to 0 K we
can obtain electrical resistivity originating from disorder (cf Sec 1.3). Measured
electrical resistivities for all samples are shown in Fig. 5.4 and resulting residual
resistivities are in Table 5.1, in accordance with the data obtained from magne-
tization curves and hysteresis. Almost all samples show knee at TC and drop of
resistivity below TC. Only exceptions is SC2C, in which TC is almost not visi-
ble and the entire temperature range is dominated by a large residual resistivity
leading to RRR=R(100K)/R(2K)=1.8, which is much lower compared to other
samples in which RRR ranges from 6.3 to 11.4. The high degree of disorder in
SC2C probably leads to suppression of TC.
The results of as-grown crystals show difference in quality caused by different
parameters of preparation procedure. The turned off rotation of SC2 probably
caused less optimized solidification leading to higher concentration of defects.
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Figure 5.3: Temperature dependence of coercive field of studied crystals of
UCoGa. Logarithmic scale (vertical axis) is used to emphasize the exponen-
tial behavior following equation 5.1. The lines represent the fits (see detail in
text).

Interestingly SC2C shows worse quality, comparing it to SC2A. No increase of
quality was observed after annealing. With longer growth gallium evaporates
which can lead to worse quality in parts further from neck. This off-stochiometry
is small enough and was not observed by EDX. The annealing of SC2 led to sam-
ple with comparable quality as SC1, which is comparable to lot of high quality
single crystals from ZrNiAl family (UCoAl, URhAl, UNiGa). The sample SC2C
shows quite different behavior and its critical exponent β is different from other
samples. This suggests that SC2C reached new equilibrium state, which is differ-
ent from our other samples.
Shape of temperature dependencies of magnetization curves can be possibly ex-
plained by considering effect of the defects. All samples show steep increase at TC
except SC2C which shows Brillouin-like behavior. The Brillouin-like behavior is
recovered for all samples in higher magnetic fields. This is not unique behavior
for UTX compounds (e.g. URhAl [104]). In zero magnetic field domain wall will
form to minimize the system energy – energy of domain walls and domains itself.
The narrow 180◦ walls will form in position of defects or microstress to minimize

TC (K) Hcoer (T) β ρ0 (µΩ · cm) σ (σ0)
SC2A900 annealed 49 0.04 0.24 14 1.0
SC1A800 annealed 48 0.07 0.22 19 2.7
SC1A as-grown 48 0.07 0.25 19 2.7
SC2A as-grown 48 0.08 0.24 45 3.5
SC2C as-grown 44 0.19 0.33 75 21.1

Table 5.1: Summary of the fits of experimental data to the pinning model for soft
ferromagnets [103] and relative density of defects in relation to density defects
σ of SC2A900 σ0 (TC - Curie temperature, Hcoer - coercive magnetic field, β -
critical exponent for pinning constant, ρ0 - residual resistivity, σ - relative density
of defects).
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Figure 5.4: Temperature dependence of electrical resistivity of different samples
of UCoGa with current applied perpendicular to the c-axis.

the energy. Large defect density can lead to larger density of domain walls which
would itself lead to a lower TC, as observed in SC2C. In small fields the domain
walls are almost immobile. The only way how to change the bulk magnetization
is the change of polarity of whole domain. For SC2C the domains are small due
to large density of domain walls leading to easier change of polarization. But
in other samples domains are quite large in bulk as is expected for materials
with high anisotropy and polarity of whole domains is therefore harder to switch.
When the ratio µBB

kBT
is sufficiently large enough domains start to switch, leading

to bulk magnetization mimicking Brillouin-like behavior.

5.1.2 Magnetic force microscopy
The strong magnetocrystalline anisotropy together with rather small TC in

UCoGa should lead to very narrow domain walls. Using magnetic force mi-
croscopy, we can examine domain structure and determine domain wall thick-
ness. To our knowledge no similar study on uranium compounds can be found in
literature.
The MFM measurement was done by Kalabis [105] in his bachelor thesis. Here
we present refinement of the results and evaluation of the obtained data.
The small piece of single crystal was cut perpendicular to the easy magnetization
axis to the shape of a plan parallel plate of 1 mm thickness. The largest surface
was polished with diamond paste of 1 µm grade and the surface was then washed
in acetone and isopropanol. The surface topography was measured by atomic
force microscope (AFM) at 50 K (Fig. 5.5), well above TC. MFM images were
taken from the same area as AFM. The amount of the dirt and scratches on the
surface were on acceptable level and they also served as markers on the surface,
highlighted by red circle in Fig. 5.5.
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Figure 5.5: Topography of the surface of UCoGa, where MFM images were taken.
Red circles highlights marker on the surface.

For reference for the MFM measurements temperature dependence of magnetiza-
tion and magnetization curves were measured on the same sample. The results
are shown in Fig. 5.6. The sample has Curie temperature TC = 45 K and ordered
magnetic moment at 20 K µo = 0.6µB/f.u. Similarly to our results discussed ear-
lier coercivity disappears around 26 K.
At the surface perpendicular to the easy-magnetization axis of a ferromagnetic
material with strong uniaxial anisotropy, we can observe a domain pattern created
by domain branching [106]. The magnetization process of UCoGa in magnetic
field measured by MFM at 20 K is presented in Fig. 5.7. In zero-field-cooled
image (Fig. 5.7a) labyrinth-like domain structure is captured. This structure is

Figure 5.6: Temperature dependence of magnetization in 0.01 T for the sample
of UCoGa used for MFM. In the inset magnetization curve measured at 20 K on
the same sample is shown.
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(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 5.7: MFM images at 20 K in increasing and decreasing magnetic field.
All scans from a) to h) were made during increase and following decrease of an
applied magnetic field. Scan in a) was done in zero field upon cooling from high
temperatures. Scans from a) to e) show the process in increasing magnetic field.
The process in decreasing field is shown in scans f) to h). The MFM probe was
magnetized in positive magnetic field.

still observed in 0.01 T in Fig. 5.7b. This domain structure agrees with domain
pattern created by domain branching. With increasing magnetic field, the darker
domains (magnetized in same direction as the magnetization of the probe) start
to expand. Partial magnetization is observed at 0.05 T (Fig. 5.7c). In agreement
with magnetic isotherm (inset of Fig. 5.6) in fields 0.1 T and 0.3 T (Fig. 5.7d and
5.7e) the sample is fully magnetized. With decreasing magnetic field (Fig. 5.7g
and 5.7h) new magnetic domains appear. Due to remnant magnetization, these
domains have different shape and ratios than the ones in the zero-field-cooled
image in Fig. 5.7a, however, some domains are pinned to the same place at the
surface. By applying negative magnetic field we observed same magnetization
process (not shown). In fully magnetized state (Fig. 5.7d and 5.7e) weak lines or
diamond-like pattern is observed (highlighted by green dashed line in Fig. 5.7).
This pattern is observed even in an applied magnetic field of 14 T. This lines
are not observed on topography in Fig. 5.5. The pattern lines cross with angles
of 120◦ and are probably related to structural defects. In the partially magnetized
state, some of the magnetic domain are pinned to these lines.
The MFM images in Fig. 5.8 show the evolution of magnetic domains upon cool-
ing in zero magnetic field. Magnetic domain form just below the Curie tempera-
ture. Upon cooling the df contrast increases as expected with increasing magnetic
moments of the magnetic domains. The domain branching pattern is observed in
whole temperature range in Fig. 5.8. The shape of the domains at the surface
changes only slightly, emphasizing morphological details, with decreasing tem-
perature. The magnetic domains resemble the ZFC domains at 20 K (Fig. 5.7a),
only the contrast is inverted due to the opposite magnetization of the probe (re-
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(a) (b) (c) (d)

Figure 5.8: MFM images of magnetic domain at different temperatures without
an applied magnetic field.

sulting from the history of the measurement).
To investigate the change of surface domains with temperature in more detail, the
width of the surface domains was determined at a number of temperatures by the
stereological method. In the stereological method [106] the width is calculated
from the number of intersections of domain walls with an arbitrary test line in
the MFM image (WS = 2l/πn, where l is the total test-line length and n the
number of intersections). Results are plotted in Fig. 5.9. The error was calcu-
lated as three standard deviations of a normal distribution. The surface-domain
width decreases with temperature. This decrease is due to the decreasing width
of the magnetic domains inside the sample, which decreases due to the increasing
magnetic moment.
The value of the surface-domain width for a strong uniaxial ferromagnet can be

Figure 5.9: Evolution of the domain width with temperature upon heating and
cooling in zero applied magnetic field.

52



used to determine the domain-wall energy through the equation [106, 107, 108]

WS = 24.5 γw

Kd

, (5.2)

where γw is the domain-wall energy per area unit and Kd the stray-field-energy
constant, which is determined at low temperatures by the relation

Kd = M2
s

2µ0
, (5.3)

where Ms is the spontaneous magnetization and µ0 the vacuum permeability.
Using equations 5.2 and 5.3 and using only the values at 5 K to minimize any
thermal effects, the value of the domain wall energy of 1.1 mJ/m2 was determined.
In most bulk ferromagnetic materials the Bloch domain wall is found. However,
a simple calculation shows that it is not the case for UCoGa – the width of
a Bloch domain wall can be determined using the of magnetic anisotropy con-
stant of 88 MJ/m3 reported by Prokes et al. [109] and the domain wall energy
of 1.1 mJ/m2 determined from the surface-domain width. The obtained width
of a Bloch domain wall would be δDW = 9.85 pm, which is two orders of magni-
tude smaller than the distance between two nearest magnetic atoms (∼ 360 pm).
The failure of the model is not surprising. In the Bloch-domain-wall model, the
magnetic moment slowly rotates (angle of rotation of about 1◦ between moments
of neighbouring atoms) due to a small constant of magnetic anisotropy or/and a
strong exchange interaction, while, in UCoGa, the magnetic anisotropy is large
and the exchange interaction rather weak.

Figure 5.10: Schematic representation of magnetic uranium atoms creating a
distorted kagome lattice with the non-distorted kagome lattice for comparison.
The c-axis is perpendicular to the plane.

Therefore, we rather consider a large angle of rotation between neighbouring mag-
netic moments, e.g. 180◦ (the domain wall only consists of atoms with opposite
magnetic moments and the width is equal to the distance between neighbour-
ing magnetic atoms). In such a case, there is no contribution from the uniaxial
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magnetic anisotropy as both directions of magnetic moments are energetically
equal. The energy needed to create a magnetic domain wall is then simply equal
to the interaction energy between the nearest magnetic moments. The crystal
structure of UCoGa is characterized by a distorted kagome lattice as presented
in Fig. 5.10 and highlighted by the position of the magnetic uranium atoms. As
will be discussed later in the thesis, results of the critical exponents in UCoGa sug-
gest that it belongs to the 2D Ising with long-range universality class, similarly to
URhAl [95]. The interaction energy can be derived from the Curie temperature of
UCoGa using the relation for the 2D Ising ferromagnet kagome lattice [110]. The
smallest part of the domain wall then consists of an equilateral triangle, made of
two neighbouring atoms with parallel moments and one magnetic atom, nearest
neighbour of these two, with opposite magnetic moment, based on the geometric
considerations. The interaction energy between these magnetic moments is equal
to 2J = kBTCln

(︂
3 +

√
12
)︂

[110] and the domain-wall energy is then 1.4 mJ/m2,
which agrees rather well with the value 1.1 mJ/m2, determined earlier from the
MFM measurement from the width of the surface domains.

5.1.3 Pressure experiments
Hydrostatic pressure was applied to investigate the possible suppression of the

ferromagnetic phase transition and TCP. A part of SC2A800 sample was used to
measure electrical resistivity and magnetization at various hydrostatic pressures.
For magnetic measurements “turnbuckle”-type diamond anvil cell [60] was used
and for electrical resistivity Merryll-Basset type diamond anvil cell was used. For
both measurements Daphne 7474 was used.

Figure 5.11: (a, left) Temperature dependence of electrical resistivity of UCoGa in
zero applied magnetic field at different pressures. The solid lines at each pressure
are fit of ρ = ρ0 + AT n to the measured data. (b, right) Temperature derivative
of electrical resistivity of UCoGa at different pressures.

At Fig. 5.11a a clear cusp-like anomaly connected to the ferromagnetic phase
transition is observed around 3 GPa in electrical resistivity, similar to the one in
ambient pressure in Fig. 5.4. With increasing pressure the anomaly is smeared
out. The smearing out of the anomaly is seen in derivative of electrical resistivity
as well. At ambient pressure step-like change in the derivative is observed but
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Figure 5.12: (a, left) Pressure dependence of saturated magnetic moment of
UCoGa at 0.5 T from 2 K to 30 K. (b, right) Temperature dependence of magne-
tization of URhGa in magnetic field of 0.1 T applied along the c-axis at different
pressures.

with increasing pressure turns it into a broad bump at 5–6 GPa and remains
unchanged at higher pressures (Fig. 5.11b).
To better understand pressure evolution electrical resistivity data were fitted
by ρ = ρ0 + AT n at low temperatures, with resulting fits shown in Fig. 5.11a. At
low pressures the electrical resistivity is proportional to T 2 at low temperatures,
in agreement with the ferromagnetic ground state of the compound. With increas-
ing pressure abrupt change of ρ0, A and n is observed around 6 GPa (Fig. 5.13a),
indicating the change of the second order phase transition into the first order one.
The exponent n drops to value of 1.72, which is close to the value 5/3 expected at
presumed quantum phase transition from the theory of 3D spin fluctuations. The
value of the exponent n can be also explained by two scattering mechanism as
discussed in chapter 3. Similar values were reported in pressure studies of related
URhAl in the vicinity of suppression of the long-range order [9].

To confirm the order-disorder transition the pressure evolution of magnetic

Figure 5.13: (a, left) Results of fitted model ρ = ρ0 + AT n at different pres-
sures. (b, right) Phase diagram of UCoGa determined from the measurements of
magnetization and electrical resistivity.
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properties was measured in 0.1 T (field-cooled) with magnetic field applied along
the c-axis. At lower pressures the ferromagnetic phase transition is well defined,
being suppressed to ∼ 30 K at ∼ 6 GPa (Fig. 5.12b ). At higher pressure weak,
paramagnetic-like, increase of magnetization is observed, indicating loss of long-
range order. Further on, saturated magnetic moment in 0.5 T (well above the
coercive field) decreases with increasing pressure as shown in Fig. 5.12a. Satu-
rated magnetization at 2 K reaches 2/3 of its value at ambient pressure around
the critical pressure and then rapidly drops. Above critical pressure some satu-
rated magnetization is still observed at 2 K and 10 K. This can be explained by

Figure 5.14: (a, left) Magnetization curves at 2 K of UCoGa at different pressures.
Magnetization curve at ambient pressure was measured without the pressure cell.
(b, right) Arrot’s plot of magnetization curves at 2 K. The contribution from the
pressure cell is subtracted.

presence of the first order transition resulting in phase separation. Same effect is
observed in UCo0.990Ru0.010Al and discussed later.
Electrical resistivity and magnetization measurement confirm suppression of fer-
romagnetic phase transition down to 30 K and 6 GPa, identified as the TCP. The
phase diagram follows the expectations for metallic quantum ferromagnet with
discontinuous phase diagram (Fig. 5.13b).
To investigate effect of increasing pressure more closely we investigated change of
degree of localization based on spin fluctuation theory by Takahashi [24] (sec. 1.2).
Magnetization at pressures up to 1 GPa was measured using CuBe pressure in
MPMS 7 XL SQUID based magnetometer. Temperature dependencies of magne-
tization and magnetization curves at 2 K at three different pressure points were
measured. Temperature dependence of magnetization was measured in 0.01 T
and used to determine TC at given pressure. Measured magnetization curves are
shown in Fig. 5.14a, together with curve obtained without the pressure cell. The
difference between curve at ambient pressure and at 0 GPa was used to determine
the contribution of the pressure cell. The contribution was then subtracted and
resulting magnetization curves are plotted in Arrot’s plot in Fig. 5.14b. From
the slope of Arrot’s plot, TC and spontaneous magnetization we determined pa-
rameters F1, TA, T0 and TC

T0
from Takahashi’s spin fluctuation theory using equa-

tions 1.13, 1.14 and 1.15. The parameters can be fined in Table 5.2.
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P (GPa) TC (K) µs (µB/f.u.) F1 (103 K) TA (103 K) T0 (K) TC
T0

0 48.8 0.56 3.06 1.75 267 0.182
0.73 46.0 0.53 2.32 1.70 330 0.139
1.00 44.5 0.50 1.88 1.72 424 0.105

Table 5.2: Curie temperature and spontaneous magnetic moment for UCoGa at
different pressures. The values of F0, TA, T0 and TC

T0
were obtained from spin-

fluctuation theory by Takahashi [24] using equations 1.13, 1.14 and 1.15.

5.2 UCo0.990Ru0.010Al

5.2.1 Sample preparation
The single crystal was prepared by Czochralski method with pulling rate

of 12 mm/h. As-grown single crystal was wrapped in tantalum foil and closed
in quartz tube in vacuum of 10−6 mbar for annealing. The single crystal was
annealed for 5 days in 900◦C. To check composition we used inductively cou-
pled plasma optical emission spectroscopy to determine correct composition as
UCo0.990Ru0.010Al.

5.2.2 Results of measurement in ambient pressure
Results of magnetic measurements were part of authors diploma thesis [96],

therefore only important results are mentioned. Transition temperature of 16 K
was determined from temperature dependence of magnetization and the sponta-
neous magnetic moment of 0.36 µB/f.u. was found. Results of the fit of modified
Curie-Weiss law were χ0 = 9.75 · 10−9 m−3·mol−1, ΘP = 34.9 K and the effective
magnetic moment is µeff = 1.83µB/U ion.
The electrical resistivity was measured from 300 K to 1.8 K (Fig. 5.15a). Ferro-
magnetic transition is visible as a knee around 15 K (Fig. 5.15b). Data from 1.8 K
to 6 K were fitted with ρ = ρ0+ AT n as shown in Fig 5.15b. Resulting parameters
of were ρ0 = 21.4µΩ · cm, A = (9.39 ± 0.16) · 10−2µΩ · cm and n = (1.99 ± 0.01).

Figure 5.15: (a, left) Temperature dependence of electrical resistivity of U-
Co0.990Ru0.010Al in zero applied magnetic field. (b, right) Detail of electrical
resistivity and fit of T 2 model to electrical resistivity at low temperatures.
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Exponent n is close to 2, which is expected for Fermi liquid behavior at low
temperatures.

5.2.3 Hydrostatic pressure experiments

(a) Magnetic field of 0.01 T. (b) Magnetic field of 0.02 T.

Figure 5.16: Field cooled temperature dependence of magnetization in applied
magnetic field a)0.01 T and b) 0.02 T.

Hydrostatic pressure was applied to suppress ordering temperature of ferro-
magnetic transition and reach TCP, QPT and QCWP. The pressure experiments
focused on two interesting parts of the discontinuous phase diagram. First part is
the vicinity of TCP, first order phase transition and QPT. Second part is meta-
magnetic wings and their suppression into QCWP. Magnetic measurements in
MPMS were done in detail at several pressure points up to 0.4 GPa. Usually
superconducting transition of lead is used to determine the value of pressure at
low temperature, but due to the leads strong diamagnetic signal below TSC, we
first measured data with lead and used this data to determine pressure for the

Figure 5.17: (a, left) Magnetization curves at 5 K at several pressures. (b, right)
Pressure dependence of the remnant magnetization and the step of the metam-
agnetic transition. The full points are for data at 1.8 K and the empty ones for
data at 5 K.
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Figure 5.18: Temperature dependence of critical field of metamagnetic transition
and coercivity at selected pressures. Full points are for the temperatures where
the metamagnetic transition is first order phase transition, while empty points
are for the crossover.

measurement without lead. Here we show the data from measurement without
lead.
Ferromagnetic transition is visible up to 0.2 GPa (Fig. 5.16a), at higher pres-
sure no transition is visible and magnetization increases linearly with decreasing
temperature (Fig. 5.16b). The step around 3 K, in Fig. 5.16a comes from su-
perconducting transition of indium which is used as sealing of the pressure cell.
Anomaly at 6 K, in both 5.16a and 5.16b, is pressure independent and therefore
originates probably from pressure cell similarly to superconducting transition of
indium. Magnetization curves obtained at 5 K at different pressures are shown
in Fig. 5.17a. Below 0.2 GPa magnetization curves keep the characteristic rectan-
gular shape for a ferromagnet. Already at 0.26 GPa additional feature is observed
and with increasing pressure this feature is more pronounced until clear meta-
magnetic transition is observed. Even with appearance of metamagnetic tran-
sition ferromagnetic curve can be observed up to 0.4 GPa. The ferromagnetic
curves at different pressures have the same temperature dependency of coercive
field (Fig. 5.18), which suggests that the ferromagnetic phase is same up 0.4 GPa.
On the other hand critical field of metamagnetic transition increases (Fig. 5.18)
as can be expected in the discontinuous phase diagram. These results suggest
some mixing of the ferromagnetic (ordered) phase and the paramagnetic (disor-
dered, in which metamagnetic transition is subsequently observed) phase. This
mixed phase is shown more clearly in Fig. 5.17b, where disappearance of fer-
romagnetic phase is connected to disappearance of remnant magnetization and
emergence of paramagnetic phase is proportional to step of metamagnetic transi-
tion. One should also notice that saturated magnetization changes slightly with
increasing pressure (Fig. 5.17a), therefore the ferromagnetic phase and the in-
duced ferromagnetic phase have the same physical origin. Based on the present
data we locate the TCP at 0.2 GPa and 8 K.
Electrical resistivity was measured in ferromagnetic and mixed phase part of the
discontinuous phase diagram. The anomaly in electrical resistivity is suppressed
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Figure 5.19: (a, left) Temperature dependence of electrical resistance at different
pressures. Electric current was applied perpendicular to the c-axis. Data are
shifted by 0.5 mΩ for better clarity. (b, right) Pressure dependence of residual
resistivity ρ0, coefficient A and exponent n as results of fit of ρ = ρ0 + AT n at
low temperatures. The error bars are determined by uncertainty of the model
parameters.

with increasing pressure and at 0.2 GPa is no longer visible as shown in Fig. 5.19a.
Temperature dependencies of electrical resistivities were fitted with ρ = ρ0 +AT n

as to determine if Fermi liquid behavior is observed or some other behaviors ap-
pears. The resulting values of ρ0, A and n as a function of pressures are shown
in Fig. 5.19b. The exponent n starts close to 2 which is expected in ferromagnetic
material at low temperatures. With increasing pressure n increases due to other
smaller contributions or closeness to the TCP. As the TCP is crossed n starts to
decrease until value of ∼ 1.5 is reached. This values is observed even at higher
pressures (above 1 GPa), where no sign of ferromagnetic phase is observed.
Temperature dependence of magnetoresistivity is shown in Fig. 5.20a. Minimum

Figure 5.20: (a, left) Temperature dependence of magnetoresistivity in magnetic
field of 3 T applied along the c-axis at different pressures and UCo0.995Ru0.005Al
at ambient pressure for comparison, measured in the same geometry and in
the magnetic field of 2 T. (b, right) Extracted temperatures of the mini-
mum at different pressures (black points) and temperature of the minimum of
UCo0.995Ru0.005Al (red point). The red dashed line shows which pressure point is
equivalent to the ground state of UCo0.995Ru0.005Al.
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Figure 5.21: Pressure dependence of the CEP of UCo0.990Ru0.010Al. Blue points
show at which temperature the first order metamagnetic phase transition is ob-
served, while red points show where crossover is observed. Temperature of the
critical endpoint is taken as the last first order transition at given pressure.

of magnetoresistivity at 0 GPa is centered at TC as can be expected for ferromag-
netic phase transition. With increasing pressure the value of minimum becomes
smaller and moves to lower temperatures. The pressure dependence of the tem-
perature of the minimum of magnetoresistivity is shown in Fig. 5.20b. The large
drop of the temperature of the minimum between 0 GPa and 0.12 GPa is due
to the suppression of ferromagnetic phase transition, while above 0.12 GPa the
suppression of the temperature of the minimum is smaller. Above 0.12 GPa the
minimum is of the ferromagnetic origin and the slow suppression can explained
by area of phase diagram where mixed phase appears. The ferromagnetic origin
also agrees with the decreasing value of the minimum, as a smaller volume of the
ferromagnetic phase is present in the sample with increasing pressure. In UCoAl
similar minimum was also reported at 17 K from measurement in the same geom-
etry [111]. The minimum in UCoAl originates from the spin fluctuations, which
are also observed at same temperature in magnetic susceptibility. With regards
to this, we cannot exclude that similar contribution is present at the mixed phase
and would be seen at higher pressure, where ferromagnetic phase completely dis-
appears.
If we compare the temperature of magnetoresistivity of UCo0.995Ru0.005Al to val-
ues of UCo0.990Ru0.010Al obtained at different pressures, as shown in Fig. 5.20b,
we can conclude that UCo0.995Ru0.005Al and UCo0.990Ru0.010A between 0.2 GPa
and 0.3 GPa have a similar ground state. This agrees with experiments on
UCo0.995Ru0.005Al [96] and confirms the mixed phase in UCo0.990Ru0.010Al at these
pressures.
To measure change of the metamagnetic transition and magnetization with in-
creasing pressure above 1 GPa hall probes were used. The pressure experi-
ments were done using multilayered clamp pressure cell made from CuBe and
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MP35N [64]. The value of pressure at room temperature was determined by
manganin and Daphne 7474 was used as pressure medium. Measurement by hall
probes is discussed in experimental part. We subtracted the ordinary Hall effect of
the probe, but we were not able completely subtract the contributions of quantum
oscillations due to the magnetic field produced by the sample’s magnetization.
The results obtained by Hall probe together with results from measurement in
MPMS are summarized in Figs. 5.21 and 5.22. The QCP where metamagnetic
transition disappears is found at PQCP = 1.6 GPa and HQCP = 5 T.

(a) H-P projection (b) T-H projection

Figure 5.22: Projections of the metamagnetic wings of UCo0.990Ru0.010Al into two
dimensional graphs. The value of critical field of first order transition is at the
critical endpoint at the given pressure point.
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5.3 URhGa

5.3.1 Sample preparation
Single crystal of URhGa was grown by Czochralski method with pulling speed

of 12 mm/hr using high purity elements U (SSE purified), Rh (99.95%) and
Ga (99.9999%). Prepared single crystals were wrapped in Ta foiled and sealed
in quartz tube at 10−7 mbar. The annealing was done done at 900◦C for three
weeks. Quality of single crystals was checked by EDX method and Laue method,
which was used to orient single crystals too, XRPD confirmed hexagonal ZrNiAl
structure with c = 394 pm and a = 701 pm. Samples were cut by a wire saw
using a mixture of water, glycerin and silicon carbide powder as a suspense.

Figure 5.23: (a, left) Temperature dependence of field-cooled and zero-field-
cooled magnetization of URhGa in magnetic field of 0.01 T applied along the
c-axis. (b, right) Temperature dependence of the inverse magnetic susceptibility
of URhGa in different fields. The magnetic field is applied along the c-axis. The
blue line is the fit of modified Curie-Weiss law.

5.3.2 Results at ambient pressure
From temperature dependence of magnetization Curie temperature of 41.5 K

was determined (Fig. 5.23a). Similar value was found for polycrystalline sam-
ples [100]. Magnetic susceptibility was measured in 1 T and 5 T and is plotted in
Fig. 5.23b. Modified Curie-Weiss law was fitted from 80 K to 300 K and result-
ing values are µ0 = 5.05 ·10−9 m3·mol, ΘP = 44.8 K and µeff = 2.47 µB/U. The
spontaneous magnetic moment µs = 1.17 µB/f.u. at 1.8 K was determined from
magnetization curve in Fig. 5.24. The magnetization curve for the field applied
perpendicular to the c-axis shows weak paramagnetic behavior due to the strong
magnetocrystalline anisotropy.
The ferromagnetic transition is also visible in heat capacity with peak at 41 K
(Fig. 5.25a). The Sommerfeld coefficient γS = 44 mJ/mol.K determined from
C/T vs T , is close to values determined on polycrystalline sample [112].

Magnetic part of the heat capacity was determined by subtracting phonon
and electron contributions. Phonon contribution was estimated from the data
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Figure 5.24: Magnetization curves obtained at 2 K for magnetic applied along
the c-axis (black points) and perpendicular to the c-axis (red points).

below 10 K and above 60 K, where contribution from magnetic part should be
negligible (Fig. 5.25a). The extracted magnetic heat capacity shows a peak
near 41 K (Fig. 5.25b), which is suppressed and more rounded with increasing
applied magnetic field. From the magnetic heat capacity we obtained magnetic
entropy plotted in Fig. 5.25b. The value of the magnetic entropy is smaller
than Rln2, which is seen in many UTX compounds (UNiGa 0.5Rln2 [113], UNiAl
0.14Rln2 [114], URhAl 0.4Rln2 [115], UIrAl 0.33Rln2 [116], UPtAl 0.7Rln2 [117]).
Lower values than Rln2 come from itinerant character of the uranium 5f elec-

Figure 5.25: (a, left) Temperature dependence of heat capacity of URhGa in dif-
ferent magnetic fields applied along the c-axis. The dashed line is the estimated
electron and phonon contribution to heat capacity (see in text). (b, right) Tem-
perature dependence of magnetic part of heat capacity in zero applied magnetic
field. Inset shows magnetic entropy obtained from magnetic heat capacity.
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Figure 5.26: Temperature dependence of electrical resistivity of URhGa. (a, left)
Electric current applied perpendicular to the c-axis and magnetic field applied
along the c-axis. (b, right) Electric current applied along the c-axis.

trons.
Electrical resistivity was measured with electric current parallel and perpen-

dicular to the c-axis. The ferromagnetic transition is observed in the data for
both current directions (Fig. 5.26). The behavior of electrical resistivity differs
at the ferromagnetic transition between both directions. The perpendicular di-
rection to the c-axis exhibits a small upturn before the transition (Fig. 5.26a),
while the direction parallel to the c-axis exhibits a sharp downturn (Fig. 5.26b).
Both directions have in common a wide maximum around 200 K. This is often
explained as change of conduction electrons, most probably due to the 5f electron
states which are located close to the Fermi energy.
The residual resistivity for both current directions differs due to the strong aniso-
tropy. The difference can be explained as the conduction electrons, for current

Figure 5.27: (a, left) Temperature derivative of electrical resistivity of URhGa
for current applied along (black points) and perpendicular (red points) to the
c-axis. (b, right) Temperature dependence of magnetoresistivity for different
magnetic fields. Magnetic field was applied along the c-axis and current was
applied perpendicular to the c-axis.
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(a) Data and fits for current applied perpen-
dicular to the c-axis.

(b) Data and fits for current applied along
the c-axis.

Figure 5.28: Temperature dependence of electrical resistivity of URhGa with dif-
ferent models fitted at low temperatures for different directions of electric current.
Green line is for T 2 fit, red line is for T n fit and blue line is for fit by magnon
model.

perpendicular to the c-axis, travel in U-T1 and T2-X planes of ZrNiAl structure,
while the electrons for current parallel to the c-axis travel through the planes.
The conduction electrons for different direction of current see different potentials,
which leads to different mean free path. As a result, different values of residual
resistivity for current in different directions is observed. The values of residual
resistivity (40 µΩ.cm for I ⊥ c and 17 µΩ.cm for I ∥ c) are close to the values of
a good single crystals in ZrNiAl group.
Derivative of temperature dependence of electrical resistivity for both current
direction shows large maximum well below the Curie temperature (Fig. 5.27a).
For I ⊥ c the maximum is at 21 K, while for I ∥ c the maximum is at 26 K.
Additionally the ferromagnetic transition is also observed for both direction, but
the anomalies in derivatives are different due to already different behavior of elec-
trical resistivity for both directions as mentioned above.
Similar anomaly, except it is a minimum, is seen in temperature dependence of
magnetoresistivity for I ⊥ c and magnetic field along the c-axis (Fig. 5.27b). The

model parameters I ⊥ c I ∥ c

T2 A2 (µΩ.cm.K−2) 8.03 2.78

Tn An (µΩ.cm.K−n) 2.16 0.52
n 2.83 2.96

e-m scattering
A2 (µΩ.cm.K−2) 7.74 2.71
B (102µΩ.cm.K−1) 3.02 1.80
∆ (K) 21 27

Table 5.3: Parameters of fit of different models of the electrical resistivity for
URhGa.
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Figure 5.29: Temperature dependence of Hall resistivity of URhGa in different
magnetic fields. (a, left) Hall resistivity between 1.8 K and 300 K. (b, right) Hall
resistivity between 1.8 K and 80 K.

minimum is at 21 K and its position does not change with increasing magnetic
field, but the minimum becomes more pronounced with increasing magnetic field.
This behavior of magnetoresistivity suggests the minimum and the maximum in
the electrical resistivity have magnetic origin.

We analyzed temperature dependencies of electrical resistivity for both direc-
tions. All values from different models are in Table 5.3 and the fits of the models
to the data are plotted in Fig. 5.28. The first model to fit the data for both
directions was ρ = ρ0 + AT 2, which is used to describe Fermi liquid behavior of
electrical resistivity as described in sec. 1.4. The T 2 behavior is only observed
up to 4 K for both directions. In second model we modified the first one to let
the exponent of the temperature to be a free parameter of fit of the data with
results in Table 5.3. Exponents for both directions are close to n = 3, but only
up to ≈ 20 K. For temperatures above 20 K T n model cannot be fitted without a
large error. Final model is based on electron-magnon scattering and is described
in sec. 1.4. The e-m model is applicable to higher temperatures in comparison
to T n model. The value of the magnon gap ∆ is 21 K for I ⊥ c and 27 K for I ∥ c,
which is the same values as for the maxima in derivatives for the corresponding
direction. The same values seems to be more than a coincidence. It is important
to mention that the e-m model was derived for localized ferromagnet and there-
fore its application for URhGa is limited. To investigate this anomalous behavior
we measured the Hall effect.

The Hall effect was measured with the current applied perpendicular to the
c-axis and the magnetic field was applied along the c-axis. Hall resistivity was
measured by two contacts on the sample. To subtract contribution from the elec-
trical resistivity to the Hall resistivity both polarizations of magnetic field (+
and -) were measured as the electrical resistivity is symmetric with regards to the
direction of magnetic field but Hall resistivity is antisymmetric.
Temperature dependence of the Hall effect measured in several magnetic field is
shown in Fig. 5.29. At high temperatures Hall effect should only depend on ordi-
nary part, but wide minimum around 200 K is observed in 5 T and 9 T, which is
connected to maximum in electrical resistivity, suggesting anomalous Hall effect
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Figure 5.30: (a, left) Hall resistivity measured in 5 T (black points) with fits for
ferromagnetic (red line) and paramagnetic part (green line). (b, right) Hall re-
sistivity of URhGa measured at several temperatures with magnetic field applied
along the c-axis.

origin. Ferromagnetic transition is seen for the data in 0.01 T (Fig. 5.29b), while
for higher field it is smeared out. Below and close to TC anomalous Hall effect is
the main contributor to the Hall effect. The data in 5 T were fitted with ordinary
Hall effect and anomalous Hall effect using Eq. 1.22 for ferromagnetic (2-40 K)
and paramagnetic region (60-300 K) (Fig. 5.30a). The resulting values are in Ta-
ble 5.4. From obtained R0 we calculated the number of negative charge carriers
to be 0.87 per unit cell in the paramagnetic regime. In the ferromagnetic regime
the major charge carriers are positive and their number is 0.59 per unit cell. To
explain the positive ordinary Hall effect at least two contributors to conductiv-
ity/resistivity must be considered.
Two band model considers contribution from two charge carriers: holes and elec-
trons and the magnetoresistivity can be described by equation [118]

∆ρ

ρ
= Rhσh + Reσe

σeσh (Rh − Re)2
µ2B2

1 + µ2B2 ,

where ∆ρ
ρ

is the magnetoresistivity, Rh, Re are the ordinary Hall effect coeffi-
cients of holes and electrons, respectively, σh, σe are electrical conductivities of
holes and electrons, respectively, B is the applied magnetic field and µ is mobil-
ity. If holes are major charge carriers then the absolute value of the term Rhσh

should be larger than the absolute value of the term Reσe and the whole mag-

parameters 60 K - 300 K 2 K - 40 K
R0 (m3.C−1) -1.20 1.78
a (T−1) 4.76 -0.03
b 106

(︂
T−1 (µΩ.cm)−1

)︂
-1.66 0.58

n -0.87 0.59

Table 5.4: Results of fit of paramagnetic region (60 K - 300 K) and ferromagnetic
region (60 K - 300 K) of Hall effect (R0 - ordinary Hall effect,a - coefficient of
skew scattering, b - coefficient of intrinsic and jump scattering and n - number
and polarity of charge carriers per unit cell).
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Figure 5.31: Resulting values of fits of magnetic field dependence of Hall effect at
different temperatures in Fig. 5.30b. Temperature dependencies of (a, left) Or-
dinary Hall effect coefficient, (b, center) skew scattering contribution coefficient,
(c, right) intrinsic and jump scattering contribution coefficient.

netoresistivity should be positive (electrical resistivity increases with increasing
magnetic field). In Fig. 5.27b magnetoresistivity is negative in the whole tem-
perature region below TC only small part is positive at lowest temperatures and
in highest field. Negative magnetoresistivity in ferromagnets is explained by
spin fluctuations, which are suppressed by applied magnetic field. It is possible
that the contribution of suppression of magnetic fluctuations is too strong and
the positive contribution coming from the two band model cannot be observed.
Only at low temperatures some indications of positive magnetoresistivity are ob-
served (Fig. 5.27b).
To explore the change of the ordinary Hall effect coefficient and anomalous Hall
effect in the ferromagnetic regime and also the strange behavior of the magne-
toresistivity and the derivative of the electrical resistivity, several field scans were
measured (Fig. 5.30b). To fit the ordinary and the anomalous Hall effect resis-
tivity magnetization was measured on the same sample at same temperatures.
The Hall resistivities were fitted upwards from 1 T to negate any effect of domain
walls. The resulting parameters as a function of temperature are in Fig. 5.31.
Between 32 K and 34 K discontinuity is observed for all parameters. Explanation
for the discontinuous ordinary Hall effect coefficient would be a Fermi surface re-
construction but the ordinary Hall effect diverges which points to conclusion that
applicable, can be missing additional contribution, which could be connected to
strange anomalies at the derivative of electrical resistivity and magnetoresistiv-
ity. Due to the unknown origin of the behavior we cannot account for additional
contribution to the Hall effect.

5.3.3 Experiments at hydrostatic pressure
URhGa can be easily compared to UCoGa as it has the same crystal struc-

ture, similar TC, but the spontaneous magnetic moment is almost two times
bigger. Therefore the TTCP in URhGa should be at higher temperatures than in
UCoGa. In order to test this, magnetic properties of URhGa were measured at
hydrostatic pressure using the CuBe pressure cell (between 0 GPa and ∼ 1 GPa)
and the “turnbuckle”-type diamond anvil cell (above 1 GPa, up to 9 GPa).
The temperature dependencies of magnetization at different pressures from two
different measurements are shown Fig. 5.32. The phase transition is visible up to
highest pressures (∼ 9 GPa) but it shifts into higher temperatures and reaches
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Figure 5.32: Temperature dependencies of magnetization of URhGa at different
pressure. (a, left) Measurement done in 0.1 T in CuBe cell. (b, right) Measure-
ment done in 0.01 T in the diamond anvil cell.

a plateau between 5-8 GPa (as shown in Fig. 5.34a). Magnetization curves
in Fig. 5.33 obtained at different pressures clearly show suppression of magnetic
moment with increasing pressure. The suppression of the magnetic moment be-
low 1 GPa is negligible as shown in Fig. 5.33a, but at higher pressures it decreases
linearly with increasing pressure as shown in Fig. 5.34a.
The results are summarized in magnetic phase diagram in Fig. 5.34a. Curie tem-
perature reaches maximal value of 48 K at 6 GPa and at higher pressures plateau
is observed up to 9 GPa. Due to absence of pressure points between 6 to 9 GPa,
maximal TC could be found in this range, which would mean TC starts to decrease
before 9 GPa. Increase of TC with pressure in this group is unusual and up to
now was found only in UPtAl [119].
The magnetization curves below 1 GPa, together with TC were used to deter-
mine degree of localization from Takahashi’s spin fluctuation theory [24]. The

Figure 5.33: Magnetization curves of URhGa at different pressure. (a, left) Mea-
surement done at 2 K in CuBe cell. The magnetization curve at ambient pressure
was obtained by measurement without a pressure cell. (b, right) Measurement
done at 20 K in the diamond anvil cell.
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Figure 5.34: (a, left) Phase diagram of URhGa together with pressure dependence
of spontaneous magnetization. (b, right) Arrot’s plot of magnetization curves in
5.33a. The contribution of pressure cell was subtracted as mentioned in text.

magnetization curve from the measurement without a pressure cell (magnetiza-
tion curve at ambient pressure in Fig. 5.33a) was used to obtain the contribution
of the pressure cell, which was then subtracted from the magnetization curves
in Fig. 5.33a. The resulting curves are plotted in Arrot’s plot in Fig. 5.34b. The
slopes of magnetization curves Fig. 5.34b and TC were used to calculate the pa-
rameters F1, T0, TA and degree of localization TC

T0
from equations 1.13, 1.14 and

1.15. The results are shown in Table 5.5.

P (GPa) TC (K) µs (µB/f.u.) F1 (K) TA (K) T0 (K) TC
T0

0 41.1 1.17 741 480 83 0.495
0.60 42.2 1.16 776 498 85 0.496
0.86 42.6 1.16 824 508 83 0.512
1.12 42.8 1.16 853 513 82 0.521

Table 5.5: Curie temperature and spontaneous magnetic moment for URhGa at
different pressures. The values of F0, TA, T0 and TC

T0
were obtained using equations

1.13, 1.14 and 1.15 from spin-fluctuation theory by Takahashi [24].
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5.4 Critical exponents of UCoGa and URhGa
UCoAl, from the same group as UCoGa and URhGa, was always regarded

as a 3D Ising system with short-range (SR) interactions [120], but recently re-
ported results of critical exponents of URhAl suggest that UTX systems are of
2D Ising character with long-range (LR) interactions [95]. We evaluate magneti-
zation data of UCoGa and URhGa by modified Arrot plot, Kouvel-Fisher plot,
critical isotherm analysis and scaling analysis to determine the universality class
and discuss the results in comparison to URhAl. Magnetization curves were mea-
sured around the Curie temperature with a step of 0.4 K in fields from 0.1 T up
to 4 T for both compounds. The obtained magnetization curves were corrected
for demagnetization field. The demagnetization factor was obtained from macro-
scopic dimensions of the samples.

(a) URhGa. (b) UCoGa.

Figure 5.35: Modified Arrot’s plots for URhGa and UCoGa. Critcal exponents
β and γ and TC are shown together with data.

First we analyzed magnetization curves by Arrot-Noakes equation for the region
near the critical temperature [33]

(︃
H

M

)︃1/γ

= (T − TC)
T1

+
(︃

M

M1

)︃1/β

,

where M1 and T1 are material constants and are temperature independent. The
results are present in modified Arrot’s plots in Fig. 5.35 together with results for
the critical exponents β and γ and TC. None of the critical exponents agree with
any expected models as mentioned in sec. 1.3.1 in Table 1.1.

According to the Widom scaling law 1.19, critical exponent δ can be calcu-
lated from β and γ. The critical exponent δ can be also determined from the
magnetization curve as M ∝ H1/δ at TC. In Fig. 5.36 we plot magnetization
curves of both compounds at log-log scale as only isotherm at TC is linear in
log-log scale. Most linear isotherm was fitted with linear functions and result-
ing δ are shown in Fig. 5.36. For URhGa δ calculated from the Widom scaling
law eq. 1.19 is 3.95, which is close enough to value in Fig. 5.36a. For UCoGa δ
from the Widom scaling law is 4.40 (Fig. 5.36a), but from the critical isotherm
we obtained δ = 4.5. The agreement between values from the Widom scaling law
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(a) URhGa. (b) UCoGa.

Figure 5.36: Isotherms in log-log scale for URhGa and UCoGa. Critical expo-
nent δ is shown together with data. The isotherm closest to TC is highlighted by
dashed line.

and values from critical isotherms could be improved as we did not know exact TC
during measurement and therefore we used isotherms closest in temperature to
assumed TC.
To extract the critical exponents β and γ more accurately we analyze the data by
Kouvel-Fisher (KF) method [121]. This method is based on eqs. 1.17 and 1.18.
The spontaneous magnetization MS is determined from the intersection of M1/β

axis and straight lines in the modified Arrot plot in Fig. 5.35. The inverse sus-
ceptibility χ−1 is determined similarly, from the intersection of the (H/M)1/γ and
straight lines in the modified Arrot plot in Fig. 5.35. The resulting values for MS
and χ−1 for both compounds are plotted in Fig. 5.37 together with the critical
exponents β and γ. From KF method two TC are obtained as magnetic behavior
below and above phase transition is evaluated separately in this method. From
the values in Fig. 5.37 we see that the Curie temperature

(︂
T +

C

)︂
obtained from

the data below the phase transition does not significantly differ from the Curie

(a) URhGa. (b) UCoGa.

Figure 5.37: Kouvel-Fisher plot for URhGa and UCoGa. Critical exponents β
and γ and TC from above (-) and below (+) the phase transition are shown
together with data.
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temperature
(︂
T −

C

)︂
obtained above the phase transition.

It is necessary to check if critical exponents are same above and below TC. The
values of critical exponent γ can be determined separately with scaling theory
that predicts the existence of reduced equation of state close to the ferromagnetic
phase transition temperature [122]

M (µ0H, t) |t|−β = f±
(︂
µ0H/|t|β+γ

)︂
,

where f+ for T < TC and f− for T > TC are regular analytical functions. If
the right values of β, γ and TC (TC is in the reduced temperature t) are chosen
than the data points in plot M (µ0H, t) |t|−β versus µ0H/|t|β+γ should fall on two
universal curves, one for T < TC and second for T > TC. For both compounds
magnetization curves were fitted so they agree with scaling. The results are
shown in Fig. 5.38 together with values of critical exponents and TC. In both
compounds critical exponents γ differs minimally above and below TC.

(a) URhGa. (b) UCoGa.

Figure 5.38: Scaling plot for URhGa and UCoGa. Critical exponents β and γ
and TC from above (-) and below (+) the phase transition are shown together
with data.

The resulting critical exponents are shown Table 5.6. The critical exponents
of URhGa and UCoGa can be explained by introducing weak LR magnetic ex-
change interaction as described in more detail in sec. 1.3.1. Using equation 1.21
and obtained value of γ and β we examined for what dimension d of the sys-
tem and dimension n of the order parameter we can obtain agreement in the
value of σ. The best agreement in both compounds is found for 2D Ising system
with LR interactions. The values of σ are in Table 5.6.
In recently published results on URhAl, which belongs to same group as UCoGa

TC (K) β γ δ σ

URhGa 41 0.39 1.18 4.03 1.21
UCoGa 46 0.36 1.26 4.50 1.28
URhAl [95] 26 0.29 1.49 6.08 1.44

Table 5.6: Results of fit of critical exponents β, γ and δ, TC and σ, which charac-
terizes long-range interactions, for URhGa and UCoGa and for URhAl from [95].
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and URhGa, Tateiwa et al. [95] show that URhAl is 2D Ising system with LR
interactions. Therefore one can assume that all compounds in this group are 2D
Ising systems with LR interactions. The values of σ in Table 5.6 are inversely
proportional to TC. This can be expected as the strength of the exchange in-
teraction J (r) is proportional to r−σ and therefore with lower σ falls off more
slowly. Between UCoGa and URhGa this relations is opposite, but both com-
pounds have similar TC and therefore other effects can play role, like disorder or
possible presence SR interactions.
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6. Discussion
In the first part of discussion we focus on the results of UCoGa and URhGa

at ambient pressure, while in the latter part we discuss results of measurements
of UCoGa, URhGa and UCo0.990Ru0.010Al at hydrostatic pressures.

UCoGa - sample preparation
Study of the preparation and its effect on the physical properties of UCoGa shows
the importance of not only annealing but also selecting the sample from the right
part of the ingot. Therefore, all samples for URhGa were chosen from the top
part of the ingot, even though magnetic measurement to compare top and bottom
part of URhGa ingot had quite similar results. This can be also due to the extra
amount of Ga added (∼ 1% ) to the polycrystalline precursor of URhGa to try to
compensate for the evaporation. In UCo0.990Ru0.010Al the evaporation of Al was
also compensated by adding extra amount (∼ 1%) to the polycrystalline precur-
sor, and the vapor pressure of Al is one order smaller than for Ga [123], which
means that less Al is evaporated at the same temperature in comparison to Ga.
Similar studies about preparation and thermal treatment effects on quality of
single crystals are rather seldom in the literature, usually the variation of the
thermal history is studied only with respect to the value of residual resistivity
in ferromagnetic materials with ordering temperature of tens of kelvins or in
relation to the presence (absence, resp.) of superconductivity and magnetic or-
dering depending on the preparation procedure. As detailed studies are absent
in the case of UTX compounds with ZrNiAl-type crystal structure we extend
our comparison to ferromagnetic uranium intermetallics in general. For example
UPt3 [124], UGe2 [125] and URu2Si2 [126] high quality single crystals were ob-
tained by growth by Czochralski method in tetra-arc furnace and annealing using
solid state electrotransport (SSE) method. SSE method leads to efficient removal
of impurities and higher temperatures can be reached in comparison to annealing,
however due to the different evaporation rates and mobilities of elements a gradi-
ent of quality/composition in the direction of current can arise [127]. High quality
single crystals of UCoGe were prepared in tri-arc furnace, the effect of annealing
on the presence of superconductivity and magnetism was discussed [128]. In the
case of our system the effect of the annealing temperature was found insignificant
with respect to the quality of resulting samples but in other systems different
annealing temperatures can lead to different quality of resulting material as was
shown on URhGe [125, 129], where a minimum of residual resistivity with respect
to annealing temperature was reported.

UCoGa - MFM measurements
The agreement between the energy of domain wall from the MFM measure-
ments (1.1 mJ/m2) and the value from the simple kagome model (1.4 mJ/m2)
confirms 180◦ magnetic domain walls made of only neighboring uranium atoms.
The difference in values may be due to other contributions to the exchange inter-
action and also due to the measurement error (low statistics, small scanning range
of MFM). Only short-range ferromagnetic exchange interaction was considered,
but evidence of long-range interaction has been shown from the values of critical
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exponents of UCoGa (sec. 5.4). Also, the possibility of short-range antiferromag-
netic interaction, which would decrease the value of the domain-wall energy, was
not considered. In addition, the effects of hybridization of uranium 5f electron
states with 3d states of cobalt and possible interaction between uranium atoms
through the cobalt atoms were neglected, too.
The sample used for MFM measurements shows TC =45 K, which is quite low
and comparable to the low quality samples, but the shape of the temperature
dependence of magnetization in Fig. 5.6 is comparable to the temperature de-
pendence of samples of the good quality as shown in Fig. 5.1.
The 180◦ magnetic domain walls made of only neighboring uranium atoms are ex-
pected to exist in all ferromagnets in ZrNiAl group as strong magnetocrystalline
anisotropy is always present and the Curie temperature is of the order 101 K. It
would be interesting in future to carry out MFM measurements on other com-
pounds from ZrNiAl group and compare the results.

URhGa - ambient pressure
The magnetic effective moment of URhGa is smaller than for U3+ or U4+. This
is common occurrence in UTX compounds crystallizing in ZrNiAl structure due
to interaction of U 5f -electron states with neighboring U 5f -electron states and
hybridization with d-electron states of transition metal in U-T1 plane.
The anomaly which is observed in magnetoresistivity and the temperature deriva-
tive of electrical resistivity of URhGa is not observed in heat capacity or magne-
tization. The magnetic field dependence of the minimum in magnetoresistivity
in Fig. 5.27b suggests magnetic origin of the anomaly. It is important to point
out that almost zero magnetoresistivity is observed at TC, where the magnetic
fluctuations should be the strongest and therefore magnetoresistivity should have
the largest absolute value. At the same temperature as the anomaly, coercivity
disappears, this is most likely coincidental as the sample is completely magnetized
above 1 T, but the magnetoresistivity still changes. Similar anomaly in resistiv-
ity is seen in UCoGa in Fig. 5.11b around 35 K, but magnetoresistivity shows
minimum around TC, only at 9 T magnetoresistivity minimum moves to 35 K.
In UIrAl maximum at the temperature derivative of electrical resistivity was re-
ported [116]. One of the possible explanation is tilting of magnetic moment from
the c-axis. To test this scenario we measured magnetic AC susceptibility along
the a-axis with the static field applied along the c-axis, but we did not observe
any response at temperatures near the anomaly. This rules out the possibility
of magnetic moment in the basal plane. More possible explanation is magnetic
fluctuations.
For UGe2 similar behavior of temperature derivative of electrical resistivity and
magnetoresistivity was reported by Troc et al. [130]. They observed anomaly
also in the magnetic part of heat capacity. We do not observe any anomaly as
our phonon contribution is based on estimation from a temperature interval (be-
low 10 K and 50 K - 80 K), while Troc et al. used nonmagnetic analog ThGe2.
In UGe2, this anomalous behavior is explained by the crossover between two dif-
ferent ferromagnetic phases – FM1 and FM2. This crossover changes to first
order phase transition by applying pressures. Fermi surface changes at the first
order transition together with the magnetic moment [83, 131]. Enhancement of
magnetic fluctuations was also observed close to the first order transition [95].

77



The microscopic origin of the FM1-FM2 transition has not yet been understood.
We can consider that the magnetic fluctuations are present at ambient pressure
at the FM1-FM2 crossover as they are observed in magnetoresistivity of UGe2.
Based on similar behavior of UGe2 and URhGa at ambient pressure we conclude
that magnetic fluctuations are responsible for the anomaly in URhGa. Pressure
experiments focused on this anomaly are desirable.
The electrons on the Fermi surface are responsible for the magnetic moment and
the magnetic fluctuations. They are also responsible for transport properties. By
applying magnetic field the fluctuations are suppressed and the character of the
electrons on the Fermi surface is changed. The model for ordinary and anomalous
Hall effect does not account for the change of the character of the charge carriers
and therefore is not sufficient to explain the field behavior.
The values of the magnon gap we obtained from the fit to electrical resistivity
of URhGa coincide with the temperatures of maxima in derivative of electrical
resistivity, with respect to the direction of electric current. The model we used is
intended for localized ferromagnets [45] and from the parameter TC

T0
in Table 5.5

we see that URhGa can be considered itinerant ferromagnet. If we consider
similar contribution with the exponential term, than we can argue that at low
temperatures a gap exist which probably closes or disappears at the temperature
of the maximum of the derivative of electrical resistivity.

Critical exponents
Based on the results of URhGa, UCoGa and URhAl being two-dimensional Ising
system with LR interactions [95], the same behavior is expected in other com-
pounds from ZrNiAl group. From available data, the range of interaction σ is
inversely proportional to TC (Table 5.6). To confirm this, investigation of differ-
ent systems from ZrNiAl group or the change of critical exponents under pressure
would be desirable. The two dimensional character of these systems is also im-
portant as behavior of physical properties at critical points and QCPs is often
dependent on the dimension of the system. For example, SCR theory predicts the
temperature dependence of electrical resistivity ρ ∼ T

d+2
3 close to the QCP [132].

UCoGa - hydrostatic pressure
The continuous suppression of the ordering temperature with increasing pressure
in UCoGa and the disappearance of magnetic moment above the TCP is observed
in agreement with the discontinuous type of phase diagram [2]. Similar pressure
dependece of the ordering temperature is observed in other compounds from Zr-
NiAl compounds: UCoAl [10, 78], URhAl [9], URuSn [133] and UIrAl [116]. The
suppression of magnetic moment is expected as application of pressure increases
hybridization of the 5f -electron states with 3d-electron states, increasing delocal-
ization of the 5f -electron states. This is also observed in the pressure dependence
of the parameter TC

T0
in Table 5.2, confirming increasing itineracy of the magnetic

electrons.
The temperature exponent of resistivity where ferromagnetism disappears is close
to value of 5/3, which is expected for 3D system QCP in Hertz-Millis-Moriya the-
ory. On the basis of the result of critical exponents of UCoGa we know that it is
a 2D system and the exponent should be 4/3 (from eq. n = d+2

3 [132]). Temper-
ature dependence can be explained by two contributions – Fermi-liquid behavior
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and magnon-mediated scattering (chap. 3). Adding these two contribution to-
gether T

5
3 behavior is recovered in limited temperature interval.

Similar phase diagram was reported in URhAl [9]. The TCP in URhAl is at lower
temperature (∼ 12 K) in comparison to UCoGa, which is unusual. Temperature
of the TCP is proportional to magnetic moment and since URhAl has sponta-
neous magnetic moment of 1.05 µB/f.u. then TTCP of URhAl should be higher
than TTCP of UCoGa. The lower value of TTCP in URhAl is explained by higher
presence of disorder than in UCoGa, which can be observed as higher value of
residual resistivity ρ0 of URhAl. The suppression effect of disorder on TTCP was
theoretically described [80] by Sang et al.
The anisotropy of the crystal structure is the reason why hydrostatic pressure
has strong effect on the basal plane. The compressibility is about three-times
softer in the basal plane plane than along the c-axis [134]. As the shortest dis-
tance between U-U atoms and even shorter distance between U and T atoms is
in the basal plane, then the pressure effect has a strong effect on magnetism of
compounds in ZrNiAl group.

URhGa - hydrostatic pressure
In URhGa continuous increases of the ordering temperature with increasing pres-
sure is observed with a plateau between 6 GPa to 9 GPa (Fig. 5.34a). This is
in contradiction with the expected behavior based on the results of UCoGa and
other compounds from ZrNiAl group mentioned above. Similarly to UCoGa, sup-
pression of spontaneous magnetic moment with increasing pressure is observed,
mainly at higher pressure range. At low pressures the suppression of sponta-
neous magnetic moment is negligible. The mechanism behind suppression of the
magnetic moment for both compounds should be the same, as the shortest U-U
distance is in the basal plane and the basal plane is soft with regards to pressure
as discussed earlier. The only compound from ZrNiAl group in which the order-
ing temperature increases is UPtAl [119].
Even though the hybridization should increase with applied pressure, as observed
in other compounds from ZrNiAl group, from the parameter TC

T0
in Table 5.5, we

observe increase of the degree of localization in URhGa at low pressures. Also
in Table 5.5, the parameter T0 is pressure independent. The parameter T0 char-
acterizes the distribution widths of the spin fluctuation in the energy space. If
the hybridization would increase, change to the spin fluctuation in energy space
would be expected as magnetic electrons are directly affected. We can conclude
from the pressure invariance of the parameter T0 and the small change of sponta-
neous magnetic moment at low pressures that the hybridization does not increase
or the increase is negligible at these pressures.
Tateiwa et al. in [135] determined the parameter TC

T0
for many actinide 5f -electron

systems using their results and results found in the literature. Some of the com-
pounds were from ZrNiAl group. The largest parameter TC

T0
in ZrNiAl group

was found for UPtAl, which has TC
T0

= 0.642. The value of URhGa is the sec-
ond largest in this group with TC

T0
= 0.495 and the third largest is found for

URhAl TC
T0

= 0.365. Based on these values there is a critical value of
(︂

TC
T0

)︂
c

in
between values of URhAl and URhGa. For TC

T0
<
(︂

TC
T0

)︂
c

the ordering temperature
decreases with pressure, while for TC

T0
>
(︂

TC
T0

)︂
c

the ordering temperature increases
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Figure 6.1: (a, left) Temperature dependence of electrical resistivity of
UCo0.9973Ru0.0027Al (black points) and UCo0.9981Ru0.0019Al (red points) for cur-
rent applied perpendicular to the c-axis. (b, right) Electrical resistivity plotted
versus T

3
2 for UCo0.9973Ru0.0027Al (black points) and UCo0.9981Ru0.0019Al. The

dashed lines show are fitted to resistivity at low temperatures and show linearity.

with pressure. The parameter TC
T0

in URhGa reaches its maximum value at lower
pressures because the spontaneous magnetic moment starts to decrease well be-
low 6 GPa, signaling increase of hybridization of the 5f -electron states with the
4d-electron states.
Many properties between URhGa and URhAl are same or quite similar. They
are isoelectronic and their crystal lattice parameters are almost same (URhGa
a = 701 pm and c = 394 pm, URhAl a = 698.6 and c = 402.7 pm [115]). The
shortest distance U-U is comparable, the spontaneous magnetic moments differ
by ∼ 10% (µs = 1.17 µB/f.u. for URhGa, µs = 1.05 µB/f.u. for URhAl [95])
and the effective magnetic moments are almost identical (µeff = 2.47 µB/f.u. for
URhGa, µeff = 2.50 µB/f.u. for URhAl [95]). Main differences are the ordering
temperatures (TC = 41 K for URhGa, TC = 26 K for URhAl [95]) and the pressure
dependence of ordering temperature. Possible reasons are either difference of the
crystal structure parameter c and/or difference between properties of 4p-electron
states of gallium and 3p-electron states of aluminum. The smaller parameter c
in URhGa and more space-extended 4p-electron states of gallium lead to higher
hybridization between 5f -electron states of uranium and 4p-electron states of gal-
lium. This difference between URhGa and URhAl changes the electron structure
and results in difference in some of the physical behavior and properties.

UCo0.990Ru0.010Al - hydrostatic pressure
The phase diagram of UCo0.990Ru0.010Al agrees well with the discontinuous phase
diagram for itinerant ferromagnets [2]. The first order phase transition is ob-
served as phase separation of ferromagnetic and paramagnetic phase. This is due
to the effect of disorder which stabilizes the minority phase in the majority phase
even away from the coexistence curve [79].
Taufour et al. showed [74] there are constraints on merging of the transition lines
at the TCP. The line of CEPs and the line of the second order ferromagnetic
phase transitions should have the same slope at the TCP, with regards to change
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(a) T − p projection

(b) T − H projection (c) H − p projection

Figure 6.2: Comparison of metamagnetic wings between UCo0.990Ru0.010Al,
UCo0.995Ru0.005Al [96] and pure UCoAl [10]. Only CEPs are shown for all com-
pounds. The T −p−H phase diagram is projected into two dimension projections
for better clarity.

of pressure (see details discussed in chap. 3). The slope of the ferromagnetic
transition dTC

dp
= 25 K/GPa differs from the slope of CEPs dTCEP

dp
= 15 K/GPa.

Determining TCEP close to the TCP is difficult due to the presence of the ferro-
magnetic part. Having data from more temperature points at each pressure point
would also help to reach a better agreement. The line of CEPs should be tangent
to zero field line in H − p projection and in T − H projection of T − p − H phase
diagram (the discontinuous phase diagram). In the T −H projection in Fig. 5.22b
the CEP line is almost tangent, while in the H−p projection in Fig. 5.22a the line
changes slope close to the TCP, and probably becomes tangent at lower pressures.
Similarly to above, determining the critical field of the metamagnetic transition
close to the TCP is difficult due to the presence of the ferromagnetic part.
The values of the temperature exponent n of electrical resistivity in paramagnetic
region and in part of the mixed phase region of the phase diagram (Fig. 5.19b)
is 3/2. The same exponent was observed at higher pressures where ferromagnetic
phase completely disappears. Furthermore same exponent was observed in single
crystals of UCo0.9975Ru0.0025Al [96], UCo0.9973Ru0.0027Al and UCo0.9981Ru0.0019Al
(Fig. 6.1). In pure UCoAl exponent n = 5/3 was reported [10, 136]. The exponent
n = 3/2 can be explained by magnon-mediated scattering (chap. 3). In UCoAl
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the value of the exponent n is often attributed to ferromagnetic spin fluctuations
based on Hertz-Millis-Moriya theory. In this theory the temperature exponent
is expressed as n = d+2

3 [132]. From critical exponents we observed that many
compounds from ZrNiAl group are two-dimensional systems, if we also consider
UCoAl to be two-dimensional system, then the critical exponent in UCoAl should
be 4/3 and not 5/3 as observed. The experimentally observed temperature expo-
nent n = 5/3 can be explained by two contributions as proposed by Kirkpatrick
and Belitz in [81]. The first contribution is above mentioned magnon-mediated
scattering and the second is Fermi-liquid behavior (T 2). By adding these two
contributions together one can recover behavior similar to T

5
3 in limited temper-

ature interval.
The comparison between phase diagrams of UCo0.990Ru0.010Al, UCo0.995Ru0.005Al
[96] and pure UCoAl [10] is shown in Fig. 6.2. In UCo0.990Ru0.010Al TTCP = 8 K
is lower than TCEP = 10.5 K for pure UCoAl [10]. From Fig. 6.2a we see
that the metamagnetic transition is suppressed into QCWP at much lower pres-
sure (pQCWP ∼ 1.5GPa) than in pure UCoAl (pQCWP = 2.9GPa). Similarly, the
critical field of the metamagnetic transition for UCo0.990Ru0.010Al (HQCWP ∼ 5T)
is lower than in pure UCoAl (HQCWP = 13T). The reason for the low pQCWP,
HQCWP and TTCP is the effect of disorder introduced by ruthenium doping. Sang
et al. theoretically estimated [80] that disorder lowers the TTCP until the TCP
is completely suppressed. This explanation is also confirmed by comparison of
UCo0.990Ru0.010Al, UCo0.995Ru0.005Al and pure UCoAl in Fig. 6.2. We see that
the highest TCEP is observed for pure UCoAl and with increasing doping/disorder
it is suppressed.
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Conclusion
The results of this thesis focus on physical properties of systems from hexago-

nal ZrNiAl group of UTX compounds and the pressure evolution of ferromagnetic
ordering in these systems. Magnetism in all of these compounds originates from
the 5f -electrons states of uranium. The basis of magnetism in these compounds
is the shortest U-U distance in the basal plane, which leads to interaction between
the 5f -electrons states of neighboring uranium ions. The U-U interaction being
mainly in the basal plane leads to the easy magnetization axis along the c-axis
and strong magnetocrystalline anisotropy. The diversity between magnetic prop-
erties between the compounds in ZrNiAl group comes from different characters of
d-electron states of transition metal T and p-electron states of p-metal X. This
is pointed out in comparison of URhGa and URhAl. Both compounds are iso-
electronic, have similar crystal structure parameters and coincide in many other
physical properties. They only differ in TC and the pressure dependence of the
ordering temperature. This is the result of the different character of 4p-electron
states of gallium, which changes the 5f -electrons states through hybridization
and changes the electronic structure of URhGa.
All the results in this thesis were obtained on single crystals. The single crys-
tals were prepared by Czochralski method using tri-arc furnace. The effect of
preparation and thermal treatment was examined on single crystals of UCoGa.
The two single crystals of UCoGa were of different quality as a consequence of
different parameters of the growth. The quality of single crystals was determined
from measurements of magnetic properties and electrical resistivity. The qual-
ity of worse single crystal was shown to improve by annealing at either 800◦C
or 900◦C for three weeks. During the single crystal growth gallium evaporates
and the parts of the ingot closer to the melt showed worse quality presumably due
to the gallium deficiency. The single crystals of UCoGa and URhGa for further
measurements were chosen from parts of ingot further from the melt.
The single crystal of URhGa was to our knowledge never before prepared. Physi-
cal properties were characterized by magnetic, heat capacity and electrical trans-
port measurement. It has Curie temperature TC = 41 K, spontaneous magnetic
moment µs = 1.17 µB/f.u. and the effective magnetic moment determined from
the modified Curie-Weiss law µeff = 2.47 µB/U. The effective magnetic moment
is smaller than the values for U3+ or U4+ as the hybridization between 5f and
4d electrons states leads to itinerant character of 5f -electrons. The strong mag-
netocrystalline anisotropy is observed in magnetization and electrical resistivity.
Large maximum is observed in the temperature derivative of electrical resistivity
for current applied along and perpendicular to the c-axis at temperatures well
below the ferromagnetic ordering, also at the same temperature the minimum in
the magnetoresistivity is observed. Similar behavior is observed in UGe2 [130],
where it is connected to an enhancement of magnetic fluctuations at higher pres-
sures. Magnetic fluctuations explain strange behavior in URhGa. The failure
of the phenomenological model of the ordinary and the anomalous Hall effect at
temperatures close to this maximum/minimum can be explained by the effect of
magnetic field on the electrons on the Fermi surfaces which are directly respon-
sible for the magnetic fluctuations.
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The critical exponents of UCoGa and URhGa, determined from the magnetization
curves, show that these compounds are 2D Ising systems with LR interactions.
Based on our results together with the results on URhAl by Tateiwa et al. [95],
we assume that all compounds from hexagonal ZrNiAl group are 2D Ising sys-
tems with LR interactions. The 2D character is also confirmed by agreement
between the measured value of domain wall energy and the value obtained from
2D kagome ferromagnet model. The two-dimensional character is important as
the behavior in the critical points is often dependent on the dimensionality of the
system [137].
The MFM images of UCoGa, which are identical as for the domain branching
model, confirm the strong magnetocrystalline anisotropy. The interplay of the
weak interaction energy and strong magnetocrystalline anisotropy are the reasons
for the 180◦ domain wall made of only neighboring uranium atoms. Same type of
the 180◦ domain wall is expected in other ferromagnetic compounds from ZrNiAl
group. To our knowledge not many compounds exist in which similar domain
wall is observed, making UCoGa unique case.
The ordering temperature is suppressed with increasing pressure in UCoGa as
seen from measurements of magnetic and electrical transport properties. The
suppression of TC by applying pressure is common in compounds in ZrNiAl group.
Together with TC, spontaneous magnetic moment µs is suppressed. With increas-
ing pressure the interaction between neighboring U atoms and the hybridization
between the 5f and 3d electron states increases, which leads to the delocalization
of magnetic 5f electrons and reduction of µs. The decrease of localization (in-
crease of itineracy) of the 5f -electron states is seen in the decrease of the degree of
localization TC

T0
. The ferromagnetic transition is suppressed to TCP at TTCP ∼ 30

K and pTCP ∼ 6 GPa. Above pTCP we did not observe any sign of a ferromagnetic
transition. The presence of TCP is indicated by the change of the temperature
exponent n of the electrical resistivity around 6 GPa.
In the case of URhGa the ordering temperature increases with increasing pres-
sure up to 6 GPa and between 6 GPa to 9 GPa a plateau is observed. Up
to 1 GPa only small suppression of µs is observed, but at higher pressures µs
is suppressed almost linearly and at 9 GPa reaches 75% of its value at the am-
bient pressure. Below 1 GPa increase of the degree of localization is observed
and there is no apparent change to the hybridization of the 5f -electron states
as µs and the distribution widths of the spin fluctuation spectrum in the energy
space T0 do not change. We propose a critical value

(︂
TC
T0

)︂
c

for compounds from
ZrNiAl group on the basis of our data and previously published results. In com-
pounds with TC

T0
>
(︂

TC
T0

)︂
c

the ordering temperature is suppressed with pressure
and in compounds with TC

T0
>
(︂

TC
T0

)︂
c

the ordering temperature increases with
pressure. The maximum TC

T0
in URhGa is reached before maximum TC at 6 GPa,

as µs starts to decrease at lower pressures, signaling increase of the hybridization
of the 5f -electron states.
The phase diagram of UCo0.990Ru0.010Al agrees quite well with the discontinuous
phase diagram for itinerant ferromagnets. The ferromagnetic phase transition is
suppressed by applied pressure from TC = 16 K at ambient pressure to the TCP
at TTCP = 8 K and pTCP = 0.2 GPa. The TCP is observed also in electrical resis-
tivity as the temperature exponent n changes around 0.2 GPa. Between 0.2 GPa
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and 0.4 GPa stable ferromagnetic and paramagnetic phases are observed at the
same temperatures, coexisting with each other. The closeness to the first order
ferromagnetic phase transition together with quenched disorder leads to stable
phase separation in wide pressure interval. The line of CEPs tend to agree with
thermodynamic constraints at the TCP. The precise study and agreement with
the constraints is impossible due to the coexistence of ferromagnetic and paramag-
netic phase close to the TCP. The first order metamagnetic transition disappears
at pQCWP = 1.6 GPa and HQCWP = 5 T.
The metamagnetic part of the phase diagrams of UCo0.990Ru0.010Al and pure
UCoAl are qualitatively similar but the critical points are shifted to lower values.
The TTCP of UCo0.990Ru0.010Al is much lower than TCEP of UCoAl in ambient
pressure. Also, pQCWP in UCo0.990Ru0.010Al is almost the half of the pQCWP in
pure UCoAl. The suppression is the results of doping which acts as a disorder.
The effect of doping acting as a source of disorder is illustrated more clearly by
comparing TCEP of pure UCoAl, UCo0.995Ru0.005Al and UCo0.990Ru0.010Al.
The temperature exponent n of electrical resistivity of UCo0.990Ru0.010Al in the
large part of the mixed phase and the paramagnetic phase up to 1 GPa is equal
to 3/2. Similar values of the exponent were observed for UCo0.9975Ru0.0025Al [96],
UCo0.9973Ru0.0027Al and UCo0.9981Ru0.0019Al. The values agree with magnon-
mediated scattering mechanism proposed for weakly disordered ferromagnets. In
pure UCoAl n = 5/3 is found. We were not able to recover this behavior and
we propose that UCoAl resistivity is sum of two different mechanisms - magnon-
mediated scattering mechanism and Fermi-liquid behavior.
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[109] K. Prokeš, V. Sechovský, A. Gukasov, A. V. Andreev, and H. Nakotte.
Direct measurement of the magnetic anisotropy in UCoGa using polarized
neutrons. Physica B: Condensed Matter, 276–278(0):564–565, 2000.

[110] I. Syozi. Statistics of Kagome Lattice. Progress of Theoretical Physics,
6(3):306–308, jun 1951.

93



[111] T. D. Matsuda, H. Sugawara, Y. Aoki, H. Sato, A. V. Andreev, Y. Sh-
iokawa, V. Sechovsky, and L. Havela. Transport properties of the
anisotropic itinerant-electron metamagnet ucoal. Phys. Rev. B, 62:13852–
13855, Dec 2000.
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[113] V. Sechovský, L. Havela, F. R. de Boer, E. Brück, T. Suzuki, S. Ikeda,
S. Nishigori, and T. Fujita. Specific heat and magnetocaloric effect in
UNiGa. Physica B: Condensed Matter, 186-188:775–777, 1993.

[114] L. Havela, V. Sechovsky, P. Nozar, E. Bruck, F. R. de Boer, J. C. P. Klaasse,
A. A. Menovsky, J. M. Fournier, M. Wulff, E. Sugiura, M. Ono, M. Date,
and A. Yamagishi. Antiferromagnetic correlations in UNiAl. Physica B:
Condensed Matter, 163(1-3):313–316, 1990.
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