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Introduction

The Ce-based intermetallic compounds stay in the foreground of interest already
several decades for their often uncommon and surprising behavior, especially in
low-temperature region. The only one 4f electron shielded by 5d and 6s electron
orbitals together with the in
uence of crystal electric �eld (CEF) stay behind
the physical properties as magnetic ordering at very low temperatures, valence

uctuations, heavy-fermion behavior or unconventional superconductivity. An-
other highly interesting phenomenon was found in several Ce-based materials:
the inelastic neutron scattering energy spectra display anadditional peak which
cannot be described in terms of pure crystal �eld splitting.The �rst observation
of such a peak was done on cubic CeAl2 compound and the physical model was
introduced to describe it soon after [1]. The Thalmaier-Fulde model is based
on a strong CEF exciton-phonons coupling in the compound, which results in
a new quantum quasi-bound state, so called vibron state, revealing itself as an
additional peak in the energy spectra of a compound [1].

A strong magneto-elastic coupling of the 4f electrons resulting in a formation
of vibron state was observed only in a very few intermetalliccompounds, e.g.
PrNi2 [2], CePd2Al 2 [3] or CeCuAl3 [4]. The vibron state in latter two materials
was observed quite recently and, in contrast with previous compounds, CePd2Al 2

and CeCuAl3 crystallize in the tetragonal crystal structure. The broadstudy of
these two compounds and their substitutions by means of magnetic, transport
and mainly neutron scattering experiments forms the content of this thesis.

The main idea of the study is to follow the development of vibron states with
the substitution of constituent elements in CeCuAl3 and CePd2Al 2 compounds
and to �nd out the relation between the presence/development/absence of vibron
states and another microscopic and also macroscopic properties of these materials.
In the same time, we investigate the crystal and magnetic structure of studied
compounds and their development with temperature variation. A broad �eld of
experimental methods was used and their descriptions are included in the thesis
together with a comprehensive comparison of results with another representatives
of tetragonal Ce-based compounds.

The �rst chapter contains a brief introduction to the problematic of ceri-
um atom and Ce-based intermetallic compounds. The description of experimen-
tal methods used during the study follows in chapter 2. Most of the methods
are commonly known and frequently used in condensed matter physic research.
Therefore, we focus on techniques allowing the preparationof studied compounds
as well as their structure and chemical characterization. At the end of chapter 2,
we describe the neutron scattering theory and experiments in more details as
these experiments were essential for our understanding of properties of studied
compounds.

Chapter 3 consists of previous results on the Ce-based compounds belong-
ing to the same family as CeCuAl3 and CePd2Al 2. This chapter also gives the
description of vibron states in CeAl2 and CeCuAl3 compounds. The following
chapter 4 then contains the main part of the thesis. It comprises every phase
of the study on investigated compounds starting from the sample preparation,
through the structure and chemical characterization, the measurement of basic
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bulk properties and culminates with the neutron scatteringexperiments. The
chapter 4 is moreover divided into two parts, where �rst of them contains the
outcome concerning CeCuAl3 compound and its substitutions and second one
then consists of the results obtained on CePd2Al 2 single crystal and Al-Ga sub-
stituted compounds. The appropriate discussion is given for each part of the
thesis. The short conclusive chapter then summarizes main results of the study.

The thesis does not contain the results on several substituted compounds
investigated in course of Ph.D. studies of the author. The investigations of
structural and bulk magnetic properties of Ce(Cu,Au)Al3 and CeCu(Al,Ga)3 se-
ries, superconductivity of LaPd2(Al,Ga) 2 compounds or pressure experiments on
CePd2(Al,Ga) 2 compounds are not included in the thesis to increase its read-
ability and clarity. These results are summarized in our papers listed within the
thesis and summarized at the end of thesis.
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1. Theoretical background

1.1 Materials with 4 f electrons

The chemical elements with partially �lled 4f shell attract an attention already
several decades. 4f metals belong between elements with natural magnetic order,
together with transition d-metals and 5f elements. They are often called rare-
earth metals or lanthanides, although e.g. La does not contain any f -electron.
On the other hand, we can consider the lanthanum, to some extent, for the 4f
element with empty 4f shell. It could be very convenient in cases, where the
non-magnetic analogue of 4f element-based metal is needed for the estimation of
physical properties bounded with the crystal lattice.

The magnetic properties of 4f elements are strongly in
uenced by the number
of electrons in 4f shell. The same applies for the ionic radius of these elements:
so called lanthanide contraction takes place in these materials. The ionic ra-
dius decreases with increasing atomic number (number of electrons in 4f shell).
Nevertheless, lanthanides exhibit very similar chemical properties externally. A
reason behind such a behavior is found in the electronic structure of these el-
ements. Compared to the transitiond-metal, where d-electrons form the last
electron shell (where the nuclei is in the center of atom), inthe case of rare-
earth elements, 4f shell is shielded by outermost 5s and 5p orbitals. Such an
electronic structure stays behind above mentioned properties of 4f elements and
has a great impact on their magnetic properties. Well shielded 4f electrons lo-
calized relatively close to the nuclei interact with other atoms indirectly, only.
Ruderman-Kittel-Kasuya-Yosida interaction (RKKY) considering the hybridiza-
tion of 4f states with spins of conduction electrons is generally responsible for
the magnetic ordering in rare-earth based materials. Nevertheless, one should
take into account also other indirect interactions as superexchange interaction
in oxides and 
uorides or exchange interaction between 5d states of rare-earth
element and other elementd-states.

The magnetism in the materials based on rare earth ions is theoretically well
described by Hund's rules. As we use the e�ective magnetic moment, � e� , quite
often in the thesis, we remind to the reader its de�nition:

� e� = gJ

q
J (J � 1)� B : (1.1)

gJ is Land�e factor re
ecting mutual orientation of total angular momentum J ,
orbital momentum L and spin momentumS in real space (see Figure 1.1) de�ned
as:

gJ = 1 +
J (J + 1) + S(S + 1) � L(L + 1)

2J (J + 1)
: (1.2)

J = jL � Sj for 4f shell �lled from less than one half,J = L + S for more than half-
�lled 4 f shell. � B is then the electron magnetic dipole moment usually called Bohr
magneton. Such a de�nition of� e� is valid for the material in the paramagnetic
state and in non-zero external magnetic �eld. The randomly oriented magnetic
moments are in
uenced by applied �eld leading to the non-zero magnetic moment
of the material. � e� for Ce3+ free ion is equal to 2.54� B .
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Figure 1.1: The mutual orientation of total angular momentum J , orbital mo-
mentum L and spin momentumS in external magnetic �eld � 0H .

Another physical quantity, which could be calculated, is theordered magnetic
moment � ord :

� ord = gJJ� B : (1.3)

Compared to the e�ective magnetic moment,� ord is calculated for magnetic ion
in ordered state and represents the upper limit of magnetic moment possibly
obtained for magnetic material.� ord = 2.14 � B in the case of Ce3+ free ion.

1.2 Crystalline electric �eld

The crystal electric �eld is generally described by the CEF Hamiltonian and can
be calculated from �rst principles. We give here the basic description as the
formalism will be used in following chapters. CEF Hamiltonian consists of the
sum of multiple CEF parameters,B n

m , and Stevens' operators,bOn
m , (representing

4f shell):

cHCEF =
X

mn
B n

m
bOn

m : (1.4)

B n
m are real numbers and the Stevens' operators are operators acting on the

electron states. The number of independent CEF parameters di�ers with the
symmetry of crystal structure: the higher symmetry means less CEF parame-
ters. In the case of tetragonal and orthorhombic point symmetry (the case of
compounds studies in this thesis), the equation 1.4 is simpli�ed to:

cH tetragonal
CEF = B 0

2
bO0

2 + B 0
4

bO0
4 + B 4

4
bO4

4 + B 0
6

bO0
6 + B 6

6
bO6

6: (1.5)

cH orthorhombic
CEF = B 0

2
bO0

2+ B 2
2

bO2
2+ B 0

4
bO0

4+ B 2
4

bO2
4+ B 4

4
bO4

4+ B 0
6

bO0
6+ B 2

6
bO2

6+ B 4
6

bO4
6+ B 6

6
bO6

6:
(1.6)

For Ce-based compounds the previous formulas are even more simpli�ed:
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cH tetragonal � Ce
CEF = B 0

2
bO0

2 + B 0
4

bO0
4 + B 4

4
bO4

4; (1.7)

cH orthorhombic � Ce
CEF = B 0

2
bO0

2 + B 2
2

bO2
2 + B 0

4
bO0

4 + B 2
4

bO2
4 + B 4

4
bO4

4; (1.8)

as the Stevens operatorsbO6 are zero.
Localized character of 4f electrons stays behind a very similar physical prop-

erties of the free ion and the compound which includes the 4f element, including
the energy levels or e�ective magnetic moment. Crystal electric �eld gives a rise
to a strong magnetic anisotropy observed in rare-earth metals and removes the
degeneracy of energy multiplets of the 4f ions. The symmetry of the crystal
structure plays a crucial role here as the CEF has the same point symmetry.
Note, that the symmetry of crystal structure in 4f element-based compound is
not necessarily the symmetry of CEF as the 4f atoms in the compound could
occupy lattice sites with lower symmetry. The crystal electric �eld then removes
a directional degeneracy of energy multiplets in 4f atoms according to CEF sym-
metry. See Figure 1.2 with the Ce3+ ion as an example. Free ion remains 2J+1
times degenerated. This degeneracy is removed by crystal electric �eld in the
compound. The energies of CEF splitting in 4f based materials are counted
generally in units or tens of meV (milielectronvolt). Such energies correspond to
tens or hundreds of K (Kelvin), E(meV) = 11.604 E(K). The CEF splitting is
thus possible to consider as a perturbation, which is frequently used in theoretical
calculations.

Figure 1.2: The schema of energy levels splitting in Ce3+ ion. Spin-orbit coupling
and in
uence of crystal electric �eld (CEF) on ground state multiplet are depicted.

Ce-based compounds exhibit always the splitting into maximum three energy
levels, see Figure 1.2. (The splitting into doublet and quartet is realized only
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for the cubic structure.) The reason for such a splitting is found in quantum
mechanics. Kramer's theorem of degeneracy says, that all energy levels in time-
reversal invariant systems have to be double degenerated, i.e. if eigenstate of the
Hamiltonian with energy E exists, there must be another state with the same
energyE. Kramer's theorem is valid for all systems with an odd total number
of fermions (it includes free ion or a system with odd number of electrons). The
external magnetic �eld removes the degeneracy of energy levels.

The CEF parameters,B n
m , and corresponding energy levels splitting are quite

routinely calculated from point charge model and known crystal structure of
compound. CEF parameters determined from the measurement (e.g. inelastic
neutron scattering or magnetic susceptibility) are the same as theoretical ones
in ideal case. In real materials, we observe small di�erences due to non-ideal
distribution of elements and other defects in the crystal. The great importance
has the valence state of the 4f element. Cerium ion exhibits usually valence
number 3+, but it can loose one electron and become Ce4+ . The same applies
e.g. for Yb2+ ! Yb3+ . The valence state is generally not the same for all ions
(of the same element) in the compound leading to the non-integer value, which
could be easily sample dependent.

1.3 Magnetic structure of material

Mutual magnetic interactions between ions with not-fully �lled electron shell may
lead to their regular arrangement. The magnetic order can, however, occur only
at su�ciently low temperatures where magnetic interactions outweigh the ther-
mal 
uctuations in the material. Above the magnetic orderingtemperature the
compounds behave as paramagnets, below ordering temperature several magnet-
ic orders could be realized: ferromagnetic, antiferromagnetic and ferrimagnetic
(i.e. uncompensated antiferromagnetic) order. The temperature of the transition
from paramagnetic to ordered state is called Curie Temperature, TC, for ferro-
magnet and N�eel temperature,TN , for antiferromagnet. The magnetic dipoles
are identically oriented in ferromagnet, whereas more complicated magnetic mo-
ment arrangements can be found in antiferromagnetically ordered material. The
magnetic dipoles in antiferromagnet could be reoriented byexternal magnetic
�eld (typically quite strong) which leads to the metamagnetic transition to the
ferromagnetic state.

The arrangement of magnetic moments in the compound (at temperatures
lower than TC or TN) is periodic and forms its magnetic structure. The magnetic
structure can be easily related to the crystal structure of the compound. The
crystallographic unit cell is the smallest possible unit cell of magnetic structure.
For the ferromagnetic material, the crystallographic and magnetic unit cell coin-
cide as all the magnetic moments are oriented to the identical direction in space.
The di�erent directions of magnetic moments in the antiferromagnet then often
lead to larger magnetic unit cell. One can introduce the ratio between crystallo-
graphic and magnetic unit cell, so called propagation vector of magnetic structure
~k. The components of propagation vector are determined as theratio between
the size of crystallographic and magnetic unit cell in appropriate direction. When
both unit cells are identical, propagation vector~k = (0, 0, 0).

The introduction of propagation vector is of great importance as~k is the
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vector of reciprocal space and can be used in scattering theory formalism. The
magnetic moment onj th atom in the unit cell is described as:

� j =
X

f ~kg
~mj; ~ke� i~k: ~T ; (1.9)

where ~mj; ~k is a complex basis vector directly determined from propagation vector

and position of the j th atom in the unit cell. ~T is the lattice translation vector
associated with the position of the magnetic moment. Summation is done over all
sets of~k-vectors as the magnetic structure could be described by more than one
propagation vector. Generally, the magnetic structure could be very complex,
including incommensurate (the magnetic structure is not commensurate with the
crystallographic one) or modulated structures described by propagation vectors
with irrational components.

The equation 1.9 is signi�cantly simpli�ed in case when the~mj; ~k is real. Mag-
netic moment � j have to be real as it is the physical quantity. Therefore the
imaginary part of exponential must (i) equal to zero or (ii) cancel each oth-
er with imaginary part of exponential corresponding to the propagation vector
� ~k. The �rst scenario is realized for simple magnetic structures and implies the
commensurate magnetic structure, the second one then assumes two propagation
vectors: ~k and � ~k and leads to amplitude modulated magnetic structure.

The detailed description of magnetic structure formalism as well as the deter-
mination of magnetic structures using the neutron di�raction techniques could
be found e.g. in Ref. [5].

1.4 Cerium and Ce-based compounds

The cerium atom with electron con�guration [Xe] 4f 15d16s2 represents very spe-
cial case among the rare-earth elements. Only one 4f electron screened by outer-
most 5s and 5p orbitals stays behind unique and often exotic physical properties
of Ce and Ce-based compounds. Although the 4f electron is shielded by outer-
most electron levels, the in
uence of magnetic �eld, temperature, pressure and/or
chemical pressure on compound could lead to the transition of 4f electron from
its localized state to the conduction band. The valence number of the ion is then
changed from Ce3+ to Ce4+ and cerium becomes non-magnetic. Together with
the loss of magnetic moment, also the crystal electric �eld is changed. Moreover,
the real sample is not ideal as it contains defects and stoichiometry variations.
Also the crystal structure itself (its symmetry) may cause the occupation of some
atomic positions preferentially with Ce3+ and other positions with Ce4+ . Such
electron con�guration in the compound is called mixed-valence state and could be
e�ectively detected by microscopic measurements, e.g. neutron scattering tech-
niques allow to distinguish between atomic sites with di�erent values of magnetic
moments. The cases, when the both con�gurations have non-zero probability
and ions are varying between them, are referred to as a valence-
uctuating state.
The average life time of each con�guration is so short that most experiments can-
not distinguish between them. The compound then reveals a non-integer valence
state.
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The consequences of valence state instability of Ce lead to signi�cant changes
in physical properties among Ce-based compounds. Often, the compounds exhibit
a mixture of Ce3+ and Ce4+ ions. If the content of 4+ valence ions reaches certain
value, the magnetic ordering is lost and the compound stays non-magnetic even
at very low temperatures. The situation, when the total valence of cerium ions
in the compound subtle di�ers from 3+, happens quite often: the compound
orders magnetically, usually at low temperature, and exhibits properties often
quite di�erent from these expected for purely magnetic compound.

Figure 1.3: The schema of Kondo singlet. A weak coupling at high temperature,
and a strong coupling at low temperature are demonstrated.

The two mechanisms compete in Ce-based compounds frequently: (i) the in-
teraction leading to the magnetic order, generally of RKKY type, and (ii) so called
Kondo interaction (see Refs. [6] and [7] for detailed description). The conduction
electrons scatter on the localized magnetic moments in the metal, which leads to
the formation of electron singlets (see Figure 1.3). The Kondo singlet consists
from one 4f electron and one conduction electron with oppositely oriented spin,
the magnetic moment of whole singlet is equal to zero. However, the coupling
between electrons is only weak at high temperature (the conduction electrons
pass by magnetic electron with the Fermi velocityvF) and becomes stronger with
decreasing temperature, see Figure 1.3. A typical behaviorbounded with Kondo
singlet creation in the compound can be traced: the logarithmic temperature
dependence of the electrical resistivity, reduced sizes ofthe magnetic moments
in the magnetically ordered and paramagnetic state or strongly enhanced Pauli
paramagnetic susceptibility and electronic coe�cient of the speci�c heat.

The competition between RKKY and Kondo interaction in the compound can
be tentatively described by Doniach's diagram [8], see Figure 1.4. The strength
of interactions is marked asTRKKY and TK , respectively, where the energy for
each interaction could be expressed as:

kBTRKKY � J 2
exn(EF); (1.10)
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Figure 1.4: Doniach's diagram.Jex is the exchange constant. The strength of
RKKY and Kondo interaction is marked asTRKKY and TK , respectively. AFM
is the antiferromagnetic state, nFL stays for non-Fermi-liquid state. See text for
further details.

kBTK � exp(�
1

2Jexn(EF)
): (1.11)

kB is Boltzmann constant, the exchange constantJex then represents the inter-
action between 4f states and conduction electrons in the compound andn(EF)
is the density of states at Fermi level. A weak interaction between 4f electrons
and conduction electrons leads to smallJex and the compound orders magneti-
cally. The Kondo interaction prevails for su�ciently high values ofJex, leading
to the non-magnetic state. On the border between magnetic and non-magnetic
state, the strength of RKKY and Kondo interactions is comparable and wide
range of physical phenomena arise. Non-Fermi-liquid state (nFL) and quantum
criticality are most prominent of them. Moreover, the exchange constantJex can
be in
uenced by chemical and/or external pressure which allows us to pass from
the magnetically ordered regime to nFL state and further to the non-magnetic
region.
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2. Experimental techniques
The experimental techniques described in this chapter wereused during our study
of CeCuAl3, CePd2Al 2 and their substitutions. We prepared and characterized
all the samples by ourself on the ground of Department of Condensed Matter
Physics. The basic magnetization and transport measurements were performed in
Magnetism and Low Temperatures Laboratories, MLTL (http://mltl.eu/), which
are supported within the program of Czech Research Infrastructures (project no.
LM2011025). The experiments with the usage of neutron scattering were done
on instruments in neutron facilities as stated below.

2.1 Sample preparation

The studied poly- and single- crystalline samples were prepared from high puri-
ty elements, see Table 2.1, in relatively large amount (tensand units of grams,
respectively) mainly because of needs of neutron scattering experiments. The
pollycrystals were prepared by arc-melting of pure elements in appropriate sto-
ichiometry. In the case of compounds with gallium, 0.5% of Gawas added to
account for its higher evaporation. The melting process took place under protec-
tion of an argon atmosphere. The water-cooled tungsten electrode and copper
crucible were used. All the samples (maximal weight of 2 g) were four times

ipped and remelted to ensure good homogeneity. All the single crystals were
prepared from the polycrystalline precursors; typical weight of precursor was
� 8 g.

Table 2.1: The purity of elements used for the preparation ofstudied compounds.
The purity is written in the N-form: 4N5 � 99.995% metals basis, Alfa Aesar.

element La Ce Cu Au Pd Al Ga
purity 3N 2N8 6N 5N 4N5 6N 7N

The Czochralski pulling method belongs to the relatively commonly used
methods for single crystal growth. We prepared most of the studied single crys-
tals by this method in the modi�ed tri-arc furnace installed in Department of
Condensed Matter Physics. The polycrystalline precursor of appropriate stoi-
chiometry is melted up by three tungsten electrodes and levitates on water-cooled
copper crucible. First, the melted material is heated for certain amount of time,
in our case always� 0.5 hour, to ensure homogeneity of the melt. The crucible,
and with it also the melt, are rotated in addition. Secondly,the water-cooled
seed is introduced to the melt - the tungsten seed could be used in the �rst step,
in further step a part of prepared ingot serves as seed. In thethird step, the
seed (and ingot) is pulled out of the melt with constant speed, in our case the
speed was 6 - 8 mm per hour. In the same time, the ingot rotates (typically
4 rotations per minute) in the opposite sense than the crucible. The speeds of
pulling and rotation and mainly their stability during the whole growing process
are of great importance. Another important parameter is the temperature of the
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melt, which has similar or rather more signi�cant e�ect. Thespeeds and mainly
the temperature must be regulated in order to allow the formation of an interface
between the melt and ingot at which the crystallization process takes place. After
successful connection of the melt and solid ingot, several millimeters of crystal
are grown. The critical phase in the growing process is the formation of so called
'neck', which follows. The diameter of the ingot is tuned by the temperature of
melt in order to get rid of all single crystal grains but one. Afterwards, the di-
ameter is enlarged again to maximally 5 mm (for larger diameter we need to use
another furnace). If possible, the second neck is managed and we grow the ingot
as long as possible. The last critical part is the ending of the ingot. The diameter
of the ingot should be narrowed very slowly and it should be very narrow when
it is separated from the melt. The temperature transfer fromthe melt to the
ingot should be as low as possible to prevent a formation of defects as twinning
or inclusion of the foreign phase by fast-cooling. The pictures of initial phase of
preparation of CeCuAl3 single crystal and prepared ingot are shown in Figure
2.1.

a) b)

Figure 2.1: The photos of a) initial phase of preparation by Czochralski pulling
method and b) prepared ingot of CeCuAl3.

Another type of preparation of our single crystals was the 
oating zone method.
We needed large amount of CeCuAl3 for powder neutron di�raction experiment.
To ensure the homogeneity of the sample, whole amount of material was prepared
as one large single crystal by 
oating zone method. The precursor in the shape
of a rod of 5 mm diameter and� 18 g weight was used for the preparation by
the optical 
oating zone furnace (model: FZ-T-4000-VI-VPM-PC). The growing
process took place under 6N Ar protective atmosphere with 125kPa pressure and
the 
ow rate of 0.5 liter per minute. In contrast with the Czochralski method, in
the case of 
oating zone method the sample is heated up only locally, which leads
to lower evaporation of constituent elements, contamination by residual gas and
better stability of the growth itself. The pulling rates and rotation speed were
the same as used in the case of preparation by Czochralski pulling method.

2.2 Structure and chemical characterization

The sample prepared by methods described above may exhibit many defects.
A di�erent crystal structure and a wrong stoichiometry are the most important
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of them. Another problem could be a stoichiometry variation in the sample,
inclusions of foreign phases and a presence of oxides of constituent elements.
Moreover, one should take into account also the occupation of lattice sites of
one element by other element with similar ionic radius, especially in substituted
compounds. In the case of single crystal, one has to verify �rst, that prepared
ingot consists of only one grain. The opposite case leads to the sample with certain
anisotropy given by similar orientation of all grains or even to the polycrystal.

All prepared samples were investigated by means of energy dispersive X-ray
di�raction (EDX) and powder X-ray di�raction measurements. T he single crys-
tals were checked by Laue X-ray and neutron di�raction, in addition.

2.2.1 Energy dispersive X-ray analysis

One of the ways how to e�ectively investigate the stoichiometry of prepared sam-
ple is the energy dispersive X-ray analysis. This method is based on the character-
istic energies of inter-orbital transitions of electrons in the atom. These energies
are di�erent for each chemical element and thus could serve for its identi�cation.

X-rayEnergy

Figure 2.2: The schema of electron inter-orbital transition. The introduction of
an appropriate energy to the electron leads to its excitation. Excited electron
leaves the atom and its place is �lled up by an electron from higher energy level,
which is followed by an emission of characteristic X-ray radiation.

The sample is irradiated by the beam of high-energy electrons in the �rst step.
If the energy transmitted to the electron on certain energy level (in certain atomic
orbital) is high enough, the electron leaves the atom. The hole after excited
electron is �lled by the electron from other level (orbital) in order to minimize
the energy of whole atom. The transition of electron from thehigher energy level
to level with lower energy is accompanied by emission of X-rayradiation with
characteristic energy, which is equal to di�erence betweenappropriate energy
levels. For illustration see Figure 2.2. For detailed description see for instance
Ref. [9, 10]. By the irradiation of a certain part of the sample, one obtains
the X-ray spectrum containing the spectra from all constituent elements. A
careful analysis of this spectrum leads to the �nding of sample stoichiometry.
The accuracy of EDX analysis is quite high, the error is up to afew percent.
On the other hand, one should take into account the limits of EDX technique.
The most important one is the penetration depth of electrons, which makes from
EDX the surface technique. An increased attention should be then dedicated to
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the shape and size of the studied sample. The overlap of peaksfrom di�erent
elements spectra forms another di�culty.

The EDX technique is quite well implemented into the practice nowadays and
it is used routinely. The EDX measurement on our samples was performed on the
scanning electron microscope Mira (Tescan) equipped with secondary electrons
detector, back-scattered electrons (BSE) detector and with EDX analyzer by
Bruker Axs. The incident electron beam energy was ranging from 0 to 30 keV. The
EDX analysis con�rmed the correct stoichiometry and phase purity of all further
used samples. The error of the analysis was up to 3% in all cases (precision of
the method). The BSE picture of the sample surface (note the scratches from the
polishing of the sample) and EDX maps of distribution of constituent elements
in CeCuAl3 are presented in Figure 2.3 as an example.

Figure 2.3: The BSE picture of the sample surface and the mapsof distribution
of constituent elements in CeCuAl3 single crystal.

2.2.2 Di�raction techniques

The crystal structure of all prepared samples was studied bymeans of X-ray
di�raction. The di�raction process of X-ray radiation on the periodic lattice is
well known already more than 100 years, Max von Laue obtainedthe Nobel Prize
in Physics already in 1914, William Henry Bragg and William Lawrence Bragg
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then one year later. For this reason, we do not describe the method in detail and
remind here only the obligatory Bragg's law:

n� = 2d:sin�: (2.1)

n is positive integer number. � is the wavelength of used radiation. d stays
for distance between crystallographic planes and� is the angle between incident
radiation and the sample surface.

The investigation of our powder samples was performed on Bruker D8 Advance
di�ractometer equipped with the Cu K� 1;2 X-ray source (the initial wavelengths
1.54056�A and 1.54439�A, respectively). The Bragg-Brentano� � 2� geometry
was implemented. The obtained di�raction patterns were consequently re�ned
using the Rietveld analysis employing the Fullprof software [11].

High temperature powder X-ray di�raction measurements were performed
on powdered CeCuAl3 single crystal and on polycrystalline LaCuAl3 using the
PANanalytical MPD di�ractometer with MRI high-temperature c hamber in con-
ventional BB symmetric � -2� scan. Tantalum strip heater and platinum radiation
heater were used as a heating elements, the heating rate was 5oC per minute. The
sample was directly put to tantalum strip heater in order to have a good thermal
contact. The pressure in heating chamber was of the order 10� 2 Pa to protect
the tantalum strip from corrosion and to ensure the same conditions for measure-
ments at each temperature. The measurement was done at temperatures from
32 to 500oC.

To characterize the single crystals, two methods were used.First, Laue di�rac-
tion method. The X-ray or neutron radiation does not need to beadjusted in
any way as we need a broad spectra of wavelengths. The Bragg'scondition is
satis�ed for each set of crystallographic planes and appropriate wavelengths re-
sulting in the array of spots on so called Lauegram. The spotson Lauegram form
the hyperboles, where each hyperbola belongs to the one set of crystallographic
planes. The symmetry of crystallographic planes in the single crystal leads to
the symmetry of di�raction patterns in Lauegram. The transmission and back-
re
ection modi�cations of Laue di�raction method are commonly used, leading
to the same results.

Besides the orientation of single crystal, the Laue technique is used to inves-
tigate its perfection. The quality of single crystal is mirroring in the size and
shape of the di�raction spots. The distorted or smeared spots could be a result
of bended or twisted crystal. The sample containing more than one grain or the
twinning can be also easily identi�ed.

The quality and orientation of our single crystals were veri�ed by both Laue
X-ray di�raction and Laue neutron di�raction techniques. Th e usage of X-ray
di�raction in conventional laboratory is limited and therefore it becomes the sur-
face technique for bulk samples. Scans over all the crystal including the places ro-
tated exactly by 180o with respect to previous ones should be the matter of course.
However, the sample might still contain more than one grain. The neutrons have
a large penetration depth and whole sample volume could be investigated in the
same time. The Laue neutron di�raction experiments were performed on Orient
Express and CYCLOPS (CYlindrical Ccd Laue Octagonal Photo Scintillator) in-
struments [12] at Institute Laue-Langevin (ILL), Grenoble, France. The example
of Lauegram taken by Orient Express di�ractometer on CeCuAl3 single crystal
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Figure 2.4: Lauegram taken by Orient Express di�ractometeron CeCuAl3 single
crystal.

is presented in Figure 2.4.
The Laue neutron di�raction could be also used for the investigation of mag-

netic structures in the single crystals as the neutrons carry the magnetic moment
(see section 2.6). The Lauegram contains besides the crystal structure spots also
the spots corresponding to the magnetic structure. These spots could be de-
scribed by the propagation vector of magnetic structure. CYCLOPS instrument
equipped with the orange cryostat was used for such a magnetic study on our
samples (see Figure 4.15).

The second approach how to investigate the crystal and magnetic structures
of single crystal is usage of the 4-circle goniometer. The experimental setup
allows to rotate the crystal in order to reach almost any wanted structural or
magnetic re
ection. More sophisticated software is neededfor the instrument
manipulation and also for the evaluation of di�raction patterns. The crystal
structure of CeCuAl3 single crystal was determined using the Bruker APEXII
CCD di�ractometer equipped with Mo X-ray tube. Structure factors have been
extracted from single crystal di�raction patterns and the structure was identi-
�ed using SHELXS-97 (Sheldrick, 2008). The single crystal of prism-shape with
(0.080 x 0.100 x 0.140 mm) dimension was used for the measurements at tem-
peratures 296 and 150 K. To investigate the magnetic structure of CeCuAl3, we
used D10 di�ractometer with four-circle goniometer at ILL,Grenoble.

2.2.3 Di�erential scanning calorimetry

Di�erential scanning calorimetry (DSC) is a thermo-analytical technique based
on the measurement of the amount of heat required to increasethe sample tem-
perature. The reference sample with a well-de�ned heat capacity needs to be
prepared beforehand. The sample measurement itself is tightly bound to the
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measurement of reference: both the sample and reference aremaintained at near-
ly the same temperature throughout the experiment, which allows together with
previous calibration to obtain heat-temperature dependence of the sample. The
complementary technique is called di�erential thermal analysis (DTA). While
DSC measures the energy required to keep both the reference and the sample at
the same temperature, DTA measures the di�erence in temperature between the
sample and the reference when they are receiving the same amount of heat.

DSC allows to observe the di�erences in the heat 
ow between the sample
and calibrated reference, while keeping both at the same temperature. These
di�erences correspond to the absorption and emission of theheat by the sample,
while undergoing the phase transition. The process of the phase transition could
be endothermic or exothermic, which is detected also by DSC.Endothermic pro-
cess is bounded with 'negative' peak in the temperature dependence of heat 
ow
as the heat is absorbed during the phase transition. The solid-liquid transition
represents such a process. Exothermic process is then exactly opposite and is
accompanied by the 'positive' peak in temperature-heat transfer development.
Thus, not only the temperatures of the phase transitions in the sample, but also
its type could be determined by DSC measurement.

Di�erential scanning calorimetry was carried out on CeCuAl3 single crystal as
well as on LaCuAl3 polycrystalline sample in order to obtain melting temperatures
and to �nd any sign of presence of other transition as well as to verify the phase
purity of the sample. Measurements were performed under protection of He
atmosphere on SETSYS Evolution 24 instrument (SETARAM Instrumentation
Company) and data were processed using SETARAM software. Heating and
cooling scans were taken with the rate of 10oC per minute in temperature range
from 28 to 1400oC.

2.3 Magnetization measurements

The magnetization measurement techniques are well known and standardly used
in condensed matter research. We do not describe them here and kindly ask reader
to see a large number of publications, e.g. Refs. [13, 14], for details. Instead,
we focus on the description of magnetization in the sample inparamagnetic and
ordered state.

The total magnetic moment of the sample in the paramagnetic state is equal
to zero. The individual magnetic moments on magnetic ions compensate each
another due to their random orientation in the material. Nevertheless, the ap-
plication of external magnetic �eld could overcome the thermal 
uctuations of
magnetic moments and the material exhibits a non-zero magnetization M . The
response of the sample in the paramagnetic state to the applied magnetic �eld, so
called magnetic susceptibility� , is generally described by modi�ed Curie-Weiss
law:

� �
M
H

=
NA � 2

B � 2
e�

3kB(T � � p)
+ � 0; (2.2)

whereNA is the Avogadro constant,� p is paramagnetic Curie temperature and� 0

stays for the Pauli and Van Vleck paramagnetic susceptibility. We note, that the
susceptibility is not the scalar quantity, in general. Boththe magnetization and
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magnetic �eld are vectors, thus the susceptibility is the tensor of 3x3 dimension.
The simpli�ed relation could be used, to some extent, in the cases, when the mag-
netization vector has the same direction as the magnetic �eld, i.e. the signi�cant
crystallographic direction of the sample crystal structure is oriented along the ap-
plied �eld. The e�ective magnetic moment obtained by �tting the experimental
data to the Curie-Weiss law is generally comparable with theoretically predicted
� e� from equation 1.1.

The magnetization and alternate current (ac-) susceptibility measurements
were performed using the Physical Property Measurement System (PPMS) and
Magnetic Property Measurement System (MPMS), Quantum Design, installed
in the Magnetism and Low Temperatures Laboratories, MLTL (http://mltl.eu/).
The magnetic �eld ranges from 0 to 14 T and to 7 T for PPMS and MPMS in-
struments, respectively. Polycrystalline samples used for the measurement were
crushed into �ne powder and afterwards �xed in a random orientation by glue
(Canagon) in a plastic capsule. Typical weight of the samplewas � 60 mg. The
single crystals were measured in the prism-shaped form withthe long edge cut
along signi�cant crystallographic directions oriented along magnetic �eld direc-
tion. Such experimental arrangement allows us to neglect the di�culty due to
the demagnetizing factor [15].

2.4 Speci�c heat

The measurement of the speci�c heat belongs among the standard techniques
implemented during the investigation of physical properties of the material. The
speci�c heat namely re
ects the microscopic properties andtheir changes in the
sample, which makes it very important quantity for condensed matter physics.
The total speci�c heat of the sample is considered to consistof electronic, Cel,
phonon,Cph , and magnetic,Cmag, contributions:

Cp = Cel + Cph + Cmag: (2.3)

General problem with the speci�c heat data treatment originates in a di�cult
separation of individual components from total speci�c heat.

The electronic contribution of speci�c heat originates in the presence of con-
duction electrons near the Fermi level in all metallic materials and could be
expressed as:

Cel =
1
3

� 2n(EF)k2
BT � 
 elT: (2.4)

n(EF) stays for the density of states on the Fermi level,
 el is then the Sommerfeld
coe�cient of electronic speci�c heat.

The lattice vibrations (quantized as phonons) are tightly bound with a thermal
energy given to matter and form signi�cant contribution to its speci�c heat. 3n
branches (n is number of atoms in an elementary unit cell) of the phonon spectrum
is divided into 3 acoustic and 3n-3 optic branches and are described by the Debye
and Einstein models, respectively. The wavevector of acoustic phonons is linearly
dependent on the frequency, while the optic phonons exhibitnon-zero frequency
also in the center of Brillouin zone. The phonon contribution to the speci�c heat
in the compounds with lattice periodicity could be then described by relation:
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Cph = CphD + CphE = 9kBNA (
T
� D

)3
Z � D

T

0

x4ex

(ex � 1)2
dx+ kBNA

3n� 3X

i =1

(
� E i

T
)2 e

� E i
T

(e
� E i
T � 1)2

;

(2.5)
where � D and � E stay for the Debye and Einstein temperatures, respectively.
When describing the phonons in the material, one should takeinto account also
the e�ect of anharmonicity, which is not included in previous formula [16]. The
high temperature limit of equation 2.5 is equal to 3R per one mole of the material,
while Cph at low temperatures reveals a cubic dependence on the temperature.
The speci�c heat for the non-magnetic compound in the low temperature region
could be thus written as:

Cp = Cel + Cph = 
 elT + �T 3 = 
 elT +
12� 4R

5� 3
D

T3 (2.6)

The magnetic contribution to the speci�c heat consists in non-zero total mag-
netic moment of atoms in matter. The crystal electric �eld inthe material in
u-
ences the electronic properties of such atoms (splits degeneration of the multiplet
ground state, see subsection 1.2), which leads to the rise ofthe entropy and thus
also the speci�c heat. The CEF contribution to Cmag is often called Schottky
contribution:

CSchottky = kBNA (

P n
i =1 ( E i

kB T )2e� E i
k B T

P n
i =1 e� E i

k B T

� (

P n
i =1

E i
kB T e� E i

k B T

P n
i =1 e� E i

k B T

)2): (2.7)

Any change of the electronic properties of atoms in the material leads to the
change of the entropy and thus also to the change of speci�c heat. The formation
of magnetic ordering, transition to the superconducting (SC) state or structural
transitions reveal themselves as anomalies in the temperature evolution of speci�c
heat.

The determination of individual contributions to the speci�c heat of general
compound represents quite di�cult task. Nevertheless, in the special cases, the
magnetic contribution could be, to some extent, estimated after the subtraction
of the electronic and phonon contributions of the non-magnetic analogue from
total speci�c heat of investigated compound. Such an approach is frequently
used in the speci�c heat data treatment of rare-earth based compounds, where
La, Y and Lu analogues could be employed.

The magnetic entropy of the material could be easily calculated from Cmag:

Smag(T0) =
Z T 0

0

Cmag

T
dT: (2.8)

A comparison ofSmag to the theoretical value:

Smag = Rln(2J + 1) (2.9)

could be than easily done revealing inter alia the strength of Kondo interaction
in Ce-based compound or even the presence of short-range magnetic correlations.
The theoretic value ofSmag for Ce3+ ion is equal toRln(6) = 14.9 J.K � 1.mol� 1.
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The speci�c heat measurement on studied samples was performed using the
time-relaxation method on PPMS instrument, see e.g. Ref. [17]. The thermal
contact between sample and sample holder was provided by theapiezon N grease,
which served for the attachment of the sample to holder in thesame time. All the
sample measurements were forestalled by the measurement ofthe sample holder
with appropriate amount of grease to determine the contribution of apiezon to
measured speci�c heat precisely. The contributions of the sample holder and
apiezon were subtracted afterwards. The measurements at temperatures from
interval (0:4 � 5) K were provided on� 2 g samples, the samples with� 20 g
weigh were used for the measurement at temperatures between1.8 and 300 K.
The larger sample allows us to get a good accuracy with respect to the increase
of sample holder contribution to measured speci�c heat at higher temperatures.

2.5 Electrical resistivity

The electrical resistivity of the non-magnetic compound generally consists from
only two contributions: residual resistivity, R0, and electron-phonon part,Rph .
The total electrical resistivity is then described by the Matthiessen's rule, where
Rph could be described by the Bloch-Gr•uneisen formula:

R(T) = R0 + Rph(T) = R0 + A(
T
� R

D
)n

Z � R
D
T

0

xn

(ex � 1)(1 � e� x )
dx: (2.10)

A is a constant depending on the velocity of electrons at the Fermi surface, the
Debye radius and the number density of electrons in the metal. � R

D stays for the
Debye temperature determined from resistivity measurement. In the case of one
atom in an elementary unit cell,� R

D should reach a value obtained from speci�c
heat measurement via equation 2.5. In the case of more than one atom per unit
cell, the equation 2.5 needs to be corrected. Integer numbern depends on the
type of interaction in the material: n = 2 points out to the electron-electron
interaction, n = 3 is typical for the transition metals with strong s � d electrons
scattering andn = 5 implies electron-phonon scattering in the material.

The electrical resistivity of compound containing magnetic ions can be de-
scribed by Mattheissen's rule as:

R(T) = R0 + Rph(T) + Rel(T); (2.11)

where theRel represents the contribution from the electron-electron scattering.
The determination of individual contribution to the electrical resistivity is prob-
lematic, similarly as in the case of speci�c heat. Another di�culty represents the
type of magnetic order: in the case of antiferromagnet, the equation 2.11 must be
corrected by truncation factor for a di�erent periodicity of the magnetic lattice.
In special cases, we can assume the sameRph contribution for magnetic and non-
magnetic analogues and estimateRel. This contribution is for Fermi-liquid-like
system proportional to the square of temperature:

Rel(T) = DT 2: (2.12)
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In condensed matter, we observe several mechanisms, which in
uence the elec-
trical resistivity development. Superconductivity leadsto the zero electrical re-
sistivity below critical temperature and critical magnetic �eld. A logarithmic
increase of resistivity with decreasing temperature due tothe screening of mag-
netic moments by conduction electrons represents another case, when the system
cannot be described purely on the basis of above mentioned relations. For further
reading see e.g. Refs. [18, 19].

The electrical resistivity was measured using a classical four-point schema with
transversal current-�eld mode on PPMS instrument. The prism-shaped samples
with ( � 20 x 4 x 4 mm3) dimensions were connected to the electrical circuit by Cu
wires and colloidal silver paste. Single crystalline samples cut along signi�cant
crystallographic directions (mostly the same samples as used for magnetization
measurements) were connected to the electrical circuit with the electrical current,
j , aligned along the long sample edge.

The double layered cylindrical pressure cell [20] and pressure exchange medi-
um Daphne 7373 oil [21] were used for the measurement up to 3 GPa in temper-
ature range 2 - 300 K. The manganin wire was used as the sensor to determine
the pressure at room temperature. The uncertainty of pressure determination
of 0.05 GPa originates in the electrical resistivity measurement of the manganin
wire. Above 2.2 GPa, additional error of 0.2 GPa should be considered because of
solidi�cation of Daphne 7373 oil at room temperature [21]. Another asymmetric
experimental error (� 0.2 GPa) occurs in low pressure region (p < 1 GPa) at low
temperatures as the pressure decreases by cooling.

2.6 Neutron scattering

The neutron scattering techniques belong to the most powerful tools for the con-
densed matter investigation. Neutron consists of quarks u-d-d leading to the zero
electric charge (or strictly speaking, charge lower than experimental error) and
non-zero magnetic moment. Such properties allow the neutron non-destructively
penetrate the matter to depth of several centimeters. It interacts with the nu-
clei via the strong interaction (there is no Coulomb barrierto overcome) and
with magnetic moments of unpaired electrons via dipole-dipole interaction. It
brings out the information not only about the crystal (nuclear) structure, but
also about the magnetic structure of the material. The important properties of
the neutron are its wavelength or energy and momentum. The wavelengths of
the order of 10� 10 m (= Angstroems) make the neutron an ideal probe for atomic
and molecular structure investigation. Moreover, the sizeof nuclei is typically
several femto-meters (10� 13 m), the interaction between the neutron and nucleus
is thus nearly point-like. The energy� meV is then in the same range as di�u-
sive motion, phonons, magnons, vibration modes of molecules etc. The random
sensitivity to individual chemical elements and also individual isotopes represents
another highly convenient property of neutron, which is frequently used not on-
ly in condensed matter research, but also for the investigation of chemical and
biological materials.

The production of neutrons by �ssion and spallation processes requires large
facilities. Such a drawback is common for both neutron scattering and com-
plementary synchrotron X-ray radiation scattering techniques. Comparing both
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techniques, the X-ray scattering works with radiation energy in order of keV, has
a smaller penetration depth and mainly, the radiation is scattered by electron den-
sity and thus the heavy elements contribute to the di�raction patterns stronger
than the light ones. On the other hand, great advantages of synchrotron radia-
tion are broad spectrum of wavelengths, high 
ux, brilliance and high stability of
source.

The thesis is not aiming to describe the X-ray and neutron scattering tech-
niques in detail, for further reading e.g. Refs. [22, 23, 24]are recommended. We
give here only several basic relations and basic description of used instruments,
which is necessary for a good understanding of the data aquirement and treat-
ment within the thesis. The neutron scattering could be generally divided into two
types, elastic and inelastic, based on the way neutron interacts with the matter.
The main di�erence between these types of scattering lies inthe kinetic energy
conservation. While, the elastic scattering (also called di�raction) contains the
processes, in which the total kinetic energy of the neutron and target does not
change during the experiment, the inelastic scattering deals with the processes,
where the total kinetic energy before and after scattering process di�ers (part
of the kinetic energy is converted to other type of energy, e.g. deformation or
excitation energy). The neutron is elementary particle with no excitable inter-
nal degrees of freedom and the target is typically very massive, therefore elastic
scattering implies the energy conservation of the target.

2.6.1 Neutron di�raction

The measured intensity of scattered beam represents an overall output of general
X-ray or neutron scattering experiment. The relation between the intensity, I ,
and microscopic properties of the sample is not always straightforward as several
factors re
ecting the sample and instrument features take place. Moreover, the
microscopic properties of the sample are included in so called structure factor,F ,
which appears in the following formula only as a square:

I = L f AEx PjF j2 : (2.13)

As the structure factor is generally a complex number, the phase of F is lost
and sophisticated approach has to be used to restore it. Lorentz factor, L f , is
re
ecting a di�erent speed of di�erent reciprocal lattice points as they are passing
through the Ewald sphere during the measurement. We restrict ourselves only
to easy formulas which applies to our measurements on powderdi�ractometers
D1B (ILL, Grenoble) and E6 (HZB, Berlin) and on triple axis spectrometer D10
(ILL, Grenoble) in 'elastic mode':

Lpowder =
1

sin2� sin�
; L single crystal =

1
sin�

: (2.14)

Lorentz factors for various types of measurements can be found e.g. in Ref.
[25]. The absorption of the material,A, plays an important role in the scatter-
ing experiment as it in
uences the measured intensity depending on the sample
composition (elemental and isotopic), size and shape of thesample and on wave-
length of neutron radiation. The extinction, Ex , represents another important
factor in the kinematic theory of di�raction. The extinctio n is strongly dependent
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on the size and mosaicity of domains in the sample and could bethus determined
mostly only by �tting the experimental data. We restrict ourself to mention on-
ly phenomenological Zachariasen formula, which is implemented in the Fullprof
package [11] and which was used during the re�nement of our single crystal data.
For further reading, see e.g. Ref. [26]. Preferential orientation factor, P, then
corrects a non-random orientation of grains in the powder sample and could be
described by e.g. March function [11]:

Phkl =
Z

(f 2
corcos2� +

sin2�
fcor

)� 3
2 ; (2.15)

where the correlation factor,f cor, expresses the degree of preferential orientation.
The preferential orientation does not occur in the sample when f cor = 1, takes
the plate-shape form forf cor < 1 and needle-shape forf cor > 1 [11].

Before we move to the structure factor formalism, it is useful to introduce the
scattering vector ~Q. The neutron radiation from source is typically coming to
the sample as the plane wave described by the wave vector~k1. The scattering
process leads to the scattered spherical wave, which could be approximated by
plane wave with~k2; it is generally valid by the detector position. The scattering
vector ~Q is then characterized as the di�erence between wave vectors~k1 and
~k2. The absolute values of~k1 and ~k2 are identical in the case of elastic scattering
(
�
�
�~k1

�
�
� 6=

�
�
�~k2

�
�
� for inelastic scattering). The whole scattering process isschematically

drawn in Figure 2.5.

Figure 2.5: The di�raction process on the sample. The radiation in the form of
plane waves and purely elastic scattering are considered for simplicity. 2� stays
for scattering angle and~Q is the scattering vector.

The structure factor, F , in equation 2.13 stays for both types of scattering,
scattering of neutrons on nuclei -FN - and neutron magnetic moment scattering
on moments of unpaired electrons in material -FM . Both types of scattering
contribute to the measured di�raction patterns with similar intensity, however,
only in low 2� region. FM is strongly ~Q-dependent for the same reason as structure
factor in X-ray scattering, i.e. it depends on the Fourier transform of the spatial
distribution of unpaired electrons around the nucleus. Themagnetic form factor,
f j ( ~Q), di�ers from the X-ray form factor though: the neutron magnetic scattering
takes place only on the outer (unpaired) electrons, whereasX-ray scattering is
heavily weighted also by the core electrons.FN , on the contrary, depends on
the scattering length (or scattering amplitude),b, which is ~Q-independent: the
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wavelength of neutrons used for the scattering experiments(Angstroem, �A) is
typically 4-5 orders of magnitude larger than the dimensionof the nucleus (fm).
The nucleus can be thus treated as the point target, i.e. delta function in space.
The Fourier transform of delta function is a unity and therefore b is element
and isotope dependent constant. The value ofb for individual isotope cannot
be calculated theoretically, experimentally determined values are tabulated. The
nuclear and magnetic structure factors could be written in the following forms:

FN( ~Q) =
X

j

bj ei ~Q ~R j e� W j ; (2.16)

FM ( ~Q) =
X

j

f j ( ~Q)� j ? ei ~Q ~R j e� W j ; (2.17)

where �rst exponential describes the relation between the direct and reciprocal
space and second one stays for the temperature Debye-Wallerfactor. � ? repre-
sents the component of magnetic moment perpendicular to thescattering vector
~Q. Neutron di�raction sees only this perpendicular componentof magnetic mo-
ment due to the dipole-dipole interaction.

The summation of nuclear and magnetic scattering contributions to total in-
tensity di�ers for individual experimental setups: F 2 = F 2

N + F 2
M for experiment

employing unpolarized neutron beam, whereasF 2 = ( FN + FM )2 for polarized
radiation, for example. For further reading see e.g. Refs. [22, 23, 24].

2.6.2 Inelastic neutron scattering

The second type of interaction of neutron with the matter, inelastic neutron scat-
tering, deals with the scattering processes, in which the energy and momentum of
the incoming and scattered neutrons di�er;

�
�
�~k1

�
�
� 6=

�
�
�~k2

�
�
� (

�
�
�~k1

�
�
� � k1). Compared to

the elastic case, the scattered intensity is signi�cantly di�erent and the measure-
ment itself requires more sophisticated experimental setup. In general, two types
of inelastic neutron scattering instruments are employed:time of 
ight spectrom-
eter (ToF) and triple-axis spectrometer (TAS). The former instrument is usually
used for the measurement on polycrystalline samples and other chemical or even
biological materials, while the later one is dedicated to the measurement on single
crystals. For the measurement of largeQ-range on the single crystal could be used
the ToF spectrometer. We will describe these two types of instruments as well
as the inelastic scattering in more details in present thesis as a signi�cant part of
it consists of the results from our neutron scattering experiments using the ToF
spectrometers IN4 (ILL, Grenoble), IN6 (ILL, Grenoble), MARI (ISIS, Didcot)
and IRIS (ISIS, Didcot) and TAS instruments D10 (in elastic mode, only; ILL,
Grenoble), ThALES (ILL, Grenoble), IN20 (ILL, Grenoble) and PANDA (MLZ,
Garching). The instruments are usually constructed depending on the requested
energy range and resolution for the experiment; generally,we can divide them to
the 'cold' instruments (IN6, IRIS, ThALES, PANDA) and 'thermal' i nstruments
(IN4, MARI, IN20).
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ToF and TAS instruments

The measurement with time of 
ight spectrometer begins withthe monochroma-
tization of white neutron beam. Two approaches are used, in general. First, the
neutron beam is partially monochromatized by the two counter-rotating discs
choppers and afterwards di�racted by the monochromator crystal leading to the
speci�c wavelength of neutrons. In the next step, the neutron beam is pulsed into
very short bursts by Fermi chopper (one can imagine the rotating set of parallel
slits, which transmits the beam only when the neutron path isparallel to the
slits). This is the case of e.g. IN4 instrument. Second approach consists in usage
of a set of chopper discs, used e.g. for IN5 instrument at ILL, Grenoble. A �rst
pair of choppers creates the polychromatic neutron bursts (the same process as
in the former approach). Another chopper removes harmonics due to the large
bandwidth of wavelengths. Further chopper avoids overlapping of scattered neu-
trons from successive bursts after sample by suppressing some of the produced
pulses. Finally, a pair of monochromator counter-rotatingdiscs chops a single
wavelength (a narrow band of nearly monochromatic neutrons). The preparation
of neutron beam for the experiment is signi�cantly easier inthe case of spallation
source as the neutron bursts are produced directly by the source. Well de�ned
monochromatic bursts of neutrons interact with the sample and the scattered
neutrons are counted by area detectors covering relativelylarge part of space
around the sample. The energy which is exchanged between theneutron and
the sample can be then calculated from the di�erence in arrival time of neutrons
to the detector (with respect to elastically scattered neutrons at the detector
position), i.e. from the speed of individual neutrons.

Figure 2.6: The 2D scheme of triple axis spectrometer and photo of ThALES
instrument, ILL, Grenoble.

Triple axis spectrometer consists of monochromator, sample table, analyser
and detector. See Figure 2.6 for the illustration. In the �rst step, the neutrons
of selected wavelength(s) are di�racted by the monochromator crystals. Veloc-
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ity selector (one can imagine chopper) could be used for the primary selection
of neutron energy or wavelength; especially, the higher harmonics of wavelength
could be e�ectively sorted out by incorporation of velocityselector in front of the
monochromator. The second scattering process takes place at the sample posi-
tion, while we have a control on the incoming neutron properties (~k1). Neutrons
scattered by the sample could be registered by (two-dimensional) detector, which
is the case of our measurement on D10 instrument in 'elastic mode', or are ana-
lyzed by the analyzer (the third scattering process). The analyzer crystals di�ract
only the neutrons of speci�c~k2, which are counted by a tube detector in the �-
nal step of the measurement. The whole experiment takes place within so called
scattering plane, usually; nevertheless, the special typeof analyzer-detector setup
(e.g. FlatCone, ILL, Grenoble) allowing also the measurement out of the plane
could be employed. During the typical experiment on TAS, one holds wave vector
~k1 or ~k2 constant while varying the other. Detailed description of TAS as well as
all optical components can reader �nd in many publications,we recommend e.g.
Ref. [24].

Scattering triangle

Let us describe the inelastic neutron scattering process onsample in detail: the
incoming neutron of speci�c wavelength (energy) and momentum interacts with
the sample both elastically (see previous subsection) and inelastically. The later
process leads to the change of energy or/and momentum of neutron. The de-
tection and analysis of scattered neutron properties then give the information
about the microscopic nature of studied material. The wholescattering process
is frequently described in the following way (compare with elastic case and Fig-
ure 2.6). The scattering vector~Q could be still characterized as the di�erence
between wave vectors~k1 and ~k2 as in the case of elastic scattering:

~Q = ~k1 � ~k2: (2.18)

However, the vectors of incoming and scattered waves do not have the same size in
the inelastic case, thus~Q is generally not the vector of reciprocal lattice (~Q 6= ~G,
where ~G is reciprocal lattice vector). It is convenient to relate the momentum
transfer to the nearest reciprocal lattice vector, i.e. ~Q = ~G + ~q, where �h~q is
so called relative momentum. The three vectors~Q, ~k1 and ~k2 form so called
scattering triangle, which is depicted in Figure 2.7.

Here, one should make a connection between the expression 2.18 and Figure
2.7 by looking on the size of scattering vector:

Q2 = k2
1 + k2

2 � 2k1k2cos2�; (2.19)

where 2� stays for the angle between incoming and scattered wave vectors, i.e.
scattering angle. Except the momentum �h ~Q (or relative momentum �h~q), the so
called energy transfer needs to be introduced to describe the inelastic scattering
processes:

�h! = E1 � E2 =
�h2

2m
(k2

1 � k2
2); (2.20)
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Figure 2.7: The scattering triangle of inelastic neutron scattering on reciprocal
lattice.

where the kinetic energy of neutron is described by non-relativistic formula as the
speed of neutron is of order of km per second, i.e. 5 orders of magnitude lower
than speed of light. m stays for the neutron mass. Now, we can introduce a
scattering functionS( ~Q; ! ), which is de�ned in reciprocal (~Q; ! ) space. But �rst,
we turn to the practical experimental usage of above listed formulas. Any (~Q; ! )
point of reciprocal lattice can be reached by an in�nite number of combination
of (~k1, ~k2), however, the experimental arrangement (see Figure 2.6) as well as
the constrains of the neutron beam (technical and physical)reduce signi�cantly
our options. During the experiment, one holds wave vector~k1 �xed (i.e. the
direction and energy of incoming neutrons are �xed), while the chosen (~Q; ! )
point is reached by detection of the �nal energy (energy of scattered neutron
given by ~k2)

E2 =
�h2

2m
k2

2 = E1 � �h! =
�h2

2m
k2

1 � �h! (2.21)

at a scattering angle 2� :

cos2� =
k2

1 + k2
2 � Q2

2k1k2
: (2.22)

The analogical measurement can be done (and usually it is done) in the con�gu-
ration with ~k2 �xed. The measurement limits are given in formulas 2.21 and 2.22.
Let us look at the elastic case (k1 = k2, �h! = 0) for example. The largest value
of Q = 2k1 = 2k2 can be reached for 2� = 180o, i.e. for backscattering. Thus the
neutron can transfer twice its initial momentum, in maximum.

Frequently, the inelastic scattering measurement is performed, while ~Q �xed.
Two regimes depending on the mutual size of~k1 and ~k2 could be distinguished:
� k1 > k 2, according to relation 2.21 energy transfer �h! > 0, energy is transferred
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from the incident neutron to the sample and an excitation in the sample is created,
while the neutron gets de-excited.
� k1 < k 2 and thus �h! < 0, the sample gives a quantum of energy to the neutron
- an excitation in sample is annihilated and neutron gets excited. The ener-
gy gain/loss processes lead us to the proper introduction ofscattering function
S( ~Q; ! ).

Scattering function

The present thesis does not intend to describe the scattering process in detail,
we restrict ourself to the main results of scattering theory, only, and recommend
e.g. Refs. [23, 24] for further reading. The scattering process in general can be
described by the so called di�erential cross section. This quantity express the
probability of the neutron being scattered by the scattering center, or in other
worlds, probability of a neutron passing from the state~k1 to the state ~k2 while
exchanging the energy �h! with the sample, and for nuclear scattering is usually
written as:

d2� ~k1 ! ~k2

d
 dE2
=

k2

k1

1
2� �h

X

� i

p(� i )
NX

j;j 0

bj b�
j 0

Z 1

�1
dt

�

� i je
� i ~Q: ~R0

j 0ei ~Q: ~R j (t ) j� i

�

e� i!t : (2.23)

Here, one can de�ne the scattering functionS( ~Q; ! ) as:

d2� ~k1 ! ~k2

d
 dE2
�

k2

k1
S( ~Q; ! ): (2.24)

The formula for di�erential cross section (and thus also forscattering function)
describes all scattering processes, i.e. both coherent andincoherent processes.
The scattering function and its ~Q and ! dependencies can be directly measured
by scattering experiment. The equation 2.23 (and thus also equation 2.24) could
be further separated as the coherent scattering depends on the average scattering
length of a scatterer:bj b�

j 0 ! h bj i
D
b�

j 0

E
, while incoherent scattering is determined

by the deviation from the scattering length average:bj b�
j 0 ! (

D
b2

j

E
� h bj i

2). The
coherent scattering gives us the information about the correlations that exist
between all the scatterers. The information about the cooperative e�ects among
di�erent atoms, such as elastic Bragg scattering or inelastic scattering by phonons
or magnons is given just by coherent neutron scattering. Whereas, the incoherent
scattering brings the information about the correlation ofa particle with itself in
time and describes thus the dynamics in the sample.

The formula 2.23 is signi�cantly simpli�ed in the case of elastic scattering and
we can get back to the neutron di�raction description used inprevious subsec-
tion. If we subtract the elastic contributions from di�erential cross section, then
S( ~Q; ! ) corresponds to 
uctuations in the sample, as a function of momentum
and energy. An important property of the scattering functionis the principle of
detailed balance:

S(� ~Q; � ! ) = e� �h!
k B T S( ~Q; ! ): (2.25)
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The detailed balance expresses the fact, that the probability of a transition in
the sample depends on the statistical weight factor for the initial state. The
probability is lower for annihilation of excitation than for excitation creation as
it is asymmetric in ! . Therefore the negative branch ofS( ~Q; ! ) will always be
inferior to the positive branch. As seen from equation 2.25, the temperature
plays crucial role: at very low (zero) temperature, the sample is in ground state.
The sample cannot give any energy to the neutron as there is noexcited state.
ThereforeS( ~Q; ! ) = 0 for ! < 0. At high temperature (kBT >> �h! ), the factor

e� �h!
k B T � 1 and thus the scattering function becomes more and more symmetric

with the increasing temperature.
The whole scattering function formalism can be used also forthe de�nition of

scattering of neutron on magnetic spins in material. However, we mention here
only the relation between magnetic scattering function (obeying detailed balance
principle) and the imaginary part of dynamical susceptibility:

Smag( ~Q; ! ) =
� 00( ~Q; ! )

1 � e� �h!
k B T

: (2.26)

The commonly known 
uctuation-dissipation theorem relates the measured scat-
tering function to dissipative part of a linear response function, i.e. it quanti�es
the relation between the 
uctuations in a system at thermal equilibrium and
the response of the system to applied perturbations. For further reading, we
recommend e.g. Ref. [27].

Collective excitations

Finally, we turn to a brief description of physical properties of the sample mea-
sured by inelastic neutron scattering techniques. Above, wehave shown, that neu-
tron scattering techniques bring the information about crystal (nuclear) structure
and magnetic structure of the material. Moreover, the 
uctuations in the sample
could be investigated as function of the momentum and energy. Now, we focus
on the collective excitations in the matter, phonons and magnons in particular,
which can be e�ectively studied by inelastic neutron scattering measurements.

The lattice vibrations in the material are quantized as phonons and could be
observer indirectly by macroscopic methods as e.g. speci�cheat or electrical re-
sistivity. The neutron scattering allows us to directly study the phonon spectrum
of the material. The emission (absorption) of phonons corresponds directly to
energy loss (gain) of probing neutron. On the basis of such a measurement, one
can construct so called dispersion relations,! j (~q), for a given material. Every j
de�nes one out of 3n phonon branches, wheren is number of atoms in an elemen-
tary unit cell. If n > 2 and there are di�erent atoms in unit cell, three acoustic
branches are present: one longitudinal (the displacement of the atoms takes place
along the wave propagation) and two transversal branches (perpendicular move-
ment of atoms to the energy transfer direction is observed).Acoustic phonons
are just coherent movements of atoms (of the lattice) out of their equilibrium
positions. Acoustic phonons exhibit a linear relationship between frequency and
phonon wavevector for long wavelengths (low value ofq) and for q ! 0 the en-
ergy transfer also tends to zero. The rest of phonon branches(3n � 3) represent
out-of-phase movement of the atoms in the lattice (one atom moves to the given
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direction, while neighboring atom to opposite direction - it is caused by di�erent
mass or charge of individual atoms in the lattice) and are called optical modes.
The optical phonons exhibit non-zero frequency also in the center of the Brillouin
zone as positive and negative ions at adjacent lattice sitesmove against each
other, creating a time-varying electrical dipole moment.

The magnons (= quanta of spin waves) in the magnetic materialcould be
described in a very similar way as phonons, taking the magnetic lattice instead
of crystal lattice. Thermal energy and quantum zero-point 
uctuations cause the

uctuation of individual magnetic moments in an ordered structure. The spins in
the material are coupled to one another by exchange interactions leading to the
collective excitations. One can again directly measure thedispersion relations
! j (~q) of spin waves in the material by neutron scattering techniques. In general,
the dispersion relations for ferromagnet and antiferromagnet di�ers signi�cantly
as the spin wave intensity for antiferromagnet is strong near an antiferromag-
netic superlattice peak and weak near a Bragg peak of the nuclear lattice. The
dispersion relations for Heisenberg ferromagnet and antiferromagnet with only
nearest-neighbor interactions at smallq are quadratically and linearly dependent
on q: ! j (~q) / q2 and ! j (~q) / q, respectively. One should de�ne the scattering
function for each type of material separately. Moreover, the multiple magnon
scattering or magnetic domains in the material have to be taken into account.

One can continue with the neutron scattering theory and withdescription of
neutron scattering techniques in detail. We did not mentiona large amount of
important aspects and properties of scattering on matter, e.g. di�use scattering,
usage of polarized neutrons, spin echo technique or very important resolution
function. Nevertheless, given introduction should be su�cient for good under-
standing to the present thesis. We �nish the theoretical part here and recommend
e.g. Refs. [23, 28, 24] for further reading.
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3. Vibron states
The electron{phonon (e{p) interaction is often neglected in many materials be-
cause only subtle e�ects of this interaction are observed. Nevertheless, there are
many materials in which the e{p interaction has to be taken into account, for
example the BCS superconductors. Another interesting feature, the strong inter-
action between crystal �eld excitations and phonon modes has been described in
a few cases. This type of interaction leads to the formation of a vibron quasi-
bound state, which has been directly observed as an additional peak in the en-
ergy spectra of several Ce-based intermetallic compounds,e.g. CeAl2 [29, 30],
CePt2 [31, 32], CePd2Al 2 [3] or recently CeCuAl3 [4], and also in PrNi2 [2]. An
additional peak in energy spectra of mentioned compounds could be described
within Thalmeier{Fulde model [1], which was generalized also for compounds
crystallizing in tetragonal structure [3, 4]. Vibron statesare featured by a strong
magneto-elastic coupling between orbital and lattice degrees of freedom. Such a
coupling results in the changes of macroscopic properties as well as in a new type
of (hybrid) magneto-phonon mode [1, 4].

3.1 Vibron states in CeAl 2

The most prominent (and probably �rst) compound, where the vibron state was
observed is cubic CeAl2. First inelastic neutron study by Steglich et al. [29] was
published in 1979. Already three years later, Thalmeier and Fulde developed
a theory behind the observation of an additional peak in the crystal electric
spectrum of CeAl2 [1].

CeAl2 crystallizes in cubic face-centered Cu2Mg-type structure (cubic Lave
phase, C15, space group 227). Such a crystal structure is common also to CePt2
[31, 32] and PrNi2 [2]. Ce atoms in this structure form a diamond lattice, while
Al atoms occupy tetrahedral positions [33]. CeAl2 is the Kondo compound which
orders antiferromagnetically below N�eel temperature of 3.8 K. Although the an-
tiferromagnetic ordering was ascertained [34], the magnetic structure was not
completely solved for more than 30 years (despite the e�orts). Finally, Schweizer
et al. [35] determined the magnetic structure as incommensurate double-~k struc-
ture with magnetic moments on two Ce sites described by two elliptical helices
of opposed chiralities lying in the (1�10) plane.

The inelastic neutron scattering study of crystal �eld excitations in CeAl2 [29]
led to the observation of two CF-like peaks in energy spectrum. According to the
Kramer's theorem (see section 1.2), Ce3+ ions in the 4f 1 electronic con�guration
(J = 5

2) exhibit always the splitting into maximum three energy levels, see Figure
1.2. In the case of cubic structure, the splitting into doublet and quartet is
realized, only. Therefore, one expects only one peak in the energy spectrum of
CeAl2 bounded with only one CF excitation from doublet ground state � 7 to
excited quartet � 8. The explanation of two peaks in CeAl2 spectrum given by
Thalmeier and Fulde [1] leads to Figure 3.1. Instead of expected excited quartet
� 8, two crystal �eld levels are observed. The interaction of CFexciton with high
phonon density of states (�h! 0 = 12 meV) results in a new bound state [1] (panel
b) in Figure 3.1) and two CF-like peaks in energy spectrum at 8.9 and 15.7 meV
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Figure 3.1: The schema of energy levels splitting in CeAl2 taken from Refs.
[1, 30]. Panel a) shows the expected line splitting, while panel b) represents
observed splitting. The grey region (right) corresponds toenergies with high
phonon density of states.

are observed [29].
Both theoretical description [36] and investigation of phonon branches in

CeAl2 [30, 33] have supported former Thalmeier-Fulde theory [1].The energy
spectrum thus cannot be described only by pure CF hamiltonian. Another term
describing the CF exciton-phonons interaction has to be taken into account [1]:

cH tot = cHCF + cH int =
X

mn
B n

m
bOn

m � g0

X

�
(a� + a+

� ) bO� : (3.1)

The large value of magneto-elastic constant,g0 = 0.54 meV, compared to other
RAl 2, was supported by the pronounced softening of thec44 elastic mode. And
it was claimed that the origin of large value of magneto-elastic constant lies in
the hybridisation of Ce 4f electron with conduction electrons [36]. Also the ex-
perimental observation of low-temperature inelastic linewidths much larger than
the width of elastic line [37] was satisfactorily explainedby dynamic crystal �eld
theory [38]. Despite both the theory and the experimental investigation of vibron
states have brought a signi�cant piece of knowledge about this phenomenon, es-
pecially in the case of CeAl2, the research on this subject is still not �nished. The
vibron states in tetragonal compounds CePd2Al 2 [3] and CeCuAl3 [4] remain still
not su�ciently explained and form the content of this thesis.

3.2 Tetragonal Ce TX3 compounds and vibron
state in CeCuAl 3

The tetragonal CeTX3 or more generally CeTxX 4� x compounds, whereT is a
transition elementd-metal and X is a p-metal, exhibit various ground states and
phenomena depending on the actual chemical composition and/or applied exter-
nal pressure. Most of these compounds, for example CeRhGe3 [39], CeAuAl3 [40]
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or CeCoGe3 [41], order antiferromagnetically at low temperatures. Several other
compounds exhibit ferromagnetic order, e.g. CeAgAl3 [42] or CeCuGa3 [43], or
paramagnetic ground state with signs of valence 
uctuations like CeRuSi3 [44].
Spin-glass order was observed in CePtAl3 [45]. The electronic properties of these
compounds seem to be rather sensitive to details of the crystal structure. The
relation between crystal structure type and magnetic orderwas discussed in the
case of CeCuGa3 [43], where the antiferromagnetic ground state with incommen-
surate propagation vector is observed for compound crystallizing in BaNiSn3-type
structure [46, 47], whereas the ferromagnetic order is revealed for CeCuGa3 adopt-
ing the BaAl4-type of tetragonal structure [43]. The observation of the pressure
induced superconductivity in the non-centrosymmetric BaNiSn3-type of crystal
structure of antiferromagnetically ordered CeRhSi3 and CeIrSi3 [48, 49] is par-
ticularly remarkable. The recent inelastic neutron scattering study of CeCuAl3
revealed another highly interesting feature: crystal �eldexciton-phonon interac-
tion leading to the formation of a vibron quasi-bound state [4].

The magnetic behavior of CeCuAl3 is generally discussed as a result of the
interplay between the magnetic RKKY and Kondo interactions[50, 51, 45, 52, 4].
The magnetic properties are also in
uenced by the low lying �rst excited CF state,
splitting between the ground state and �rst excited state amounts � 1:3 meV as
found by neutron scattering experiment [4]. The enhanced electronic speci�c heat
at low temperatures characterized by a large
 el coe�cient is often considered as
a sign of the heavy-fermion state in CeCuAl3 [50, 51]. However, more detailed
analysis which considers the small CF splitting leads to a much smaller
 el value,
almost comparable with normal metals [53]. CeCuAl3 orders antiferromagneticaly
with slightly sample dependent N�eel temperatureTN

�= 2:5� 2:9 K [50, 51, 45, 52].
The antiferromagnetic ground state nature was concluded mainly on the basis of
occurrence of a maximum in theM (T) dependencies [50, 51, 45]. On the other
hand, the magnetization curves do not show any clear signs ofbehavior that would
point to the antiferromagnetic order [54]. The unambiguousmicroscopic evidence
of the magnetic ground state nature is still missing, although some preliminary
results of neutron di�raction led to the observation of magnetic peak described
by the ( 1

2
1
2 0) propagation vector [55].

Despite numerous studies on CeCuAl3, some of its basic properties remain
unclear, including still some ambiguity concerning its crystal structure, which is
a fundamental point when discussing some of its electronic properties. The stoi-
chiometric CeTX3 compounds withX = Si or Ge crystallize in the BaNiSn3-type
structure which is the ordered non-centrosymmetric variant of the BaAl4 tetrag-
onal structure. However, for compounds withX = Ga or Al also the disordered
variants BaAl4 or ThCr2Si2 structures are often considered. CeCuAl3 was �rst
reported to crystallize in the ThCr2Si2-type structure [56] with Cu and one-third
of the Al atoms randomly distributed over the 2(a)-positionsof this structure.
This conclusion was adopted and con�rmed by several later studies [53, 51], some
papers mentioned also the BaAl4 structure without deeper analysis [50]. Contrary
to these earlier studies, the ordered BaNiSn3-type structure was concluded from
the powder neutron di�raction data [57]. This is rather reliable result as the neu-
tron scattering length for Ce is much smaller than for Cu (andcomparable with
Al) atoms, which allows for a more accurate Cu/Al site occupation assignment
compared to powder X-ray di�raction, where the Ce contribution dominates.
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Subsequently many further papers adopted the BaNiSn3 structure [45, 52, 4]. On
the other hand, some recent studies stated again the BaAl4 structure [58]. All
the previous structural studies were based on polycrystalline data.

Figure 3.2: The 'magnetic' energy spectrum of CeCuAl3 as measured by Adroja
et al. [4]. The CF-like peaks are clearly observed. Panel a) contains the mea-
surements at 4.7 K (low-energy data (green circles) are scaled along right vertical
axis, whereas higher energy data (blue squares) belong to left vertical axis), panel
b) contains the measurement at 150 K and the inset the data measured at 20 K.

Similarly to the case of CeAl2 [29], CF exciton-phonons interaction leads to
the formation of new quasi-bound states in CeCuAl3. One would expect to ob-
serve two CF peaks corresponding to energies of transitionsfrom doublet ground
state to �rst and second excited doublets. Instead, three peaks at 1.3, 9.8 and
20.5 meV are clearly observed, see Figure 3.2. The presence of the additional
peak could be understood as the strong CF exciton-phonons coupling takes place
in the compound. The schematic energy levels splitting is presented in Figure
3.3 (compare with Figure 1.2). On the contrary to cubic CeAl2, where the ex-
cited quartet was splitted by phonons into (very roughly speaking) two doublets,
in tetragonal CeCuAl3, Kramer's doublets are expected already due to pure CF
e�ect. One might suppose, that the high energy doublet splits into two singlets
because of the in
uence of lattice vibrations. On the other hand, it is believed,
that the e�ective degeneracy of all excited states is still 2-folded [4, 59], as there
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Figure 3.3: The schema of energy levels splitting in CeCuAl3 [4, 59]. The energies
are listed in units of meV. Compare with Figures 1.2 and 3.1.

is no reason to break time-reversal symmetry of the system.
The measured spectrum of CeCuAl3 was described by Hamiltonian containing

not only pure CF part (see formula 1.7), but also phonon part and CF exciton-
phonons interaction term [4]:

cH tot =
X

mn
B n

m
bOn

m + �h! 0(a+
� a� +

1
2

) � g0

X

�
(a� + a+

� ) bO� : (3.2)

A proper data analysis led to the following parameters [4]: B02 = 0.611(17) meV,
B0

4 = -0.015(1) meV, jB4
4j = 0.317(4) meV, �h! 0 = 11.3(5) meV and magneto-

elastic parameterg0 = 0.40(3) meV/Ce3+ .

Here, we should also mention the results of inelastic neutronscattering mea-
surement and subsequent analysis on CePd2Al 2 compound done by Chapon et
al. [3]. CePd2Al 2 belongs among Ce-based compounds crystallizing in tetrago-
nal CaBe2Ge2-type structure [3], another derivative of parent BaAl4 (similarly as
BaNiSn3-type structure for CeCuAl3, see discussion in next chapter and Figure
4.1). The structural phase transition from tetragonal to orthorhombic structure
at around 13.5 K was observed. The last information, which isknown about
CePd2Al 2, is the energy spectrum at 20 K containing three CF-like peaks instead
of two expected [3]. The analysis of energy spectrum was donein the similar way
as for CeCuAl3, nevertheless, the description of whole data treatment is given in
rather short manner (despite the fact, that the study of CePd2Al 2 preceded to
the one of CeCuAl3 [4]) [3]. The following parameters were obtained from Hamil-
tonian 3.2 [3]: B0

2 = 0.60(2) meV, B0
4 = 0.0302(3) meV,jB4

4j = 0.027(2) meV and
g0 = 1.41(3) meV/Ce3+ .
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The study of energy spectra and vibron states in CeCuAl3 and CePd2Al 2 and
the relation between microscopic and macroscopic properties of these compounds
represent the main goal of the thesis. We investigated the crystal structures,
electronic properties and magnetic structures of these compounds using a variety
of experimental techniques including the neutron scattering experiments.

Together with a detailed investigation of a CeCuAl3 single crystal, we stud-
ied also several substituted systems to obtain a broader picture of the micro-
scopic nature of CeCuAl3 and its changes with the doping. The isostructural
Ce(Cu,Al)4, Ce(Cu,Au)Al3 and CeCu(Al,Ga)3 series were investigated in course
of Ph.D. work. The results of structural and bulk magnetic properties of the latter
two series are summarized in our papers [60, 61] and are not included in the text
of the thesis to keep its reasonable length. Here we focus on the Ce(Cu,Al)4 series,
in which the crystal �eld excitations and possible vibron states were investigated
by inelastic neutron scattering.

CePd2Al 2 single crystal and whole CePd2(Al,Ga) 2 series were also closely
studied. Most of the results of bulk measurements and X-ray di�raction on single
crystal as well as the pressure experiments on studied compounds are described
in details in master thesis of Petr Dole�zal, who collaborated in this subject [62],
and our papers [63, 64]. During our systematic investigation of CePd2Al 2� xGax

and LaPd2Al 2� xGax compounds, the superconductivity of lanthanum compounds
was found in the whole series. The superconductivity in thisseries cannot be
discussed purely in terms of BCS theory as there is a signi�cant deviation from
the expected behavior. The details on the superconductivity in LaPd2(Al,Ga) 2

are given in our paper [65]. Again, the above mentioned subjects are not included
in the text of this thesis to keep its reasonable length and not to overlap with other
student theses. Here we focus on the crystal �eld and vibron state development
in CePd2(Al,Ga) 2 and a possible connection to the structural phase transition in
these compounds.
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4. Results and discussion

4.1 CeCuAl 3 and Ce TX3 compounds

The Ce-based intermetallic CeTX3 compounds, whereT is a transition element
d-metal and X is a p-metal, have been intensively investigated in last years for
their exotic properties, especially at low temperatures. The electronic properties
of CeTX3 compounds are strongly dependent on competition between long-range
RKKY interaction and Kondo interaction. The in
uence of crystal electric �eld
plays also an important role. The ground states and phenomena in these com-
pounds are strongly in
uenced by chemical composition and/or external pressure,
see previous section 3.2. The magnetic structure was determined for only several
CeTX3 compounds so far, due to often small magnetic moment and low ordering
temperature. Also the investigation of crystal structure isnot always straight-
forward as Ce contribution to di�raction patterns dominates, while T and X
elements contribute with a similar strength (at least in thecase of powder X-ray
di�raction).

4.1.1 Crystal structure in Ce TX3 compounds

CeTX3, or more generally Ce(T; X )4, compounds crystallize frequently in the
tetragonal structure of BaAl4-type and its derivates. Table 4.1 summarizes the
crystal structure parameters of previously investigated CeTX3 compounds. Sev-
eral compounds from CeTX3 family adopt a cubic structure, e.g. CeRuSn3
[66] or CeRhSn3 [67]. CeRuGe3 [68], CeNiGe3 [69] and CeAgAl3 [70] crystal-
lize in orthorhombic structure. The orthorhombic structure was reported also
for CePdGa3 [71] and CePtGa3 [72], however this Fmm2 structure is very sim-
ilar to parent BaAl 4 structure: the lattice parametersaorth and borth di�er sub-
tle only, while a-axis is identical with the diagonal of BaAl4-type structure, i.e.
atetr = aorthp

2
� 4:31 �A for these compounds (see Table 4.1). We stress out the

case of CeTAl 3 compounds with T = Cu, Ag and Au. The isoelectronic sub-
stitution of d-metal element (i.e. the change of lattice parameters) causes inter
alia the change of crystal structure from tetragonal for CeCuAl3 to orthorhombic
for CeAgAl3 [70] and back to tetragonal for CeAuAl3 [73]. Also the magnetic
structure in CeAgAl3 was reported to be ferromagnetic [42], whereas other two
compounds exhibit antiferromagnetic ground state [51, 40]. Such an observation
documents an important role of chemical composition on the physical properties
in CeTX3 compounds.

The tetragonal centrosymmetric BaAl4-type structure (I4/mmm, 139) and its
derivates, centrosymmetric ThCr2Si2 (I4/mmm, 139), ordered primitive CaBe2Ge2

(P4/nmm, 129) and ordered non-centrosymmetric BaNiSn3 (I4mm, 107) struc-
tures, di�er from each other by di�erent stacking of d- and p-metal element planes
(of CeTX3 compounds) along the tetragonal c-axis, while the Ce atomicposi-
tions remain the same. All mentioned structure types are shown in Figure 4.1.
In BaAl 4-type, T and X atoms are randomly distributed over the 2(a) and 4(b)
sites, leading to centrosymmetric structure. In the ThCr2Si2-type, the random
distribution remains on the 2(a) positions, whereas the 4(b) sites are occupied
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Table 4.1: The crystal structure types and lattice parameters of previously studied
CeTX3 compounds. Thec=a ratio and volume of fundamental unit cell,V , are
listed as well. The lattice parameters of CeCuAl3 (*) were determined during our
recent investigation of single crystal (see following section and Ref. [74]).

Compound Structure a (�A) b (�A) c (�A) c=a V (�A3) Ref.
type

CeFeGe3 BaNiSn3 4.3320 9.9550 2.2980 186.8178 [75]
CeRuSi3 BaNiSn3 4.2070 9.9260 2.3594 175.6788 [76]
CeRuGe3 Cmmm 21.850 4.234 4.285 396.4178 [68]
CeRuSn3 Pm3n 9.726 920.03 [66]
CeRhSn3 Pm3n 9.7115 915.92 [67]
CeCoSi3 BaNiSn3 4.1350 9.5670 2.3137 163.5787 [77]
CeCoGe3 BaNiSn3 4.3204 9.8348 2.2764 183.5750 [41]
CeRhSi3 BaNiSn3 4.2690 9.7380 2.2811 177.4688 [78]
CeRhGe3 BaNiSn3 4.3960 10.0224 2.2799 193.6810 [39]
CeIrSi3 BaNiSn3 4.2520 9.7150 2.2848 175.6424 [79]
CeIrGe3 BaNiSn3 4.4010 10.0240 2.2777 194.1529 [80]
CeNiGa3 ThCr 2Si2 4.25 10.24 2.4094 184.96 [81]
CeNiGe3 Cmma 4.1391 21.828 4.1723 376.9601 [69]
CePdAl3 BaNiSn3 4.3435 10.9536 2.5218 206.6486 [70]
CePdGa3 Fmm2 6.1036 6.1624 10.3971 419.6212 [71]
CePdSi3 BaNiSn3 4.3300 9.6310 2.2242 180.5707 [82]
CePdSb3 CaBe2Ge2 4.482 9.860 2.1999 198.0709 [81]
CePtAl3 BaNiSn3 4.3239 10.6670 2.4670 199.4314 [70]
CePtAl3 BaAl4 4.311 10.668 2.4746 198.2618 [45]
CePtGa3 Fmm2 6.100 6.113 10.512 391.99 [72]
CePtSi3 BaNiSn3 4.3215 9.6075 2.2232 179.4235 [83]
CeCuAl3 BaNiSn3 4.2620 10.6806 2.5060 194.0093 [74]*
CeCuGa3 BaNiSn3 4.2450 10.4200 2.4547 187.7687 [46]
CeCuGa3 BaAl4 4.2729 10.4359 2.4423 190.5353 [43]
CeAgAl3 Cmcm 6.2101 6.1186 10.8691 412.9950 [70]
CeAuAl3 BaNiSn3 4.3660 10.8445 2.4839 206.7174 [84]
CeAuGa3 BaNiSn3 4.337 10.660 2.4579 200.510 [45]

exclusively by X element. Both structures are clearly centrosymmetric. The
non-centrosymmetric BaNiSn3 is completely ordered structure type with follow-
ing atomic coordinates:

2Ce in 2(a): (0, 0,zCe), ( 1
2; 1

2; 1
2 + zCe)

2T in 2(a): (0, 0, zT ); ( 1
2 ; 1

2; 1
2 + zT )

2X in 2(a): (0, 0, zX a ); ( 1
2; 1

2; 1
2 + zX a )

4X in 4(b): (0, 1
2; zX b ); ( 1

2; 0; zX b ); ( 1
2; 1; 1

2 + zX b ); (1; 1
2; 1

2 + zX b ),

wherez::: represents the shift along the c-axis, whilezCe � 0 andzX b � 0:25. The
case of CaBe2Ge2-type structure is slightly di�erent as the mutual stacking of
layers along the tetragonal axis leads to ordered centrosymmetric structure with
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primitive unit cell. Figure of primitive unit cell will be shown in following section
4.2 together with the study of CePd2Al 2 compound. CaBe2Ge2-type structure
has two possible origins shifted by (14; � 1

4 ; 0) to each other. The unit cell with
the origin 1 described by atomic coordinates:

2Ce in 2(c): (0, 1
2 ; zCe); ( 1

2; 0; � zCe)

2T in 2(a): (0, 0, 0), (1
2; 1

2; 0)

2T in 2(c): (0, 1
2; zTc ); ( 1

2; 0; � zTc )

2X in 2(b): (0, 0, 1
2); 1

2 ; 1
2; 1

2)

2X in 2(c): (0, 1
2; zX c ); ( 1

2 ; 0; � zX c )

could be shown in the same way as other BaAl4 derivates by shifting the atomic
positions by (12; 0; � zCe). Alternatively, the structure with origin 2 with atomic
positions shifted by (14; 1

4 ; zCe) would lead to the same representation. The el-
ementary cell of CaBe2Ge2-type structure shown in Figure 4.1 is thus not the
primitive unit cell.

4.1.2 Crystal structure of CeCuAl 3

Crystal structure determination on CeCuAl 3 single crystal

Several tetragonal crystal structures were suggested for CeCuAl3 by pollycrys-
talline studies [56, 53, 51, 50, 57, 45, 52, 4, 58], as introduced in section 3.2.
Nevertheless, the determination of crystal structure type based on powder X-ray
di�raction is very complicated as Ce atoms contribute signi�cantly stronger to
di�raction patterns than Cu and Al (which contribute similar ly due to similar
number of electrons). To distinguish between structure types shown in Figure
4.1, the precise method allowing observation of Cu and Al atoms in given atomic
positions is needed. The di�raction experiment on single crystal employing a
four-circle goniometer is one of the methods allowing a correct determination of
crystal structure type.

The preparation of CeCuAl3 single crystal and its structural and chemical
characterization is described in sections 2.1 and 2.2: the single crystal was pre-
pared from polycrystalline precursor using the Czochralski growing method. Pre-
pared polycrystalline sample was annealed for 8 days at 900oC in quartz tube,
the rate of heating the sample from room temperature was 3oC per minute, the
rate of cooling down from 900oC was 1oC per minute. The single crystal was
�rst investigated in its as-cast form and subsequently it has been annealed in the
same way as polycrystalline sample.

The prepared ingot (Figure 2.1) was investigated by means ofLaue X-ray and
neutron di�raction verifying the quality and tetragonal symmetry of the sample
(see Figure 2.4). The powder X-ray di�raction on powderized part of single
crystal recorded at room temperature con�rms that this compound crystallizes
in the tetragonal structure. The best �t of the di�raction pa ttern was obtained
for the BaNiSn3-type structure (RBragg = 6.9% compared toRBragg = 31.3% for
the ThCr2Si2-type). Introducing certain degree of Cu-Al disorder to the BaNiSn3

structure did not lead to any improvement of the �t. We examined closely also the
di�raction patterns of polycrystalline sample with similar result. These results,
pointing to the BaNiSn3 structure, are well consistent with the neutron di�raction
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Figure 4.1: The tetragonal structure types: centrosymmetric BaAl4 (I4/mmm,
139) and three its derivatives - centrosymmetric ThCr2Si2 (I4/mmm, 139), or-
dered primitive CaBe2Ge2 (P4/nmm, 129) and ordered non-centrosymmetric
BaNiSn3 (I4mm, 107) structure. CaBe2Ge2-type structure has two possible ori-
gins shifted by (14; � 1

4 ; 0) to each other; presented �gure was drawn taking the
origin 1 shifted by (1

2; 0; � zCe) or alternatively origin 2 shifted by (1
4; 1

4; zCe), i.e.
the primitive unit cell is not shown, for better lucidity.

data [57]. However, we should have in mind somewhat limited sensitivity of
powder X-ray di�raction to Cu and Al positions and Cu-Al disorder.

The crystal structure was then uniquely determined by single crystal X-ray
di�raction (295 independent re
ections, Rint = 0:0169) as tetragonal BaNiSn3-
type structure (space group I4mm, 107) without any sign of disorder in Cu and Al
atomic positions. We should note, that the best structure solution was obtained
when a racemic-twinning has been introduced. It seems that there exists two
equally populated domains which are connected by a mirroring, where the mirror
plane is perpendicular to the four-fold axis. The re�ned structure parameters
at room temperature and at 150 K are summarized in Table 4.2. The thermal
displacements of atoms are listed in Table 4.2 as well.

The chemical composition investigation of our CeCuAl3 single crystal as well
as polycrystalline sample was done employing the EDX analysis. The analysis
con�rms the stochiometric composition Ce:Cu:Al = 1:1:3 (with up to 0.03 error
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Table 4.2: Structure parameters of CeCuAl3 single crystal determined from X-ray
di�raction patterns taken at 150 K and at room temperature. V f :u: is the volume
per fundamental unit cell. zCe, zCu , zAl a andzAl b are fraction coordinates of atoms
in the unit cell (see previous subsection 4.1.1).R is the agreement factor for the
�t of di�raction patterns (goodness of �t on F 2). The thermal displacements
of atoms are described by: -2� 2(h2a� 2U11 + ... + 2 hka� b� U12), where matrix
elements U12, U13 and U23 are equal to zero. SHELXS-97 program employing the
Rietveld analysis was used for the determination of structure parameters.

T (K) 150 296
a (pm) 425.27(3) 426.20(2)
c (pm) 1066.80(7) 1068.06(5)
c=a 2.5085(2) 2.5060(2)
Vf :u: (106pm3) 96.47(2) 97.01(2)
atomic positions:
2Ce in 2(a) (0, 0, 0�x ) (0, 0, 0�x )
2Cu in 2(a) (0, 0, 0.0946(3)) (0, 0, 0.0942(2))
2Al in 2(a) (0, 0, 0.3689(1)) (0, 0, 0.36909(8))
4Al in 4(b) (0, 1

2, 0.2508(2)) (0, 1
2, 0.2505(2))

thermal displacement:
U11 (Ce) 0.0032(2) 0.00490(7)
U22 (Ce) 0.0032(2) 0.00490(7)
U33 (Ce) 0.0041(2) 0.0069(1)
U11 (Cu) 0.0068(4) 0.0097(2)
U22 (Cu) 0.0068(4) 0.0097(2)
U33 (Cu) 0.0093(7) 0.0108(3)
U11 (Al) 0.006(1) 0.0086(9)
U22 (Al) 0.006(1) 0.0095(9)
U33 (Al) 0.0061(5) 0.0092(3)
U11 (Al b) 0.0056(8) 0.0077(4)
U22 (Al b) 0.0056(8) 0.0077(4)
U33 (Al b) 0.011(2) 0.0128(9)
R (%) 2.36 1.12

of analysis). The distribution of elements in sample was also checked by EDX
equipment, homogeneous distribution of elements can be seen in Figure 2.3.

Structural phase transition in CeCuAl 3

Some properties of CeCuAl3 are slightly in
uenced by sample thermal treatment
[51]. These changes can be ascribed to the annealing processwhich generally
improves the quality of the sample, i.e. reduces the residual resistivity and also
improves the thermal properties of the sample. To optimize the sample thermal
treatment, the knowledge of the phase diagram and mainly themelting temper-
ature is essential. We have performed DSC measurement to reveal the melting
temperature. Surprisingly, we have observed a further phase transition in course
of these measurements.
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The DSC temperature scans revealed the melting temperatureof 1275oC (see
inset of Figure 4.2) which justi�es the optimal annealing temperature around
900oC. Additionally, the measured scans, presented in Figure 4.2, show a clear
� -peak between 279oC and 335oC which corresponds to the structural phase tran-
sition in the sample. The transition temperature of 320oC was obtained in usual
way for this type of transition, i.e. as the temperature where the heating peak
has minimum. This anomaly is observed also for cooling and isreproduced in
all measurements independently on maximal temperature (500oC - 900oC) of the
scan, even not by achieving the melting temperature. The change of enthalpy
associated with this transition is higher for heating (1.353 J.g� 1) than for cooling
(0.959 J.g� 1) what might suggest a certain change of structure after the heating-
cooling cycle. Further, DSC measurement on annealed and polycrystalline sample
showed the same behavior. The lanthanum analogue LaCuAl3 exhibits signs of
similar anomaly during the heating cycle, nevertheless much weaker as shown
in Figure 4.2. The enthalpy corresponding to this phase transition reaches only
0.153 J.g� 1, nearly 10 times smaller value than for CeCuAl3. No anomaly is ob-
served during the cooling process in LaCuAl3. The same behavior was reproduced
by second subsequent cycle on the same LaCuAl3 sample.

Figure 4.2: Di�erencial scanning calorimetry performed onas-cast and annealed
CeCuAl3 single crystal as well as on polycrystalline LaCuAl3. Heating/cooling
rate was 10oC per minute. The inset shows data for annealed single crystal up
to melting temperature.

The high-temperature powder X-ray di�raction experiment was performed on
as-cast and annealed CeCuAl3 single crystal, as well as on annealed polycrys-
talline CeCuAl3 and LaCuAl3 samples to reveal the microscopic origin of the
anomaly observed by DSC measurement. Results of the re�nement of di�raction
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Figure 4.3: The lattice parameters of the annealed single crystal CeCuAl3 ob-
tained by high-temperature X-ray di�raction. The error for each lattice param-
eter is almost constant during the heating/cooling process, for this reason and
for better lucidity we show error bars only for the value at 500oC (highest error).
The agreement factor of the �t of our model to the experimental data was almost
the same (RBragg � 6:9%) for all measurements.

patterns using the Fullprof program [11] are presented in Figures 4.3 and 4.4.
Linear increase of lattice parameters with increasing temperature is observed up
to 250oC, the usual e�ect of thermal expansion takes place. The atomic fraction
coordinates, i.e.zCu and zAl a , are una�ected up to 250oC. The transition seen in
DSC is then re
ected by anomalous development of thec parameter (or c=a ra-
tio) around 300oC. The lattice parameters increase again linearly above� 350oC
which suggests a stable high-temperature phase, in agreement with DSC analy-
sis. The measurement during the cooling to room temperatureshows very similar
development of lattice parameters but the transition from high-temperature to
low-temperature phase does not lead to the original values of lattice parame-
ters, see Figure 4.3. The lattice parametera has higher value and parameterc
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Figure 4.4: The atomic fraction coordinates of annealed single crystal CeCuAl3
and LaCuAl3 polycrystal obtained by high-temperature X-ray di�raction. The
error of determination of atomic positions is� 6:10� 3. The lines are to guide the
eye.

has lower value compared to initial ones before the heating/cooling cycle. The
change can be expressed as�= 0:05 % of their initial values. Although the lattice
parameters in CeCuAl3 are di�erent after heating/cooling cycle, the volume of
fundamental unit cell stays almost una�ected because the parameters a and c
change in opposite way.

The transition around � 300oC is more visible in development of atomic frac-
tion coordinateszCu and zAl a plotted in Figure 4.4. The di�erence between these
coordinates at temperatures below and above 300oC is � 6:10� 3 what represents
almost 2% change of the value of these coordinates (see also illustrative picture
of changed atomic coordinates in Figure 4.5 and changes of interatomic distances
given in Table 4.3). We are aware that the numerical error of determination of
these values is also approximately 6:10� 3. Furthermore, the uncertainty of de-
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termination of atomic positions from powder di�raction data is higher than only
numerical error. In powder di�raction patterns, we face theproblem of overlap-
ping of the di�raction lines which is not present when using the single crystal
di�raction data. The overlapping can strongly a�ect, together with di�raction
data quality, the accuracy of parameters of the structural model. The atom-
ic positions determined using single crystal di�raction are much more accurate.
The values obtained from powder di�raction are bounded withrelatively high er-
ror and here serve mainly to follow qualitatively their temperature development.
Despite relatively high error, the tendency, scatter of thevalues and mainly re-
producibility of the e�ect on several samples are clear enough to conclude that
the phase transition is present in CeCuAl3.

Table 4.3: Interatomic distances in CeCuAl3 obtained by employment of the
Rietveld analysis at temperatures below and above structural phase transition.
The patterns taken on powder sample were processed with Fullprof program [11].
The atomic positions are labelled as shown in previous subsection 4.1.1 and Figure
4.5.

T Ce-Cu Ce-Ala Ce-Alb Cu-Ala Cu-Alb Al a-Alb

(oC) (pm) (pm) (pm) (pm) (pm) (pm)
500 329.0(5) 326.9(6) 342.7(7) 250.1(6) 255.8(7) 258.9(6)
100 329.7(5) 322.4(7) 341.2(7) 250.8(6) 249.3(7) 261.2(6)

��

��

��

Figure 4.5: The BaNiSn3-type structure adopted by CeCuAl3 below 300oC. The
atomic fraction coordinates are changed above 300oC as the smeared Cu and
Al atoms with arrows denote. For better clarity, the shift is 10 times higher
compared to the real change. The illustrative marking of atoms is done for easier
understanding the Table 4.3.

The phase transition was observed for both, as-cast and annealed samples, as
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well as for polycrystalline sample, at the same temperaturerange, i.e. between
270oC and 340oC. The changes in structure parameters corresponding to this
transition are very similar for all samples. Especially, similar changes in as-
cast and annealed samples suggest that each heating/cooling cycle changes the
structure parameters independently on maximal temperature, heating/cooling
rate and duration of sample annealing.

The re�nement of di�raction patterns of LaCuAl 3 polycrystal shows ordi-
nary development of lattice parameters, i.e. linear increase with increasing tem-
perature (from 4.295 to 4.325 .102 pm for parameter a and from 10.672 to
10.720 .102 pm for parameter c), without any trace of phase transition. The
development of fraction coordinateszCu and zAl a of LaCuAl3 is plotted in Figure
4.4. Also here, we are not able to see any clear hint of phase transition as seen
in CeCuAl3. If any such transition exists in LaCuAl3, what might indicate the
little anomaly in DCS measurements, it is below the experimental sensitivity of
our powder X-ray di�raction analysis.

4.1.3 Bulk properties of CeCuAl 3 single crystal

The bulk properties of CeCuAl3 have been investigated intensively by means of
magnetization, speci�c heat and electrical resistivity measurements in last years
[50, 51, 53, 45, 52, 54]. Nevertheless, the crystal structureof studied samples
was often re�ned di�erently than by our recent study. We investigated bulk
properties of our single crystal to verify previously reported results as well as to
obtain reliable data on our single crystal for further neutron scattering studies.

Magnetization measurement

The antiferromagnetic order in CeCuAl3 is indicated by a maximum in the tem-
perature dependence of magnetization measured in low magnetic �elds, see Figure
4.6. Clear sharp maximum atTN � 2:5 K appears when the magnetic �eld is ap-
plied within the basal plane (no signi�cant di�erences between basal plane [100]
and [110] directions were observed). The maximum is less pronounced and takes
place at lower temperature of� 2:4 K when the �eld is applied along the [001]
direction. The di�erence between zero �eld-cooled (ZFC) and �eld-cooled (FC)
regimes is rather small in measurements along all signi�cant crystallographic di-
rections (see Figure 4.6) and completely vanishes in the �eld of 0.05 T.

To bring further evidence of a long range magnetic order and to exclude some
kind of spin-glass behavior, the ac-susceptibility measurements were performed.
Figure 4.7 shows the temperature dependence of ac-susceptibility with phase
transition at TN , in agreement with the static magnetization. The measured
dependencies are frequency independent, what points to a long-range magnetic
order in CeCuAl3.

The magnetization curves measured with �eld applied along principal crys-
tallographic directions are plotted in Figure 4.8. We observe relatively strong
anisotropy between the curves measured with �eld parallel and perpendicular
to the tetragonal c-axis, in agreement with previously published data [54]. The
larger saturation magnetization for �eld applied perpendicular to the c-axis re-

ects the fact that the moment of the ground state CEF level islarger for the
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Figure 4.6: The temperature dependence of magnetization along signi�cant crys-
tallographic directions ([100] and [001]) in small magnetic �elds. The measured
curves overlap signi�cantly, the shift of two of them (0.01 and 0.05 T) was done
for better lucidity. ZFC means zero �eld-cooled and FC �eld-cooled regimes.

xy-component than for the z-component of magnetic moments.This does not
imply necessarily, that the moments order in the basal plane.

In the paramagnetic region, the temperature dependence ofM/H , shown in
Figure 4.9, follows the Curie-Weiss law at least down to 60 K for measurement
with H k [001] and even to much lower temperatures for �eld perpendicular to
[001]. The �tting of measured data to relation 2.2 reveals the e�ective mag-
netic moment, � e� , in good agreement with theoretical value for Ce3+ ion, i.e.
� e� = 2:54 � B . The Curie paramagnetic temperature is then -52.0 K for
H k [001], -6.2 K for H k [100] and - 4.7 K forH k [110] direction. Figure
4.9 shows also comparison of the measuredH=M (T) dependencies and calculated
curves based on the CF parameters determined from the inelastic neutron scat-
tering data [4]: B0

2 = 0:611(17), B0
4 = � 0:015(1) andjB4

4j = 0:317(4) meV (see
section 3.2). The calculated dependencies are plotted in Figure 4.9 as lines of
corresponding colors. Very good agreement of calculated and measured data is
observed forH k [100], but clear discrepancy occurs forH k [001]. The calculated
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Figure 4.7: The real part of ac-susceptibility measured along [100] direction of
CeCuAl3 single crystal. The curves for all frequencies overlap, therefore each
frequency curve is shifted by -0.2 from the previous one, forbetter lucidity. The
curve for frequency of 0.13 Hz is not shifted.

Figure 4.8: The magnetic �eld dependence of magnetization with magnetic �eld
applied along [100], [110] and [001] directions at temperatures 1.8 and 10 K, i.e.
below and above ordering temperature, respectively.
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Figure 4.9: The temperature dependence ofM/H measured with magnetic �eld
of 0.5 T applied along principal crystallographic directions of CeCuAl3 single
crystal. The reciprocal magnetization,H / M, is also plotted. The lines are the
calculated dependencies from crystal �eld parameters given in Ref. [4], see also
section 3.2.

curve shows a kink around 30 K, which is not reproduced in the measured data.
We note that the measurements were performed several times comparing as-cast
samples, annealed samples and also on two sets of independent single crystals,
in order to verify the reproducibility of observedM=H dependence. All of these
measurements led to almost identical results, well in agreement also with previ-
ous study [51]. Any small changes of CF parameters do not lead to signi�cant
improvement. Presumably some common analysis of susceptibility and neutron
scattering data might lead to a set of CF parameters which would satisfactory
describe both experiments.

Speci�c heat

The speci�c heat data measured on CeCuAl3 single crystal are shown in Figure
4.10. We observe a well pronounced� -type anomaly atTN . The idealization of the
anomaly under constraint of the entropy conservation givesus TN = 2:5(1) K in a
good agreement with magnetization data. The anomaly stays almost una�ected
by small magnetic �eld applied along the c-axis. Small shiftof the magnetic
entropy to lower temperatures in 1 T is consistent with the antiferromagnetic
order. The speci�c heat of a non-magnetic analogue LaCuAl3 is shown in the inset
as well. Above' 30 K, it is very close to the speci�c heat of CeCuAl3 as already
observed also for polycrystalline sample. We can thus assume that the phonon
contribution to total speci�c heat is very similar in both compounds and also
the 
 el-coe�cient of the electronic speci�c heat, Cel = 
 elT, is approximately the
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same (
 el � 5 mJ.mol� 1K � 2), at least in the paramagnetic region. The magnetic
part is directly obtained as Cmag = CCeCuAl 3 � CLaCuAl 3 and its integration up
to 300 K shows an increase towards the value of R.ln6 as expected for the Ce3+

state. Such an observation is in con
ict with the potential 4double-degenerated
levels (ground state and 3 CF exciton-phonons excitated states) as mentioned in
section 3.2.

Figure 4.10: The speci�c heat in static magnetic �elds of 0 and 1 T. The blue
curve is the Schottky contribution to the speci�c heat calculated from energies
obtained from inelastic scattering data [4]. The magnetic part of speci�c heat
was obtained by substraction of the non-magnetic analogue LaCuAl3 data. The
inset shows both analogues in whole temperature range.

The magnetic speci�c heat in the paramagnetic region well above the ordering
temperature is generally described by Schottky formula andthe crystal �eld split-
ting of the multiplet ground state. As already mentioned above, the CF levels in
CeCuAl3 were directly observed by inelastic neutron scattering [4]around 1.3, 9.8
and 20.5 meV. The Schottky contribution calculated using only the levels on 1.3
and 20.5 meV is well in agreement with our speci�c heat data asdemonstrated in
Figure 4.10. Taking into account also the energy level at 9.8meV with degener-
acy one (and 20.5 meV level also with degeneracy one) is stillwell in agreement
with the measured data. We note that, contrary to magnetization, the Schottky
contribution to the speci�c heat depends only on the energies of CF levels, not
on the corresponding wave functions. The detailed analysisof the speci�c heat
in the magnetically ordered state leads to identical results as described for the
polycrystalline sample (see section 4.1.6).
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Electrical resistivity

The electrical resistivity measured in zero magnetic �eld with current along all
three principal crystallographic directions is plotted inFigure 4.11. A relatively
broad maximum around 10 K is clearly observable in resistivity data measured
along all crystallographic directions in perfect agreement with previously pub-
lished data by Kontani et al. [51]. The decrease below 10 K canbe caused by the
development of Kondo lattice state and crystal �eld e�ect atlow temperatures as
speculated in Ref. [51]. The kink at low temperatures demonstrates clearly the
temperature of magnetic phase transition at around 2.5 K, ingood agreement
with magnetization and speci�c heat measurements (see Figure 4.11).

The magnetoresistivity measurements were performed in several arrangements
with respect to the electrical current and magnetic �eld directions. There were
4 types of mutual arrangements of crystallographic directions, electrical current

ow j and magnetic �eld H as shown in Figures 4.12 and 4.13. In all cases,
the current 
ow was perpendicular to the magnetic �eld (j ? H ), i.e. transverse
con�guration. Temperature dependencies of resistivity inseveral static �elds are
plotted in Figure 4.12 and the magnetoresistance (MR) curves in Figure 4.13.
Several di�erences can be traced depending on the experimental arrangement.

Figure 4.11: The temperature dependence of electrical resistivity with the current
along signi�cant crystalographic directions. The arrows indicate magnetic phase
transition temperatures as determined from speci�c heat data.

Large negative magnetoresistance is observed forj k [001], resembling mea-
surements reported for substituted CeCuxAg1� xAl 3 compounds [86]. Signi�cant
di�erence in resistivity development takes place forj ? [001] regardless the �eld
direction. In these arrangements, positive MR appears for temperatures below
TN in magnetic �elds up to 2-3 T (0.45 and 1.0 K curves in Figure 4.13). We
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Figure 4.12: The temperature dependence of electrical resistivity in magnetic
�eld measured in several experimental arrangements with respect to current j
and magnetic �eld H directions.

Figure 4.13: The magnetoresistance (MR =� (H;T )� � (0;T )
� (0;T ) ) at several temperatures

below and above antiferromagnetic phase transition with the current along prin-
cipal crystalographic directions. The transverse con�guration (j ? H ) of current
and magnetic �eld was used.
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observe a clear maximum before the resistivity starts to decrease with further
�eld increase. It suggest suppression of the antiferromagnetic order and arise of
an induced ferromagnetic state, similarly as was observed for instance in YbNiAl2
[85].

Figure 4.14: The magnetoresistance (MR =� (H;T )� � (0;T )
� (0;T ) ) in dependence of � 0H

T + T �

in several temperatures with the electrical current along crystalographic direc-
tions [100] and [001] and magnetic �eld parallel and perpendicular to the c-axis,
respectively. The overlap of curves measured at temperatures> T N is observed.

In paramagnetic state, negative magnetoresistance is observed for all arrange-
ments, but clear di�erence can be traced out forH k [001] andH ? [001]. In
the �rst case, the e�ect of 9 T �eld becomes negligible above 20 K, whereas
in the latter case relatively large resistivity reduction remains up to 30 K (see
Figure 4.12). The decrease of resistivity in rising �eld could be a result of proba-
bly ferromagnetic correlations between the cerium 4f moments. Another reason
could be a suppression of the Kondo scattering with increasing �eld. Following
the approach discussed also for CeCuxAg1� xAl 3 compounds [86], we can use the
single-ion Kondo model with Bethe-ansatz studies [87]. Figure 4.14 is obtained
by re-scaling the x-axis as � 0H

T + T � , where T is the temperature for the MR mea-
surement andT � is a measure of the strength of ferromagnetic correlations in the
material [85, 88]. The dependencies measured at temperatures aboveTN overlap
with each other for characteristic temperatureT � = 1.0 and 4.5 K for H k [001]
and H ? [001], respectively (the change ofT � by � 0:5 K leads to much worse
overlap between curves measured atT > TN). The former value is close to that
found for polycrystalline CeCu0:9Ag0:1Al 3 [86]. Positive values ofT � imply that
the ferromagnetic correlations between magnetic moments are rather weak. Low-
er value ofT � for magnetic �eld along [001] direction suggests that ferromagnetic
correlations are stronger along the c-axis than in the basalplane. The develop-
ment between magnetic and paramagnetic state is also demonstrated in Figure
4.14 (data measured at 2 K).

4.1.4 Magnetic structure in CeCuAl 3

To bring an unambiguous proof of the type of the magnetic order in CeCuAl3,
we have performed a series of neutron di�raction experiments on CeCuAl3 sin-
gle crystal. The measurement were performed using CYCLOPS (ILL, Grenoble,
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France), PANDA (FRMII, MLZ, Garching, Germany) and D10 (ILL, G renoble,
France) instruments on the same piece of single crystal. We note, that our previ-
ous e�ort to determine the magnetic structure in CeCuAl3 using powder neutron
di�raction (E6 instrument, HZB, Berlin) did not lead to any re sults. We were not
able to observe any magnetic peak in di�raction patterns, presumably because of
small size of magnetic moment on Ce.

Neutron di�raction on CeCuAl 3 single crystal

The magnetic order in CeCuAl3 was studied �rst by Laue neutron di�raction
on CYCLOPS di�ractometer [89]. Laue patterns taken at 2 and 6 Kare shown
in Figure 4.15. The comparison of di�raction patterns obtained in the magnet-
ically ordered state and in the paramagnetic state, respectively, revealed three
weak magnetic re
ections at lowQ-region pointing to relatively small magnet-
ic moment in the compound, in agreement with our previous powder neutron
di�raction experiment. Positions of magnetic satellites out of the Bragg re
ec-
tions unambiguously prove the antiferromagnetic ground state in CeCuAl3. The
analysis of the measured Laue patterns (using Esmeralda program [90]) allows
us to determine several possible propagation vectors,~k, consistent with our da-
ta: (0.2, 0.2, 0), (0.33, 0, 0), (0.5, 0.25, 0), (0.4, 0.4, 0) and (0.4, 0.6, 0). We
should note that, in addition, there are several other incommensurate vectors~k,
which could describe the three found magnetic re
ections aswell. None of the
determined vectors coincides with (12, 1

2, 0) propagation reported in the work of
Oohara et al. [55].

The propagation vector of magnetic structure in CeCuAl3 was found in course
of our inelastic neutron scattering experiment on PANDA instrument. The map-
ping of reciprocal space revealed several magnetic re
ections (two of them shown
in Figure 4.16), which are described unambiguously by the propagation vector
~k = (0.4, 0.6, 0). The rest of possible propagation vectors determined from
CYCLOPS data can be excluded. We followed temperature development of the
intensity on the magnetic re
ection (0.6, -0.4, 0), see Figure 4.17. The magnetic
moment of CeCuAl3 increases with decreasing temperature down to 1.7(1) K and
remains constant (within the measurement error) at lower temperatures. The
�t of the magnetic intensity to the power law I � (TN � T)2� revealed the or-
dering temperature ofTN = 2.7 K, corresponding well to the one obtained from
macroscopic measurements, see also Refs. [50, 51, 45, 52]. The obtained value of
the critical exponent � = 0.4 is relatively close to the theoretical value of 0.313
expected for the Ising three-dimensional system [91].

The known structure parameters and propagation vector~k = (0.4, 0.6, 0) were
used to calculate possible magnetic structures using the representation analysis
(employing the program BasIreps [11]). It should be noted, that there is only one
crystallographic site for the Ce atom per magnetic unit celland other Ce atoms
are related by the symmetry operators. The calculation revealed two irreducible
representations. Three basis vectors: (1, -1, 0), (1, 1, 0) and (0, 0, 1) belong to
these representations where the latter two belong to the same irreducible repre-
sentation. The one dimensional representation corresponds to moments within
the basal plane. When the irreducible representation contains more than one basis
vector, any linear combination of these vectors representsalso allowed magnetic
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Figure 4.15: The Laue patterns obtained at 2 K and 6 K by CYCLOPSdi�rac-
tometer at ILL, Grenoble. Three magnetic re
ections are marked by green circles
in panel a). The integrated intensities calculated by Esmeralda program [90] from
Laue patterns are shown in panel c).

moment arrangements. The second, two dimensional representation, thus allows
any direction of magnetic moments with respect to the c-axis. BaNiSn3-type
structure (I4mm, 107) is non-centrosymmetric structure, therefore propagation
vector ~k is not equivalent to -~k. Both propagation vectors~k and -~k as well as
propagation vectors (0.4, -0.6, 0) and (-0.4, 0.6, 0) have tobe taken into account
during the data re�nement in the next step.

The magnetic structure described by propagation vector~k = (0.4, 0.6, 0) was
investigated by neutron di�raction experiment on D10 instrument. After thor-
ough inspection of the crystal structure (the investigation of 24 nuclear re
ections;
allowed re
ections satis�ed the conditionh+ k + l = 2n con�rming body-centered
space group), the intensities on magnetic satellites described by propagation vec-
tor ~k were measured at 1.7 K. The integrated intensitiesjFmeasj of 25 measured
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Figure 4.16: The map ofhk-plane obtained by measurement on PANDA instru-
ment in MLZ, Garching. Magnetic re
ections (-0.6, 0.4, 0) and (-0.4, 0.6, 0) are
observed.

Figure 4.17: The temperature dependence of the intensity onmagnetic re
ection
(0.6, -0.4, 0). The error bars on �gure a) are within the symbols. The blue curve
on panel b) is �t of the data to I � (TN � T)2� .

independent magnetic re
ections are listed in Table 4.4. Allthe magnetic re
ec-
tions are the satellites of allowed nuclear re
ections (described by h+ k + l = 2n);
zero intensity was found on (0.4, 0.6, 0) satellites of forbidden nuclear re
ections
(h + k + l = 2n + 1). The measured data were �tted to the model of magnetic
structures based on the results of representation analysisusing the Fullprof pack-
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Table 4.4: 25 magnetic re
ections with measured integratedintensities jFmeasj.
jFcalcj represents the calculated intensity processed by Fullprofprogram [11] for
magnetic structure presented in Figure 4.18.

h k l jFmeasj jFcalcj
0.4 0.4 1 23(1) 21.3

-0.4 -0.4 1 25(1) 21.3
0.4 1.4 0 15(4) 12.6

-0.4 0.6 0 61(7) 61.2
0.6 0.6 1 13(1) 11.1

-0.6 -0.6 1 18(1) 11.1
0.4 -0.6 2 55(3) 58.3

-0.4 -1.4 2 22(3) 20.6
0.4 0.4 3 46(1) 45.5

-0.4 -0.4 3 50(1) 45.4
-0.6 1.4 3 39(2) 41.2
-1.4 0.6 3 40(3) 41.2
1.4 0.4 2 22(2) 20.6
0.6 -0.4 2 55(4) 58.3
1.4 -0.6 1 40(3) 44.8
0.6 -1.4 1 39(1) 44.8
0.6 0.6 3 31(1) 35.5

-0.6 -0.6 3 36(1) 35.5
1.6 -0.4 1 36(4) 37.0

-1.6 0.4 1 33(5) 37.0
-0.4 0.6 4 53(7) 48.0
0.4 -0.6 4 54(3) 48.0

-0.4 1.6 3 39(2) 35.7
0.4 -1.6 3 39(3) 35.7
0.6 1.6 0 16(5) 8.4

age [11]. The intensity on nuclear re
ections measured in the paramagnetic and in
the ordered state remains unchanged, excluding clearly~k = (0, 0, 0) propagation
of magnetic moments in CeCuAl3. The extinction in the sample was treated by
�tting the nuclear data to the phenomenological Zachariasen formula [26], while
6 �tting parameters corresponding to di�erent crystallographic directions were
used [11]. Consideration of extinction during the Rietveldre�nement lead to the
signi�cant decrease ofRF factor (from 5.3% to 1.7%). The obtained parameters
were �xed for the �t of magnetic data. The absorption of the material was not
taken into account during the �tting as the intensity on equivalent re
ections
was the same within experimental error; CeCuAl3 does not contain any strongly
absorbing element.

Far best agreement between the magnetic data and �t (RF = 5.2%, see calcu-
lated intensitiesjFcalcj in Table 4.4) was obtained for the magnetic structure with
the arrangement of magnetic moments described by the (1, 1, 0) basis vector.
The magnetic structure is of amplitude modulated type with maximum magnetic
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moment reaching 0.28(1)� B /Ce3+ , see Figure 4.18. The amplitude modulated
magnetic structure with strongly reduced magnetic momentslying within the
basal plane is well consistent also with results of previous27Al NQR study [92].
All magnetic re
ections measured on D10 instrument are described by propaga-
tion vectors (0.4, -0.6, 0) and (-0.4, 0.6, 0). As follows fromthe representation
analysis, any linear combination of (1, 1, 0) and (0, 0, 1) basis vectors should be
considered. Considering non-zero component described by (0, 0, 1) would lead
to tilting of magnetic moments out of the basal plane. Nevertheless, allowing a
free z-component does not lead to any signi�cant improvement of the �t and con-
verges to a zero value of z-component. We should note, that allowing a subtle tilt
of magnetic moments within the basal plane from [110] crystallographic direction
leads to somewhat better agreement factor ofRF = 4.3%. The model using the
(1, -1, 0) basis vector gives an unacceptable �t withRF = 35.6%.

Figure 4.18: The magnetic structure of CeCuAl3 described by propagation vector
~k = (0.4, 0.6, 0). Red arrows symbolize magnetic moments atzCe = 0, blue arrows
then moments atzCe = 1

2. All moments lie within basal planes.

The discrepancy between our results and previous study of Oohara et al.
[55] needs to be further discussed. The propagation vector (1

2, 1
2 , 0) found by

former neutron di�raction experiment [55] is clearly not reproduced in any of
our three independent neutron experiments, the agreement holds only for the
z-componentkz = 0. Some di�erences in the crystal structure and/or sample
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quality may be a reason for di�erent propagation vector. CeCuAl3 crystal used
by Oohara et al. [55] was originally reported to crystallizein the BaAl4-type
superlattice [51] without further details concerning e.g.atomic positions and
occupancies. The experiments in our present work were performed on structurally
well described single crystal with the tetragonal ordered non-centrosymmetric
BaNiSn3-type structure [74]. Moreover, during our experiments on PANDA and
D10 instruments, we investigated the possibility of another magnetic propagation
vector as presented in Ref. [55]. We found out a tiny peak corresponding to the
re
ection (0.5, 0.5, 0) and another one at (-0.5, 0.5, 0) re
ection. The intensities
of these peaks were considerably weaker than the ones observed for magnetic
peaks described by propagation vector (0.4, 0.6, 0), see Figure 4.16 (the peak
described as (-0.5, 0.5, 0) is not visible in the intensity scale). Nevertheless,
we were able to examine these (1

2, 1
2 , 0) peaks at temperatures from 1.7 K to

200 K during our measurement on D10 instrument. No change of the intensity of
these peaks was observed in the whole temperature interval.On the other hand,
the peaks described by~k = (0.4, 0.6, 0) disappeared at temperature of 2.7 K
(as demonstrated in Figure 4.17). �

2 contamination from the (1, 1, 0) nuclear
re
ection might be a certain source of intensity on the (12, 1

2, 0) re
ection. However
Oohara et al. [55] presented the temperature development ofthe observed peak,
which is in a strong disagreement with�

2 contamination. Such a temperature
evolution was not reproduced by our study. The structural di�erence thus remains
the only explanation.

The measurements employing the inelastic neutron scattering on CeCuAl3 [4]
and CeAuAl3 [84] strongly corroborate our results. The crystal �eld parameters
obtained for both isoelectronic and isostructural compounds: B0

2 = 0.611 meV,
B0

4 = -0.015 meV and jB4
4j = 0.317 meV for CeCuAl3 and B0

2 = 1.2036 meV,
B0

4 = -0.0031 meV andjB4
4j = 0.4269 meV for CeAuAl3, lead to the same type of

magnetic anisotropy with magnetic moments arranged withinthe basal plane. In-
deed, our present study on CeCuAl3 as well as previous investigation of CeAuAl3

[84] reveal the magnetic moments to be con�ned within the basal plane. The
magnetic structures are thus fully consistent with reported CF parameters. On
the other hand, the CeCuAl3 study of Oohara et al. [55] points out to the mag-
netic moments aligned along the c-axis, which is in the strong disagreement with
our study and also with the CF parameters [4].

Magnetic structures in Ce TX3 compounds

We should discuss the value of magnetic moment in CeCuAl3 (0.28(1) � B /Ce3+ )
which is signi�cantly reduced compared to full Ce3+ moment. Such a small ground
state magnetic moment is not exceptional among CeTX3 compounds adopting
the BaNiSn3-type structure. CeCoGe3 compound reveals the magnetic moment
of 0.405� B /Ce3+ [41], CeRhGe3 the moment of 0.45� B /Ce3+ [39]. Even a small-
er value of magnetic moment (0.13� B /Ce3+ ) was found in CeRhSi3 [78]. A
similar value is predicted also for CeIrSi3 [79]. On the other hand, CeCuGa3
(1.24 � B /Ce3+ ) [47] and CeAuAl3 (1.05 � B /Ce3+ ) [84] reveal signi�cantly high-
er magnetic moments. The small value of magnetic moment in these CeTX3

compounds is often associated to the in
uence of Kondo e�ecton long-range
magnetic ordering. However, the N�eel temperature and Kondotemperature are
similar for all CeTX3 compounds pointing out to similar reduction of magnetic
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moment due to Kondo e�ect. It is thus unlikely, that the magnetic moments
within CeTX3 family di�er so signi�cantly because of a sole Kondo e�ect and
other mechanisms have to be taken into account. The in
uenceof crystal �eld
plays an important role, however, the values of magnetic moments based on CF
calculations are slightly higher then 1� B /Ce3+ for above listed compounds. The
previous27Al NQR studies on CeCuAl3 [92] and NMR on CeAuAl3 [93] brought
the signi�cant piece of information about the size of magnetic moment in these
compounds. While in CeAuAl3 the Ce magnetic moment is predicted to be re-
duced by about 25% due to Kondo screening [93], CeCuAl3 should exhibit much
smaller magnetic moment (< 0.2 � B /Ce3+ ) [92]. Based on the27Al NQR re-
sults, the cancellation of the respective internal �elds from nearest neighbor Ce
moments is a probable explanation for such a small value. Indeed, the neutron
scattering study on CeAuAl3 [84] revealed signi�cantly higher magnetic moment
than that in CeCuAl 3 in our present study. This agreement shows, that the in-
teratomic distances play crucial role in the formation of magnetic ground state.
The reason behind so signi�cantly di�erent values of magnetic moment in CeTX3

compounds needs to be further investigated, though. Presumably, the combina-
tion of neutron scattering and nuclear magnetic resonance techniques would bring
proper explanation.

When comparing the magnetic propagation vectors within theCeTX3 fam-
ily of compounds crystallizing in the non-centrosymmetricBaNiSn3-type struc-
ture, one can distinguish three di�erent types of magnetic structure propagation:
CeCuAl3 (~k = (0.4, 0.6, 0)) and CeCuGa3 (~k = (0.176, 0.176, 0)) [47] form the �rst
group, in which the magnetic moments lie within the basal plane and the antifer-
romagnetic propagation occurs also within the basal plane.The second group is
formed by compounds with the magnetic structure characterized by propagation
vectors~k = ( kx = ky = 0, kz 6= 0), i.e. the magnetic moments form ferromagnetic
planes which are propagating antiferromagnetically alongthe c-axis. CeCoGe3
with ~k = (0 ; 0; 1

2) [41], CeRhGe3 with ~k = (0, 0, 3
4) [39] and recently investi-

gated CeAuAl3 with ~k = (0, 0, 0.52) [84] belong to this group. The last part
of CeTX3 family crystallizing in BaNiSn3-type structure contains compounds
with more complex magnetic structures described by more general propagation
vectors: CeRhSi3 and CeIrSi3 show the propagation vectors (0.218, 0, 0.5) and
(0.265, 0, 0.43), respectively [78, 79]. The systematics inthe propagation of mag-
netic moments in these compounds is not obvious so far. One might expect, that
the lattice parameters would play an important role in the magnetic structure
formation. The c=aratio itself does not seem to be the only driving parameter -
rather close values ofc=aratio 2.48 and 2.51 are found for CeAuAl3 and CeCuAl3
compounds showing di�erent propagation direction [74, 84], see Table 4.1. The
c=a ratio in CeTGe3 and CeTSi3 takes the value of� 2:3 [41, 39, 78, 79] and
these compounds exhibit propagation vector with z-component kz 6= 0.

The nearest interatomic Ce-Ce distance (i.e. lattice parameter a, see Table
4.1) seems to be crucial for the ordering of magnetic momentsin CeTX3 com-
pounds: CeCuAl3 [74] and CeCuGa3 [47] with kz = 0 exhibit nearest Ce-Ce
neighbors distances lower than 4.3�A, whereas CeCoGe3 [41], CeRhGe3 [39] and
CeAuAl3 [84] with a > 4:3 �A propagate along the tetragonal axis (kz 6= 0). In the
third group formed by CeRhSi3 [78] and CeIrSi3 [79], both a and c are relatively
small (i.e. small lattice volume), what brings the second nearest Ce-Ce neighbors
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Figure 4.19: The lattice parameters of CeTX3 compounds. Nearest Ce-Ce neigh-
bors distance, i.e. lattice parametera vs. cube root of volume of elementary
unit cell (aac)

1
3 is shown. The colored symbols mark the type of magnetic prop-

agation vector as discussed in text: red symbol belongs to the compounds with
zero z-component of magnetic propagation vector, blue symbol then to the com-
pounds with (kx = ky = 0, kz 6= 0) and green symbol marks the compounds with
more complex propagation vectors. White circles denote compounds with not
yet revealed magnetic structures. The colored areas accordingly denote predicted
propagation in other CeTX3 compounds.

signi�cantly closer to each other (� 5.7 �A, compare to� 6.1 �A for CeCuAl3 [74]
and CeCuGa3 [47]) and probably has some impact on the magnetic propagation.
We are aware that the tentative considerations above are based on the knowledge
of magnetic structures only in a rather limited number of compounds. We have
constructed a phase diagram of CeTX3 compounds (presented in Figure 4.19)
based on above considerations and lattice parameters listed in Table 4.1. CeTX3

compounds are divided into three groups according to their lattice parameter a
(i.e. nearest interatomic Ce-Ce distance) and volume of elementary unit cell. This
arrangement respects the type of magnetic propagation vector in all previously
studied compounds. The predictions on the type of magnetic propagation vector
for other CeTX3 compounds has to be yet con�rmed.

4.1.5 Inelastic scattering on CeCuAl 3 single crystal

The lowest lying magnetic excitations in CeCuAl3 were investigated by inelastic
neutron scattering on single crystal employing ThALES spectrometer at the ILL,
Grenoble. Figure 4.20 shows the energy transfer scans around ~Q point (0.4, 0.6, 0)
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below and above the ordering temperature (TN = 2.7 K). The temperature de-
velopment of the peak around 1.5 meV corresponds well to the results on the
polycrystalline sample [4] and clearly points out to the crystal �eld nature of
this peak. Moreover, the observed peak is~Q-independent as expected for CF
excitation.

Below ordering temperature, we observe an additional anomaly at around
1 meV, which could be tentatively attributed to the magnetic excitations in or-
dered state.

The CF peak-feature sits on top of broader continuum, which extends to about
3 meV energy transfer and seems to be temperature independent, suggesting an
interplay between magnetic moment correlations, Kondo screening of magnetic
moments and crystal �eld e�ects similarly as in CeIn3 [94]. Nevertheless, the
experiment with polarized neutron analysis is needed to reveal the nature of this
anomaly properly.

In a future study on IN20 spectrometer with polarized neutronanalysis is
planned (accepted proposal at ILL) to investigate the higher-energy part of spec-
trum of CeCuAl3, i.e. to study the whole picture of crystal �eld excitationsas
well as vibron state in single crystal. Such a study intends to bring further un-
derstanding into the CF exciton-phonons interaction as we are able to distinguish
between magnetic and phonon contributions to the INS spectrausing polarized
analysis on IN20 spectrometer.

Figure 4.20: The low-energy part of inelastic neutron scattering spectrum of
CeCuAl3 measured using the ThALES spectrometer at ILL, Grenoble. Themea-
surement was performed at~Q point (0.4, 0.6, 0) with scattered~k2 = 1.5 �A � 1.
The intensity is given in units of counts per monitor as the counting time per
di�erent parts of the spectrum were di�erent. The time for measuring one point
at around 1.5 meV was� 7 min.
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4.1.6 Crystal �eld excitations in Ce(Cu,Al) 4 compounds

Together with the detailed investigation of CeCuAl3 single crystal, we studied
also several substituted systems to obtain a broader picture of the microscopic
nature of CeCuAl3 and its changes with the doping (as mentioned in section 3.2).

Ce(Cu,Al)4 compounds have been to some extent investigated, see e.g. Refs.
[54, 95, 96]. The previous magnetization measurements of CeCuxAl 4� x single
crystals, compounds withx = 0:7; 0:8; 0:9; 1:0 and 1.1, revealed the a-axis as the
easy magnetization axis for all concentrations and a clear strengthening of the
ferromagnetic interactions with decreasing Cu content [54, 95]. The ordering tem-
perature showed only a weak concentration dependence. The crystal �eld split-
ting of the two lowest doublets deduced from the magnetization curves increases
roughly linearly from � 9 K to � 24 K with decreasingx from 1.1 to 0.7 [54, 95].
In the case ofx �= 0:7 compound, this relatively small crystal-�eld splitting was
ruled out by speci�c heat measurements which indicated muchhigher splitting
between the ground state and �rst excited state [96]. This discrepancy together
with the the e�ort to track the change of nature of the magnetic ground state
in these compounds motivated us to perform investigation ofthe CeCuxAl 4� x

system by means of speci�c heat and mainly neutron scattering measurements.

Speci�c heat in Ce(Cu,Al) 4 compounds

Polycrystalline samples of CeCuxAl 4� x with x between 0.75 and 1.25 were pre-
pared by arc-melting stoichiometric mixtures of pure elements in a mono-arc
furnace under protection of an argon atmosphere. The samples were turned and
re-melted several times to achieve better homogeneity. Subsequently, the samples
were annealed for 7 days in evacuated quartz tubes at temperature of 800oC.

The X-ray di�raction showed that all the prepared samples crystallize in the
tetragonal BaNiSn3-type structure with a partial disorder of Cu-Al atoms on the
4(b) positions corresponding to non-stoichiometricity ofcompounds withx 6= 1.
The determined lattice parameters are given in Table 4.5. Both a and c decrease
nearly linearly with increasing the Cu content up tox = 1.1 and stay almost
constant for higher Cu concentrations. The decrease ofc is much steeper, the
c=aratio therefore decreases as well. The samples appear to be single phase for
concentrations up to x = 1:1, di�raction patterns of samples with higher Cu
concentrations contained also several weak foreign peaks.Previous phase com-
position study showed solid solubility of the CeCuxAl 4� x ternary system to be
in the range 0:73 < x < 1:10 [97]. Our results thus seem to be consistent with
this observation, furthermore indicating that for x > 1:1 the phase with the
BaNiSn3-type structure still remains as a major phase, but probablywith the
CeCu1:1Al 2:9 composition. This surmise was subsequently con�rmed by theEDX
analysis on selected samples. The expected composition andhomogeneous Cu-Al
distribution was found for samples withx � 1:1. In contrary, CeCu1:25Al 3:75 sam-
ple showed three phases: the major phase with the CeCu1:1Al 2:9 composition and
two minor phases with a compositions that roughly correspond to Ce(Cu0:6Al 0:4)5

(mentioned also in [97]) and cubic Laves phase CeAl2 with a small admixture of
Cu in place of Al.

The speci�c heat of studied materials consists of the phonon, Cph , electronic,
Cel, and magnetic,Cmag, contributions. The phonon contribution in magnetic
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Table 4.5: Structural parameters of CeCuxAl 4� x compounds and characteristics
derived from the speci�c heat data. Lattice parameters and the unit cell volume,
Vf :u:, were determined from powder X-ray di�raction at room temperature. Tord

is the ordering temperature,Sord the magnetic entropy atTord used for the esti-
mation of Kondo temperature,TK , using equation 4.2.� and Amag are parameters
which result from the �t to equation 4.1.

x 0.7 [96] 0.75 0.8 0.9 1.0 1.1
CeCuxAl 4� x

a (�A) 4.262 4.263(1) 4.260(1) 4.255(1) 4.256(1) 4.253(1)
c (�A) 10.776 10.729(2) 10.713(2) 10.663(2) 10.663(2) 10.595(2)
Vf :u: (�A3) 195.7 195.0(1) 194.4(1) 193.0(1) 192.6(1) 191.6(1)
Tord (K) 4.0 3.5(2) - 3.0(2) 3.0(2) 2.6(2)
Sord

(J.mol� 1K � 1)
3.3 3.4 - 4.1 4.1 3.7

TK (K) 7.2(5) 6.3(4) - 4.3(4) 4.2(4) 4.3(4)
� (K) 0.4 0.16 - - 0.23 0.18
Amag

(J.mol� 1K � 5=2)
0.9 1.0 - - 1.7 1.8

LaCuxAl 4� x

a (�A) - 4.306(1) 4.301(1) 4.294(1) 4.294(1) 4.291(1)
c (�A) - 10.757(2) 10.746(2) 10.703(2) 10.669(2) 10.654(2)
Vf :u: (�A3) - 199.5(1) 198.8(1) 197.4(1) 196.7(1) 196.1(1)

compounds can be often reasonably estimated from the speci�c heat of the non-
magnetic analogues with the same crystal structure and similar mass and unit
cell dimensions. In the case of CeCuxAl 4� x series, LaCuxAl 4� x compounds rep-
resent a natural choice for this purpose (see also section 1.1). Concerning the
electronic part, one has to be more careful. This contribution can be expressed
as Cel = 
 elT, where 
 el is the coe�cient proportional to the density of states
at the Fermi level. The Ce-based compounds show often enhanced Cel compared
to equivalent compounds containing other rare-earth. We plot the speci�c heat
of CeCuxAl 4� x and LaCuxAl 4� x compounds for the two border concentrations
(x = 0:75 and 1.1) in Figure 4.21. The speci�c heat of the two remaining com-
pounds (x = 0:9 and 1.0) lies betweenCp of the two drawn concentrations above
20 K and is not shown to avoid large overlapping. The di�erence between the Ce
and La analogues smoothly decreases with increasing temperature, what rather
clearly indicates that also the electronic contribution should be almost the same
(
 el

�= 5 mJ.mol� 1K � 2) in the Ce and La-based analogues, at least at higher tem-
peratures in the paramagnetic region. The magnetic part,Cmag, in CeCuxAl 4� x

compounds was then calculated simply by subtractingCp of the corresponding
La analogue. The obtained magnetic entropies,Smag, are displayed in the inset of
Figure 4.21. It shows a general tendency to saturate close tothe expected value
of R.ln6, what con�rms that the La compounds represent suitableapproximation
of the nonmagnetic contributions.

Let us now analyzeCmag in the paramagnetic region. Well above the ordering
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Figure 4.21: The magnetic entropy of CeCuxAl 4� x compounds in the whole mea-
sured temperature range. The inset shows the temperature dependence of the
speci�c heat of CeCuxAl 4� x and LaCuxAl 4� x (x = 0:75 and 1.1) compounds.
The other concentrations exhibit basically similar behavior above 10 K.

temperature (listed in Table 4.5), it is assumed to be described by usual Schottky
contribution describing the crystal �eld excitations, seeequation 2.7.

The CF energy levels atE1 = 1:3 meV andE2 = 20:5 meV were directly ob-
served by inelastic neutron scattering in CeCuAl3 [4]. The Schottky contribution
calculated using these values is compared with experimental data in Figure 4.22.
The main features are reproduced, especially the enhancement of Cmag below
20 K. The di�erence between observed and calculated data maybe ascribed to
certain dispersion of the CF levels and possible small di�erences in the phonon
spectra of CeCuAl3 and LaCuAl3. We have also to remind the existence of the
vibron state in CeCuAl3, see section 3.2 [4], which certainly in
uences both the
phonon and Schottky contributions.

Certain development of the energy splitting between the ground state and �rst
excited state with respect to Cu concentrationx was deduced from magnetization
curves [54]. E1 was reported to increase almost linearly from� 0:8 meV for
x = 1:1 to � 2 meV for x = 0:7 [54, 95]. The predicted value ofE1 � 2 meV
for CeCu0:7Al 3:3 is however in a strong disagreement with the heat capacity data
[96]. According to the speci�c heat, it was suggested thatE1 should lie above
� 7 meV. Our present analysis is in a good agreement with this former study.
We can clearly exclude existence ofE1 around 2 meV for CeCu0:75Al 3:25 even
considering all the uncertainties mentioned above for CeCuAl 3. We estimate
E1 ' 8:6 meV, the corresponding data are drawn in Figure 4.22. CeCu0:9Al 3:1
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Figure 4.22: The magnetic speci�c heat in the paramagnetic region. The full lines
represent calculation of Schottky contribution to speci�cheat using equation 2.7.

shows rather similar behavior as CeCuAl3 with a large Cmag below 20 K and thus
relatively small splitting E1, whereas CeCu1:1Al 2:9 is much closer to CeCu0:75Al 3:25

(compare also the entropy in Figure 4.21). We can thus tentatively conclude that
the energy splitting to the �rst excited state does not follow a linear dependence
on x as previously suggested [54], but instead seems to have a minimum value
around the stoichiometric CeCuAl3 and increase strongly forx moving away from
1.0. This speculative picture is to be con�rmed by inelasticneutron scattering.

The low-temperature part ofCmag=T for all concentrations is drawn in Figure
4.23. For comparison, we include also the data of CeCu0:7Al 3:3 taken from Ref.[96].
The deduced ordering temperatures are summarized in Table 4.5. CeCu0:9Al 3:1

shows an additional transition atT1 = 1:2 K. The temperature dependence of
Cmag below Tord seems to be qualitatively similar for all compounds. It is some-
what surprising as the ground state was reported to develop between ferromag-
netic for CeCu0:7Al 3:3 [95, 54] and antiferromagnetic in CeCuAl3. The Cmag � T3

dependence which should occur in a typical 3D antiferromagnet is clearly not
observed for any Cu-Al concentration. Therefore, we tried tofollow the approach
applied for CeCu0:7Al 3:3 and �t the data below Tord to the following formula
[98, 96]:

Cmag = e� �
T AmagT

3
2 : (4.1)

The coe�cient Amag is related to the spin velocity in the magnetically ordered
state and � is the energy gap in the magnon dispersion relation. TheT

3
2 term

corresponds to 3D ferromagnetic magnons. The results of the�t are summa-
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Figure 4.23: The low temperature part of the magnetic speci�c heat. The full
lines represent the �t to equation 4.1 with the parameters listed in Table 4.5. The
data for CeCu0:7Al 3:3 were taken from Ref. [96].

Figure 4.24: The low-temperature speci�c heat of CeCuxAl 4� x (x = 0.75 and 1.1)
measured in external �elds of 0.0 T (yellow), 0.2 T (red) and 1.0 T (blue).

rized in Table 4.5 and the calculated data are drawn in Figure4.23, except for
CeCu0:9Al 3:1 where the temperature region belowT1 is too small to perform a
reasonable �t. As can be seen from Figure 4.23, the data are well reproduced.
All the parameters listed in Table 4.5 were obtained assumingno increase of
the electronic part at low temperatures. To allow better comparison, we re-

69



�t also the data for x = 0:7 [96] under this condition. Introducing additional

 elT term in equation 4.1, which would re
ect larger low-temperature 
 el-value
compared to the paramagnetic state, leads still to reasonable �ts for 
 el up to
' 100 mJ.mol� 1K � 2. The value of � would then also change as both parameters
are highly correlated.

Another quantity which can be directly evaluated from the low-temperature
Cmag

T data is the magnetic entropy at the ordering temperature,Sord . The deter-
mined values are listed in Table 4.5. We note that we do not include the Schottky
part into it. Nevertheless, it would represent only a minor change of' 5% of
Sord in CeCuAl3 where the �rst excited state occurs at lowest energy. All the
values are lower compared toR.ln2 expected for a doublet ground state for Ce3+

ion in an ideal case. The reduction can be ascribed to competing Kondo e�ect
which exhausts part of the magnetic entropy above the ordering temperature.
The Kondo temperature can be roughly calculated using the simple calculation
based on the two-level model [99]:

STN

R
= ln(1 + e �

T K
T N ) +

TK

TN

e�
T K
T N

1 + e�
T K
T N

; (4.2)

whereR is universal gas constant. The calculatedTK are given in Table 4.5. The
value for x = 0:7 was corrected, the original value written in Ref. [96] doesnot
correspond to the givenSord and Tord . Although the absolute value ofTK might
di�er depending on the type of measurement and analysis approach, the trend
should be credible:TK decreases with increasingx between 0.7 and 0.9 and then
stays almost unchanged up tox = 1:1. It is a somewhat surprising tendency as
one expects usually an opposite development ofTord and TK .

An important information about the nature of the ground statecan be ob-
tained from the in
uence of external magnetic �eld onCmag. We have performed
measurements in 0.0, 0.2 and 1.0 T, the results are presentedin Figure 4.24. We
observe a clear qualitative change between CeCu0:75Al 3:25 and CeCu1:1Al 2:9. In
the former case, the entropy (i.e. the area belowCp=T) is clearly shifted to higher
temperatures already in 0.2 T. It is usually a sign of the ferromagnetic order. It is
consistent with previous studies which report ferromagnetic order in CeCu0:7Al 3:3

[95, 96]. Contrary to that, speci�c heat of CeCuAl3 (see also subsection 4.1.3)
and CeCu1:1Al 2:9 is almost una�ected by 0.2 T �eld, small shift of the entropy
to higher temperatures occurs in 1 T. Such behavior might be expected for an
antiferromagnet with a slow gradual transition towards ferromagnetic ordering in
increasing magnetic �eld. CeCu0:9Al 3:1 shows a more complex �eld development
representing possibly some transition between both types of behavior.

Inelastic neutron scattering on Ce(Cu,Al) 4

The inelastic neutron scattering experiments on CeCuxAl 4� x compounds were
performed using IRIS and MARI spectrometers at ISIS, Didcot,in collaboration
with Dr. Devashibhai T. Adroja. The purpose of the investigation of substituted
compounds withx = 0.75, 0.9 and 1.1 was to follow a development of the crystal
�eld excitations and vibron state with Cu-Al substitution. Ac cording to previous
bulk properties measurements and especially the speci�c heat data analysis (see
previous section), we expected the energy spectrum of CeCu0:9Al 3:1 to be similar
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to parent CeCuAl3, including the additional magneto-phononic excitation peak
in the spectrum. The other two compounds with Cu contentx = 0.75 and 1.1
were expected to exhibit a qualitatively di�erent energy spectrum, presumably
without any additional magnetic peak.

Figure 4.25: The low-energy part of spectra of CeCuxAl 4� x measured at 4 K. A
clear di�erence between the parent CeCuAl3 (taken from Ref. [4]) and substituted
compounds is observed. The blue full line represents the lorentzian �t of the
elastic peak.

The low-energy parts of spectra of investigated compounds measured employ-
ing IRIS spectrometer are presented in Figure 4.25. Compared to the parent
CeCuAl3 revealing a clear CF peak at around 1.3 meV [4], the substituted com-
pounds exhibit only quite broad quasielastic feature at lowenergies which is
observed also in pure CeCuAl3 [4]. The low-energy parts of spectra of all substi-
tuted compounds are very similar. Nevertheless, on the basisof measured data
we cannot exclude a shift of CF excitations in substituted compounds to very low
energies. A further investigation of low-energy part of spectra (below 1 meV) is
necessary and we will perform the INS measurement on IN6 spectrometer at the
ILL, Grenoble (accepted proposal).

The higher energy part of CeCuxAl 4� x spectra was investigated using MARI
spectrometer and measured data are presented in Figure 4.26. The presented data
were obtained by subtracting La analogue data from CeCuxAl 4� x via relation
SM ( ~Q; ! ) = SCeCux Al 4� x ( ~Q; ! ) � �:S LaCu x Al 4� x ( ~Q; ! ), where� (= 0.673, 0.688 and
0.706) is the ratio of total-scattering cross sections forRCuxAl 4� x with R = Ce
and La andx = 0.75, 0.9 and 1.1, i.e. purely magnetic excitations are shown.
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Figure 4.26: The inelastic neutron scattering energy spectra measured on
CeCuxAl 4� x using MARI spectrometer. The presented magnetic data were ob-
tained by substraction of La analogues data from CeCuxAl 4� x data as explained
in text.

Two clear CF peaks in energy spectrum of all three investigated Cu-Al sub-
stituted compounds are observed. The intensities on observed peaks di�er sig-
ni�cantly for di�erent Cu-Al content; the most noticeable di �erence could be
traced in comparison to the parent CeCuAl3, see Figure 3.2. The peak around
10 meV found for CeCuxAl 4� x with x � 1 shifts to lower energy of 7 meV in
CeCu1:1Al 2:9. Moreover, the intensity on 10 meV peak decreases with increasing
Cu content from x = 0.75 to x = 1, while for concentration with x = 1.1 the
intensity of 7 meV peak is higher again. Such a development ofthe intensity
might point out to the presence/absence of the CF peak at low-energy part of
the spectra, i.e. a small intensity on 10 meV peak originatesin the presence of
the CF peak at low energies (at around 1.3 meV in CeCuAl3 [4]), while higher
energy means no low-energy CF excitations. In other words, astrong CF exciton-
phonon interaction has also a great impact on the intensity of all CF (CF-phonon)
peaks. Such an assumption seems to be correct as we do not observe any CF peak
at low energies for substituted compounds (see Figure 4.25), however, a further
investigation and mainly theoretical description are necessary.

The measured CeCuxAl 4� x INS spectra in Figure 4.26 were �tted to the CF
Hamiltonian presented in equation 1.7 and the re�ned CF parameters are in list-
ed in Table 4.6. The re�ned CF parameters do not di�er signi�cantly as the
CF excitations are found at similar energies. In contrast with parent CeCuAl3,
B 0

4 parameter has a positive sign leading to no CF excitation in low-energy part
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Table 4.6: The parameters and eigen-values of crystal �eld Hamiltonian describing
the CF excitations in CeCuxAl 4� x compounds. Data were measured at 4.5 K.
The data for pure CeCuAl3 were taken from Ref. [4]. See text and Figure 4.26
for more details.

x 0.75 0.9 1.0 [4] 1.1
� 1 (meV) 9.8(1) 10.1(1) 1.3 7.2(2)
� 2 (meV) 26.3(2) 20.7(2) 9.8 20.6(2)
� 0

2 (meV) 20.5
B 0

2 (meV) 0.90(2) 0.61(2) 0.611(2) 0.88(8)
B 0

4 (meV) 0.042(1) 0.039(1) -0.015(1) 0.045(1)
B 4

4 (meV) 0.265(3) 0.229(3) 0.317(4) 0.210(4)

of the spectra of all substituted compounds. The parameterB 0
2 develops also

remarkably: B 0
2 is almost the same for pure CeCuAl3 [4] and for x = 0.9 sub-

stitution, whereas it di�ers signi�cantly for x = 0.75 and 1.1 (and stays almost
the same for these two concentrations). The other two CF parameters have a
similar values in all three substituted compounds. Such a development of CF
parameters with Cu-Al substitutions suggests that CeCu0:9Al 3:1 stays closest to
parent CeCuAl3 (the CF exciton-phonons interaction is still not strong enough
to invoke an additional magneto-elastic peak), while otherto compositions reveal
quite di�erent energy spectra.

We note the presence of another two small peaks at around 15 and 25 meV
in energy spectra of CeCu0:75Al 3:25 and CeCu0:9Al 3:1, respectively. These peaks
could be associated with phonon peaks, which di�er slightlyin Ce and La ana-
logues, i.e. the phonon part of spectra is not completely subtracted from the
data. Second explanation could be the presence of strong CF exciton-phonon in-
teractions, which cannot be proven due to relatively strongphonon peaks. Third
possibility could be a variation of composition of studied samples; there was a
large amount of sample used for the measurement. Nevertheless, the samples were
thoroughly checked by X-ray di�raction and EDX analysis before the experiment,
which showed single phase samples.

4.2 CePd 2Al 2 and Ce T2X 2 compounds

The ternary intermetallic CeT2X 2 compounds (whereT = transition element
d-metal and X = p-metal) stay in the foreground of interest already many
years. The physical properties as heavy-fermion behavior,valence-
uctuations,
non-Fermi-liquid behavior or pressure induced superconductivity are frequently
present in CeT2X 2 compounds crystallizing in the ThCr2Si2-type structure (space
group I4/mmm), see Figure 4.1 and Refs. [100, 101, 102, 29, 104, 105, 106, 107].
The observed behavior is frequently discussed with respectto the competition
between RKKY and Kondo interactions. The in
uence of the crystal electric
�eld is also a strong mechanism one has to take into account. The second crystal
structure in which CeT2X 2 compounds were often found to crystallize, CaBe2Ge2-
type (P4/nmm), di�ers from the former one only by a di�erent stacking of the
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layers along the tetragonal c-axis, see Figure 4.1. Nevertheless, such a structure
di�erence in
uences signi�cantly the electronic properties as well as the structure
stability of CeT2X 2 compounds. The compounds crystallizing in CaBe2Ge2-type
structure typically do not reveal properties mentioned above for those crystallizing
in ThCr 2Si2-type. On the other hand, compounds crystallizing in CaBe2Ge2-type
structure undergo a structural phase transition to structures with lower symme-
try (or structural distortion) in many cases, see Refs. [108, 3, 109, 110] as an
example.

CePd2Al 2 crystallizes in the CaBe2Ge2-type structure and reveals both struc-
tural instability and interesting physical properties. CePd2Al 2 was reported to
undergo the structural phase transition from tetragonal ordered centrosymmetric
CaBe2Ge2-type structure to centrosymmetric orthorhombic Cmma-type struc-
ture at Tstruc = 13.5 K [3]. See Figures 4.1 and 4.27 for the illustration. Beside
the structural phase transition, another highly interesting phenomenon was ob-
served in CePd2Al 2: the inelastic neutron scattering energy spectra display an
additional peak which cannot be described in terms of pure crystal �eld splitting
[3]. The Thalmeier-Fulde model based on CF exciton-phononsinteractions [36]
well describes this additional peak with following parameters of crystal �eld and
electron-phonon interaction [3]: B02 = 0.6 meV, B0

4 = 0.0302 meV, B4
4 = 0.027 meV

and g0 = 1.41 meV. See also chapter 3.

CaBe2Ge2
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Figure 4.27: The elementary unit cell of tetragonal centrosymmetric ordered
CaBe2Ge2-type structure (a), 8 elementary unit cells with marked unit cell as
shown in Figure 4.1 (b) and transition from tetragonal to orthorhombic Cmma
structure (c). Tetragonal (orthorhombic) plane is shown in�gure (c).

LaPd2Al 2 reveals the same type of structural phase transition as CePd2Al 2

at temperature TLa
struc = 91.5 K [3]. The temperature of structural transition

in Ce and La counterparts is discussed with respect to the presence of vibron
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state: the strong electron-phonon interaction stabilizesthe tetragonal phase in
CePd2Al 2, i.e. the structural transition is observed at lower temperatures than
for La analogue [3].

4.2.1 CePd 2Al 2 single crystal

To investigate physical properties in CePd2Al 2 in detail, we prepared a single
crystalline sample. Our study of single crystal is described in detail in the master
thesis of Petr Dole�zal [62] and in our paper [64], especially then the results con-
cerning the magnetization measurement, electrical resistivity measurement and
measurement of the electrical resistivity under hydrostatic pressure.

Preparation and structure characterization

The CePd2Al 2 single crystal was prepared from polycrystalline precursor using
the tri-arc furnace employing modi�ed Czochralski pullingmethod (see section
2.1). Grown sample was additionally sealed in quartz glass and annealed at 800oC
for 10 days. Prepared single crystal was checked �rst by LaueX-ray di�raction
pointing to a single grain crystal adopting a tetragonal structure. Subsequently,
small part of ingot was crushed and investigated by powder X-ray di�raction at
room temperature. The one phase di�raction patterns were �tted to the mod-
el containing the tetragonal ordered centrosymmetric CaBe2Ge2-type structure
(space group 129, P4/nmm) using the Rietveld analysis employing the Fullprof
program [11]. The best �t was obtained for lattice parameters: a = 441.5(1) pm
and c = 987.5(2) pm (with the agreement factorsRBragg = 6.5% and Rf = 6.4%).
The obtained values of lattice parameters are well in agreement with polycrys-
talline data (see subsection 4.2.2 and Ref. [111]).

The EDX analysis revealed a single phase sample with the stoichiometry
Ce:Pd:Al = 1:2:2. The composition was checked on several places of the crystal,
showing small deviations from homogeneous distribution ofindividual elements.
These deviations were lower than 3%, i.e. comparable or slightly exceeding the
experimental error.

Magnetization measurement

The temperature dependencies of magnetization in the paramagnetic region mea-
sured along and perpendicular to the c-axis are presented inFigure 4.28. The
measurement along basal plane directions [100] and [110] (not shown for better
lucidity) led to almost the same dependencies, indicating very small basal-plane
anisotropy. The data were �tted to the Curie-Weiss law (equation 2.2) in temper-
ature region from 80 to 300 K for all directions resulting in the e�ective magnetic
moment values of 2.59� B and 2.45� B for directions [100] and [001], respectively,
close to the value expected for Ce3+ free ion. The paramagnetic Curie tempera-
ture, � P, was estimated to be -3.4 K and -80.0 K for directions [100] and [001],
respectively. The values ofH=M and corresponding Curie-Weiss �ts (black lines)
are shown in Figure 4.28. The negative values of� P for both crystallographic
directions suggest the antiferromagnetic order. The largedi�erence between the
� P values obtained forH k [100] andH k [001] re
ects a strong CF anisotropy
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in CePd2Al 2. The comparison ofM=H for [100] and [001] then indicates the
magnetization easy basal-plane in CePd2Al 2.

Figure 4.28: The temperature dependencies ofM=H measured with external
magnetic �eld of 1 T along [100] and [001] directions. The reciprocal values
are presented as well. The black lines areH=M (T) dependencies calculated
from parameters � e� and � P (obtained from the �ts of measured data to the
Curie-Weiss law 2.2). The �gure was previously published also in the diploma
work of P. Dole�zal [62] and Ref. [64]. The colored lines areH=M (T) dependen-
cies calculated from CF parameters determined from neutronscattering data [3]:
B0

2 = 0.60 meV, B0
4 = 0.0302 meV andjB4

4j = 0.027 meV.

Speci�c heat

The speci�c heat measured on CePd2Al 2 single crystal and its polycrystalline
La counterpart is presented in Figure 4.29. The magnetic phase transition at
2.7 K as obtained from magnetization measurement [64] is well reproduced by
clear anomaly on speci�c heat data. The transition temperature obtained by
the idealization of the speci�c heat jump at the phase transition temperature
under the constraint of entropy conservation yieldsTN = 2.7(1) K. The anomaly
is almost una�ected by the application of an external �eld upto 1 T. Although
only a clear shift ofTN and magnetic entropy to lower temperatures would serve
as a clear indication for the antiferromagnetic order, suchbehavior might still
be consistent with antiferromagnetic ground state. A subtle shift of entropy to
higher temperatures in magnetic �eld of 3 T then probably re
ects changes in the
magnetic structure with signs of ferromagnetic order in higher �elds, in agreement
with magnetization measurements (metamagnetic transition was observed around
2 T for [100] direction) [64]. The clearly pronounced anomaly corresponding to the
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structural phase transition from tetragonal to orthorhombic structure is observed
around 13 K. The magnetic �eld of 3 T has no impact on this anomaly (see Figure
4.29).

Figure 4.29: The temperature dependence of speci�c heat in CePd2Al 2 single crys-
tal and LaPd2Al 2 polycrystal. The inset contains the zoomed low-temperature
region with the data measured in external magnetic �eld applied along [100] direc-
tion. The �gure was previously published also in the diplomawork of P. Dole�zal
[62] and Ref. [64].

The total speci�c heat of CePd2Al 2 is considered to consist of phonon, elec-
tronic and magnetic contributions: Cp = Cph + Cel + Cmag. The isostructural
non-magnetic La analogue could be used for a reasonable estimation of the phonon
and electronic part of speci�c heat. The almost perfect overlap of speci�c heat
data for Ce and La counterparts at high temperatures justi�es such an approach
(see Figures 4.29 and 4.30). However, both compounds undergothe structural
phase transition, which brings certain uncertainties in the estimation of Cmag.
The structural transition in LaPd 2Al 2 around 99 K reveals itself in only very
small broad anomaly on speci�c heat data as discussed in section 4.2.2. On the
other hand, the anomaly around 13 K in CePd2Al 2 is well pronounced (see Figure
4.29). We should note, however, that the measurement was done on polycrys-
talline sample of LaPd2Al 2, whereas single crystal of CePd2Al 2 was measured.
The structural transition in CePd2Al 2 is furthermore a�ected by CF exciton-
phonons interaction which involves cerium magnetic degrees of freedom, so it can
contribute to the overall magnetic entropy. In Figure 4.31,we show the magnetic
entropy obtained as a simple di�erence between the Ce and La data (i.e. fully
including the entropy related to the transition around 13 K)and magnetic en-
tropy obtained when the speci�c heat corresponding to the anomaly around 13 K
is completely subtracted from the Ce data. The two approaches could be consid-
ered as a lower and upper limit of the magnetic entropy. The error of estimation
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Figure 4.30: The speci�c heat of CePd2Al 2, LaPd2Al 2, the magnetic contribution
to the speci�c heat for Ce analogue and Schottky contribution to the speci�c
heat. Schottky contribution was calculated from CF splitting energies 0, 1.4 and
16 meV (solid line) and 0, 8 and 16 meV (dashed line) [3]. For illustration, the
error bar at 40 K corresponds to 2% error of the heat capacity measurement.

of magnetic speci�c heat (Figure 4.30) and entropy is also enhanced due to the
fact that the La and Ce counterparts have a slightly di�erentcrystal structure
between 13 and 99 K.

Let us now focus on the magnetic entropy at lowest temperatures which is not
a�ected by any uncertainties related to the structural transition. The values of
Smag at the lowest measured temperature of 0.4 K are obtained assuming linear
Cp=T vs. T dependence below 0.4 K. The magnetic entropy at the ordering
temperature, STN = 4.4 J.mol� 1K � 1, is signi�cantly lower than R.ln2 expected
for a doublet ground state of the Ce3+ ion. The value of R.ln2 is reached only
around 7 K, see inset of Figure 4.31. Although certain ambiguity of extrapolation
of the low-temperature part could lead to a certain error (upto 5%), the reduction
of the magnetic entropy atTN seems to originate in a competition of RKKY and
Kondo interactions, i.e. Kondo e�ect exhausts part of the magnetic entropy above
the ordering temperature. One can speculate alternativelyabout the short-range
correlations aboveTN . The STN value was used for a rough estimation of Kondo
temperature, TK , via equation 4.2:TK = 3.4(2) K.

Crystal �eld in CePd 2Al 2 - discussion

The vibron state was observed as an additional peak in the inelastic neutron
spectra of CePd2Al 2 compound adopting tetragonal structure [3]. Although the
theory how to incorporate the vibron states into the calculation of magnetization
and heat capacity is, to our knowledge, not developed yet, wecan try to test CF
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Figure 4.31: The temperature dependence of magnetic entropy determined as sim-
ple di�erence between the Ce and La data (SCe� La) and with additional subtrac-
tion of the speci�c heat of the structural transition anomaly at Tstruc (SCe� La� STA ).
The inset contains the zoomed low-temperature part of entropy, where the arrows
mark the phase transitions as obtained from anomalies on speci�c heat data.

parameters by comparing with the magnetization and speci�cheat data without
taking into account the in
uence of vibron state. The measured H=M (T) depen-
dencies in Figure 4.28 are compared to the curves (colored lines corresponding
to speci�c magnetic �eld directions) calculated using the above given CF pa-
rameters. The agreement between the measured data and calculated curves is
impressive: not only the mutual anisotropy, but also the magnetization magni-
tude are in a good agreement. The observed discrepancies at lower temperatures
could be tentatively ascribed to the in
uence of vibron state which is not taken
into account during the calculation as well as the in
uence of structural phase
transition.

The magnetic part of speci�c heat in the paramagnetic regionwell above the
ordering temperature is generally described by Schottky formula and the crystal
�eld splitting of the multiplet ground state. The Schottky contribution above
13 K is calculated from CF splitting energies for tetragonalcrystal structure:
0, 1.4, 8 and 16 meV. At lower temperatures the compound adoptsalready or-
thorhombic crystal structure, where the CF parameters and also eigenenergies
are signi�cantly di�erent, see section 4.2.4. The experimental Cmag was com-
pared with the Schottky contribution calculated using the energies of CF levels:
0, 8 and 16 meV. The data are drawn in Figure 4.30. The calculation clearly fails
to describe the experimental data, even considering somewhat enhanced error of
the magnetic speci�c heat. Instead, the data are well reproduced when consider-
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ing energy level at 1.4 meV (with degeneracy 2), see Figure 4.30. The degeneracy
of individual levels might be matter of debate. Figure 4.30 shows a simple case
with further doublet state at 16 meV and no level at 8 meV. Taking into account
only levels at 1.4 and 8 meV leads to much worse agreement (notshown).

4.2.2 Physical properties of CePd 2(Al,Ga) 2 compounds

Crystal structure and structural phase transitions

Polycrystalline RPd2Al 2� xGax samples, whereR = Ce and La and wherex ranges
from 0.0 to 2.0 with a step of 0.4, were prepared by arc-melting of pure elements
in a mono-arc furnace under the protection of an argon atmosphere. All the
samples were additionally sealed in a quartz glass under pressure of 10� 4 Pa and
annealed for 10 days at 850oC.

To verify the crystal structure and to re�ne the structural parameters, the
X-ray di�raction patterns were recorded at room temperature. The structure
parameters were re�ned by Rietveld analysis using the Fullprof program [11].
The analysis revealed the ordered centrosymmetric tetragonal crystal structure
of CaBe2Ge2-type (space group 129, P4/nmm) at room temperature for the whole
series. The re�ned lattice parameters are listed in Table 4.7. The stoichiometry
and chemical composition of prepared samples were checked subsequently by EDX
analysis revealing one phase samples with expected stoichiometries.

The low-temperature X-ray di�raction was used to investigate the structural
phase transitions in (Ce,La)Pd2Al 2� xGax compounds in detail. Detailed descrip-
tion of structure parameters development with temperatureis part of the master
thesis of Petr Dole�zal [62] (only in czech language) and ourrecent publication
[111]. We restrict ourself only to the description of found low-T orthorhombic
structures (see Figure 4.27) and to the development of structural transition tem-
peratures in CePd2Al 2� xGax and LaPd2Al 2� xGax series (see Table 4.7 and Figure
4.32) as it is important for further discussion in section 4.2.4.

The CePd2Al 2� xGax compounds undergo the structural phase transition from
tetragonal CaBe2Ge2-type structure to orthorhombic structure (Cmma) in tem-
perature range from 13 to 130 K depending on Al-Ga concentration. Surprisingly,
the statement is valid also for CePd2Ga2, for which the low-temperature phase
was identi�ed as the triclinic structure by Kitagawa et al. [109]. Nevertheless,
the low-temperature lattice parameters in CePd2Ga2 and in the rest of the series
di�er signi�cantly, what leads us to labels: orthorhombic I and orthorhombic II
structure for x < 2 and x = 2, respectively. The lattice parametersa and b
di�er only slightly in the case of orthorhombic I structure. Their values are very
close to the length of a basal plane diagonal of tetragonal structure (see Figure
4.27), i.e. aorth � borth =

p
2atetr . Orthorhombic II structure then reveals more

pronounced di�erence between parametersa and b. The orthorhombic I and II
structures are isostructural, nevertheless, the Al-Ga substitution does not lead
to the transition between them. One can rather suppose a formation of one of
them, while the other wears o�. Intervals of coexistence could be traced. For
more details see Ref. [111]. Ce and La counterparts undergo the same type of
structural transition.

The concentration dependencies of the structural phase transition tempera-
ture, Tstruc , in CePd2Al 2� xGax and LaPd2Al 2� xGax compounds (as determined
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Table 4.7: Basic structural and magnetic properties of (Ce,La)Pd2Al 2� xGax com-
pounds. The lattice parametersa and c at room temperature as determined by
Fullprof program [11]. The agreement factors of the �t to data were< 12% in all
compounds. The e�ective magnetic moment� e� and paramagnetic Curie tem-
perature � p as determined fromH=M vs T dependencies. N�eel temperatureTN

was obtained from magnetization and electrical resistivity measurements. More-
over, structural phase transition temperatures of CePd2Al 2� xGax compounds,
TCe

struc , and their lanthanum analogues,TLa
struc , as obtained from electrical resistiv-

ity measurements are presented.T � is a parameter that represents inter alia the
strength of ferromagnetic correlations in a given compoundobtained from MR
measurements.

x a c Tstruc � e� � p Tmag
N T res

N T �

(pm) (pm) (K) ( � B) (K) (K) (K) (K)
CePd2Al 2� xGax TCe

struc
0.0 441.5(3) 987.4(6) 13.5(9) 2.55(2) -12.8(3) 2.8(1) 2.7(1) 2.0(5)
0.4 441.3(4) 990.2(8) 15.4(9) 2.52(2) -13.2(3) 2.6(1) 3.0(5)
0.8 441.4(3) 987.0(6) 15.6(9) 2.53(2) -13.0(3) 2.5(1) 2.5(1) 2.0(5)
1.2 441.5(3) 985.2(6) 62(7) 2.53(2) -14.8(3) 2.4(1) 2.4(1) 1.0(5)
1.6 441.8(5) 983.5(9) 88(8) 2.61(2) -17.5(3) 2.3(1) 2.4(1) 0.5(4)
2.0 442.5(4) 984.5(7) 126(7) 2.56(2) -15.5(3) 2.2(1) 2.3(1) 0.0(4)
LaPd2Al 2� xGax TLa

struc
0.0 444.4(3) 989.9(6) 99.1(5)
0.4 444.4(3) 989.6(7) 96.1(5)
0.8 444.4(4) 988.2(9) 88.9(5)
1.2 444.7(5) 987.1(9) 70.3(5)
1.6 444.7(4) 985.4(8) 69.0(5)
2.0 444.6(3) 985.2(7) 64.1(5)

from electrical resistivity measurement, in good agreement with low- T X-ray
di�raction data) are presented in Figure 4.32. The concentration development of
structural transition temperature is very di�erent in these two series.TLa

struc shows
a smooth weak decrease with increasing Ga content. In contrast, TCe

struc remains al-
most unchanged betweenx = 0:0 andx = 0:8 and starts to increase strongly with
further increase of Ga content. The concentration regionx 2 (0:8; 1:2) coincides
with the change of the character of the transition. Well pronounced transitions
can be traced on electrical resistivity and speci�c heat data for x � 1:2).

Another point, which should be discussed, is a relation between the observed
structural properties and occurrence of the vibron states in these compounds.
The comparison of structural transition temperatures in the Ce- and La-based
compounds showsTCe

struc < T La
struc for RPd2Al 2 system and in contrastTCe

struc > T La
struc

for RPd2Ga2 system. This observation was tentatively attributed to theoccur-
rence of the vibron state in CePd2Al 2 which stabilizes the tetragonal structure
[3]. Following the concentration dependence of structuraltransition temperatures
in the RPd2Al 2� xGax series (see Table 4.7 and Figure 4.32), one can draw a very
tentative hypothesis: the strong electron-phonon interaction resulting in vibron
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Figure 4.32: The temperatures of magnetic and structural phase transitions in
CePd2Al 2� xGax compounds and its La analogues. The error bars for value ofTN

are shown only forx = 2:0 for better lucidity. See also Table 4.7.

states is present in compounds withx < 0:8, whereTCe
struc is clearly lower than

TLa
struc , the strength of interaction decreases in concentration interval x 2 (0:8; 1:2i

and for x > 1:2 there are no vibrons. Such a hypothesis is corroborated by our in-
elastic neutron scattering experiment on selected compounds from studied series
(see section 4.2.4).

Magnetization measurement

In the paramagnetic region, the temperature dependencies of magnetization fol-
low the Curie-Weiss law in all the series. The obtained e�ective magnetic moment,
� e� , is very close to the Ce3+ free ion value of 2.54� B , in the whole series. The
negative paramagnetic Curie temperature,� p, indicates antiferromagnetic ground
state in these compounds. Parameters obtained by the �t are given in Table 4.7.

At low temperatures, a maximum inM (T) dependencies is observed for both
zero-�eld cooled and �eld-cooled regimes pointing to antiferromagnetic ordering.
The N�eel temperatures,TN , determined as maxima ofM (T) curves, are summa-
rized in Table 4.7. We observe decrease ofTN with increasing Ga content, see
Figure 4.32.

The magnetic �eld dependence of magnetization in Figure 4.33 reveals the
metamagnetic phase transition around 1.2 T for all CePd2Al 2� xGax compounds.
The Arrot plot, shown in Figure 4.34, shows the behavior expected for antiferro-
magnetic materials. However, one can observe a clear trend indicating probably
stronger ferromagnetic correlations with increasing Ga content.

Speci�c heat

The speci�c heat of intermetallic compound can be generallydescribed as a sum of
contributions: Cp = Cel + Cph + Cmag. The usual approach to estimate contribu-
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Figure 4.33: The magnetic �eld dependence of magnetizationfor CePd2Al 2� xGax

compounds. The curves forx = 0, 0.4, 1.2 and 2 are showed only, for better
lucidity.

Figure 4.34: Arrot plots of selected CePd2Al 2� xGax compounds. The remaining
compounds follow the same trend (not shown for better lucidity).

tions of Cel + Cph by measurement of non-magnetic analogue (to obtain magnetic
part of speci�c heat for studied magnetic material) is quiteproblematic in the
case of CePd2X 2 compounds. Both studied CePd2X 2 and LaPd2X 2 analogues un-
dergo the structural phase transition from tetragonal to orthorhombic structure
[111]. Moreover, the superconducting transition was observed in all La counter-
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parts [65]. All these transitions are accompanied by relatively large anomalies,
what leads to quite rough estimation ofCmag even in higher temperature region.
Nevertheless, the value of speci�c heat of La analogues at temperatures lower
than 6 K is almost negligible compared to Ce counterparts, for which reason we
can estimateCmag with only a minor error.

Figure 4.35: The magnetic part of speci�c heatCmag vs. T in low-temperature
region of CePd2X 2 compounds. The development with applied magnetic �eld is
demonstrated as well.

The temperature dependencies of speci�c heat of CePd2Al 2 and CePd2Ga2 are
presented in Figure 4.35. Here, we observe a clear anomaly indicating transition
to a magnetically ordered state. The idealization of the speci�c heat jump at the
phase transition temperature under the constraint of entropy conservation yields
the TN values 2.7(2) K and 2.2(2) K for CePd2Al 2 and CePd2Ga2, respectively,
in good agreement with magnetization measurements (see Table 4.7). The e�ect
of external magnetic �eld on speci�c heat is presented in Figure 4.35. The spe-
ci�c heat data of both parent compounds point clearly to the antiferromagnetic
ground state as there is no shift of entropy to higher temperatures in applied �eld
up to 1 T. In magnetic �eld of 3 T, the shift of the entropy to higher temperatures
is observed, which could illustrate the �eld induced transition to ferromagnetic
state. Such a behavior is in good agreement with magnetization measurement.
One can observe quite di�erent anomalies at ordering temperature for CePd2Al 2
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and CePd2Ga2. The latter compound exhibits less intense and broader anomaly
than the former one. Such a di�erence for isoelectronic compounds might be
ascribed to di�erent structure parameters in low-temperature region. Another
explanation could be a competing Kondo interaction, which has more signi�cant
impact on CePd2Ga2. The low-temperature gamma coe�cient of CePd2Al 2 is
presumably lower than 0.1 J.mol� 1K � 2, the value in CePd2Ga2 cannot be reason-
ably estimated from data above 0.4 K. The measurement to temperatures lower
than 0.4 K is needed to �nd proper value in both cases.

The magnetic entropy,Smag, was evaluated from measured speci�c heat data
and is displayed in Figure 4.36. The magnetic entropy at the ordering tempera-
ture, STN = 4.1 and 4.2 J mol� 1K � 1 for CePd2Al 2 and CePd2Ga2, respectively,
is signi�cantly lower than R.ln2 expected for a doublet ground state of the Ce3+

ion. A certain ambiguity of extrapolating the low-temperature part of speci�c
heat could be estimated to an error up to 10%. The value of R.ln2 is reached just
around 6 - 7 K. The reduction of the magnetic entropy atTN could be ascribed
to a competing Kondo e�ect causing an exhaustion of a part of the magnetic en-
tropy above the ordering temperature. One can speculate alternatively about the
short range correlations aboveTN . The rough estimation of Kondo temperature
could be done using equation 4.2 leading toTK = 3.8 K and 3.0 K for CePd2Al 2

and CePd2Ga2, respectively. TK decreases with increasing Ga content, i.e. with
increasing volume of the unit cell (see Table 4.7).

Figure 4.36: The magnetic entropy in CePd2Al 2 and CePd2Ga2. The value of
R.ln2 is drawn as dashed line. The arrows mark the temperatureof transition to
antiferromagnetic state determined from electrical resistivity measurements.

The phase transitions from tetragonal to orthorhombic structure around 13.5 K
and 127 K in CePd2Al 2 and CePd2Ga2, respectively, are well illustrated on specif-
ic heat data, see Figure 4.37. The transition temperatures are well in agreement
with our recent electrical resistivity measurements (see following subsection) as
well as with the powder X-ray di�raction experiment. The speci�c heat data of La
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Figure 4.37: The temperature development of speci�c heat around the structural
phase transition in CePd2X 2 compounds. The arrows mark the structural phase
transition temperatures obtained by electrical resistivity measurements, see Table
4.7.

Figure 4.38: The speci�c heat of LaPd2X 2 compounds. The arrows mark the
structural phase transition temperatures obtained by electrical resistivity mea-
surements, see Table 4.7.

counterparts are shown in Figure 4.38. Here, one can observe,that the structural
phase transition is bounded with well pronounced anomaly onspeci�c heat data
in the case of LaPd2Ga2, whereas LaPd2Al 2 reveals almost no sign of structural
transition. The transition from tetragonal to orthorhombic II structure reveals
itself in pronounced anomalies on electrical resistivity and speci�c heat data. On
the other hand, the transition to orthorhombic I structure is connected with only
a weak anomaly on polycrystalline sample (compare with single crystal speci�c
heat data in Figures 4.29 and 4.30). The Schottky speci�c heat calculated for the
whole CePd2(Al,Ga) 2 series is presented and discussed in section 4.2.4.
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Electrical resistivity

The electrical resistivity data on CePd2Al 2� xGax and LaPd2Al 2� xGax compounds
are presented in Figures 4.39 and 4.40. The structural transition from tetragonal
to orthorhombic structure is traced as a clear anomaly for LaPd2Ga2 and several
Ga rich CePd2Al 2� xGax (x � 1:2) compounds. In the remaining compounds,
the transition is much less pronounced, nevertheless, it can be revealed when
inspecting the �rst derivative of R(T). The data for CePd2Al 2 and LaPd2Al 2 are
shown as an example in insets of Figures 4.39 and 4.40. Although the anomalies
are relatively weak, they well correspond to the temperatures of the structural
transition as known from low-temperature X-ray di�raction study [111]. One
can tentatively conclude that the well pronounced anomaly in R(T) corresponds
to transition from tetragonal to orthorhombic II structure, whereas transition
between tetragonal and orthorhombic I structure does not lead to any signi�cant
e�ect on resistivity curves.

Figure 4.39: The temperature dependence of electrical resistivity. The anomaly
corresponding to structural phase transition is clearly visible for x = 1.2, 1.6
and 2. The inset contains the �rst derivative ofR(T) for CePd2Al 2. The arrow
indicates temperature of structural phase transition.

The anomaly corresponding to the antiferromagnetic phase transition is ob-
served in Figures 4.41 and 4.42. The application of magnetic�eld has no signi�-
cant impact on TN . The values of N�eel temperature obtained from �rst derivative
are listed in Table 4.7 and well correspond to the values obtained from magneti-
zation and speci�c heat measurements. The magnetic �eld in
uences the electri-
cal resistivity in similar way in all measured compounds. Pronounced anomaly
corresponding to the Kondo interaction or 
uctuations associated with the an-
tiferromagnetic ordering, as speculated in Ref. [109], is observed in the Ga rich
compounds around 4 - 5 K, see Figure 4.42 as an example.
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Figure 4.40: The electrical resistivity of LaPd2Al 2� xGax compounds. The inset
contains the �rst derivative of R(T) of LaPd2Al 2. See also Table 4.7. The arrow
indicates temperature of structural phase transition.

Figure 4.41: The electrical resistivity of CePd2Al 2 in static magnetic �eld. The
anomaly at low temperature region corresponds to the antiferromagnetic phase
transition, the anomaly at 13.5 K then corresponds to the structural phase tran-
sition.

The magnetoresistivity (MR) measurements reveal quite similar behavior in
the whole series (see e.g. CePd2Ga2 in Figure 4.43). Negative MR is observed
in the paramagnetic region. In the ordered state belowTN , the behavior is more
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Figure 4.42: The electrical resistivity of CePd2Al 0:4Ga1:6 in static magnetic �eld.
The anomaly at low temperature region corresponds to the antiferromagnetic
phase transition.

Figure 4.43: The magnetoresistance (MR =� (H;T )� � (0;T )
� (0;T ) ) measurement at several

temperatures below and above magnetic phase transition in CePd2Ga2.

complex: the resistivity �rst starts to increase with applied �eld up to 1 - 3 T
and then decreases with further �eld increase. Such a behavior could suggest the
presence of a strong magnetic correlations between 4f moments, what leads to the
induced ferromagnetic order as was found in YbNiAl2 [85], for instance. Another
explanation could be a suppression of the Kondo scattering with increasing �eld.

Figure 4.44 was obtained by following the single-ion Kondo model with Bethe-
ansatz studies [87]. The x-axis is rescaled as� 0H

T + T � . In the CePd2Al 2� xGax series,
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Figure 4.44: The magnetoresistance (MR =� (H;T )� � (0;T )
� (0;T ) ) in dependence of � 0H

T + T �

at several temperatures below and above magnetic phase transition in CePd2Al 2,
CePd2Al 1:6Ga0:4 and CePd2Ga2 compounds. See text for more details.

T � slightly increases from parent compound tox = 0.4 and then slowly decreases
with increasingx (see Table 4.7). The ferromagnetic correlations (i.e. the lowest
T � values) are then expected in parent CePd2Ga2, where T � = (0.0 � 0.4) K.
These ferromagnetic correlations in Ga rich compounds are in agreement with
magnetization measurements.
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4.2.3 Magnetic structures of CePd 2Al 2 and CePd 2Ga2

The magnetic structures in CePd2Al 2 and CePd2Ga2 were studied by means of
powder neutron di�raction employing D1B di�ractometer at I LL, Grenoble. Mea-
sured di�raction patterns are presented in Figures 4.45 and4.46. A comparison
of di�raction patterns taken in paramagnetic and ordered state (at temperatures
5 K and 1.5 K, respectively) reveals several (about ten) clear peaks of magnetic
origin for each compound. We note, that the most intensive magnetic peak in
di�raction patterns of CePd2Ga2 corresponds to the only one magnetic re
ection
found by our former neutron di�raction experiment using E6 di�ractometer at
HZB, Berlin. [113] We remind the reader, that the low-temperature crystal struc-
ture of CePd2Ga2 is orthorhombic of Cmma-type (see Figure 4.27 for illustration)
[111]. The structure parameters determined atT = 5 K are listed in Table 4.8.

Table 4.8: The lattice parameters and atomic positions of CePd2Al 2� xGax com-
pounds as determined from neutron di�raction data measuredat 5 K.

CePd2Al 2 CePd2Ga2

a (�A) 6.269(1) 6.397(1)
b (�A) 6.130(1) 5.945(1)
c (�A) 9.885(2) 9.906(2)
zCe 0.758(1) 0.764(1)
zPd 0.371(1) 0.384(1)
zAl(Ga) 0.120(1) 0.133(1)

Compared to previous E6 study [113], the measurement using D1B di�rac-
tometer led to the observation of clear magnetic peaks allowing an unambigu-
ous determination of magnetic propagation vectors, as wellas complete magnetic
structures in both studied compounds. The observed magnetic peaks in CePd2Al 2

are described by an incommensurate propagation vector~k = (0.06, 0.54, 0), while
two commensurate magnetic propagation vectors,~k1 = ( 1

2, 1
2, 0) and ~k2 = (0, 1

2, 0)
- together with -~k2 ( ~k2 6= - ~k2) - are necessary to describe the magnetic structure of
CePd2Ga2. The positions of magnetic re
ections are marked in Figures4.45 and
4.46, respectively. Here, we should compare the found~k2 = (0, 1

2, 0) propagation
vector describing the strongest magnetic re
ection in CePd2Ga2 with the vectors
suggested by our former measurement (only one magnetic peakobserved) [113].
Propagation vector~k2 in orthorhombic structure corresponds well to (14, 1

4, 0) vec-
tor in triclinic description as suggested by our former study [113]. Both di�raction
studies are thus fully consistent.

The determined magnetic propagation vectors and known structure param-
eters allow to calculate the possible magnetic structures by performing a thor-
ough representation analysis employing the programs BasIreps [11] and MaxMagn
[117]. The analysis revealed that the maximal magnetic subgroups of Cmma
(space group 67) described by propagation vector~k1 are only two: monoclin-
ic Pa2 (3) and triclinic PS1 (2). The magnetic moments in former subgroup
are arranged within the basal plane for Ce on monoclinic crystallographic sites
(0, 1

8 ; zCe), whereas moments on sites (0,38; � zCe) point along the orthorhombic
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Figure 4.45: The powder neutron di�raction patterns of CePd2Al 2 taken at 1.5 K
and 5 K using D1B di�ractometer at ILL, Grenoble. Panel (b) shows zoomed low-
angle region. The full orange line represents the �t done using Fullprof program
[11]. Vertical bars under plot mark the positions of nuclear(green) and magnetic
(~k = (0.06, 0.54, 0), dark red) Bragg re
ections. The symbol # labels the peak
of foreign phase, which is not of magnetic origin.

c-axis. The triclinic subgroup allows any direction of magnetic moments in space.
The investigation of maximal magnetic subgroups of Cmma described by ~k2

leads to 8 space groups with orthorhombic symmetry:Pbmmn (59), Pcbcm(57),
Pacca (54), Pcmna (53), Pamna (53), Pamma (51), Paban (50) and Paccm (49).
These subgroups can be divided into 4 classes according to their magnetic mo-
ments arrangement. The subgroupsPbmmn (59) and Pamma (51) dictate two
di�erent Ce atomic sites (0, 1

8 ; zCe) and (0, 3
8; � zCe) with magnetic moments along
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Figure 4.46: The powder neutron di�raction patterns of CePd2Ga2 taken at 1.5 K
and 5 K using D1B di�ractometer at ILL, Grenoble. Panel (b) shows zoomed low-
angle region. The full orange line represents the �t done using Fullprof program
[11]. Vertical bars under plot mark the positions of nuclear(green) and magnetic
Bragg re
ections (dark red for ~k1 = ( 1

2, 1
2, 0) and pink for ~k2 = (0, 1

2 , 0)). The
symbol # labels the peak of foreign phase, which is not of magnetic origin. All
pronounced re
ections are labelled; symbol '* ' corresponds to the peak bounded
with magnetic re
ections (3

2
1
2 1) and (1 1

2 2); symbol '** ' stays for the magnetic
re
ection ( 1

2
3
2 1).

the a-axis and with zero moments, respectively. The two sameatomic sites are
found also in subgroupsPcbcm(57) and Pamna (53), but the magnetic moments
point along the c-axis and along the b-axis, respectively. Third class consists
from subgroupsPacca (54) and Paban (50) with magnetic moments arranged in

93



the bc-plane. The subgroupsPcmna (53) andPaccm(49) then allow the magnetic
moments aligned along the a-axis.

We utilized the calculated magnetic structures in the �tting process of mea-
sured di�raction patterns leading to a determination of magnetic structures in
both CePd2Al 2 (for the �t, we used maximal magnetic subgroups obtained for
~k2 = (0, 1

2 , 0)) and CePd2Ga2, although the number of observed magnetic peaks
leaves a certain freedom in the absolute magnetic moments direction.

The magnetic moments in CePd2Al 2 are described by a propagation vector
~k = (0.06, 0.54, 0) and form an incommensurate amplitude modulated magnet-
ic structure. The maximum magnetic moment size approaches 2.05(4) � B /Ce3+ ,
still slightly lower value than the magnetic moment of Ce3+ free ion. The magnet-
ic moments are aligned along one direction which is close to orthorhombic a-axis.
The agreement factorRm = 19.0% for pure a-axis direction of magnetic mo-
ments (maximal magnetic subgroupsPcmna (53) and Paccm (49)) is improved
(Rm = 13.9%) considering 4o and 24o tilt towards b- and c-axis, respectively.
Such a tilt out of [100] is not forbidden by symmetry as the magnetic structure
of CePd2Al 2 is described by~k = (0.06, 0.54, 0). The �t of determined magnetic
structure to the measured data is presented in Figure 4.45.

The magnetic moments belonging to each (of two) component inCePd2Ga2

are aligned along one direction and order antiferromagneticaly within planes
stacked along c-axis. The moments direction is close to the orthorhombic a-
axis for both components, similarly as in CePd2Al 2. Pure a-axis direction of
magnetic moments leads to the agreement factorsRm1 = 16.3% andRm2 = 7.4%
for components of magnetic moment described by~k1 and ~k2, respectively. The
best agreement was obtained for magnetic moments direction4o and 14o away
from the a-axis to the b- and c-axis directions, respectively (Rm1 = 13.0% and
Rm2 = 6.5%). Such a magnetic structure supposses the identical direction of
magnetic moments for both components. Allowing a slightly di�erent moment
direction for each of the two magnetic moment components leads to a negligible
improvement of the �t.

The value of magnetic moment for component described by propagation vector
~k1 is 0.8 � B /Ce3+ . The maximum value of magnetic moment for second compo-
nent (~k2 propagation vector) is then 1.5� B /Ce3+ . While the �rst component is
fully determined (~k1 � -~k1), the magnetic phase of second component remains
ambiguous (~k2 2 1BZ). Here, we need to mention a signi�cant limitation of neu-
tron scattering for determination of magnetic structures.In the case of multi-~k
magnetic structure, it is not possible to determine the magnetic moments con�g-
uration unambiguously, unless a strong magneto-elastic coupling is present. The
phase between the di�erent Fourier components of magnetic moments cannot be
determined by di�raction methods. There exist in�nitely many structures able to
explain the measured di�raction patterns and di�raction alone is unable to pro-
vide a unique solution. Symmetry constrains and, more importantly, restrictions
on the amplitude of the magnetic moments can reduce the number of solutions.
[118] The magnetic structure of CePd2Ga2 described by two commensurate prop-
agation vectors thus cannot be determined unambiguously. The maximal value
of total magnetic moment on Ce atom, which is the sum of the twocomponents,
is restricted by magnetic moment value of Ce3+ free ion (2.14� B). Such a lim-
itation plays an important role in a choice of the magnetic phase of the second
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component of magnetic moment, as the magnetic moments of �rst component
have a constant value of 0.8� B /Ce3+ .

We took into account such a restriction and calculated the total magnetic
moment on Ce sites �rst for the most intuitive phase shifts. Atotal magnetic
moment reaches the value of 2.31� B /Ce3+ for magnetic phase shifts 0o, 90o and
180o, which is in a con
ict with the maximal moment value on Ce atom. The shift
of 45o leads to a smaller value of 1.87� B /Ce3+ allowing us to de�ne the phase
interval from 30o to 60o (and equivalently from 120o to 150o), where the maximal
total magnetic moment reaches the value lower than 2.14� B /Ce3+ . On the basis
of powder neutron di�raction data cannot be determined the unique solution.
Nevertheless, a very tempting option seems to be the phase shift of 45o, as such
an arrangement leads to only two values - 1.87 and 0.26� B /Ce3+ - between which
the total magnetic moment oscillates coming from one Ce crystallographic site to
neighboring one.

Let us brie
y discuss the magnetic structures and their propagation vectors
in other CeT2X 2 compounds, although the magnetic structure is known only ina
handful of them, and although most of these compounds crystallize in tetragonal
ThCr 2Si2-type structure (space group I4/mmm, 139), see Figure 4.27.The mag-
netic structure in CePd2X 2 with X = Si [119], Ge [120, 121] consists of magnetic
moments arranged along [110] tetragonal direction and is described by propaga-
tion vector ( 1

2, 1
2, 0). The same~k describes the magnetic structure in CeRh2Si2,

but the magnetic moments direct along the c-axis and moreover, there is a second
component of magnetic moment with (12, 1

2, 1
2) propagation vector [122]. Both

components point along [001] leading to a stacking of AFM planes with total
magnetic moment on Ce oscillating between the sum and di�erence values of
these two components [122], similarly to the recent case of CePd2Ga2. The fer-
romagnetic planes stacked antiferromagnetically along the c-axis with magnetic
moments aligned also along the c-axis are found in CeAu2Si2 [122]. CeRu2Ge2

[123] and CeAg2Si2 [122] exhibit magnetic moments parallel to the tetragonal
a-axis described by~k = ( kx 6= 0, 0, 0). CeCu2Ge2 with ~k = (0.28, 0.28, 0.54)
and a spiral magnetic structure concludes our short list [115]. The magnetic
structures in CePd2Al 2 and CePd2Ga2 could be compared to the previous ones
only after transformation from orthorhombic to tetragonaldescription (see Fig-
ure 4.27 for illustration), i.e. ~k1 = ( 1

2, 1
2 , 0) ! (� 0, � 1

2, 0)tetragonal and second
propagation vector ~k2 = (0, 1

2, 0) ! (� 1
4, � 1

4 , 0)tetragonal , and crystallographic
direction [100]orthorhombic ! � [110]tetragonal . By comparison of recently determined
magnetic structures to other CeT2X 2, we can conclude, that all Pd-based com-
pounds (X = Al, Ga, Si [119] and Ge [120, 121]) reveal the magnetic structure
described by~ktetragonal = ( kx 6= 0; ky � kx ; 0) and with magnetic moments aligned
along [110]tetragonal or very close to this direction. Nevertheless, the magnetic
structure of CePd2Ga2 is described by two propagation vectors and the propaga-
tion vector of CePd2Al 2 is incommensurate. The systematics in the propagation
of magnetic moments in these compounds is not obvious so far.Nevertheless,
the lattice parameters (i.e. the Ce-Ce interatomic distances) would play an im-
portant role in the magnetic structure formation. The c=a ratio seems to be
a certain driving parameter asc=atetragonal < 2:35 for CePd2X 2 [119, 120, 121],
while c=atetragonal > 2:35 for other CeT2X 2 compounds with di�erent type of
propagation and/or arrangement of magnetic moments.
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4.2.4 Vibron states in (Ce,La)Pd 2(Al,Ga) 2

Vibron state in CePd 2Al 2

To study magnetic excitations in CePd2Al 2, inelastic neutron scattering exper-
iments on IN6 (low-energy region) and IN4 (high energy region)spectrometers
were performed. These experiments revealed three clear magnetic excitations
in the energy spectrum of CePd2Al 2 at 1.4 (3.7), 7.8 and 16 meV for tetrago-
nal (orthorhombic) structure of CePd2Al 2 (Figure 4.47). The magnetic origin of
observed peaks is proven by comparison to LaPd2Al 2 data and by their tempera-
ture evolution. The data presented in Figures 4.47b and 4.47d were obtained by
subtracting La analogue data from CePd2Al 2 via relation:

SM ( ~Q; ! ) = SCePd2Al 2 ( ~Q; ! ) � �:S LaPd 2Al 2 ( ~Q; ! ); (4.3)

where � = 0.689 is the ratio of total-scattering cross sections forRPd2Al 2 with
R = Ce and La, i.e. purely magnetic excitations are shown. The electronic
origin of the peak at around 1.4 meV energy transfer at 20 K in Figure 4.47c
is then veri�ed by a comparison to measured 10 K spectrum in Figure 4.47a
(where is no peak at low-energy region) as well as by an observation of the
same excitation in the vicinity of an elastic peak on IN4 data (Figure 4.47d).
A strong in
uence of structural phase transition from tetragonal (P4/nmm, 129)
to orthorhombic (Cmma, 67) structure, see Figure 4.27 for illustration, on energy
schema of CePd2Al 2 is also demonstrated. The �rst CF excitation at 1.4 meV
is observed in spectra measured at 20 K, where CePd2Al 2 adopts tetragonal
structure (TCePd2Al 2

struc = 13 K), while for T = 10 K spectrum the �rst peak appears
at 3.7 meV. The other two excitations at around 7.8 and 16 meV are almost
untouched by the structural transition. The measurement at12 K (not shown),
i.e. in the vicinity of TCePd2Al 2

struc , demonstrates the intermediate stage of �rst CF
excitation development, as the CF peak is observed at around3.4 meV.

The energy excitations observed directly by INS measurements are clearly
re
ected in the speci�c heat data. The magnetic part of speci�c heat in the para-
magnetic region well above the magnetic phase transition temperature is generally
described by Schottky formula (see equation 2.7) and the crystal �eld splitting
of the multiplet ground state. According to the Kramer's theorem the ground
state multiplet of the Ce3+ ions (J = 5

2) splits into maximum three doublets (into
doublet and quartet in the case of cubic CF symmetry as discussed e.g. for CeAl2
[37, 1]) leading to the maximum two inelastic transitions from the ground state
to �rst and second excited state. The measured magnetic contribution to speci�c
heat is compared with the Schottky contribution calculatedusing the energies of
CF levels as obtained by INS for compound adopting tetragonal(T > 13 K) and
orthorhombic (T < 13 K) structure, see Figure 4.48a. The calculation clearly
fails to describe the experimental data when only three double-degenerated lev-
els with energies 0, 7.8 and 16 meV or 0, 1.4 (3.7) and 7.8 meV are taken into
account, even considering somewhat enhanced error of the determined magnetic
speci�c heat. The calculation with CF levels at energies 0, 1.4 and 16 meV leads
to a very good agreement with the measured data, see also section 4.2.1. Far best
agreement is then obtained assuming another energy level at7.8 meV, see Figure
4.48a. The degeneracy of individual levels might be a matterof debate. A very
good agreement is obtained taking double degeneracy of ground state level and
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Figure 4.47: The inelastic neutron scattering data measured on CePd2Al 2. Panels
a) and b) contain the measurements at 10 K (i.e. in orthorhombic structure),
panels c) and d) then at 20 K (i.e. in tetragonal structure). Figures in panels b)
and d) represent the magnetic scattering in CePd2Al 2 estimated by subtracting
the data of non-magnetic LaPd2Al 2. IN6 and IN4 spectrometers and incident
neutrons wavelengths 5.1 and 1.7�A were used for measurements, respectively.

level at 1.4 meV (3.7 meV), while other two levels at 7.8 and 16 meV are sin-
glets. The total number of energy levels is 6 as expected for Ce-based compound.
Taking all levels with a degeneracy of 2 leads to a strong disagreement between
calculated curve and the data.

Figure 4.49 contains the low- and high-momentum transfer cuts in both ana-
logues CePd2Al 2 and LaPd2Al 2. The magnetic excitations in Ce counterpart can
be clearly distinguished from phonon contributions to the spectrum. The peaks
of phonon origin at around 5, 9, 12 and 16.5 meV in high-~Q region (Figure 4.49b)
are similar for both analogues considering the di�erences in scattering function.
Both compounds adopt the orthorhombic crystal structure atT = 10 K. [3, 111]
The energy spectrum of CePd2Al 2 adopting tetragonal structure di�ers negligibly
at E > 5 meV. The low-~Q cuts then demonstrate a relatively strong magnetic
scattering in CePd2Al 2. In summary, the comparison of low- and high-~Q cuts in
Figure 4.49 leads to several important observations:
� The excitations at 3.7, 7.8 and 16 meV in CePd2Al 2 are all of magnetic origin, as
demonstrated also by plots in Figure 4.47 and Schottky speci�c heat calculations
in Figure 4.48.
� The phonon peaks at around 5, 9 and 16.5 meV, present in both analogues,
are found at energies very close to those of CF excitations, i.e. observed peaks in
low-~Q spectrum of CePd2Al 2 contain both magnetic and phonon contributions.
� The phonon peak at 12 meV takes place in between other two CF exciton-
phonon peaks at 7.8 and 16 meV energy transfer. This phonon density of states
peak was previously observed at around 11 meV by Chapon et al.[3] showing a
good consistency of both studies. We note pure phonon natureof this peak, no
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Figure 4.48: The temperature development of speci�c heat inCePd2Al 2� xGax ,
nonmagnetic analogues LaPd2Al 2� xGax , their di�erence and Schottky contribu-
tion to speci�c heat calculated from energies determined byINS experiments.
Schottky contributions were calculated based on double degenerated levels with
energies listed in Table 4.9; Schottky contribution for CePd2Al 2 was calculated
taking into account all three magnetic excitations and bothsets of CF levels
(for orthorhombic and tetragonal structure). The structural phase transitions in
CePd2Al 2� xGax and LaPd2Ga2 are clearly pronounced in the speci�c heat data.
The structural phase transition from orthorhombic to tetragonal structure has
great impact on energy scheme of CePd2Al 2; the Schottky contribution for each
point symmetry was calculated (full and dashed lines, respectively). The anoma-
ly on LaPd2Ga2 data makes it di�cult to estimate the magnetic contribution to
speci�c heat of Ce analogue, therefore, we used a smooth (black) curve displayed
in the panel d) for the subtraction of electron and phonon contributions from the
total speci�c heat of CePd2Ga2. For illustration, the error bar at � 40 K in panel
a) corresponds to 2% error of the speci�c heat measurement.

magnetic contribution is present as seen from comparison ofCe and La counter-
parts spectra (Figure 4.49).
The inset of Figure 4.49 shows the temperature evolution of 1.4 meV peak in
CePd2Al 2 adopting tetragonal structure. The intensity decreases with increasing
temperature as expected for peak related to the CF excitation. The empty CF
excitation level at low-T is populated with increasing temperature leading to
decrease of number of excitations due to inelastic interactions with neutrons.

The observation of an additional non-purely-phononic peakin energy spec-
trum of CePd2Al 2 tends to a comparison with other Ce-based compounds re-
vealing similar phenomenon. The energy spectrum of cubic CeAl 2 contains two
inelastic lines in paramagnetic regime, while only single line is expected for cu-
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Figure 4.49: The energy transfer dependence of scattering function in CePd2Al 2

and LaPd2Al 2 at low (a) and high (b) momentum transfer ~Q. The orthorhombic
(10 K) and tetragonal (20 K) data for CePd2Al 2 are shown; LaPd2Al 2 adopts the
orthorhombic structure at temperatures lower than 91.5 K. [3] The inset contains
the temperature evolution of peak at 1.4 meV measured on CePd2Al 2 by IN6
spectrometer.

bic symmetry of crystal �eld [37]. CeCuAl3 crystallizing in tetragonal structure
(tetragonal symmetry of crystal �eld) reveals three inelastic lines in energy spec-
trum [4], similarly to CePd2Al 2. CeCuAl3 and CePd2Al 2 represent the only two
compounds with non-cubic symmetry of crystal �eld revealing an additional in-
elastic non-purely-phononic peak in an energy spectrum, sofar. The comparison
of physical properties of these two compounds leads to several common charac-
teristics:
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� The tetragonal crystal structures of CaBe2Ge2-type for CePd2Al 2 [3, 111, 112]
and BaNiSn3-type for CeCuAl3 [74] belong to the maximum subgroups of tetrag-
onal space group I4/mmm (space group 139), see Figure 4.27 for illustration.
Cerium atoms occupy equivalent sites in both structures. Moreover, the vol-
ume of elementary unit cell is almost the same for both compounds (192.5 and
194.0�A3, respectively) [113, 74].
� A competition between a long-range RKKY interaction and Kondo screening
takes place in both compounds leading to a low ordering temperature and to the
exhaustion of a part of the magnetic entropy above the ordering temperature.
The estimated Kondo temperature is close to 4 K in both compounds [64, 114].
� Both compounds order antiferromagnetically below 2.7 K revealing the incom-
mensurate amplitude modulated magnetic structures, see sections 4.2.3 and 4.1.4.
� The INS spectra contain additional CF exciton-phonon peak. All three CF-
like excitations reveal itself as the peaks of an intensity of similar mutual ratio
in both compounds and at not signi�cantly di�erent energies(in CeCuAl3 these
excitations take place at 1.3, 9.8 and 20.5 meV [4]). A pure phonon peak in
between two higher energy CF-like peaks is present in spectra of both compounds
(in CeCuAl3 at around 13.5 meV [4]).
The comparison of physical properties of CePd2Al 2 and CeCuAl3 suggests a sim-
ilar mechanism behind the presence of an additional peak in energy spectra of
both compounds.

Table 4.9: The parameters and eigen-values of crystal �eld Hamiltonian describing
the CF excitations in CePd2Al 2� xGax compounds adopting the orthorhombic
structure. Only two crystal �eld excitations are taken into account in CePd2Al 2.
See text and Figure 4.50 for more details.

x 0.0 0.8 1.2 2.0
T (K) 10 10 10 10
� 1 (meV) 3.7(1) 8.0(2) 7.5(2) 7.2(2)
� 2 (meV) 16.2(2) 11.5(4) 11.5(4) 12.1(2)
B 0

2 (meV) 0.597(6) 0.350(7) 0.382(5) 0.332(5)
B 2

2 (meV) 0.491(4) 0.100(6) 0.253(4) 0.472(4)
B 0

4 (meV) 0.0133(2) -0.0090(4) -0.0086(4) -0.0088(3)
B 2

4 (meV) -0.0020(3) 0.114(1) 0.110(1) 0.111(1)
B 4

4 (meV) 0.207(3) 0.040(4) 0.060(3) 0.055(3)

The observed three crystal �eld-phonon excitations in CePd2Al 2 cannot be de-
scribed on the basis of pure CF model considering the tetragonal (orthorhombic)
point symmetry of crystal �eld, see equations 1.7 and 1.8. The �t of measured
data considering only two CF excitations at energies 1.4 and16 meV leads to
following tetragonal CF parameters:B 0

2 = 0.99(2) meV, B 0
4 = 0.016(2) meV and

jB 4
4 j = 0.02(1) meV. The �t of the orthorhombic peaks at 3.7 and 16.2 meV leads

to CF parameters listed in Table 4.9, the �t is shown in Figure4.50. However, the
peak at around 7.8 meV cannot be taken into account. To explain present results,
we followed the procedure already used by Chapon et al. [3] and Adroja et al. [4]
in the case of CeCuAl3. CF exciton-phonon interaction based Thalmeier-Fulde
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Figure 4.50: The low-~Q cuts of energy spectra measured on CePd2Al 2� xGax

compounds crystallizing in orthorhombic structure. The presented magnet-
ic parts of inelastic neutron scattering data were obtainedby subtraction the
LaPd2(AL,Ga) 2 data from Ce counterpart (equation 4.3). The full lines repre-
sent the �t to equation 1.8 revealing CF parameters listed inTable 4.9. The peak
at around 7.8 meV in CePd2Al 2 is not taken into account. The scale of both
x- and y-axis is the same for all compounds allowing direct observation of INS
spectra development with Al-Ga substitution.

model developed for cubic CeAl2 [1] and generalized for tetragonal point group
symmetry (equation 3.2) was used for the �t of measured INS data.
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In analogy with the data analysis of previously investigated tetragonal CeCuAl3
[4], we estimated the CF parameters taking into account onlytwo CF excitations:
the low-energy one at 1.4 meV and a high-energy hypotheticalone close to the
high phonon density of states near 12 meV. Here, we took into account the calcu-
lation of Schottky speci�c heat, where the best agreement between the data and
calculations was obtained for levels at 7.8 and 16 meV with the single degener-
acy. We �xed the CF parameters (in meV:B 0

2 = 0.7, B 0
4 = 0.019, jB 4

4 j = 0.02)
and phonon energy �h! 0 = 12 meV and started to vary the magneto-elastic pa-
rameter g0 in small steps of 0.05 meV in the intervalh0:05; 2:00i meV. When
g0 2 (0:55; 0:8), the peak at around 12 meV was splitted into two peaks with the
second peak shifted to higher energy. The low-energy peak (1.4 meV) was shifted
to higher energy only slightly. We varied in turns the phononenergy �h! 0 as well
as the CF parameters to gradually improve the agreement between INS data and
calculated curve. The �nal �t of the data is presented in Figure 4.51 and re�ned
parameters are:B 0

2 = 0.85(2) meV, B 0
4 = 0.023(2) meV, jB 4

4 j = 0.02(1) meV,
�h! 0 = 9.5(5) meV and g0 = 0.35(3) meV. The value ofjB 4

4 j was determined with
a quite high uncertainty as the excitation energies depend on it less signi�cantly
than on other two parameters. Here, we should mention the presence of the peak
at -1.4 meV in Figure 4.51b. This peak is the consequence of the principle of
detailed balance and clearly documents that the excitationannihilation has low-
er probability than excitation creation in the material, which is mirroring in the
mutual intensity of peaks at -1.4 and 1.4 meV.

The whole �tting process was done also taking the starting excitation energies
7.8 and 12 meV supposing that the hypothetical excitation at12 meV was splitted
into excitations at 1.4 and 16 meV under the in
uence of phonons. We note, that
such a scenario is not in agreement with the speci�c heat analysis, where the
best conformity of data and Schottky speci�c heat calculation was obtained for
double degenerated level at 1.4 meV and singlets at 7.8 and 16meV. Indeed,
we were not able to reproduce the data in calculated spectrum: the starting CF
parameters (in meV:B 0

2 = 0.3, B 0
4 = 0.03, jB 4

4 j = 0.03) and �h! 0 = 12 meV were
�xed, while the parameter g0 was varied by 0.05 meV like in the previous case.
Around g0 = 0.45 meV, the peak at around 12 meV started to split into two
peaks, whereas the lower energy peak was shifted to lower energy without any
sign of splitting. Both processes the shift and splitting continued with increasing
g0 leading to relatively good description of peaks at 1.4 and 16meV. However,
the peak at 7.8 meV was not �tted at all, instead the peak at 12 meV remained
almost untouched by variation ofg0. In conclusion, the �tting process proved the
former scenario, which is also in agreement with speci�c heat analysis, i.e. the
CF exciton-phonon interaction leads to the splitting of hypothetical energy level
at 12 meV into two levels at around 7.8 and 16 meV.

We investigated also the energy spectrum of orthorhombic CePd2Al 2. The di-
rect analysis was not possible as we used the model based on the Thalmeier-Fulde
model generalized for the tetragonal symmetry of crystal �eld (not orthorhombic
symmetry). We tried to �t the energy spectrum of orthorhombic compound with
tetragonal CF parameters. First, we �tted only the peaks at 3.7 and 16 meV
obtaining the values: B 0

2 = 0.8 meV, B 0
4 = 0.028 meV and jB 4

4 j = 0.03 meV.
Afterwards, we undertake the whole �tting process starting with energy levels
at 3.7 and 12 meV. The re�ned parameters describing the measured data (see
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Figure 4.51) were in meV:B 0
2 = 0.77(2), B 0

4 = 0.029(2), jB 4
4 j = 0.01(1) meV,

�h! 0 = 9.0(5) and g0 = 0.3(3). We are fully aware, that we �tted actually the
orthorhombic structure INS data with tetragonal CF parameters, nevertheless,
such a �t could serve as the �rst estimation of magneto-elastic parameter g0 in
the compound. The generalization of Thalmeier-Fulde modelto describe also the
orthorhombic symmetry of crystal �eld is essential for the correct treatment of
the data.

Crystal �eld excitations in CePd 2Ga2 and Al-Ga substitutions

To follow the evolution of the crystal �eld excitations (anda possible presence of
an additional magnetic excitation) in the CePd2(Al,Ga) 2 system, inelastic neu-
tron scattering experiments on IN6 and IN4 spectrometers wereperformed also for
several compounds with di�erent Ga content. The measurements in paramagnet-
ic state on IN6 instrument did not reveal any excitation in thelow-energy region
for any of Al-Ga substituted compounds. The measurements were done at sev-
eral temperatures for both tetragonal and orthorhombic crystal structures. The
inelastic spectra measured employing IN4 spectrometer at low-temperature (or-
thorhombic) structure exhibit two broad peaks in the energyinterval 5 - 15 meV
for all Al-Ga substitutions, see Figure 4.50. CePd2Ga2 reveals two clear CF
peaks around 7.2 and 12.1 meV, while the Al-Ga substituted compounds exhibit
at least two peaks very close in energy. The vicinity of CF peaks at around 8 and
11.5 meV in CePd2Al 1:2Ga0:8 resembles the case of CeCu2Ge2, [115] where only
one quasi-quartet in excitation spectrum was speculated about [115]. Neverthe-
less, later study [116] showed two doublets close in energy.A possible presence
of third CF-phonon excitation in both Al-Ga substituted compounds cannot be
excluded on the basis of powder data, especially then in CePd2Al 1:2Ga0:8. In con-
trast with CePd2Al 2, where the three CF-like peaks are well separated (see Figure
4.51), the vicinity of peaks in substituted compounds do notallow to properly
investigate a prospective presence of an additional excitation.

Here, we should mention the di�erences in the inelastic neutron scattering
spectra for CePd2(Al,Ga) 2 compounds adopting orthorhombic and tetragonal
structure. The change in energy scheme is not clearly demonstrated, except
CePd2Al 2, as shown above. There are two factors complicating the investiga-
tion of energy scheme in CePd2(Al,Ga) 2 adopting tetragonal structure: (i) the
broadness and mutual vicinity of peaks in energy spectra and(ii) the struc-
tural transition temperatures for compounds with higher Gacontent are quite
high [113], i.e. the low-lying energy levels are fully populated at temperatures
at which the compounds adopt the tetragonal structure. A reasonable �t of
tetragonal CF parameters can be done only for CePd2Al 1:2Ga0:8 leading to val-
ues: B 0

2 = 0.240(5) meV, B 0
4 = 0.030(1) meV and jB 4

4 j = 0.029(2) meV, while
the excitation energies are 7.8 and 10.9 meV (not much di�erent from energies
for orthorhombic structure). The CF parameters of all compounds adopting the
orthorhombic structure are listed in Table 4.9 and corresponding �ts are shown
as full lines in Figure 4.50. The CF parameters in CePd2Al 2 di�er signi�cantly
from those of Al-Ga substituted compounds; only a negligibledi�erence is then
observed within CePd2(Al,Ga) 2 (see Table 4.9) as anticipated from not too much
di�erent energy spectra in Figure 4.50.

The measurement of speci�c heat documents the energy schemein stud-
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Figure 4.51: The low-~Q cuts of CePd2Al 2 energy spectra measured using IN6
and IN4 spectrometers. The LaPd2Al 2 data were subtracted from Ce analogue
IN4 data, i.e. only magnetic contributions to the spectra arepresented. The
energy spectra of CePd2Al 2 adopting (a) orthorhombic (10 K) and (b) tetragonal
(20 K) structures are presented. The full lines represent the �ts to relation 3.2
as discussed in text.

ied substituted compounds as determined by INS. The magneticspeci�c heat
is compared to Schottky contribution calculated using (orthorhombic) energies
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listed in Table 4.9. The agreement between the data and calculations is quite
remarkable for all the compounds, see Figure 4.48. As the excitation energies in
CePd2Al 2� x ,Gax with x � 0:8 are almost the same regardless the crystal struc-
ture, the agreement is very good also at higher temperatures. The presence of
an additional energy levels in compounds withx = 0.8 and 1.2 cannot be ex-
cluded as a further improvement of the agreement between data and calculations
can be achieved assuming certain broadening of excited levels. Nevertheless, a
presence of an additional magnetic excitation at energies lower than 6 meV is
clearly excluded. The structural and magnetic phase transitions reveal them selfs
as anomalies in the speci�c heat at temperatures well corresponding to the ones
determined by ours magnetization and electrical resistivity studies [113, 111].

Figure 4.52: The momentum transfer cuts of low-energy part of spectra in
CePd2Al 2� xGax measured using IN6 spectrometer at temperatures< T N . The
shift of low-energy excitation (the splitting of doublet ground state) with the Ga
content to lower energies.

The hypothesis about the in
uence of CF exciton-phonon interaction on crys-
tal structure in studied compounds seems to be accurate. CePd2Al 2 with transi-
tion temperature TCePd2Al 2

struc << T LaPd 2Al 2
struc reveals the presence of an additional

magneto-phononic peak in both tetragonal and orthorhombicstructures. The
structural transition in
uences the energy scheme of the compound signi�cantly,
namely the �rst excitation is shifted in the energy. CePd2Ga2 on the other side
of investigated series does not exhibit any sign of an additional peak in energy
spectrum, while undergoing the structural transition atTCePd2Ga2

struc >> T LaPd 2Ga2
struc .

CePd2Al 1:2Ga0:8 and CePd2Al 0:8Ga1:2 then exhibit energy spectra revealing prop-
erties on the border between those two cases, nevertheless,resembling more pure
Ga compound (which is documented also by speci�c heat measurement).

We also investigated the energy spectra of studied compounds below N�eel
temperatureTN leading to an observation of the splitting of doublet groundstate
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as presented in Figure 4.52. The low-energy peak is clearly visible at around
0.5 meV in CePd2Al 2 and around 0.3 meV in CePd2Al 1:2Ga0:8. For compounds
with higher Ga content, the splitting shifts to lower excitation energies which
might be related to the change of electronic properties and magnetic structure
with Al-Ga substitution in CePd2(Al,Ga) 2 series. Indeed, the bulk studies show
rather di�erent magnetic behavior [113] and �nally our di�r action experiments
revealed quite di�erent magnetic structures in parent compounds.
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Conclusions

We investigated the crystal structures and electronic properties, including mag-
netic structures and crystal �eld and magnetic excitations, in CeCuAl3 and
CePd2Al 2 compounds and in substituted systems: Ce(Cu,Al)4, Ce(Cu,Au)Al3

(not part of the thesis), CeCu(Al,Ga)3 (not part of the thesis), CePd2(Al,Ga) 2

and their La analogues. The compounds were studied by means of magnetization,
speci�c heat, electrical resistivity, electrical resistivity under hydrostatic pressure
and by X-ray, electron and mainly by neutron scattering techniques.

CeCuAl3 was con�rmed to crystallize in the ordered non-centrosymmetric
BaNiSn3-type of tetragonal structure and undergo the isostructural phase transi-
tion at around 300oC. CeCuAl3 orders antiferromagnetically belowTN = 2:7(1) K
without any further phase transition down to 0.4 K. The amplitude modulated
magnetic structure in CeCuAl3 is described by propagation vector~k = (0.4, 0.6, 0).
The magnetic moments are arranged within the basal plane along the [110] crys-
tallographic direction with a maximum value of 0.28� B /Ce3+ . The magnetic
structure of CeCuAl3 was put into the context of other CeTX3 compounds and
the overall mechanism of the magnetic structure formation was proposed. The
inelastic neutron scattering con�rmed the presence of low-energy crystal �eld ex-
citation at around 1.5 meV. The investigation of higher-energy part of spectrum
is highly desirable and will be performed in near future.

The crystal �eld excitations (and possible presence of vibron states) were
investigated in Ce(Cu,Al)4 compounds. The re�ned CF parameters and eigenen-
ergies do not di�er signi�cantly among the substituted compounds revealing no
magnetic excitation at low-energy part of spectra, in strong contrast with par-
ent CeCuAl3. CeCu0:9Al 3:1 reveals the macroscopic and microscopic properties
close to the ones of parent compound, while CeCu0:75Al 3:25 and CeCu1:1Al 2:9 di�er
signi�cantly.

CePd2Al 2 crystallizes in the tetragonal CaBe2Ge2-type structure and under-
goes the structural phase transition to orthorhombic structure at 13 K. The anti-
ferromagnetic ground state belowTN = 2.7 K with the easy magnetization plane
perpendicular to the c-axis was observed. The magnetic structure of CePd2Al 2

is described by an incommensurate propagation vector~k = (0.06, 0.54, 0). The
magnetic moments on Ce atoms are arranged antiferromagnetically within the
basal plane and point along the direction close to the orthorhombic [100] (or
equivalently close to tetragonal basal plane diagonal). The maximum value of
magnetic moment reaches 2.05� B /Ce3+ . CePd2Al 2 reveals three magnetic ex-
citations, while only the two crystal �eld excitations in energy spectrum are
expected for cerium-based compound. The presence of additional magnetic peak
is described within Thalmeier-Fulde CF exciton-phonon model generalized for
non-cubic point symmetry. The additional peak is observed in both tetragonal
and orthorhombic structures. The �rst CF excitation shifts from 1.4 meV for
tetragonal structure to 3.7 meV for orthorhombic structure, while the energies of
other two CF-like excitations remain almost una�ected by structural transition.

The vibron state in the rest of the CePd2(Al,Ga) 2 series is not observed, nev-
ertheless, it cannot be excluded conclusively for CePd2Al 1:2Ga0:8. The crystal
�eld parameters were determined for all studied compounds as well as energies
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of crystal �eld excitations. The hypothesis about the in
uence of CF exciton-
phonons interaction on crystal structure in studied compounds seems to be accu-
rate. CePd2Al 2 with TCePd2Al 2

struc << T LaPd 2Al 2
struc reveals the presence of an additional

magneto-phononic peak in both tetragonal and orthorhombicstructures. The
structural transition in
uences the energy scheme of the compound signi�cant-
ly, the �rst excitation is shifted in the energy. CePd2Ga2 on the other side of
investigated series does not exhibit any sign of an additional peak in inelastic
spectrum, while undergoing the structural transition atTCePd2Ga2

struc >> T LaPd 2Ga2
struc .

CePd2Al 1:2Ga0:8 and CePd2Al 0:8Ga1:2 then exhibit properties on the border be-
tween those two cases, nevertheless, the energy spectra resemble more pure Ga
compound.

CePd2Ga2 reveals the magnetic structure composed from two components.
First of them is described by the propagation vector~k1 = ( 1

2, 1
2, 0), while the

second one propagates with~k2 = (0, 1
2, 0). The magnetic moments (of both

components) are aligned along the identical direction close to the orthorhombic
[100] (or equivalently to tetragonal basal plane diagonal)and the total magnetic
moment varies depending on the mutual phase of moments components on each
Ce site.

In conclusion, we investigated the physical properties of CeCuAl3 and CePd2Al 2

compounds in detail including their behaviour under hydrostatic and chemical
pressure. We plan to continue with further studies on these compounds; a great
importance will be dedicated to the inelastic neutron scattering studies on single
crystals - the experiment already planned and partly done onCeCuAl3. Also
the investigation of Ce(Cu,Au)Al3 and CeCu(Al,Ga)3 series by inelastic neutron
scattering techniques is desirable and we intend to continue with it in near fu-
ture. Another important part of future work will be to �nd more Ce-based inter-
metallics exhibiting a strong magneto-elastic coupling auspiciously leading to the
vibron quasi-bound state and investigate them employing the inelastic neutron
scattering experiments.
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